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Introduction

The fermentation of sugar by cell-free yeast extracts was demonstrated more
than a century ago by E. Buchner (Nobel Prize 1907). Buchner’s observations
put an end to previous animistic theories regarding cellular life. It became clear
that metabolism and all cellular functions should be accessible to explication in
chemical terms. Equally important for an understanding of living systems was
the concept, explained in physical terms, that all living things could be consid-
ered as energy converters [E. Schrödinger (Nobel Prize 1933)] which generate
complexity at the expense of an increase in entropy in their environment.

Bioenergetics was established as an essential branch of the biochemical
sciences by the investigations into the chemistry of photosynthesis in iso-
lated plant organelles [O. Warburg (Nobel Prize 1931)] and by the discovery
that mitochondria were the morphological equivalent that catalyzed cellular
respiration. The field of bioenergetics also encompasses a large variety of addi-
tional processes such as the molecular mechanisms of muscle contraction, the
structure and driving mechanisms of microbial flagellar motors, the energetics
of solute transport, the extrusion of macromolecules across membranes, the
transformation of quanta of light into visual information and the maintenance
of complex synaptic communications. There are many other examples which,
in most cases, may perform secondary energy transformations, utilizing en-
ergy stored either in the cellular ATP pool or in electrochemical membrane
potentials.

The recognition that primary energy conservation can indeed occur via
formation of electrochemical potential gradients formed by small ions, the
chemiosmotic mechanism, has fundamentally revolutionized the understand-
ing of these processes [P. Mitchell (Nobel Prize 1978)]. Oxygenic photosynthe-
sis in chloroplasts from green plants and algae on the one hand, and cellular
respiration in mitochondria or aerobic bacteria on the other, are the best-
known processes of that type. The general importance of electrochemical
potential gradients well deserves the dedication of a special volume within
this series of Results and Problems of Cell Differentiation. The further im-
portance of ion gradients is illustrated by the fact that they may be subject
to defects and diseases and may also be useful targets for herbicides and
drugs. The basic mechanistic principles of these molecular energy converters
may provide models for the design of bionic devices of importance to the
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development of novel energy sources utilizing solar light. The most essen-
tial bioenergetic process on earth—the oxidation of water—is catalyzed by
a 4-metal-cluster that might be synthetically reconstructed to achieve a non-
biological splitting of water. Together with fuel cells such devices might in
the future help to solve mankind’s major energy problems in an ecologically
acceptable manner.

Nature has had billions of years to develop these efficient devices. Present
knowledge, based upon enormous progress in the understanding of molecular
and structural biology during the past half-century, has made it evident that
the principle of primary energy conservation as well as that of the utilizing
secondary machinery, the ATP-synthase, was established very early in cellular
evolution. This point is highlighted in the first chapter of this volume which
provides insight into the phylogenetic relations of the vast number of organisms
exhibiting the genetic instructions for heme–copper oxidases, the key elements
in cellular oxygen respiration. The question may even be raised as to which
came first, photosynthesis or respiration. In addition, the cyclic tetrapyroles,
the metal hosts which are the catalytically active key structures, must be at least
of similar evolutionary age. Interestingly, prophyrin-like metal-chelators are
not restricted to heme–Cu enzymes but are also found in similar, catalytically
highly active metal complex structures such as chlorophylls and cobalamines.
In addition to oxygen respiration, other forms of respiratory chains are widely
distributed in facultative or strictly anaerobic microbes. Sulfur respiration is
an example as well as branched bacterial respiratory chains with a variety of
possible electron acceptors.

Chapters Two and Three discuss light-driven energy converters. These sys-
tems, comprising both anoxygenic and oxygenic photosynthesis, generate an
ion-motive force across organelle or cellular membranes. The membrane-
resident anoxygenic photosystem-I of bacteria was the first to be structurally
elucidated on an atomic scale [H. Michel, J. Deisenhofer, R. Huber (Nobel Prize
1988)]. It should be considered a milestone in modern structural biology,
opening up not just access to an understanding of the molecular mechanisms
of biological energy transduction but also to novel methods for the crystal-
lization of membrane proteins. Subsequent substantial progress also enabled
the crystallization of photosystem-II, including the water-splitting device as
reviewed in this volume. In addition to such chlorophyll-based mechanisms,
completely different light-harvesting systems evolved which were first detected
in extremophilic archaea, the retinal-dependent ion pumps. The present re-
view makes clear how minor modifications in rhodopsins, utilizing the same
retinal cofactor, can permit these molecules to serve not only as ion pumps
but also as sensory devices. Considering that rhodopsins are also found in
visual sensory receptors of higher animals one may ask, from the point of view
of developmental biology, whether this device independently evolved twice,
or was adopted via endosymbiotic events or early lateral gene transfer. The
answer presently remains enigmatic.
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Two prominent examples of membrane-linked energy conservation during
anaerobic fermentation are presented in subsequent chapters and illustrate the
ability of various methanogenic archaea to derive energy from fermentative
reactions characterized by a rather low free energy change. In addition, the
peculiarities of archaeal AOA1-type ATP-synthases are reviewed. The latter ex-
hibit significant similarities to vacuolar VOV1-ATPases and are likely to be evo-
lutionarily related to them. The membrane-resident steps of these metabolic
pathways are coupled to primary transformation of chemical potential into
chemiosmotic potentials (using either protons or sodium ions). This point
also applies to another unique example presented in the accompanying chap-
ter which indicates that fermentation in conjunction with a decarboxylation
reaction can serve as an energy source for the formation of an ion gradient
across microbial cell membranes.

The following chapters deal with two membrane-bound protein complexes
which share strong similarities in some of their subunits while assuming en-
tirely different physiological functions: complex-I of respiratory chains and hy-
drogenases. The proton translocating NADH dehydrogenases of the respiratory
chain (complex-I) may comprise between 14 (bacterial) and 42 (eucaryotic)
different protein subunits. It is the only major complex of the respiratory chain
that has not as yet been crystallized. Thus, high-resolution structural data are
not available, a problem shared with the equally complex hydrogenases. Nev-
ertheless, the apparent evolutionary relationship of both membrane-residing
protein assemblies is obvious and illustrates the evolutionary reuse of func-
tional modalities once developed. It also becomes obvious that the generation
of ion conduction at the expense of redox energy is not necessarily conserved
in all types of these enzymes.

In contrast, crystal structures are available for terminal oxidases of bacteria
and mammalia as well as for complex III of aerobic respiratory chains, for
example, the quinol-cytochrome-c-reductases. This module of energy trans-
duction is of special interest because it occurs in a very similar structure and
with identical function as a member of the photosynthetic electron transport
chains. The complex not only catalyzes a rather interesting proton transloca-
tion, including disproportionation of charge which allows the transition from
a 2-electron to a 1-electron-conducting redox pathway, but also demonstrates
that inherent large-scale movements of protein domains assume a key function
directly mediating the distribution of electrons. Accordingly, a specific domain
of the iron–sulfur protein in complex-III exerts a definite pivoting movement
in order to pick up electrons at a donor site and deliver them to a distant
acceptor site in its molecular environment.

The final chapter concentrates on the universal secondary energy trans-
ducer, the FOF1-type ATP-synthase. As to its basic composition and function it
may serve as a model also for the above-mentioned AOA1-type ATP-synthases
from archaea and even for the vacuolar ATPases which, however, can work
only as ion pumps but not in the reverse direction as ATP-synthesizing de-
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vices. The essential parts of its three-dimensional atomic structure have been
established [J. Walker, P. Boyer (Nobel Prize 1998)]. They confirmed the previ-
ous proposal of a rotary molecular engine which utilizes the flux of ions across
a membrane as a driving force for the cyclic structural rearrangements that
permit the catalysis of ATP formation from ADP and Pi. The intramolecular
stepwise rotation of the central subunit within this macromolecular protein
assembly was originally visualized by the author of the present contribution.
The ATP synthase is the master example of secondary energy transducers in
cellular biology. It is the best-investigated member of a family of reversibly
functioning, membrane-residing ATPases spread throughout all evolutionary
kingdoms. The central aspect discussed in this volume is the problem of reg-
ulation of such devices in response to the energetic demands within living
cells.

In summary, the articles presented in this issue review present knowledge of
selected examples of biological energy conservation machinery. The machin-
ery is clearly highly variable, particularly that which is distributed throughout
microorganisms, but all of these devices rely universally on one unique under-
lying physico-chemical principle.

January 2008 Günter Schäfer
Harvey S. Penefsky
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Abstract Recent advances in DNA sequencing technologies have provided unprecedented
access into the diversity of the microbial world. Herein we use the comparative genomic
analysis of microbial genomes and environmental metagenomes coupled with structural
modelling to explore the diversity of aerobic respiration in Archaea. We focus on the
heme–copper oxidoreductase superfamily which is responsible for catalyzing the termi-
nal reaction in aerobic respiration—the reduction of molecular oxygen to water. Sequence
analyses demonstrate that there are at least eight heme–copper oxygen reductase fami-
lies: A-, B-, C-, D-, E-, F-, G-, and H-families. Interestingly, five of these oxygen reductase
families (D-, E-, F-, G-, and H-families) are currently found exclusively in Archaea. We re-
view the structural properties of all eight families focusing on the members found within
Archaea. Structural modelling coupled with sequence analysis suggests that many of the
oxygen reductases identified from thermophilic Archaea have modified proton channel
properties compared to the currently studied mesophilic bacterial oxygen reductases.
These structural differences may be due to adaptation to the specific environments in
which these enzymes function. We conclude with a brief analysis of the phylogenetic
distribution and evolution of Archaeal heme–copper oxygen reductases.

1
Introduction

All life on Earth is currently divided into three Domains based on phyloge-
netic and genomic analyses: Bacteria, Archaea, and Eukaryota (Woese and
Fox 1977). Early work on Archaea characterized them as predominantly in-
habiting extreme environments (hyperthermophiles, halophiles, acidophiles)
or as performing novel metabolisms (methanogens). Environmental sam-
pling utilizing rDNA as a phylogenetic marker has revealed an enormous
diversity of microbial life (DeLong and Pace 2001; DeSantis et al. 2006), with
the vast majority belonging to uncultured species (Rappe and Giovannoni
2003). Recently, it has become apparent that Archaea are not limited to ex-
treme environments, but are common in almost every environment studied
(Robertson et al. 2005). In fact the diversity of Archaea is greatest in cold envi-
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ronments, where they form a significant fraction of the biosphere (Cavicchioli
2006). However, very little is known about the physiology and ecology of these
new Archaeal groups, creating a fascinating opportunity for the characteriza-
tion of the bioenergetic properties of these organisms.

Recent advancements in DNA sequencing and analysis applied to micro-
bial genomes and communities (Riesenfeld et al. 2004) have vastly improved
our understanding of microbial diversity and physiology. Herein, we review
the comparative genomics and structural diversity of the heme–copper su-
perfamily in Archaea. Members of the superfamily play key roles in aerobic
and anaerobic respiration. Analysis of the DNA sequences from more than 950
genomes from Archaea and Bacteria along with 15 metagenomic projects has
identified thousands of new members of the heme–copper superfamily. The
superfamily can currently be classified into eight oxygen reductase and five
nitric oxide reductase families. It is very interesting that five of the oxygen re-
ductase families are currently only found in Archaea. This leads to questions
concerning the evolution and ecology of Archaeal members of the superfamily.

2
Introduction to the Heme–Copper Superfamily

The majority of Eukaryota are aerobic heterotrophs, oxidizing organic com-
pounds to CO2 while reducing O2 to water via aerobic respiration within
mitochondria. Archaea and Bacteria have much greater physiological diver-
sity, extracting energy from their environments utilizing a wide range of
metabolisms including; aerobic and anaerobic respirations, fermentation, and
photosynthesis (Madigan and Martinko 2006). In aerobic eukaryotes, respira-
tioniscarriedoutwithintheinnermitochondrialmembranebyalinearelectron
transfer chain with cytochrome c oxidase as the terminal electron acceptor.
In Archaea and Bacteria, respiration is performed by a series of soluble and
integral membrane protein complexes found within cytoplasmic or thylakoid
membranes (Madigan and Martinko 2006). Archaea and Bacteria usually have
complex branched respiratory chains with alternative terminal electron accep-
tors (Poole and Cook 2000) (aerobic and anaerobic), allowing them to adjust
their metabolisms to fit the availability of substrates in their environments.

The heme–copper superfamily is a large and extremely diverse superfam-
ily of integral membrane proteins that contains members which play crucial
roles in both aerobic and anaerobic respiration (Garcia-Horsman et al. 1994;
Pereira et al. 2001). Members of the superfamily are oxidoreductases, which
currently are divided into two classes based on the chemical reaction that they
perform: the oxygen reductases and the nitric oxide reductases.

Oxygen reductases O2 + 4Hchem
+ + 4e– + 4Hin

+ → 2H2O + 4Hout
+ ,

Nitric oxide reductases 2NO + 2H+ + 2e– → N2O + H2O .
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The oxygen reductase members of the superfamily are terminal oxidases in the
aerobic respiratory chains of mitochondria and many Archaea and Bacteria.
These enzymes catalyze the reduction of molecular oxygen to water with the
concomitant transfer of protons across the membrane, contributing to the gen-
eration of the electrochemical gradient used for membrane transport and ATP
synthesis (Michel et al. 1998; Hosler et al. 2006). The oxygen reductases have
a broad phylogenetic distribution and are found in all three domains of life:
Archaea, Bacteria, and Eukaryotes. The nitric oxide reductase (NOR) members
of the superfamily catalyze the reduction of nitric oxide to nitrous oxide in Ar-
chaea and Bacteria capable of anaerobic denitrification starting with nitrate or
nitrite (Zumft 2005). Nitric oxide reductase can also play a nitric oxide detox-
ifying role in some pathogenic bacteria (Philippot 2005). Unlike the oxygen
reductases, the currently identified nitric oxide reductases are not electrogenic
and are unable to pump protons (Reimann et al. 2007). Nitric oxide reductases
have only been found in Archaea and Bacteria, however recently the unicellu-
lar eukaryotic foraminifer Globobulimina pseudospinescens has been shown to
perform denitrification (Risgaard-Petersen et al. 2006). The genes responsible
for denitrification in this organism have not been characterized, so it is not clear
whether a heme–copper nitric oxide reductase or an alternative nitric oxide
reducing enzyme performs the nitric oxide reduction step.

Structurally, both the oxygen and nitric oxide reductases are multi-
subunit, integral membrane protein complexes. The complexes are composed
of a main subunit, which is the functional core of the enzyme complex, along
with secondary subunits that serve a variety of functions, such as interacting
with the mobile electron donors (e.g., cytochrome c or quinol) or regulatory
functions. The main subunit (subunit I) contains all of the amino acids and
cofactors necessary for both catalysis and proton translocation and it is this
core subunit that defines the superfamily (Garcia-Horsman et al. 1994). Only
this subunit is homologous between the oxygen and nitric oxide reductases,
with the secondary subunits having independent evolutionary histories.

3
Classification of the Superfamily

We have analyzed DNA sequences from microbial genomes and metagenomic
projects to identify thousands of new members of the heme–copper super-
family (Hemp 2007). To characterize this diversity we proposed an updated
classification system in which the superfamily is first divided into classes,
and then further into families, and subfamilies (see Pereira et al. 2001 for the
original classification scheme). Classes are defined by the reaction that the
enzymes catalyze. The superfamily is currently divided into two classes: the
oxygen reductases and the nitric oxide reductases. It is possible that some
enzymes of one class may also have low rates of reaction for the other class
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(Giuffre et al. 1999). In these cases enzymes were placed into classes based
on the primary reaction that they catalyze. It should be noted that the class
is not a phylogenetic property in that the reaction types could have evolved
independently multiple times within the superfamily.

Families were delineated based on phylogenetic, genomic, sequence, and
structural information. Members of a given family were defined to perform
the same chemical reaction, share common protein complex subunit archi-
tecture, have similar proton channel structures, and form separate sequence
clusters. Different families clearly have different physiological functions, are
paralogous to each other, and can be objectively defined by sequence ana-
lyses. Phylogenetic analysis of the whole superfamily using Bayesian (Ron-
quist and Huelsenbeck 2003), Neighbor-Joining, and Maximum Parsimony
methods all produced 13 phylogenetic clusters irrespective of the method
used. The same 13 families were identified using all-vs-all BLAST sequence
clustering with a 35% sequence identity cutoff. The intra-family sequence
identity was at least 35%, whereas inter-family sequence identities were usu-
ally less than 20%. This shows that the differences between families is quite
large. Structural analysis (active-site structure and channel properties) and
subunit architecture further support the delineation of the currently identi-
fied superfamily members into 13 families.

Table 1 Family properties of heme–copper superfamily members

Family Class Active- Cross- Proton Proton Subunit II
site linked channels a pumping fold b

residue cofactor

A Oxygen reductase Y + 2 c + CuA
B Oxygen reductase Y + 1 + CuA
C Oxygen reductase Y + 1 + Heme c
D Oxygen reductase Y +∗ 1 + Other
E Oxygen reductase Y +∗ 1 + CuA
F Oxygen reductase∗ Y +∗ 0 –∗ CuA
G Oxygen reductase∗ Y +∗ 1 +∗ CuA
H Oxygen reductase∗ Y +∗ 1 +∗ CuA

cNOR Nitric oxide reductase E – 0 – Heme c
qNOR Nitric oxide reductase E – 0 – –
sNOR Nitric oxide reductase∗ N – 0 –∗ CuA
eNOR Nitric oxide reductase∗ Q – 1 +/– CuA
gNOR Nitric oxide reductase∗ D – 0 –∗ CuA

a Number of conserved proton channels determined by sequence analysis and structural
modelling

b CuA-Subunit II has cupredoxin fold, homologous to subunit II of mitochondrial cyto-
chrome c oxidases. Heme c-Subunit II has cytochrome c fold

c Some members of the A-family have modified D- and/or K-channels
∗ Predicted
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Eight of the families identified belong to the oxygen reductase class: the
A-, B-, C-, D-, E-, F-, G-, and H-type oxygen reductases. Two of the families
belong to the nitric oxide reductase class: the cNOR and qNOR nitric oxide
reductases. The other three families have not been previously described. On
the basis of expression data (Cho et al. 2006) and structural analysis we pre-
dict that all three families belong to the nitric oxide reductase class: putatively
the sNOR, eNOR, and gNOR nitric oxide reductases. Table 1 lists the heme–
copper families along with their associated properties.

4
Heme-Copper Family Properties

Many of the recently identified oxygen reductase families are currently only
found in Archaea: the D-, E-, F-, G-, and H-families. These new families have
unique structural features in comparison to the previously studied A-, B-, and
C-families. It is also common for Archaea to contain members of the A- and B-
families that have modified structural features. The reason that Archaea have
modified heme–copper superfamily members is not yet clear. It may be re-
lated to the structural properties of their membranes, or to the environments
in which they are found. To identify the structural features that are modified in
Archaea we first review the structural properties of oxygen reductases already
elucidated from the study of bacterial enzymes.

4.1
Oxygen Reductases

The oxygen reductases are structurally diverse. They vary in the type of electron
donor (cytochrome c, quinol, or high potential iron-sulfur protein), the types
of heme present [hemes B, O, OP1, OP2, A, or AS (Lübben and Morand 1994)],
and the number of subunits present in the enzymatic complex (ranging from 2,
in some bacteria, to as many as 13 in mammalian mitochondria). X-ray crys-
tal structures have been reported for members of both the A-type (Ostermeier
et al. 1997; Abramson et al. 2000; Yoshikawa et al. 2000; Svensson-Ek et al. 2002)
and B-type (Soulimane et al. 2000) oxygen reductase families. These structures
show that the protein component of the main subunit, subunit I, has 12 trans-
membrane helices arranged in a pseudo three-fold rotational symmetry with
the symmetry axis perpendicular to the membrane. Subunit I also contains
three redox-active metals; a low-spin heme and a binuclear heme–copper cata-
lytic site. The six-coordinate low-spin heme accepts electrons from the electron
donor specific for the particular complex and transfers the electrons to the
catalytic site. The heme–copper catalytic site is composed of a five coordinate
high-spin heme and a copper ion ligated to three conserved histidines. In three
of the oxygen reductase families (A-, B-, and C-families) a novel His-Tyr cross-
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linked cofactor has been shown by X-ray crystallography (A- and B-families) or
mass spectrometry (A-, B-, and C-families) (Hemp et al. 2006; Rauhamaki et al.
2006) to be present in the active site. This cross-linked pair of residues forms
a cofactor which plays a critical role in oxygen reduction. Since the other five
families (D-, E-, F-, G-, and H-families) conserve the residues which form the
cross-link it is likely that they also contain this cofactor.

Mutagenesis studies performed on bacterial oxygen reductase members of
the superfamily have identified proton input channels necessary for proton
pumping and the delivery of protons from the cytoplasm to the active site.
In the A-type oxygen reductases, two proton input channels have been iden-
tified (Hosler et al. 1993). One channel, the K-channel, leads from the interface
of subunits I and II on the cytoplasmic side of the membrane (equivalent to
the matrix side of the mitochondrial enzymes) to the cross-linked tyrosine
at the active-site. The K-channel has been shown to be important in the A-
type oxidases for the delivery of chemical protons to the catalytic active site
(Konstantinov et al. 1997). The second channel, the D-channel, has been im-
plicated in the transfer of both chemical protons to the active site and protons
which are pumped across the membrane. The D-channel leads from an aspar-
tate on the cytoplasmic surface of subunit I to a gating residue near the active
site which is a branch point from which protons are directed either to the ac-
tive site, where they are consumed to generate water, or are pumped across the
membrane and released on the opposite side as pumped protons, contribut-
ing to the electrochemical gradient. Both the K- and D-channels contain highly
conserved hydrophilic residues which help to stabilize and orient the water in
conformations facilitating proton transfer (Wraight 2006).

In the B-type and C-type oxygen reductases, a channel analogous to the
K-channel has been identified through modelling studies (B- and C-families)
(Sharma et al. 2006; Hemp et al. 2007), X-ray crystallography (B-family)
(Soulimane et al. 2000) or site-directed mutagenesis (C-family) (Hemp et al.
2007). The X-ray structure of the ba3-type oxidase (B-family) from Ther-
mus thermophilus has been used to postulate two additional proton input
channels, one analogous to the D-channel, and another called the Q-channel
(Soulimane et al. 2000). There are no experimental studies to support a func-
tional role of these putative channels, and sequence analysis indicates that
the D- and Q-channels are not conserved in the B-family of oxygen reduc-
tases. Similar analyses indicates that there is only one conserved channel in
the C-family (Hemp et al. 2007). Hence, it is highly likely that there is only one
proton input channel in the B- and C-families of oxidases.

4.2
Nitric Oxide Reductases

The nitric oxide reductases are also structurally diverse and vary in the num-
ber of subunits present and the type of electron donor. There are currently



The Heme–Copper Superfamily in Archaea: Genomics and Structural Modeling 7

two established families (Hendriks et al. 2000; Zumft 2005) cNOR and qNOR,
and our recent work indicates three additional putative families of nitric
oxide reductases: sNOR, eNOR, and gNOR families (Stein et al. 2007; Sievert
et al. 2007). All five nitric oxide reductase families have a core subunit that is
homologous to the main subunit in the oxygen reductases. The cNOR family
forms a two-subunit complex. The main subunit (NorB) is homologous to the
core subunit in the oxygen reductases and contains the catalytic site, whereas
the second subunit (NorC) contains heme c and acts as an electron shuttle be-
tween a mobile cytochrome c and the core subunit. The enzymes in the qNOR
family contain a single protein subunit (NorZ), which appears to be a fusion
of the core subunit and a second subunit (Cramm et al. 1997). The qNOR’s do
not contain cytochrome c nor use cytochrome c as an electron donor. Instead,
the qNOR enzymes receive electrons from membrane-bound quinols. There
have been reports of a hybrid type of nitric oxide reductase which can receive
electrons from either quinol or cytochrome c (Suharti et al. 2001). However,
no sequence data is available to allow this enzyme to be classified.

There are no X-ray structures of a nitric oxide reductase. However, the
nitric oxide reductases are homologous to the oxygen reductases and ho-
mology modelling coupled with spectroscopic data and metal analysis has
allowed structural models to be inferred (Zumft 2005; Reimann et al. 2007). In
the cNOR and qNOR families the main subunit (NorB or NorZ, respectively)
contains a six-coordinate low spin heme, which accepts electrons from the
electron donor (cytochrome c or quinol, respectively), and a binuclear active
site, where catalysis occurs. The binuclear center in the nitric oxide reductases
does not contain copper, as in the oxygen reductases, but instead contains an
iron ion (Girsch and de Vries 1997; Hendriks et al. 1998). The three conserved
histidine residues which ligate to CuB in the active site of the oxygen reduc-
tases are also present in the NO reductases. However, the ligation state of the
iron is not clear, electronic structure calculations (Blomberg et al. 2006) and
small molecule active-site models (Collman et al. 2006) suggest that a con-
served glutamate acts as a fourth ligand to the iron, whereas in whole protein
models it appears only the three histidine ligands are present (Zumft 2005;
Reimann et al. 2007). The NO reductases do not have the His-Tyr cross-linked
cofactor in the active site and do not perform oxygen reduction at an appre-
ciable rate. It appears that all the members of the heme–copper superfamily
that contain the His-Tyr cofactor are oxygen reductases whereas those with-
out it are nitric oxide reductases.

The cNOR and qNOR families of nitric oxide reductases are not elec-
trogenic, i.e., charges do not cross the membrane bilayer concomitant with
enzyme catalysis (Reimann et al. 2007). The protons required for chemistry
are delivered from the periplasmic side of the membrane and not, as in the
case of the oxygen reductases, from the cytoplasmic side. Hence, there is no
need for proton input channels from the cytoplasmic side of the enzymes. In-
deed, there is no pattern of conservation of residues that define any proton
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channel from the cytoplasmic surface of the NO reductases (Reimann et al.
2007). Instead a proton input channel that leads to the active site, and which
contains a pair of conserved glutamate residues near the periplasmic surface
(Reimann et al. 2007; Thorndycroft et al. 2007), has been postulated.

5
Heme–Copper Oxygen Reductases in Archaea

There are many excellent reviews covering the biochemical properties of
heme–copper oxygen reductases in Archaea (Schäfer et al. 1999; Schafer
2004), so we will focus on the structural properties determined by sequence
analysis coupled with structural modelling. These analyses demonstrate that
the Archaea harbor seven different families of heme–copper oxygen reduc-
tases, many of which have only one conserved proton channel (Tables 2
and 3). Comparative studies of these oxidases will be crucial to determine the
mechanism of proton pumping.

5.1
A-Family

The A-family is the largest and best studied heme–copper family. The enzyme
complex typically contains three main subunits, subunits I, II, and III, which
are homologues of the subunits of the prototypical A-family oxidase, the
mitochondrial cytochrome c oxidase. Many of the A-family complexes con-
tain additional subunits (Fig. 1A). Homologues of subunit III are only found
in the A-family oxygen reductases. In Archaea it is common for subunit III
to be fused to the C-terminus of subunit I. On the basis of sequence diver-
gence, approximately 20 subfamilies have been defined within the A-family
of oxygen reductases. Of these 20 subfamilies, seven are exclusively found in
Archaea. There are also a number of unclassified A-family oxidases identified
within Archaea. These are identified in Table 3.

The most-studied A-family member from Archaea is the SoxM supercom-
plex from Sulfolobus acidocaldarius (Schafer 2004), listed as Subfamily XIV in
Table 2. The SoxM supercomplex from Sulfolobus acidocaldarius is a fusion of
an Archaeal bc1 homolog (SoxFG) and an A-type oxygen reductase (SoxM)
(Komorowski et al. 2002). The SoxFG bc1 homolog oxidizes caldariella quinol
and transfers the electrons via sulfocyanin (SoxE) to CuA, which is located
in subunit II of the oxygen reductase. The core subunit of SoxM is a fusion
of subunits I+III, and is unique in that the active site contains heme b. This
is the only known example of a heme b incorporated into an A-type oxy-
gen reductase active-site, forming a heme b3-CuB binuclear center. A-family
oxygen reductases have also been isolated in Metallosphaera sedula (Kappler
et al. 2005), Aeropyrum pernix (Ishikawa et al. 2002), Pyrobaculum oguniense
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Fig. 1 Core subunit architecture of the heme–copper superfamily. A The structural di-
versity within the A-family in Archaea. B The other oxygen reductase and nitric oxide
reductase families found in Archaea. Conserved channels are indicated by arrows. The
K-channel is blue. The D-channel is green, while the modified D-channels are shown in
red. The family and subfamily identifications are given in Table 3

(Nunoura et al. 2005), Halobacterium halobium (Fujiwara et al. 1989), and
Haloferax volcanii (Tanaka et al. 2002).

The prototypical A-type oxygen reductases have two conserved proton
channels, the D- and K-channels, for the transport of chemical and pumped
protons. However, a few subfamilies that are unique to Archaea have modi-
fied D- or K-channels. Table 4 shows the key conserved residues that define
these two channels. In three subfamilies (XII, XVI, and XVIII) most of the
residues defining the K-channel are not conserved (Fig. 2), and in Subfam-
ily XVII two of the residues are replaced by residues that could conceivably
also function to assist proton transfer (e.g., R. sphaeroides K362 is replaced
by a histidine). Subfamily XVI, in addition to missing conserved residues in
the K-channel, has a modified D-channel in which one of the conserved as-
paragines (N207) is replaced by an aspartate (Table 4). The N207D mutant of
the R. sphaeroides oxidase has been shown to be decoupled from the proton
pump (Han et al. 2006). Therefore, the properties of this oxidase are clearly
of interest. Figure 1A summarizes the features of the channels in the Archaeal
A-family oxygen reductases.

5.2
B-Family

The B-type oxygen reductase complex consists of three subunits (Subunits I,
II, and IIa). Subunits I and II are homologous to subunits I and II of the
A-type family. The third subunit (IIa) is a single transmembrane helix which
is structurally analogous to the second transmembrane helix in subunit II
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Fig. 2 �Sequence alignment of representatives from each Archaeal heme–copper family.
Residues important for channel formation are indicated below the alignment. Sequence
identifiers are given in Table 3. Sequences for known crystal structures are also included
for reference. (Rhodobacter sphaeroides [A1200559a] is an A-family oxidase, while Ther-
mus thermophilus [B1110763] is a B-family oxidase. Both species are members of the
Bacteria domain.) For space considerations non-homologous regions have been removed
from the alignment

from the A-type oxygen reductases (Soulimane et al. 2000). However, sub-
unit IIa is not homologous to the second helix. The B-family of oxygen
reductases can be subdivided into five subfamilies (I, II, III, IV, and V) based
on groupings with greater than 50% sequence identity in the core subunit.
Subfamilies IV and V are found in Archaea exclusively (Table 4). Archaeal
members of the B-family have been studied in Aeropyrum pernix (Ishikawa
et al. 2002), Pyrobaculum oguniense (Nunoura et al. 2003), and Natronobac-
terium pharaonis (Mattar and Engelhard 1997).

Mapping of conserved residues (Fig. 2) onto the crystal structure for the
Thermus thermophilus ba3 oxidase shows that there is only one conserved
proton input channel, a modified K-channel analog (Fig. 1B). The residues
which were previously identified to form an analogous D-channel and an
alternative proton channel (Q-channel) (Soulimane et al. 2000) are not con-
served across the family. The pattern of conserved residues, therefore, sug-
gests that the B-type oxygen reductases have only one proton channel, analo-
gous to the K-channel in the A-family oxygen reductases. This is being tested
experimentally.

5.3
C-Family

The C-family of oxygen reductases, also known as the cbb3 oxidases, is the
second largest oxygen reductase family (24%) after the A-family (71%) found
in genomic and community DNA sequences. There are no C-family oxygen
reductases found in the Archaea in the sequences collected to date. It is noted
that two subunits in the C-family oxygen reductases contain heme c. The
ability to synthesize c-type cytochromes is unusual and is sporadically dis-
tributed through the Archaea (Bertini et al. 2007). Hence, most Archaea do
not have the machinery needed to correctly assemble the proteins in the C-
family of oxygen reductases.

5.4
Families D Through H

The classification scheme introduced by Pereira et al. (2001) and colleagues
would combine the enzymes represented in the D-, E-, F-, G-, and H-families
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with those in the B-family. We have separated these into distinct families
based on the extreme divergence that is evidenced by their sequences. These
five families are unique to Archaea, and some are represented by only a single
sequence entry. As additional sequences become available, it is likely that the
number of highly divergent oxygen reductases will increase substantially.

D-Family
The family of oxygen reductases related to DoxB from Acidianus ambivalens
(Purschke et al. 1997) has been reclassified as the D-family. The enzyme
was originally isolated from Acidianus ambivalens as a complex of five
proteins encoded by two operons, DoxBCE and DoxDA. Recently, it has
been shown that these two operons in fact encode two separate complexes;
a thiosulfate:caldariella quinone oxidoreductase (DoxDA) and a caldariella
quinol:oxygen reductase (DoxBCE) (Muller et al. 2004). The complexes to-
gether couple the oxidation of thiosufate to the reduction of O2.

Subunit II of the oxygen reductase complex is very divergent and does
not contain residues required for the formation of the CuA site. This is not
surprising since the complex oxidizes caldariella quinol and other oxygen re-
ductases which oxidize quinols are, as a rule, also missing the residues which
bind CuA. It has been suggested that a caldariella quinone may be permanent-
ly bound to subunit I as a redox active cofactor, functionally taking the place
of the CuA site. This cofactor would be capable of sequentially transferring
two electrons to the low spin heme a (Schafer 2004).

Structural modelling and sequence analysis of subunit I have identified the
presence of a modified K-channel, identical to the one found in the B-family
(Tables 1 and 4 and Figs. 1B and 2). No other conserved channels can be defined
based on the pattern of residue conservation. It was previously suggested that
the D-family has a D-channel analog, with E80 functionally replacing the gluta-
mate (E286 in Rhodobacter) at the top of the D-channel in the A-family (Gomes
et al. 2001). However, this glutamate (E80) is not conserved in any of the other
D-family members. This observation, combined with the fact that most of the
other residues implicated in the formation of D- and Q-channel analogs (Vic-
tor et al. 2004) are not conserved, strongly suggests that the D-family only has
one functional proton input channel.

E-Family
The E-family members are related to the SoxB oxygen reductase from Sul-
folobus acidocaldarius (Lübben et al. 1992). The proteins encoded by the
SoxABCD operon form a supercomplex with SoxLN which is an Archaeal
equivalent of a bc1 complex. It appears that caldariella quinone is the ulti-
mate electron donor, with the electrons being passed from the quinone to
the SoxLN complex, which transfers them directly to the SoxABCD complex
(Schafer 2004). This is similar to the situation with the SoxM supercom-
plex (also found in Sulfolobus acidocaldarius), except in this case the oxygen
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reductase component (SoxB) is an E-family oxygen reductase. Structural an-
alysis shows that the E-family contains a conserved K-channel similar to the
one found in the B-family (Tables 1 and 4 and Figs. 1B and 2).

F-Family
The oxygen reductase genes related to FoxA from Sulfolobus metallicus (Bathe
and Norris 2007) have been classified as the F-family. These genes form part
of a gene cluster that is highly expressed when the cells are grown on ferrous
iron or pyrite but not sulfur. This implies that this oxygen reductase family
is part of a respiratory chain that specifically couples the oxidation of ferrous
iron [Fe(II) oxidized to Fe(III)] to the reduction of O2.

Structurally, the F-family is a two subunit complex with subunit II con-
taining a CuA binding domain. Analysis of subunit I shows that it does not
have any conserved proton input channels (Tables 1 and 4 and Figs. 1B and 2).
Unless non-conserved residues comprise the proton delivery channel, this
suggests that the F-family of oxygen reductases cannot be electrogenic since
both the electrons and protons would have to be derived from the same side
of the membrane, and no proton channels are available for proton pumping.
This situation is similar to that of the NO reductases. The putative lack of pro-
ton pumping may not be surprising, considering the driving force available
from Fe(II) oxidation and the acidic environment in which these organisms
grow. However, one might expect at the least that protons would be uti-
lized from the cytoplasm to maintain a neutral internal pH. This is another
example in which biochemical studies are needed to test the validity of pre-
dictions inferred by sequence analysis.

Interestingly, the acidophilic bacteria Thiobacillus ferrooxidans contains
a modified A-type oxygen reductase that is expressed when grown on fer-
rous iron (Yarzabal et al. 2004). This modified A-type oxygen reductase is also
missing the residues which form the K-channel, though the D-channel ap-
pears to be present (Ingledew 2004). Possibly, this bacterial A-type oxidase
also lacks the ability to pump protons but, in this case, protons are utilized
from the cytoplasm to form water at the enzyme active site. This would be an
example of the same evolutionary solution (lack of proton channels) to an en-
vironmental problem (low pH) being implemented in two different families.

G- and H-Families
Members of the G- and H-families are recent discoveries and, so far, repre-
sented by only one sequence entry for each. Neither family has been biochem-
ically or genetically characterized. The G-family sequence was identified in
the Crenarchaeota Caldivirga maquilingensis (IC-167) in an operon encoding
homologs to subunits I and II along with genes for sulfocyanin, polyferre-
doxin, and SoxL and SoxC homologs. These proteins could form a supercom-
plex similar to the one found in the E-family. The H-family was identified
in Thermoplasmatales archaeon (Gpl) assembled from acid mine drainage
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(Tyson et al. 2004). It is located within an operon encoding subunit I and
II homologs along with a CtaB homolog. Caldivirga maquilingensis (IC-167)
and Thermoplasmatales archaeon (Gpl) do not appear to encode any other
heme–copper oxygen reductases. This implies that both of the enzymes repre-
senting these families are functional in their respective organisms for oxygen
respiration.

In these two enzymes, subunit II has the residues required for the for-
mation of a CuA binding site and subunit I has the residues needed for
the formation of a modified K-channel, analogous to the one found in the
B-family of oxygen reductases (Tables 1 and 4 and Figs. 1B and 2). Genomic
and community sequencing projects in progress along with biochemical ana-
lyses will be required to further elucidate the properties of these new families.

6
Distribution and Evolution of the Heme–Copper Superfamily

The phylogenetic and family distribution of heme–copper superfamily mem-
bers found within sequenced Archaeal genomes is given in Tables 1 and
2. The Archaea encode members from seven of the eight currently iden-
tified heme–copper oxygen reductase families, whereas the Bacteria only
have members from three; the A-, B-, and C-families. The D-, E-, and F-
families have so far only been found in the Sulfolobales class of the Crenar-
chaeota. Figure 3 shows the phylogenetic positions of the newly identified
heme–copper families. Phylogenetic analyses strongly suggest that the heme–
copper oxygen reductases originated within the Bacteria and members were
later transferred to the Archaea. This leads to the question: Why is there
so much sequence divergence within Archaeal members of the superfam-
ily after they have acquired them from Bacteria? One answer may be that
Archaeal membranes select for different sequence characteristics than do
Bacterial membranes, leading to rapid divergence. Another might be that
since most of the oxygen reductases in Archaea have only one channel there
is less selection pressure on most of the protein, and hence a higher rate
of evolution.

The nitric oxide reductase members of the superfamily which are found
in Archaea are predominantly from the qNOR family. Very few Archaea util-
ize cytochrome c as an electron carrier, which would exclude the use of the
cytochrome c-requiring cNOR family. The qNOR family has a very sporadic
and phylogenetically discordant distribution with members found in both the
Crenarchaeota and Euryarchaeota. Phylogenetic analysis of the qNOR family

Fig. 3 �Phylogenetic analysis of new Archaeal heme–copper families. Sequence identifiers
are given in Table 3. Identifiers starting with a 1 represent Bacteria sequences
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also shows that it is very likely that the Archaea acquired them via lateral gene
transfer from Bacteria.1
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Abstract Photosynthesis is the major process that converts solar energy into chem-
ical energy on Earth. Two and a half billion years ago, the ancestors of cyanobacteria
were able to use water as electron source for the photosynthetic process, thereby evolv-
ing oxygen and changing the atmosphere of our planet Earth. Two large membrane
protein complexes, Photosystems I and II, catalyze the primary step in this energy con-
version, the light-induced charge separation across the photosynthetic membrane. This
chapter describes and compares the structure of two Photosystems and discusses their
function in respect to the mechanism of light harvesting, electron transfer and water
splitting.
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1
Overview on Oxygenic Photosynthesis

All higher life on Earth depends on the process of oxygenic photosynthesis,
which is catalyzed by cyanobacteria, algae and plants. In the process of pho-
tosynthesis, the light energy from the sun is converted into chemical energy.
Fossil records show that the first primitive forms of photosynthetic algae may
have evolved on Earth as early as 3.8 billion years ago. 2.5 billion years ago an-
cestors of cyanobacteria, which already contained two distinct photosystems,
were able to use water as source for the electron transport chain, thereby
“inventing” oxygenic photosynthesis.

1.5 billion years ago, the first eukaryotic photosynthetic cells developed by
the process of endosymbiosis, but the primary steps of photosynthesis are still
very similar and have been conserved over the 2.5 billion years of evolution.

The energy conversions catalyzed by photosynthetic organisms are func-
tionally divided into the light reactions, which convert the light energy into an
electrochemical gradient that is used to synthesize the high-energy substrates
ATP and NADPH, and the dark reactions that consume ATP and NADPH
for the production of carbohydrates by CO2 fixation. The light reactions take
place in the photosynthetic membrane, and are catalyzed by four large mem-
brane protein complexes: Photosystems I and II, the cytochrome b6f complex,
and ATP synthase.
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The content of this chapter focuses on the structure and function of Pho-
tosystems I and II (abbreviated as PS I and PS II respectively), which cat-
alyze the central step of the energy conversion process, the transmembrane
charge separation. PS I and PS II contain internal antenna systems consist-
ing of chlorophylls and carotenoids, which capture the light energy of the
sun and use this energy to perform a charge separation across the thylakoid
membrane. In addition, both photosystems are functionally connected to pe-
ripheral antenna complexes, thereby increasing the cross section of light cap-
turing. The peripheral antenna proteins have evolved after the endosymbiotic
event, so they differ significantly between different photosynthetic species. In
plants and green algae, membrane integral antenna protein complexes that
contain chlorophyll a and b, are associated with PS I and II. Large mem-
brane associated phycobillisomes serve as peripheral antenna complexes in
cyanobacteria. Some marine cyanobacteria contain membrane intrinsic an-
tenna complexes that belong to the Pscb protein family. Under iron deficiency,
an 18-fold ring of IsiA surrounds PS I and serves as a peripheral antenna.

Photosystem II provides the electrons for the whole photosynthetic elec-
tron transport chain. It captures the light with an internal antenna system
consisting of 35–36 chlorophylls and 10–12 carotenoids. The excitation en-
ergy is transferred to the center of the complex where charge separation
takes place. Four electrons are extracted in four subsequent charge sepa-
ration events from 2 water molecules bound to the oxygen evolving com-
plex. Thereby 4 protons are released into the thylakoid lumen and oxygen
is evolved as a by-product of photosynthesis. The electrons are transferred
to a mobile plastoquinone (PQ), which, after double reduction, binds two
protons and leaves the binding site as PQH2. The PQH2 serves as mobile elec-
tron and proton carrier and is in constant exchange with the PQ pool in the
membrane. It tansfers two electrons and two protons to the cytochrome b6f
complex, which releases 2 protons to the inside of the thylakoids (lumen),
and subsequently reduces 2 molecules of plastocyanin (Bialek-Bylka et al.) or
cytochrome c6 (cyt c6). In addition, the b6f complex pumps an additional pro-
ton across the membrane in a process known as the Q-cycle, thereby further
contributing to the establishment of a proton gradient across the thylakoid
membrane. The structure of the b6f complex has recently been determined
both from green algae (Stroebel et al. 2003) and cyanobacteria (Kurisu et al.
2003; Yamashita et al. 2007).

PC and cytochrome c6 serve as mobile electron carriers between the cy-
tochrome b6f complex and PS I. Photosystem I catalyzes the light driven
electron transfer from PC or Cyt c6 at the lumenal site to the soluble elec-
tron carrier ferredoxin or favodoxin at the stromal site of the membrane.
The Electron transport chain consists of 6 chlorophylls, 2 phylloquinones,
and 3 4Fe4S clusters. In addition to the cofactors of the ETC, PS I contains
a large core antenna system consisting of 90 chlorophylls and 22 carotenoids.
The light-driven electron transfer in PS I provides the electrons for the fi-
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nal reduction of protons to hydrogen, which is stored in form of NADPH.
Ferredoxin docks to PS I at the stromal site and brings the electrons over
to FNR (ferredoxin:NADP+-reductase). Under iron deficiency, flavodoxin re-
places ferredoxin as mobile electron carrier. The electron transport chain is
completed by the reduction of NADP+ to NADPH by FNR. Two electrons are
required for the reduction of NADP+, thereby two subsequent electron trans-
fer events take place before NADPH can be formed. The formation of NADPH
further reduced the proton concentration in the stroma. The photosynthetic
electron transport chain establishes a proton motive force (∆pH + ∆ψ) in
the form of an electrochemical potential across the membrane, which drives
synthesis of ATP by the ATP-Synthase.

In this chapter, we will focus on the structures of PS I and II.

2
Photosystem I

2.1
General Structure of PS I

Photosystem I exists in different oligomeric forms: in plants it is a monomer
surrounded by LHC I, whereas it is a trimer in cyanobacteria. The trimeric
PS I from Thermosynechococcus elongatus is shown in Fig. 2 and has a mo-
lecular weight of 1 080 000 Da. Photosystem I represents the largest and most
complex membrane protein that has been crystallized (Fromme 1998) and for
which a high resolution structure has been determined (Jordan et al. 2001).
The outer shape of the trimeric complex of PS I can be described as a large
disc with a diameter of 220 Å (see Figs. 1 and 2B). Most of the protein is
located in the membrane, but each monomer contains a large membrane ex-
trinsic stromal hump, which provides the docking site for ferredoxin. The
hump extends the membrane about 40 Å at the stromal site. The lumenal site
of Photosystem I extends the membrane only about 15 Å. Here, the dock-
ing site for PC/cyt c6 is located. One monomeric unit of cyanobacterial PS I
consists of 12 different proteins to which 127 cofactors are non-covalently
bound. The large proteins PsaA and PsaB form a joint reaction center and
core antenna complex and are located in the center of PS I. The PsaA/B core
is surrounded by seven small membrane intrinsic proteins (PsaF, PsaI, PsaJ,
PsaK, PsaL, PsaM and PsaX).

Three stromal subunits (PsaC, PsaD and PsaE) form the stromal hump of
PS I.

Plant PS I lacks PsaM and PsaX but contains at least four additional subunits
PsaG, PsaH, PsaO and PsaN. The structure of the supercomplex of plant PSI
with the LHC I peripheral antenna has been determined at 4.4 Å resolution
(Ben-Shem et al. 2003) and was recently improved to 3.4 Å (Amunts et al. 2007).
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Fig. 1 Structural overview of the structures of PS I and II A Structural model of the
dimeric PS I and trimeric PS I and their proposed location in the membrane. The model
is based on the pdb files 1JB0 (Jordan et al. 2001) and 2 AXT (Loll et al. 2005). Note that
PS I contains three extrinsic subunits at the stromal side, which are responsible for the
docking of ferredoxin, while the extrinsic subunits of PS II are located at the lumenal
side and stabilize the oxygen evolving complex. B The comparison of the electron trans-
port chain in Photosystem II and I. The chlorophylls are depicted in green, Pheophytin
in yellow, quinones in orange. Fe atoms are shown as red spheres, sulfur atoms as yellow
spheres, Mn atoms as purple spheres and the Ca atom as a cyan sphere. The redox active
tyrosine TyrZ is highlighted in red. The backbone of the protein is shown as grey hollow
ribbons. All model images were done using the graphic program VMD (Humphrey et al.
1996)

2.2
Protein Subunits of PS I

2.2.1
Core of PS I: Large Subunits PsaA and PsaB

The core of PS I is formed by a heterodimer of the two large subunits,
PsaA and PsaB. The heterodimeric nature of PS I may be a relatively recent
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Fig. 2� Structural models of dimeric PS II and trimeric PS I from cyanobacteria.
A Structure of PS II. The view direction is from the stromal side onto the membrane
plane. The transmembrane helices of the core subunits are shown as columns, while
the helices of the small subunits are shown in a ribbon representation. The subunits
D1 (blue) and D2 (red) form the center of the complex. They are flanked on both sides
by the antenna proteins CP47 (yellow) and CP43 (orange). The trimerization domain
contains subunits PsbM (cyan) PsbL (Brown and Schoch) and PsbT (green). The mem-
brane exposed transmembrane helices are assigned to the following subunits (starting
from the helix between CP43 and the dimer interface (PsbI), going clockwise around the
monomer): psbI (green), PsbZ (blue), PsbK (light red), PsbN (black), PsbJ (grey), PsbE
(gold), PsbF (tan), Unidentified helix (grey), PsbX, (metallic-blue), PsbH (grey). Partly
visible are the lumenal proteins PsbO (dark-pink), PsbU (pink) and PsbV (Brown and
Schoch) (for a better view on these subunits see Fig. 3A). The cofactors are color coded
as in Fig. 1. The structural model based on the structure of PS II at 3.5 Å resolution (pdb
accession code 1S5L), plus the additional helix of the 3.8 and 3.0 Å structures (2AXT).
B The trimeric structure of PS I from cyanobacteria. The view direction is from the stro-
mal side onto the membrane plane. The proteins are shown in a backbone representation,
with the helices of subunits PsaA (blue) and PsaB (red), as well as subunits PsaC (cyan),
PsaD (dark pink) and PsaE (green) those of the stromal hump, are shown as columns.
The small transmembrane helices are shown in ribbon representation and are assigned to
the following subunits (starting with PsaM at the monomer/monomer interface and going
clockwise around the topmost monomer in the trimer): PsaM (brown), PsaI (pink), PsaL
(orange), PsaK (grey), PsaJ (gold), PsaF (yellow) and PsaX, metallic-grey). The chloro-
phylls (depicted in green) are represented by their chlorin head groups, their phytyl-tails
have been omitted for clarity; the carotenoids are depicted in orange and the lipids in
cyan

evolutionary event (Alfonso et al.), as homo-dimeric reaction centers with ho-
mology to PS I can be found in green-sulfur and heliobacteria. PsaA and PsaB
consist of 11 transmembrane helices each (see Fig. 3). PsaA and PsaB coordi-
nate the majority of the cofactors of the electron transport chain (P700, A0,
A1, and FX) and 79 of the 90 antenna chlorophylls in PS I. In addition, most of
the carotenoids show hydrophobic interactions with either PsaA or PsaB. Both
subunits can be structurally divided into a C-terminal domain that surrounds
the electron transport chain and a N-terminal domain that flanks the reaction
center on both sides and harbors the core antenna system of Photosystem I.

The reaction center domain: The transmembrane part of the C-terminal
domain contains five transmembrane α-helices that surround the electron
transport chain like a fence. The cofactors of the electron transfer chain, from
P700 to FX, are coordinated by the C-terminal region of PS I. The helices of
the C-terminal domain of PsaA and PsaB surround the electron transfer chain
like a fence. The outermost helices are the TM helices 7 followed by the TM
helices 8, 9 and 11. TM helix 10 forms the innermost part of the C-terminal
domain and coordinates P700 and A0. A1 is bond at a hydrophobic pocket
formed by the loop between TM helix 10 and 11. The Fx binding domain is the
best conserved sequence between PsaA and PsaB and is located in a stromal
loop between the TM helices 8 and 9.
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Fig. 3 A The three lumenal membrane-extrinsic subunits of PS II: PsbO (dark pink), PsbU
(pink) and PsbV (brown), which stabilize the oxygen-evolving complex. The Mn atoms of
the OEC are shown in purple, the Ca atom is depicted in cyan. The picture also shows
the loops of the membrane intrinsic subunits that interact with PsbO, PsbU and PsbV in
transparent grey. B The three stromal subunits of PS I, which provide the docking site for
ferredoxin/flavodoxin: PsaC (cyan) contains the two terminal 4Fe4S clusters FA and FB.
PsaE (green) and PsaD flank PsaC on both sides. Notice the clamp of PsaD that stabilizes
PsaC. The picture also shows the loops of the membrane intrinsic subunits that interact
with PsaC, PsaD and PsaE in transparent grey

The large subunits PsaA and PsaB represent a joint reaction center and
core antenna. The C-terminal domain thereby not only coordinates the co-
factors of the electron transport chain, but is also coordinating more than
one-third of the 90 the antenna chlorophylls (25 out of 90 antenna chloro-
phylls are coordinated by the C-terminal domain of PsaA and PsaB). The
coordination of chlorophylls is not limited to the TM helices but some chloro-
phylls are even coordinated by the lumenal and stromal loops of PsaA and
PsaB. The antenna and reaction center domains are not separated, but about
half of the chlorophylls are surrounding the fence of five TM helices sur-
rounding the electron transfer chain.

Whereas the transmembrane helices show a nearly perfect 2-fold symme-
try between PsaA and PsaB, the loops show striking differences in sequence,
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length and secondary structural elements. The loops are inducing an asym-
metry into the system, which is functionally important for the docking of the
three stromal subunits, PsaC, PsaD and PsaE and the interactions with the
small membrane intrinsic subunits of PS I.

Furthermore, PsaA and PsaB build the platform for the docking of the
soluble electron donors to PS I. At the lumenal site, PS I contains an inden-
tation, where the docking site for plastocyanin and cytochrome c6 is located.
The major interaction site is formed by two helices in the loop between TM
helices 9 and 10. These helices shield P700 from the aqueous surface. They
are hydrophobic and may interact with the hydrophobic “north” site of plas-
tocyanin/cytochrome c6. In cyanobacteria, PsaA and PsaB are exclusively
involved in the docking of plastocyanin, but in plants PsaF interact electro-
statically with plastocyanin (Hippler et al. 1998, 1996; Ben-Shem et al. 2003).

Core Antenna Domain of PsaA and PsaB

The six N-terminal TM helices of PS I coordinate the peripheral part of the
core antenna domain of PS I. The six helices are arranged in pairs (TM helices
1/2, TM helices 3/4, TM helices 5/6) and form an arrangement which can be
described as a “trimer of dimers”. The helix pair a/b is on the periphery of
PS I, whereas the helix pair e/f provides protein–protein interactions with the
C-terminal core domain of PSI. This arrangement is very similar to the ar-
rangement of the TM helices of the core antenna proteins PsbB and PsbC in
PS II, as shown in Fig. 4. The N-terminal domain of PS I coordinates 40 of
the 90 antenna chlorophylls in PS I and has interactions with carotenoids and
four lipids. This domain is also involved in the attachment of the small mem-
brane intrinsic subunits: most of these interactions cannot be described by
direct protein–protein interactions, but the subunits are attached to the core
via protein–cofactor–protein interactions. As an example, PsaK is attached
to the PS I core solely by protein cofactor interactions linking it to the TM
helices 1 and 2 of PsaA.

2.2.2
Small Transmembrane Subunits in PS I

Seven small membrane intrinsic subunits are surrounding the core of the
transmembrane domain of PS I: PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM and PsaX.
The names reflect their date of discovery, and are not related to their function
or local proximity.

There are two major domains, where some of the small subunits are lo-
cated. The three subunits PsaI, PsaL and PsaM cluster together and form the
trimerization domain at the monomer–monomer interface, whereas the sub-
units PsaF, PsaJ, PsaK and PsaX that are located at the membrane exposed
surface of the trimeric PS I.
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Fig. 4 Comparison of the arrangement of cofactors and transmembrane helices in PS I
and II. The general arrangement of the core helices is similar in PS I and II, suggest-
ing that they have evolved from a common ancestor. PS I contains more than twice as
many chlorophylls as PS II and PS II lacks the central antenna domain. It is very inter-
esting that the space where massive amounts of lipids are found in PS II is occupied by
chlorophylls in PS I. It is also interesting that neither the small subunits nor the position
of carotenoids is similar in PS I and II. Left: arrangement of the transmembrane helices of
protein subunits and cofactors in one monomeric unit of PS I (pdb code 1JB0). The three
lumenal subunits and all loops have been omitted for clarity. Transmembrane helices of
the membrane intrinsic subunits are represented as cylinders. Color-coding is the same as
in Fig. 2B. The C-terminal 5 transmembrane helices of PsaA and PsaB form the reaction
center in the core (orange underlay), while the N-terminal 6 transmembrane helices rep-
resent the core antenna (blue underlay). The smaller transmembrane subunits surround
the core, stabilize the antenna system, and form the contacts in the trimerization domain
(depicted as black triangle). The cofactors are color coded as in Fig. 2. Right: arrange-
ment of the transmembrane helices of protein subunits and cofactors in one monomeric
unit of PS II (from the pdb file 2AXT). The three lumenal subunits and all loops have
been omitted for clarity. Transmembrane helices of the membrane intrinsic subunits are
represented as cylinders. Color-coding is the same as in Fig. 2A. The reaction center (or-
ange underlay) is formed by the core subunits D1 (PsbA) (blue) and D2 (PsbD) (red).
They are flanked on both sides by the core antenna proteins CP43 (PsbC) (orange) and
CP47 (PsbB) (yellow) (blue underlay). All small subunits are located outside the inner
core. They may modify the properties of the ET chain, stabilize the core antenna sys-
tem and form the contact at the dimer-interface (twofold axis of the dimer is indicated
by a black oval)

Monomer–Monomer Interface Subunits: PsaL, PsaI and PsaM

PsaL contains three transmembrane helices. It is located in the center of the
trimerization domain of PS I, thereby forming most of the contacts between
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the monomers. In addition, PsaL coordinates three antenna Chla and forms
hydrophobic contacts with carotenoids. These chlorophylls may be important
for the excitation energy transfer between the monomers (Sener et al. 2005).
The majority of the contact sites between the monomers in the trimerization
domain are provided by hydrogen bonds and electrostatic interactions within
the loop regions. Three Ca2+ binding sites are located at trimer interface with
ligands provided by PsaL subunits from neighboring monomers and PsaA,
which may further stabilize the trimer.

PsaI contains only one transmembrane helix, located in the vicinity of
PsaL. Deletion of PsaI destabilizes the trimer, but not completely hinders the
trimer formation (Schluchter et al. 1996). PsaI is not involved in Chla coordi-
nation, but forms hydrophobic interactions with carotenoid molecules while
forming few contacts with the adjacent monomer. PsaI is located between
PsaL and PsaM.

The recent structures of plant PS I showed that close interactions of PsaI
and PsaL exist in cyanobacteria and in higher plants, suggesting that the ar-
rangement of these small subunits is a motif that was conserved during evolu-
tion (Andersen and Scheller 1993; Janson et al. 1996). This finding is astonish-
ing, taking into account that the interaction partners of PsaL are completely
different in cyanobacteria and plants. PsaL forms the trimerization domain in
cyanobacteria, thereby interacting with the PsaL subunits of the neighboring
monomers in the trimer. In contrast, plant PS I is a monomer, and the region
of PsaI and PsaL interacts with PsaH and may form interactions with the Light
Harvesting Complex II (LHC II) under favorable light conditions (Andersen
and Scheller 1993; Janson et al. 1996; Scheller et al. 2001; Kouril et al. 2005).
Despite the different interaction partners, PsaL might have similar functions
in plants and cyanobacteria as it is essential for adaptation of the organism
to changing light conditions. In cyanobacteria, trimers and monomers co-
exist in the native membrane. Monomers are the dominant form under high
light and, while trimers are formed under low light conditions. In plants,
the LHC II moves from PS II to PSI under light conditions that favor PS II
(so-called state 2 conditions), thereby increasing the cross section for light
capturing in PS I.

PsaM contains only one transmembrane α-helix and is with a MW of
3.4 kDa the smallest subunit of PS I. PsaM is located at the monomer/mono-
mer interface, and forms interactions with PsaI and PsaB. PsaM may be
important for the excitation energy transfer between the monomers as it
coordinates one chlorophyll that belongs functionally to the next monomer
(Sener et al. 2004). Most evidence points in the direction that this subunit
is unique to cyanobacterial PS I. Even if some plants may contain an open
frame for PsaM, the protein is not be expressed and has not been identified
in protein preparations of PSI from plants or green algae.
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Membrane Exposed Subunits: PsaF, PsaJ, PsaK and PsaX

The detergent exposed surface of PS I harbors four small hydrophobic protein
subunits: PsaF, PsaJ, PsaK and PsaX. These four proteins stabilize the core an-
tenna system of PS I and may play an additional role in forming interactions
with the membrane intrinsic peripheral antenna system, the IsiA ring (Bibby
et al. 2001; Boekema 2001; Kouril et al. 2005).

While PsaF, PsaJ and PsaK are conserved between cyanobacteria and
plants, PsaX is unique to thermophilic cyanobacteria. PsaF and PsaJ form var-
ious contacts with PsaA, PsaB and PsaE and are located at the opposite side of
the trimerization domain. PsaK is located at the periphery of PsaA. In plants
there exists a symmetry related counterpart to PsaK: PsaG. The higher plant
subunit PsaG may have evolved from PsaK via gene duplication (Kjaerulff
et al. 1993) and forms strong interactions with the peripheral antenna protein
Lhca1 (Ben-Shem et al. 2003).

PsaF consists of three domains: the N-terminal lumenal domain, the trans-
membrane domain and the C-terminal region that is sandwiched between
PsaA and the stromal subunit PsaE.

The N-terminal domain contains two α-helices, which are located at the
lumenal side of the complex. These helices are hydrophilic and run parallel
to the membrane plane. In plants, these helices are extended by 25 amino
acids and are actively involved in docking of plastocyanin via electrostatic
interactions (Fischer et al. 1998). In TS elongatus, PsaF plays no role in dock-
ing of plastocyanin as the distance of 15 Å to the putative docking site of
cytochrome c6 is too large for an active role of PsaF in the docking process.

The transmembrane region of PsaF comprises one of the most astonish-
ing folds in the PS I structure. It consist of one transmembrane helix followed
by two short hydrophobic helices which form a V-shaped structure. The first
of the two short helices penetrates the membrane only by 10 Å followed by
a sharp turn and the second short helix.

This V-shaped structure is the “outermost part” of the PS I trimer. It is ex-
posed to the membrane even though it contains 2 lysine residues which stick
into the membrane. PsaF does not directly coordinate any chlorophylls but is
in contact with more than 10 chlorophylls and 6 carotenoids via hydrophobic
interactions, thereby stabilizing the core antenna system of PS I. Furthermore,
PsaF may be important for the coupling of peripheral antenna systems to PS I
both in cyanobacteria and in plants. A TS elongatus mutant deficient in PsaF
(Muhlenhoff and Chauvat 1996) was not able to grow under low light (unpub-
lished results of our group) and expressed large amounts of allophycocyanin,
which may indicate that PsaF is important for docking of the phycobilisomes
to PS I.

Plant PsaF directly interacts with the LHC I proteins (Ben-Shem et al. 2003)
and can even be isolated as a Chl-protein complex with LHCI proteins (Anan-
dan et al. 1989).
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PsaJ is located in close proximity to PsaF and contains one transmembrane
α-helix. It is in hydrophobic contact with carotenoids and coordinates three
chlorophylls. PsaF and PsaJ are co-expressed in one open reading frame and it
was suggested that PsaJ may play an important role in the stabilization of PsaF
and the pigment clusters located at the interface between PsaJ/PsaF and the
PsaA/PsaB core. PsaJ may interact directly with the IsiA protein under iron
deficiency, and the three chlorophylls bound to PsaJ may play an important
role in the excitation energy transfer from the chlorophylls in the IsiA ring to
the chlorophylls in the PS I core.

PsaK is located at the periphery of the PS I complex, forming only protein
contacts with PsaA. It contains two transmembrane α-helices, which are con-
nected in the stroma, with both the C- and N-terminus being located in the
lumen. PsaK binds two chlorophylls and forms contacts with carotenoids. As
PsaF and J, PsaK may also play an important role in the interaction with the
IsiA antenna ring under iron deficiency.

In plants, PsaK interacts with the LHC I proteins. In addition, a role of
PsaK in state transitions has been suggested (Varotto et al. 2002).

PsaX is a small subunit that is unique to cyanobacteria and was not iden-
tified as an intrinsic subunit of PS I before 2001, when the 2.5 Å structure of
PS I revealed that this protein is part of the PS I complex. It is not clear if all
cyanobacteria contain PsaX, as it has been so far only identified in PS I from
thermophilic cyanobacteria (Koike et al. 1989). It is located at the membrane
exposed surface of PS I, coordinates one chlorophyll and forms hydrophobic
contacts with several carotenoid molecules and one of the lipids. PsaX may
stabilize thermophilic PSI and could play a role in the interaction of PS I with
the IsiA antenna ring.

2.2.3
Stromal Subunits of PS I: PsaC, PsaD and PsaE

The subunits PsaC, PsaD and PsaE are located at the stromal side of PS I
forming the docking site for ferredoxin.

PsaC is the only small subunit of PSI which binds cofactors of the electron
transport chain: the two terminal FeS clusters FA and FB. They are coordi-
nated by two CXXCXXCXXXC motifs that provide the signature for 4Fe4S
clusters. PsaC has identical structures in cyanobacterial and plant PS I (Ben-
Shem et al. 2003; Jolley et al. 2005). The core of PsaC consists of two short
α-helices that connect the two FeS clusters, a feature that shows the close evo-
lutionary relationship between PsaC and bacterial ferredoxins. FA is proximal
to the membrane and FX, while FB is the terminal FeS cluster that transfers the
electron to ferredoxin. The C- and N-terminus of PsaC are unique to PsaC and
are very important for the symmetry-breaking docking of PsaC to the PS I
core (Antonkine et al. 2003; Jolley et al. 2006).
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PsaD is located at the stromal hump, close to the “connecting domain”. It
is essential for the proper orientation of PsaC and thereby important for the
tuning of the electron transfer from PS I to ferredoxin (Setif 2001; Setif et al.
2002). The main part of PsaD consists of a large antiparallel four stranded
beta-sheet followed by an α-helix, which forms interactions with PsaC and
with PsaA. PsaD locks PsaC on place by forming a clamp wrapping around
PsaC. This clamp forms numerous contacts between PsaD, PsaC and PsaE,
thereby stabilizing the electron acceptor sites in PS I (Li et al. 1991; Hanley
et al. 1996). PsaD may also be directly involved in the docking of ferre-
doxin. Co-crystals between PSI and ferredoxin have been reported which
may serve as a basis for a structure of the PS I ferredoxin complex (Fromme
et al. 2002).

PsaE was the first subunit for which a solution structure had been deter-
mined by NMR (Falzone et al. 1994). It consists of five anti-parallel stranded
β-sheets. Multiple functions have been proposed for PsaE. It is directly in-
volved in anchoring the ferredoxin (Rousseau et al. 1993; Sonoike et al. 1993;
Strotmann and Weber 1993), plays a role in cyclic electron transport (Yu and
Vermaas 1993) and may interact with FNR. A direct interaction of PsaE with
FNR has been shown in barley, where PsaE can be crosslinked to FNR (Ander-
sen et al. 1992). The role of PsaE in the docking of ferredoxin and flavodoxin
(Muhlenhoff and Chauvat 1996; Meimberg et al. 1998) was questioned by the
finding that PsaE deletion mutants were still able to grow photoautotrophi-
cally. The contradiction was finally solved by the discovery that PsaE deletion
mutants increased the level of ferredoxin in the cells by orders of magnitude
to compensate for deficits caused by the lack of PsaE (van Thor et al. 1999).

2.3
Electron Transfer Chain in PS I

The electron transport chain of PS I consists of six chlorophylls, two phyl-
loquinones and three 4Fe4S clusters. It is located in the center of the PS I
complex. The membrane intrinsic part of the electron transfer chain is ar-
ranged in two branches, named A and B branches, because most cofactors of
the A branch and B branch are coordinated by PsaA and PsaB proteins re-
spectively. From the electronically excited singlet state 1P700∗ (represented
by the first pair of chlorophylls), the electron is transferred via one of the
chlorophylls from the second pair chlorophylls to the first stable electron ac-
ceptor, A0, which may be located on one of the chlorophylls located in the
middle of the membrane (see Fig. 1). From there, the electron is transferred
to the phylloquinone and subsequently to the terminal FeS clusters FX, FA
and FB. FB serves as the terminal FeS cluster and transfers the electron to
ferredoxin.
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2.3.1
P700: Primary Electron Donor

P700 consists of a pair of chlorophylls, that is located close to the lumenal sur-
face of PS I. The most astonishing feature of PS I is the fact that it consists of
two chemically different chlorophyll molecules. The B-branch chlorophyll of
P700 is a chlorophyll a molecule and thereby chemically identical to all the
other 95 chlorophylls in PS I. In contrast, the A-branch chlorophyll of P700
is chlorophyll a′, the epimer at the C13 position of the chlorin ring system.
The existence of at least one chlorophyll a′ molecule was first suggested by
Watanabe and co-workers (Watanabe et al. 1985) on the basis of chlorophyll
extraction experiments.

In addition to the chemical differences, both chlorophylls show strong dif-
ferences in the hydrogen bonding network. While no hydrogen bonds are
formed between the surrounding protein and the chlorin head group of the
B-branch Chl a of P700, the A-branch Chl a′ forms three hydrogen bonds.
The central Mg2+ ions of the two chlorophylls in P700 are close together
with a distance of only 6.3 Å. This distance is shorter than the correspond-
ing distance between the bacteriochlorophylls in the special pair of purple
bacterial RC and shorter than the distance of the two chlorophylls of P680 in
PS II. Molecular orbital studies of the electronic structure of P700 show that
the two chlorophylls are tightly coupled and P700 is a super-molecule (Plato
et al. 2003) and ENDOR studies revealed that the spin density in P700+· is
asymmetric, with more than 85% of the spin density located on the B-branch
Chla of P700 (Kass et al. 2001). It is still an active field of research to prove
whether the asymmetry in P700 is essential for the function of PS I. The fact
that Chla′ is a constituent in cyanobacterial, algal and plant PS I as well as
in the homodimeric reaction centers of heliobacteri and green sulfur bacte-
ria may suggest that the Chla′ plays a key role for the function of PS I. One
possible role might be the “gating” of the electron along the two cofactor
branches.

2.3.2
A: Initial Electron Acceptor

The second pair of chlorophylls is located at a very close distance to P700 and
serves as the primary electron acceptor. However, it has not yet been detected
by spectroscopy, as the first steps of electron transport occur in less than 3
ps. Perhaps these chlorophylls can even act as the primary donor, as there is
currently a debate whether the charge separation may start from the electron-
ically excited singlet state of the accessory chlorophyll at the B branch rather
than from 1P700∗ (Muller et al. 2003). A water molecule provides the fifth
ligand to the central Mg2+ ion of the second pair of chlorophylls.
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2.3.3
A0: First Stable Electron Acceptor

The third pair of chlorophylls is located in the middle of the membrane at
a position that is similar to the position of the two pheophytins in PS II (Fer-
reira et al. 2004) and the PbRC (Deisenhofer and Michel 1991). These two
chlorophylls may form strong interactions with the chlorophylls of the second
pair of chloropylls, so that maybe all four of them contribute to the physical-
chemical properties of the electron acceptor A0 (Hastings et al. 1995). The
third pair of chlorophylls shows a unusual ligands, as the fifth ligand to the
Mg2+ ions is provided by sulfur atoms of methionine residues. This ligand
binding has been found in heme containing proteins but is unique for chloro-
phyll coordination, as the concept of hard and soft acids and bases predicts
only weak interactions between the hard acid Mg2+ and methionine sulfur as
a soft base. The weak interaction might be important for the tuning of the
redox potential of A0, as recent studies have shown that mutation of the me-
thionine to the strong ligand His slows down the electron transfer chain along
the corresponding branches (Fairclough et al. 2003; Ramesh et al. 2004, 2007;
Santabarbara et al. 2005).

2.3.4
A1: Phylloquinone

The phylloquinones QKA and QKB (both or one of them) represent the elec-
tron acceptor “A1” and they are located at the stromal side of the membrane.
Both phylloquinones are π-stacked with a tryptophane residue. A unique fea-
ture of the quinones in PS I is that only one of the two oxygen atoms forms
an H-bond to an NH backbone group, whereas the other oxygen atom is not
hydrogen bonded. This asymmetry leads to a protein-induced asymmetry in
the distribution of the unpaired electron in the radical state A1-and may be re-
sponsible for the extremely negative negative redox potential (–770 mV) of A1.
The electron transfer from A1 to the FeS cluster, FX, is the rate limiting step of
the electron transfer in PS I. There is experimental evidence that the electron
transfer from QKA and QKB to FX proceeds with different rates. In the green alga
Chlamydomonas reinhardtii, the electron transfer is about a factor of 50 slower
on the A- than on the B-branch (Guergova-Kuras et al. 2001), indicating that
there might be a higher activation energy barrier on the A- compared to the
B-branch. While the protein environments of QKA and QKB are very similar,
two lipid molecules, which are located close to the phylloquinones, could be
responsible for the asymmetry. A negatively charged phospholipid is located
on the slower A-branch, which may increase the reorganisation energy, while
a neutral galactolipid has replaced the phospholipid on the faster B-branch,
thereby lowering the reorganization energy (Ishikita and Knapp 2003). Despite
these results, the question as to whether there are one or two active branches
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in PS I is still a controversially discussed topic. In green algae, mutations of
the B-branch have more severe effects on photoautotrophic growth whereas
cyanobacteria seem to show more prominent changes in electron transfer upon
mutations on the A-branch (Dashdorj et al. 2005), indicating that the branching
of the electron along the two chains could differ between different organisms.

2.3.5
FX: First FeS Cluster

Fx is an essential part of the electron transfer chain and also plays an important
role in the stabilization and assembly of the PS I complex. It is coordinated by
2 cysteines from PsaA and 2 cysteines from PsaB, thereby being a rare example
of an inter-protein FeS cluster. The Fx binding motif is the best conserved se-
quence region in PS I and is identical in plants, algae and cyanobacteria. The
binding of the stromal subunits PsaC, PsaD and PsaE depends on the functional
assembly of FX and further proteins such as rubredoxin (Andersson et al.) are
essentail for the assembly process of Fx (Shen et al. 2002).

2.3.6
FA and FB: Terminal FeS Clusters

FA and FB are located in the stromal hump of PS I and are bound to the extrin-
sic subunit PsaC (Ananyev et al.). EPR investigations and mutagenesis studies
showed that the cluster in close proximity to FX represents FA (Zhao et al.
1992; Mehari et al. 1995), whereas the distal cluster is FB (Kanervo et al. 1995;
Yu et al. 1995). FB donates electrons to ferredoxin (Fischer et al. 1999; Golbeck
1999; Lakshmi et al. 1999).

2.4
The Antenna System of PS I

Ninety chlorophyll a molecules and 22 carotenes form the core antenna sys-
tem of Photosystem I. The major antenna pigments are the chlorophylls,
which capture the light and transfer the excitation energy to P700, where
charge separation takes place. PSI is highly efficient in excitation energy
transfer with a quantum yield of 99.9% at room temperature. The carotenoids
serve in light harvesting and play an important role in photo-protection by
quenching of dangerous chlorophyll triplet states.

2.4.1
Chlorophylls

The arrangement of antenna chlorophylls in PS I looks at the first glance chaotic
and shows no similarities to the symmetric ring of LHC proteins that surround
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the RC core in purple bacteria (McDermott et al. 1995). It can be best com-
pared to the arrangement of neurons in the brain, where not a single pathway
exists but a network serves as a highly efficient information transfer system.
The chlorophyll network in PS I, where each of the chlorophylls has several
neighbours at a center to center distance of less than 15 Å, is highly optimized
for efficiency and robustness (Sener et al. 2002, 2003). Thereby, energy can be
efficiently transferred via multiple pathways to the center of the complex.

It is remarkable that the position and orientation of 85 out of the 90 an-
tenna chlorophylls have been conserved over 1.5 billion years of evolution as
they are identical in cyanobacterial and plant PS I (Jordan et al. 2001; Amunts
et al. 2007).

The core antenna system of PS I is structurally divided into a central
domain, which surrounds the electron transfer chain, and two peripheral
domains, flanking the core on both sides. The antenna chlorophylls of the pe-
ripheral domains are arranged in two layers, one close to the stromal surface
of the membrane and the other close to the lumenal surface of the membrane,
while chlorophylls are distributed over the full depths of the membrane in
the central domain, thereby facilitating excitation energy exchange between
the two layers. Two chlorophylls (named “connecting chlorophylls”) form
a structural link between the antenna system and the electron transfer chain.
Mutagenesis experiments were performed on the ligands of these connecting
chlorophylls (Gibasiewicz et al. 2003) showing some alterations in the trap-
ping of the excitation energy.

A special spectral feature that discriminates between PS I and II is the ex-
istance of “red” chlorophylls that absorb at wavelengths λ > 700 nm in PS I.
These red chlorophylls have been detected in the 1950s and led to the dis-
covery of the existence of two light reactions (see Allen et al. 1961; Bertsch
1962; Rumberg et al. 1964 and references therein). Dual functions have been
proposed for the long-wavelength chlorophylls: they may function in increas-
ing the spectral width of the light absorbed by PS I and/or may be used to
funnel the excitation energy to the center of the complex. The exact location
of the red chlorophylls is still controversially discussed (Byrdin et al. 2002;
Damjanovic et al. 2002; Vasil’ev and Bruce 2004). Several theoretical studies
investigated the excitation energy transfer and trapping in PS I, showing that
the excitation energy transfer in PS I is probably trap limited and is highly
optimized for robustness and efficiency. The results show that orientation of
the innermost antenna chlorophylls plays critical role in the efficiency of the
antenna system (Gobets et al. 2003).

2.4.2
Carotenoids

The X-ray structure of PS I showed the location of twenty-two carotenoids.
They play a structural role, function as additional antenna pigments and
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prevent the system from damage by over-excitation caused by excess light
(photoinhibition). The photo-protective role is critical to the function of PSI,
as it allows the carotenoids to quench chlorophyll triplet states 3Chl. Chl
triplet states are dangerous and very damaging to the cell, as they can react
with oxygen to form singlet oxygen 1∆gO2 that acts as a very potent cell poi-
son. The carotenoids are distributed over the whole antenna system, thereby
providing multiple car-chl interactions, that allow transfer of the energy from
the triplet chlorophylls to the carotenoids that form the carotenoids triplet
state, 3Car, and dissipate the excess energy as heat. It should be noticed that
the chemical nature of the carotenoids in PS I has not yet been finally identi-
fied. Due to the limitations of the 2.5 Å resolution of the crystal structure, all
carotenoids were modeled as beta-carotene; however, biochemical evidence
shows that PSI (and the crystals) contain xanthophylls. The resolution of the
PS I crystal structure has to be improved to finally identify the chemical na-
ture of the individual carotenoids.

2.4.3
Lipids

The PS I structure at 2.5 Å resolution identified 3 molecules of phosphatidyl-
glycerol (PG) and one molecule of monogalactosyldiacylglycerol (MDGD) in
agreement with previous biochemical studies (Kruse and Schmid). Two of the
lipids are located close to the electron transfer chain, which may even play an
important role in the difference in the rates of electron transfer between the
two different branches.

The head groups of these two lipids are not solvent accessible, but are cov-
ered by the loops of PsaA and PsaB and the three stromal subunits PsaC, PsaD
and PsaE. Thus, it can be assumed that they are incorporated into PS I at
a very early stage of the assembly process.

3
Photosystem II

3.1
General Structure of PS II

Photosystem II is one of the most important enzymes on Earth. It has evolved
all the oxygen presently found on earth and has thereby changed the atmos-
phere of our planet from anoxygenic to oxygenic 2.5 billion years ago.

Photosystem II is a large membrane protein complex that catalyzes the
light driven electron transfer from water to plastoquinone. The electrons are
extracted from water during the process of water splitting, releasing 4 pro-
tons into the lumen, and oxygen is evolved. This process provides oxygen
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for respiration, which is the main energy source for all higher heterotrophic
organisms, including humans. Plant, algae and cyanobacteria also have a res-
piratory chain, but for the process of photosynthesis, oxygen is only a by-
product that can even be dangerous for these cells due to its high oxidation
potential.

In all photosynthetic organisms, the photosynthetic process is initiated by
the process of light-capturing, followed by transfer of the excitation energy to
the reaction center. Here, the electron transfer chain is located and the trans-
membrane charge separation takes place. Both photosystems contain a core
antenna, which is smaller in PS II than in PS I. In PS II, the antenna sys-
tem only consists of 35–36 chlorophylls/P680, which is less than half of the
antenna size in PS I (96 Chl/P700). The electron transfer chain of PS II is
more complex than the electron transfer chain of PS I and contains the follow-
ing cofactors (from the lumen to the stroma): the 4MnCa cluster, two redox
active tyrosines (TyrZ and TyrD), the primary electron donor P680, two acces-
sory chlorophylls, two pheophytins, a tightly bound plastoquinone (QA) and
a mobile plastoquinone (QB). After two subsequent electron transfer steps,
the doubly reduced Q–

B binds two protons and leaves the binding pocket as
PQH2. The empty pocket is then refilled by a plastoquinone molecule from
the PQ pool. The acceptor side of PS II (from acc Chl to QB) shows strong
functional and structural similarities to the reaction center of purple bacteria,
while the donor site (with TyrZ and the oxygen evolving complex), consisting
of the 4MnCa cluster, is unique to PS II.

In each round of the photocycle, P680+ is re-reduced by extracting one
electron from the 4MnCa cluster. The redox active tyrosine TyrZ functions as
the intermediate electron carrier between P680+ and the Mn cluster. When
four positive charges are accumulated at the Mn cluster after four subsequent
electron transfer steps, one molecule of oxygen is released. The proton release
pattern is still matter of debate. In complexes that are depleted of the three
lumenal subunits, a 1 : 1 : 1 : 1 pattern has been observed, while the proton re-
lease pattern of the intact PS II shows a 1 : 0 : 1 : 2 pattern (Schlodder and Witt
1999). Whether these differences are caused by the protein isolation, or repre-
sent the buffering of released protons by the protein surrounding protein, is
still a matter of further investigation.

One major problem that PS II has had to face since the invention of water
splitting 2.5 billion years ago is the severe process of photodamage. This pho-
todamage is caused by P680+· , which has the high redox potential of +1.1 V
and can easily form a triplet state. The molecular and mechanistic details of
the process of photodamage in PS II is a topic of current research. It might
occur by direct oxidation of the protein by P680+· , or by the formation of the
3P680 triplet and subsequently the highly reactive singlet oxygen. During the
process of photoinhibition, an irreversible damage of one of the core proteins
of PS II, D1, occurs. D1 binds most cofactors of the electron transfer chain, in-
cluding the Mn cluster, and has to be replaced every 30 min in plants in bright
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sunlight. The repair mechanism of PS II is a hot topic of current PS II re-
search (Baena-Gonzalez and Aro 2002; Vass et al. 2007; Nowaczyk et al. 2006;
Mohanty et al. 2007).

Photosystem II is a dimer in the native membrane of plants, algae and
cyanobacteria. It consists of 19 protein subunits in cyanobacteria. In add-
ition to the cofactors of the electron transport chain, it harbors 35–36 antenna
chlorophylls and 10–12 carotenoids. In addition, PS II contains a large num-
ber of lipids which may play a role in the repair process of PS II. The first
crystals of PS II that were able to split water had been grown from the ther-
mophilic cyanobacterium Thermosynechococcus elongatus (Zouni et al. 2000)
leading to the first X-ray structural model of the intact PS II complex at 3.8 Å
resolution. This model provided the first insight into the structure of PS II,
and showed for the first time the 3+1 organization of the 4 Mn atoms in the
OEC.

All further crystal structures were based on these crystals, with the excep-
tion of the 3.7 Å crystal structure, which was determined by Kamyra, Shen
and coworkers from Thermosynechococcus vulcanus (Kamiya and Shen 2003).
In the most recent X-ray structure of PS II at 3.0 Å resolution, 31 antenna
chlorophyll molecules, 11 carotenoids, and 14 lipids have been assigned to
one monomer of PS II (Loll et al. 2005).

3.2
Arrangement of Protein Subunits in PS II

Twenty-two protein subunits have been assigned in structure of PS II from
Thermosynechococcus elongatus, PsbA to PsbF, PsbH to PsbO, PsbT to PsbZ,
as well as the PsbZ like protein Psb27.

At least 19 proteins of these subunits are present in crystals of PS II, as
they have been identified in the PS II crystals by detailed mass spectroscopic
analysis (Kern et al. 2005).

Sixteen of these subunits are membrane intrinsic, whereas PsbO, PsbU and
PsbV do not contain transmembrane α-helices and are located at the lume-
nal side of the complex. In the first structural model of the intact PS II at
3.8 Å resolution (Zouni et al. 2001), 36 transmembrane helices were identi-
fied. Since this the first structure of PS II, several more structures from PS II
have been published at 3.7 to 3.0 Å resolution, revealing more details of the
structures. These include assignments of most of the amino acid side chains
and identification of the small membrane intrinsic subunits. The initial num-
ber and location of the 36 transmembrane helices in PS II were confirmed by
the most recent crystal structure of PS II at 3.0 resolution (Loll et al. 2005),
whereas one helix is missing in the 3.5 Å structure of PS II (Ferreira et al.
2004). The general arrangement of subunits in PS II is shown in Fig. 2b based
on the structural model of PS II at 3.5 Å structure of PS II (Ferreira et al.
2004).
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The core of one monomeric unit of PS II, the reaction center (RC), consists
of subunits D1 (PsbA) and D2 (PsbD), flanked on both sides by the core an-
tenna proteins CP47 (PsbB) and CP43 (PsbD). This core of PS II shows strong
similarities to the arrangement of the two major proteins in PS I (PsaA and
PsaB), indicating that PS I and PS II have evolved from a common ancestor,
as suggested by Schubert and coworkers (Schubert et al. 1998). A compari-
son of the membrane intrinsic parts of PS I and II is shown in Fig. 4. None
of the extrinsic subunits or small membrane intrinsic subunits of PS I and II
show any similarities, which indicates that they have been added to the PS I
and II cores after the evolutionary split between the two photosystems. As
evident in Fig. 1, the most striking difference between both photosystems is
the location of the membrane extrinsic proteins. Whereas PS I contains three
extrinsic proteins at the stromal side, which are involved in the docking of
ferredoxin/flavodoxin, PS II does not extend more than 10 Å into the stroma.
Most of the extrinsic mass of PS II is located at the lumenal site, formed by
the large lumenal loops of CP43, CP 47 and the three lumenal proteins PsbO,
PsbU and PsbV, which stabilize the oxygen evolving complex in PS II.

3.2.1
Core Subunits D1 and D2 (Baumgartner et al.)

The central core of PS II is often called the reaction center core, as it con-
tains the electron transfer chain. This core is formed by a cluster of 2×5
transmembrane helices, forming an S-type arrangement (see Figs. 2 and 4).
These helices are assigned to the protein subunits D1 (PsbA) (depicted in
blue) and D2 (PsbD) (red) and resemble the structure of the L and M subunits
of the reaction center of purple bacteria (Deisenhofer et al. 1985; Deisenhofer
and Michel 1991). The structural and functional comparison of PS II and the
PbRC shows that the D1 protein is related to the L subunit, while the D2 pro-
tein is related to the M subunit of the PbRC. To a lesser extent, the structure
of the D1 and D2 proteins also resembles the C-terminal domains of the large
subunits PsaA and PsaB of PS I (Jordan et al. 2001) (see Fig. 4 for a compar-
ison between PS I and PS II). The similarity reveals that all actual existing
photo-reaction centers might have evolved from a common ancestor as pre-
viously proposed (Blankenship and Kindle 1992; Schubert et al. 1998). The
D1 protein binds/contains all cofactors of the electron transport chain: The
Mn cluster, the redox active tryrosine TyrZ, the chlorophyll of the primary
donor, P680D1, the accessory chlorophyll, ChlD1, the pheophytin PheoD1, and
the mobile plastoquione QB. The D2 protein contains TyrD, a tyrosine which
is not directly involved in electron transport but may be important for the
photoassembly of the active Mn cluster (Rutherford et al. 2004). Furthermore
it coordinates the chlorophylls P680D2, the accessory chlorophyll ChlD2, the
pheophytin PheoD2 and the tightly bound plastoquione QA. In contrast to
PS I, where the C-terminal parts of PsaA and PsaB coordinate 28 antenna
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chlorophylls, the RC core subunits of PS II, D1 and D2, coordinate only two
antenna chlorophylls: ChlZD1 and ChlZD2. The most recent structure of PS II
revealed that there are two carotenoids associated with the reaction center
core in PS II. They form hydrophobic interactions with the outermost trans-
membrane helix of the reaction center core, which corresponds to the first
transmembrane helix of D1 and D2 (helix a). The carotenoids are located in
close proximity to ChlZD1 and ChlZD2. It was proposed that the carotenoids
associated to D2 may play a role in the non-photochemical quenching process
in PS II (Telfer 2002, 2005; Telfer et al. 2003).

The D1 protein has to pay a high price for coordinating most of the car-
riers of the electron transport chain. It is subject to photodamage, which is
most probably caused by the formation of the triplet state of P680, 3P680. D1
has to be replaced constantly: in plants in bright sunlight it has only a half-
life of 30 min. The cyanobacterial genome contains three copies of the D1
gene, named psbA1, psbA2 and psbA3. While expression of psbA1 has not
been shown so far, psbA2 and psbA3 are both expressed and their expression
pattern is adapting under different environmental conditions (Salih and Jans-
son 1997; Soitamo et al. 1998; Sippola and Aro 2000). The photodamage to the
D1 protein leads to a complex degradation and replacement cycle. The com-
plicated process is a very active field of current research and is best studied
in plants (see Rokka et al. 2005; Vass et al. 2007 and references therein). It in-
cludes phosphorylation of the damaged D1 protein, monomerization of the
PS II dimer, de-attachment of the CP43 protein and the three lumenal pro-
teins, proteolytic degradation of D1, synthesis of D1 by membrane-bound
ribosomes, cleavage of the N-terminal signal sequence of D1 in the lumen, as-
sembly of the Mn cluster by photo-activation and assembly of all subunits and
the re-formation of PS II dimers. Taken the central location and role of the D1
protein into account, this repair cycle could be compared with a heart trans-
plantation taking place every half an hour. The 3.0 Å structure revealed that
lipids are essential constituents of PS II. The lipids are bound at the interface
between the D1/D2 core, the antenna proteins CP34 and CP47 and two fields
of small transmembrane helices (PsaM, L and T at the dimerization domain)
and (PsbF, J and K) exposed at the membrane exposed surface of PS II. They
may provide the lubricant for the smooth replacement of the D1 protein (Loll
et al. 2005, 2007). The lipids may act as a set of “rails” to easily remove the
damaged D1 proteins, and facilitate the insertion of the new D1 proteins by
sliding into place on these “rails”.

3.2.2
Antenna Proteins CP47 and CP43 (PsbB and PsbC)

The two largest subunits of PS II are the antenna proteins CP47 (PsbB) and
CP43 (PsbC). They sit on both sides of the central D1/D2 core of PS II, with
CP47 (PsbB) flanking the D2 protein and CP43 being located in close prox-
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imity to D1. Each of these subunits consists of six transmembrane helices.
They form three pairs of dimers, consisting of helices 1/2, 3/4 and 5/6. CP47
is located close to the dimer-dimer interface, while CP43 is located at the
periphery of the PS II dimer. This arrangement is in agreement with bio-
chemical studies that have shown that CP43 can be more easily removed from
the PS II core than CP47 (Bricker and Frankel 2002). The peripheral location
of CP43 allows this subunit to be disassembled from PSII in the process of D1
turnover.

The arrangement of the transmembrane helices in CP47 and CP 43 is very
similar to the arrangement of the transmembrane helices in the N-terminal
part of the PsaA/PsaB in PS I (see Fig. 4).

CP47 coordinates 16 Chls and CP43 13 (or 14) chlorophylls. While the
structures at 3.7 and 3.5 Å reported a 14th chlorophyll in CP43, the 3.0 Å
structure identified a lipid (DGDG2 digalactosyldiacylglycerole) at this site.

Both subunits differ from the N-terminal region of the PsaA/B subunits in
PS I by the formation of extended loops at the lumenal side. The large loop of
CP47 interacts with loops of the D2 protein, the PsbO protein and the PsbU
protein, thereby stabilizing the manganese cluster. The long loop of CP43 in-
teracts with loops of the D1 protein and all three extrinsic proteins, PsbO,
PsbU and PsbV. Furthermore, amino acid Glu 354 provides a ligand for one
of the atoms of the Mn cluster.

3.2.3
Small Membrane Intrinsic Subunits

Fourteen transmembrane helices are located peripherally to the central core
and have been assigned to the small membrane intrinsic proteins. They can
be structurally divided into subunits located at the dimerization domain
and subunits located at the periphery of the PS II dimer. Three helices are
located close to the local 2-fold symmetry axis between the dimers, represent-
ing PsbM, PsbT and PsbL. One helix is sandwiched between D1 and CP43,
which is assigned to PsbI. A field of 10 helices is located at the membrane-
exposed periphery of PS II, which constitutes of PsbE, PsbF, PsbH, PsbJ, PsbK
and PsbZ. The electron density is much better defined at the dimer interface
than at the periphery of PS II, therefore there is still some debate about the
subunit-assignment of three of the peripheral helices to the subunits PsbN
and PsbX (Ferreira et al. 2004; Loll et al. 2005). However, PsbY but not PsbN,
has been identified in the PS II crystals. Therefore it can not be excluded that
PsbY may also be one of the three peripheral helices.
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Subunits at the Periphery of PS II

Cytochrome b559 (PsbE and PsbF)
The membrane intrinsic cytochrome b559 consists of two protein subunits:
PsbE and PsbF. These are the only small subunits of PS II that directly co-
ordinate a cofactor. The cytochrome is located in close vicinity to helix 1
of D2. The heme is coordinated by His 34 of PsbE and His 24 of PsbF. The
cytochrome b559 is essential for the function of PS II, as deletion of either
PsbE or PsbF are lethal for the function of PS II. The cytochrome can exit
in a low potential form with a redox potential of +275 mV or a high poten-
tial form with +390 mV. The functional role of this cytochrome and its heme
cofactor is under investigation (Bondarava et al. 2003; Lakshmi et al. 2003;
Vasil’ev et al. 2003). The structure implies that the heme might be involved in
the non-radiative charge recombination between the singly reduced QB and
P680 as part of a prevention of excessive photodamage, with the help of the
carotenoid, CarD2 that is placed between the D2 protein and cytochrome b559.
A redox active role of carotenoids have been also proposed by (Tracewell and
Brudvig 2003).

Subunits Close to Cytochrome b559
Two further helices are located in the close vicinity of PsbE and PsbF. The he-
lix closest to PsbF has been assigned to PsbJ. The helix close to PsaE (named
X2 in (Loll et al. 2005)) was present in the 3.8 Å model (Kamiya and Shen
2003) and 3.2 model (Biesiadka et al. 2004) of PS II, but is missing in the 3.5 Å
model (Ferreira et al. 2004). The loss may be caused by the higher detergent
concentration used for the isolation of PS II in the work of Ferreira et al. (Fer-
reira et al. 2004). As PsbY is present in the crystals but has not been assigned,
one might speculate whether helix X2 may represent PsbY.

The location of the four helices somewhat resembles the arrangement of
PsaF and PsaJ in PS I, which are transcribed on one open reading frame. Inter-
estingly, the PS II subunits PsbE, PsbF, PsbL and PsbJ are also expressed in all
cyanobacteria on one open reading frame. There are only nine bases between
the stop codon of PsaF and the start codon of PsaL, and the Shine Dalgarno
sequence of PsaL overlaps with the stop codon for PsaF. Taking into account
that the subunits are very likely cotranslationally inserted into the membrane,
one might question if the current assignment of PsaL is correct, as the ri-
bosome must move back and forth between the peripheral and dimerization
domain in order to insert PsaF, PsaL and PsaJ into the membrane. This prob-
lem would be solved if helix X2 would represent PsaL, but this question may
have to wait for a higher solution structure to be answered.

Small Subunits Close to CP43
Four transmembrane helices are located at the periphery of PS II in close
vicinity to CP43. The helix closest to the interface between CP43 and PsbJ
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has been assigned to PsbK, while two transmembrane helices that are in the
vicinity of the N-terminal region of CP43 have been assigned to PsbZ. One
further helix in between PsbZ and PsbK has been assigned to PsbN in the
3.5 Å structure. However, this assignment has not been confirmed at 3.0 Å
resolution and PsbN has not been identified in the crystals, so the nature of
this helix (named X1 in the 3.0 Å structure) is still unclear. The subunits PsaJ
and PsaK shield a field of lipids between the D1 protein and CP43 from the
membrane, which shield the cofactors of the D2 branch, including QA. The
important role of PsbJ has been shown by biochemical studies: A psbJ dele-
tion mutant is impaired in PSII electron flow to plastoquinone (Regel et al.
2001). PsbK may stabilize a cluster of chlorophylls in CP43. A tight interaction
of CP43 with PsbK has also been shown by biochemical studies, where PsbK
was co-purified with CP43 during ion exchange chromatography (Sugimoto
and Takahashi 2003). The stabilization effect may be futher enhanced by the
interaction with a carotenoid.

Small Subunits Close to CP47
There is only one helix that is in close contact to chlorophylls of CP47 at the
membrane-exposed periphery, and this helix has been assigned to PsbH. It
forms hydrophobic contacts with several chlorophylls in CP47 and with one
carotenoid, thereby stabilizing the antenna system of CP47.

Small Subunits Close to ChlZD1 and ChlZD2
Two symmetry related single helices are located close to the ChlZD1 and
ChlZD2. The helix close to ChlZD1 has been assigned to PsbI, while the as-
signment of the helix close to ChlZD2 is still under discussion. It has been
tentatively assigned to PsbZ in the 3.5 Å structure, but this assignment was
not confirmed at 3.0 Å resolution.

Both PsbI and PsbZ are important proteins, as deletion mutants are
strongly affected.

PsbI deletion mutants are still able to grow photoautotrophically in dim
light, but not in high light, and the amounts of PS II complex and oxygen
evolving activity are both reduced to 10–20% of wild-type levels (Kunstner
et al. 1995).

Subunits of the Dimerization Domain
Three helices are located in the dimerization domain, which are assigned to
the subunits PsbL, PsbM and PsbT. PsbM is closest to the dimerization do-
main and forms interactions with the PsbM subunit of the neighboring dimer.
PsbT is also close to the dimer–dimer interface and is located in close vicin-
ity of the first transmembrane helix of the D1 protein. The helix assigned
to PsbL is located between PsbM and PsbT. All three subunits form contacts
with several lipids that fill the space between the dimerization domain and
the opening between D1 and D2 protein. Thereby all three subunits and the
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lipids are in close vicinity to the electron transfer chain and may even stabi-
lize the QA binding site. The deletion of each of the three subunits has severe
effects on the function of PS II, which are not all in agreement with the pro-
posed location of these subunits. Deletion of PsbM in tobacco leads to high
light-sensitivity of PS II and alters the QB site properties. The latter finding
is difficult to understand with the present assignment of PsbM. Furthermore,
the mutant shows reduced phosphorylation of D1 and D2 and may be im-
paired in PS II repair (Umate et al. 2007). Mutants lacking PsbL are highly
sensitive to photoinhibition and it was suggested that PsbL may be important
to prevent reduction of PSII by back electron flow from plastoquinol (Ohad
et al. 2004). This would also favor a location of PsaL at the periphery close to
QB and not in the dimerization domain in close vicinity to QA. As biochemi-
cal and structural evidence do not match, the structural assignment of PsbM
and PsbL must be regarded as tentative. In contrast,the assignment of PsbT
to one of the helices in the dimerization domain is also strongly supported by
biochemical evidence, as results from a deletion mutant of PsbT suggest that
PsbT is involved in the stabilization and repair of primary electron acceptor
QA of PS II during photoinhibition. Furthermore, it may structurally stabilize
the QA binding site, as half the QA was lost from the PSII core complex that
lacks PsbT during purification (Ohnishi et al. 2007).

3.2.4
Lumenal Subunits PsbO, PsbV and PsbU

Photosystem II from cyanobacteria contains three extrinsic subunits, which
are located at the lumenal side of the core complex: the 33 kDa protein
(PsbO), the 12 kDa protein (PsbU) and the cytochrome c550 (PsbV) (see
Fig. 3B).

PsbU and PsbV are unique to cyanobacteria, whereas PsbO is also present
in the PS II complex of higher plants. In the structure at 3.8 Å resolution,
the main body of PsbO was identified as a β-barrel structure, which was con-
firmed in further structures. PsbO forms various contacts with CP43, CP47,
D1 and D2 and is thereby important for the stabilization of the Mn cluster,
even if it does not directly provide a ligand. The protein subunit PsbV (cyt
c550) is located at the side of the lumenal hump that faces away form the
dimerization domain and is in close contact to the lumenal loops of CP43. De-
spite the fact that it contains a heme, its function is unclear, as the reduction
of the heme has not been reported. PsbV has strong structural similarity to
cytochrome c6, the electron donor to PS I, and might represent the old elec-
tron donor to the non-oxygenic ancestor of PS II, which was trapped during
evolution and became an extrinsic subunit of PS II that now stabilizes the oxy-
gen evolving complex (Grotjohann et al. 2004). PsbU is a small protein that is
located at the outermost lumenal tip of PS II. It may further stabilize the PS II
complex.
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3.3
Electron Transport Chain of PS II

The cofactors of the electron transport chain (Svensson et al.) in PS II is
shown in Fig. 1B. It consists of four chlorophylls a, two pheophytins, two
plastoquinones, one redox active tyrosine TyrZ, TyrD and the Mn cluster. In
contrast to PS I, where the uni/bi-directionality of the ETC is still a mat-
ter of debate, the uni-directionality of the ETC in type II reactions centers
is well established. Most of the redox-active cofactors of the ETC are located
on the D1 site: the 4MnCa cluster, TyrZ, P680D1, ChlD1, PheoD1 and QB. The
D2 site is directly involved in the ETC by coordinating P680D2 and the tightly
bound quinone QA. ChlD2 and PheoD2 are not directly involved in the forward
electron transfer, but might play a role in prevention of photo-damage by
facilitating the backward electron transfer from singly reduced Q·–

B to P680·+.

3.3.1
Acceptor Side of the Electron Transport Chain in PS II (Alfonso et al.)

The acceptor side of PS II consists of the accessory chlorophyll ChlD1, the
pheophytin, PheoD1, the two phylloquionones QA and QB, and a non-heme
iron. The non-heme iron that is located between QA and QB has only a struc-
tural function and is not directly involved in electron transfer from QA to QB.
The arrangement and spectroscopic properties of the cofactors resembles the
structural arrangement of the electron transfer chain in reaction centers of
purple bacteria. After two subsequent charge separation events, the double-
reduced Q2–

B binds two protons and leaves the binding pocket as PQH2. It is
then replaced by a PQ from the PQ-pool. The recent structure at 3.0 Å reso-
lution showed that there may exist two diffusion pathways to the QB site: one
that is open to the membrane and one that opens up to the stromal side of
PS II (Loll et al. 2005). One might speculate that the pathway that leads to the
membrane may be the diffusion pathway for PQ, while the pathway that opens
up to the lumen may facilitate the diffusion of protons to the QB binding site.

3.3.2
Donor Site of the Electron Transfer Chain of PS II

The donor site of the ETC chain is a is unique feature of PS II as it contains the
oxygen evolving complex OEC. It consists of the primary donor P680+· , the
redox active tyrosine TyrZ and a cluster of 4 manganese atoms and one Ca,
which catalyzes the water splitting. The tyrosine TyrD, located at the D2 site
of the ET chain, is not directly involved in electron transfer or water splitting,
but may assist in the assembly of the Mn cluster (Sugiura et al. 2004).

In the process of water splitting, one electron is extracted form the OEC in
four subsequent charge separation events. The oxidation states of the oxygen
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evolving center (Ahrling et al.) are named S states. The “clock of water split-
ting” cycles between S0 (no charge), S1 (+1), S2 (+2), S3 (+3) and S4 (+4).
Oxygen is thereby evolved after 4 charge separation events. The two water
molecules are already bound in the transition from S4 to S0. The proton re-
lease pattern is still a matter of debate. PS II particles depleted of the three
lumenal subunits release the protons in a 1 : 1 : 1 : 1 pattern, whereas the intact
PS II shows a release of protons in a 1 : 0 : 1 : 2 pattern (Schlodder and Witt
1999).

Primary Electron Donor: P680

The most important difference between the primary donor of PSI (P700) and
the primary electron donor of PS II is the redox potential of P680+· . The
cation radical of the primary donor in PS II, P680+· , has a redox potential of
1100 mV, which is one of the highest redox potentials of any cofactor found
in biological systems. This provides the redox potential for the unique func-
tion of water oxidation. Four Chl molecules are located in the center of the
D1/D2 core and they may all contribute to the spectroscopic and electronic
properties of the primary electron donor P680∗. However, different radical
states might be primarily located on individual clorophylls. The four chloro-
phylls are arranged in two symmetrically related pairs, P680D1/P680D2 and
ChlD1/ChlD2. The chlorophylls of the first pair, named P680D1/P680D2, are ori-
ented perpendicular to the membrane plane. The center-to-center distance
varies between the different structures: 10 Å in the 3.8 Å structure (Zouni
et al. 2001), 9.56 Å in the 3.7 Å structure (Kamiya and Shen 2003), 8.6 Å in
the 3.6 Å structure (Fromme et al. 2002), 8.2 Å in the 3.5 Å structure (Ferreira
et al. 2004) and 8.3 Å in the 3.2 Å (Biesiadka et al. 2004) structure and 7.6 Å
in the structure at 3.0 Å resolution. The decrease in distance with increase in
resolution may be caused by clearer assignment of the 5/6 ring of the chlo-
rin system at higher resolution. Even with the shortest distance reported to
be 7.6 Å, the chlorophylls are more separated from each other in PS II than
the chlorophylls in P700 or in the special pair of the PbRC, which may indicate
a weak excitonic coupling. There is strong evidence from EPR studies that the
cation radical of the primary donor, P680+· , which extracts electrons from the
redox active TyrZ and subsequently from the 4Mn–Ca cluster, is located on
the chlorophyll P680D1. The distance between P680+· and TyrZ has been de-
termined to be in the range of 7.9 ± 0.2 Å (Lakshmi et al. 1999) which only
matches for the P680D1 chlorophyll.

The question can be addressed, why none of the neighboring chlorophylls
is oxidized instead of the TyrZ (redox potential 1.0 V) by P680D1. Taking into
account that Pheo–· has a redox potential of 1.4 V, we can assume that all
four chlorophylls must have a high redox potential between 1.0 and 1.3 V and
may be able to perform the initial charge separation, as suggested in (Barber
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2002). Therefore, the excited state P680∗ may be delocalized – at least at room
temperature – among all four chlorophylls.

The plane of the chlorin head group of the second pair of chlorophylls
(ChlD1/ChlD2) is tilted at an angle of 30◦ to the membrane plane. There is
strong spectroscopic evidence that the triplet state of the primary donor
3P680 is located on the accessory chlorophyll ChlD1.

Water-Oxidizing Complex

The most interesting feature of PS II is the ability to oxidize water to O2 and
4 H+. Photosystem II performs this reaction by a cluster of four Mn and one
Ca ion, bound to the protein D1. The first structure of PS II at 3.8 Å resolution
unraveled for the first time the location of the manganese cluster and the ar-
rangement of the 4Mn atoms in a 3+1 organization. This principle arrangement
was confirmed by the improved crystal structures (Fromme et al. 2002; Kamiya
and Shen 2003; Ferreira et al. 2004; Loll et al. 2005) and is also in agreement
with EPR and XAFS studies on the Mn cluster (Peloquin and Britt 2001; Britt
et al. 2004; Sauer and Yachandra 2004; Haddy 2007; Kern et al. 2007). The 3.5 Å
structure elucidated for the first time the location of the Ca in the cluster (Fer-
reira et al. 2004). It forms a distorted cubane with the Mn atoms 1, 2 and 3.
The fourth Mn is more distal to the distorted cubane. The general arrangement
of the 4Mn–Ca cluster is in agreement with EPR and XAFS data (for a more
detailed discussion see Sauer and Yachandra (2004) and refs. therein).

Another cofactor that plays an important role in the process of water split-
ting is Cl–; however, no position for Cl– ions have been identified in any of the
current crystal structures.

Several amino acids of D1 have been identified as potential ligands to the
4Mn–Ca cluster, as Asp 170, Glu 189, His 190, Asp 342, His 332, Glu 333 and
the N-terminus of D1 (Ala 344). Furthermore, Glu 354 of CP43 may also pro-
vide a ligand to the cluster. Despite the fact that similar amino acids are close
to the 4Mn–Ca cluster in all structures, the structures differ significantly in
the positioning of the amino acids and the question which amino acid is co-
ordinating which Mn or Ca atom. The assignment of the ligands to the Mn
cluster do not agree in all points with mutagenesis studies, either. For ex-
ample, Glu 189 can be replaced by many other amino acids without affecting
oxygen evolution (Clausen et al. 2001), and CP43-E354 has been replaced by
other amino acids with only a moderate influence on oxygen evolution.

Neither of the structures could identify the bridging oxygen atoms, nor the
substrate water molecules bound to the cluster. The arrangements of the Mn
atoms differ significantly in the recent structural models, as shown in Fig. 5.
The electron density of the Mn cluster has not been improved in the recent
structures, as it is still a papaya-shaped blob (see Fig. 5). The reason for the
lack of improvement of the resolution of the Mn cluster is its high sensitiv-
ity to photodamage. It has been shown by XAFS studies on single crystals of
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Fig. 5 Electron densities of the Mn cluster in different structures of PS II: A First elec-
tron density of the Mn cluster from TS elongatus at 3.8 Å resolution (Zouni et al. 2001).
B Electron density of the Mn cluster from TS elongatus at 3.6 Å resolution (Fromme et al.
2002). C Electron density of the Mn cluster from TS vulcanus at 3.7 Å resolution (Kamiya
and Shen 2003). D Electron density of the Mn cluster from TS elongatus at 3.5 Å reso-
lution (Ferreira et al. 2004). E Electron density of the Mn cluster from TS elongatus at
3.0 Å resolution (Loll et al. 2005)

PS II, that the Mn cluster undergoes severe damage even during short expo-
sure (Yano et al. 2005) and may disassemble. The Mn 4 is very likely the first
Mn atom that is lost, as it shows less than 30% occupancy in the 3.0 Å X-ray
structure (Loll et al. 2005).

The mechanism of water splitting and the oxidation states of the Mn clus-
ter are still under “hot” discussion, and no final model that can explain
all experimental evidence exists. A higher resolution X-ray structure of the
undamaged 4Mn–Ca cluster, in combination with spectroscopic results and
computational modeling, may be able to solve the secrets of the process of
light-driven oxygen evolution. The mechanism of water splitting by PS II is
still an open field for future discoveries.

3.4
Antenna System of PS II

In addition to the cofactors of the electron transport chain, 57 additional
cofactors have been identified in the structure of PS II at 3.0 Å resolution:
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29 antenna chlorophylls, 14 lipids, 11 β-carotene molecules, and 3 detergent
molecules (β-dodecylmaltoside).

3.4.1
Chlorophylls

In the 3.0 Å structure, CP47 binds 16 antenna Chl molecules and CP34 binds
13 antenna chlorophylls (Loll et al. 2005). All except three of these chloro-
phylls have been identified at 3.8 Å resolution (Zouni et al. 2001). All X-ray
structural models show very similar locations for the chlorophylls.

The comparison of the antenna systems in PS I and II reveals that PS
II lacks the central antenna domain, which harbors more than 50 antenna
chlorophylls in PS I. The central PS II-core contains only two chlorophylls
(ChlZD1 and ChlZD2). This lack of the central antenna domain may be respon-
sible for the lower efficiency of the excitation energy transfer in PS II com-
pared to PS I and the fact that the fluorescence spectrum of photosynthetic
organisms is dominated by fluorescence from PS II. While the excitation en-
ergy transfer in PS I has an efficiency of 99.5% the efficiency is decreased to
80% in PS II.

It is very likely that PS II has been stalled in an earlier evolutionary state,
where antenna and reaction center were not tightly coupled, while a gene-
fusion in PSI allowed the development of a more efficient joint reaction center
and antenna system.

The price PS II has to pay for its ability to use water as an unlimited elec-
tron source is the sensitivity to photodamage with the need for repair of
the D1 protein, which hindered the development of a closely coupled core
antenna system. If PS II contained a central antenna domain, all central
chlorophylls would have also to be replaced with the D1 protein, which would
be an extremely resource-wasting process. Furthermore, the location of an-
tenna chlorophylls close to the highly oxidizing P680 could have caused severe
damage of the antenna pigments.

3.4.2
Carotenoids

Eleven carotenoids have been identified in the 3.0 Å structure of PS II (Loll
et al. 2005). They were all modeled as beta-carotenes, as no discrimina-
tion between carotenes and xanthophylls can be made at this resolution. In
contrast to PS I, all carotenoids are in the all-trans conformation (the cis-
conformation proposed for one of the car molecules at 3.5 Å resolution, could
be not confirmed in the 3.0 Å structure).

The location of the carotenes shows no striking homologies between PS I
and PS II. Furthermore, the arrangement is much more symmetrical in PS II
than in PS I.
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Only two carotenes are associated with the D1/D2 core, while five
carotenoids have been assigned to CP47 and four carotenoids have been as-
signed to CP43. Three of the carotenoids in CP43 and CP47 show twofold
symmetry. They mainly interact with helices 1 and 2 of CP34 and CP47. The
main function of the carotenoids is quenching of Chl triplet states. Further-
more, they can act as an additional antenna. Lastly, the carotenoids may also
serve as stabilizing elements in PS II. The carotenoids in CP43 bridge CP43
with the cluster of small subunits at the periphery of PS II (PsbZ, PsbN,
PsbK and PsbJ) and may be important for the stable binding of the small
subunits to the PS II core. The symmetry-related carotenoids in CP47 are lo-
cated at the dimer interface and may help in the stabilization of the PS II
dimer.

The two carotenoids that are located in the RC domain are located at
symmetry-related positions but have completely different orientations. CarD1,
which is located between helix 1 of the D1 protein and the dimer–dimer in-
terface in close vicinity to ChlZD1, is orientated nearly perpendicular to the
membrane plane. In contrast, CarD2, which is located between helix 1 and the
cytochrome b559 in close vicinity to ChlZD2, is orientated nearly parallel to the
membrane plane. The presence of two spectroscopically distinct carotenoids
in the D1/D2 core have been shown for plant PS II (Kwa et al. 1992). Loll and
coworkers (Loll et al. 2005) proposed that CarD1 may represent car489 and
CarD2 may correspond to car507. CarD1 may have the function of quenching
triplet states of ChlZD1, whereas CarD2 may play an important role in the pho-
toprotective processes of charge recombination between singly reduced QB
and P680.

3.4.3
Lipids

One important difference between PS I and II is the much higher lipid con-
tent of PS II. While only four lipids are present in PS I, 14 lipid molecules have
been for the first time identified in the structure of PS II at 3.0 Å resolution
(Loll et al. 2005). It has long been known that lipids are essential cofactors in
PS II, and mutagenesis studies have shown that they play a role in electron
transfer between QA and QB, as well as in the dimerization of PS II (see Fyfe
and Jones 2005; Jones 2007 and refs. therein). Two larger clusters of lipids are
located at the interface of the D1/D2 core to CP47 and CP43 (Loll et al. 2007).
The cluster that bridges the D1/D2 core with subunits PsbM, PsbL and PsbT
might be important for the assembly/disassembly of the dimer, whereas the
cluster between the D1/D2 core, CP43 and PsbJ and PsaK may be important
for the de-attachment and re-assembly of the CP43 subunit to the PS II core in
the process of D1 damage and repair. This would also explain why PS II has so
many more lipids than PS I, because PS I does not have to undergo excessive
repair in the living cell.
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Abstract Microbial rhodopsins have been intensively researched for the last three
decades. Since the discovery of bacteriorhodopsin, the scope of microbial rhodopsins has
been considerably extended, not only in view of the large number of family members,
but also their functional properties as pumps, sensors, and channels. In this review, we
give a short overview of old and newly discovered microbial rhodopsins, the mechanism
of signal transfer and ion transfer, and we discuss structural and mechanistic aspects of
phototaxis.

1
Introduction

The discovery of bacteriorhodopsin (BR) almost forty years ago (Oester-
helt and Stoeckenius 1971) caused an intense interest in the mechanism and
function of the light-activated proton pump. This seven helix membrane pro-
tein carrying a retinal chromophore was originally thought to be a bacterial
rhodopsin – hence its name – providing a model system for vision in verte-
brates. However, it soon became evident that, despite structural similarities,
the functions were quite different, with rhodopsin being a photosensor and
BR being a photoreceptor, converting light energy into a proton gradient. Fur-
ther research on Halobacterium salinarum the archaeal strain, from which
BR was first isolated, demonstrated other rhodopsin-like pigments with func-
tions other than proton pumping. The first evidence was provided by ac-
tion spectra of halobacterial phototaxis (Hildebrand and Dencher 1975). In
this work, two photosystems were recognized, enabling the bacteria to avoid
harmful blue light, while seeking optimal conditions for the function of BR.
Subsequently, two responsible pigments were identified. Sensory rhodopsin I,
SRI, (Bogomolni and Spudich 1982; Spudich and Bogomolni 1984; Tsuda et al.
1982) enables H. salinarum to seek favourable light (above 500 nm), and, in
a two photon process, to flee conditions of UV light. A second sensor, sensory
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rhodopsin II, SRII, (also named phoborhodopsin), is responsible for avoid-
ance of blue light, which is especially important for the bacteria to escape
conditions of oxidative stress (Spudich et al. 1986; Takahashi et al. 1985; Wolff
et al. 1986). Further investigations showed ion pump activity different to that
of BR, for which the name halorhodopsin (HR) was coined (Matsuno-Yagi
and Mukohata 1977; Mukohata et al. 1980). Later, it was proven that HR func-
tions as a chloride pump (Schobert and Lanyi 1982). Thus, in the early 1980s,
four different pigments had been identified in H. salinarum. These can be
grouped into two sub-families: BR and HR, which function as ion pumps,
generating an ion gradient across the membrane, and SRI and SRII, which
serve the bacteria as photoreceptors to find favourable light conditions at
low oxygen concentration. Originally thought to be confined to Archaea, they
have been detected in all three kingdoms of life (reviewed in Spudich et al.
2000).

A new chapter in the elucidation of microbial rhodopsins was opened
when a rhodopsin-like protein was described in Clamydomonas (Foster et al.
1984). This membrane protein belongs to a family of retinylidene proteins,
with properties different from those assigned for archaeal rhodopsins (Harz
and Hegemann 1991). Although still quite elusive, with respect to their in
vitro accessibility, it is now evident, mainly from electrophysiological ex-
periments, that this class of proteins constitute light-activated ion channels
(reviewed in Nagel et al. 2005a).

Since the discovery of BR, the scope of microbial rhodopsins has been con-
siderably extended, not only in view of the large number of family members,
but also with respect to their functional properties as pumps, sensors, and
channels. Best understood are the bacterial rhodopsins, because of a wealth of
spectroscopic, physiological, and structural data. New advances in vibrational
spectroscopy (mainly developed because of the experimental demands in the
BR field; reviewed in Siebert 1990) turned out to be especially fruitful for an
understanding of the mechanism of proton transfer and signal transfer (Roth-
schild et al. 1981; Dollinger et al. 1986; Siebert et al. 1982). Concomitantly,
site-directed mutagenesis (Mogi et al. 1988; Gerwert et al. 1989; Ni et al. 1990)
and amino acid specific isotope labelling (Engelhard et al. 1985; Eisenstein
et al. 1987) became available, providing tools for unequivocal assignment of
amino acids involved in proton transfer. BR was one of the first membrane
proteins whose structure could be determined by electron cryo-microscopy
(Henderson et al. 1990). The introduction of lipid cubic phases for membrane
protein crystallisation (Landau and Rosenbusch 1996; Pebay-Peyroula et al.
1997) even enabled the determination of the structure of intermediates (Sass
et al. 1997).

The present knowledge allows a detailed understanding of proton trans-
fer in BR. This data, together with data obtained for the other microbial
rhodopsins, revealed general mechanistic principles, despite their differ-
ent function. Apparently, nature has chosen common structures and initial
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events, which are individually utilized by the proteins to fulfil their par-
ticular function. Light activation triggers a trans–cis isomerisation of retinal
and photoreaction cycle, whose turnover rate is specific for sensors (second
range) and ion pumps (millisecond range). Concomitantly, conformational
changes seem to be similar, especially in view of helix movements. In this re-
view, we will describe three subgroups of microbial rhodopsins, and we will
focus on two general questions related to the mechanism of proton trans-
fer and the mechanism of transmembrane signal transfer. These aspects are
certainly of general interest, not only to scientists working in the field of
photoreceptor research, but also to those interested in challenges of proton
transfer in proteins and in transmembrane signal transduction.

2
Microbial (Type 1) Rhodopsins

2.1
Archaeal Rhodopsins

2.1.1
Ion Pumps

Light-driven ion transport is accomplished by two different types of bacterial
rhodopsins: Bacteriorhodopsin (BR) and halorhodopsin (HR). Up until now,
14 archaeal BR proteins and 11 HR proteins have been functionally identi-
fied (Tables 1 (BR) and 2 (HR)). BR, first identified in the extreme halophilic
archaeon Halobacterium salinarum (H. salinarium), transports protons from
the cytoplasm to the extracellular space (Blaurock and Stoeckenius 1971;
Oesterhelt and Stoeckenius 1971).

BR was the first microbial rhodopsin identified, and its structure and func-
tion have been studied extensively during the past 30 years. The apoprotein,
bacterioopsin, binds all-trans retinal covalently, via a protonated Schiff base
to the ε-amino group of Lys216. BR shows a broad absorption band, with
a maximum at 570 nm, and undergoes a so-called light-dark adaptation. In
the dark-adapted form, (λmax = 558 nm) the ratio between 13-cis retinal and
all-trans retinal is 2 : 1, which shifts to 100% all-trans retinal in the light-
adapted state (Scherrer et al. 1989). Upon light excitation, BR undergoes
a photocycle, which is initiated by retinal isomerization from all-trans to 13-
cis. Relaxation back to the original ground state occurs in about 10 ms by
passing through several distinct intermediate states. A more detailed descrip-
tion is given in Sect. 3.1.

Structural information for BR was already available in 1975, when Hender-
son and Unwin reported a three-dimensional model of the purple membrane
at 7 Å resolution obtained by electron microscopy (Henderson and Unwin
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Table 1 The bacteriorhodopsin family

BR-Family (proton pumps)
Strain Name Refs.

1. Hb. salinarum bacteriorhodopsin (BR) (Oesterhelt and
Stoeckenius 1971b)

2. strain mex mex-bacteriorhodopsin (mex-BR) (Otomo et al. 1992a)
3. strain port port-bacteriorhodopsin (port-BR) (Mukohata et al. 1999c)
4. strain shark shark-bacteriorhodopsin (shark-BR) (Otomo and Mura-

matsu 1995)

5. Hr. spez. aus1 archaerhodopsin-1 (aR-1, SGbR) (Mukohata et al. 1988)
(= strain SG-1)

6. Hr. spez. aus2 archaerhodopsin-2 (aR-2) (Mukohata et al. 1999b)
7. Hr. sodomense archaerhodopsin-3 (aR-3) (Mukohata et al. 1999a)
8. Ha. argentinensis cruxrhodopsin-1 (cR-1) (Tateno et al. 1994b)

(sp. arg-1)
9. Ha. mukohataei cruxrhodopsin-2 (cR-2) (Tateno et al. 1994a;

(sp. arg-2) Sugiyama et al. 1994)

10. Ha. vallismortis cruxrhodopsin-3 (cR-3) (Kitajima et al. 1996)
11. Ha. japonica Ha. japonica cruxrhodopsin (HjcR) (Yatsunami et al. 2000)

(cruxrhodopsin-4 (cR-4))1

12. Ha. marismortui cruxrhodopsin-5 (cR-5)1 (Baliga et al. 2004d)
13. Ht. arg-4 deltarhodopsin-1 (dR-1) (Ihara et al. 1999)
14. Ht. turkmenica Ht. turkmenica deltarhodopsin (Kamo et al. 2006)

(HtdR) (deltarhodopsin-2 (dR-2))1

1 Name suggested in this review

1975). During the following years, several electron microscopy studies finally
enhanced the resolution to 2.8 Å for a projection structure (Baldwin et al.
1988) and 3.5 Å for 3-D model (Grigorieff et al. 1996). In 1997, the first X-ray
structure from a three-dimensional crystal grown in the lipidic cubic phase
was reported (Pebay-Peyroula et al. 1997) with resolution of 2.5 Å. Today,
a large number of BR crystal structures are available, even for different in-
termediate states of bacteriorhodopsin, providing a detailed picture of BR
structure and function on the atomic level (reviewed, for example, in Heberle
et al. 2000 and Edmonds and Luecke 2004).

In 2006, the crystal structures of archaerhodopsin-1 and archaerhodopsin-
2 (aR-1 and aR-2, respectively), two light-driven proton pumps detected in
Halorubrum sp. aus-1 and aus-2, became available (Enami et al. 2006). They
share 55–58% sequence identity with bacteriorhodopsin (BR), but exhibit
some remarkable structural differences (see Sect. 2.4). Both aR-1 and aR-2 show
an absorption maximum at ∼550 nm, and they undergo dark/light adapta-
tion in a similar way as observed for BR (Ihara et al. 1994). Meanwhile, several
BR-like proteins have been identified in different organisms (see Table 1).



Microbial Rhodopsins: Scaffolds for Ion Pumps, Channels, and Sensors 77

Table 2 The halorhodopsin family

HR-Family (chloride ion pumps)
Strain Name Refs.

1. Hb. salinarum Halorhodopsin (HR) (Matsuno-Yagi and
Mukohata 1977b;
Mukohata and Kaji
1981b)

2. strain mex mex-halorhodopsin (mex-HR) (Otomo et al. 1992b)
3. strain port port-halorhodopsin (port-HR) (Mukohata et al. 1999e)
4. strain shark shark-halorhodopsin (shark-HR) (Mukohata et al. 1999f)
5. Hr. spez. aus1 archaehalorhodopsin-1 (aHR-1, SGHR) (Soppa et al. 1993b)

(= strain SG-1)
6. Hr. sodomense archaehalorhodopsin-3 (aHR-3) (Ihara et al. 1999)
7. Ha. Argentinensis cruxhalorhodopsin-1 (cHR-1) (Tateno et al. 1994c)

(sp. arg-1)
8. Ha. vallismortis cruxhalorhodopsin-3 (cHR-3) (Kitajima et al. 1996)
9. Ha. marismortui cruxhalorhodopsin-5 (cHR-5)1 (Baliga et al. 2004c)

10. Ht. arg-4 deltahalorhodopsin-1 (dHR-1) (Ihara et al. 1999)
11. N. pharaonis pharaonis halorhodopsin (pHR) (Bivin and

Stoeckenius 1986b)

1 Name suggested in this review

The second type is the chloride ion pump, HR, which was also first discov-
ered in H. salinarum (Matsuno-Yagi and Mukohata 1977, 1980; Mukohata and
Kaji 1981). HR was initially thought to function as a sodium ion pump, but
it was later recognized as an inward-directed chloride pump (Schobert and
Lanyi 1982). Its amino acid sequence was reported in 1987 (Blanck and Oester-
helt 1987). H. salinarum HR (HsHR) also binds all-trans retinal at Lys 242,
and it exhibits an absorption maximum at 578 nm (reviewed in Dencher
1983). The photocycle of HsHR and the photocycle of Natronomonas pharao-
nis, NpHR, (Bivin and Stoeckenius 1986) have been studied in detail, and they
display similar properties (summarized in (Chizhov and Engelhard 2001)).
Like BR, after light-excitation NpHR passes a linear sequence of intermediates,
which is generally similar to that of HsHR, although, in the latter case, one
intermediate (O-intermediate) has not yet been proven to exist (see below).
Analogous to BR, HsHR also undergoes a dark/light adaptation. Dark-adapted
HsHR contains ∼45% of all-trans retinal, which is shifted to ∼75% all-trans
chromophore under irradiation. In contrast, a dark/light adaptation has not
been found in NpHR. Both the dark-adapted and the light-adapted states
contain ∼85% all-trans retinal (Zimányi and Lanyi 1997).

A two-dimensional projection structure of HsHR at 6 Å resolution
(Havelka et al. 1993) and a three-dimensional structure of HsHR based on
electron microscopy data at 7 Å (Havelka et al. 1995) have been published.
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X-ray crystal structures of HsHR are available at resolutions of 1.8 Å (Kolbe
et al. 2000) for its mutant, T203V, at 1.6 Å for the ground state, and at 1.9 Å
for the L1 intermediate (Gmelin et al. 2006), providing an atomic picture of
the halide pump HR.

BR and HR carry out light-driven ion-translocation, leading to a hyper-
polarization of the cell membrane. The proton gradient, resulting from BR,
enables the bacterium to produce ATP through the ATP- synthase machin-
ery, supplying the organism with energy under anaerobic conditions, where
the respiratory chain is non-functional (Danon and Stoeckenius 1974). At the
same time, HR maintains the osmotic balance between the cytoplasm and
the extracellular medium, by importing chloride ions against the membrane
potential (Oesterhelt 1998).

2.1.2
Sensory Receptors

Phototactic behaviour of H. salinarum was first reported by Hildebrand and
Dencher in 1975. A few years later, retinal proteins were identified as the re-
sponsible receptors (Dencher 1978; Dencher and Hildebrand 1979; Spudich
and Stoeckenius 1979; Sperling and Schimz 1980). In 1982, this conclusion
was substantiated by Spudich and co-workers, who were able to show that
retinal pigments other than BR and HR are indeed responsible for photo-
taxis (Spudich and Spudich 1982; Bogomolni and Spudich 1982). The authors
identified a retinal protein absorbing between 580 nm and 590 nm, which
was originally named slow rhodopsin-like pigment (later renamed sensory
rhodopsin I (SRI)) because of its slow photocycle turnover, determined to be
about two orders of magnitude slower than that of BR (800 ms vs. 10 ms).
SRI turned out to be responsible for both the attractant response on light
with λ > 500 nm, as well as the repellent response towards visible light at
λ ≈ 370 nm, thereby having the ability of colour discrimination (Spudich and
Bogomolni 1984). The model proposed by Spudich and Bogomolni suggested
the involvement of one photon and two photon processes. The first excitation
of SRI with a photon of λ > 500 nm triggers the photocycle, and it triggers
the attractant response. However, a second photon can be absorbed by a long-
lived photointermediate (λmax = 373 nm), thereby activating the photophobic
response of the bacteria.

In 1986, a fourth retinal protein, solely responsible for the repellent re-
sponse to blue-green light, was identified in H. salinarum. It was named
phoborhodopsin (PR) (Takahashi et al. 1985) or sensory rhodopsin II (SRII)
(Wolff et al. 1986). The amino acid sequences of the two sensory rhodopsins
from H. salinarum have been determined (Blanck et al. 1989; Zhang et al.
1996). Analogous proteins have been identified in Natronomonas pharao-
nis (NpSRII) and Haloarcular vallismorts (crux-sensory rhodopsin-3, csR-3)
(Seidel et al. 1995), as well as in Halorubrum spez. aus-1 and Halorubrum
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Table 3 Sensory rhodopsins

Sensory rhodopsins
Strain Name Refs.

Sensor I

1. Hb. salinarum sensory rhodopsin 1 (SRI) (Bogomolni and
Spudich 1982b)

2. Hr. spez. aus1 archae-sensory rhod. 1 (aSR-1, SGSR) (Soppa et al. 1993a)
(= strain SG-1)

3. Hr. sodomense archae-sensory rhod. 3 (aSR-3) (Ihara et al. 1999)
4. Ha. vallismortis crux-sensory rhodopsin 3 (cSR-3) (Kitajima et al. 1996)
5. Ha. marismortui crux-sensory rhodopsin 5 (cSR-5)1 (Baliga et al. 2004b)

Sensor II

1. Hb. salinarum sensory rhodopsin 2 (SRII) (Takahashi et al.
phoborhodopsin (pR) 1985b)

2. Ha. vallismortis vallismortis sensory rhodopsin 2 (Seidel et al. 1995b)
(vSRII) cruxphoborhodopsin 3
(cpR-3 = valpR)

3. Ha. marismortui cruxphoborhodopsin 5 (cpR-5)1 (Baliga et al. 2004a)
4. N. pharaonis N. pharaonis sensory rhodopsin 2 (Seidel et al. 1995b)

(NpSRII) pharaonis
phoborhodopsin (ppR)

1 Name suggested in this review

sodomense, where they have been named archeae-sensory rhodopsins 1 (asR-
1) and archeae-sensory rhodopsins 3 (asR-3), respectively, according to the
BR analogues (aR’s) found in the genus Halorubrum (see Table 3).

Structural information on sensory rhodopsins is presently only available
for NpSRII in the ground state (Luecke et al. 2001; Royant et al. 2001) and
in the K-state (Edman et al. 2002). Further structural data was obtained
for NpSRII in complex with N-terminal fragment of its cognate transducer,
NpHtrII, in the ground state (Gordeliy et al. 2002), as well as in the interme-
diate states K and M (Moukhametzianov et al. 2006).

2.2
Eubacterial Rhodopsins

2.2.1
Proteorhodopsin

In 2000, a eubacterial retinal protein exhibiting BR-like proton pump activity
was discovered through genomic analyses of naturally occurring marine bac-
terioplankton. Beja and co-workers cloned the gene of proteorhodopsin (PR)
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from a member of the γ -proteobacteria of the SAR86 group (Beja et al. 2000).
Since then, several PR genes have been reported in marine plankton from the
Red Sea, the Mediterranean Sea (Man et al. 2003; Sabehi et al. 2003), and sev-
eral other regions (de la Torre et al. 2003; Man-Aharonovich et al. 2004; Sabehi
et al. 2004). The vast abundance of rhodopsin-like photoreceptors in marine
organisms was impressively demonstrated by Venter and co-workers, using
a “whole-genome shotgun sequencing” approach on microbial populations
collected from seawater samples of the Sargasso Sea near Bermuda, reveal-
ing the presence of about 800 PR genes (Venter et al. 2004). In 2005, Beja and
co-workers calculated the fraction of PR-utilizing organisms to be 13% of the
microorganisms in the photic zone.

Sequence analysis of the PR genes revealed that almost all of them are pre-
dicted to encode for light-driven proton pumps. In the case of PR, this has
been experimentally proven by electrophysiological measurements (Friedrich
et al. 2002). Additionally, it has been shown that, for the “prototype” PR (Beja
et al. 2000) and for the green-absorbing and blue-absorbing PRs (GPR and
BPR, respectively) (Sineshchekov and Spudich 2004; Wang et al. 2003), they
efficiently pump protons when expressed in E. coli. Comparing their amino
acid sequence, there is a strong evidence that function as a transmembrane
proton pump PR is more closely related to the sensory rhodopsins than to
BR . In particular, residues responsible for the release of protons to the extra-
cellular medium are found to be significantly different from that of BR (Beja
et al. 2000). In a recent publication, Spudich proposed the possible existence
of “sensory proteorhodopsins”, if a unified mechanism of sensors of pumps
applies (Spudich 2006). His argument was based on the carboxylate residue
motif near the Schiff base and the lack of a second carboxylate on helix C, typ-
ical for sensor proteins. Twenty-two closely related rhodopsins were found to
fit this criteria, indicating that not only pumps but also sensors have evolved
in marine organisms. A further argument in favour of this assumption is the
finding that 19 of the putative sensory PRs are found to be under the control
of the same promoter as a gene encoding a 659-residue protein with sequence
homology similar to that of the halobacterial transducers. Although there is
no physiological evidence for sensory PRs at the moment, there are at least
strong indications for their existence.

2.2.2
Anabaena Sensory Rhodopsin

The first sensory rhodopsin found in the eubacterial domain is a green-light
activated photoreceptor in the freshwater cyanobacterium Anabaena (Nos-
toc) sp. PCC7120 (Jung et al. 2003). In 2004, Spudich, Luecke, and co-workers
reported the crystal structure of Anabaena sensory rhodopsin (ASR) at reso-
lution of 2.0 Å (Vogeley et al. 2004). ASR binds all-trans retinal and exhibits
an absorption maximum at 543 nm. Like BR, ASR undergoes light–dark adap-
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tation. However, it exhibits unique features. Firstly, the retinal configuration
is all-trans in the dark-adapted state and 13-cis in the light-adapted state with
a blue-shifted and lower extinction absorption spectrum. Secondly, ASR shows
an efficient reversible light-induced interconversion between the all-trans and
the 13-cis unphotolyzed states. As the relative amounts of the two chromophore
states depend on the wavelength of the ambient light, ASR might be able to
differentiate between distinct qualities of light (Sineshchekov et al. 2005b).

Another difference between Anabaena sensory rhodopsin and the archaeal
rhodopsins turned out to be the highly hydrophilic character of its cytoplas-
mic half-channel, networked by water molecules. This property gives rise for
the interaction with the soluble transducer protein, which is encoded in the
same operon as the receptor. The 14.7 kDa protein, which was named ASR
transducer (ASRT), seems to be complexed in a 4 : 1 ratio with ASR (Voge-
ley and Luecke 2006), and it has been shown to accelerate the ASR photocycle
when expressed in E. coli (Jung et al. 2003).

2.2.3
Xanthorhodopsin

In 2005, another eubacterial retinal protein was reported in the extreme
halophile Salinibacter ruber, isolated from salt-crystallizer ponds that was
named Xanthorhodopsin (XR) (Balashov et al. 2005). This rhodopsin is quite
unusual, as it is a light-driven ion pump similar to BR, AR, or PR, but it
has two chromophores. In addition to retinal, the carotenoid salinixanthin is
used to harvest light energy for the transmembrane proton transport. The
two chromophores are present in a 1 : 1 ratio, and they strongly interact. Light
energy absorbed by salinixanthin is transferred to retinal with a quantum ef-
ficiency of about 40%. As a result, the spectral region, which can be used to
drive the pump, is much broader than in the other type 1 rhodopsins, mak-
ing XR much more flexible and efficient in production of energy for the cell.
Due to the dual chromophore system, the absorption spectrum of XR shows
two maxima, at 487 nm and at 519 nm, with an additional shoulder around
460 nm, accounting for salinixanthin, and a broad shoulder at around 560 nm,
due to retinal chromophore (Balashov et al. 2006).

2.2.4
Other Eubacterial Rhodopsins

Recently, rhodopsin genes have been identified in two other eubacterial or-
ganisms, namely in the radiation-resistant actinobacteria Kineococcus ra-
diotolerans and Rubrobacter xylanophilus during genome sequencing of these
organisms at the Joint Genome Institute (http://www.jgi.doe.gov/). Up to now,
these proteins have neither been isolated nor characterized, but phylogenetic
analyses (Sharma et al. 2006) revealed clear differences between them (fur-
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Table 4 Eubacterial rhodopsins

Eubacterial rhodopsins
Organism Name Refs.

1. γ -proteobacteria (SAR86) Proteorhodopsin (PR) (Beja et al. 2000)
2. Anabaena (Nostoc) sp. PCC7120 Anabaena sensory (Jung et al. 2003e)

rhodopsin (ASR)
3. Salinibacter ruber Xanthorhodopsin (XR) (Balashov et al. 2005a)
4. Kineococcus radiotolerans n.n. (Sharma et al. 2006b)
5. Rubrobacter xylanophilus n.n. (Sharma et al. 2006a)

ther discussed in Sect. 2.5). Table 4 summarises the properties and origin of
eubacterial rhodopsins currently known.

2.3
Eukaryotic Type 1 Rhodopsins

2.3.1
Proton Pumps and Channels in Algae

As early as 1968, Schilde suggested that a rhodopsin-like protein is respon-
sible for the light-induced response of transmembrane potential in the giant
unicellular marine algae Acetabularia acetabulum (A. mediterranea) (Schilde
1968). This was the first time it was indicated that rhodopsin-like pigments
existed outside the animal kingdom. Almost 40 years later, Hegemann and
co-workers successfully cloned the full-length opsin-cDNA, expressed it in
Xenopus oocytes, and they characterized Acetabularia rhodopsin (AR), con-
firming its proton-pump activity (Tsunoda et al. 2006). AR turned out to have
a light-driven H+ pump activity, similar to BR. However, in contrast to the lat-
ter, its sensitivity to the external pH was high, whereas the internal pH had only
minor influence on the protein kinetics. Also, in contrast to BR, AR exhibited
a clear dependence on the transmembrane voltage. Up to now, AR has been the
sole example of ion-pumping rhodopsin in a photosynthetic eukaryote.

The presence of rhodopsin-like retinal proteins responsible for the photo-
tactic behaviour of green algae was first demonstrated for unicellular algae
Chlamydomonas reinhardtii in 1984 (Foster et al. 1984). Almost ten years
later, Hegemann and co-workers were able to identify a retinal binding
protein in eyespot membranes of C. reinhardtii, which was named chlamy-
opsin or chlamyrhodopsin in the retinal-bound form (Deininger et al. 1995).
Chlamyrhodopsin turned out not to be a typical seven-helix receptor. It
showed no significant homology to the archaeal Type 1 rhodopsins, but it ex-
hibited a conserved retinal binding site, and it seemed to be more related to
animal opsins. At that time, it was proposed that chlamyrhodopsin might be
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a light-gated ion channel, based on the high abundance of polar and charged
residues. Subsequent work revealed that chlamyrhodopsin is not responsible
for the phototactic and photophobic behaviour of the organism (Fuhrmann
et al. 2001). In 2001, Spudich and co-workers were able to identify two more
rhodopsins from cDNA sequences, which function as low-light and high-light
intensity phototaxis receptors in C. reinhardtii (Sineshchekov and Govorunova
2001). They were named Chlamydomonas sensory rhodopsins A and B (CSRA
and CSRB), and their function as phototaxis receptors was shown in vivo. The
receptors consist of two distinct parts, a N-terminal (∼300 residues) Type 1
rhodopsin-like domain, followed by a membrane-associated domain of about
400 residues. It was shown that photoexcitation leads to photoreceptor cur-
rents, a fast one at high light intensity, in case of CSRA, and a slow one at low
light intensity, for CSRB. Nevertheless, the mechanism of current generation
by the two rhodopsins was not clear at that point, although it was suggested
that at least one of them might function as a light-gated ion channel. This
light-gated channel activity was subsequently proven by electrophysiological
measurements on CSRA-expressing and CSRB-expressing Xenopus oocytes
(Nagel et al. 2002, 2003). CSRA was shown to conduct protons, whereas CSRB
is a channel also for other cations. Interestingly, these functions are solely car-
ried out by their rhodopsin domain. Based on these findings, the authors of
the studies named the proteins channelrhodopsin-1 (ChR1), corresponding to
CSRA, and channelrhodopsin-2 (ChR2), corresponding to CSRB. It remains
unclear if the activity of these rhodopsins is the same in Chlamydomonas.
The role of cytoplasmic domain needs to be elucidated. The light-gated ion
channel activity of the channelrhodopsins has recently become a valuable tool
for neuroscience, in terms of light-dependent activation of neurons. In 2005,
Boyden et al. reported the photostimulation of mammalian neurons, by using
lentiviral gene delivery of channelrhodopsin-2 to cultivated rat hippocampal
neurons (Boyden et al. 2005). Remarkably, ChR2 has also been used to stimu-
late neurons in vivo, as reported for the light-induced triggering of behavioural
responses in the nematode Caenorhabditis elegans (Nagel et al. 2005b), for
triggering of appetitive or aversive learning in Drosophila larvae (Schroll et al.
2006), and, very recently, for transgenic mice, where it has been used for
mapping of synaptic connectivity (Arenkiel et al. 2007; Wang et al. 2007).

Another example of a rhodopsin-like gene found in algae is the one in
the cryptomonad algae Guillardia theta (Ruiz-Gonzalez and Marin 2004),
which exhibits positive phototaxis with a maximum sensitivity at 450 nm,
and an additional band at 500 nm. Moreover, in 2005, Sineshchekov et al.
(Sineshchekov et al. 2005a) identified two cDNA sequences from G. theta and
an additional one from Cryptomonas sp. The authors succeeded in expressing
one of the G. theta rhodopsins in E. coli, and they analysed the photochem-
ical reaction cycle. G. theta rhodopsin 1 (GtR1) exhibits K-like, M-like, and
O-like intermediates with a turnover time of about 80 ms. There is no in-
dication for proton pump activity, although the proton acceptor and proton
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donor residues are conserved as in BR. Therefore, the authors suggest that
GtR1 is a sensory rhodopsin. Also G. theta rhodopsin 2 (GtR2) as well as
the Cryptomonas rhodopsin are thought to function as sensors, as they lack
carboxylated residues at the Schiff base donor positions.

2.3.2
Fungal Rhodopsins

Although indications for rhodopsin-like proteins in eukarya (but outside
the animal kingdom) have existed since the 1960s (see Sect. 2.3.1), the first
rhodopsin identified in such an organism was that of the fungus Allomyces
reticulatus (Saranak and Foster 1997). Its zoospores (reproductive cells) are
phototactic. Sarank and Foster were able to show that phototaxis is de-
pendent on retinal, and that, indeed, a protein from the rhodopsin-type 1
family is responsible for the phototactic behavior of the cell. The gene cod-
ing for this opsin has not yet been investigated further. Another eukaryotic
BR-like protein identified was that from the filamentous fungus Neurospora
crassa (Bieszke et al. 1999a,b). Although Neurospora rhodopsin (NR) pos-
sesses most of the residues important for proton translocation, it does not
exhibit a proton pump activity, and it seems to have a sensory function as well
(summarized in Brown and Jung 2006). Light-activated proton transport in
a eukaryote was first observed in Leptosphaeria maculans, with Leptosphaeria
rhodopsin (LR) being the responsible pigment (Waschuk et al. 2005).

For quite a number of fungal rhodopsins, (or, more precisely, opsin-like
genes), identified so far, their in vivo function remains to be elucidated. One
example is the carO gene from Fusarium fujikuroi (Gibberella fujikuroi mat-
ing group C) (Prado et al. 2004), which codes for protein similar to Type 1
rhodopsins and also putative fungal heat-shock chaperones. The presence
of the conserved lysine residue indicates that retinal can be bound, and
it suggest its function as a photoreceptor. However, it remains unclear if
it has a sensory or ion-translocating activity. Other examples recently re-
ported and phylogenetically analysed in studies by Ruiz-Gonzalea and Marin
(Ruiz-Gonzalez and Marin 2004b) and Sharma et al. (Sharma et al. 2006)
are found in Saccharomyces cerevisiae (Acc. nos. CAA86397, CAA92370 and
CAA42313 for a putative rhodopsin genes), Sclerotinia sclerotiorum (within
whole genome shotgun sequence AAGT01000049), and Botryotinia fuckeliana
(whole genome shotgun sequence AAID01000494).

2.3.3
Other Eukaryotic Type 1 Rhodopsins

For the first time, in 2004, a rhodopsin-related sequence was found in a ma-
rine dinoflagellate, Pyrocystis lunula (Ruiz-Gonzalez and Marin 2004). This
rhodopsin-like protein is not yet characterized, and, therefore, its identity
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Table 5 Eukaryotic type 1 rhodopsins

Eukaryotic type 1 rhodopsins
Organism Name Refs.

Algae

1. Acetabularia acetabulum Acetabularia rhodopsin (AR) (Tsunoda et al. 2006a)
2. Chlamydomonas reinhardtii Chlamyrhodopsin (Deininger et al. 1995)
3. Chlamydomonas reinhardtii Chlamydomonas sensory (Sineshchekov and

rhodopsin A (CSRA) Govorunova 2001c)

4. Chlamydomonas reinhardtii Chlamydomonas sensory (Sineshchekov and
rhodopsin B (CSRB) Govorunova 2001b)

5. Guillardia theta Guillardia theta (Sineshchekov et al.
rhodopsin 1 (GtR1) 2005c)

6. Guillardia theta Guillardia theta (Sineshchekov et al.
rhodopsin 2 (GtR2) 2005b)

7. Cryptomonas sp. Cryptomonas rhodopsin (Sineshchekov et al.
2005a)

Fungi

1. Neurospora crassa Neurospora rhodopsin (NR) (Bieszke et al. 1999a)
2. Fusarium fujikuroi n.n. (CarO gene product) (Prado et al. 2004b)
3. Saccharomyces cerevisiae n.n. (three putative rhodopsin

genes, see text)
4. Sclerotinia sclerotiorum n.n.
5. Botryotinia fuckeliana n.n.

other

1. Pyrocystis lunula n.n. (Ruiz-Gonzalez and
Marin 2004f)

as a Type 1 rhodopsin and its putative function remain unknown. However,
rhodopsin-like protein led to speculations about possible lateral gene transfer
events leading to its appearance in an alveolate (see Sect. 2.5). Table 5 sum-
marises properties and origin of eukarytic rhodopsins presently known.

2.4
Structure of the Rhodopsins

Generally, Type 1 rhodopsins are characterized by seven membrane-spanning
helices, usually named helices A–G (Fig. 1). These seven helices are arranged
in a bundle-like structure, forming a channel, where a retinal molecule close
to the membrane centre is bound via a Schiff base to the ε-amino group of
a conserved lysine residue located on helix G (Table 6). A comparison of the
available structural data reveals a strong structural conservation between the
different type 1 rhodopsins. The overall arrangement of the transmembrane
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Fig. 1 Type 1 Rhodopsin Crystal Structures: Crystal structures of type 1 rhodopsins, for
which structural information is available. The proteins are shown in ribbon representa-
tion, viewed from the cytoplasm (upper structure) and along the membrane plane (lower
structure). The colour used for representation of helices corresponds to the appearance
of proteins according to their absorption maxima. Helix names are given for BR. Protein
data bank identifiers for the respective structures are: 1C3W (BR), 1E12 (pHR), 1VGO
(aR-1), 1UAZ (aR-2), 1XIO (ASR), and 1JGJ (NpSRII)



Microbial Rhodopsins: Scaffolds for Ion Pumps, Channels, and Sensors 87

Table 6 Conserved Lys residue for retinal binding and Schiff base donor/acceptor groups
in type 1 rhodopsins

Protein BR aR-1 aR-2 HsHR NpHR PR HsSRI HsSRII NpSRII

Ret.-binding 216 216 216 242 256 231 205 202 205
(Lys)
Acceptor Asp Asp Asp Thr Thr Asp Asp Asp Asp

(85) (90) (91) (111) (126) (97) (76) (73) (75)

Donor Asp Asp Asp Ala Ala Glu Tyr Tyr Phe
(96) (101) (102) (122) (137) (108) (87) (84) (86)

helices is very similar, although the tilting angles appear to be slightly differ-
ent (Fig. 2).

More expressed differences are found for the loop regions, especially for
the loop connecting helices E and F on the cytoplasmic side. Whereas in bac-
teriorhodopsins a long and flexible loop is present in the archaerhodopsins,
a loop–helix–loop motif is present in the halide pump HR and the sensor pro-
teins NpSRII and ASR. A structural feature unique for the Anabaena sensory

Fig. 2 Backbone overlay of BR, HR (blue), and NpSRII. The blue ball represents the pos-
ition of chloride in HR. The PDB structures (Protein Data Bank: 1KGB.pdb, 1E12.pdb, and
1JGJ.pdb, respectively) were superimposed using SAP program



88 J.P. Klare et al.

rhodopsin is the absence of the antiparallel beta-sheet connecting helices B
and C on the extracellular side in the other rhodopsins. Remarkably, ASR also
has the shortest, and thereby the least flexible E–F loop. Specific features are
recognized if the recently solved crystal structures of aR-1 and aR2 (Enami
et al. 2006) with that of bacteriorhodopsin. Among the three proton pumps,
the region surrounded by helices B, C, and G, as well as the motif of aro-
matic residues forming the retinal binding pocket, are highly conserved. In
contrast, the sequence of helices E and F is poorly conserved. Additionally,
a so-called omega loop is found in both archaerhodopsins near the N termi-
nus, in which the carboxyl group of Asp1 is hydrogen bonded to the backbone
amides of residues 4, 5, and 6. Furthermore, the proton release channel on the
extracellular side is found to be more opened in aR-2 compared to aR-1 or BR.

Beside the conserved lysine residue responsible for the covalent attach-
ment of retinal and those residues characteristic for sensors or pumps,
a number of additional residues are well-conserved within the respective
subgroups. The two key residues, which determine if the protein acts as an
ion pump or as a sensor protein, are the acceptor-/donor-groups for the
Schiff base de-/re-protonation during the photocycle. In the proton pumps,
bacteriorhodopsin, aR-1, and aR-2, the initial proton acceptor is Asp85,
and the proton donor is Asp96. These residues are fully conserved among
these proteins. A comparison of these positions between the different type 1
rhodopsins (see Table 6) shows that the two carboxyl groups in BR and the
aR’s are optimized for fast proton transport, whereas the presence of a hy-
drophobic side chain at the donor position in the sensory rhodopsins as-
sures a significantly longer lifetime of the signalling state by retardation of
the Schiff base reprotonation (see Sect. 4.3.2). In HR, the aspartate at the
“donor”-position is replaced by Ala and at the “donor”-position a threonine
residue is present, creating a halide binding site (Kolbe et al. 2000). Although
the detailed mechanism of halorhodopsin function is still under debate, this
combination of residues seems to facilitate the chloride ion transport towards
the cytoplasm in an optimal way. Indeed, it has been shown that replacement
of Asp85 by Thr (D85T) in bacteriorhodopsin converts the proton pump into
a chloride ion pump (Sasaki et al. 1995), demonstrating that the ion specificity
of the transport resides in the side-chain of residue 85.

The retinal chromophore resides in a binding pocket build-up by the trans-
membrane helices, which is responsible for the so-called opsin shift (This is
the shift in the absorption maxima of protonated retinylidene Schiff bases
when bound to rhodopsins from λmax around 460 nm to 495–600 nm). For
most of the type 1 rhodopsins characterized so far, retinal is bound to the
protein in its all-trans configuration (in contrast to type 2 rhodopsins (see
Sect. 2.5)). Upon light excitation, the molecule isomerizes across one of the
double bonds in the polyene chain to form the 13-cis isomer. Although the
presence of the 13-cis configuration was confirmed in a number of crystal
structures of trapped photocycle intermediates of BR (Luecke et al. 1999; Sass
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et al. 2000; Lanyi 2000; Lanyi and Schobert 2003, 2004, 2006, 2007; Schobert
et al. 2003; Edman et al. 1999; Royant et al. 2001b; Neutze et al. 2002; Kouyama
et al. 2004; Takeda et al. 2004; Nishikawa et al. 2005) and NpSRII (Edman et al.
2002; Moukhametzianov et al. 2006), the retinal does not exhibit the expected
bent shape of this configuration. Moreover, strong distortions of the retinal
bond angles along the polyene chain were found to keep the chromophore in
an almost straight configuration, most likely induced by constraints caused by
the retinal binding pocket.

2.5
Evolution of Type I Rhodopsins

Type 1 rhodopsins, originally named “archaeal rhodopsins” because of their
first discovery in halophilic archaea, are present in all three kingdoms
of life: Archaea, Eubacteria, and Eukaryotes. They have been detected in
a limited number of halophilic archaea, in γ -Proteobacteria (recently also
in the α-Proteobacterium Magnetospirillum magnetotacticum), in a single
cyanobacterium, in fungi, in a green algae, and also in a marine dinoflagel-
late. Additionally, several rhodopsin-related sequences had been described,
although lacking canonical Lys residues, which enables the protein to bind
retinal (Sharma et al. 2006). This observation would exclude their function as
a photoactive pigment. However, one has to keep in mind that non-covalently
bound retinal can also bind into a retinal binding pocket (Schweiger et al.
1994).

In general, however, despite their presence in all three domains of life
and their high abundance in marine organisms, they have been found only
in a few species within each domain. For example, they have been found
only in a limited number of closely related halophilic archaea or in a single
cyanobacterium. This fact and the recent discovery of numerous new Type 1
rhodopsins, motivated to analyse the evolution of Type 1 rhodopsins. Two
evolutionary scenarios are discussed in the literature, which could explain
the broad but patchy distribution of type 1 rhodopsins. (1) The last univer-
sal common ancestor had a type 1 rhodopsin gene. Today’s distribution would
then be explained by losses of the gene in most of the lineages independently
from each other. (2) Lateral gene transfer across large evolutionary distances
could also be responsible for the distribution observed today. A number of
studies favour scenario (1) based on the high sequence similarities, and the
fact that evolutionary distances between the organisms containing type 1
rhodopsins are remarkably large (Ruiz-Gonzalez and Marin 2004; Zhai et al.
2001). However, at least in the recent past, additional horizontal gene transfer
events could not be ruled out. Despite the arguments favouring scenario (1),
nowadays most of the phylogenetic analyses are interpreted to support that
solely lateral gene transfer events caused the widespread type 1 rhodopsin
distribution (scenario (2)). Several instances of such interdomain horizontal
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gene transfer events are now documented (for example, between S. ruber and
the halophilic archaea or vice versa (Mongodin et al. 2005), between marine
planctonic bacteria and archaea in the case of proteorhodopsin, (Frigaard
et al. 2006) or between fungi and haloarchaea (Sharma et al. 2006)). The dis-
covery of a rhodopsin-related sequence in the dinoflagellate Pyrocystis lunula
(see Sect. 2.3.3) gave rise for another example of interdomain horizontal gene
transfer, but its direction is still under debate. Ruiz-Gonzales and Marin
(Ruiz-Gonzalez and Marin 2004) argued that a transfer event most proba-
bly took place from a dinoflagellate to proteobacteria, thus from eukaryote to
prokaryote. Contrarily, Sharma and co-workers derived from their phyloge-
netic analyses that this protein originated in bacteria and was subsequently
passed on to dinoflagellate.

In summary, a complete picture of the evolution of type 1 rhodopsins is
not yet available, but the recent discovery of numerous “new” rhodopsin-like
sequences and phylogenetic analyses carried out so far give at least strong
indications that these proteins did not evolve from an universal common an-
cestor, but that their wide, though sparse, distribution arose from several
lateral gene transfer events and losses of genes in multiple lineage.

Another question concerns the evolution of sensors and ion pumps. Are
ion pumps derived from sensors, or did sensors follow the ion pump? Two
reports from 1999 address this issue in detail for the subgroup of archaeal
rhodopsins (Ihara et al. 1999; Mukohata et al. 1999). Both reports state that the
four so-called rhodopsin clusters (bacteriorhodopsin, halorhodopsin, sensors
rhodopsin I, and sensory rhodopsin II) have occurred by gene duplications,
before the generic speciation of halophilic archaea. Based on the branching
topology and relative evolution rates determined in these studies, the follow-
ing picture of rhodopsin speciation seems to be most likely: Starting from
a single gene encoding, the halobacterial rhodopsin ancestor, which is spec-
ulated to be closely related to the proton pump bacteriorhodopsin, the first
gene duplication event resulted in a proto-ion pump and a proto-sensor gene.
From the proto-ion pump, in the second gene duplication, the two ion pump
genes corresponding to bacteriorhodopsin and halorhodopsin evolved. On the
other hand, at this stage, the proto-sensor gene possibly captured a proto-
transducer gene, putatively by acquisition of a chemoreceptor gene, to build
a functional sensor-transducer unit. From the second duplication event in the
sensor branch, the two sensory systems, SRI/HtrI and SRII/HtrII, arose. Based
on the fact that the evolution rate of pre-SRI was found to be significantly faster
than that of pre-SRII, Ihara and co-workers furthermore speculate that the ori-
ginal function of the ancestral sensor was similar to that of SRII, and that SRI
evolved from the proto-sensor by the accumulation of mutations.

A possible relation between type 1 (microbial) rhodopsins and type 2
rhodopsins found in the eyes of mammalian species has been frequently dis-
cussed. Although structural similarities, such as the presence of seven trans-
membrane helices and the covalent attachment of a similar chromophore
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(11-cis instead of all-trans retinal), seem to point to an evolutionary connec-
tion between the microbial rhodopsins and the mammalian GPCR, a closer
inspection of the structural and functional features and phylogenetic analyses
revealed that they evolved independently. First, the domain organization is
different between type 1 and type 2 rhodopsins. Whereas the microbial family
is characterised by short, non-functional loop regions connecting the trans-
membrane helices, mammalian rhodopsins exhibit large hydrophilic loops
interacting with the heterotrimeric G-proteins, receptor kinases, and other
signalling proteins (Khorana 1993; Helmreich and Hofmann 1996; Sakmar
1998). Moreover, an additional helix (helix VIII) in type 2 rhodopsins ori-
ented along the membrane surface perpendicular to the other helices is most
likely involved in the signalling process and represents a clear difference from
type 1 rhodopsins. Closely related to the above argument, the primary struc-
tures of the two rhodopsins classes show significant differences, indicating
that an evolutionary relationship is very unlikely (reviewed, e.g. in Spudich
et al. 2000). It should be mentioned that, although both protein families use
retinal as a photo-excitable chromophore, type 1 rhodopsins rely on all-trans
retinal, whereas type 2 rhodopsins bind 11-cis retinal. In the first case, pho-
toexcitation leads to a 13-cis configuration, which thermally relaxes back to
all-trans retinal. In contrast, in type 2 rhodopsins all-trans retinal is formed
on irradiation, which has to be removed from the protein in order to re-
isomerise to the original 11-cis retinal. This complicated reaction scheme is
probably due to the function of vertebrate rhodopsin, which should not be
able to thermally isomerize in order to avoid activation in the dark (a com-
parison of type 1 and type 2 rhodopsins is given by Engelhard and Hofmann
(2006)).

3
Ion Transfer and Signal Transfer Mechanisms

3.1
Photocycle

The mechanism of ion transfer in microbial rhodopsins has been the sub-
ject of intensive research for almost four decades. The most detailed picture
has been obtained from studying BR, which, as a prototype of light-activated
ion pumps, directs the analysis of other proteins from the family. Much like
haemoglobin does, it also serves as a model for the elucidation of funda-
mental questions, such as mechanism of proton transfer, water structure in
proteins, or time spacing of conformational changes leading to vectoriality.
From the onset, the investigations were guided by the observation of a reac-
tion cycle, during which proton is transferred across the membrane from the
cytoplasm to the extra cellular space.
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As early as 1975, the first model of the BR photocycle was presented by
Lozier et al., which is still valid in its main features (Lozier et al. 1975). The
authors proposed a model, which is depicted in Fig. 3. After light excitation,
a K-intermediate is formed in the ps range. The further course of the pho-
tocycle includes at least four more intermediates (L-, M-, N-, and O-states)
before BR relaxes back to the ground state in about 10 ms.

Important features of this model are its cyclic nature, the assumption of ir-
reversible sequence of first-order reactions, and distinct intermediates, kinet-
ically and spectroscopically defined. The M-intermediate (M412 in the model)
is characterized by a deprotonated Schiff base, which represents a key element
in the photoreaction cycle. Although experiments, to clarify the mechan-
ism of the photocycle, are plentiful using a wide variety of methods, the
general scheme has not been changed substantially (reviewed, e.g. in Lanyi
and Váró 1995). Generally, the photocycle kinetics turned out to be multi-
exponential, which did not allow design of a scheme to describe a true picture
of the reaction cycle (Nagle et al. 1995). As a consequence, several models
rely on different assumptions, like multiple photocycles originating from BR
substates (e.g. Eisfeld et al. 1995) or branched photocycles (e.g. Korenstein
et al. 1978). However, in most publications, sequential reactions (e.g. Chizhov
et al. 1996; Váró and Lanyi 1991b) are presumed, leading to a generally ac-
cepted overall model, closely related to the original proposal of Lozier and
Stoeckenius (Lozier et al. 1975). It is quite clear that fast equilibria between in-
termediates are accompanied by irreversible reactions. For example, studying

Fig. 3 Photocycle model proposed by Lozier et al. Figure adapted from Lozier et al. (1975).
It should be noted that, in that early photocycle model, the release and uptake of a proton
was placed between N → O and O → BR, respectively
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pressure dependence of the photocycle kinetics, Klink et al. (2002) were able
to unravel the L to M transitions as a sequence of different L ↔ M equilibria,
gradually shifting the balance to higher M concentrations (Fig. 4). Commonly,
a description of the photocycle becomes more accurate if more than one pa-
rameter is changed (e.g. temperature, measuring wavelength, infrared, ionic
strength), and the data is fitted globally (Müller and Plesser 1991; Müller et al.
1991).

One key observation made in these analyses concerns the proof of two M-
intermediates (M1 and M2). M2 is formed in an irreversible reaction from
M1 (Váró and Lanyi 1990, 1991a), with a time constant of about 100 µs
(Druckmann et al. 1992). This step is of significance, since it represents the
reprotonation switch that changes access of the Schiff base from the extracel-
lular side to the cytoplasmic side (Fig. 4). From a conceptual point of view,
such a transition is a prerequisite to vectorial proton transfer. In numerous
earlier experiments, it has been shown that, at physiological conditions, one
proton is released to the extracellular side during M transitions, and it is
picked up from the cytoplasm with the formation of O (reviewed in Lanyi

Fig. 4 Photocycles for BR (inner circle), NpSRII (middle circle), and NpHR (outer circle)
composed of the canonical intermediates K, L, M, N, and O. The lower index numbers in-
dicate λmax (nm). Fast equilibria between adjacent intermediates are represented by the
corresponding abbreviations, with the upper index numbers denoting the concentration
in per cent/10
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2004a). It is interesting to note that the uptake and release of protons is sen-
sitively dependent on external conditions. This observation bears importance
when comparing the coupling of protein conformational changes to ion trans-
fer steps in BR to those of the other bacterial rhodopsins HR and SR (see
below).

Two more general models have been proposed, which combine photocy-
cle and proton transfer data. Lanyi and co-workers explained proton release
and uptake in the frame of the alternating access model of ion pumps, stating
that the connectivity of the Schiff base changes from one membrane sur-
face to the other at different times of the photocycle (Kataoka et al. 1994).
In the Isomerisation-Switch-Transfer (IST) model, Oesterhelt and co-workers
propose a kinetic independence of ion transfer (T) and switch (S), a time-
dependent process, which changes the accessibility of the Schiff base by iso-
merisation (Haupts et al. 1997). One central question in any model – although
not really addressed in the literature – concerns the problem of rate-limiting
steps: Are the conformational changes of the opsin, those of the ion trans-
fer, or are they both rate limiting? The first order rate constants of the BR
photocycle are surprisingly independent on the pH over a wide range (Xie
et al. 1987). At high pH, the proton concentration of the bulk becomes rate-
limiting, thus slowing down the reprotonation of Asp96 (Chizhov et al. 1992).
Similar effects are observed for other microbial rhodopsins, such as prote-
orhodopsin (Friedrich et al. 2002) and NpSRII (Chizhov et al. 1998). In the
former example, almost no dependence of the kinetic constants on pH was
observed, even though at acidic pH no M-intermediate was detected. Similar
results were obtained for the D75N mutant of NpSRII, which lacks the ac-
ceptor group for the Schiff base proton (Schmies et al. 2000). Interestingly,
this mutation does not interfere with the normal phototaxis behaviour, if ex-
pressed in H. salinarum (Inoue et al. 2007). Also, in the case of the chloride
pump, HR independency of the first order rate constants on chloride concen-
tration is found (Chizhov and Engelhard 2001). Although these observations
have to be analysed in further detail, it seems that protein conformational
changes are rate-limiting, rather than ion transfer steps, which is a notion in
line with the IST model.

The photocycles of sensors and ion pumps can be described by quite simi-
lar schemes, although the turnover of sensors is characteristically two orders
of magnitude slower. This observation has been taken as evidence to differen-
tiate between the two of them (Jung et al. 2003). It is striking that the crucial
M1 → M2 type conformational switch has also been identified in the photore-
action cycle of sensory rhodopsin II and halorhodopsin from N. pharaonis.
In the former example, the functionally important outward movement of he-
lix F, concomitantly with the rotation of TM2 of the transducer, occurs with
a rate constant of about 3 ms (Klare et al. 2004b; Wegener et al. 2000). This
time had already been determined for the M1 → M2 step in earlier experi-
ments (Chizhov et al. 1998). The photocycle of halorhodopsin has also been
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subject of intensive investigations (reviewed in (Oesterhelt 1995; Váró et al.
1995)). These original studies on HR were done from H. salinarum. In more
recent years, HR from N. pharaonis became available (Bivin and Stoeckenius
1986a; Lanyi et al. 1990; Duschl et al. 1990; Scharf and Engelhard 1994) with
the benefit of an easier biosynthetic access (Hohenfeld et al. 1999; Sato et al.
2002) and a better stability, which allowed an investigation of its photocycle
under various conditions. The turnover time is similar to that of BR, but the
M-intermediate is missing due to the Schiff base counterion, which is a halide
and not a carboxyl group. Instead of the M1 → M2 switch, a similar O1 →
O2 transition is observed. The functionally important properties of the M1 →
M2 switch are taken over by an O1 → O2 transition, during which the mono-
valent anion accessibility changes (Chizhov and Engelhard 2001; Hackmann
et al. 2001), contrary to BR, which transports a cation from the cytoplasmic
to the extracellular side.

Apparently, the switch is the key event in the mechanism of ion pumps
and the mechanism of sensors. What is known about the conformational
changes leading to this switch? Most data is again from BR, whose structure
has been determined at high resolution. Furthermore, it has also been pos-
sible to obtain structural data on most of the intermediates (for a review see
Lanyi 2004b). Although substantial effort has been put into the structural an-
alysis of other microbial rhodopsins, only a few have been obtained so far,
including HsHR (Kolbe et al. 2000a), NpSRII (Luecke et al. 2001; Royant et al.
2001a), and the NpSRII/NpHtrII complex (Gordeliy et al. 2002). As already
mentioned, the protein backbone of three microbial rhodopsins can be super-
imposed almost congruently(Fig. 2).

Evidently, only subtle changes are necessary to convert an ion pump into
a sensor. An impressive corroboration of this conclusion has been described
by Spudich and Sudo (2006). Only three amino acids had to be modified in
BR to alter the proton pump into a sensory receptor (see below). Recently, the
first structure of a eubacterial rhodopsin became available, showing distinct
differences to the archaeal rhodopsins (Vogeley et al. 2004).

3.2
Mechanism of Signal and Ion Transfer

The high resolution structures of BR, HR, and SRII, together with other
biophysical studies – most notably FTIR-spectroscopy – have considerably
contributed to our understanding of the mechanism of ion transfer and signal
transfer. The active site near the middle of the bilayer comprises the retinyli-
dene Schiff base, with its counterion Asp85 (numbering according to the BR
sequence) and specific water molecules. It separates the cytoplasmic chan-
nel from the extracellular channel (abbreviated CP-channel and EC-channel,
respectively). The EC-channel (depicted in Fig. 5), formed by charged and po-
lar amino acids and specific water molecules, is quite hydrophilic with access
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to bulk water (Harbison et al. 1988). Three trapped water molecules are ob-
served in the neighbourhood of the Schiff base, forming a pentagonal like
arrangement with Asp85 and Asp212. This structural element is also found
in NpSRII (Royant et al. 2001a; Luecke et al. 2001; Gordeliy et al. 2002). Fur-
ther structural water molecules connect a conserved Arg residue (Arg82) to
the pentagonal by a water molecule coordinated to Tyr57 and Thr205. Adja-
cent to this region and closer to the bilayer surface, diffusive water molecules
(average residence time 95 ps, (Grudinin et al. 2005)) have been recognized
in molecular dynamics simulations. These water molecules and specific po-
lar residues in the extracellular channel play a decisive role for the proton
transfer from the Schiff base to the membrane surface during the L → M
transitions. FTIR data (Garczarek and Gerwert 2006) and molecular dynam-
ics calculations encompassing this proton release pocket (Mathias and Marx
2007) provided evidence for a one-dimensional wire-like proton network,
which is different from the classic Zundel or Eigen motives. The highly po-
lar region encountered in BR is not as distinct in NpSRII or AR1 and HR,
perhaps reflecting their particular function. Networks and dynamics of wa-
ter within the interior of proteins are certainly of fundamental importance,

Fig. 5 Comparison of the Schiff base region for BR, HR, NpSRII, and AR (AR1 denotes
the structure containing all-trans retinal analog (Vogeley et al. 2004a)). The pictures were
generated using pdb files 1C3W (BR), 1E12 (HR), 1H2S (NpSRII), and 1XIO (AR1). The
green ball in the HR structure represents chloride. The direction of proton transfer is
indicated by blue arrows, and direction of chloride by the green arrow
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not only for bacterial rhodopsins, but also for other proton translocating
membrane proteins. For example, molecular dynamics calculations of water
molecules in cytochrome oxidase revealed dynamical and structural proper-
ties tuned to the specific function of this protein as proton pump and oxygen
reduction (Olkhova et al. 2004). Further experiments and calculations are
needed to work out common principles, which govern the structure and dy-
namics of intrinsic water molecules.

The organisation of the extracellular channel of HR and AR1 is quite dis-
tinct from that of BR and NpSRII (Fig. 5). HR obviously has to harbour the
chloride ion, which has been identified in the pocket close to the protonated
Schiff base, replacing the negative charge of the Asp85

BR-carboxylate (Kolbe
et al. 2000). This residue is replaced by a Thr, whose methyl group faces the
chloride ion. The cavity accommodating chloride is formed by a cluster of
water molecules and OH groups from Ser residues. Interestingly, a hydrogen
bond from Trp 112-N1H connects via a water molecule to the Asp238 and
Arg108, as a guardian to the extracellular channel. A similar pattern is ob-
served for AR1, where Trp76 also participates in the configuration of the half
channel (Vogeley et al. 2004). A further dramatic difference concerns the cor-
responding position of Asp212

BR, whose place is taken by Pro206
AR (Jung et al.

2003), rendering this part of helix G more flexible.
The cytoplasmic channel is generally less hydrophilic, with no direct ac-

cess to the Schiff base (Fig. 6), but again with characteristic differences be-
tween pumps and sensors. In BR, Asp96 protonated in the ground state is
separated by about 10 Å from the Schiff base in a relatively hydrophobic en-
vironment (Pebay-Peyroula et al. 1997). EPR experiments revealed the aprotic
character of this half-channel (Steinhoff et al. 2000). Also in HR, a chloride-
conducting pathway between Schiff base and the cytoplasmic surface cannot
be recognized (Kolbe et al. 2000a). The hydrophobic nature of this part is
further increased in sensors, where the position of Asp96

BR is occupied by
Phe (NpSRII) (Seidel et al. 1995) or Tyr (SRI) (Blanck and Oesterhelt 1987).
Contrary to this generally observed water-excluding cytoplasmic channel, AR
possess a continuous hydrogen-bonded network, providing a connection be-
tween the active site around the protonated Schiff base and the cytoplasm,
probably the binding site of the soluble transducer (Vogeley et al. 2007).

Irrespective of these structural differences, it is noteworthy that the in-
trinsic function of a particular archaeal rhodopsin can easily be converted
into that of another pigment. Adding azide to natronobacterial HR (NpHR)
converts the chloride pump into an efficient proton translocating protein
(Kulcsár et al. 2000). Conversely, BR can be modelled into a chloride pump by
replacing Asp85 by a Thr residue (Tittor et al. 1997; Sasaki et al. 1995). More
recently, Spudich and Sudo replaced three amino acids in BR with those from
NpSRII (Ala215 → Thr; Pro200 → Thr; Val210 → Tyr) to generate a sen-
sory rhodopsin (Sudo and Spudich 2006). Thr200 and Tyr210 are involved in
binding NpHtrII to the receptor, whereas Thr215 alters the structure of the
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Fig. 6 Comparison of amino acids comprising the extracellular channel of BR, HR,
NpSRII, and AR. The pictures were generated using pdb files 1C3W (BR), 1E12 (HR),
1H2S (NpSRII), and 1XIO (AR1)

π-bulge. In earlier experiments, it has already been demonstrated that a mu-
tation in the latter position can confer a fast BR-like photocycle turnover in
NpSRII (Klare et al. 2002). These examples show the close inter-relationship
of archaeal rhodopsins, indicating common principles of function.

Due to a wealth of structural, spectroscopic, and theoretical data, a com-
prehensive picture of key steps of signal transduction or ion-translocation
have emerged (for BR this has been detailed in (Subramaniam et al. 2002) and
(Lanyi and Schobert 2004)). The first step, light activated trans → 13-cis iso-
merisation of retinal, changes the local environment of the protonated Schiff
base from a favourable to a less favourable configuration, with the N–H bond
now pointing towards the cytoplasm. Consequently, the pK of Asp85 and
Schiff base is altered, such that a proton transfer to Asp85 can occur during
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the L → M transition. Because the β-ionone ring of the retinal chromophore
is blocked in its pocket by steric interactions, other parts have to respond to
the isomerisation. One observation concerns the movement of the Schiff base
nitrogen about 0.7 Å towards the cytoplasmic side, concomitantly with a dis-
placement of the distal C-atom of Lys216 (Subramaniam and Henderson 2000;
Subramaniam et al. 1999; Luecke et al. 1999, 2000; Sass et al. 2000). These
structural rearrangements can be correlated with the M1–M2 transitions, in
which the accessibility of the Schiff base is changed to the extracellular side,
ready to pick up a proton from Asp96. Concomitantly, the C9 and C13 methyl
groups of retinal, which are in direct Van der Waals contact with Trp182 (he-
lix F) (Fig. 7) pushes helix F in an outward movement by about 6◦, thereby
opening the extracellular channel to water molecules, which enables a proton
to reprotonate the Schiff base via Asp96 (Grudinin et al. 2005). The helix F
movement is facilitated because of an interruption of the hydrogen bond to
water 501, which itself is hydrogen bonded to Ala215 on helix G, resulting
in a disconnection of both helices. The helix F movement has been verified
earlier by a number of experiments, including X-ray crystallography, electron
microscopy, and EPR spectroscopy (Koch et al. 1991; Kamikubo et al. 1996;
Subramaniam et al. 1993; Vonck 1996), which was later confirmed by higher
resolution data (Sass et al. 2000; Subramaniam and Henderson 2000; Luecke
et al. 1999; Radzwill et al. 2001) (see Fig. 8).

Fig. 7 Structural characteristics connecting Schiff base with Helix F and Helix G. The pic-
tures were generated using pdb files 1C3W (BR), 1E12 (HR), 1H2S (NpSRII), and 1XIO
(AR1)
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The question arises, if this helix F movement is of general significance, not
only for ion transport, but also for signal transfer. From a structural point
of view, the four structures available show all the necessary structural elem-
ents to connect the retinal binding pocket with the helix F and helix G region
(Fig. 7). Trp182 finds its counterpart also in HR, NpSRII, and AR. A water
molecule (water 501 in BR) links this Trp with the π-bulge via the main chain
carbonyl group of an Ala residue. An exception is found in the sensor NpSRII
where a Thr replaces Ala, a signature obviously decisive for being a sensor or
ion pump (Sudo et al. 2007; Klare et al. 2002). AR containing an Ala at this
site seems to be an exception to the rule. However, its sequence in this region
is quite different, in the first place reflecting its role of a sensor interact-
ing with a soluble transducer probably on the cytoplasmic surface (Vogeley
et al. 2004, 2007). The helix F movement was not only experimentally ob-
served in BR, but also in NpSRII (Klare et al. 2004a; Wegener et al. 2000).
Also, in bovine rhodopsin a similar movement of corresponding helix IV has
been detected (Farrens et al. 1996). Obviously, the conformational change
connected to helix F movement is of functional importance not only for mi-
crobial rhodopsins, but also for the other seven helix membrane proteins,
like GPCRs. It remains to be elucidated from case to case, how these subtle
modifications of a confined structural element are translated into a particu-

Fig. 8 Comparison of light-induced conformational changes in bacteriorhodopsin ob-
served with electron diffraction (left panel) and X-ray crystallography (right panel),
respectively. The structures are rendered in ribbon representation. They are viewed
from the cytoplasm. Ground state structures are coloured in purple, and the M-trapped
structures are shown in yellow. The electron diffraction data clearly shows a signifi-
cant outward-bending motion of the cytoplasmic part of helix F, whereas conformational
changes in the crystal structure seem to be strongly damped by packing effects. PDB
identifiers for the respective structures are: 1FBB (electron diffraction, ground state),
1FBK (el. diff., M state) (Subramaniam and Henderson 2000b), and 1CWQ (X-ray,
Ground+M state) (Sass et al. 2000b)
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lar function. NpSRII serves as a first example where the signal transfer to its
cognate transducer has been elucidated in detail (see below).

4
Phototaxis

Phototactic responses of a microbial organism by means of retinal proteins
were first reported for the archaeon H. salinarum (Spudich and Stoecke-
nius 1979). It was observed, that besides chemical gradients, different light
conditions also alter the intervals of forward swimming, stopping, and back-
ward swimming, by increasing or decreasing the probability of this switching
event. Without an external stimulus, the swimming pattern of the cells is
like a random walk. In case of a positive signal, the frequency of reversals is
reduced, thereby prolonging the swimming periods, whereas a repellent sig-
nal leads to shorter runs, and, consequently, more frequent angular changes
of the swimming direction, caused by Brownian motion or mechanical ob-
stacles. The combination of these responses then results in a net movement
towards the more favourable conditions. The phototactic system used by this
organism to seek light conditions, which are optimal for the functioning of
the light-driven ion pumps, BR and HR, and for avoidance of harmful ox-
idative stress, consists of the two sensory rhodopsins, SRI and SRII, which
form a 2 : 2 complex with their cognate transducer proteins, HtrI and HtrII,
respectively (for recent reviews on archaebacterial phototaxis see, e.g. Hoff
et al. 1997; Engelhard et al. 2003; Spudich et al. 2000). Under aerobic con-
ditions, when the cell is using the respiratory chain to gain energy for its
function, the two ion pumps are not expressed and SRII is the only pho-
toreceptor present in the cell membrane. This repellent receptor covers the
blue-green region of the spectrum (λmax = 495 nm), which represents the in-
tensity maximum of daylight, thereby directing the cell away from bright
sunlight, which would otherwise cause oxidative stress under the condition of
high oxygen tension. If the oxygen supply is not sufficient to maintain the en-
ergy needs of the cells via the respiratory chain, BR and HR together with SRI
are expressed, while the synthesis of SRII is suppressed. SRI has its absorp-
tion maximum at 587 nm, thereby sensing the region of the spectrum which
drives the function of the ion pumps. In the two-photon reaction described
above, SRI also mediates a photophobic response by means of a photoactive
long-lived M-intermediate with a fine-structured absorption band at 373 nm.
The mechanism of this dual functionality is explained by a model brought
up by Spudich and Bogomolni (Spudich and Bogomolni 1984). Absorption
of just one photon with λ > 500 nm triggers the photocycle, and it results in
a photophilic answer of the cell. If light in the UV region is present as well,
the photoactive intermediate is excited and the repellent signalling cascade
is activated.
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4.1
The Transducer Proteins

4.1.1
Archaeal MCP-Type Transducers

The light signal sensed by the archaeal sensory rhodopsins I and II is firstly
transferred to their cognate transducer proteins HtrI and HtrII, which are
members of the family of halobacterial transducer proteins (Htp’s) (Rudolph
et al. 1996). The transducers relay the signal to a cytoplasmic signal trans-
duction cascade, a two-component system homologous to the chemotactic
system of enteric bacteria like E. coli (see Sect. 4.2). Their primary sequences,
of which about 20 have been reported so far, reveal a consensus secondary
structure dominated by α-helices. The N-terminal transmembrane domain
consists of two helices. It is followed directly by two so-called HAMP do-
mains, which have been identified bioinformatically in histidine kinases,
adenylyl cyclases, methyl-accepting chemotaxis proteins, and phosphatases
(Aravind and Ponting 1999). A striking difference between the halobacterial
transducer proteins and the chemotaxis receptors from E. coli or B. sub-
tilis concerns the number of HAMP domains. Whereas eubacterial proteins
contain only one domain, the archaeal counterparts possess two consecutive
HAMP domains, which seem to be a unique property of the Htr’s (Koch 2005).
Quite recently, the structural features of such HAMP domains were investi-
gated. In 2006, Bordignon et al. reported on the structural properties of the
first HAMP domain of NpHtrII (Bordignon et al. 2006), revealing remark-
able high dynamics for this domain. In the same year, Hulko and co-workers
published the NMR structure of a HAMP domain from the thermophile Ar-
chaeoglobus fulgidus (Hulko et al. 2006). Contrary to the finding of Bordignon
and co-workers, this HAMP consists of a four-helical, parallel coiled-coil
structure. Hulko et al. proposed a model, explaining the switch between two
states by a rotation of the helices in a cogwheel- like manner, thereby altering
the helix–helix packing. More structural information and data on dynamics
and kinetics are needed to understand the function of the HAMP domain as
mediator of transmembrane signalling.

Further downsteam of the HAMP domains, methylation and signalling do-
mains follow, which are highly homologous to that of chemotaxis receptors.
Most of the cytoplasmic domain of the Htr’s is characterized by a seven-
residue repeat (a-b-c-d-e-f-g) with hydrophobic side chains in positions a and
d, indicative for a coiled-coil arrangement of the helices (Le Moual and
Koshland 1996). This structural element was confirmed by solving the crys-
tal structure of the cytoplasmic domains of E. coli serine and T. maritima
MCP1143 chemoreceptors (Kim et al. 1999; Park et al. 2006) (see Fig. 9).
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Fig. 9 Left panel: Crystal structures of the cytoplasmic domains of EcTsr (pdb: 1QU7)
and T. maritima MCP1143 (pdb: 2CH7). The structures are shown in ribbon representa-
tion. Right panel: Crystal packing of the EcTsr and TmMCP1143. The E. coli chemoreceptor
is arranged as a trimer of dimmers, whereas the T. maritima protein is packed like a
“hedgerow” of receptor dimers

4.1.2
The Anabaena Soluble Transducer

The apoprotein of Anabaena sensory rhodopsin is expressed from an operon,
containing an additional gene coding for a 125-residue (14 kDa) soluble pro-
tein (Jung et al. 2003), which was found to interact with ASR. Based on these
findings, Jung and co-workers concluded that this small soluble protein acts
as a putative transducer, and, consequently, they named it ASR transducer
(ASRT). Up to now, ASRT has been the only example for a soluble transducer
protein transmitting the signal from a sensory rhodopsin type receptor. In
2007, the crystal structure of ASRT was reported (Vogeley et al. 2007). ASRT
forms a planar tetramer (see Fig. 10), which is also consistent with biochemi-
cal data. These experiments revealed a 4 : 1 stoichiometry with a dissociation
constant in the micromolar range for the binding of the transducer to the re-
ceptor. The mechanism of signal transfer to and via ASRT is still unknown,
although ASRT is expected to bind at the cytoplasmic surface of ASR. The
signalling state, defined either by the long-lived M intermediate or by the
all-trans or 13-cis configuration of the retinal chromophore, might alter the
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Fig. 10 Crystal structure of the Anabaena soluble transducer (pdb: 2II8), revealing its
tetrameric quaternary structure, which is thought to represent the functional unit (see
text)

cytoplasmic surface, as observed for vertebrate rhodopsin. Obviously, a sig-
nal transfer via a membrane embedded binding domain, like in the case of
SRs and corresponding Htrs, does not happen. Similarly, ASRT also lacks
the signalling and methylation domains typical for the MCP-Type sensory
transducers, indicating a signalling cascade significantly different from the
component system of phototaxis and chemotaxis.

4.2
Two-Component Systems

The swimming behaviour of chemotactic and phototactic microbial organ-
isms like H. salinarum is determined by the rotational direction of the polarly
inserted motor-driven helical flagella (Hildebrand and Dencher 1975; Spu-
dich and Stoeckenius 1979; Marwan and Oesterhelt 1990). Because the flagella
helices are right-handed, clockwise rotation results in forward swimming,
whereas switching the motor to a counter-clockwise rotation pulls the bac-
terium backwards (unipolarly flagellated bacteria like E. coli tumble rather
than swim backwards because the flagellar bundles unwind in the counter
clockwise mode). The probability of the switching event is controlled by a cy-
toplasmic response regulator, CheY, which is part of a two-component signal
transduction chain, identified and thoroughly investigated in a number of
bacteria, e.g. in Bacillus subtilis, enteric bacteria like E. coli (reviewed, e.g. in
Stock et al. 2000), and in the halophilic archaebacteria H. salinarum (Rudolph
and Oesterhelt 1995, 1996) (see Fig. 11). Further members of this signalling
chain are: CheB, another response regulator involved in adaptation, CheA,
a histidine kinase, and CheR, a constitutively active methyltransferase. The
phospatase CheZ is not found in H. salinarum. CheW is necessary for binding
of CheA to the archaeal transducer proteins and eubacterial methyl-accepting
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Fig. 11 Schematic representation of the two-component system found in E. coli and
H. salinarum. For a detailed description of the components and interactions, see text

proteins. Additionally, the che gene clusters analyzed so far include additional
proteins like CheC in B. subtilis (CheJ in H. salinarum) or CheD, but the func-
tion of these proteins is still unknown, although deletions of these proteins
produce a clear phenotype, concerning the chemotactic behaviour of the cells
(Rudolph and Oesterhelt 1996). It was also found that some of the Che pro-
teins are present in several different forms in the same organism, such as
the presence of two CheW and three CheJ forms in Halobacterium NRC-1
(CheW1,2 and CheJ1,2,3, respectively).

The signal transduction chain appears to be similar in most of the systems.
The histidine kinase, CheA, is bound to the cytoplasmic tip of the signalling
domain of the receptor/transducer via the adapter molecule, CheW. The exact
mode of binding is still unknown, although a recent study, combining X-ray
crystallography and EPR spectroscopy, revealed first insights into the possible
organization of the ternary complex (Park et al. 2006). The signalling state of
the receptor/transducer, dependent on the presence of attractant or repellent
external stimuli, decreases or increases the autophosphorylation activity of
CheA. In the next step, one of the two response regulators, CheY or CheB, is
phosphorylated by CheA. Phosphorylated CheY, (CheY ∼ P), is a switch factor
of the flagellar motor. High concentrations of CheY ∼ P increase the reversal
frequency, whereas low levels lead to prolonged swimming periods. On the
other hand, activation of the methylesterase CheB by phosphorylation leads
to demethylation of Asp or Glu residues, located nearby the signalling domain
of the receptor/transducer molecule, which are constitutively methylated by
the methyltransferase, CheR. Consequently, the methylation level is regulated
in dependence of the external attractant or repellent concentrations. The level
of methylation also modulates the signalling state of the molecule in an in-
verse manner. A high degree of methylation leads to an attractant signalling



106 J.P. Klare et al.

state and vice versa. The interplay of these components enables the organism
to adapt to constant stimuli, thereby increasing the dynamic range of sensing
by orders of magnitude. Also in the presence of high levels of attractant or re-
pellent substances, the bacteria retain the ability to sense altering gradients of
stimulants.

4.3
Mechanisms of Signal Transduction

4.3.1
Receptor Transducer Interaction

The receptor/transducer complex exhibits a 2 : 2 stoichiometry in all cases
studied so far. This finding parallels with the oligomeric state of chemore-
ceptors, for which a dimeric structural unit was observed (Chervitz and
Falke 1996 and literature therein). Detailed structural information was ob-
tained for the NpSRII-NpHtrII complex which shed insight into the mech-
anism of signal transfer from the receptor to the transducer (Wegener et al.
2001; Moukhametzianov et al. 2006; Gordeliy et al. 2002). In these studies,
a C-terminal transducer fragment comprising residues 1–114 NpsRII was
complexed to NpSRII and used either for EPR investigations or for crystalli-
sation. Both data sets revealed topologies of the complex (see Fig. 12) with
the four helices of the transducer dimer sandwiched between two sensor
molecules.

The main interactions in the complex are Van der Waals contacts with
a few hydrogen bonds (Fig. 13). The tightest packing is observed between he-
lices TM2 and G. The interaction between TM2 and F is not as pronounced.
The transducer helices in the transmembrane four-helical bundle also in-
teract strongly by intercalation of bulky hydrophobic side chains. The four
hydrogen bonds are formed connecting helices F and TM2 (Tyr-199NpSRII

to Asn-74NpHtrII) and the F–G loop region, with both transducer helices
on the extracellular side (Thr-189NpSRII to Ser-62NpHtrII (two H-bonds) and
Thr-189NpSRII to Glu-43NpHtrII). Calorimetric studies have shown that the
hydrogen bond between Tyr and Asn is not essential for the thermodynam-
ics of the complex formation (Hippler-Mreyen et al. 2003). However, this
bond seems to be important for the receptor-transducer signal transfer (Sudo
et al. 2002). This latter finding is corroborated by the sensor properties of
a triple mutant BR, which included those amino acids involved in hydro-
gen bonds (Sudo and Spudich 2006). Convers results were obtained for the
role of the Tyr199NpSRII – Asn74NpHtrII hydrogen bond in receptor-transducer
signal transfer. The crystal structure of the M-intermediate of the complex
(Moukhametzianov et al. 2006) revealed an unperturbed hydrogen bond in
the activated state. In contrast to that, FTIR data obtained by two differ-
ent groups gave indications for either an increased strength of this bond in
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Fig. 12 Crystal structure of the NpSRII-NpHtrII complex in ribbon representation. Upper
panel: View from the cytoplasm, lower panel: Structure viewed along the membrane. The
helices are annotated. (PDB identifier: 1H2S)

Fig. 13 Receptor–Transducer binding interface, comprising the interface helices. The
transducer is depicted in green, and the receptor is coloured red
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the M-intermediate (Furutani et al. 2005), or its disruption and the forma-
tion of other stronger H-bonds to Tyr199 and Asn74. The crystal structure
of the complex did not reveal electron densities of the cytoplasmic peptide,
indicating a highly dynamic structure, which was also proposed from EPR ex-
periments. One possibility to obtain structural information about this part
would be to apply solid state NMR techniques, as was already demonstrated
for NpSRII (Etzkorn et al. 2007).

4.3.2
The Molecular Mechanism of Signal Transfer

The mechanism of signal transfer was most extensively investigated in the
photophobic receptor-transducer complex NpSRII–NpHtrII from N. pharao-
nis. Based on the results obtained for this system, the sequence of events
leading to the signalling state of the complex can be described as follows
(reviewed in Klare et al. 2004; Spudich and Luecke 2002). As outlined in
Sect. 3.2, the absorption of a photon leads to a transition in which helix F
is pushed in a tilt-like motion to the outside. This reaction occurs during
the M1 → M2 transition with a time constant of about 3 ms (Chizhov et al.
1998). The formation of the signalling state seems to occur with this spectrally
silent transition, which is mainly characterized by protein conformational
changes, rather than alterations of the chromophore, as shown by Fourier
transform infrared (FTIR) measurements (Hein et al. 2003). From physio-
logical experiments, it has been shown that the signalling state is correlated
with formation of M and the decay of O (Yan et al. 1991). The nature of the
conformational changes, occurring during formation of the active signalling
state, was characterized in detail, applying electron paramagnetic resonance
(EPR) spectroscopy in combination with site-directed spin labelling (SDSL).
The studies revealed a transient mobilisation of helix F during the M1 →
M2 transition (Klare et al. 2004b), which becomes immobilized again dur-
ing the reformation of the receptor ground state (Wegener et al. 2000). In
contrast to that, the neighbouring helix G did not show significant changes
in its mobility during the photocycle. These findings were interpreted as
an outward-tilt motion of the the cytoplasmic half of helix F similar to the
observations made for BR (see Sect. 3.2). Subsequently, a more detailed in-
vestigation using EPR confirmed the earlier conclusions. In this SDSL work,
the label positions were located on helices B, C, F, and G, and clear evidence
was provided for a distance increase between helices C and F, which occurred
upon receptor activation (Bordignon et al. 2007). Further support of the helix-
tilt model came from biochemical (Yoshida et al. 2004) and computational
studies (Sato et al. 2005).

Having established a helix F movement, the question arose if this motion
is of functional importance, and if it can trigger the activation of the trans-
ducer. The answer was given by Wegener et al., who proposed a model that



Microbial Rhodopsins: Scaffolds for Ion Pumps, Channels, and Sensors 109

connected helix F tilt with a clockwise rotation of the transducer helix TM2
(Wegener et al. 2001). TM2 is in close contact with helix F, and the authors
suggested that the outwardly tilting F helix would collide tangentially with
TM2, thereby inducing its rotary motion as depicted in Fig. 14. Additional ex-
periments on transducer mutants where cysteines positioned in the interior
of the four-helix bundle showed an increase in the cross-linking efficiency of
TM2 upon light activation supported the transducer helix rotation (Yang and
Spudich 2001). Similar results were obtained by using a dye (Yoshida et al.
2004). It should be noted that a small piston-type movement (the favourite
model of the chemotaxis research community, for example (Chervitz and
Falke 1996)) cannot be excluded and would result in an overall screw-like
motion of TM2.

How signal transfer to the cytoplasmic methylation/signalling domain oc-
curs remains still unclear. Upon activation, conformational changes have not
yet been experimentally observed, neither in the chemoreceptors nor in the
phototransducers. Data revealed by EPR showed the presence of at least two
conformational states in the first HAMP domain of the NpSRII–NpHtrII com-
plex being in a temperature- dependent equilibrium. Additionally, the struc-
tural characterisation of this domain revealed it to be very dynamic, at least
in the inactive state (Bordignon et al. 2005). This supports a model proposed
by Kim and co-workers in 1994 (Kim 1994) for the signalling mechanism of
chemoreceptors. The so-called “frozen dynamic dimer model” suggests that
the dynamic properties of the whole cytoplasmic four-helix bundle are mod-
ulated by ligand binding to the periplasmic sensor domain. A more dynamic
state would therein reflect the “attractant” signalling state, wheras a more

Fig. 14 Light-induced conformational changes of the receptor, helix F, and the transducer,
helix TM2. The spacefill representation reveals the tight interaction between F and TM2.
The outward movement of helix F (straight arrow) ejects TM2 in the way of a clockwise
rotation (bent arrow)
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rigid structure of the cytoplasmic domain would correspond to the “repel-
lent” signalling state.

4.4
Comparison Between Phototaxis and Chemotaxis

Several lines of evidence support that the molecular mechanisms of chemo-
taxis and phototaxis are closely related. In 1989, Maqsudul and co-workers
reported the presence of methyl-accepting taxis proteins in H. halobium
(H. salinarum) being responsible for the chemotactic, as well as for the pho-
totactic responses of this archaeon (Alam et al. 1989). The high amino acid
sequence conservation between the E. coli chemoreceptors and the haloar-
chaeal phototransducer proteins was recognized with the first primary se-
quence of an Htr available (Yao and Spudich 1992). These sequence similar-
ities were identified in all membrane-bound phototransducer proteins doc-
umented so far. Also, the haloarchaeal two-component system shows a close
relationship to that of enteric bacteria. Using chimera Htr-chemoreceptor
proteins phototactic active E. coli were constructed, demonstrating the evo-
lutionary proximity of the two signalling chains (Jung et al. 2001). In these
constructs, the cytoplasmic domain of the chemoreceptors was fused to the
transmembrane part of the transducer, which, in turn, was fused to NpSRII
to maintain the 1 : 1 stoichiometry in cells. In 2003, the same group re-
ported measurements on the CheA-autophosphorylation and the phospho-
transfer to CheY, modulated by one of the previously reported chimeras
(NpSRII–NpHtrII–EcTsr-fusion), thereby showing that the light-response re-
ported previously is indeed mediated by activation of the two-component,
signalling cascade of the host E. coli (Trivedi and Spudich 2003). This data
emphasizes the close relationship between chemotaxis and phototaxis, and
it seems probable to assume a common mechanism of signal transfer across
the membrane and ion transport. More structural data of the signalling
state, especially of the membrane domain of chemoreceptors, are needed
to clarify the controversy between piston-like movement and a screw-like
rotation of TM2. The photophobic receptor (HsSRII) from H. salinarum con-
tains an extracellular serine-binding domain (Zhang et al. 1996; Hou et al.
1998). Its dual functionality might serve as connective link, not only be-
tween the mechanism of chemotaxis and phototaxis, but also between struc-
tural equivalents of negative and positive extracellular inputs. One strik-
ing difference between eubacterial chemoreceptors and archaeal transducers
concerns the number of HAMP domains, which is doubled in the latter
proteins. If this observation has an impact on the primary signal trans-
fer, mechanism and the function of HAMP domains in general still has
to be elucidated.
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5
Outlook

Since their first discovery in the early 1970s, research on microbial rhodopsins
has steadily increased, and is now a field reaching into diverse areas of
biochemistry and cell biology. Representatives are now found in all three
domains of life, and their function is only proven for a minute number of
proteins. It will be of great interest to complement in vitro data with in vivo
investigations, which will provide not only a better understanding of underly-
ing molecular mechanism, but also about the coupling of receptor activation
with downstream signalling cascades. The discovery of marine phototrophic
Eubacteria will have an impact on the discussion on energy conversion be-
yond classical photosynthesis. A completely new field of research has been
opened by the expression of channelopsins and halorhodopsin in eukaryotic
cells and in whole organisms (Zhang et al. 2007). Both pigments function
in mammals without exogenous cofactors, and they can be used to analyse
neural circuits by all-optical means. Research will certainly not stop with
these novel developments. On the contrary, it is foreseeable that elucidating
structure and function of microbial rhodopsins will lead to new insights and
unexpected applications.
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Abstract Methane-forming archaea are strictly anaerobic, ancient microbes that are
widespread in nature. These organisms are commonly found in anaerobic environments
such as rumen, anaerobic sediments of rivers and lakes, hyperthermal deep sea vents
and even hypersaline environments. From an evolutionary standpoint they are close to
the origin of life. Common to all methanogens is the biological production of methane
by a unique pathway currently only found in archaea. Methanogens can grow on only
a limited number of substrates such as H2 + CO2, formate, methanol and other methyl
group-containing substrates and some on acetate. The free energy change associated
with methanogenesis from these compounds allows for the synthesis of 1 (acetate) to
a maximum of only 2 mol of ATP under standard conditions while under environmen-
tal conditions less than one ATP can be synthesized. Therefore, methanogens live close to
the thermodynamic limit. To cope with this problem, they have evolved elaborate mech-
anisms of energy conservation using both protons and sodium ions as the coupling ion
in one pathway. These energy conserving mechanisms are comprised of unique enzymes,
cofactors and electron carriers present only in methanogens. This review will summarize
the current knowledge of energy conservation of methanogens and focus on recent in-
sights into structure and function of ion translocating enzymes found in these organisms.

1
Introduction

The methanogenic microbes belong to the domain Archaea and produce
methane as the major end product of their metabolism. Methanogens are
widespread in anoxic environments such as fresh water sediments, swamps,
tundra areas, rice fields, intestinal tracts of ruminants and termites, and
anaerobic digesters of sewage treatment plants (Garcia et al. 2000). Biological
methanogenesis is an important process for the maintenance of the carbon
cycle on Earth because methanogenic archaea catalyze the terminal step in
the breakdown of organic material in many anaerobic environments. The
substrates mentioned above are formed in the course of complex degrada-
tion processes of organic matter as performed by fermentative and syntrophic
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bacteria (Schink 1997). The products of methanogenesis, CH4 and CO2 are
released from anaerobic habitats and can reenter the global carbon cycle.
Hence, large amounts of these greenhouse gases reach the atmosphere and
therefore the process of biological methane formation is also of great inter-
est for the global ecology (Khalil and Rasmusen 1994; Reay 2003). Besides
the ecological importance, the process of methanogenesis creates a com-
bustible gas that can be used as an energy source for both domestic or
industrial applications. Suitable technologies have yet to be developed for
a controlled decomposition of renewable biomass to methane. This process is
called biomethanation and has great potential as an important nonpolluting
energy source in the face of dwindling supplies of fossil fuels (Kashyap et al.
2003). New aspects of methanogenesis concern microbial methane consump-
tion in anoxic sediments which significantly impacts the global environment
by reducing the flux of greenhouse gases (Hallam et al. 2004, Meyerdierks
et al. 2005). Current models suggest that relatives of methane-producing
archaea developed the capacity to reverse methanogenesis and thereby con-
sume methane to produce cellular carbon and energy (Thauer and Shima
2006). Furthermore, it is thought that biological methane production is in-
volved in the formation of methane hydrates (Brooks et al. 2000). These
ice-like structures are found in ocean-floor sediments at water depths greater
than about 500 meters. Gas hydrates are solids, composed of rigid cages of
water molecules that trap CH4 molecules (Kvenvolden 1999) and represent
a potentially enormous natural gas resource (Wood et al. 2002).

Some methanogens grow under conditions that are, from a human per-
spective, extreme with respect to temperature or salinity. These conditions
resemble those of the early days on Earth and therefore, methanogenic ar-
chaea are often considered to be very early life forms. The conversion of
substrates like H2 + CO2 or acetate to methane is close to the thermodynamic
limit and, as we will see later, methanogens have developed very elaborate
mechanisms to conserve energy. Some of these mechanisms are only found
in methanogenic archaea. Therefore, ever since methanogenic archaea have
been isolated their unique life style and bioenergetics have attracted much
attention.

Members of the orders Methanobacteriales, Methanococcales, Methanomi-
crobiales and Methanopyrales only use H2 + CO2 as substrates. Most of
these species can also oxidize formate to form methane (Boone et al. 1993).
The Methanosarcinales [e.g. Methansarcina (Ms.) species] are metabolically
the most versatile methanogens, capable of growth on H2 + CO2, acetate,
methanol and other methylated C1 compounds such as methylamines (mono-,
di-, or trimethylamine) and methylated thiols (dimethylsulfide, methanethiol
or methylmercaptopropionate) (Deppenmeier 2002a). The genome of three
species, Ms. acetivorans, Ms. mazei and Ms. barkeri have been published
(Galagan et al. 2002; Deppenmeier et al. 2002). They are the largest yet se-
quenced genomes among species belonging to the domain Archaea, reflecting
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their wide range of metabolic capabilities which distinguish these methane-
producing microbes from all other archaea. The genomic data reveal, for the
first time, new insights into the metabolism and the cellular functions of this
interesting group of microorganisms. The metabolic pathways of methane
formation are unique and involve a number of unusual enzymes and coen-
zymes (Wolfe 1986; Thauer 1998; Deppenmeier et al. 1999). Here we describe
the biochemistry of methane formation with special interest given to unique
membrane-bound enzymes generating or using primary ion gradients.

2
The Process of Methanogenesis

Several unusual cofactors are involved in biological methane formation
(Deppenmeier 2002a). Coenzyme B (HS-CoB, 7-mercaptoheptanoylthreonine
phosphate) and coenzyme F420 (a 5-deazaflavin derivative with a mid
point potential of – 360 mV) function as electron carriers in the process
of methanogenesis (Fig. 1). F420 is the central electron carrier in the cyto-
plasm of methanogens, which replaces nicotinamide adenine dinucleotides
in many reactions (Walsh 1986). HS-CoB is the electron donor in the last
reaction of methanogenesis. There is a third electron carrier involved in me-
thane formation which has been discovered only recently (Abken et al. 1998,

Fig. 1 The process of methanogenesis from formate or H2 + CO2 (top), methyl group-
containing substrates (middle) or acetate (bottom). MFR, methanofuran; H4MPT, tetrahy-
dromethanopterin; CoM, coenzyme M, CoB, coenzyme B. White arrows denote reactions
catalyzed by membrane-bound, ion-translocating enzymes



126 U. Deppenmeier · V. Müller

Beifuss and Tietze 2005). It is referred to as methanophenazine and repre-
sents a 2-hydroxy-phenazine derivative that is connected via an ether bridge
to a pentaprenyl side chain (Beifuss et al. 2000). This hydrophobic cofac-
tor has been isolated from the cytoplasmic membrane of Methanosarcina
species (Deppenmeier 2004) and functions as a membrane integral elec-
tron carrier similar to quinones found in bacteria and eukarya. Coen-
zyme M (2-mercaptoethanesulfonate, HS-CoM), methanofuran (MFR), and
tetrahydromethanopterin (H4MPT) carry C1-moieties of intermediates in the
methanogenic pathways. In Methanosarcina species this cofactor is slightly
modified and referred to as tetrahydrosarcinapterin (H4SPT) (van Beelen
et al. 1984). MFR is involved in CO2 reduction and HS-CoM accepts methyl
groups from methyl-H4MPT, methanol and methylamines. The methylated
form, methyl-S-CoM (2-methylthioethanesulfonate), is the central intermedi-
ate in methane formation (Fig. 1).

Methanogenesis from H2 + CO2, formate, methylated C1-compounds and
acetate proceeds by a central, and in most parts reversible, pathway (Dep-
penmeier 2002a). When cells grow on CO2 in the presence of molecular
hydrogen (Shima et al. 2002), carbon dioxide is bound to MFR and is then
reduced to formyl-MFR (Fig. 1). This endergonic reaction is driven by the
electrochemical ion gradient across the cytoplasmic membrane, which will
be discussed in the following sections. In the next step the formyl group
is transferred to H4MPT and the resulting formyl-H4MPT is stepwise re-
duced to methyl-H4MPT. Reducing equivalents are derived from reduced F420
(F420H2), which is produced by the F420-reducing hydrogenase using hydro-
gen as a reductant. The methyl group of methyl-H4MPT is then transferred to
HS-CoM by a membrane-bound methyl-H4MPT:HS-CoM-methyltransferase.
This exergonic reaction (∆G′

0 = – 29 kJ/mol) is coupled to the formation of
an electrochemical sodium ion gradient (see below). Coenzyme B (HS-CoB)
functions as the electron donor for the reduction of methyl-S-CoM in the
final reaction that is catalyzed by methyl-coenzyme M reductase (Ermler
2005), producing methane and a mixed disulfide of coenzyme M and coen-
zyme B (heterodisulfide, CoM-S-S-CoB) (Fig. 1). Finally, the heterodisulfide is
reduced by the catalytic activity of a membrane-bound electron transfer sys-
tem that will be discussed in Sect. 3. In total, one mol of carbon dioxide is
reduced to methane:

CO2 + 4H2 = CH4 + 2H2O ∆G′
0 = – 131 kJ/mol CH4 . (1)

During growth on methylated C1-compounds in the absence of molecular hy-
drogen, parts of the methyl-group must be oxidized to gain reducing power
for the reduction of CoM-S-S-CoB. Hence, the substrates are degraded to CH4
and CO2. With methanol as a substrate one out of four methyl groups is oxi-
dized to CO2 and three methyl moieties are reduced to methane (Fig. 1):

4CH3OH → 3CH4 + 1CO2 + 2H2O ∆G′
0 = – 106 kJ/mol CH4 . (2)
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Many Methanosarcina strains can grow on trimethylamine, dimethylamine
and monomethylamine, the substrates being metabolized to CH4, CO2 and
NH3:

4CH3 – NH3
+ + 2H2O → 3CH4 + CO2 + 4NH4

+ (3)

∆G′
0 = – 77 kJ/molCH4 .

The methyl groups are channeled into the central pathway by substrate-
specific soluble methyltransferases that catalyze the methyl group transfer
to coenzyme M (Paul et al. 2000). The nonhomologous genes encoding the
full-length methyltransferases for methylamine utilization each possess an
in-frame UAG (amber) codon that does not terminate translation (Krzycki
2004). The amber codon is decoded by a dedicated tRNA, and corresponds
to the novel amino acid pyrrolysine, indicating pyrrolysine as the 22nd ge-
netically encoded amino acid (Krzycki 2005). The methyl group transfer
to H4MPT is catalyzed by the membrane-bound methyl-H4MPT:HS-CoM-
methyltransferase (see Sect. 4.5; Gottschalk and Thauer 2001). The next steps
involve the stepwise oxidation of methyl-H4MPT to formyl-H4MPT. Reducing
equivalents derived from the oxidation reactions are used for F420 reduction.
After transfer of the formyl group to MFR the formyl-MFR dehydrogenase
catalyzes the oxidation to CO2 and MFR (Fig. 1). Hence, the oxidative branch
in the methylotrophic pathway of methanogenesis is the reversal of CO2 re-
duction to methyl-CoM as found in the CO2-reducing pathway of methane
formation. In the reductive branch of this pathway three out of four methyl
groups are transferred to HS-CoM. Again, the HS-CoB-dependent reduction
of methyl-S-CoM leads to the formation of CH4 and CoM-S-S-CoB (Fig. 1).

Most of the methane in anaerobic food chains is derived from the methyl
group of acetate. This process is referred to as the aceticlastic pathway of
methanogenesis (Fig. 1) and is carried out only by the genera Methanosarcina
and Methanosaeta (Ferry 1997). In Methanosarcina species, acetate is acti-
vated by conversion to acetyl-coenzyme A (CoA), which is cleaved by the
nickel-containing CO dehydrogenase/acetyl-CoA synthase, yielding enzyme-
bound methyl and carbonyl groups (Drennan et al. 2004). Following cleavage,
the methyl group of acetate is transferred to H4MPT. In the course of the re-
action enzyme-bound CO is oxidized to CO2 and the electrons are used for
ferredoxin reduction. The resulting methyl-H4MPT is converted to methane
by the catalytic activities of the Na+-translocating methyl-H4MPT:HS-CoM
methyltransferase and methyl-S-CoM reductase as described above (Fig. 1).
As in the case of the other methanogenic pathways, an additional product of
the reaction catalyzed by methyl-CoM reductase is the heterodisulfide CoM-
S-S-CoB, which is reduced by a membrane-bound electron transport system
to regenerate the reactive sulfhydryl forms of the coenzymes.

As mentioned above, all methanogens use methanogenesis for energy con-
servation. Recently however, evidence was presented that Ms. acetivorans is
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able to employ the acetyl-CoA pathway to conserve energy for growth (Rother
and Metcalf 2004). This organism was isolated from a bed of decaying kelp,
algae known to accumulate up to 10% CO in their float cells (Sowers et al.
1984; Abbott and Hollenberg 1976). In contrast to many other methanogens,
this methanogen is devoid of significant hydrogen metabolism due to the
lack of functional hydrogenases. With carbon monoxide the cells grew to
high densities with a doubling time of 24 h. Surprisingly, acetate and formate,
rather than methane, were the major metabolic end products of metabolism.
Moreover, methane production decreased with increasing CO partial pres-
sures, consistent with inhibition of methanogenesis by CO. In spite of these
facts, methanogenesis was still required for growth on CO, because the potent
methyl-CoM reductase inhibitor BES abolished growth on CO (Rother and
Metcalf 2004). Not much is known about the biochemistry of CO as a growth
substrate for Ms. acetivorans. However, mutations in the operon encoding
phosphotransacetylase and acetate kinase failed to use CO as a growth sub-
strate, indicating that these enzymes are required for acetate formation and
ATP synthesis via substrate level phosphorylation.

3
Reactions and Compounds of the Methanogenic Electron Transport Chains

The synthesis of CH4 and the formation of the heterodisulfide (CoM-S-
S-CoB; Fig. 1) mark the end of all pathways leading to methane forma-
tion (Deppenmeier 2002b). In Methanosarcina species CoM-S-S-CoB is the
electron acceptor of a branched respiratory chain and is reduced to the
thiol-containing cofactors HS-CoM and HS-CoB by an enzyme referred
to as heterodisulfide reductase (Fig. 2). The protein is membrane-bound
and functions as a terminal respiratory reductase (Hedderich et al. 2005).
The source of reducing equivalents necessary for the reduction of the het-
erodisulfide depends on the growth substrate. In the presence of hydrogen
a membrane-bound hydrogenase (F420-nonreducing hydrogenase) channels
electrons to the heterodisulfide reductase. This electron transport system
is referred to as H2:heterodisulfide oxidoreductase system (Fig. 2a) (Ide
et al. 1999). When Methanosarcina strains grow on methylated C1 com-
pounds part of the methyl groups are oxidized to CO2 and electrons are
transferred to coenzyme F420. Under this growth condition the membrane-
bound F420H2:heterodisulfide oxidoreductase system catalyzes the oxidation
of F420H2 and the reduction of the heterodisulfide (Fig. 2b) (Deppenmeier
et al. 1991). The key enzyme of this electron transport chain is the F420H2
dehydrogenase which is responsible for the oxidation of the reduced co-
factor (Bäumer et al. 2000). In the aceticlastic pathway the heterodisul-
fide reductase reduces CoM-S-S-CoB which derives electrons from reduced
ferredoxin by a third membrane-bound electron transport chain referred
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Fig. 2 Membrane-bound electron transport systems operating during methanogenesis
from H2 + CO2 (a) methyl groups (b) or acetate (c). Mphen, methanophenazine; Fd,
ferredoxin. For further explanations, see text

to as reduced ferredoxin:heterodisulfide oxidoreductase system (Fig. 2c)
(Deppenmeier 2002a).

Using inverted vesicle preparations from Ms. mazei, it has been shown
that electron transport is catalyzed by the H2:heterodisulfide oxidoreductase
system and the F420H2:heterodisulfide oxidoreductase system is coupled to
proton translocation across the cytoplasmic membrane (Deppenmeier 2004).
An A1AO ATP synthase (Sect. 5) catalyzes ATP synthesis from ADP + Pi
thereby taking advantage of the electrochemical proton gradient (Müller et al.
1999). Additional experiments using uncouplers and ATP synthase inhibitors
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clearly demonstrated that ATP is formed by electron transport-driven phos-
phorylation of ADP (Deppenmeier et al. 1990, 1991).

After the elucidation of the enzymes involved in energy conservation
the question arose how electrons are channeled from one protein com-
plex to the other. In the cytoplasmic membrane of methanogens only to-
copherolquinones in very low concentration were identified (Hughes and
Tove 1982), which had obviously no function in the electron transport chain.
A comprehensive search for other redox-active, lipid-soluble components in-
dicated the presence of one major factor in the membranes of Ms. mazei.
Detailed NMR analysis revealed the aromatic structure as a phenazine deriva-
tive connected at C-2 to an unsaturated side chain via an ether bridge (Abken
et al. 1998; Beifuss et al. 2000). The lipophilic side chain is responsible for
the anchorage in the membrane and consists of five isoprene units linked
to each other in a head-to-tail manner. The redox active product was re-
ferred to as methanophenazine and was the first phenazine isolated from
archaea. After completion of the total synthesis of methanophenazine (Bei-
fuss et al. 2000), electron transport in Ms. mazei could be analyzed in more
detail. It was shown that methanophenazine is reduced by molecular hydro-
gen or F420H2, catalyzed by the F420-nonreducing hydrogenase and the F420H2
dehydrogenase, respectively (Fig. 2a,b). Furthermore, the membrane-bound
heterodisulfide reductase was able to use dihydro-methanophenazine as an
electron donor for the reduction of CoM-S-S-CoB (Bäumer et al. 2000; Ide
et al. 1999). Therefore, the cofactor is able to mediate the electron trans-
port between the membrane-bound enzymes. Hence, methanophenazine was
characterized as the first phenazine derivative involved in the electron trans-
port of biological systems. More features of the electron transport chains
could be analyzed using the water soluble analogue 2-hydroxyphenazine (2-
OH-phenazine). Washed inverted vesicles of this organism were found to
couple electron transfer processes with the transfer of four protons across
the cytoplasmic membrane. It was shown that 2-OH-phenazine is reduced
by molecular hydrogen as catalyzed by the F420-nonreducing hydrogenase.
Furthermore, the membrane-bound heterodisulfide reductase was able to use
dihydro-2-OH-phenazine as the electron donor for the reduction of CoM-S-
S-CoB (Bäumer et al. 2000; Ide et al. 1999) according to:

H2 + 2-OH-phenazine + 2H+
in → dihydro-2-OH-phenazine + 2H+

out (4)

dihydro-2-OH-phenazine + CoM-S-S-CoB + 2H+
in →

2-OH-phenazine + HS-CoM + HSCoB + 2H+
out .

(5)

There are two proton-translocating segments. The first one involves the F420-
nonreducing hydrogenase (Eq. 4) and the second one the heterodisulfide
reductase (Eq. 5). Thus, the H+/2e– stoichiometry of the electron transport
chain adds up to four and supports the value of four H+/2e– translocated in
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the overall electron transport from H2 to the heterodisulfide (Deppenmeier
et al. 1991). 2-OH-phenazine was also a mediator of electron transfer within
the F420H2:heterodisulfide oxidoreductase system (Bäumer et al. 1998). It
has been shown that reducing equivalents are transferred from F420H2 to
2-OH-phenazine by the membrane-bound F420H2 dehydrogenase. Also, this
process is coupled to proton translocation across the cytoplasmic membrane
exhibiting a stoichiometry of about two protons translocated per two elec-
trons transferred (Bäumer et al. 2000). The second reaction of this electron
transport system is again catalyzed by the heterodisulfide reductase that
uses dihydro-2-OH-phenazine as the electron donor for CoM-S-S-CoB re-
duction. Just as in the H2-dependent system, both partial reactions of the
F420H2:heterodisulfide oxidoreductase system are coupled to the transloca-
tion of two protons (Deppenmeier 2004):

F420H2 + 2-OH-phenazine + 2H+
in →

dihydro-2-OH-phenazine + F420 + 2H+
out (6)

dihydro-2-OH-phenazine + CoM-S-S-CoB + 2H+
in →

2-OH-phenazine + HS-CoM + HSCoB + 2H+
out . (7)

As mentioned above, the oxidation of H2 and F420H2 as well as the re-
duction of CoM-S-S-CoB are catalyzed by membrane-bound electron trans-
port chains that couple the redox reaction with the translocation of pro-
tons. The mid-point potentials of the electron carriers were determined to
– 420 mV for H2/2H+, – 360 mV for F420H2/F420 (Walsh 1984), – 165 mV for
methanophenazine/dihydromethanophenazine and – 143 mV for CoM-S-S-
CoB/HS-CoM + HS-CoB (Tietze et al. 2003). Thus, the change of free energy
(∆Go′) coupled to the H2- and F420H2-dependent methanophenazine reduc-
tion (Eqs. 4 + 6) is – 49.2 kJ/mol and – 42.1 kJ/mol, respectively. Taking
into account that the membrane potential ∆p is about – 180 mV (Peine-
mann 1989), the translocation of two protons per reaction cycle is feasible.
In contrast, the change of free energy for the dihydromethanophenazine-
dependent reduction of the heterodisulfide (Eq. 7) under standard conditions
is only – 4.2 kJ/mol. However, the reductive demethylation of methyl-CoM
as catalyzed by the methyl-CoM reductase, is highly exergonic (– 32 kJ/mol).
Hence, it is tempting to speculate that the formation of CH4 is the driving
force for proton translocation at the second coupling site of the membrane-
bound electron transport systems.

There is another enzyme system that has to be discussed in respect to
methanogenesis from H2 + CO2 or methanol. A novel hydrogenase (Ech) was
discovered in acetate-grown cells of Ms. barkeri (Meuer et al. 1999) that is ho-
mologous to hydrogenase 3 and 4 from E. coli and to the CO-induced hydro-
genase from Rhodospirillum rubrum (Sauter et al. 1992; Fox et al. 1996). The
enzyme catalyzed the H2-dependent reduction of a two [4Fe – 4S] ferredoxin
and is also able to perform the reverse reaction, namely hydrogen formation
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from reduced ferredoxin (Fig. 2c). The Ech hydrogenase could be involved
in the formation and degradation of formyl-MFR (Stojanowic and Hedderich
2004). In the CO2-reducing pathway H2 is oxidized by the membrane-bound
Ech hydrogenase and electrons are transferred to a ferredoxin, which in turn
is used by the formyl-MFR dehydrogenase to catalyze the reduction of CO2.
Taking into account the low hydrogen pressures found in the natural envi-
ronments of methanogens, the H2-dependent reduction of the ferredoxin is
an endergonic process (Hedderich and Forzi 2005). It has been proposed that
the electrochemical proton gradient is the energy source for the Ech hydro-
genase to drive this reduction (Hedderich and Forzi 2005; Hedderich 2004).
Thus, H2-dependent ferredoxin reduction is enabled by the influx of pro-
tons or sodium ions through the enzyme. During growth on methanol the
formyl-MFR dehydrogenase and the Ech hydrogenase may function in the
reverse direction. In this case, the oxidation of formyl-MFR is coupled to
the formation of reduced ferredoxin. The Ech hydrogenase could then oxi-
dize reduced ferredoxin and release H2. The overall process might be coupled
to the translocation of protons or sodium ions and could contribute to the
formation of the electrochemical ion gradient (Meuer et al. 2002). Molecu-
lar hydrogen is not an end product but is used as an electron donor for the
H2:heterodisulfide oxidoreductase system (Deppenmeier 2004).

The smallest change of free energy ∆G′
0 = – 36 kJ/molCH4 of all substrates

is coupled to methane formation from acetate. Therefore, the organisms
must possess efficient energy-conserving systems to cope with this thermo-
dynamic limitation. In Methanosarcina strains one ATP is used in acetate
activation to form acetyl-CoA. As mentioned above the reactions of the aceti-
clastic pathway of methanogenesis results in the formation of the interme-
diates methyl-H4MPT and reduced ferredoxin (Fdred). The methyl moiety
is transferred to H4MPT and then to CoM by the Na+-motive methylte-
trahydromethanopterin:coenzyme M methyltransferase (Sect. 4.5). Reduced
ferredoxin is used as the electron donor for the reduction of CoM-S-S-CoB
catalyzed by the Fdred:heterodisulfide oxidoreductase (Fig. 2c). It is very pos-
sible that this membrane-bound electron transport system is also able to
generate an electrochemical proton gradient (Deppenmeier 2004):

2Fdred + CoM-S-S-CoB →
2Fdox + HS-CoM + HS-CoB (∆G′

0 ∼ – 50 kJ/mol) .
(8)

The composition of this third electron transport system is still a matter of
debate and two scenarios are discussed:
a) It has been proposed that the Ech hydrogenase and the heterodisulfide

oxidoreductase are involved in this process (Hedderich et al. 1999). Mo-
lecular hydrogen would be an intrinsic intermediate formed by the Ech
hydrogenase at the expense of reduced ferredoxin. H2 would be reoxi-
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dized by the F420-nonreducing hydrogenase and the electrons channeled
via methanophenazine to the heterodisulfide reductase. Studies using Ms.
barkeri mutants lacking the Ech hydrogenase confirmed these results
(Meuer et al. 2002; Stojanowic and Hedderich 2004).

b) The genome of Ms. acetivorans does not contain genes encoding a func-
tional Ech hydrogenase (Galagan et al. 2002), suggesting alternative elec-
tron transport components involved in the transfer of electrons to CoM-S-
S-CoB. Compared to methanol-grown cells, acetate-grown Ms. acetivorans
synthesized greater amounts of subunits of the potential ion-translocating
Rnf electron transport complex previously characterized from bacteria (Li
et al. 2006). Combined with sequence and physiological analyses, these
results suggest that Ms. acetivorans replaces the H2-evolving Ech hydro-
genase complex with the Rnf complex. The subunits of the Rnf complex
from R. capsulatus (Rc-Rnf) have been previously characterized (Jouan-
neau et al. 1998; Kumagai et al. 1997). In Ms. acetivorans the Rnf complex
is presumably composed of a membrane-bound subcomplex containing
a cytochrome c subunit that functions as an ion channel for the translo-
cation of either protons or sodium and catalyzes the electron transfer to
methanophenazine (Li et al. 2006). A membrane associated subcomplex
containing FeS clusters is thought to interact with reduced ferredoxin and
an electron-transfer module probably mediates electron transfer between
the subcomplexes mentioned before. Subunits of the Rnf complex are
similar to subunits of the Na+-translocating NADH-quinone-reductase
(Nqr) from Vibrio species (Steuber et al. 2002) indicating that Rnf-type
enzymes catalyze ion transport coupled to electron transport. However,
it is important to note that ion transport by Rnf-type enzymes has not
yet been demonstrated. It is also interesting to note that the genomes of
the freshwater organisms Ms. mazei and Ms. barkeri do not contain genes
homologous to the Rnf complex. This may indicate that there may be
differences in the pathway for acetate conversion to methane especially
in the ferredoxin-dependent electron-transport chains in Methanosarcina
species.

4
Structure and Function of Ion-Translocating Enzymes

Comprehensive reviews have been published recently that describe the fea-
tures of the proton translocating proteins in great detail (F420H2 dehydroge-
nase, Deppenmeier 2004; NiFe hydrogenases, Vignais and Colbeau 2004; Ech
hydrogenase, Hedderich and Forzi 2006; heterodisulfide reductase, Hedderich
et al. 2005). Therefore, we discuss these enzymes only briefly and will focus
on the methyltetrahydromethanopterin:coenzyme M methyltransferase and
the A1AO ATP synthase from methanogens.
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4.1
F420H2 Dehydrogenase

Genes encoding the F420H2 dehydrogenases are found in all genomes of
methylotrophic methanogens sequenced so far, and the protein was pu-
rified from several archaea (Abken and Deppenmeier 1997; Haase et al.
1992; Kunow et al. 1994). In methanogens the enzyme catalyzes the F420H2-
dependent reduction of phenazine derivatives, thereby transferring two pro-
tons across the cytoplasmic membrane (Fig. 3a) (Bäumer et al. 2000). Thus,
the enzyme represents a novel kind of a proton-translocating complex in
methanogenic archaea (Deppenmeier et al. 2002). The protein from Ms.
mazei is encoded by the fpo cluster that comprises 12 genes which were des-
ignated fpo A, B, C, D, H, I, J, K, L, M, N, O (Bäumer et al. 2000). The
gene fpoF is not part of the fpo operon and is located elsewhere on the
chromosome. The enzyme subunits are highly homologous to proton translo-
cating NADH dehydrogenases of respiratory chains from bacteria (NDH-1)
and eukarya (complex I). In this context it is important to note that the
F420H2 dehydrogenase and bacterial NADH dehydrogenases have some in-

Fig. 3 Ion-translocating redox enzymes in methanogens. A F420 dehydrogenase.
B F420 non-reducing hydrogenase. C Ech hydrogenase. D Heterodisulfide reductase
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teresting features in common (Friedrich and Scheide 2000). Both enzymes
have a complex subunit composition and contain flavin and iron-sulfur cen-
ters. They are the initial enzymes of membrane-bound electron transport
systems. The electron donors F420H2 and NADH are similar in that both co-
factors are reversible hydride donors with comparable mid-point potentials.
The enzymes use small hydrophobic electron acceptors, namely quinones in
the case of NADH dehydrogenases, and methanophenazine in the case of
F420H2 dehydrogenases. Moreover, both enzymes show redox-driven proton-
translocating activity (Friedrich et al. 2005). The overall similarity of the
F420H2 dehydrogenase to complex I allows for speculation on the reaction
mechanism of the archaeal enzyme. The proteins are essentially composed
of three subcomplexes (Fig. 3a). The electron donors NADH and F420H2 are
oxidized by the input module, which is formed by NuoEFG (complex I from
E. coli) and FpoF (F420H2 dehydrogenase from Ms. mazei), respectively. Elec-
trons are channeled to the membrane integral subcomplex (NuoAHIJKLMN,
E. coli; FpoAHJKLMN, Ms. mazei) that is involved in the reduction of the
species-specific electron acceptor (ubiquinone, E. coli; methanophenazine,
Ms. mazei). The membrane-associated module (NuoBCDI, E. coli; FpoBCDI,
Ms. mazei) connects the above-mentioned subunits and catalyzes electron
transfer between the modules.

4.2
F420-nonreducing Hydrogenase

The membrane-bound F420-nonreducing hydrogenases from Ms. mazei and
Ms. barkeri were purified and found to be composed of a small and a large
subunit (Deppenmeier et al. 1992; Kemner and Zeikus 1994). The genes, ar-
ranged in the order vhoG and vhoA were identified as those encoding the
small and the large subunit of the NiFe hydrogenases (Fig. 3b). The third
gene in the vho operon (vhoC) encodes a membrane-spanning cytochrome
b (Deppenmeier et al. 1995). The crystal structure of the highly homologous
nickel-iron hydrogenase from Desulfovibrio gigas revealed that the large sub-
unit harbors the binuclear [NiFe]-active site, which is coordinated by two
conserved CxxC motifs (Volbeda et al. 1995). This polypeptide is likely co-
translocated with the small subunit to the periplasmic side of the cytoplasmic
membrane. The small subunit contains three iron-sulfur clusters, forming an
electron transfer line from the [NiFe]-center of the large subunit to the pros-
thetic heme groups of the b-type cytochrome. Hence, the third subunit acts as
the primary electron acceptor of the core enzyme (Bernhard et al. 1997).

A proposed model for electron and proton transfer within the F420-
nonreducing hydrogenase comprises hydrogen oxidation by the bimetallic
Ni/Fe center of the large subunit, thereby separating electrons and protons
(Fig. 3b) (Deppenmeier 2004). Protons are released on the outside of the cy-
toplasmic membrane, and the iron-sulfur clusters in the small subunit accept
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the electrons. In the next step, electrons are transferred to the heme groups
of the cytochrome b subunit, which then completes the reaction by accept-
ing two protons from the cytoplasm for the reduction of methanophenazine.
Thus, the overall reaction would lead to the production of two scalar protons.

4.3
Ech Hydrogenase

A membrane-bound [NiFe]-hydrogenase was isolated from Ms. barkeri
(Meuer et al. 1999) that belongs to the class of energy-converting [NiFe] hy-
drogenases (Fig. 3c). These enzymes are found in several anaerobic or facul-
tatively anaerobic microorganisms (Hedderich and Forzi 2006). From growth
characteristics of Rhodospirillum rubrum and from cell-suspension experi-
ments with Ms. barkeri, it can be concluded that the [NiFe]-hydrogenases in
these organisms probably act as a proton or sodium ion pump (Hedderich
and Forzi 2006). The purified Ech hydrogenase consists of six subunits en-
coded by genes organized in the echABCDEF operon (Kuenkel et al. 1998;
Meuer et al. 1999). The six subunits show a striking amino acid sequence
similarity to the catalytic core of complex I (Nuo BCDIHL) and the F420H2
dehydrogenase (FpoBCDIHL) (Hedderich 2004). The evolution of complex
I and energy-converting hydrogenases has been discussed in recent reviews
(Friedrich and Scheide 2000; Brandt et al. 2003; Hedderich 2004; Vignais and
Colbeau 2004).

The obligate hydrogenotrophic methanogens Methanococcus (Mc.) mari-
paludis and Methanothermobacter (Mt.) marburgensis contain genes for two
separate multisubunit energy-conserving hydrogenases, Eha and Ehb, which
are composed of 20 and 17 subunits, respectively (Tersteegen and Hedderich
1999; Hendrickson et al. 2004). Some of the subunits are also homologous
to the NADH-ubiquinone oxidoreductase. Like the Ech hydrogenase from
Methanosarcina species, these enzymes may be necessary to reduce low-
potential ferredoxins for the reduction of CO2 as catalyzed by the formyl-MFR
reductase. A deletion in the ehb operon of Mc. maripaludis showed the mu-
tant strain had severely impaired growth in minimal medium. Both acetate
and yeast extract were necessary to restore growth to nearly wild-type lev-
els, suggesting that Ehb is involved in anabolic CO2 assimilation (Porat et al.
2006).

4.4
Heterodisulfide Reductase

As mentioned above the heterodisulfide reductase has a key function in the
energy metabolism of methanogens (Fig. 3d). The enzyme catalyzes the re-
duction of CoM-S-S-CoB generated in the final step of methanogenesis. Two
types of heterodisulfide reductases were characterized from distantly related
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methanogens (Hedderich et al. 1990; Heiden et al. 1994; Simianu et al. 1998).
In Mt. marburgensis, and other obligate hydrogenotrophic methanogens the
enzyme is a soluble iron–sulfur flavoprotein composed of three subunits
HdrA, HdrB and HdrC (Hedderich et al. 1994). HdrA contains a FAD-binding
motif and four binding motifs for [4Fe – 4S] clusters. HdrC contains two
binding motifs for [4Fe – 4S] clusters. Evidence has been presented that the
catalytic center is formed by subunits HdrC and HdrB. The second type
of heterodisulfide reductase is found in Methanosarcina species (Fig. 3d)
(Heiden et al. 1994; Simianu et al. 1998). It is composed of two subunits,
a membrane-anchoring b-type cytochrome (HdrE) and a hydrophilic iron–
sulfur protein (HdrD). The latter subunit is regarded as a hypothetical fusion
protein of subunits HdrC and HdrB of the Mt. marburgensis enzyme (Kuenkel
et al. 1997) and comprises the catalytic center in Methanosarcina species.
The active site harbors a [4Fe-4S] cluster, which is directly involved in the
disulfide cleavage reaction (Hedderich et al. 2005). The two types of het-
erodisulfide reductases use different physiological electron donors. HdrDE
receives reducing equivalents from the reduced methanophenazine pool via
its b-type cytochrome subunit whereas HdrABC forms a complex with the
F420-nonreducing hydrogenase (Mvh) which is located in the cytoplasm after
cell lysis (Setzke et al. 1994). The mechanism of energy conservation in obli-
gate hydrogenotrophic methanogens is still unknown.

4.5
Structure and Function of the Methyltetrahydromethanopterin:
Coenzyme M Methyltransferase, a Primary Sodium Ion Pump

Growth as well as methanogenesis is strictly sodium ion dependent (Per-
ski et al. 1981, 1982) and the methyltetrahydromethanopterin:coenzyme M
methyltransferase was identified to be responsible for the Na+ dependence
of the pathway (Müller et al. 1988b; Gärtner et al. 1993; Weiss et al. 1994;
Lienard et al. 1996). The enzyme couples the methyltransfer from methylte-
trahydromethanopterin to CoM with vectorial transport of Na+ across the
cytoplasmic membrane, and is the first example of a methyltransferase cat-
alyzing ion transport across a membrane. Because the central pathway is
reversible, this enzyme functions as a generator of a sodium ion poten-
tial during methanogenesis from CO2 or acetate (Fig. 1), but the reaction is
endergonic and driven by the sodium ion potential in the course of methyl-
group oxidation (Müller et al. 1988a). Unlike the cytochromes and the re-
sulting differences in the electron-transport chains, the methyltransferase is
found in every methanogen and there is no reason to assume different reac-
tion mechanisms.

The energetics of the methyltransferase was first investigated using cell
suspensions of Ms. barkeri and the substrate combination H2 + HCHO. Upon
addition of the substrate, sodium ions were actively extruded from the cy-
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toplasm, resulting in the generation of a transmembrane Na+ gradient of
– 60 mV (Müller et al. 1988b). A Na+/formaldehyde stoichiometry of 3 to
4 was determined using cell suspensions (Kaesler and Schönheit 1989), but
proteoliposomes containing the purified methyltransferase from Ms. mazei
catalyzed an electrogenic Na+ transport with a stoichiometry of 1.7 mol Na+

per mol methyl-H4MPT demethylated (Lienard et al. 1996).
The methyltransferase was purified from Mt. thermoautotrophicus and Ms.

mazei Gö1 (Gärtner et al. 1993; Lienard et al. 1996). Six subunits were found
in the Ms. mazei enzyme, with apparent molecular masses of 34, 28, 20, 13,
12 and 9 kDa. It contains a [4Fe – 4S] cluster with a E′

0 of – 215 mV and
a “base on” cobamide with a standard reduction potential of – 426 mV for
the Co2+/1+ couple (Lu et al. 1995; Lienard et al. 1996). In Mt. thermoau-
totrophicus, eight subunits were found, with apparent molecular masses of 34
(MtrH), 28 (MtrE), 24 (MtrC), 23 (MtrA), 21 (MtrD), 13 (MtrG), 12.5 (MtrB),
and 12 kDa (MtrF) (Fig. 4). The purified enzyme contains two mol corrinoid,
eight mol nonheme iron, and eight mol acid-labile sulfur (Gärtner et al. 1993;
Harms et al. 1995). The encoding genes have been sequenced from a number
of methanogens, and they are organized in an operon in the order mtrED-
CBAFGH. Hydrophobicity plots indicate that all of the subunits except MtrA
and MtrH are hydrophobic and potentially membrane-bound. The mem-
brane localization of MtrD was confirmed experimentally for Ms. mazei Gö1,
Mt. thermoautotrophicus and Methanocaldococcus (Mc.) jannaschii (Ruppert
et al. 2001). This subunit may be directly involved in Na+ transport (Lienard
and Gottschalk 1998).

Fig. 4 The Na+-motive methyltetrahydromethanopterin:coenzyme M methyltransferase of
methanogenic archaea. For explanations see text. Adapted from Gottschalk and Thauer
2001
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The corrinoid that catalyzes the methyltransfer is Coα-[α-(5-hydroxybenz-
imidazolyl)]-cobamide (factor III) (Poirot et al. 1987; Gärtner et al. 1993,
1994). The cofactor in its super-reduced Co(I) form accepts the methyl group
from methyltetrahydromethanopterin, giving rise to a methyl-Co(III) inter-
mediate. In the second partial reaction, this methyl-Co(III) is subjected to
a nucleophilic attack, probably by the thiolate anion of CoM, to give rise to
methyl-CoM and regenerated Co(I) (Fischer et al. 1992; Gärtner et al. 1994).

CH3 – H4MPT + E : Co(I) → H4MPT + E : CH3 – Co(III) (9)

E : CH3 – Co(III) + HS – CoM → CH3-S-CoM + E : Co(I) . (10)

Reaction 9 has a free-energy change of – 15 kJ/mol and is not stimulated by
sodium ions. On the other hand, demethylation of the enzyme-bound corri-
noid (Eq. 10) is also accompanied by a free-energy change of – 15 kJ/mol, and
this reaction was sodium-ion-dependent, with half-maximal activity obtained
at approximately 50 µM Na+. This finding indicates that the demethylation of
the enzyme-bound corrinoid is coupled to sodium-ion translocation (Weiss
et al. 1994) (Fig. 4).

MtrA was overexpressed, purified from E. coli and successfully reconsti-
tuted with cobalamin. EPR spectroscopic studies indicate that the cobalamin
is in the “base off” form and that the axial ligand is a histidine residue
of MtrA (Harms and Thauer 1996). From this observation, a hypothetical
mechanism was formulated for coupling the methyltransfer reaction to ion
transport via a long-range conformational change in the protein (Harms and
Thauer 1996). It is known that cob(II)alamin and cob(III)alamin, but not
cob(I)alamin, carry an axial ligand. Methylation of cob(I)alamin gives rise
to a methylcob(III)alamin, which is then able to ligate the histidine residue;
demethylation leads to a reversal of this reaction. It is easily conceivable that
binding and dissociation of the histidine residue with the corrinoid lead to
a conformational change in the hydrophilic part of the enzyme. This change is
then transmitted to the membrane-bound subunits, giving rise to Na+ trans-
port.

5
ATP Synthesis in Methanogens

Methanogens are the only microorganisms known to produce two primary
ion gradients, ∆µNa+ and ∆µH+, at the same time (Schäfer et al. 1999; Müller
et al. 2005a). They are, therefore, confronted with the problem of coupling
both ion gradients to the synthesis of ATP. How this is achieved is still a mat-
ter for debate. Inhibitor studies using whole cells suggested the presence of
two distinct ATP synthases in Mt. thermoautotrophicus and Ms. mazei. It
was suggested that they have a F1FO ATP synthase that couples with Na+
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and a A1AO ATP synthase that couples with H+ (Becher and Müller 1994;
Smigan et al. 1994, 1995). However, later it turned out that the genomes of
these two species only encode a A1AO ATP synthase. The same is true for all
other methanogens sequenced so far, except two that contain potential F1FO
ATP synthase genes in addition to the A1AO ATPase. Ms. barkeri strain MS
contains a gene cluster that potentially encodes proteins with similarity to
subunits of a F1FO ATP synthase; however, the order of the genes is differ-
ent from any other F1FO ATP synthase gene cluster, the deduced γ subunit is
very unusual and presumably nonfunctional, and no gene encoding subunit δ

was found. Since a mRNA transcript could not be detected in cells grown on
methanol it is doubtful that the F1FO-like genes are expressed in Ms. barkeri
(Lemker and Müller, unpublished). A gene cluster potentially encoding pro-
teins with similarity to subunits of a F1FO ATP synthase is also present in Ms.
acetivorans but whether it indeed encodes an active ATPase has not been ad-
dressed. Most likely, the F1FO ATPase genes present in these two methanogens
have arisen from horizontal gene transfer.

The presence of only the A1AO ATP synthase poses the question whether
the enzyme translocates Na+, H+ or both. A definite answer can not be given
at the moment due to the lack of a functional proteoliposome system. Al-
though the first entire A1AO ATPase has been recently purified (Lingl et al.
2003), so far it could not be reconstituted in a coupled state into liposomes.
Also, Na+ dependence of ATP hydrolysis could not be addressed due to the
lack of a suitable buffer system. However, in every methanogen sequenced
so far, the membrane embedded rotor subunit, subunit c, that catalyzes the
ion transport has a motif similar to the Na+ binding motif identified ex-
perimentally in F1FO ATP synthase and V1VO ATPases (Müller 2004; Meier
et al. 2005; Murata et al. 2005). This makes it highly likely that the A1AO ATP
synthase can use both, Na+ and H+. If not, the electrochemical sodium gradi-
ent across the cytoplasmic membrane of methanogens such as Ms. mazei or
Ms. barkeri could be converted to a proton potential by action of a Na+/H+

antiporter. Interestingly, the genome of Ms. mazei encodes three such sec-
ondary transporters but their function in cellular bioenergetics has not been
studied.

5.1
Structure and Function of the A1AO ATP Synthase from Methanogens

The ATP synthases/ATPases arose from a common ancestor and, therefore,
A1AO ATP synthases share properties with both the eukaryal V1VO ATPase
and the F1FO ATP synthase as present in bacteria, chloroplasts and mitochon-
dria. The overall subunit composition and the primary sequence of the major
subunits A and B is more closely related to V1VO ATPases than to F1FO ATP
synthases but their function clearly is to synthesize ATP. Therefore, archaeal
ATP synthases are very unique, ancient energy converters and phylogenetic
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analyses clearly revealed that they form a separate class of ATPases, the A1AO
ATP synthases/ATPases (Müller et al. 1999).

The A1AO ATP synthases from methanogens are hitherto the best inves-
tigated specimen of A1AO ATP synthases. The A1AO ATP synthase has at
least nine subunits (A3:B3:C:D:E:F:H:a:cx) (Müller and Grüber 2003; Müller
et al. 2005a,b). The A1 complex of archaeal ATP synthases has a pseudo-
hexagonal arrangement of six peripheral globular masses, reflecting the ma-
jor subunits A and B, as proposed from two dimensional images of the ther-
moacidophilic archaea Sulfolobus acidocaldarius and Ms. mazei Gö1 (Lübben
et al. 1988; Wilms et al. 1996). Despite several attempts over the years, so
far only one A1AO ATP synthase, from Mc. jannaschii, could be purified
without loss of subunits (Lingl et al. 2003). Mc. jannaschii is a hyperther-
mophile that grows optimally at 85 ◦C. The ATPase was solubilized by Triton-
X-100 and purified by gel filtration and ion exchange chromatography to
apparent homogeneity. The first projected structure of an intact A1AO ATP
synthase was determined by electron microscopy of single particles at a reso-
lution of 1.8 nm (Coskun et al. 2004a). The enzyme has an overall length of
25.9 nm and is organized in an A1 headpiece (9.4 × 11.5 nm), and a mem-
brane domain AO (6.4 × 10.6 nm), that are linked by a central stalk about
8 nm in length (Fig. 5). A part of the central stalk is surrounded by a col-

Fig. 5 Structure and subunit topology of A1AO ATP synthases. The cartoon shows the
enzyme from Mc. jannaschii with only five monomers of the rotor subunit
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lar. The collar is connected to the top of the A1 portion via a peripheral
stalk, and in addition, there is a second peripheral stalk that connects the AO
with the A1 domain.

The overall structure of an A1 subcomplex was obtained by small angle
X-ray scattering of an ABCDF subcomplex heterologously produced in E. coli.
It is asymmetric, with a headpiece that is approximately 94 Å long and 92 Å
wide and a stalk with a length of approximately 84 Å and 60 Å in diameter
(Grüber et al. 2001; Lemker et al. 2001, 2002) (Fig. 5). Global structural alter-
ations occur in the A1 ATPase due to nucleotide binding. Subunits C and F are
exposed stalk subunits, whereas subunit D is the functional homolog of the
γ subunit of F1FO ATPases (Grüber et al. 2001; Coskun et al. 2002).

Recently, high-resolution structures of the noncatalytic A and the catalytic
B subunits of A1AO ATP synthases were obtained. The structure of subunit A
was determined at a resolution of 2.55 Å and shown to contain four domains
(Maegawa et al. 2006). One represents an insertion of about 90 amino acids
that is absent in the homologous β subunit of F1FO ATP synthases and cor-
responds to the “knob-like structure” seen in electron micrographs suggested
to be involved in connecting the peripheral stalk to the AB-assembly (Coskun
et al. 2004a,b). The noncatalytic subunit B binds ADP and ATP, but with
a weaker affinity than subunit A. The overall structure, as determined at 1.5 Å
resolution, is similar to that of the related α subunit of F1FO ATP synthases;
however, like in the V1VO ATPases, the P-loop is missing in subunit B of the
methanoarchaeal ATP synthase (Schäfer et al. 2006b). The first low-resolution
shape of subunit F of the A1AO ATP synthase from the archaeon Ms. mazei
Gö1 in solution was determined by small angle X-ray scattering (Schäfer et al.
2006a). The protein is monomeric and has an elongated shape, divided in
a main globular part with a length of about 4.5 nm, and a hook-like domain
of about 3.0 nm in length. Subunit D can be cross-linked to the catalytic A
subunit depending on nucleotide binding. This interaction between A and
D involves the N- and C-termini of subunit D (Coskun et al. 2002), whose
secondary structures are predicted to be α helical (Wilms et al. 1996), as de-
scribed for both termini of subunit γ of F1. Cross-linking studies provide
evidence that subunit B and F interact with each other and the contact sur-
face of B–F could be mapped in the high-resolution structure of subunit B of
the A1AO ATP synthase. Furthermore, D–E, A–H, and A–B–D crosslinks were
obtained in the intact A1AO ATP synthase. Taken together, these data suggest
the topology of subunits depicted in Fig. 5.

5.2
The Unique Membrane-Embedded Rotor of A1AO ATP Synthases

The AO domain contains only two membrane-intrinsic subunits, a and c
(cf. Fig. 5). Subunit a is the stator and subunit c builds the rotor of this
membrane-embedded motor. Rotor subunits have been purified and char-
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acterized from some archaea and in almost every case they were shown
to be of Mr ≈ 8000 with two transmembrane helices (Müller 2004). This
size corresponds to the size of the c subunit from F1FO ATP synthases and
was until now assumed to be the reason for the F1FO-like properties of
the A1AO ATP synthases, i.e. their function as ATP synthases. However, Mt.
thermautotrophicus has a duplicated and Mc. maripaludis and M. jannaschii
have triplicated c subunits. Apparently, these c subunits arose by gene du-
plication and triplication, respectively, with subsequent fusion of the genes
(Ruppert et al. 1999, 2001; Müller et al. 2005b, Lewalter and Müller 2006).
In the case of Mt. thermautotrophicus, the ion binding site is conserved in
helix two and four, but in Mc. jannaschii and Mc. maripaludis it is only
conserved in helix four and six, in helix two it is substituted by a glu-
tamine residue. The genome sequence of Methanopyrus kandleri revealed
another extraordinary feature: the A1AO ATP synthase genes are located in
one cluster, and the gene encoding the c subunit is 13-times the size of the
gene encoding an 8-kDa c subunit. The sequence predicts a c subunit of
97.5 kDa comprising 13 covalently linked hairpin domains (Slesarev et al.
2002)! These domains have a highly conserved sequence (55.9 to 86.3%),
and the ion-binding site is conserved in helix two of every hairpin domain.
However, post-transcriptional and post-translational modifications can not
be excluded and, therefore, the extraordinary size of the c subunit has to be
verified by other means.

It should be mentioned that the extraordinary variation in c subunits in
archaea is not restricted to methanogens. The pyrococci Pyrococcus furiosus,
Pyrococcus horikoshii and Pyrococcus abyssi are anaerobic archaea that have
a fermentative metabolism. Interestingly, their c subunit genes arose by du-
plication and subsequent fusion of a precursor gene coding for one hairpin
(Müller 2004). The duplicated c subunit with two covalently linked hairpins
has an ion binding site in hairpin two but not in one. Therefore, the c subunit
of the A1AO ATP synthases from pyrococci is identical to the 16-kDa c subunit
of eukaryal V1VO ATPases. This finding gives further evidence that 16-kDa
c subunit with only one ion binding site in two hair pins are not an exclusive
feature of eukarya.

The rotor stoichiometry has not been solved for any A1AO ATP synthase
but two important conclusions regarding the structure of the rotor and the
function of the enzyme can be drawn. For structural considerations, it is as-
sumed for the sake of simplicity that the rotor contains 12 hairpins. This
would accommodate 12 copies of the 8-kDa c subunits from most archaea, six
of the one from Mt. thermautotrophicus and pyrococci, and four of M. jan-
naschii. These rotors are multimeric, but the number of subunits decreases in
this order. A comparison to the optimal and maximal growth temperatures
reveals a striking correlation of the number of rotor subunits to the optimal
and maximal growth temperatures. The higher the growth temperature of the
organisms the fewer the number of subunits per rotor. The extreme is en-
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countered in the presumably monomeric rotor of M. kandleri that thrives at
110 ◦C. It should be kept in mind that the rotor subunits are embedded into
the membrane and are shielded from heat protective mechanisms present in
the cytoplasm. Therefore, they are directly exposed to the heat and it is easily
conceivable that the increase of covalently-linked rotor subunits increases the
stability and supports the function of the rotor in the cytoplasmic membrane
at high temperatures.

For the function of the enzymes, the number of ion-translocating residues
per rotor unit is important. The capability to synthesize ATP is directly de-
pendent on the number of ions translocated per ATP synthesized. According
to ∆GP = – n ·F ·∆p, a phosphorylation potential (∆GP) of ∼ 50 to 70 kJ/mol
is sustained by the use of n = 3–4 ions/ATP at a physiological electrochemical
ion potential of – 180 mV (∆p). Assuming a rotor with 12 ion-translocating
groups and a catalytic domain with three αβ/AB pairs and thus three ATP
binding sites, this gives exactly the number of four ions required thermo-
dynamically for ATP synthesis. This is apparently realized in most archaeal
ATPases found to date. However, a special case is the rotor of Mc. jannaschii
and Mc. maripaludis that have only eight ion-binding sites (assuming 12 hair-
pin domains per rotor). Apparently, 2.6 carboxyl groups per catalytic center
are already sufficient for ATP synthesis.

6
Concluding Remarks

Archaea are truly fascinating microbes that live under conditions that are,
from a human perspective, extreme. Some of them are “ancient” and de-
veloped in the early history of life. During evolution, they kept their ecolog-
ical niches and their physiological properties. Therefore, we have a window
through which we can glance at very early life processes, including mechan-
isms of energy conservation. Methanogens are hitherto the best investigated
archaea with respect to energy metabolism, they have very unique enzymes
involved in energy conservation only found in methanogens, they employ
Na+- and H+-based energetics and their ATP synthases have an outstanding
variety of rotor subunits. Unfortunately, there is no high-resolution struc-
ture of any of the energy conserving enzymes available, this is still a chal-
lenging task for future studies. The structure-function analyses are still in
their infancy, but genetic techniques have improved and heterologous ex-
pression systems may lead to the quantities required for structural analyses.
The emerging pictures of the F420H2 dehydrogenase and the ATP synthase
shows that the structure determination of energy-conserving enzymes in
methanogens is well on its way and promises interesting new structures
in the future.
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Abstract Adenosine triphosphate (ATP) is used as a general energy source by all living
cells. The free energy released by hydrolyzing its terminal phosphoric acid anhydride
bond to yield ADP and phosphate is utilized to drive various energy-consuming reac-
tions. The ubiquitous F1F0 ATP synthase produces the majority of ATP by converting
the energy stored in a transmembrane electrochemical gradient of H+ or Na+ into
mechanical rotation. While the mechanism of ATP synthesis by the ATP synthase it-
self is universal, diverse biological reactions are used by different cells to energize the
membrane. Oxidative phosphorylation in mitochondria or aerobic bacteria and pho-
tophosphorylation in plants are well-known processes. Less familiar are fermentation
reactions performed by anaerobic bacteria, wherein the free energy of the decarboxy-
lation of certain metabolites is converted into an electrochemical gradient of Na+ ions
across the membrane (decarboxylation phosphorylation). This chapter will focus on the
latter mechanism, presenting an updated survey on the Na+-translocating decarboxylases
from various organisms. In the second part, we provide a detailed description of the F1F0
ATP synthases with special emphasis on the Na+-translocating variant of these enzymes.

1
Introduction

Adenosine triphosphate (ATP) is used as a general source of chemical energy
by all living cells. The free energy released in hydrolyzing its terminal phos-
phoric anhydride bond to yield ADP and phosphate is utilized to drive var-
ious energy-consuming reactions, e.g., biosyntheses, membrane transport,
regulatory networks, mechanical movements, nerve conduction, etc. Accord-
ingly, the demand for ATP is impressive, amounting to a daily turnover of
50 kg in a human on average. In order to maintain a constant supply of ATP
and to complete the cell energy cycle, its terminal phosphoric anhydride bond
has to be continuously regenerated from ADP and phosphate. Individual cells
may dispose of several distinct catabolic reaction sequences leading to ATP
synthesis by substrate-level phosphorylation in the cytoplasmic compartment
of the cell. The underlying mechanism involves storage of metabolic energy as
an energy-rich phosphate bond and transfer of the phosphate moiety to ADP
to yield ATP.

By far the greatest amount of ATP, however, is synthesized at the membrane
by the ubiquitous F1F0 ATP synthase. This multicomponent protein complex
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is able to convert the free energy stored in an electrochemical gradient of
protons or Na+ ions across the membrane into the high-energy phosphoric
anhydride bond of ATP. While the mechanism of ATP synthesis by the ATP
synthase itself is universal, distinct reactions are used by different cells or or-
ganelles to energize the membrane. In photosynthesis by plants, the thylakoid
membrane of chloroplasts is energized by light to generate an electrochem-
ical gradient of protons, and consequently ATP synthesis in these organelles
is termed photophosphorylation. In mitochondria or aerobic bacteria, oxida-
tion reactions drive proton flux through the respiratory chain complexes to
charge the membrane, and ATP synthesis in these organelles or cells is there-
fore termed oxidative phosphorylation. Several anaerobic bacteria perform
fermentation reactions, in which the free energy of the decarboxylation of
a certain metabolite is converted into an electrochemical gradient of Na+ ions
across the membrane. The thus stored energy is used to drive ATP synthesis in
a process termed decarboxylation phosphorylation (for reviews see Dimroth
1997, 2004; Buckel 2001). In this chapter we will focus on the latter mechanism.
We will first give a state-of-the-art overview of the Na+-translocating decar-
boxylases and succeed with a detailed description of the F1F0 ATP synthases.
Special emphasis will be given to Na+ translocation and torque generation by
the Na+-translocating variant of these enzymes.

2
Fermentation Pathways with Na+-Transport Decarboxylases (NaT-DC)

2.1
Fermentation of Citrate

The fermentation of tri- or dicarboxylic acids by various bacteria includes
a decarboxylation reaction which is coupled to Na+ translocation across the
membrane (Dimroth 2004). This mode of energy conversion (Bush and Saier
2002) was first recognized for oxaloacetate decarboxylase of Klebsiella pneu-
moniae (Dimroth 1980, 1982a,b). The membrane-bound enzyme complex is
induced during anaerobic growth on citrate, where it catalyzes a specific step
of citrate metabolism. After uptake into the cell by the Na+-dependent cit-
rate carrier CitS (Pos and Dimroth 1996), citrate is cleaved by citrate lyase
into acetate and oxaloacetate. The latter is subsequently converted to CO2
and pyruvate by the membrane-bound oxaloacetate decarboxylase sodium
ion pump. Pyruvate is converted to acetyl-CoA and formate by pyruvate
formate lyase, and part of the formate is cleaved to CO2 and H2 by for-
mate hydrogen lyase. Acetyl-CoA is further metabolized to acetyl phosphate
by phosphotransacetylase, and acetate kinase converts acetyl phosphate and
ADP to acetate and ATP. A peculiarity of this pathway is the mode of syn-
thesis of NAD(P)H for biosynthetic reactions. While most bacteria growing
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fermentatively are faced with the problem of getting rid of reducing equiv-
alents (mainly NADH) formed by the oxidation of the growth substrates,
citrate fermentation by K. pneumoniae includes no oxidative steps and NADH
is not generated. However, as the mean oxidation status of citrate is above
average for cellular components, the cells require reducing equivalents for
citrate assimilation. It has been shown that hydrogen generated in the for-
mate hydrogen lyase reaction provides the reducing equivalents for NAD(P)H
formation from NAD(P)+ by a soluble or a membrane-bound hydrogenase
(Steuber et al. 1999).

Overall, the citrate fermentation pathway produces 1 mol ATP per mol cit-
rate by substrate-level phosphorylation in the acetate kinase reaction, and in
addition, an electrochemical gradient of Na+ ions is generated by the oxaloac-
etate decarboxylase. The chemical concentration gradient of Na+ is used to
drive citrate uptake by the electroneutral Hcitrate2–/Na+/H+ symporter (CitS)
(Pos and Dimroth 1996), and the electrical component of the ∆µNa+ is as-
sumed to contribute driving force for ATP synthesis by the H+-translocating
F1F0 ATP synthase, which is constitutively expressed in this organism.

In K. pneumoniae, the structural genes for oxaloacetate decarboxylase are
part of the gene cluster for citrate fermentation, which comprises two oper-
ons (citS and citC operons) with divergent orientation (Bott and Dimroth
1994; Bott et al. 1995; Bott 1997). The citS operon includes the genes for the
citrate carrier (citS), the three structural genes for oxaloacetate decarboxy-
lase (oadGAB), and a two-component regulatory system (citAB). The genes
of the citC operon encode citrate lyase ligase (citC), the three subunits of
citrate lyase (citDEF), and an enzyme involved in the biosynthesis of its 2′-(5′′-
phosphoribosyl)-3′-dephospho-CoA prosthetic group (citG) (Schneider et al.
2000a,b). An additional gene required for the prosthetic group biosynthesis
(citX) has been found at a distant location, clustered with the two-component
regulatory system (citYZ) and another citrate carrier (citW) (Schneider et al.
2002).

Data bank searches revealed genes for oxaloacetate decarboxylase in nu-
merous anaerobic bacteria and in some archaea. Some of these organisms
even possess several oxaloacetate decarboxylase genes. In Salmonella ty-
phimurium, two copies of the oad genes have been identified, one being
inserted into the citrate fermentation operon and expressed during anaer-
obic growth on citrate, and the other being associated with genes required
for tartrate fermentation and expressed under anaerobic growth on tartrate
(Wifling and Dimroth 1989; Woehlke et al. 1992; Woehlke and Dimroth 1994).
Vibrio cholerae also has two copies of the oad genes; the oad-2 genes are part
of the citrate fermentation operon and are expressed during anaerobic growth
on citrate (Dahinden et al. 2005a). The oad-1 genes are not associated with
genes for a specific fermentation pathway and conditions for their expression
are unknown. The archaeon Archaeoglobus fulgidus contains a cluster of three
oad genes. The gene for the oxaloacetate specific carboxyltransferase sub-
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unit is not part of this cluster but found at a separate location of the genome
(Dahinden and Dimroth 2004). Furthermore, the genome contains a gene for
a methylmalonyl-CoA specific carboxyltransferase. It is conceivable that these
different carboxyltransferases form sodium ion translocating decarboxylase
complexes with different substrate specificity, and share the three proteins
that are encoded by the oad gene cluster.

2.2
Fermentation of Succinate or Lactate

Methylmalonyl-CoA decarboxylase is another member of the NaT-DC en-
zyme family. It has been characterized in lactate fermenting Veillonella
parvula (Hilpert and Dimroth 1982, 1983; Huder and Dimroth 1993) and in
succinate fermenting Propionigenium modestum (Bott et al. 1997). The de-
carboxylase converts (S)-methylmalonyl-CoA to propionyl-CoA and CO2 and
conserves energy by coupling the exergonic decarboxylation reaction to the
transport of Na+ ions across the membrane. In both bacteria, methylmalonyl-
CoA decarboxylation is an essential step in the metabolism of succinate to
propionate and CO2 (Dimroth and Schink 1998; Schink and Pfennig 1982). In
spite of these similarities, only P. modestum but not V. parvula is able to grow
from the conversion of succinate to propionate and CO2. In V. parvula, the
conversion of succinate to propionate is part of the lactate fermentation path-
way, which produces sufficient ATP for growth by substrate-level phosphory-
lation. ATP production by decarboxylation phosphorylation is therefore not
mandatory in this organism, and its inability to grow on succinate may in fact
be due to the lack of a suitable F1F0 ATP synthase (Denger and Schink 1982).

Propionigenium modestum was the first bacterium shown to gain en-
ergy for growth exclusively from a decarboxylation reaction and is thus the
paradigm for the mechanism of decarboxylation phosphorylation (Fig. 1)
(Hilpert and Dimroth 1982; Hilpert et al. 1984). Succinate metabolism starts
with the transfer of the CoA moiety from propionyl-CoA to succinate to
yield succinyl-CoA and propionate. Rearrangement of the carbon skeleton
of succinyl-CoA with a B12-dependent enzyme leads to (R)-methylmalonyl-
CoA, which is subsequently converted to (S)-methylmalonyl-CoA. The
membrane-bound (S)-methylmalonyl-CoA decarboxylase conserves energy
by coupling the decarboxylation reaction to the transport of Na+ ions across
the membrane. The product propionyl-CoA is used to activate a new suc-
cinate molecule to succinyl-CoA. The energy stored in the electrochemical
gradient of Na+ ions is subsequently used to drive ATP synthesis by a Na+-
translocating F1F0 ATP synthase. Given the bioenergetic demands for ATP
synthesis in growing bacteria (∼60 kJ/mol) (Thauer et al. 1977) and the free
energy of the decarboxylation reaction (∼ – 20 kJ/mol) (Schink and Pfen-
nig 1982), it is clear that approximately three rounds of succinate degradation
are required to support the synthesis of one molecule of ATP. The bioener-
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Fig. 1 ATP synthesis by decarboxylation phosphorylation in P. modestum

getic relationships require a proper adjustment of the ratios between chemical
reaction and Na+ translocation of the two membrane-bound complexes op-
erating in tandem. Methylmalonyl-CoA decarboxylase has been shown to
translocate one Na+ ion electrogenically and one Na+ ion electroneutrally (in
exchange for H+) across the membrane per decarboxylation event (Hilpert
and Dimroth 1991; DiBerardino and Dimroth 1996). For the synthesis of
one molecule of ATP, 3.3 Na+ ions need to traverse the ATP synthase elec-
trogenically (Stahlberg et al. 2001; Dimroth and Cook 2004). These ratios
thus perfectly match the requirements for ATP synthesis by decarboxylation
phosphorylation in P. modestum.

2.3
Fermentation of Malonate

Anaerobic malonate degrading bacteria are yet another example for the in
vivo ATP synthesis by decarboxylation phosphorylation. A representative of
this class of organisms is Malonomonas rubra which grows fermentatively on
malonate by converting it to acetate and CO2 (Dehning and Schink 1989).
Malonate uptake into the cell has been shown to be catalyzed by a transporter
consisting of two different subunits (MadL and MadM). The transported
species is Hmalonate– and this is taken up in an electroneutral symport with
one Na+ ion into the cell (Schaffitzel et al. 1998). Free malonate is chemically
inert, and therefore the malonate degrading enzyme machinery (Hilbi et al.
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1992; Dimroth and Hilbi 1997) harbors an activation module with a built-in
acetyl thioester residue on a 2′-(5′′-phosphoribosyl)-3′-dephospho-CoA pros-
thetic group on an acyl carrier protein (acetyl-ACP) (Berg et al. 1996, 1997).
This device serves to transfer the ACP moiety from acetate to malonate in
the first partial reaction, thus generating the activated malonyl-ACP species
and acetate. The degradation continues with the transfer of the free carboxyl
group of malonate to the prosthetic biotin group of a small biotin carrier pro-
tein (Berg and Dimroth 1998). The protein with the carboxybiotin residue
diffuses to a membrane-bound decarboxylase, where the carboxybiotin is de-
carboxylated. This reaction is coupled to the transport of two Na+ ions out
of the cell and a simultaneous uptake of one proton into the cell. As a result,
one Na+ ion is exported from the cell electrogenically (together with a posi-
tive charge), but the other is exported electroneutrally (in exchange for H+). It
can be envisaged that the latter recycles into the cell during malonate uptake
by the electroneutral Hmalonate–/Na+ symporter (Schaffitzel et al. 1998). The
electrogenically exported Na+ ions are thought to energize ATP synthesis.
Details of the ATP synthesizing enzyme of this bacterium have not yet been
elucidated. The bioenergetic premises of ATP synthesis in M. rubra, however,
are similar to those in P. modestum, requiring about three decarboxylation
events to synthesize one molecule of ATP. M. rubra and P. modestum are two
examples where ATP is exclusively synthesized by decarboxylation phospho-
rylation. These organisms are distinct with respect to the dicarboxylic acid
degraded and the appropriate enzyme equipment needed to decarboxylate its
specific substrate, but share the conservation of chemical energy as an elec-
trochemical Na+ ion gradient.

2.4
Fermentation of Glutarate

Decarboxylation phosphorylation is also the ATP-generating mechanism in
Pelospora glutarica, a strictly anaerobic bacterium growing on glutarate as
sole carbon and energy source (Matthies and Schink 1992a; Matthies et al.
2000). The metabolism of glutarate starts with its activation to glutaryl-CoA
by CoA transfer from acetyl-CoA. Subsequently, the glutaryl-CoA is oxidized
by a NAD+-dependent dehydrogenase to glutaconyl-CoA. The key energy
conserving reaction is the decarboxylation of glutaconyl-CoA to crotonyl-
CoA by a membrane-bound biotin-containing Na+ pump that shares many
properties with other members of the NaT-DC enzyme family. Reduction of
crotonyl-CoA to butyryl-CoA with NADH regenerates the NAD+ consumed
in the glutaryl-CoA dehydrogenase reaction, and CoA transfer to acetate pro-
duces butyrate and generates the acetyl-CoA consumed in the activation of
glutarate. Part of the butyryl-CoA isomerizes to isobutyryl-CoA, before the
CoA moiety is transferred to acetate, yielding acetyl-CoA and isobutyrate
(Matthies and Schink 1992b). Glutaconyl-CoA decarboxylase is also a key en-
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ergy converting reaction in the fermentation of glutamate by Acidaminococ-
cus fermentans, and the enzyme from this source has been well characterized
biochemically (Buckel and Semmler 1983; Buckel 2001).

3
Structure and Mechanism of the NaT-DC Enzymes

The NaT-DC enzyme family includes oxaloacetate decarboxylase, methyl-
malonyl-CoA decarboxylase, glutaconyl-CoA decarboxylase, and malonate
decarboxylase. These are multisubunit protein complexes, composed of
water-soluble and membrane-intrinsic components. The biotin prosthetic
group of these enzymes accepts the CO2 moiety from the substrate at the
water-exposed carboxyltransferase site and delivers it to the membrane-
bound decarboxylase site, where the decarboxylation is coupled to Na+ ion
transport across the membrane. Many fundamental investigations have been
performed with the oxaloacetate decarboxylase, and we shall give a detailed
account of this enzyme below.

3.1
Oxaloacetate Decarboxylase Na+ Pump

As described above, oxaloacetate decarboxylase of K. pneumoniae, S. ty-
phimurium, or V. cholerae is encoded by the three structural genes oadG, oadA,
and oadB, which are part of the citS operon within the citrate fermentation
gene cluster (Woehlke et al. 1992). oadG codes for the γ subunit (8.9 kDa)
which consists of an N-terminal hydrophobic α helix serving as a membrane
anchor and a water-soluble C-terminal domain, which is linked to the mem-
brane domain by a flexible linker peptide consisting mainly of proline and
alanine residues. The γ subunit plays an essential role in the complex forma-
tion of the decarboxylase, but appears to have no catalytic function by itself
(Schmid et al. 2002a). Near the C terminus, the γ subunit contains a Zn2+ metal
ion (Dimroth and Thomer 1983; DiBerardino and Dimroth 1995). oadA codes
for the water-soluble α subunit (63.5 kDa) which has a three domain structure.
The N-terminal domain, which harbors the carboxyltransferase catalytic site,
is bound via a flexible proline/alanine-rich linker peptide to the association do-
main, which promotes complex formation with the γ subunit (Dahinden et al.
2005b). At its C terminus, another proline/alanine linker connects the associa-
tion domain to the biotin domain with the prosthetic group bound to a lysine
residue, 35 amino acid residues before the C terminus. The crystal structure of
the carboxyltransferase shows a dimer of α8β8 barrels with an active site Zn2+

ion at the bottom of a deep cleft that is liganded by an aspartate and two his-
tidine residues (Studer et al. 2007). oadB codes for the β subunit (44.9 kDa),
a very hydrophobic integral membrane protein that folds into a block of three
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N-terminal membrane-spanning α helices, a hydrophobic linker peptide, in-
serting into the membrane but not traversing it, and a block of six C-terminal
membrane-spanning α helices (Jockel et al. 1999).

A model of structure and function of the oxaloacetate decarboxylase Na+

pump is depicted in Fig. 2. The catalytic cycle starts with the transfer of
the carboxylic group from oxaloacetate to the biotin prosthetic group on
the enzyme. The carboxyl transfer reaction is proposed to follow a two-
step sequence. First, the Zn2+ ion is thought to coordinate the carboxylate
in position 4 of oxaloacetate to facilitate its transfer to the ε-amino group
of a conserved, essential, active site lysine residue. The biotin subsequently
accepts the carboxyl group from the carbamoyl-lysine intermediate (Studer
et al. 2007). Evidence for a carbamoyl-lysine was found in the crystal struc-
ture of the 5 S subunit of transcarboxylase which catalyzes exactly the same
reaction as OadA (Hall et al. 2004). The carboxybiotin thus formed switches
from the carboxyltransferase catalytic site to the decarboxylase site on OadB
(Dimroth and Thomer 1983, 1993). It has been proposed that the Zn2+ on
the C-terminal tail of the γ subunit coordinates the carboxyl group of car-
boxybiotin during the transfer to protect the chemically labile compound
from spontaneous decarboxylation (Studer et al. 2007). At OadB the decar-
boxylation takes place, and the free biotin group is regenerated. During this
Na+-dependent reaction, a periplasmically derived proton is consumed and
two sodium ions are translocated from the cytoplasm into the periplasm
(DiBerardino and Dimroth 1996). Essential residues for this reaction have
been identified by site-specific mutagenesis of OadB (Jockel et al. 2000a,b;
Schmid et al. 2002b). Based on these studies and other biochemical investi-
gations, a model for the reaction mechanism was proposed which is shown

Fig. 2 Model of structure and function of the oxaloacetate decarboxylase Na+ pump.
(B-H, biotin; B-CO2

–, carboxybiotin; Lys, biotin-binding lysine residue)
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in Fig. 3. The model predicts that a number of highly conserved and func-
tionally indispensable residues on helices IV and VIII and on region IIIa of
OadB are involved in the ion translocation mechanism. At the decarboxylase
site on OadB, the carboxybiotin is thought to form a stable complex, possibly
with the side chain of R389 at the cytoplasmic surface of helix VIII. Site-

Fig. 3 Model for decarboxylation of carboxybiotin and vectorial Na+ transport. The appro-
priate locations of important residues in helix IV, VIII, and in region IIIa of the βsubunit and
their participation in the Na+ transport mechanism are depicted. Panel A shows the empty
binding site region with enzyme-bound carboxybiotin (B-CO2

–), exposing the Na+ binding
sites toward the cytoplasm. In panel B, the first Na+ binding site at the D203-N373 pair has
been occupied and the second Na+ enters the Y229-S382 site, displacing the phenolic proton
from Y229 with a rearrangement of the hydrogen-bonding network. The proton delivered
to the carboxybiotin causes the immediate decarboxylation of this acid labile compound.
This elicits the conformational change (B→C) exposing the Na+ binding sites toward the
periplasm. The ions are released into this reservoir and a proton enters the periplasmic
channel and restores the hydroxyl group of Y229. In panel D, the Na+ binding sites are empty
and exposed toward the periplasm and the biotin is not modified (B→H). Upon carboxyla-
tion of the biotin, the protein switches back into the conformation where the Na+ binding
sites are exposed toward the cytoplasm (D→A)
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directed sulfhydryl labeling with methanethiosulfonate reagents has identi-
fied helix VIII to align the channel for Na+ and H+ conductance across the
membrane (Wild et al. 2003). Evidently, the proton which moves from the
periplasmic reservoir through this channel must reach the carboxybiotin near
the cytoplasmic surface to account for the consumption of a proton in the
decarboxylation reaction. According to the model (Schmid et al. 2002b), the
Na+ channel is initially open to the cytoplasm. In this conformation, the two
different Na+ binding sites are of high affinity (Ks ∼1 mM). The first Na+ is
thought to bind at a site near the periplasmic surface (center I), which in-
cludes the side chains of D203 and probably also of N373. Subsequently, the
second Na+ binds to the Y229 and S382 including site (center II). At this in-
tegral membrane location (center II) the Na+ ion will only be tolerated after
charge balancing, i.e., after dissociation and removal of a proton from the site.
The proton from the phenolic hydroxyl group of Y229 is therefore assumed to
dissociate as the Na+ ion is approaching and to move to the carboxybiotin,
where it is consumed during decarboxylation of this acid-labile compound.
Concomitantly, the biotin prosthetic group leaves the site and OadB changes
its conformation. This exposes the Na+ binding sites toward the periplasm
and simultaneously decreases their Na+ binding affinities. The Na+ ions dis-
sociate into the periplasmic reservoir, while a proton enters the periplasmic
channel and restores the hydroxyl group of Y229. Hence, each decarboxyla-
tion event is coupled to the transport of two Na+ ions from the cytoplasm to
the periplasm and the consumption of a periplasmically derived proton.

The amino acid sequences of the membrane-embedded β subunits of the
NaT-DC family are very similar, and therefore these partial enzymes are
thought to act by a common reaction mechanism. Distinct primary struc-
tures are found, however, for the carboxyltransferase subunits/domains, sug-
gesting that these partial enzymes operate by different mechanisms. The
crystal structures of the carboxyltransferase of glutaconyl-CoA decarboxylase
(Wendt et al. 2003) and oxaloacetate decarboxylase (Studer et al. 2007) are in-
deed not related to each other and indicate a different reaction mechanism for
each of them.

4
ATP Synthesis Energized by an Electrochemical Na+ Ion Gradient

4.1
H+- and Na+-Translocating ATP Synthases

The mechanism of decarboxylation phosphorylation is completed by the syn-
thesis of ATP, utilizing the electrochemical gradient of Na+ ions as energy
source. The enzyme responsible for ATP synthesis is a Na+-translocating F1F0
ATP synthase. F1F0 ATP synthases are ubiquitous from bacteria to plants and
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animals, but usually use H+ rather than Na+ as the coupling ion (Boyer 1993;
Capaldi and Aggeler 2002; Dimroth et al. 2006). This is reasonable, since the
oxidation of nutrients in animals or bacteria or photosynthesis in plants leads
to the formation of an electrochemical proton gradient across the membrane.
Some bacteria with a fermentative metabolism, e.g., P. modestum, M. rubra, or
P. glutarica, synthesize ATP exclusively by decarboxylation phosphorylation,
while others can synthesize ATP also by substrate-level phosphorylation. De-
tailed studies have been performed with the closely related ATP synthases from
P. modestum and Ilyobacter tartaricus. The P. modestum enzyme was the first
F1F0 ATP synthase found to act with Na+ and not with H+ as the physiologi-
cal coupling ion (Laubinger and Dimroth 1987, 1988, 1989). The advantage of
this coupling ion specificity is to provide a direct link to the Na+-translocating
decarboxylase, completing the Na+ cycle without an intermediate interconver-
sion of a Na+ into a H+ gradient with a Na+/H+ antiporter. The ATP synthases
of P. modestum, I. tartaricus, or Escherichia coli are encoded by eight struc-
tural genes that are organized in an operon (Krumholz et al. 1992; Kaim et al.
1992). The first gene of the operon, which is termed i gene, encodes an inte-
gral membrane protein that is not part of the ATP synthase complex. In an
i gene deletion clone of E. coli, the cells were still able to synthesize ATP by
the F1F0 ATP synthase, albeit at a reduced level (Gay 1984). This suggests that
the i gene product is not essential for the production of a functional ATP syn-
thase complex, but that it might help to make the assembly more efficient.
Downstream of the i gene are the structural genes for the ATP synthase, start-
ing with the gene for subunit a. This is followed by the genes for the other
membrane-bound subunits c and b and by the genes for the water-soluble sub-
units δ, α, γ, β, and ε. The similarity between the atp operons from P. modestum
and E. coli allowed the construction of hybrid ATP synthases harboring parts
from either bacterium (Kaim and Dimroth 1993, 1994). The hybrids were con-
structed in the E. coli strain CM1470 that carries a deletion in the genes for
the ATP synthase subunits a, c, b, δ, and part of α. As this strain does not
form a functional ATP synthase, it is unable to grow by oxidative phosphory-
lation with succinate as carbon source. This defect could be complemented by
transformation with plasmid pAP42 which harbors those ATP synthase genes
from P. modestum that were lacking on the chromosome of E. coli CM1470.
As a result of homologous recombination, the P. modestum genes were inte-
grated into the chromosome of E. coli CM1470, yielding the new strain E. coli
PEF42, which synthesizes a functional ATP synthase hybrid and is thus able to
grow on succinate minimal medium. These results impressively buttress the
common origin of H+- and Na+-translocating F1F0 ATP synthases. The Na+-
translocating ATP synthases occur exclusively in anaerobic bacteria. Other
representatives of this class were found in Acetobacterium woodii (Müller et al.
2001) and in Clostridium paradoxum (Ferguson et al. 2006).

The F1F0 ATP synthases are nanosize rotary engines, organized as an assem-
bly of two entities, F1 and F0, which are connected by a central and a peripheral
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stalk (Fig. 4). Each of these protein complexes functions as a reversible ro-
tary motor and exchanges energy with the opposite motor through mechanical
rotation of the central stalk. During ATP synthesis, the electrochemical ion gra-
dient fuels the membrane-embedded F0 motor to rotate the central stalk in its
intrinsic direction. Conversely, ATP hydrolysis by the F1 motor causes reverse
rotation of the shaft, which converts the F0 motor into an ion pump. Under nor-
mal circumstances, the F0 motor generates the larger torque and drives the F1
motor in the ATP synthesis direction. However, in fermenting bacteria, when
the respiratory enzymes are not active, the F1 motor hydrolyzes ATP to use the
F0 motor as the generator of the indispensable membrane potential. An inter-
esting example is the anaerobic thermoalkaliphilic bacterium C. paradoxum

Fig. 4 Cartoon of structure and function of a bacterial ATP synthase. F1 (sub-
units α3β3γδε) and F0 (subunits ab2c10–15) are two motors that exchange energy by
rotational coupling. The rotary subunits are γεc10–15 and the membrane anchored and
cytoplasmic stator subunits are ab2α3β3δ. During ATP synthesis, coupling ions (shown as
white circles) pass through the F0 motor from the periplasm to the cytoplasm, inducing
rotation and enabling the F1 motor to synthesize ATP
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(Ferguson et al. 2006), which generates ATP in the fermentation of glucose to
acetate and CO2, and uses these acids to keep the cytoplasmic pH near neutral
in spite of the alkaline environment. The physiological function of the F1F0 AT-
Pase of this organism is to generate a membrane potential by hydrolyzing some
of the ATP and in order to not compromise pH homeostasis, the ATPase uses
Na+ and not H+ as the coupling ion.

4.2
The F1 Motor

For the F1 motor, no differences between H+- and Na+-translocating ATP
synthases have been reported so far. The motor consists of a hexameric as-
sembly of alternating α and β subunits around a central coiled-coil γ subunit.
The F1 complex is intrinsically asymmetric, owing to different interactions
of the central γ subunit with each of the catalytic β subunits, and provides
them with different conformations and nucleotide affinities at their catalytic
sites. On rotation of the γ subunit, the conformations of the β subunits change
sequentially such that each β subunit adopts the same conformations of vary-
ing affinity during one rotational cycle. As a result, three molecules of ATP
are synthesized. This model, known as the binding change mechanism (Boyer
1993), explains a wealth of biochemical and kinetic data. Important details of
this mechanism, however, are still under active investigation. The rotational
model is consistent with the crystal structure of F1, which shows a marked
asymmetry in the conformations and nucleotide occupancy of the catalytic
β subunits (Abrahams et al. 1994). Based on the structure, the rotational catal-
ysis was experimentally proven by a variety of biochemical and spectroscopic
techniques. Most convincingly, the rotation of a micrometer-sized fluorescent
actin filament attached to the central shaft γ subunit has been directly visual-
ized by video microscopy of single F1 molecules (Noji et al. 1997). Rotation
was also observed when the actin filament was attached to subunit ε or to
the c10–15 oligomer (Kato-Yamada et al. 1998; Pänke et al. 2000; Sambongi
et al. 1999; Tsonuda et al. 2001). These studies confirmed several cross-linking
studies, which have been important to define subunits γ, ε, and c10–15 as the
rotor subunits and subunits α3, β3δ, a, and b2 as the stator subunits (Capaldi
et al. 2000). It was found that cross-links between subunits γ, ε, and c did not
block ATP-driven proton translocation, whereas cross-links between subunits
γ or ε and α or β led to an inhibition of the enzyme. Consistent with these data
is a medium-resolution electron density map of an F1 complex from yeast
with an attached c10 ring, which shows a physical connection between the γ

and ε subunits and the c ring at its cytoplasmic loops (Stock et al. 1999).
Single-molecule experiments with small magnetic or gold beads or with

fluorescent dyes instead of the large actin filament provided insights into
mechanistic details of the enzyme. Rotation in the fully coupled Na+-ATP syn-
thase was observed both in synthesis and hydrolysis mode (Kaim et al. 2002).
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Rotation of the rotor was counterclockwise in the ATP hydrolysis direction and
clockwise in the ATP synthesis direction, when viewed from the F0 domain
(Diez et al. 2004; Itoh et al. 2004), and performed up to 700 revolutions per
second (Nakanishi-Matsui et al. 2006). In F1, the γ subunit rotates in steps of
120◦ for each ATP molecule hydrolyzed. Each 120◦ step can be further divided
into four stages. In the ATP binding dwell, an ATP molecule binds to the empty
β1 site and elicits a rapid 80◦ substep rotation of the γ subunit. In the follow-
ing catalytic dwell, ATP is thought to be cleaved at the β2 site and ADP and/or
phosphate is released from the β3 site. This initiates a 40◦ substep rotation of
the γ subunit completing its 120◦ rotation (Yasuda et al. 2001; Nishizaka et al.
2004; Shimabukuru et al. 2003). The rotational behavior of F1F0 resembled that
of F1, indicating that friction in the F0 motor is negligible during ATP-driven
rotation. Tributyltin chloride, a specific inhibitor of the ion access route in sub-
unit a (von Ballmoos et al. 2004), inhibited rotation by 96% (Ueno et al. 2005),
in accordance with strict coupling between mechanical and ion translocation
events. When the performance of the F1 motor was probed by sophisticated
single-molecule experiments in femtoliter-sized chambers, the hydrolysis of
three ATP molecules per revolution was directly observed and showed very
high mechanochemical coupling (Rondelez et al. 2005). If the γ subunit of F1
was forced to rotate in the ATP synthesis direction, ATP synthesis from ADP
and phosphate was observed. Interestingly, the mechanochemical coupling ef-
ficiency was low for an F1 subcomplex lacking the ε subunit, but reached more
than 70% after the reconstitution with this protein (Rondelez et al. 2005). The
ε subunit thus has an important role in the synthesis of ATP, but the mechanism
for this function has not yet been elucidated.

4.3
The F0 Motor

The F0 motor is a membrane-bound protein complex consisting of an
oligomeric ring of c subunits, a single a subunit, and a dimer of b subunits,
which flank the c ring laterally (Mellwig and Böttcher 2003; Rubinstein et al.
2003). Early on, the c subunit has attracted much interest, because of its very
hydrophobic character and its small size, which facilitated its purification by
extraction into organic solvent mixtures. Based on amino acid sequencing and
specific labeling studies with a hydrophobic diazirine derivative, subunit c was
predicted to fold as a helical hairpin, consisting of two membrane spanning
α helices and a cytoplasmic connecting loop (Hoppe et al. 1984). Importantly,
the C-terminal α helix contains a conserved acidic residue, approximately in
the middle of the membrane, which plays a profound role in proton transloca-
tion. Accordingly, mutagenesis of the respective aspartic acidic residue in E. coli
(D61) to asparagine, or its chemical substitution with the specific F-ATPase in-
hibitor dicyclohexylcarbodiimide (DCCD), results in the impairment of proton
translocation (Hoppe et al. 1982; Sebald et al. 1980). Hence, the D61 residues
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are thought to extract protons from one and deliver them to the other side of
the membrane, as the c ring rotates. Accordingly, the F0 motor of P. modes-
tum, which conducts Na+, harbors specific binding sites for Na+ on its c ring
(Kluge and Dimroth 1992; Kaim et al. 1997). Biochemical evidence for these
sites was obtained by DCCD labeling experiments (Kluge and Dimroth 1993a,b;
1994). The ATP synthase of P. modestum was specifically labeled at cE65, which
is equivalent to cD61 of E. coli. The chemical modification with DCCD con-
sumes a proton, and consequently the reaction rate increased from alkaline to
acidic pH values, following a titration curve with an apparent pK of 6.5, which
reflects the pK of cE65 (Kluge and Dimroth 1993a). Importantly, Na+ ions pro-
tected from this modification and shifted the pK of cE65 into the acidic range,
indicating a competition of Na+ and H+ binding to the same site.

The Na+ binding sites on the c ring were confirmed by mutational studies.
First, random mutagenesis of the c ring and selection for Na+-independent
growth on succinate minimal medium led to the identification of a double mu-
tant in subunit c, which abolished Na+ binding and made the holoenzyme to
a more efficient H+-translocating ATP synthase (Kaim and Dimroth 1995). As
these c-subunit mutations are near the C terminus, in considerable distance to
the ion binding glutamate 65, they must exert their effect via a long-distance
conformational change at the binding site. Second, using site-specific mutage-
nesis, the Na+ binding site was identified to be contributed by the triad cQ32,
cE65, and cS66 (Kaim et al. 1997). These three residues are conserved in all
Na+-translocating F1F0 ATP synthases. In the high-resolution structure of the
c ring from I. tartaricus, the side chains of these three amino acids were in-
deed seen to be Na+ binding ligands (Meier et al. 2005). The topography of the
binding site within the middle of the membrane was identified by photocross-
linking experiments using a photoactivatable DCCD derivative attached to
cE65 (von Ballmoos et al. 2002a). This became specifically bound to the fatty
acid side chains of the phospholipids. Quenching experiments with a fluor-
escent DCCD derivative attached to cE65 and phospholipids carrying a spin
label at different positions of the fatty acid side chains were consistent with this
membrane location (von Ballmoos et al. 2002b).

4.4
Subunit C Structures

Two different structures of the E. coli c subunit were solved by NMR at pH 5
and 8, respectively, in an organic solvent mixture (Girvin et al. 1998; Ras-
togi and Girvin 1999). In the pH 5 structure, which is thought to present
the conformation during exposure to the lipids, D61 has an inward facing
orientation. In the pH 8 structure, however, which is thought to represent the
conformation in the interface with subunit a, D61 is exposed to the surface.
The latter conformation matches cross-linking data between subunits c and
a (Jiang and Fillingame 1998). To account for these results, a c ring model
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was proposed, in which the C-terminal helix performs a large 140◦ swivel-
ing versus the N-terminal helix (Fillingame et al. 2003) in the interface with
subunit a. This relocates the proton binding D61 to the surface to permit load-
ing or unloading of the site from and to subunit a. NMR investigations of the
P. modestum c subunit revealed different secondary structures in SDS and in
the organic solvent mixture, and neither was similar to one of the E. coli c sub-
unit structures (Matthey et al. 1999, 2002). Therefore, an artifactual folding
of the protein due to the unphysiological environment of a c monomer in an
organic solvent mixture or a harsh detergent could not be excluded.

In the native ATP synthase, the c subunits assemble into an oligomeric
ring, the stoichiometry of which varies depending on the species. Rings
with ten monomers exist in yeast mitochondria (Stock et al. 1999), the ther-
mophilic bacterium PS3 (Mitome et al. 2004), and possibly in E. coli (Jiang
et al. 2001), whereas rings found in the bacterium I. tartaricus (Stahlberg
et al. 2001) and P. modestum (Meier et al. 2003) have 11 monomers. The ar-
chaeon Methanopyrus kandleri harbors a gene in which 13 c subunits are
fused (Lolkema et al. 2003), suggesting that this organism produces a cor-
responding ring with 13 fused c subunits. Furthermore, ring stoichiometries
of 14 and 15 have been found in chloroplasts (Seelert et al. 2000) and the
cyanobacterium Spirulina platensis (Pogoryelov et al. 2005), respectively. An
even larger ring with 20 hairpins resulting from ten double-size subunits and
harboring ten ion binding sites exists in the V-type ATPase from Enterococcus
hirae (Murata et al. 2005). The number of subunits in each ring also indi-
cates the number of ions transported across the membrane during each cycle
of the ATP synthase. Consequently, as the F1 motor contains three catalytic
sites and synthesizes three molecules of ATP per cycle, a variation in the num-
ber of c subunits and ion binding sites automatically leads to different H+

(Na+) to ATP ratios. ATP synthases with large c rings have a high H+ (Na+) to
ATP ratio, which would be advantageous for ATP synthesis at low ion motive
force. Conversely, ATP synthases with small c rings might prevail in organ-
isms with constantly high ion motive force: the low H+ (Na+) to ATP ratio
of these enzymes results in a more efficient use of energy. A mismatch to the
threefold symmetry of the F1 motor created by F0 motors with 10, 11, 13, or
14 c subunits has been regarded as functionally important (Stock et al. 1999;
Murata et al. 2004) in order to prevent the enzyme from becoming trapped in
deep energy minima. However, recent data from the c15 ring of the S. platensis
ATP synthase show that symmetry mismatch is not mandatory for function
(Pogoryelov et al. 2005).

4.5
Structure of the C Ring From I. tartaricus

The Na+-translocating ATP synthases of P. modestum or I. tartaricus have
the distinct advantage of containing an oligomeric c ring of excessive stabil-
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ity (Laubinger and Dimroth 1988; Neumann et al. 1998; Meier and Dimroth
2002). This facilitated the purification of the c ring from the I. tartaricus ATP
synthase in high yield and purity (Meier et al. 2003). The isolated c ring could
be reconstituted with subunits a and b to form a functional F0 moiety, indicat-
ing that it retained its native conformation (Wehrle et al. 2002a). The initial
investigations on the c ring structure were performed by atomic force mi-
croscopy and electron microscopy after reconstitution into lipid vesicles and
crystallization in two dimensions (Stahlberg et al. 2001; Meier et al. 2003). The
structure was solved at medium resolution (4 Å) by electron crystallography
(Vonck et al. 2002) and at high resolution (2.4 Å) by X-ray crystallography
(Meier et al. 2004) (Fig. 5). In the structure of the oligomer, each c ring is com-
posed of 11 subunits. Of these, each monomer is folded as a helical hairpin
with the loop at the cytoplasmic side and the termini at the periplasmic side,
as was predicted earlier by independent methods (Girvin et al. 1998; Hoppe
et al. 1984). The structure (Fig. 5) shows a cylindrical, hourglass-shaped pro-
tein complex which has a height of ∼70 Å and protrudes from the membrane
on either side. Its outer diameter is ∼40 Å in the middle and ∼50 Å at the top

Fig. 5 Structure of the I. tartaricus c11 ring in ribbon form. A Individual subunits are
shown in different colors. The spheres indicate the bound Na+ ions. B Close-up of the Na+

binding site formed by the inner (N1) and outer helix (C1) of one c subunit and the outer
helix (C2) of the neighboring c subunit. Na+ coordination and selected hydrogen bonds
are indicated with dashed lines. The structure shows the locked conformation. During
opening, the side chain of Y70 might relocate into a cavity underneath the binding site,
thus destabilizing the hydrogen-bonding network and allowing unloading and loading of
the binding site to and from subunit a
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and bottom. The 11 N-terminal helices are closely spaced within an inner ring
surrounding a cavity of ∼17 Å. The tight helix packing leaves no space for
side chains and is accounted for by a highly conserved motif of four glycine
residues in the inner, N-terminal helix (Vonck et al. 2002). Each N-terminal
helix is connected to a C-terminal helix by a loop formed by the highly con-
served peptide R45, N46, P47 which is exposed to the cytoplasmic surface
(Watts et al. 1995; Hermolin et al. 1999). The C-terminal helices pack into the
grooves formed between N-terminal helices, producing the outer ring. All he-
lices show a bend of about 20◦ in the middle of the membrane (at P28 and
E65 in the N-terminal and C-terminal helices, respectively) causing the nar-
row part of the hourglass shape. Moreover, the bend tilts the helices in the
cytoplasmic half out of the plane by ∼10◦, yielding a right-handed twisted
packing. When the c ring is viewed from the cytoplasm, it rotates counter-
clockwise during ATP synthesis against the drag imposed by the F1 motor
components. Thus, the resulting torque might decrease the bend and increase
the interhelical distance in the cytoplasmic part of the c ring, depending on
the energies involved. Such a conformational change under load might serve
to store elastic energy in the c ring, adding to that described for the central
and peripheral stalk subunits (Junge et al. 2001). The internal surface of the
c ring is very hydrophobic and was shown by photocross-linking experiments
to be filled with phospholipids in the natural environment of the membrane
(Oberfeld et al. 2006).

Perhaps the most instructive feature of the c ring structure is the arrange-
ment of the Na+ binding sites. Eleven bound Na+ ions are seen in the c ring
structure near the middle of the membrane facing toward the outer surface of
the c ring (Fig. 5) (Meier et al. 2004), which confirms previous cross-linking
data (von Ballmoos et al. 2002a). Each of the 11 Na+ ions is bound at the in-
terface of an N-terminal and two C-terminal helices. The coordination sphere
is formed by side chain oxygen atoms of Q32 and E65 of one subunit and
the side chain oxygen atom of S66 and the backbone carbonyl oxygen atom
of V63 of the neighboring subunit (Fig. 5). An intriguing observation is that
E65 acts not only as one of the Na+ binding ligands but also as the recipient
of hydrogen bonds from the side chains of Q32, S66, and Y70. This arrange-
ment generates a stable, locked conformation of the binding site, from which
the horizontal transfer of Na+ to subunit a is prevented. This implies that the
present locked conformation of the binding site converts to an open one at the
subunit a/c interface in order to allow the horizontal ion transfer to and from
subunit a.

The a subunit abuts the c ring laterally and is implicated in providing ac-
cess to the ion binding site at the c subunit in the subunit a/c interface from
either one or both sides of the membrane, depending on the model. Subunit a
is an extremely hydrophobic protein containing five to six transmembrane
helices (Jäger et al. 1998; Long et al. 1998; Valiyaveetil and Fillingame 1998).
Of particular interest is the interface of the a subunit with the c ring, which
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has to guarantee the stability of the a/c complex while allowing an almost
frictionless rotation between these protein components, as revealed by single-
molecule experiments (Ueno et al. 2005). These peculiarities have impeded
structural determinations of subunit a. So far, biochemical and mutational
studies suggest that the universally conserved aR226 residue (P. modestum
numbering), which is localized approximately at the same level in the mem-
brane as the cE65, is important in ion translocation.

5
Mechanism of the F0 Motor

5.1
The Proton Motor

The F0 motor converts the energy stored in an electrochemical ion gradi-
ent into mechanical rotation. Hence, the torque generating mechanism is an
integral part of the transport of the coupling ions across the membrane. The-
oretical considerations and a large body of experimental data have led to the
proposal of several models for the F0 motor function, which are consider-
ably distinct in detail but share common features as well (Aksimentiev et al.
2004; Feniouk et al. 2004; Xing et al. 2004). The initial model of the H+-
driven motor of the E. coli ATP synthase (Junge et al. 1997; Vik and Antonio
1994) predicts that only a protonated, uncharged cD61 site can move from
the subunit a/c interface into the lipid phase. To account for sufficient torque
generation and to prevent proton leakage in the subunit a/c interface, the ini-
tial model was extended by positioning the essential positive stator arginine
between the access and the exit pathway of the ion (Elston et al. 1998). The
model predicts that inlet and outlet channels are located in a noncoaxial man-
ner in subunit a (Fig. 6). The ion is proposed to enter the site through the inlet
channel from the low-pH reservoir and to exit through the outlet channel into
the high-pH reservoir, after performing an almost complete rotation. The un-
protonated site is located between the two channels, and without an external
driving force the motor is in an idling mode, and the site shuttles between
the channels with equal probability to either side. In the presence of a ∆pH,
the proton concentration in each of the separate aqueous access channels is
unequal, and the site will be protonated more frequently at the position of
the channel with higher proton concentration. The protonated site is now able
to move out of the a/c subunit interface into the lipid phase. Simultaneously,
a new site enters the interface, where its ion is displaced by the stator arginine.
The negatively charged empty site acts as a ratchet, due to the large energy
penalty of its backward movement into the lipid phase. In this model, the pH
gradient determines the direction of rotation and simultaneously acts as the
main driving force for the generation of torque.
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Fig. 6 Model for torque generation in the H+- and Na+-translocating F0 motor. A Two-
channel model with a ratchet-type mechanism for H+-dependent enzymes. The crucial
events during ion translocation in ATP synthesis direction in the a/c interface can be di-
vided into four zones. (1) The occupied rotor site enters the interface and releases its
coupling ion through the outlet channel into the cytoplasm with high pH. Deprotona-
tion prevents the backward rotation into the lipid phase acting as a molecular ratchet.
(2) The negative charge of the binding site is compensated by the stator arginine. In this
functionally symmetric state, Brownian back and forth motions toward either channel are
possible. (3) As the inlet channel, which is in contact with the periplasm where the pH
is low, contains more protons than the outlet channel, which is in contact with the cyto-
plasm, the binding site is more frequently protonated from the periplasm. Therefore, the
∆pH determines the direction of rotation. (4) The loaded binding site can now move out
of the interface into the lipid bilayer, whereby the next binding site enters the interface
and experiences the events described in (1). B Push-and-pull model for Na+-dependent
enzymes. (1) In ATP synthesis direction, an occupied rotor site enters the interface from
the left and releases its bound Na+ ion toward the cytoplasm. This process is aided by the
stator arginine. (2) The arginine compensates for the now negatively charged empty site.
The horizontal component of the membrane potential, however, pulls the arginine to the
left and pushes the glutamate to the right. Therefore, the electrical component of the ion
motive force determines the direction of rotation from left to right. (3) The hydration of
the binding site within the inlet channel stabilizes this conformation and allows loading
of the binding site from the periplasm. Movement of the binding site from zone 2 to 3
pulls the next rotor site into the a/c interface as described in (1). (4) The binding site that
has been occupied from the periplasm is allowed to rotate out of the interface into the
lipid phase. The event is aided by a push mechanism during the events described in (2)

Experiments with engineered cysteines within helices II, IV, and V
show good accessibility of these residues from the periplasmic side to ap-
proximately the middle of the membrane, which would be in accord with
a periplasmic inlet channel. From the cytoplasmic surface, cysteines were
only accessible within helix IV, and those cysteines were very close to the
membrane surface (Angevine and Fillingame 2003; Angevine et al. 2003).
Conclusive evidence for a cytoplasmic access channel within subunit a is
therefore not available so far.
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5.2
The Sodium Motor

In contrast to the proton-translocating ATP synthases, where the path of
the ion across the membrane is intrinsically difficult to establish, the Na+-
translocating counterparts provide unique experimental options for these
investigations. For example, (1) Na+ concentrations on either side of the
membrane can be manipulated at will without compromising the stability
of the enzyme, (2) Na+ translocation can be conveniently measured with
the radioactive isotope 22Na+ (Dimroth 1982b) or with a Na+-binding fluo-
rophore (von Ballmoos and Dimroth 2004), and (3) screening methods can
be used to select for mutants with impaired or modified Na+ binding char-
acteristics. Many details of the ion translocation through the F0 motor and
of the mechanical rotation connected to it have therefore been explored with
the Na+-translocating ATP synthase of P. modestum. These experiments sup-
port a model where the ion binding sites on the c ring are accessible from
the periplasmic surface through a corridor in subunit a, and from the cyto-
plasmic surface through a route that is either c ring-intrinsic or within the
interface between the c ring and subunit a (Dimroth et al. 2006).

5.2.1
The Ion Path

In the following we will describe some of the experiments that have led to
the model of the sodium F0 motor and we will then give a detailed descrip-
tion of this model. E. coli deletion mutants in the atp operon are unable to
grow on a nonfermentable carbon source such as succinate. This defect could
be complemented by expressing the E. coli F1 (– δ) together with the P. mod-
estum F0 (+ δ) genes on a plasmid and thus allowed the construction and
investigation of mutants in the F0 genes of the Na+-dependent enzyme (Kaim
and Dimroth 1993, 1994). The parent E. coli/P. modestum hybrid ATP syn-
thase showed the same Na+-dependent growth characteristics as the F1F0
ATP synthase of P. modestum. In a random mutagenesis approach, mutants
with a Na+-independent growth phenotype could be isolated, which could be
grouped into two categories. Mutants of the first category contained a dou-
ble mutation in the C-terminal tail of subunit c (Kaim and Dimroth 1995).
The mutation affected the geometry of the binding site in such a way that
Na+ ions were no longer able to bind, whereas the ability for Li+ or H+

binding was retained. The second group of mutants contained a triple mu-
tation in subunit a, which affected the ion specificity of the periplasmic
access route to the binding site, so that Na+ access was abolished whereas
Li+ or H+ access was retained (Kaim and Dimroth 1998a). The mutant cells
could grow on succinate only in the absence, but not in the presence, of Na+

ions, suggesting that sodium ions were unable to get access to the binding
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site through the periplasmic entrance channel, and simultaneously prevented
protons from reaching the binding sites via this route. Furthermore, Na+

ions inhibited the ATP hydrolysis activity of the mutant ATP synthase, and
one Na+ per F1F0 became firmly occluded in the subunit a/c interface after
ATP addition (Kaim et al. 1998; Kaim and Dimroth 1998a). Hence, after ATP-
driven rotation of the binding site into the interface, any further rotation is
prevented if the Na+ ion cannot be released from the binding site into the
periplasm due to blockage of this route by the subunit a triple mutation. Be-
sides by mutation, the periplasmic access route for Na+ was also blocked by
the inhibitor tributyltin chloride (von Ballmoos et al. 2004). A photoactivat-
able derivative of this compound was found to specifically label subunit a.
Sodium ions were protected from this labeling, indicating a competition be-
tween tributyltin chloride and Na+ for the binding at the same site. The
most obvious candidate for this site is the Na+ access pathway. This supposi-
tion is in accord with biochemical data, showing that tributyltin chloride not
only blocks the hydrolysis of ATP, but also transport of sodium ions across
the membrane.

So far, neither inhibitors nor mutants have been found for the cytoplas-
mic access route to the binding site, and it is not resolved as to whether this
route is localized entirely in the c ring or in the interface between the c ring
and subunit a. Although several lines of evidence compellingly demonstrate
that cytoplasmic access to the binding site can occur outside the subunit a/c
interface in a time scale of seconds (von Ballmoos et al. 2002; Meier et al.
2003), it is not certain whether this ion path can account for physiologi-
cal rates in the millisecond timescale. Among these evidences are (1) the
demonstration of Na+ or H+ binding to the c subunit sites within the iso-
lated c ring; (2) ATP-driven occlusion of 22Na+ by the a subunit triple mutant,
even after partial modification of the c ring with DCCD (Kaim and Dimroth
1998b)—this observation compulsorily requires that the radioactive 22Na+

enters a site between the DCCD-modified c subunit and the a subunit; and
(3) the exchange of Na+ between both sides of the membrane with partially
DCCD-modified c subunits (Kaim and Dimroth 1998b). This result requires
shuttling of the rotor between the periplasmic access channel in the sub-
unit a/c interface and a position outside the a/c interface, where the ions must
exchange between the cytoplasm and the binding site.

5.2.2
The Driving Force

Experiments have also been performed to determine the driving forces re-
quired for torque generation. According to Mitchell’s chemiosmotic hypoth-
esis, the chemical concentration gradient of the coupling ion and the mem-
brane potential contribute equally to the driving force in a system at ther-
modynamic equilibrium. However, under physiological conditions, far from
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thermodynamic equilibrium, each individual component can contribute ki-
netically unequally to the driving force. It was found that in the absence of
external energy, the F0 motor, either isolated or connected to the F1 mo-
tor, performs an idling motion of the rotor versus the stator, which causes
Na+ ions to exchange between the exterior and interior compartments sepa-
rated by the membrane (Kluge and Dimroth 1992; Kaim and Dimroth 1998b).
Exchange by the isolated F0 motor is not converted into unidirectional rota-
tion coupled to unidirectional ion flux by applying large Na+ concentration
gradients, but only with a threshold membrane potential of about 40 mV
(Kluge and Dimroth 1992; Dimroth et al. 2003). Hence, the membrane po-
tential is the kinetically indispensable driving force for torque generation
and cannot be compensated by a Na+ concentration gradient. These results
were corroborated by ATP synthesis experiments with reconstituted ATP syn-
thases from P. modestum, E. coli, or chloroplasts. With each of these enzymes,
ATP synthesis was only observed after applying a certain membrane po-
tential and not with large Na+ or H+ concentration gradients (Kaim and
Dimroth 1999).

It is clear that the principal torque generating and ion translocation events
occur in the subunit a/c interface, and it would therefore be of great interest
to learn more about the critical parts of this protein assembly. As mentioned
above, probably the most important residue for function in subunit a is the
universally conserved arginine 226 (P. modestum numbering) near the mid-
dle of the penultimate transmembrane helix. Mutants of this residue in the
P. modestum a subunit have provided important insights into its role for the
operation of the F0 motor (Wehrle et al. 2002b). All the evidence is consis-
tent with an attribution of the positively charged residue to repel the Na+

ions from approaching binding sites into the appropriately positioned release
route to either the periplasmic or the cytoplasmic surface, depending on the
direction of rotation. The most conservative R226K mutant was completely
inactive in ATP-driven ion transport at pH 7.0, similar to the corresponding
E. coli mutant (Valiyaveetil and Fillingame 1997), but interestingly attained
catalytic power between pH 8 and 9. In the R226H mutation, the activity pro-
file was shifted into the acidic range, with maximal activities between pH 6.5
and 7.5. ATP synthase with an R226A substitution catalyzed Na+-dependent
ATP hydrolysis, which was completely inhibited by DCCD, but not coupled to
Na+ transport. Taken together, these results suggest that a positive charge at
position 226 is necessary to accomplish the dissociation of the Na+ ions from
approaching rotor sites. Furthermore, an arginine with its delocalized pos-
itive charge appears to be better suited for an unrestricted diffusion of the
negatively charged empty rotor site than a lysine with a positive point charge.
Hence, at neutral pH, when the lysine is completely protonated, it electrostat-
ically attracts a negatively charged rotor site so powerfully that the charge has
to be attenuated by its partial deprotonation at higher pH values, in order for
the rotor site to escape.
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5.2.3
The Model for Torque Generation

On the basis of these experimental data, a model for torque generation by
the Na+-translocating F0 motor was proposed which is in accordance with
mathematical calculations (Dimroth et al. 1999, 2006; Xing et al. 2004). In this
model, the binding sites in the rotor/stator interface have to interact in a coor-
dinated manner with the coupling ion, the positive stator charge (R226), and
the membrane potential, as shown schematically in Fig. 6 for the ATP synthe-
sis direction. During its journey through the interface with the stator, a rotor
site moves along a sequence of states as follows (Xing et al. 2004). As the oc-
cupied site (site 1) enters the a/c interface, it is in the vicinity of the positive
stator charge, which forces the bound sodium ion to dissociate. The nega-
tive charge of site 1 is now compensated by the positive stator charge. In the
idling mode, when no external energy source is applied, the rotor can shuttle
back and forth against the stator up to a certain angle. However, in the pres-
ence of a membrane potential (cytoplasmic negative), the movement becomes
directional (see below), bringing the empty site 1 in juxtaposition with the
periplasmic access route of subunit a. Upon hydration of the site, the free en-
ergy drops to trap it at its present position, until a Na+ ion has been bound. So
far the movement of site 1 has simultaneously pulled the next occupied rotor
site (site 2) into the a/c interface. Site 2 now follows the same events as site 1
before, to release its Na+ ion and to be pulled into juxtaposition with the sta-
tor charge, and this movement pushes the occupied site 1 out of the interface
into the lipid phase. Accordingly, two rotor sites operate together in a push
and pull fashion to achieve rotation of the rotor versus the stator.

To account for the essence of the membrane potential for torque gener-
ation (see above), it can be assumed that only part of it drops vertically
between the periplasmic channel entrance and its terminus in the middle of
the membrane and that between the latter and the terminus of the cytoplas-
mic access route, the membrane potential drops in a horizontal direction.
This horizontal potential causes the stator charge to orient toward the in-
coming rotor sites and the charged rotor site to become attracted to the
periplasmic entrance channel. Hence, the membrane potential acts as the
main kinetic driving force for unidirectional rotation and ATP synthesis.

The Na+ and the H+ motors are distinct in their use of the ion release path-
way, which is thought to be located in subunit a in the proton motor, whereas
evidence now suggests the presence of an ion release pathway in the c ring
of the sodium motor. The other main difference is in the energy source that
drives each F0 motor out of the relaxed, idling mode into unidirectional rota-
tion to produce torque. Apart from these differences, both models are similar.
Each motor operating in the direction of ATP synthesis performs a molecu-
lar cycle, in which a specific binding site on the c ring captures a coupling ion
from the side with high electrochemical potential and releases it to the side
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with low electrochemical potential. As loading and unloading of the binding
site can only be accomplished at defined positions at the subunit a/c interface,
ion translocation is closely connected to the rotation of the c ring. Hence, the
mechanical rotation is linked to the ion translocation events in the F0 mo-
tor components, and is transmitted through the camshaft-like rotating central
stalk into the ATP synthesizing F1 motor.
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Abstract Most reducing equivalents extracted from foodstuffs during oxidative metab-
olism are fed into the respiratory chains of aerobic bacteria and mitochondria by
NADH:quinone oxidoreductases. Three families of enzymes can perform this task and
differ remarkably in their complexity and role in energy conversion. Alternative or
NDH-2-type NADH dehydrogenases are simple one subunit flavoenzymes that completely
dissipate the redox energy of the NADH/quinone couple. Sodium-pumping NADH dehy-
drogenases (Nqr) that are only found in procaryotes contain several flavins and are inte-
gral membrane protein complexes composed of six different subunits. Proton-pumping
NADH dehydrogenases (NDH-1 or complex I) are highly complicated membrane pro-
tein complexes, composed of up to 45 different subunits, that are found in bacteria and
mitochondria. This review gives an overview of the origin, structural and functional
properties and physiological significance of these three types of NADH dehydrogenase.

1
Introduction

One of the universal principles of oxidative metabolism is that reducing
equivalents extracted from foodstuffs are transferred onto the pyridine nu-
cleotides NAD+ or NADP+ and are then fed into the quinone “pool” of the
respiratory electron transfer chain located in the cell membrane of archaebac-
teria and eubacteria, or in the inner membrane of mitochondria. In various
phyla, this reaction may be catalysed by three fundamentally different types
of respiratory NADH dehydrogenases: non-pumping “alternative” NAD(P)H-
dehydrogenase (also called NDH-2), sodium-pumping NADH dehydrogenase
(also called Nqr) and proton-pumping NADH dehydrogenase (also known as
complex I or NDH-1).

NDH-2 is found in eubacteria, archaebacteria, yeasts, fungi, and plants
(Kerscher 2000; Melo et al. 2004). Some bacteria like Sinorhizobium meliloti
1021 and Bradyrhizobium japonicum USDA 110, some lower eukaryotes like
Saccharomyces cerevisiae or Neurospora crassa, and plant mitochondria may
possess multiple alternative NAD(P)H-dehydrogenases. Nqr is found in vari-
ous eubacteria, including many marine species, but also in some well-known
human pathogens (Häse et al. 2001; Kogure 1998). Complex I (Brandt 2006)
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is found in eubacteria and the vast majority of eucaryotic organisms, with
few notable exceptions that include fermentative yeasts like S. cerevisiae.
Eubacterial genomes may encode any possible combination of the three
types of NADH:quinone oxidoreductases (Melo et al. 2004). A few exam-
ples of the distribution of NADH dehydrogenases in characteristic respiratory
chains are depicted in Fig. 1. Note that multiple versions of NDH-2 may
be present in fungi and plants on both sides of the inner mitochondrial
membrane.

The three families of NADH:quinone oxidoreductases are of completely in-
dependent evolutionary origin and have remarkably different catalytic mech-
anisms and levels of complexity. The most prominent difference is that the
free energy gap of around 0.4 V between NADH and ubiquinone is completely

Fig. 1 Occurrence of the three families of respiratory NADH dehydrogenases. A Prokary-
otes may contain all three types of NADH dehydrogenases. B Mitochondria from fungi
and strictly aerobic yeast may contain complex I and up to four different NDH-2-type de-
hydrogenases that may be oriented to both faces of the inner mitochondrial membrane.
C Mitochondria from fermentative yeasts do not contain complex I, but up to three NDH-
2-type dehydrogenases. D Mitochondria from higher eukaryotes only contain complex I.
Nqr sodium pumping NADH dehydrogenase, NDH-2 alternative NADH dehydrogenase,
Complex I proton-pumping NADH dehydrogenase
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dissipated by the alternative NADH dehydrogenases, while Nqr uses it to
pump sodium ions and complex I to pump protons. Thus the presence of dif-
ferent types of NADH dehydrogenases in the same cell allows for adjustments
of the flow of reducing equivalents to ensure e.g. ATP supply by oxidative
phosphorylation and at the same time sufficient regeneration of NAD+. How-
ever, little is known about the details of such regulatory relationships between
the different types of NADH dehydrogenases.

The purpose of this review is to provide a comprehensive overview of the
three types of respiratory NADH dehydrogenases to highlight differences in
subunit composition, structure and reaction mechanism.

2
“Alternative” or NDH-2-Type NADH Dehydrogenases

2.1
Characteristics

In contrast to the two other families of respiratory NADH dehydrogenases,
NDH-2-type enzymes do not contribute to the formation of a membrane
potential across the respiratory membrane. Procaryotic alternative NADH de-
hydrogenases are associated with the cytoplasmic face of the cell membrane,
but eucaryotic alternative NADH dehydrogenases can have either an external
or an internal orientation, and in many cases, several isoenzymes are found
(Fig. 1).

Only very few potent inhibitors are known for NDH-2-type enzymes. Pla-
tanetin (6-dimethylallyl-3,5,7,8-tetrahydroxyflavone) inhibits the external al-
ternative NADH:ubiquinone oxidoreductase activity of intact potato tuber
mitochondria with an I50 of 2 µM (Ravanel et al. 1990). In unsealed mito-
chondrial membrane preparations from the yeast Yarrowia lipolytica, HDQ
(1-hydroxy-2-dodecyl-4(1H)quinolone) inhibits NDH2 with an I50 of 200 nM
(Eschemann et al. 2005).

Typically, NDH-2-type enzymes consist of a single polypeptide chain with
a molecular mass of 50–60 kDa and contain a non-covalently bound molecule
of FAD as redox prosthetic group (Fig. 2). In several alternative NADH de-
hydrogenases from thermophilic archaebacteria, covalently attached FMN
is found instead of FAD (Bandeiras et al. 2002; Gomes et al. 2001). Non-
covalently bound FMN was reported to occur in the alternative NADH dehy-
drogenase from the parasite Trypanosoma brucei (Fang and Beattie 2002).

The flavine cofactor and the substrate NADH are bound to dinucleotide
binding motifs (Wierenga et al. 1985) consisting of β-strand-α-helix-β-strand
structures with GX(X)GXXG motifs at the junction between β-strand-1 and
α-helix-2. Typically, at the end of β-strand-2, there is an acidic or hydroxyl
amino acid residue that makes hydrogen bonds to the 2′ and 3′ OH groups
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Fig. 2 Cartoon of alternative NADH dehydrogenase (NDH-2)

of the adenine ribose of NADH (Lesk 1995). Some NADH dehydrogenases are
able to react with NADPH as well, but it is unclear how this difference corre-
lates with specific features of the primary sequence. Several alternative NADH
dehydrogenase sequences contain a Ca2+-binding EF hand motif (Melo et al.
2001; Rasmusson et al. 1999). On the basis of these sequence features, alter-
native NADH dehydrogenases have been classified into three groups (Melo
et al. 2004): enzymes from groups A and B possess two GX(X)GXXG motifs,
with a calcium binding motif present in group B only. All group C enzymes
identified so far either on the genome or the proteome level occur in ther-
mophilic archaebacteria. They are characterized by the presence of a single,
N-terminal GX(X)GXXG motif. From this observation, it may seem clear that
the first GX(X)GXXG motif in groups A and B represents the binding site
for the substrate NADH, while the second GX(X)GXXG motif represents the
FAD binding site. This view, however, is challenged by the known X-ray struc-
tures of a large number of related enzymes, in which the FAD binding site
corresponds to the first GX(X)GXXG motif (see below).

2.2
Physiological Roles

There is no definite answer as to why the respiratory chain of many plants,
yeasts, fungi and bacteria is branched at the NADH:ubiquinone oxidore-
ductase step. Functions that have been tentatively proposed for alternative
NADH dehydrogenases include elimination of excess reducing equivalents
(Raghavendra and Padmasree 2003), and prevention of formation of reactive
oxygen species (ROS) (Møller 2001). Nonetheless, there are isolated reports
indicating that alternative NADH dehydrogenases may promote ROS produc-
tion (Fang and Beattie 2003a). Only in a few cases have specific metabolic
roles of alternative NADH dehydrogenases been identified, some of which are
described in the following.
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In Azotobacter vinelandii, NDH-2 is a vital component of the respiratory
protection mechanism for the nitrogenase complex (Bertsova et al. 2001).
For Escherichia coli, it is known that while complex I is the major respira-
tory chain NADH dehydrogenase under anaerobic conditions, the alternative
enzyme prevails under aerobic or nitrate respiratory conditions. Under anaer-
obic conditions, ndh-2 is repressed by FNR, the regulator of fumarate and
nitrate reduction (Unden 1998; Unden and Bongaerts 1997). During anaer-
obic growth in rich medium, in the absence of FNR, ndh-2 expression is
activated by the amino acid response regulator (Green et al. 1997). Also, the
ndh-1 promoter is positively regulated by FIS during the transition from the
lag to the early exponential phase, the late exponential and the stationary
phase (Wackwitz et al. 1999). In addition to NADH:quinone oxidoreductase
activity, NDH-2 of E. coli has NADH-linked Cu2+ reductase activity (Rapis-
arda et al. 1999). This enzyme, and a group of closely related alternative
NADH dehydrogenases contain a HMA (heavy metal associated) consensus
pattern (Rapisarda et al. 2002), corresponding to pattern PS01047 in the
PROSITE database. The Cu2+ reductase activity of E. coli NDH-2 was reported
to improve bacterial growth in extreme copper concentrations and increase
the resistance to copper and hydrogen peroxide (Rodríguez-Montelongo et al.
2006).

In baker’s yeast, S. cerevisiae, ethanolic fermentation is the preferred mode
of glucose utilization even under aerobic conditions (Lagunas 1986). S. cere-
visiae is a Crabtree effect positive yeast, i.e. it shows inhibition of oxygen
consumption at high concentrations of glucose. S. cerevisiae lacks respiratory
chain complex I but does possess three alternative NADH dehydrogenases,
two external (SCNDE1 and SCNDE2) that are involved in the reoxidation of
cytosolic NADH and an internal one (SCNDI1) that acts as substitute for
the electron transfer function of complex I. In shake flasks, a mutant lack-
ing the major external alternative NADH dehydrogenase (nde1∆) and the
double deletion mutant (nde1∆, nde2∆) exhibited reduced specific growth
rates on ethanol and galactose but not on glucose (Luttik et al. 1998). Glucose
metabolism in aerated, glucose-limited chemostat cultures of these deletion
mutants was essentially aerobic. No ethanol and only traces of glycerol, which
are the secreted metabolites typically formed during anaerobic reoxidation of
cytosolic NADH, could be detected in culture supernatants. These findings in-
dicate that S. cerevisiae has additional ways to feed electrons from cytosolic
NADH into the mitochondrial respiratory chain. Candidate pathways are the
glycerol-3-phosphate dehydrogenase system and the ethanol-acetaldehyde
shuttle (Bakker et al. 2000; Luttik et al. 1998). Such shuttle mechanisms may
also explain why deletion of the internal enzyme NDI1 is still compatible with
respiratory growth on carbon sources that lead to NADH production not only
in the cytosol (through the operation of the glyoxylate cycle) but even more
so (through the operation of the citric acid cycle) in the mitochondrial matrix
(Bakker et al. 2000; Marres et al. 1991).
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Kluyveromyces lactis, like S. cerevisiae, is a facultatively anaerobic yeast,
but does not show a Crabtree effect. Activity of the pentose phosphate cycle
is higher in K. lactis, leading to higher cytosolic NADPH concentrations (Tar-
río et al. 2006a). Recent results indicate that the two external NDH-2-type
enzymes of K. lactis have an important function in the reoxidation of this
cofactor. Expression of KLNDE1 and KLNDE2 in the S. cerevisiae phospho-
glucose isomerase mutant, pgi1, restored growth in glucose, with KLNDE1
being more efficient. It was proposed that the lower KM for NADPH of KL-
NDE1 may be a major determinant of this difference (Tarrío et al. 2006b).

External alternative NADH dehydrogenase activity of mitochondria from
the obligate aerobic yeast Y. lipolytica depends on a single enzyme only,
termed YLNDH2 (Kerscher et al. 1999). A second locus encoding an NDH-
2-type enzyme (YALI0E05599g), which contains a Ca2+-binding EF hand
motif and is predicted to have an external localization, is present in the Y.
lipolytica genome as deposited at the genolevures website (http://cbi.labri.fr/
Genolevures/), but its metabolic role remains to be determined. Deletion of
YLNDH2 did not produce any appreciable growth defect, but deletions of nu-
clear genes for essential subunits of complex I were not viable in standard lab-
oratory strains of this yeast. Complex I mutants could only be generated after
a truncated version of YLNDH2 had been redirected to the mitochondrial
matrix by the N-terminal attachment of a mitochondrial import sequence
(Kerscher et al. 2001a). This strict requirement of a mitochondrial matrix
NADH dehydrogenase, which is in contrast to the situation in S. cerevisiae,
implies that shuttle systems for the translocation of reducing equivalents from
the matrix to the cytosol are either absent or inefficient in Y. lipolytica.

T. brucei, the parasite that causes African sleeping sickness has a dual
life cycle in the bloodstream of the mammalian host and in the insect vec-
tor. Trypanosomes in mammalian bloodstream lack well-developed mito-
chondria and meet their energy requirements by anaerobic glycolysis, while
trypanosomes in the insect host possess a large single mitochondrion with
a cyanide-sensitive, cytochrome-containing electron transport chain (Haj-
duk et al. 1992). Mitochondrial complex I has been partially purified from
these so-called procyclic forms (Fang et al. 2001), but alternative NADH de-
hydrogenase(s) are present as well. A novel type of internal alternative NADH
dehydrogenase has been described that exists as a dimer consisting of two
33 kDa subunits with non-covalently bound FMN as a cofactor and employs
a ping-pong mechanism (Fang and Beattie 2002). However, no sequence data
are available so far. A gene for a canonical alternative 54 kDa NADH dehydro-
genase (AY125472) has been detected in the T. brucei genome and catalytic
activity was detected following heterologous expression in E. coli (Fang and
Beattie 2003b). However, the orientation in T. brucei mitochondria and the
relationship to the 33 kDa subunit enzyme are unknown.

Plant mitochondria possess complex I and several alternative NADH de-
hydrogenases. Two cDNA clones from potato (Solanum tuberosum), termed
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St-nda1 and St-ndb1, were found to encode proteins localized to the inter-
nal and external sides of the inner mitochondrial membrane, respectively
(Rasmusson et al. 1999). NDB1 contains an insertion carrying an EF hand
motif for calcium binding, at the same sequence position as in the external
calcium-dependent NADPH dehydrogenase, NDE1, in N. crassa (Melo et al.
1999, 2001). Seven alternative NADH dehydrogenase genes have been identi-
fied in the genome of Arabidopsis thaliana. Two and four of them are related
to St-nda1 and St-ndb1, respectively, while the seventh one, At-ndc1, affiliates
with cyanobacterial NDH-2-type genes, suggesting that this gene entered the
eukaryotic cell via the chloroplast progenitor (note that At-ndc1 belongs to
group A, as defined in (Melo et al. 2004)). All of these genes are expressed
in several organs of the plant and expression of one of them (At-nda1) is
under circadian rhythm control, with peak expression early in the morning
(Michalecka et al. 2003).

Although mammals do not have NDH-2-type enzymes, expression of SC-
NDI1, the internal alternative NADH dehydrogenase from S. cerevisiae could
restore NADH:ubiquinone oxidoreductase activity in several mammalian
cells lines with defects in nuclear or mitochondrially coded complex I sub-
units (Bai et al. 2001; Seo et al. 1999; Yagi et al. 2006). In a rat dopaminergic
cell line (PC12) and a human neuroblastoma cell line (SK-N-MC), SCNDI1
expression efficiently reduced the oxidative stress caused by complex I in-
hibitors such as rotenone (Seo et al. 2006a). Following unilateral injection of
SCNDI1-recombinant adeno-associated virus particles into the substantia ni-
gra of mice, resistance to MPTP-induced neuronal injury was observed (Seo
et al. 2006b). Taken together, SCNDI1 holds the promise of a molecular rem-
edy for hereditary and acquired complex I defects.

2.3
Other Enzymes Related to Alternative NADH Dehydrogenases

Alternative NADH dehydrogenases belong to the “FAD/NAD-linked reduc-
tases” family as defined in the “Structural Classification of Proteins” (SCOP)
database accessible at http://scop.mrc-lmb.cam.ac.uk/scop/index.html. Mem-
bers of this family catalyse redox reactions with NADH and a variety of
electron acceptors. Multiple family members are present in all genomes, and
as an example, a T-COFFEE (Notredame et al. 2000) alignment of several
FAD/NAD-linked reductases from baker’s yeast, S. cerevisiae, is shown in
Fig. 3

• LPD1, GLR1 and TRR2 are members of an important subfamily of
FAD/NAD-linked reductases family, namely the flavoprotein disulfide re-
ductases. In addition to FAD, these enzymes use at least one non-flavin
redox centre, most commonly an enzymic disulfide (Argyrou and Blan-
chard 2004).
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Fig. 3� Alignment of several FAD/NAD-linked reductases from S. cerevisiae. LPD1 lipo-
amide dehydrogenase; IRC15 putative S-adenosylmethionine-dependent methyltrans-
ferase; GLR1 glutathione reductase; TRR2 mitochondrial thioredoxin reductase; NDE1,
NDE2, NDI1 NDH-2-type enzymes; AIF apoptosis inducing factor. Dinucleotide bind-
ing sites, identified by GXGXXG motifs and β-α-β structural folds, are indicated above
the alignment. Acidic or hydroxyl residues at the ends of β-strands-2 are indicated in
red, reactive cysteine pairs (in LPD1, GLR1 and TRR2) in yellow. Secondary struc-
ture prediction for SCNDE1 was done using the PROF (Ouali and King 2000) server at
http://www.aber.ac.uk/∼phiwww/prof/; the phylogram was drawn using PAUP (Swofford
1993)

• Dihydrolipoamide dehydrogenase (LPD) is the lipoamide dehydrogenase
component (E3) of the pyruvate dehydrogenase and 2-oxoglutarate dehy-
drogenase multi-enzyme complexes. Glutathione reductase (GLR) carries
out the NADPH-dependent reduction of oxidized glutathione (GSSG) to
yield free glutathione (GSH), a key antioxidant molecule.

• Thioredoxin reductases (TRR) are important antioxidant enzymes that
determine the redox state of thioredoxins (TRX), which act as disul-
fide reductases on cytoplasmic proteins. S. cerevisiae has two different
thioredoxin systems, a cytosolic (TRR1, TRX1 TRX2) and a mitochon-
drial (TRR2, TRX3) one. Mutagenesis studies have revealed that GLR1
and TRR2 have an overlapping function in the mitochondria (Trotter and
Grant 2005). In comparison with LPD1 and GLR1, the reactive cysteine
pair in TRR2 resides much further downstream in the primary sequence,
indicating that similar reaction mechanisms of flavoprotein disulfide re-
ductases are the result of convergent evolution.

• Human apoptosis inducing factor (AIF) was initially discovered by its
ability to induce signs of apoptotic cell death (chromatin condensation,
DNA fragmentation) in isolated nuclei. It is a flavoprotein with a molecu-
lar mass of 57 kDa, which, together with other proapoptotic factors like
cytochrome c (Kluck et al. 1997; Liu et al. 1996), is released from the mito-
chondrial intermembrane space and translocates to the nucleus to induce
the degradation phase of apoptosis (Susin et al. 1999). AIF appears to have
an additional role as an assembly or maintenance factor for mitochondrial
complex I: AIF depletion in mammalian cells, induced by homologous re-
combination or RNA interference, leads to high lactate production and
enhanced dependency on glycolytic ATP generation, due to severe reduc-
tion of respiratory chain complex I activity. Similarly, Harlequin mice with
reduced AIF expression due to a retroviral insertion display reduced ex-
pression of complex I subunits and reduced oxidative phosphorylation
in retina and in brain, leading to retinal degeneration and neuronal de-
fects (Vahsen et al. 2004). The molecular mechanisms underlying the vital
and lethal function of AIF are poorly understood but none of the pro-
posed models assumes that AIF can feed electrons into the mitochondrial
respiratory chain (Modjtahedi et al. 2006). The AIF family has two addi-
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tional members in humans, called AMID and AIFL. An X-ray structure
of human AIF has been solved and structural models for human AMID,
AIFL and S. cerevisiae AIF were constructed (Modjtahedi et al. 2006). AIF
from S. cerevisiae is phylogenetically equidistant to human AIF, AMID and
AIFL. The death effector function appears to be evolutionary conserved:
purified AIF was able to induce DNA degradation in isolated yeast nuclei.
Gene deletion and overexpression studies demonstrated that S. cerevisiae
AIF plays a role in cell death induced by oxidative stress and chronological
aging (Wissing et al. 2004).

• IRC15 is annotated as a putative S-adenosylmethionine-dependent methyl-
transferase in the Saccharomyces genome database at http://www.yeast
genome.org/.

2.4
Structural Model and Mechanistic Implications

No X-ray structure for any alternative NADH dehydrogenase has been
solved, but crystallization and preliminary structure determination of
NADH:quinone oxidoreductase from the extremophile Acidianus ambivalens
has been reported, and model building is in progress (Brito et al. 2006).
A structural model has been created for NDH2 from E. coli through com-
parative modelling, using NADH peroxidase from Enterococcus faecalis (PDB
entry: 2NPX) as a template (Schmid and Gerloff 2004). Both proteins share
structural features typical for members of the SCOP family “FAD/NAD-linked
reductases”. The N-terminal FAD and the C-terminal NADH binding domain
each contain a five-stranded parallel β-sheet, topped by a three-stranded an-
tiparallel β-sheet. The C-terminal domain is less well conserved and structure
prediction was not possible for the last 48 amino acids. The isoalloxazine ring
system of FAD and the nicotinamide moiety of NADH are in planar apposi-
tion in the structural model of E. coli NDH-2 and it has been proposed that
during catalysis, a triple sandwich is formed to allow electron transfer from
NADH via FAD to the quinone headgroup (Schmid and Gerloff 2004).

Kinetic studies with NDH-2 from Y. lipolytica, however, have demon-
strated that the reaction with NADH and n-decylubiquinone follows a ping-
pong mechanism (Eschemann et al. 2005), and the same mechanism was
observed for the reaction of partially purified SCNDI1 with NADH and the
artificial electron acceptor dichlorophenol-indophenol (Velázques and Pardo
2001). These findings exclude the formation of a ternary complex during
catalysis. A ping-pong mechanism may indicate either anti-cooperative bind-
ing of the substrates to two separate sites, an assumption that is implausible
for a simple redox reaction, or mutually exclusive binding to the same site.

At first sight, it may seem difficult to envision that a hydrophilic substrate
like NADH and a hydrophobic substrate like ubiquinone could bind to the
same pocket, but two lines of indirect evidence support the implications of
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Fig. 4 Structural models of different enzymes related to NDH-2. Homology model of
NDH-2 structure from E. coli, PDB: 1OZK (A, B, C), and X-ray structures of lipoamide
dehydrogenase from P. putida, PDB: 1LVL (D, E, F) and Homo sapiens AIF, PDB: 1M6I
(G, H, I), are shown as ribbon diagrams (A, D, G) and surface views (others). B, E, G have
the same orientation as A, D, G, while C, F, I are rotated along the vertical axis to reveal
the view indicated by the arrow in B. The grey bar in A indicates the approximate pos-
ition of the respiratory membrane. In all proteins, the FAD-binding domain is in magenta,
the NADH binding domain in green and the C-terminal domain in light orange. FAD and
NADH are shown as blue and light blue stick diagrams, respectively. In the lipoamide de-
hydrogenase structures, the reactive cysteine pair is indicated in yellow. Please note that
the nicotinamide ring in 1LVL does not seem to be in a catalytically relevant orientation.
The figure was prepared using PyMOL v0.99

the kinetic data: (i) while the ubiquinone “tail” is hydrophobic, the head-
group is not. It can be assumed that while the ubiquinone tail is confined
to the hydrophobic part of the phospholipid bilayer, the ubiquinone head-
group has the freedom to diffuse into the hydrophilic phosphodiester or the
surrounding aqueous phase of the membrane. In fact, indications for a dif-
fusion barrier, which can be modelled according to the concept of external
diffusional control (Goldstein 1976), have been observed for the reaction of
Y. lipolytica NDH2 with NADH and n-decylubiquinone (Eschemann et al.,
unpublished); (ii) in the structural model of E. coli NDH, the pocket that is
occupied by the nicotinamide moiety of NADH on the top side of the view
shown in models A and B of Fig. 4 is also accessible from the bottom side
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of the same view, i.e. from the face of the enzyme that is in contact with the
phospholipid bilayer.

A channel that connects the top and bottom sides of the enzyme and the
isoalloxazine ring system of FAD is clearly seen when the enzyme is rotated
by about 90 degrees along its horizontal axis (model C). It may be argued
that the significance of the model structure is limited, since the C-terminal
48 amino acids might occlude this channel. However, a similar channel can
be seen in the X-ray structure of the lipoamide dehydrogenase from Pseu-
domonas putida (models D–F). Mycobacterium tuberculosis lipoamide dehy-
drogenase can catalyse electron transfer from NADH to lipoamide and a var-
iety of quinones, including 2,6-dimethyl-1,4-benzoquinone and 5-hydroxy-
1,4-naphthoquinone with similar efficiencies and seems to utilize a ping-pong
mechanism with all these substrates (Argyrou et al. 2003). Also, it has been
proposed that the extra-mitochondrial reduction of ubiquinone by the three
flavoenzymes lipoamide dehydrogenase, glutathione reductase and thiore-
doxin reductase, makes an important contribution to the regeneration of this
powerful antioxidant (Nordman et al. 2003).

Planar apposition of the FAD isoalloxazine ring and the quinone head-
group is not without precedent. X-ray structures of human and mouse
NADH:quinone oxidoreductase (QR1), which protects cells from the deleteri-
ous and carcinogenic effects of quinoic compounds, have been solved both for
the apo- and the duroquinone bound form (Faig et al. 2000). In QR1, which
utilizes a ping-pong mechanism, the same binding pocket can accommodate
the two substrates NADH and duroquinone in a mutually exclusive fashion. It
is tempting to speculate that catalysis by NDH-2 proceeds via a similar mech-
anism, but eventually, X-ray structures of NDH-2, co-crystallized with each of
the two substrates will be needed to clarify this issue.

3
Sodium-Pumping NADH Dehydrogenases (Nqr)

3.1
Occurrence, Cellular Functions and Physiological Significance in Bacteria

Some marine and pathogenic bacteria, as well as certain extremophilic bac-
teria, have a special energy-transducing mechanism that is different from
those found in E. coli and most of the freshwater and terrestrial bacteria
(Häse et al. 2001; Kogure 1998). These bacteria require sodium for their
growth and utilize a Na+ gradient across their cytoplasma membrane that
serves as a driving force for various cellular functions like ATP synthesis,
Na+-dependent symport of nutrients or Na+-dependent motility (flagellar ro-
tation). The use of Na+ as a coupling ion can be explained by the difficulty in
generating a proton-motive force (pmf) under certain environmental condi-
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tions, e.g. in seawater where the external pH of about 8.0 would result in an
“opposite” proton gradient (∆pH). Among the three types of primary sodium
pumps identified is a unique sodium motive, NADH quinone reductase (Nqr)
that is not related to proton-pumping NADH quinone oxidoreductases (NDH-
1; complex I) or NDH-2-type enzymes (Bogachev and Verkhovsky 2005; Häse
and Barquera 2001; Rich et al. 1995).

This primary sodium pump was first discovered in the halophilic marine
bacterium Vibrio alginolyticus (Tokuda and Unemoto 1981, 1984). Nqr puri-
fied from V. alginolyticus was first considered to be composed of three major
subunits α, β and γ but later six structural genes (nqrA to nqrF; sometimes
entitled nqr1 to nqr6 in older literature) were found in the nqr operon (Beattie
et al. 1994; Hayashi et al. 1995) that is required to build a functional sodium
pump (Hayashi et al. 2001a; Nakayama et al. 1998). Subsequently, an nqr
operon was found in many marine and pathogenic bacteria including Vib-
rio harveyi, V. cholerae, Haemophilus influenzae, Neisseria gonorrhoeae, and
N. meningitidis, Yersinia pestis, Shewanella putrefaciens and Pseudomonas
aeruginosa (Zhou et al. 1999). Most of these bacteria belong to the proteobac-
teria gamma division (Mrazek et al. 2006), but the operon can also be found
in genomes of bacteria that belong to other branches of the phylogenetic
tree like Chlamydia trachomatis, C. pneumoniae, and Actinobacillus actino-
mycetemcomitans. The latter three bacteria contain orthologues for all six
subunits of Nqr, but the genes are not organized in a single operon (Häse
et al. 2001; Zhou et al. 1999). Database searches also reveal several more dis-
tant homologies, e.g. to nitrogen fixation proteins of Rhodobacter capsulatus
(rnf operon), to proteins of E. coli (ydg operon or nqrEGABCD) and Klebsiella
pneumoniae (nqrEGABCD) (see chapter by Vignais, in this volume). Homol-
ogous gene products (not always a complete operon) were also identified in
proteobacteria alpha (nqrD and nqrE – Silicibacter sp. TM1040) and such “ex-
otic” bacteria as Thermotogae (nqr A to nqrE – Thermotoga maritima; nqrD
– Fervidobacterium nodosum) and Planctomycetes (nqrE – Rhodopirellula
baltica SH 1), (Häse et al. 2001; Zhou et al. 1999 and BLAST search). In Th.
maritima, the nqrF gene is replaced by a gene encoding a different iron–sulfur
cluster-containing protein nqrG, (Häse et al. 2001) that is homologous to rnfB
of Rh. capsulatus.

While the utilization of a sodium-motive force in marine bacteria is ev-
ident, its existence in blood-born pathogenic bacteria is less obvious, espe-
cially since most of them also encode primary H+ pumps (Häse et al. 2001).
While in V. cholerae Nqr is not essential for survival of the pathogen, it was
implicated in the spreading of the free-living bacterium in its environmen-
tal phase (Häse and Barquera 2001).V. cholerae is found primarily in inland
coastal areas and estuaries, but the bacterium thrives in seawater as well.
Nqr might not only be involved in the adaptation to different environmental
conditions. It was reported that when the nqr operon in V. cholerae is inter-
rupted by transposon mutagenesis, virulence factors are expressed at higher
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levels. Therefore, the involvement of Nqr in sodium homeostasis appears to
be linked to pathogenesis (Häse and Mekalanos 1999). Moreover,V. cholerae
relies on Na+-dependent polar flagella for its motility. The presence of nqr
genes in genomes of obligate anaerobes like Th. maritima imply that Nqr
can also work in the reverse direction, using the energy of a Na+-gradient to
reduce NAD+ (Häse et al. 2001).

3.2
Subunit Composition and Cofactors

The Nqr complex is an integral membrane enzyme that is composed of the
six subunits NqrA–NqrF encoded by the nqr operon (Fig. 5). Three of these
subunits (NqrB, NqrD and NqrE) are very hydrophobic, whereas the others
are rather hydrophilic. Table 1 summarizes the latest consensus model of their
membrane topologies, which was predicted from a combination of different
computer-based topology algorithms and gene fusion studies with subunits
of the V. cholerae enzyme (Duffy and Barquera 2006), and also indicates the
known binding sites of the binuclear iron–sulfur cluster, NADH, FAD, two
FMNs and probably ubiquinone-8.

Among the six subunits, only NqrF shows significant homology to other
proteins. Rich et al. (1995) identified three motifs in its sequence which they
proposed to be: (1) the NADH binding site, (2) the binding site for the non-
covalently bound FAD cofactor and (3) the iron–sulfur cluster binding site.
The alignment of sequences from different bacterial genomes clearly reveals

Fig. 5 Cartoon of sodium-pumping NADH dehydrogenase (Nqr)
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Table 1 Na+–NQR subunit composition and cofactor binding exemplified by the enzyme
of V. cholerae

Subunit Residues Molecular Predicted Bound cofactor(s)
weight membrane

topology
Consensus/
experimental a

NqrA 446 48.6 0/0 ?
NqrB 415 45.4 9C/9C Covalently bound FMN(T236);

Q binding? b

NqrC 257 27.6 1P/2P Covalently bound FMN(T225)
NqrD 210 22.8 5C/6C ?
NqrE 198 21.5 6P/6P ?
NqrF 408 45.1 2P/1P Binding site for NADH, contains

A [2Fe2S] cluster and non-covalently
bound FAD

Binding site unknown: Riboflavin

a Predicted consensus model and experimentally supported model presented by Duffy &
Barquera (2006). P and C denote predicted periplasmic and cytoplasmic C-terminal loca-
tions
b NADH:Q1 activity of a Na+–NOR complex from V. alginolyticus with a point mutation
in nqrB (resulting in the conversion G140V) showed reduced sensitivity to the inhibitors
korormicin and HQNO (Hayashi et al. 2002)

that these three motifs are conserved across all Nqr complexes (Barquera
et al. 2004). The iron–sulfur binding motif is marked by four conserved cys-
teines that were initially proposed to ligate a tetranuclear cluster based on
the homology of the N-terminal part of NqrF to known proteins containing
tetranuclear iron–sulfur clusters like ferredoxins (Rich et al. 1995). However,
EPR, visible and circular dichroism spectroscopy indicated the presence of
a binuclear cluster in NqrF that is related to two-iron ferredoxins of the
vertebrate type (Barquera et al. 2004; Bogachev et al. 1997; Lin et al. 2005;
Pfenninger-Li et al. 1996; Türk et al. 2004). The alternate mutation of the
four conserved cysteine residues (C70, C76, C79 and C111 in V. cholerae
NqrF) of the canonical binding motif resulted in the loss of the iron–sulfur
cluster and abolished specific NADH:ubiquinone-1 oxidoreductase activity
(Barquera et al. 2004). The C-terminal part of NqrF shows local regions of
homology that can be aligned with FAD and NADH binding sites in NADH-
oxidizing enzymes belonging to a large family of flavoenzymes related to
ferredoxin reductases (Rich et al. 1995). Mutation of three conserved residues
(R210, Y212 and S246 in V. cholerae NqrF) in the FAD binding domain re-
sulted in the elimination of one extractable flavin per complex, indicating that
this motif indeed binds the cofactor (Barquera et al. 2004).
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These results and the presence of an additional characteristic NADH bind-
ing site indicate that the NqrF subunit is the entry point of electrons into the
Nqr complex. This view is supported by a high NADH oxidase activity of a pu-
rified soluble form of NqrF (Türk et al. 2004). PhoA fusions of the V. cholerae
NqrF indicated that its cofactor binding regions are localized on the cytoplas-
mic side of the membrane (Duffy and Barquera 2006). Most computer-based
topology algorithms predicted two transmembrane helices in the N-terminal
part of NqrF (Duffy and Barquera 2006; Rich et al. 1995). However, the pres-
ence of the second predicted transmembrane α-helix is unlikely, since this
would place one of the four cysteines ligating the binuclear iron–sulfur cluster
in the middle of the membrane. Moreover, Türk et al. (2004) were able to pro-
duce a soluble variant of V. cholerae NqrF by removing residues 3–25, which
include the first predicted transmembrane α-helix.

Two subunits contain covalently bound FMN and are: (i) the hydropho-
bic subunit NqrB (Nakayama et al. 2000) that is predicted to contain nine
transmembrane α-helices (Duffy and Barquera 2006) and (ii) the relatively
hydrophilic subunit C (Barquera et al. 2001; Nakayama et al. 2000; Zhou et al.
1999) featuring an N-terminal and a C-terminal α-helix (Duffy and Barquera
2006). In both subunits, FMN is attached by an ester bond between its phos-
phate group and a threonine residue of the protein (T235 in NqrB and T223
in NqrC; V. alginolyticus numbering) (Hayashi et al. 2001b). This mode of
covalent flavin binding is unique to Nqr. Mutagenesis of the corresponding
Thr-residues in NqrC (T225) and NqrB (T236) of V. cholerae resulted in the
loss of the covalently bound FMNs (Barquera et al. 2001, 2006). A point mu-
tation (G140V in V. alginolyticus) in NqrB resulted in a large shift in the
affinity for the highly specific inhibitor korormicin (Hayashi et al. 2002).
Since korormicin is a non-competitive inhibitor for Q1, this suggests that
NqrB might contain a (part of a) quinone binding site. Subunits NqrD and
NqrE of V. cholerae both have six transmembrane α-helices (Duffy and Bar-
quera 2006), which is in agreement with the topology of their homologues in
E. coli (YdgQ and YdgL). Both subunits contain negatively charged amino acid
residues within their transmembrane helices, and several of these residues
are conserved in the sequences of other bacteria. For NqrA, no transmem-
brane helices were predicted by most algorithms, and protein fusions to PhoA
and GFP confirm cytoplasmic localization (Duffy and Barquera 2006). There-
fore, it can be assumed that NqrA is a soluble protein tightly attached to the
complex by non-covalent interactions.

The existence of a fourth flavin as an intrinsic cofactor of Nqr is still a con-
troversial matter in the field. Spectroscopic determinations of extractable
(non-covalently bound) flavins and covalently bound flavins gave a ratio of
around 1 : 1 (Barquera et al. 2002a; Bogachev et al. 2006). Barquera et al.
(2002a) calculated a content of four flavins per Nqr complex, which would
suggest the presence of a second non-covalently bound cofactor. Subse-
quently, the same group extracted riboflavin in addition to FAD from purified
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His-tagged Nqr of V. cholerae (Barquera et al. 2002b, 2004). Since the ratio of
the extractable riboflavin to FAD was close to 1 : 1, they concluded that the
riboflavin is a bona fide component of the Nqr preparation. While the Nqr
flavin cofactors FAD and FMN are both riboflavin derivatives, riboflavin it-
self has never been reported to be an enzyme-bound cofactor (Barquera et al.
2002b).

In contrast, Bogachev et al. (2006), who extracted tightly but non-
covalently bound flavins from His-tagged Nqr from V. harveyi (which was
expressed in a nqr∆ deletion strain from V. cholerae; Barquera et al. 2002a),
found variable riboflavin to FAD ratios of 0.4–0.6 in addition to some free
“soluble” FMN. These authors suggested that the riboflavin and the FMN
found following acid extraction were the result of partial hydrolysis of the
phosphoester bond of covalently bound FMN. They also argued that their
kinetic and thermodynamic analysis showed that there are only three flavin
cofactors in the active enzyme (Bogachev et al. 2002, 2006). However, Bar-
quera et al. (2006) recently showed that in different Nqr mutants, where the
known bound flavins were eliminated alternately, there is still a flavin rad-
ical present that cannot be assigned to non-covalently bound FAD or the two
covalently bound FMNs. They concluded that this radical must arise from
non-covalently bound riboflavin (see below). So far, there are no indications
for a riboflavin binding site. From studies of Duffy and Barquera (2006) it
seems clear that all the redox-active cofactors of Nqr are located on the cy-
toplasmic (negative) side of the membrane, with the possible exception of
riboflavin, whose location in the protein has not been established. This topo-
logical organization bears some analogy to that of complex I.

In addition to the flavins and the iron–sulfur cluster, Nqr of V. algi-
nolyticus, V. harveyi and V. cholerae contains tightly bound ubiquinone-8
(Barquera et al. 2002a; Pfenninger-Li et al. 1996; Zhou et al. 1999). How-
ever, the detergent used in the Nqr preparation has some influence on the
ubiquinone content (Barquera et al. 2002a): enzyme prepared using dode-
cylmaltoside contained approximately one mole of ubiquinone-8 per mole of
enzyme, whereas enzyme prepared using lauryldimethylamine-oxide (LDAO)
was completely devoid of quinone.

3.3
Functional Properties and Catalytic Mechanism

Nqr complex has been purified from the three Vibrio species, V. alginolyti-
cus, V. harveyi and V. cholerae (Barquera et al. 2002a; Pfenninger-Li et al.
1996; Zhou et al. 1999). The enzyme oxidizes NADH and deamino NADH and
transfers electrons to its natural substrate ubiquinone-8, but can also use hy-
drophilic ubiquinones (like Q1), menaquinone or ferricyanide as electron ac-
ceptors. The purified His-tagged Nqr complex of V. cholerae exhibits a specific
NADH oxidation activity of ∼ 100 µmol min–1 mg–1 (or ∼ 700 electrons s–1)
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and a specific ubiquinone-1 reductase activity of ∼ 77 µmol min–1 mg–1 (Bar-
quera et al. 2002a). The reported near 1 : 1 stoichiometry of NADH oxidation
and quinone reduction contrasts with some previous reports of preparations
of the enzyme from other sources (Pfenninger-Li et al. 1996) in which the rate
of NADH oxidation was substantially greater than the rate of quinone reduc-
tion. Apparently, these preparations are able to donate electrons to alternate
electron acceptors. It was proposed by two independent laboratories (Bar-
quera et al. 2002a; Bogachev et al. 2001) that the detergent LDAO used in those
“early” preparations was responsible for this discrepancy, because it might
serve as an electron acceptor by itself. Between the preparations with LDAO
and those with the more suitable dodecylmaltoside there is also a discrepancy
in the rates of menaquinone reduction. The Nqr complex of V. cholerae puri-
fied in dodecylmaltoside has a NADH:quinone-1 oxidoreductase activity that
is stimulated fivefold by 200 mM NaCl and that is highly sensitive to the in-
hibitor heptylquinoline-N-oxide (HQNO) (Barquera et al. 2002a). In contrast,
the LDAO preparation is insensitive to HQNO, suggesting a short-circuit of
the coupled redox reaction.

Sodium ions are indispensable for the catalytic activity of Nqr (Bogachev
and Verkhovsky 2005). For example, the ubiquinone-1 reductase activity of
the V. harveyi complex is stimulated by Na+ with a Km of ∼ 3 mM (Bo-
gachev et al. 2001). This activity is sensitive to the inhibitors korormicin (Ki ∼
0.1 nM; Yoshikawa et al. 1999) and HQNO (Ki = 0.3 – 0.4 µM; Yoshikawa et al.
1997; Zhou et al. 1999). Both compounds act as non-competitive inhibitors for
Q1. Inhibition of the Nqr complex by korormicin and HQNO is mutually ex-
clusive, suggesting partially overlapping binding sites (Hayashi et al. 2002).
In contrast to the quinone reductase reaction, the so-called NADH dehydro-
genase reaction with artificial electron acceptors is Na+-independent and in-
sensitive to the inhibitors korormicin and HQNO (Bogachev and Verkhovsky
2005).

Transport of 22Na+ was directly shown with (partially) purified and re-
constituted Nqr from V. alginolyticus (Pfenninger-Li et al. 1996). Ionophores
(valinomycin, FCCP) stimulated the rate of Na+ transport, indicating that the
transport is a primary event. A stoichiometry of 0.5 Na+ per oxidized NADH
was calculated, but this value is probably underestimated, considering the low
coupling of the proteoliposomes used and the low rate of quinone reduction
of the reconstituted complex. Subsequently, reconstituted Nqrs from V. algi-
nolyticus, V. harveyi and V. cholerae were shown to act as primary sodium
pumps by indirect methods (Barquera et al. 2002a; Bogachev et al. 1997; Zhou
et al. 1999). The formation of ∆Ψ (monitored by the dye oxonol VI) was de-
pendent on the presence of Na+, stimulated by monensin, slightly inhibited
by CCCP and entirely arrested by the sodium ionophore ETH-157. These data
indicate that Nqr is an electrogenic sodium pump and that the enzyme is not
able to pump protons. A Na+/e– stoichiometry of ≈ 1 (experimentally 0.71±
0.06) was indirectly determined with V. alginolyticus cells, following the al-
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kalization of the medium (influx of protons) in the presence of electrogenic
protonophores (Bogachev et al. 1997).

The molecular mechanism of Nqr that couples the electrogenic transport
of Na+ ions to the electron transfer from NADH through several redox-
active cofactors to ubiquinone is still elusive. However, redox titrations, time-
resolved measurements of the reduction of redox-active cofactors and EPR
and ENDOR measurements not only deciphered some of the events that
occur during the enzyme’s catalytic cycle, but also continuously changed the
interpretation of previous results since “new” and “hidden” cofactors and
intermediates were identified. EPR measurement of reduced Nqr detected
a signal that was assigned to the iron–sulfur cluster and one radical signal
that occurred at a spin concentration of 1 : 1 with respect to the iron–sulfur
cluster (Barquera et al. 2002a; Bogachev et al. 2001). The signal of the iron–
sulfur cluster disappeared in the air-oxidized complex, but the radical signal
can be still detected with almost unchanged intensity (Barquera et al. 2002a;
Bogachev et al. 2001, 2002). Subsequently, this radical signal was shown to
originate from a neutral flavin-semiquinone in the oxidized enzyme whereas
an anionic flavin-semiquinone has been reported for the reduced enzyme
(Barquera et al. 2003; Bogachev et al. 2002). Both flavin radicals exhibit an un-
usually high stability. The occurrence and disappearance of the flavin radicals
were also monitored by optical spectroscopy.

The time course of Nqr reduction by NADH showed three distinct phases
corresponding to the reduction of three different flavin species (Bogachev
et al. 2002). The first phase is fast both in the presence and absence of sodium,
and is assigned to reduction of FAD to FADH2. The rates of the other two
phases are strongly dependent on sodium concentration, and these phases
were attributed to the reduction of the two covalently bound FMNs (but see
below). These results place the coupling site for sodium transport between
the sodium-independent and sodium-dependent redox reactions. Combina-
tion of data from optical and EPR spectroscopy suggested that a neutral
flavosemiquinone may become reduced to the fully reduced flavine by NADH.
The other FMN moiety is initially oxidized, and becomes reduced to anionic
flavosemiquinone. This would imply that the two radicals found in Nqr origi-
nate from different flavin cofactors of the enzyme (Bogachev et al. 2002, 2006;
Bogachev and Verkhovsky 2005). Bogachev and colleagues concluded that at
least one of these one-electron transitions is coupled to the transmembrane
sodium translocation. However, subsequent investigations revealed that there
is no sodium dependence of the midpoint potential for any of the detectable
Nqr cofactors, which would be expected for an electron transition that is
coupled to the sodium translocation (Bogachev et al. 2006).

EPR spectra of FAD-deficient mutants in the oxidized and reduced forms
exhibit neutral and anionic flavosemiquinone radical signals, respectively.
This confirms that FAD in NqrF is not the source of either radical signal
(Barquera et al. 2004). Furthermore, in both FAD and iron–sulfur cluster
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mutants the line widths of the neutral and anionic flavosemiquinone EPR
signals are unchanged as compared to the wild-type enzyme, indicating
that neither of these centres is coupled to the radicals. Recently, Bogachev
et al. (2006) studied the reduction of Nqr from V. harveyi in more de-
tail by spectro-electrochemistry using full spectrum absorbance detection.
They confirmed three redox transitions involving flavins: (1) two-electron re-
duction of a flavoquinone; (2) one-electron reduction of a flavoquinone to
form an anionic flavosemiquinone; (3) one-electron reduction of a neutral
flavosemiquinone. However, recent data from Barquera and colleagues (Bar-
quera et al. 2006) suggest that the mechanism of Nqr might be even more
complicated: EPR and ENDOR analysis of mutants in NqrB and NqrC of the
V. cholerae enzyme replacing the threonine ligands for the two FMNs by other
amino acids revealed two distinct forms of the anionic radical (anionic rad-
ical I and II). When the enzyme becomes partially reduced, a mixture of
anionic radicals I and II is observed, whereas in the fully reduced enzyme,
only anion radical I can be detected. The authors concluded that the sodium-
translocating NADH:quinone oxidoreductase forms three spectroscopically
distinct flavin radicals: (1) a neutral radical in the oxidized enzyme that most
likely arises from riboflavin; (2) an anionic radical observed in the fully re-
duced enzyme, which is present in wild-type and a NqrC mutant but not
the NqrB mutant; (3) a second anionic radical, seen primarily under weakly
reducing conditions, which is present in wild-type and a NqrB mutant but
not a NqrC mutant. On this basis the first anionic radical was tentatively as-
signed to the FMN in subunit B and the second to the FMN in subunit C
(Barquera et al. 2006). Mechanistically this implies that reduction of the en-
zyme would involve at least four one-electron flavin redox transitions and one
two-electron flavin transition as follows:

1. One-electron reduction of neutral riboflavin semiquinone to the corres-
ponding hydroquinone

2. One-electron reduction of FMN in NqrC to form anionic semiquinone
(anionic radical II)

3. Further one-electron reduction of this FMN semiquinone to the corres-
ponding hydroquinone

4. One-electron reduction of FMN in NqrB to form anionic semiquinone
(anionic radical I)

5. Two-electron reduction of FAD in NqrF

In addition, the reaction should also include redox transitions of the iron–
sulfur cluster, and possibly of tightly bound quinone.

The inconsistency in the identified Nqr cofactors and in the number of
one-electron flavin redox transitions and some surprising recent results sug-
gest that all working models proposed so far for the mechanism of Nqr
(Bogachev et al. 2002; Bogachev and Verkhovsky 2005) have to be revised. For
example, it will be critical to establish whether there is an effect of the sodium
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concentration on the recently discovered second anionic flavin radical – if
its existence is confirmed by independent investigations – because this could
identify or exclude another possible coupling site. So far, only the initial part
of the electron transport pathway seems well established (Barquera et al. 2004;
Bogachev et al. 2006): non-covalently bound FAD in the NqrF subunit is the
first cofactor to accept electrons from the substrate NADH; the electrons then
go to the iron–sulfur cluster before they are transferred to the flavins.

4
Proton-Pumping NADH:Ubiquinone Oxidoreductase (Complex I)

4.1
Occurrence and General Features

Proton-pumping complex I is by far the largest and most complicated rep-
resentative of the NADH:ubiquinone oxidoreductases. Complex I is the ma-
jor entry point for electrons of the respiratory chain in mitochondria from
most eucaryotes and in prokaryotes, where this enzyme is frequently termed
NDH-1. Several archaebacterial genomes encode complex I-like enzymes, in
which essential subunits from the NADH dehydrogenase module (see below)
are replaced by other proteins. The Archaeoglobus fulgidus enzyme func-
tions as a F420H2:quinone oxidoreductase (Brüggemann et al. 2000) and the
enzyme from Methanosarcina mazei as an F420H2:methanophenazine oxi-
doreductase (Bäumer et al. 2000). A similar situation is seen in cyanobac-
teria (Prommeenate et al. 2004) and chloroplasts (Rumeau et al. 2005) and
the human pathogens Helicobacter pylori and Campylobacter jejuni (Smith
et al. 2000). For all these enzymes, the nature of the direct electron donor
is speculative.

A growing body of evidence indicates that complex I is involved in neu-
rodegenerative processes like Parkinson’s disease (Greenamyre et al. 2001)
and it was shown that the enzyme is a major source of reactive oxygen species
(ROS) generated in the respiratory chain (Galkin and Brandt 2005; Kussmaul
and Hirst 2006).

NDH-1 is regarded as a minimal form of the enzyme as it is able to carry
out the complete bioenergetic function (NADH oxidation, quinone reduction,
proton pumping). It consists of 14 subunits with a mass of about 550 kDa
(Friedrich 1998). The eukaryotic enzyme is significantly more complicated
with up to 45 different subunits in bovine (Carroll et al. 2003, 2006a) and at
least different 40 subunits in fungi like the strictly aerobic yeast Y. lipolyt-
ica (Abdrakhmanova et al. 2004). The function of these up to 31 “accessory”
subunits is largely unknown (Brandt 2006) and will not be further discussed
here. All 14 bacterial subunits are present in the eukaryotic enzyme. These
“central” subunits can be divided into seven hydrophilic and seven hydropho-
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bic proteins. In most eukaryotes the latter are encoded by the mitochondrial
genome. Unfortunately, the nomenclature of the subunits is somewhat con-
fusing for historic reasons. In the best-characterized bovine system, subunits
are either named by their N-termini (e.g. PSST) or by their molecular mass
(e.g. 49-kDa or B15 in the case where the N-terminus is blocked). The seven
central hydrophobic subunits coded by the mitochondrial genome are desig-
nated ND1 to ND6 and ND4L. However, for other organisms different des-
ignations are used. For clarity we will use the bovine system here also for
orthologues from other species.

The enzyme contains FMN as the primary electron acceptor and eight
iron–sulfur clusters designated N1a, N1b, N2, N3, N4, N5, N6a and N6b
(Ohnishi 1998; Rasmussen et al. 2001). In NDH-1 of some bacteria, one ad-
ditional cluster (N7) is found (Uhlmann and Friedrich 2005). A plethora of
inhibitors are known to block ubiquinone reduction by complex I. The most
prominent examples are rotenone, piericidine, capsaicin and the acetogenous
annonins (Degli Esposti 1998). Despite their diverse chemical nature they
were all shown to bind to a large binding pocket with overlapping binding
sites (Okun et al. 1999). The redox chemistry is coupled to the translocation of
protons across the membrane with a stoichiometry of 4H+/2e– (Galkin et al.
2006; Wikström 1984) contributing about 40% of total ∆µH in mammalian
mitochondria. It has been proposed that bacterial complex I also pumps
sodium ions (Gemperli et al. 2003; Krebs et al. 1999). If true, this would have
far-reaching mechanistic consequences. Therefore, this critical issue is dis-
cussed in detail in the following section.

4.2
Can Bacterial Complex I Act as a Sodium Pump?

It has been demonstrated that complex I from E. coli (Bogachev et al. 1996;
Stolpe and Friedrich 2004) and K. pneumoniae (Bertsova and Bogachev 2004)
pumps protons. In contrast, Steuber and colleagues have presented evidence
suggesting that complex I from Klebsiella pneumoniae (Gemperli et al. 2003;
Krebs et al. 1999) and E. coli (Steuber et al. 2000) pumps sodium ions at a stoi-
chiometry of 2Na+/2e– (Gemperli et al. 2002). This is an intriguing proposal
since the membrane integral subunits ND2/ND4/ND5 of complex I exhibit
remarkable similarity to bacterial Na+/H+ antiporters antiporter (Fearnley
and Walker 1992; Mathiesen and Hägerhäll 2002), and the activities of com-
plex I and these antiporters are inhibited by the same amiloride derivatives
(Nakamaru-Ogiso et al. 2003).

From a thermodynamic point of view however, it seems rather unlikely
that 2Na+/2e– could be pumped in addition to 4H+/2e– and in fact, both
activities have not been observed in the same experiment. Alternatively, it
could be envisioned that complex I from these organisms exhibits variable ion
specificities, depending on the experimental conditions. However, the sodium
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pumping capacity itself of complex I has been questioned (Bertsova and
Bogachev 2004; Stolpe and Friedrich 2004). Thus, before discussing a mech-
anism of how the ion specificity could change and what the physiological
implications may be, it seems necessary to scrutinize the evidence that has
been presented to show pumping of either of the cations.

Obtaining quantitative measurements of proton pumping to determine
H+/e– stoichiometries is not a simple task. However, it is rather straightfor-
ward to qualitatively demonstrate proton pumping by using pH-sensitive dyes
to detect formation of a proton gradient across the membrane and applying
uncouplers to selectively dissipate this gradient. For reconstituted E. coli com-
plex I it was shown that the formation of a proton gradient and a membrane
potential was completely abolished by the addition of the specific complex I
inhibitor piericidin A, demonstrating that the observed pumping activity was
in fact due to complex I (Stolpe and Friedrich 2004). Uncoupler-sensitive pro-
ton pumping by K. pneumoniae complex I was demonstrated in whole cells
and sub-bacterial particles and inhibition of proton pumping by capsaicin,
another specific inhibitor of complex I, was reported (Bertsova and Bogachev
2004). In this study, it was also demonstrated that proton pumping and pie-
ricidin A-sensitive deaminoNADH oxidase activity were absent in a strain of
K. pneumonia lacking complex I. Thus, there is compelling evidence that the
complexes from E. coli and K. pneumoniae, like those from all other organ-
isms tested so far, operate as proton pumps.

There are no dyes or electrodes available that would allow following the
changes in sodium concentration in real time with sufficient specificity to
measure the formation of a Na+ gradient. Therefore, sodium ions can only
be determined after quantitative separation of the two compartments. As
an alternative to radioactive 22Na+, Steuber’s group used atomic absorption
spectroscopy to measure Na+ uptake into sub-bacterial particles or pro-
teoliposomes (Dimroth 1986), after removing external sodium by rapidly
passing samples that were taken at different times through a Dowex 50 cation-
exchange cartridge (Krebs et al. 1999). The only ionophor available that
exhibits sufficient specificity for sodium ions is the Na+/H+ exchanger mon-
ensin.

Another problem when studying sodium pumping in bacteria is the
presence of endogenous Na+/H+ antiporters. In addition, K. pneumoniae
contains three types of NADH:ubiquinone oxidoreductases, namely com-
plex I (NDH-1; (Krebs et al. 1999)), NDH-2 (Krebs et al. 1999) and Nqr
(Bertsova and Bogachev 2004; Hayashi et al. 2001a). Only the “alternative”
NADH dehydrogenase NDH-2 cannot use deaminoNADH as a substrate (Mat-
sushita et al. 1987). Therefore, the only way to discriminate between the
NADH:ubiquinone oxidoreductase activities of complex I and Nqr is the
use of specific inhibitors. For complex I, numerous specific high affinity
inhibitors are available (Degli Esposti 1998) and Nqr from V. alginolyti-
cus was shown to be selectively inhibited by Ag+ (Steuber et al. 1997) and
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korormicin (Nakayama et al. 1999). HQNO also inhibits Nqr and other
quinone-dependent enzymes but not complex I (Bertsova and Bogachev 2004;
Nakayama et al. 1999).

The presence of sodium-pumping NADH:ubiquinone oxidoreductase in
K. pneumoniae was first demonstrated by Dimroth and Thomer (Dimroth
and Thomer 1989). Later, complex I was identified in this organism and par-
tially purified (Krebs et al. 1999). In the same study, membrane vesicles were
shown to take up sodium ions at a rate of 0.18 µmol min–1 mg–1. Based on
the observation that a complex I inhibitor blocked this activity by 80–90%, it
was proposed that complex I was the Na+-pumping NADH dehydrogenase in
K. pneumoniae. However, both Nqr and complex I are present in K. pneumo-
niae, which was not known at the time. Moreover, the membranes contained
Na+/H+ antiporters, which may have converted a primary proton gradient
formed by complex I into a sodium gradient explaining the inhibitory effect
of rotenone that is only shown in the presence of uncoupler. Along these lines,
the transiently increased sodium uptake that was seen in the presence of un-
coupler (Krebs et al. 1999; Steuber 2001) may reflect an initial stimulation of
Nqr resulting from the absence of a pH gradient that is otherwise formed in
parallel by complex I, while the subsequent breakdown of the sodium gradi-
ent reflected a delayed response of the much slower antiporters. Overall, it
seems impossible to draw any firm conclusions from the data presented in
this study.

Using an improved preparation of complex I from K. pneumoniae that
was reconstituted into proteoliposomes, the same group published a pump-
ing stoichiometry of 2Na+/2e– (Gemperli et al. 2002). The major problem with
this study is that even very high concentrations (50 µM) of the potent com-
plex I inhibitor annonin IV had only a very limited effect on sodium pumping
and 80–90% inhibition of the ubiquinone-1 reductase activity by rotenone
was shown only for membrane vesicles. This raises the question of whether
the observed Na+-uptake was in fact due to a contamination of the complex I
preparation by Nqr. The authors mention that the Q-reductase activity was
not sensitive to Ag+, which had been shown previously to efficiently inhibit
Nqr from V. alginolyticus (Steuber et al. 1997). It remains unclear whether this
cation inhibits K. pneumoniae Nqr as well. Subunit NqrF, the subunit that has
been shown to be the binding site for Ag+ (Nakayama et al. 1999), is only 65%
homologous between the two organisms (Hayashi et al. 2001a) and therefore
the binding site for Ag+ may be absent in K. pneumoniae.

The second argument used to exclude the presence of Nqr is the claim that
FAD was not found in the complex I preparation. However, Gemperli and co-
workers show that after a sucrose gradient, a complex I sample did contain
about 0.05 nmol mg–1 of FAD (Table II in Gemperli et al. 2002). If taken as
a measure for Nqr, compared to 0.7 nmol mg–1 of complex I (assuming that
Nqr contains two FMN), this would mean that the molar ratio between the
two enzymes was 1 : 14. This is significant because specific ubiquinone-1 re-
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ductase activities of 40 µmol min–1 mg–1 were reported for purified Nqr from
Vibrio harveyi (Bertsova et al. 2001), which is more than 15-times higher than
the rate reported for the complex I preparation from K. pneumoniae (Gem-
perli et al. 2002) or the specific activity of purified complex I from E. coli after
relipidation (Stolpe and Friedrich 2004). It follows that the presence of the
small amount of Nqr indicated by the FAD content may have been respon-
sible for a large portion of the observed activity. If one takes the different
molecular masses of the two enzyme complexes into account, it can also be
calculated that the contaminating Nqr would only correspond to a few percent
of the total protein, an amount that may easily escape detection by Edman
degradation or mass-spectrometry. It should be noted that Bertsova and Bo-
gachev observed a stimulation of deaminoNADH oxidase activity by Na+ only
in K. pneumoniae membranes that contained Nqr (Bertsova and Bogachev
2004), suggesting that this effect seen with the preparation from Steuber’s
group was also due to the presence of Nqr (Gemperli et al. 2002). At any
rate, together with the possibility of additional contamination by Na+/H+ an-
tiporters, it seems impossible to reliably interpret the reported results. The
authors used the same preparation in a study to show sodium ion cycling
with the sodium-dependent ATP synthase from Ilyobacter tartaricus (Gem-
perli et al. 2003). Therefore, the same arguments hold for this work that also
presents no inhibitor controls.

Steuber et al. also claimed that complex I from E. coli is a Na+ pump
(Steuber et al. 2000). In this study strain EP432, lacking Na+/H+ antiporters,
was compared to strain ANN021 lacking complex I. The problem here is that
the reported maximal rates of sodium uptake were only 30 nmol min–1 mg–1,
which is only a few percent of the deaminoNADH oxidation rate of the mem-
brane vesicles used. Moreover, the sodium uptake was again only partially
blocked by 5 µM rotenone. To explain these data, Stolpe et al. reasoned that
some electrons may become distributed from complex I to other enzymes
that may act as primary sodium pumps, thereby explaining a partial rotenone
sensitivity of the sodium uptake even though complex I was not a sodium ion
pump (Stolpe and Friedrich 2004). These authors also considered that E. coli
complex I may act as a Na+/H+ antiporter under certain conditions.

In summary, convincing evidence of sodium ion pumping, like for example
a demonstration of efficient and fully inhibitor-sensitive Na+ uptake by com-
plex I vesicles from a strain lacking Nqr, has not been presented. Therefore, it
seems unlikely that complex I can operate as a primary sodium pump.

4.3
The Functional Modules of Complex I

The central subunits of the minimal form can be grouped into three func-
tional modules (Brandt 2006). Serving as the electron input domain, the
N-module binds NADH, consists of the 75-kDa, 51-kDa and 24-kDa subunits,
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and comprises iron–sulfur clusters N1a, N1b and N3, N4 and N5. The latter
two subunits form the major part of the FP fragment that can be dissociated
from eukaryotic complex I by chaotropic agents (Finel et al. 1992; Sazanov
et al. 2000). Transferring the electrons onto ubiquinone, the Q-module con-
sists of the 49-kDa, 30-kDa, the TYKY and PSST subunits and comprises the
remaining three iron–sulfur clusters. Site-directed mutagenesis (Darrouzet
et al. 1998; Kerscher et al. 2001b) as well as EPR (Magnitsky et al. 2002) and
inhibitor labelling studies (Schuler et al. 1999) indicate that the ubiquinone
reactive domain is located near the interface between the 49-kDa subunit and
the PSST subunit where cluster N2 is bound to the PSST subunit. The 30-kDa
subunit is fused in some bacteria to the 49-kDa subunit. The homology of
the major part of the N-module (51-kDa, 24-kDa and the N-terminal part of
the 75-kDa subunit) to an NAD+ reducing hydrogenase and the evolutionary
relationship of the Q-module to [NiFe] hydrogenases have been extensively
discussed (Brandt 2006; Walker 1992). The membrane integral P-module car-
ries out the proton pumping function. Critical residues have been identified
by site-directed mutagenesis in the ND4L subunit (Kao et al. 2005; Kervinen
et al. 2004) and homology to Na+/H+ antiporters antiporter suggests a func-
tion in proton translocation for subunits ND2, ND4 and ND5 (Mathiesen
and Hägerhäll 2002). A scheme for composing complex I during evolution
from pre-existing functional entities has been proposed (Friedrich and Weiss
1997).

Fig. 6 Cartoon of proton-pumping NADH dehydrogenase (complex I)
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Fig. 7 Structure of complex I. A 3D model of holo-complex I from Y. lipolytica (Fig. 6C
from Radermacher et al. 2006, with permission). The numbers indicate five of the six sub-
domains that were identified in the peripheral arm. Subdomain 5 is in the back of the
peripheral arm and therefore not seen in this orientation. I marks the indentation in the
membrane arm. B Structure of the peripheral arm of complex I from Th. thermophilus.
The hatched arrow indicates the proposed path of entry for the substrate ubiquinone. The
figure was prepared using PyMOL v0.99
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Up to now, structural information on the holoenzyme is based exclu-
sively on electron microscopy. The enzymes from N. crassa (Guenebaut et al.
1997), bovine (Grigorieff 1998), Y. lipolytica (Radermacher et al. 2006), A.
thaliana (Dudkina et al. 2005), E. coli (Böttcher et al. 2002; Sazanov et al.
2003) and Aquifex aeolicus (Peng et al. 2003) were investigated. Overall, the
enzyme exhibits an L-shaped arrangement of a peripheral arm comprising
the N- and the Q-modules and the membrane arm corresponding to the P-
module (Fig. 6). A comparison of eukaryotic and prokaryotic enzymes reveals
a largely consistent structure with the most significant differences in the con-
necting region between both arms (Guenebaut et al. 1998). Both arms have
a length of about 200 Å in procaryotes and eucaryotes. The 3D reconstruction
of Y. lipolytica complex I has the highest resolution of an electron micro-
scopic complex I structure so far (Radermacher et al. 2006). In the peripheral
arm six subdomains can be distinguished (Fig. 7b). Labelling with antibodies
identified the approximate position of the 30-kDa and 49-kDa subunits (Zick-
ermann et al. 2003). The membrane arm shows two major protrusions on the
matrix side and a flexible structure was observed that seems to connect these
protrusions with the peripheral arm.

The X-ray structure of the peripheral arm from Th. thermophilus NDH-1
was determined recently (Sazanov and Hinchliffe 2006). Overall this com-
plex I fragment has a Y-shaped appearance and a length of about 140 Å.
A chain of seven iron–sulfur clusters connects the electron input and output
domains that are arranged at the distal ends of the structure. The spatial ar-
rangement indicates the following electron transfer path: NADH → FMN →
N3 → N1b → N4 → N5 → N6a → N6b → N2 → quinone. Cluster N1a is lo-
cated in the N-module on the other side of the NADH binding domain and
probably serves a special function due to its very negative redox potential.
Where present, cluster N7 is probably not involved in electron transfer be-
cause it is too far away from all other redox centres (Fig. 7a).

It is controversially discussed how the crystallized peripheral arm frag-
ment is oriented with respect to the membrane arm. Sazanov suggested
that the 49-kDa subunit is directly attached to the membrane part, allowing
immediate access for hydrophobic ubiquinone to its binding site (Sazanov
and Hinchliffe 2006). This view is not in line with antibody labelling stud-
ies, which indicate a position of the 49-kDa subunit more distant to the
membrane part (Zickermann et al. 2003). The latter finding is supported by
a recent 3D reconstruction of a subcomplex lacking the 51-kDa and 24-kDa
subunits and fitting of the Th. thermophilus fragment into the 3D Y. lipolytica
complex I structure (M. Radermacher, personal communication). It has been
proposed that a hydrophobic ubiquinone “ramp” within complex I (Zick-
ermann et al. 2003) allows the substrate to get from the membrane to the
quinone reduction centre in the membrane arm (Fig. 6).
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4.4
Mechanism of Proton Translocation

It has been shown that subunits ND4 and ND5, which were implicated to
be involved in proton translocation, reside in the distal end of the mem-
brane arm (Holt et al. 2003). On the other hand it is now clear that all
redox groups of complex I are located in the peripheral arm (Carroll et al.
2006b; Sazanov and Hinchliffe 2006) and that the ubiquinone reduction site
is not membrane intrinsic. Therefore, the architecture of complex I raises
the question of how the redox energy is transferred to the site of proton
translocation. At this stage it is straightforward to hypothesize that energy
conversion is exerted predominantly by conformational coupling. In fact,
experimental evidence for this notion is growing: As early as 1994, it was re-
ported that the pattern of chemical crosslinks (Belogrudov and Hatefi 1994)
and trypsin-fragmentation (Yamaguchi et al. 1998) of complex I subunits are
dependent on its redox state and the binding of substrates. More recently,
similar studies have been combined with 2D electron microscopic analysis
showing global structural changes of E. coli complex I (Mamedova et al.
2004). The remarkable structural flexibility reported for complex I from Y.
lipolytica (Radermacher et al. 2006) may also be considered as an indication
that long-range conformational changes play a significant role for the mech-
anism of complex I.

Tunnelling simulations based on the X-ray coordinates of Th. thermophilus
complex I have shown that there is probably no thermodynamic barrier
between NADH and ubiquinone and that electrons arrive rapidly at the
ubiquinone-reducing iron–sulfur cluster N2 (Moser et al. 2006). We have
shown that in a mutant of Y. lipolytica complex I, in which the redox potential
of cluster N2 is shifted to become essentially isopotential with the other clus-
ters forming the chain from NADH to ubiquinone, complex I pumps protons
with unchanged stoichiometry as the wild-type (Zwicker et al. 2006). This
strongly suggests that the conversion between redox and conformational en-
ergy occurs at the level of ubiquinone redox intermediates. Obtaining a high-
resolution structure of holo-complex I will be prerequisite to identifying the
parts of the device that has to be postulated to transmit the conformational
energy from the Q- to the P-module.
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Abstract Hydrogenases are metalloenzymes subdivided into two classes that contain iron-
sulfur clusters and catalyze the reversible oxidation of hydrogen gas (H2� 2H+ + 2 e–).
Two metal atoms are present at their active center: either a Ni and an Fe atom in
the [NiFe]hydrogenases, or two Fe atoms in the [FeFe]hydrogenases. They are phy-
logenetically distinct classes of proteins. The catalytic core of [NiFe]hydrogenases is
a heterodimeric protein associated with additional subunits in many of these enzymes.
The catalytic core of [FeFe]hydrogenases is a domain of about 350 residues that accom-
modates the active site (H cluster). Many [FeFe]hydrogenases are monomeric but possess
additional domains that contain redox centers, mostly Fe – S clusters. A third class of
hydrogenase, characterized by a specific iron-containing cofactor and by the absence of
Fe – S cluster, is found in some methanogenic archaea; this Hmd hydrogenase has cata-
lytic properties different from those of [NiFe]- and [FeFe]hydrogenases.

The [NiFe]hydrogenases can be subdivided into four subgroups: (1) the H2 uptake
[NiFe]hydrogenases (group 1); (2) the cyanobacterial uptake hydrogenases and the cyto-
plasmic H2 sensors (group 2); (3) the bidirectional cytoplasmic hydrogenases able to bind
soluble cofactors (group 3); and (4) the membrane-associated, energy-converting, H2
evolving hydrogenases (group 4). Unlike the [NiFe]hydrogenases, the [FeFe]hydrogenases
form a homogeneous group and are primarily involved in H2 evolution.

This review recapitulates the classification of hydrogenases based on phylogenetic
analysis and the correlation with hydrogenase function of the different phylogenetic
groupings, discusses the possible role of the [FeFe]hydrogenases in the genesis of the eu-
karyotic cell, and emphasizes the structural and functional relationships of hydrogenase
subunits with those of complex I of the respiratory electron transport chain.

1
Introduction

Hydrogen is the most abundant element in the Universe. Initially released by
abiotic processes in the Earth’s early reducing atmosphere, in which it pre-
dominated (Tian et al. 2005), it has been since then a major energy source for
life. The prokaryotic world has the ability to use H2 directly, by the activity of
uptake hydrogenases, or to produce H2 directly, by the activity of H2-evolving
hydrogenases.
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The study of hydrogenase enzymes in extant microorganisms, present in
particular in today’s anaerobic ecosystems, may give insights into the earli-
est life on planet Earth. Besides, the existence of hydrogen-driven subsurface
lithoautotrophic microbial ecosystems (SLIMEs), which can exist and per-
sist independently of the products of photosynthesis (organic carbon and
molecular oxygen) and probably appeared before chlorophyll-based photo-
synthesis was invented, may provide clues as to the nature of life in extrater-
restrial worlds (Nealson et al. 2005).

If essential processes of all life, anabolic reactions via carbon and nitrogen
fixation and catabolic energy metabolism via carbon oxidation and redox re-
action, can be sustained by hydrogen metabolism, then the question is: how
is energy conserved and converted during H2 metabolism?

Hydrogenases catalyze the simplest chemical reaction: 2H+ + 2 e–� H2.
The reaction is reversible and its direction depends on the redox poten-
tial of the components able to interact with the enzyme. In the presence of
an electron acceptor, a hydrogenase will act as a H2 uptake enzyme, while
in the presence of an electron donor, the enzyme will produce H2. About
a thousand hydrogenase sequences have been identified (Vignais and Bil-
loud, unpublished results), many by genome sequencing, and more than 100
have been characterized genetically and/or biochemically. By comparing their
amino acid sequences, it has been possible to identify classes and subgroups
of enzymes, to compare and correlate genetic, physiological and biochemical
information relative to members of the subgroups, independently of their ori-
gin and their various roles in energy metabolism (Vignais et al. 2001). This
review deals with the diversity of hydrogenases, their classification, and their
various modes of energy conservation and conversion.

2
Diversity and Classification of Hydrogenases

Hydrogenases are generally Fe – S proteins with two metal atoms at their ac-
tive site, either a Ni and an Fe atom (in [NiFe]hydrogenases) (Volbeda et al.
1995; Higuchi et al. 1997) or two Fe atoms (in [FeFe]hydrogenases) (Peters
et al. 1998; Nicolet et al. 1999). A third type is the Fe – S cluster-free hy-
drogenase discovered in methanogenic archaea (Zirngibl et al. 1992), which
functions as H2-forming methylenetetrahydromethanopterin dehydrogenase,
abbreviated Hmd. Hmd tightly binds an iron-containing light-sensitive cofac-
tor (Lyon et al. 2004). The iron is coordinated by two CO molecules, one sulfur
and a pyridone derivative linked via a phosphodiester bond to a guanosine
base. The crystal structure of the apoenzyme of the Fe – S cluster-free hydro-
genase has been published recently (Pilak et al. 2006). Evidence from amino
acid sequences and structures indicates that the three types of hydrogenases
are phylogenetically distinct classes of proteins (Vignais et al. 2001).
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2.1
The [NiFe]hydrogenases

The [NiFe]hydrogenases are the most numerous and best studied class of
hydrogenases. They are found in organisms belonging to the Bacteria and
Archaea domains of life. The core enzyme consists of an αβ heterodimer
with the large subunit (α-subunit) of ca. 60 kDa hosting the bimetallic ac-
tive site and the small subunit (β-subunit) of ca. 30 kDa, the Fe – S clusters.
The latter conduct electrons between the H2-activating center and the phys-
iological electron acceptor/donor from/to hydrogenase. Crystal structures of
Desulfovibrio hydrogenases have shown that the two subunits interact exten-
sively through a large contact surface and form a globular heterodimer. The
bimetallic NiFe center is deeply buried in the large subunit; it is coordinated
to the protein by four cysteines (Volbeda et al. 1995; Higuchi et al. 1997;
Garcin et al. 1999; Matias et al. 2001). Infrared spectroscopy studies have re-
vealed the presence of three non-protein ligands, one CO and two CN– bound
to the Fe atom (Volbeda et al. 1996; Happe et al. 1997). The [4Fe – 4S] cluster
that is proximal to the active site (within 14 Å) is “essential” to H2 activation
(Volbeda et al. 1995; Fontecilla-Camps et al. 1997). Gas access to the active site
is facilitated by hydrophobic channels linking the active site to the surface of
the molecule (Fontecilla-Camps et al. 1997; Montet et al. 1997). Alignments of
the full amino acid sequences of the small and large subunits have shown that
the two subunits of [NiFe]hydrogenases evolved conjointly. That analysis led
to a classification of [NiFe]hydrogenases that is consistent with the functions
of the enzymes (Vignais et al. 2001).

Fig. 1 Schematic representation of the phylogenetic tree of [NiFe]hydrogenases based on
the complete sequences of the small and the large subunits (the same tree was obtained with
each type of subunit) originally established by Vignais et al. 2001. The number of aligned
hydrogenases in each subgroup is indicated. (Vignais and Billoud, unpublished results)
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As shown in Fig. 1, the [NiFe]hydrogenases found in Bacteria and in Ar-
chaea cluster into four groups.

2.1.1
Group 1

In Group 1 are the membrane-bound enzymes, which perform respiratory hy-
drogen oxidation linked to quinone reduction. They allow the cells to use H2 as
an energy source and are called (H2) uptake hydrogenases (generally termed
Hup). The Hup hydrogenases and Escherichia coli hydrogenase-1 (Hya) are
heterotrimeric enzymes consisting of a core heterodimer of an Fe – S cluster
binding β-subunit (HupS, HyaA) and an α-subunit that binds the [NiFe] ac-
tive site cofactor (HupL, HyaB). This associates with a third integral membrane
cytochrome b γ -subunit (HupC, HyaC) to form the holoenzyme. The core hy-
drogenase dimer is anchored to the membrane by the di-heme cytochrome b

Fig. 2 �Examples of electron transfer catalyzed by respiratory hydrogenases of group 1.
Hypothetical mechanism of fumarate respiration with H2 in Wolinella succinogenes
(a) and in Escherichia coli (b). a Electron and proton transfer in the membrane of W. suc-
cinogenes according to the “E pathway hypothesis” of Lancaster et al. (2005), which
proposes that transmembrane electron transfer via the heme groups of the di-hemic
quinol:fumarate reductase is strictly coupled to cotransfer of protons via a transiently es-
tablished pathway, where the side chain of residue Glu-C180 plays a prominent role. The
two protons that are liberated upon oxidation of menaquinol (MKH2) are released to the
periplasm. In compensation, coupled to electron transfer via the two heme groups, pro-
tons are transferred from the periplasm to the cytoplasm (via the ring C propionate of
the distal heme and the residue Glu-C180 of the membrane subunit of fumarate reduc-
tase), where they replace those protons that are bound during fumarate reduction (Kröger
et al. 2002; Lancaster et al. 2005). The HydC protein of the hydrogenase forms four trans-
membrane helices; the heme b groups are shown as diamonds. The menaquinone binding
site is close to the distal heme b group, near the cytoplasmic side of the membrane (Gross
et al. 2004). [4Fe – 4S] and [3Fe – S] clusters are represented by squares and the [2Fe – 2S]
cluster by a rectangle. b In E. coli, hydrogenase-2 donates electrons to heme-less fumarate
reductase. Unlike trimeric uptake hydrogenases with a membrane integral cytochrome b
as third subunit, E. coli hydrogenase-2 is heterotetrameric; besides the αβ heterodimeric
core, it includes a “16Fe” ferredoxin (HybA), most closely related to the periplasmically
oriented HmcB protein from Desulfovibrio vulgaris (Hildenborough) (Dolla et al. 2000),
and a large integral membrane protein (HybB), most closely related to the HmcC protein
from D. vulgaris and predicted to comprise ten transmembrane helices (Dubini 2002).
c The trimeric F420-nonreducing hydrogenase (Vho) from Methanosarcina mazei Gö1,
with a cytochrome b subunit that acts as the primary electron acceptor of the core hy-
drogenase, is shown to interact with the heterodisulfide reductase via methanophenazine
(MP), the membrane integral electron carrier connecting protein complexes of the respi-
ratory chain of Ms. mazei. The scheme shows that the membrane integral cytochrome b
subunit accepts two protons from the cytoplasm for the reduction of MP and that the
overall reaction leads to the production of two scalar protons (Ide et al. 1999), (adapted
from Deppenmeier 2004)
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(Dross et al. 1992; Bernhard et al. 1997), which connects it to the quinone pool
of the respiratory chain in the membrane, and by the hydrophobic C-terminus
of the small subunit (Cauvin et al. 1991; Dross et al. 1992). The prototype, the
hydrogenase of Wolinella succinogenes, encoded by the hydABC genes (thor-
oughly studied by the group of the late Achim Kröger) is shown in (Fig. 2a).
Other members of group 1, such as the Hyn enzyme from Thiocapsa roseop-
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ersicina (Rákhely et al. 1998), the periplasmic Desulfovibrio hydrogenase able
to interact with low-potential c-type cytochromes, and a transmembrane re-
dox protein complex encoded by the hmc operon (Rossi et al. 1993) and E. coli
hydrogenase-2 present a slightly different structure. E. coli hydrogenase-2 is
predicted to be a large tetrameric complex consisting of the large (HybC) and
the small (HybO) subunits associated to two other subunits, an Fe – S con-
taining periplasmic subunit (HybA) and an integral membrane protein HybB
(Dubini 2002) (Fig. 2b). Some Desulfovibrio species, e.g. Desulfomicrobium
baculatum (formerly Desulfovibrio baculatus) contain a [NiFeSe]hydrogenase
(HysSL). In this Se-containing hydrogenase, the carboxy-terminus of the gene
encoding the large subunit contains a codon (TGA) for selenocysteine in a pos-
ition homologous to a codon (TGC) for cysteine (Fauque et al. 1988). The SeCys
in Dm. baculatum is a ligand to Ni (Garcin et al. 1999).

The uptake hydrogenases are characterized by the presence of a long sig-
nal peptide (30–50 amino acids residues) at the N-terminus of their small
subunit. The signal peptide contains a conserved (S/T)RR×F×K motif rec-
ognized by a specific protein translocation pathway known as membrane tar-
geting and translocation (Mtt) (Weiner et al. 1998) or twin-arginine translo-
cation (Tat) (Sargent et al. 1998; Rodrigue et al. 1999) pathway, and serves as
signal recognition to target fully folded mature heterodimer to the membrane
and the periplasm (Wu et al. 2000; Sargent et al. 2002; Palmer et al. 2005). The
twin-arginine motif has been shown to be required for successful assembly of
the uptake hydrogenases from Ralstonia eutropha (Bernhard et al. 2000), and
W. succinogenes (Gross et al. 1999). The Tat translocase transports fully folded
proteins across the energy-transducing inner membrane using energy pro-
vided by the transmembrane ∆p (Yahr and Wickner 2001). The Tat pathway is
structurally and mechanistically similar to the ∆pH-dependent pathway used
to import chloroplast proteins into the thylakoid (Mori and Cline 2001, 2002;
Berks et al. 2003, 2005). Homologs of Tat proteins are found in many archaea,
bacteria, chloroplasts, and mitochondria (Yen et al. 2002).

2.1.2
Group 2

Group 2 hydrogenases are not exported and remain in the cytoplasm. In
accordance, their small subunit does not contain a signal peptide at its N-
terminus. They are subdivided into (i) the cyanobacterial uptake hydroge-
nases induced under N2 fixing conditions (Appel and Schulz 1998; Tamagnini
et al. 2002) and (ii) the regulatory hydrogenases, which function as H2 sensors
in the regulatory cascade that controls the biosynthesis of some eubacterial
uptake hydrogenases (Friedrich et al. 2005; Vignais et al. 2005). The third hy-
drogenase of Aquifex aeolicus, a soluble enzyme that clusters with group 2a
hydrogenases has been proposed to provide reductant to the reductive TCA
cycle for CO2 fixation (Brugna-Guiral et al. 2003).
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2.1.3
Group 3

In Group 3, the dimeric hydrogenase module is associated with other sub-
units able to bind soluble cofactors, such as cofactor 420 (F420, 8-hydroxy-5-
deazaflavin), NAD, or NADP. They are termed bidirectional hydrogenases for,
physiologically, they function reversibly and can thus reoxidize the cofactors
under anaerobic conditions by using the protons of water as electron accep-
tors. Many members of this group belong to the Archaea domain (Fig. 1).

Bidirectional NAD(P)-linked hydrogenases are also found in bacteria and
in cyanobacteria. The first NAD-dependent [NiFe]hydrogenase was isolated
from R. eutropha (formerly Alcaligenes eutrophus now renamed Cupriavidus
necator) (Schneider and Schlegel 1976) in which it is encoded by genes lo-
cated on a megaplasmid (Schwartz et al. 2003). Homologous NAD(P)-linked
hydrogenases were later discovered in cyanobacteria and in the photosynthetic
bacterium T. roseopersicina (Rákhely et al. 2004) (reviews by Appel and Schulz
1998; Vignais et al. 2001; Tamagnini et al. 2002). These bidirectional hydro-
genases are composed of two moieties: the heterodimer [NiFe]hydrogenase
encoded by the hoxY and HoxH genes and the diaphorase moiety, encoded by
the hoxU, hoxF and hoxE genes, the products of which are homologous to sub-
units of complex I of the mitochondrial and bacterial respiratory chains and
contain NAD(P), FMN, and Fe – S binding sites (Fig. 3, Table 1).

Fig. 3 Schematic representation of Rhodobacter capsulatus complex I. The [4Fe – 4S] and
[2Fe – 2S] clusters are shown in the appropriate subunits (adapted from Dupuis et al.
2001; Holt et al. 2003; Sazanov and Hinchliffe 2006)
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2.1.4
Group 4

In Group 4 cluster multimeric (six subunits or more) membrane-bound hy-
drogenases, which comprise transmembrane subunits homologous to com-
plex I subunits involved in proton pumping and energy coupling (Table 1,
Fig. 4). They appear to be able to couple the oxidation of a carbonyl group
(originating from formate, acetate, or carbon monoxide) with the reduction
of protons to H2 and form the group of energy-converting, H2-evolving hy-
drogenases. The prototype of this group is E. coli hydrogenase-3, encoded by
the hyc operon, part of the formate hydrogen lysase complex (FLH-1) (Böhm
et al. 1990; Sauter et al. 1992), which metabolizes formate to H2 and CO2, the
biosynthetic pathway of which has been deciphered by the group of A. Böck
(Sawers et al. 2004). E. coli also contains the hyf operon, which can encode
a putative 10-subunit hydrogenase complex (hydrogenase-4); seven of the hyf
genes encode homologs of seven Hyc subunits of hydrogenase-3. Three addi-
tional genes (hyfD, hyfE and hyfF) have no counterpart in the Hyc complex

Fig. 4 Models of [NiFe]hydrogenases and F420H2 dehydrogenase compared with that of
complex I from Rhodobacter capsulatus (c). a Bidirectional Hox hydrogenase from Syne-
chocystis encoded by hoxEFUYH. b Ech hydrogenase from Methanosarcina barkeri, en-
coded by the echABCDEF genes (adapted from Hedderich 2004). d F420H2 dehydrogenase
from Methanosarcina mazei encoded by the fpoA-O genes (adapted from Deppenmeier
2004)
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and are capable of encoding integral membrane proteins, two of them sharing
similarities with subunits that play a crucial role in proton translocation and
energy coupling in the NADH:quinone oxidoreductase (complex I) (Andrews
et al. 1997). Up to now, no Hyf-derived hydrogenase activity could be detected
and no Ni-containing protein corresponding to HyfG, the large subunit of
hydrogenase-4 has been observed (Skibinski et al. 2002).

The CO-induced hydrogenase of the photosynthetic bacterium Rhodospir-
illum rubrum is another member of group 4. It is part of the CO-oxidizing
system that allows R. rubrum to grow in the dark with CO as sole energy
source. CO dehydrogenase and the hydrogenase encoded by the coo operon
oxidize CO to CO2 with concomitant production of H2. Since the CO de-
hydrogenase is a peripheral membrane protein, it was proposed that the
hydrogenase component of the oxidizing system constitutes the energy coup-
ling site (Fox et al. 1996a,b). A homologous CO-oxidizing complex has been
isolated from the thermophilic Gram-positive bacterium Carboxydothermus
hydrogenoformans (Soboh et al. 2002).

Group 4 hydrogenases were later isolated from Archaea and shown to be
able to couple H2 evolution and energy conservation. They include the EhA
and Ehb hydrogenases from Methanothermobacter species (Tersteegen and
Hedderich 1999), the Ech hydrogenase from Methanosarcina barkeri (Künkel
et al. 1998; Meuer et al. 1999), and the Mbh hydrogenase from Pyrococcus
furiosus (Sapra et al. 2000; Silva et al. 2000; recent reviews by Hedderich
2004; Hedderich and Forzi 2005; Vignais and Colbeau 2004). Some, found in
present-day hyperthermophiles, were acquired from Archaea by horizontal
gene transfer. According to Calteau et al. (2005) this would be the case for the
13-gene operon found in the genome of Thermotoga maritima, capable of en-
coding a Mbx hydrogenase, probably acquired by horizontal transfer from an
archaebacterium belonging to the Pyrococcus group, and for the six-gene ech
operon found in Thermoanaerobacter tengcongensis (Sobboh et al. 2004) and
in Desulfovibrio gigas (Rodrigues et al. 2003), which was probably transferred
independently from an archaebacterium belonging to the Methanosarcina
clade.

2.2
The [FeFe]hydrogenases

[FeFe]hydrogenases are found in anaerobic prokaryotes, such as clostridia
and sulfate reducers, and in eukaryotes (see reviews by Adams 1990; Atta and
Meyer 2000; Vignais et al. 2001; Horner et al. 2000, 2002). [FeFe]hydrogenases
are the only type of hydrogenases to have been found in eukaryotes, and they
are located exclusively in membrane-limited organelles, i.e., in chloroplasts or
in hydrogenosomes. They are usually involved in H2 production.

Unlike [NiFe]hydrogenases composed of at least two subunits, many
[FeFe]hydrogenases are monomeric and consist of the catalytic subunit only,
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although dimeric, trimeric, and tetrameric enzymes are also known (Vignais
et al. 2001). The catalytic subunit of [FeFe]hydrogenases, in contrast to those
of Ni-containing enzymes, vary considerably in size. Besides the conserved
domains of ca. 350 residues containing the active site (H-cluster, Adams
1990), they often comprise additional domains, which accommodate Fe – S
clusters (Fig. 5). The H-cluster consists of a binuclear iron subsite ([Fe2S3])
bound to a conventional [4Fe – 4S] cluster by a bridging cysteinyl sulfur. To
each Fe atom a terminal carbon monoxide, a bridging carbon monoxide, and
a cyanide ligand are bound. The Fe atoms also share two bridging sulfur lig-
ands of a di(thiomethyl)amine molecule (CH3 – S–)2 (Peters et al. 1998, 1999;
Nicolet et al. 1999, 2000, 2002).

Although [FeFe]- and [NiFe]hydrogenases have completely different struc-
tures and are evolutionary unrelated, they share a common feature, namely
the presence of endogenous CO and CN– ligands bound to a Fe center in the

Fig. 5 Schematic representation of homologies between hydrogenases and complex I.
The code for domains is indicated in the lower part of the figure. a Complex I sub-
units are designated by the nuo nomenclature used for E. coli and Rb. capsulatus. b

Approximate masses (kDa) of subunits found in various bacteria. The H-cluster domain
is included although it has no homolog in complex I only accessory subunits of some
[FeFe]hydrogenases have (adapted from Fig. 10 of Vignais et al. (2001), where a detailed
legend can be consulted)



Hydrogenases and H+-Reduction in Primary Energy Conservation 235

active site. The presence of these ligands stabilizes iron in a low oxidation and
spin state and makes it resemble transition metals (Ru, Pd, or Pt) known to
be good catalysts for H2 splitting (Adams and Stiefel 2000). Another common
feature is the presence of an Fe – S cluster proximal to the dinuclear metal-
locenter, which is then wired to the surface for electron exchange with its
partner redox proteins by a conduit of Fe – S clusters. Finally, both types of
enzymes contain hydrophobic gas channel(s) that runs from the molecular
surface to the buried active site (Nicolet et al. 2002).

A [FeFe]hydrogenase is proposed to have been a key enzyme at the origin
of the eukaryotic cell. Two hypotheses posit that a metabolic symbiosis (syn-
trophy) between a methanogenic archaebacterium and a proteobacterium
able to release H2 in anaerobiosis was the first step in eukaryogenesis. The
hydrogen hypothesis (Martin and Müller 1998) proposes that an anaero-
bic heterotrophic α-Proteobacterium, producing H2 and CO2 as waste prod-
ucts, formed a symbiotic metabolic association (syntrophy) with a strictly
anaerobic, autotrophic archaebacterium, possibly a methanogen dependent
on H2. The intimate relationship over long periods of time allowed the
symbiont and the host to co-evolve and become dependent on each other.
In an anaerobic environment the symbiont was either lost, as in type I
amitochondriate eukaryotes, or became a hydrogenosome (i.e., a hydrogen-
generating and ATP-supplying organelle) as in type II amitochondriate eu-
karyotes (Müller 1993). By further evolution, the host lost its autotrophic
pathway and its dependence on H2 and the endosymbiont adopted a more ef-
ficient aerobic respiration to become the ancestral mitochondrion. Thus, the
eukaryotic cell would have emerged as the result of endosymbiosis between
two prokaryotes, an H2-dependent, autotrophic archaebacterium (the host)
and an H2- and ATP-producing eubacterium (the symbiont), the common
ancestor of mitochrondria and hydrogenosomes. The syntrophy hypothe-
sis for the origin of eukaryotes, proposed at the same time and indepen-
dently (Moreira and López-Garcia 1998; López-Garcia and Moreira 1999) is
based on similar metabolic consideration (interspecies hydrogen transfer),
but the latter authors speculated that the organisms involved in syntrophy
with methanogenic archaea were δ-Proteobacteria (ancestral sulfate-reducing
myxobacteria) (it was also suggested that a second anaerobic symbiont was
involved in the origin of mitochondria). Thus, hydrogenosomes are either
considered to be relics of ancestral endosymbiont and to share a com-
mon origin with mitochondria (Bui et al. 1996; Martin and Müller 1998)
or to have evolved several times as adaptations of mitochondria to anaero-
bic environments (Hackstein 2005; Hackstein et al. 2001; Embley et al. 2003;
Tjaden et al. 2004).

Eukaryotic organelles contain only [FeFe]hydrogenases. A phylogenetic
analysis of eukaryotic [FeFe]hydrogenases (Horner et al. 2000, 2002) sug-
gests a polyphyletic origin of these enzymes, implying an acquisition by
lateral gene transfer from different prokaryotic sources. On the other hand,
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the [FeFe]hydrogenases from green algae emerge as a monophyletic group
with hydrogenosomal [FeFe]hydrogenases from microaerophilic protists
(Horner et al. 2002). The source of an ancestral [FeFe]hydrogenase is not
resolved; its presence in eukaryotes may reflect an early lateral trans-
fer from a eubacterium. The plastidial [FeFe]hydrogenases appear to have
a non-cyanobacterial origin, since cyanobacteria, the progenitors of chloro-
plasts, contain only [NiFe]hydrogenases and no [FeFe]hydrogenases (Vi-
gnais et al. 2001; Tamagnini et al. 2002). Eukaryotes possess genes that
encode proteins that are phylogenetically related to [FeFe]hydrogenases.
Mitochondria do not contain [FeFe]hydrogenase but have kept a key en-
zyme, cysteine desulfurase (called IscS or Nfs1), which performs a crucial
role in cellular Fe – S protein maturation (Mühlenhoff and Lill 2000; Lill
and Mühlenhoff 2005) and appears to have originated from the ancestor
endosymbiont.

2.3
Hydrogenases and Complex I

The energy-converting NADH-ubiquinone oxidoreductase is the main entry
site of reducing equivalents into the mitochondrial and the bacterial res-
piratory chains (for a recent review see Brandt 2006). The mitochondrial
enzyme is also called complex I, whereas the bacterial enzyme is more often
referred to as type 1 NADH-dehydrogenase or NDH-1. The bovine mito-
chondrial complex I contains a total of 46 different subunits (Carroll et al.
2003; Hirst et al. 2003) whereas NDH-1 from the bacteria Paracoccus den-
itrificans (Yagi 1993; Yagi et al. 1998) and Rhodobacter capsulatus (Dupuis
et al. 1998) contain 14 subunits, all of which have homologs in the bovine en-
zyme (Table 1). Both the mitochondrial and bacterial enzymes are L-shaped,
with a membrane domain and a peripheral arm extending into the cy-
tosol. The hydrophilic NADH-oxidizing module, distal from the membrane
comprises three hydrophilic subunits containing FMN and five Fe – S clus-
ters; a second hydrophilic module consisting of four subunits connects the
NADH-oxidizing proteins to the membrane-bound hydrophobic subunits.
The two extramembranous modules contain all the redox centers of the en-
zyme (Dupuis et al. 1998, 2001; Yagi et al. 1998; Friedrich 2001; Friedrich
et al. 1998; Schultz and Chan 2001; Sazanov et al. 2000; Sazanov and Hinch-
liffe 2006) (Fig. 3). Sequence similarities between hydrogenases and com-
plex I, first reported by Böhm et al. (1990) and Pilkington et al. (1991), have
been emphasized in several subsequent reports (Friedrich and Weiss 1997;
Friedrich and Scheide 2000; Albracht and Hedderich 2000; Dupuis et al. 2001;
Friedrich 2001; Yano and Ohnishi 2001; Vignais et al. 2001, 2004; Hedderich
2004). Subunits NuoE, NuoF, NuoI, and the N-terminal Fe – S binding do-
main (ca. 220 residues) of NuoG have homologous counterparts in accessory
subunits and domains of soluble [NiFe]hydrogenases of group 3 (Hox) and
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of [FeFe]hydrogenases (Fig. 5). In addition, three subunits located within
the connecting module of complex I share similarities with subunits of the
core [NiFe] enzyme, the NuoB subunit with the small hydrogenase subunit
(the [4Fe – 4S] cluster of NuoB, known as cluster N2 (Ohnishi et al.1998)
and suggested to be a key component in redox-driven proton transloca-
tion (Flemming et al. 2005) is related to the hydrogenase proximal cluster),
and the NuoC and NuoD subunits (fused as a single NuoCD protein in
E. coli) with the large subunit. Furthermore, hydrophobic subunits of mul-
timeric, membrane-bound [NiFe]hydrogenases belonging to group 4, e.g.,
E. coli Hyc and Hyf, R. rubrum Coo, Ms. barkeri Ech, Methanothermobacter
marburgensis Eha and Ehb and P. furiosus Mbh are also homologous to trans-
membrane subunits of complex I (NuoH, NuoL, NuoM, NuoN). It should be
noted that these hydrogenases of group 4 are also ion (H+ or Na+) pumps
(the nature of the coupling ion used is still elusive). Thus, the presumed
evolutionary links between hydrogenases and complex I concern not only
the electron transferring subunits but also the ion pumping units, i.e., the
coupling between electron transport and energy recovery by a chemiosmotic
mechanism.

On the basis of the similarities between [NiFe]hydrogenases and the
NuoB–NuoD dimer of the connecting module, Dupuis et al. (2001) have pro-
posed (i) that the [NiFe] active site of hydrogenases was reorganized into
a quinone-reduction site carried by the NuoB–NuoD dimer (Prieur et al.
2001) and a hydrophobic subunit such as NuoH (Fig. 3), and (ii) that NuoD
might provide both the quinone gate and a potential proton channel entry
for a minimal “proton pumping” module, composed of subunits NuoB, NuoD,
NuoI, and NuoL (Friedrich and Scheide 2000; Dupuis et al. 2001; see also
Kashani-Poor et al. 2001). Subunit NuoL (or NuoN or NuoM, considered up
to recently to have evolved by triplication of an ancestral gene related to bac-
terial Na+ or K+/H+ antiporters (Fearnley and Walker 1992; Friedrich and
Weiss 1997)) would have provided the transmembrane channel required to
complete the proton (or Na+) pump (Dupuis et al. 2001). These membrane
proteins are similar to an electrogenic Na+/H+ antiporter first identified in
an alkalophilic Bacillus strain (Hamamoto et al. 1994). In Bacillus subtilis the
corresponding proteins are encoded by a seven-gene operon, mrp (multiple
resistance and pH), and are termed MrpA-G (Ito et al. 1999) (the sha nomen-
clature for “sodium hydrogen antiporter” is also used (Kosono et al. 2006)).
The MrpA and the MrpD antiporters come in two subclasses, MrpA-type and
MrpD-type, and it has been determined that NuoL is more closely related
to MrpA and that NuoM and N are more closely related to the MrpD an-
tiporter (Mathiesen and Hägerhäll 2002). NuoK has later been shown to be
homologous to MrpC, suggesting that a multisubunit antiporter complex was
recruited to the ancestral enzyme (Mathiesen and Hägerhäll 2003). The lat-
ter authors concluded that the last common ancestor of complex I and the
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membrane-bound [NiFe]hydrogenases of group 4 contained the NuoKLMN
subunit module.

The nature of the ion translocated by complex I (Na+ or H+) is still a mat-
ter of debate. The mitochondrial enzyme of respiratory chains were shown
to be proton pumps (Hinkle 2005) but some bacterial respiratory enzymes
generate an Na+ gradient (Dimroth and Cook 2004) and many marine and
pathogenic bacteria have a sodium-translocating NADH:ubiquinone oxidore-
ductase, which generates an electrochemical Na+ gradient during aerobic
respiration (Barquera et al. 2004). Complex I from Klebsiella pneumoniae
(Krebs et al. 1999) and from E. coli (Steuber 2001) have been proposed to
work as an Na+ pump. Since the membranous complex I subunits NuoL,
NuoM, and NuoN are homologous to cation/proton antiporters (Friedrich
and Scheide 2000; Mathiesen and Hägerhäll 2002, 2003) the question arises
whether the complex is involved in primary proton translocation or is ca-
pable of secondary Na+/H+ antiport. Recently, Stolpe and Friedrich (2004)
have shown that E. coli complex I is a primary proton pump but is capable of
secondary sodium antiport.

3
Modes of Energy Conservation by Hydrogenases

3.1
Energy Conservation via Energy-Transducing Electron Transport Chains
by Respiratory [NiFe]hydrogenases (Group 1)

The uptake hydrogenases link the oxidation of H2 to the reduction of oxy-
gen (aerobic respiration) or to the reduction of anaerobic electron acceptors
such as NO3

–, SO4
2–, fumarate, and TMAO/DMSO (anaerobic respiration).

Similarly to other substrate-specific dehydrogenases they feed electrons into
a common quinone pool, from which electrons are transferred via spe-
cific quinol oxidases to terminal reductases, e.g., in the absence of oxygen,
TMAO/DMSO, nitrate or fumarate reductase and, in the presence of oxy-
gen, cytochrome oxidase. The oversimplified scheme of Fig. 6 is meant to
emphasize the role of the quinone pool in respiration, the type of quinone
(e.g., ubiquinone, UQ, menaquinone, MK) depending on the prevailing en-
vironmental conditions (Richardson 2000). The third subunit of the trimeric
uptake hydrogenase, the di-heme cytochrome b encoded by hupC in Rb. cap-
sulatus and hoxZ in R. eutropha and Azotobacter vinelandii is the necessary
link for transfer of electrons from H2 to the electron transport chain; fur-
thermore, it plays a role in activating and maintaining the hydrogenase in
a reduced, active state (Cauvin et al. 1991; Sayavedra-Soto and Arp 1992;
Bernhard et al. 1997; Meek and Arp 2000). Electrons from H2 are donated
to the quinone pool (Henry and Vignais 1983) and the energy of H2 ox-
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Fig. 6 Simplified and general scheme illustrating electron pathways in respiratory chains.
White boxes indicate electron-input units and black arrows the influx of reducing equiva-
lents in the membrane. The respiratory hydrogenase represented here is usually trimeric,
the third subunit being a di-heme cytochrome b, which anchors the hydrogenase to the
membrane, binds the quinone, and is the link for the transfer of H2 electrons to the
quinone (Cauvin et al. 1991; Bernhard et al. 1997; Gross et al. 2004). Dashed arrows in-
dicate electron flux to output modules involved in anaerobic respiration (shaded boxes).
Energy coupling sites are indicated by arrows showing vectorial proton ejection. Not
shown is the ∆p created across the membrane when fumarate reductase is reduced via
the quinone (menaquinone, MK) with H2 or formate (Kröger et al. 2002). The proton
pumping activity of alternative oxidase (cyt bo-type) (Kömen et al. 1996) is indicated by
a dashed arrow since it is not a common case among the quinol oxidases

idation is recovered by vectorial proton transfer at the level of the quinol
oxidase (Kömen et al. 1996), cytochrome bc1 complex and cytochrome ox-
idase (Paul et al. 1979; Porte and Vignais 1980). W. succinogenes performs
oxidative phosphorylation with fumarate as terminal electron acceptor and
H2 (or formate) as electron donor. This fumarate respiration, catalyzed by
an electron transport chain consisting of hydrogenase, menaquinone, and fu-
marate reductase (Fig. 2a), is coupled to the generation of an electrochemical
proton potential (∆p) across the bacterial membrane generated by MK reduc-
tion with H2 (Kröger et al. 2002; Lancaster et al. 2005). In the methanogenic
archaeon Methanosarcina mazei Gö1, the VhoGA uptake hydrogenase trans-
fers electrons from H2 to a cytochrome b (VhoC); the electrons are then
channeled through methanophenazine to heterodisulfide reductase, which
reduces the CoM–S–S–CoB heterodisulfide to produce CoB–SH, the reduc-
tant for the formation of methane from methyl–S–CoM (Ide et al. 1999)
(Fig. 2c, Fig. 7).
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Fig. 7 Pathway of methanogenesis from CO2 + H2 and from methanol. Reactions catalyzed
by membrane-bound energy-transducing enzyme complexes are boxed.
Abbreviations: F420H2 reduced form of coenzyme F420; Fdred reduced form of ferredoxin;
MFR methanofuran; H4MPT tetrahydromethanopterin ; HS-CoM coenzyme M; HS-CoB
coenzyme B; MPH2 reduced form of methanophenazine.
Enzymes: 1 Ech, Ech hydrogenase; 2 formylmethanofuran dehydrogenase; 3 formyl-
MFR:H4MPT formyl transferase; 4 methenyl-H4MPT cyclohydrolase; 5 methylene-
H4MPT dehydrogenase; 6 Frh, F420-reducing hydrogenase; 7 methylene-H4MPT reduc-
tase; 8 methyl-H4MPT:HS-CoM methyltransferase; 9 methyl-CoM reductase; 10 soluble
methyltransferases; 11 Vho, F420-nonreducing hydrogenase; 12 heterodisulfide reduc-
tase; 13 Fpo, F420H2 dehydrogenase. Each type of hydrogenase highlighted in bold is
shown with its specific electron acceptor (ferredoxin for Ech, cofactor F420 for Frh, and
methanophenazine for Vho) (adapted from Deppenmeier 2004)

3.2
Energy-Conservation by Proton/Na+ Translocation
by Membrane-Bound, H2 Evolving [NiFe]hydrogenases (Group 4)

The mechanism of energy conservation by Na+/H+ translocation has been
best studied with [NiFe]hydrogenases from methanogens, which obtain most
or all their energy for growth from the process of methane biosynthesis
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(methanogenesis), considered to be an anaerobic respiration (see Müller V in
this volume and reviews by Deppenmeier 2002, 2004; Hedderich 2004; Hed-
derich and Forzi 2005).

Strictly anaerobic archaea of the genus Methanosarcina derive their
metabolic energy from the conversion to methane of a restricted number of
C1 compounds and acetate (Deppenmeier 2002). Figure 7 shows how CH4
is formed from CO2 + H2 via the CO2-reducing pathway, or from methanol.
Three types of [NiFe]hydrogenases, identified recently (see reviews by Hed-
derich 2004; Deppenmeier 2004), are involved in these two systems in which
either H2 or F420H2 are used as electron donor and the heterodisulfide CoM–
S–S–CoB as electron acceptor (hence the term “disulfide respiration” used
by Hedderich and Whitman (2005)). H2 reduction of low-potential ferre-
doxin by Ech, thermodynamically unfavorable, requires the consumption of
a membrane ion gradient and thus occurs by so-called reverse electron trans-
port. Redox-driven proton translocation catalyzed by intrinsic membrane
subunits of the Ech hydrogenase and Fpo dehydrogenase generates a pro-
tonmotive force and hence energy recovery during methanogenesis (Fig. 7).
In acetoclastic methanogenesis, Ech couples the oxidation of reduced ferre-
doxin (arising from the oxidation of the carbonyl group of acetate) to the
production of H2.

Methanophenazine (MP), which acts in the membrane of the methanogen
as the quinone in respiratory chains of bacteria and mitochondria, can be re-
duced either with H2, by the F420-non reducing hydrogenase VhoAG via its
third subunit, VhoC, which interacts with MP (Fig. 2c), or with F420H2 by the
F420H2 dehydrogenase (FpoDH), a multimeric complex encoded by the fpo
genes, with subunits homologous to subunits of complex I (Table 1) (Fig. 4).
The heterodisulfide reductase (HdrED) receives electrons from the reduced
form of methanophenazine, MPH2 (Fig. 2c). Each partial reaction, the reduc-
tion of MP by H2 or F420H2 and the reduction of CoM–S–S–CoB by MPH2
is coupled to the translocation of 2H+/2e–. H+-translocation in both reac-
tions can occur via a redox-loop mechanism, while F420H2dehydrogenase is
thought to function as a proton pump (Ide et al. 1999; Bäumer et al. 2000).

Another member of group 4, the Mbh hydrogenase from P. furiosus, has
been shown to couple electron transfer from reduced ferredoxin to both pro-
ton reduction and proton translocation. Oxidation of reduced ferredoxin by
inverted membrane vesicles of P. furiosus generated both a ∆ψ and a ∆pH,
which could be coupled to ATP synthesis (Sapra et al. 2003)

3.3
Disposal of Excess Reducing Equivalents

Growth of bacteria depends on dissimilatory and assimilatory processes. Ox-
idation of inorganic or organic substrates results in the formation of reducing
power (NADH) and ATP, which is used to drive assimilatory processes leading
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to the synthesis of cell materials. Growth rates depend on ATP content and the
(photo)phosphorylation rate is regulated by redox balance. “Over-reduction”
or “over-oxidation” of the redox components of the electron transport chain
(including the quinone pool) leads to inhibition of phosphorylation (Bose
and Gest 1963). The requirement for a membrane redox poise close to the
oxidation–reduction potential of the ubiquinone pool (Candela et al. 2001)
can be explained by the involvement of a semiquinone intermediate in the
Q cycle (Nicholls and Ferguson 1992; Dutton et al. 1998; Brandt 1999). To
dissipate excess reducing equivalents from the photosynthetic membrane,
bacteria such as Rb. capsulatus can use an alternative quinol oxidase, which
allows the cell to control the redox state of the Q pool and the rate of pho-
tophosphorylation activity (Zannoni and Marrs 1981). In Rb. capsulatus,
under anaerobic conditions in the light, excess reducing equivalents are trans-
ferred to NAD+ by reverse electron flow through complex I (Klemme 1969;
Dupuis et al. 1997). Reducing equivalents stored in NADH can be dissipated
by metabolic systems such as CO2 fixation (Calvin cycle), nitrogen fixation,
or reduction of auxiliary oxidants (Hillmer and Gest 1977; Tichi et al. 2001).
In the case of nitrogen fixation, which is catalyzed by nitrogenase, H2 is pro-
duced as an intrinsic part of the enzymatic reaction and, in the absence of N2,
nitrogenase functions as a hydrogenase, reducing protons to H2 (Vignais et
al.1985; Willison 1993). Since nitrogenase is an ATP-dependent enzyme, this
reaction dissipates energy as well as offering another means for disposal of
excess reducing equivalents.

[NiFe]hydrogenases of group 3, which bind reduced coenzymes such as
NADH, NADPH, and F420H2, can directly regenerate the oxidized coenzymes
by using the protons of water as electron acceptors and then evolving H2.
H2 production catalyzed by the cytoplasmic NAD(P)-dependent bidirectional
[NiFe]hydrogenase (Hox) has indeed been observed with the cyanobacterium
Synechocystis PCC6803. Significant H2 production was observed when cells
achieved anaerobiosis, the rate of H2 production being higher in the presence
of fermentative substrates such as glucose. The transient H2 burst observed
upon re-illumination probably reflected the increase in NAD(P)H concen-
tration in response to photosystem I activity (Cournac et al. 2004). Appel
et al. (2000) have proposed that the bidirectional hydrogenase functions as
an electron valve for the disposal of low-potential electrons generated at the
onset of illumination. Similarly, H2 production has been observed when dark-
adapted Chlamydomonas reinhardtii cells are illuminated (Cournac 2002). In
that case, it is a [FeFe]hydrogenase which transfers electrons from a [2Fe – 2S]
ferredoxin reduced by photosystem I. The [FeFe]hydrogenase is an electron
“valve” that enables the algae to survive under anaerobic conditions (Happe
et al. 2002).
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4
Conclusions and Perspectives

Hydrogenases are a structurally and functionally diverse group of enzymes,
and phylogenetic analysis has led to the identification of several phylogeneti-
cally distinct groups and subgroups that form the basis of a coherent system
of classification. Their modular structure, their additional domains and sub-
units that have counterparts in other redox proteins and complexes, has long
been a matter of speculation. Their relationships with NADH-ubiquinone
oxidoreductase (complex I) of respiratory chains has gained renewed in-
terest with the recently identified multisubunit, membrane-bound, energy-
conserving [NiFe]hydrogenases of methanogenic archaea.

Whole genome sequencing is not only increasing significantly the num-
ber of available hydrogenase sequences but is also revealing the presence of
multiple hydrogenases in Bacteria and Archaea. Postgenomic analysis (tran-
scriptome, proteome, metabolome) has and will be essential for elucidating
the metabolic roles of these enzymes and the regulation of their biosynthesis
and activity. The chief role of [NiFe]hydrogenases is clearly the oxidation of
H2 or the reduction of protons, coupled to energy-conserving electron trans-
fer chain reactions, which allow energy to be obtained either from H2 or from
the oxidation of substrates of lower potential. In the last decade, additional
roles have been revealed. Thus, the so-called H2 sensors hydrogenases are
involved in regulating the biosynthesis of uptake [NiFe]hydrogenases in re-
sponse to their substrate, H2. Other, bidirectional hydrogenases able to bind
directly reduced coenzymes and re-oxidize them using protons from water
as electron acceptors can act as electron “valves” to control the redox poise
of the respiratory chain at the level of the quinone pool. This is essential to
ensure the correct functioning of the respiratory chain in the presence of ex-
cess reducing equivalents, in particular in photosynthetic microorganisms.
Finally, hydrogenases from group 4, those originally thought to play a purely
fermentative role and the newly discovered ones in methanoarchaea, are now
known to be involved in membrane-linked energy conservation through the
generation of a transmembrane protonmotive force.

The broad distribution of hydrogenases among existing microorganisms
attests to the importance of H2 metabolism in a wide range of environ-
ments, and suggests that hydrogenases may have appeared very early in
evolution. Two newly formulated hypotheses propose that H2 metabolism
may have been the driving force that led to cellular symbiosis and fusion
events involved in the formation of the first eukaryotic cells. The present day
[FeFe]hydrogenases that are found in the organelles of unicellular eukaryotes
(hydrogenosomes, chloroplasts) may be relics of these evolutionary events or
the results of more recent lateral gene transfers. Their evolutionary origins is
still unresolved and are the subject of current studies and debates. The dis-
covery of hydrogenase-like sequences in the genomes of aerobic eukaryotes,
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including mammals, opens a new field of research. The encoded proteins, re-
lated to [FeFe]hydrogenases, appear to be involved in the maturation of Fe – S
clusters, for insertion into the Fe – S proteins that are crucial for all cellular
life. The cysteine desulfurase, a key enzyme of this pathway, located in the
mitochondrion, appears to have originated from the mitochondrial endosym-
biont. Comparative biochemical and genetic studies and determination of the
localization of these proteins in hydrogenosomes and mitochondria will help
to find out the reason why the host cell kept the endosymbiont: was it because
of its ability to make Fe – S clusters for its host?

References

Adams MWW (1990) The structure and mechanism of iron-hydrogenases. Biochim Bio-
phys Acta 1020:115

Adams MWW, Stiefel EI (2000) Organometallic iron: the key to biological hydrogen
metabolism. Curr Opin Chem Biol 4:214

Albracht SPJ, Hedderich R (2000) Learning from hydrogenases: location of a proton pump
and of a second FMN in bovine NADH–ubiquinone oxidoreductase (complex I). FEBS
Lett 485:1

Andrews SC, Berks BC, McClay J, Ambler A, Quail MA, Golby P, Guest JR (1997) A 12-
cistron Escherichia coli operon (hyf ) encoding a putative proton-translocating formate
hydrogenlyase system. Microbiology 143(11):3633–3647

Appel J, Schulz R (1998) Hydrogen metabolism in organisms with oxygenic photosyn-
thesis: hydrogenases as important regulatory devices for a proper redox poising?
J Photochem Photobiol B–Biol 47:1

Appel J, Phunpruch S, Steinmuller K, Schulz R (2000) The bidirectional hydrogenase of
Synechocystis sp. PCC 6803 works as an electron valve during photosynthesis. Arch
Microbiol 173:333

Atta M, Meyer J (2000) Characterization of the gene encoding the [Fe]-hydrogenase from
Megasphaera elsdenii. Biochim Biophys Acta 1476:368

Barquera B, Nilges MJ, Morgan JE, Ramirez-Silva L, Zhou W, Gennis RB (2004) Mutage-
nesis study of the 2Fe – 2S center and the FAD binding site of the Na+-translocating
NADH:ubiquinone oxidoreductase from Vibrio cholerae. Biochemistry 43:12322

Bäumer S, Ide T, Jacobi C, Johann A, Gottschalk G, Deppenmeier U (2000) The F420H2
dehydrogenase from Methanosarcina mazei is a redox-driven proton pump closely
related to NADH dehydrogenases. J Biol Chem 275:17968

Berks BC, Palmer T, Sargent F (2003) The Tat protein translocation pathway and its role
in microbial physiology. Adv Microb Physiol 47:187

Berks BC, Palmer T, Sargent F (2005) Protein targeting by the bacterial twin-arginine
translocation (Tat) pathway. Curr Opin Microbiol 8:174

Bernhard M, Benelli B, Hochkoeppler A, Zannoni D, Friedrich B (1997) Functional and
structural role of the cytochrome b subunit of the membrane-bound hydrogenase
complex of Alcaligenes eutrophus H16. Eur J Biochem 248:179

Bernhard M, Friedrich B, Siddiqui RA (2000) Ralstonia eutropha TF93 is blocked in tat-
mediated protein export. J Bacteriol 182:581

Blattner FR, Plunkett G III, Bloch CA, Perna NT, Burland V, Riley M, Collado-Vides J,
Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick HA, Goeden MA,



Hydrogenases and H+-Reduction in Primary Energy Conservation 245

Rose DJ, Mau B, Shao Y (1997) The complete genome sequence of Escherichia coli
K-12. Science 277:1453

Böhm R, Sauter M, Böck A (1990) Nucleotide sequence and expression of an operon in
Escherichia coli coding for formate hydrogenlyase components. Mol Microbiol 4:231

Bose SK, Gest H (1963) Bacterial photophosphorylation: regulation by redox balance.
Proc Natl Acad Sci USA 49:337

Brandt U (1999) Proton translocation in the respiratory chain involving ubiquinone –
a hypothetical semiquinone switch mechanism for complex I. Biofactors 9:95

Brandt U (2006) Energy converting NADH:quinone oxidoreductase (complex I). Annu
Rev Biochem 75:69-92

Brugna-Guiral M, Tron P, Nitschke W, Stetter KO, Burlat B, Guigliarelli B, Bruschi M,
Giudici-Orticoni MT (2003) [NiFe] hydrogenases from the hyperthermophilic bac-
terium Aquifex aeolicus: properties, function, and phylogenetics. Extremophiles 7:145

Bui ETN, Bradley PJ, Johnson PJ (1996) A common evolutionary origin for mitochondria
and hydrogenosomes. Proc Natl Acad Sci USA 93:9651

Calteau A, Gouy M, Perrière G (2005) Horizontal transfer of two operons coding for
hydrogenases between bacteria and archaea. J Mol Evol 60:557

Candela M, Zaccherini E, Zannoni D (2001) Respiratory electron transport and light-
induced energy transduction in membranes from the aerobic photosynthetic bac-
terium Roseobacter denitrificans. Arch Microbiol 175:168

Carroll J, Fearnley IM, Shannon RJ, Hirst J, Walker JE (2003) Analysis of the subunit
composition of complex I from bovine heart mitochondria. Mol Cell Proteomics 2:117

Cauvin B, Colbeau A, Vignais PM (1991) The hydrogenase structural operon in Rhodobac-
ter capsulatus contains a third gene, hupM, necessary for the formation of a physiolog-
ically competent hydrogenase. Mol Microbiol 5:2519

Cournac L, Mus F, Bernard L, Guedeney G, Vignais P, Peltier G (2002) Limiting steps of
hydrogen production in Chlamydomonas reinhardtii and Synechocystis PCC 6803 as
analysed by light-induced gas exchange transients. Int J Hydr Energ 27:1229

Cournac L, Guedeney G, Peltier G, Vignais PM (2004) Sustained photoevolution of mo-
lecular hydrogen in a mutant of Synechocystis sp. strain PCC 6803 deficient in the
type I NADPH-dehydrogenase complex. J Bacteriol 186:1737

Deppenmeier U (2002) The unique biochemistry of methanogenesis. Prog Nucleic Acid
Res Mol Biol 71:223

Deppenmeier U (2004) The membrane-bound electron transport system of Methanosar-
cina species. J Bioenerg Biomembr 36:55

Dimroth P, Cook GM (2004) Bacterial Na+- or H+-coupled ATP synthases operating at low
electrochemical potential. Adv Microb Physiol 49:175

Dolla A, Pohorelic BK, Voordouw JK, Voordouw G (2000) Deletion of the hmc operon of
Desulfovibrio vulgaris subsp. vulgaris Hildenborough hampers hydrogen metabolism
and low-redox-potential niche establishment. Arch Microbiol 174:143

Dross F, Geisler V, Lenger R, Theis F, Krafft T, Fahrenholz F, Kojro E, Duchene A, Trip-
ier D, Juvenal K et al. (1992) The quinone-reactive Ni/Fe-hydrogenase of Wolinella
succinogenes. Eur J Biochem 206:93

Dubini APRL, Jack RL, Palmer T, Sargent F (2002) How bacteria get energy from hy-
drogen: a genetic analysis of periplasmic hydrogen oxidation in Escherichia coli. Int
J Hydr Energ 27:1413

Dupuis A, Chevallet M, Darrouzet E, Duborjal H, Lunardi J, Issartel JP (1998) The com-
plex I from Rhodobacter capsulatus. Biochim Biophys Acta 1364:147

Dupuis A, Prieur I, Lunardi J (2001) Toward a characterization of the connecting module
of complex I. J Bioenerg Biomembr 33:159



246 P.M. Vignais

Dutton PL, Moser CC, Sled VD, Daldal F, Ohnishi T (1998) A reductant-induced oxidation
mechanism for complex I. Biochim Biophys Acta 1364:245

Embley TM, van der Giezen M, Horner DS, Dyal PL, Bell S, Foster PG (2003) Hydrogeno-
somes, mitochondria and early eukaryotic evolution. IUBMB Life 55:387

Fauque G, Peck HD Jr, Moura JJ, Huynh BH, Berlier Y, DerVartanian DV, Teixeira M, Przy-
byla AE, Lespinat PA, Moura I et al. (1988) The three classes of hydrogenases from
sulfate-reducing bacteria of the genus Desulfovibrio. FEMS Microbiol Rev 4:299

Fearnley IM, Walker JE (1992) Conservation of sequences of subunits of mitochondrial
complex I and their relationships with other proteins. Biochim Biophys Acta 1140:105

Flemming D, Stolpe S, Schneider D, Hellwig P, Friedrich T (2005) A possible role for iron-
sulfur cluster N2 in proton translocation by the NADH:ubiquinone oxidoreductase
(complex I). J Mol Microbiol Biotechnol 10:208

Fontecilla-Camps JC, Frey M, Garcin E, Hatchikian C, Montet Y, Piras C, Vernede X,
Volbeda A (1997) Hydrogenase: a hydrogen-metabolizing enzyme. What do the crystal
structures tell us about its mode of action? Biochimie 79:661

Fox JD, Kerby RL, Roberts GP, Ludden PW (1996a) Characterization of the CO-induced,
CO-tolerant hydrogenase from Rhodospirillum rubrum and the gene encoding the
large subunit of the enzyme. J Bacteriol 178:1515

Fox JD, He Y, Shelver D, Roberts GP, Ludden PW (1996b) Characterization of the region
encoding the CO-induced hydrogenase of Rhodospirillum rubrum. J Bacteriol 178:
6200

Friedrich B, Buhrke T, Burgdorf T, Lenz O (2005) A hydrogen-sensing multiprotein com-
plex controls aerobic hydrogen metabolism in Ralstonia eutropha. Biochem Soc Trans
33:97

Friedrich T (2001) Complex I: a chimaera of a redox and conformation-driven proton
pump? J Bioenerg Biomembr 33:169

Friedrich T, Weiss H (1997) Modular evolution of the respiratory NADH:ubiquinone oxi-
doreductase and the origin of its modules. J Theor Biol 187:529

Friedrich T, Scheide D (2000) The respiratory complex I of bacteria, archaea and eu-
karya and its module common with membrane-bound multisubunit hydrogenases.
FEBS Lett 479:1

Friedrich T, Abelmann A, Brors B, Guenebaut V, Kintscher L, Leonard K, Rasmussen T,
Scheide D, Schlitt A, Schulte U, Weiss H (1998) Redox components and structure of
the respiratory NADH:ubiquinone oxidoreductase (complex I). Biochim Biophys Acta
1365:215

Garcin E, Vernede X, Hatchikian EC, Volbeda A, Frey M, Fontecilla-Camps JC (1999) The
crystal structure of a reduced [NiFeSe] hydrogenase provides an image of the activated
catalytic center. Structure 7:557

Gross R, Simon J, Kröger A (1999) The role of the twin-arginine motif in the signal pep-
tide encoded by the hydA gene of the hydrogenase from Wolinella succinogenes. Arch
Microbiol 172:227

Gross R, Pisa R, Sanger M, Lancaster CR, Simon J (2004) Characterization of the
menaquinone reduction site in the diheme cytochrome b membrane anchor of
Wolinella succinogenes NiFe-hydrogenase. J Biol Chem 279:274

Hackstein JH (2005) Eukaryotic Fe-hydrogenases – old eukaryotic heritage or adaptive
acquisitions? Biochem Soc Trans 33:47

Hackstein JH, Akhmanova A, Voncken F, van Hoek A, van Alen T, Boxma B, Moon-
van der Staay SY, van der Staay G, Leunissen J, Huynen M, Rosenberg J, Veenhuis M
(2001) Hydrogenosomes: convergent adaptations of mitochondria to anaerobic envi-
ronments. Zoology (Jena) 104:290



Hydrogenases and H+-Reduction in Primary Energy Conservation 247

Hamamoto T, Hashimoto M, Hino M, Kitada M, Seto Y, Kudo T, Horikoshi K (1994) Char-
acterization of a gene responsible for the Na+/H+ antiporter system of alkalophilic
Bacillus species strain C-125. Mol Microbiol 14:939

Happe RP, Roseboom W, Pierik AJ, Albracht SP, Bagley KA (1997) Biological activation of
hydrogen. Nature 385:126

Happe T, Hemschemeier A, Winkler M, Kaminski A (2002) Hydrogenases in green algae:
do they save the algae’s life and solve our energy problems? Trends Plant Sci 7:246

Hedderich R (2004) Energy-converting [NiFe] hydrogenases from archaea and ex-
tremophiles: ancestors of complex I. J Bioenerg Biomembr 36:65

Hedderich R, Forzi L (2005) Energy-converting [NiFe] hydrogenases: more than just H2
activation. J Mol Microbiol Biotechnol 10:92

Hedderich R, Whitman WB (2006) Physiology and biochemistry of the methane-
producing Archaea. In: Dworkin M, Falkow S, Rosenberg E, Schleifer KH, Stacke-
brandt E (eds) The prokaryotes, vol 2. Ecophysiology and biochemistry. Springer,
Heidelberg Berlin New York, pp 1050–1079

Henry M-F, Vignais PM (1983) Electron pathways from H2 to nitrate in Paracoccus deni-
trificans: Effects of inhibitors of the UQ-cytochrome b region. Arch Microbiol 169:98

Higuchi Y, Yagi T, Yasuoka N (1997) Unusual ligand structure in Ni – Fe active center
and an additional Mg site in hydrogenase revealed by high resolution X-ray structure
analysis. Structure 5:1671

Hillmer P, Gest H (1977) H2 metabolism in the photosynthetic bacterium Rhodopseu-
domonas capsulata: H2 production by growing cultures. J Bacteriol 129:724

Hinchliffe P, Carroll J, Sazanov LA (2006) Identification of a novel subunit of respiratory
complex I from Thermus thermophilus. Biochemistry 45:4413

Hinkle PC (2005) P/O ratios of mitochondrial oxidative phosphorylation. Biochim Bio-
phys Acta 1706:1

Hirst J, Carroll J, Fearnley IM, Shannon RJ, Walker JE (2003) The nuclear encoded sub-
units of complex I from bovine heart mitochondria. Biochim Biophys Acta 1604:135

Holt PJ, Morgan DJ, Sazanov LA (2003) The location of NuoL and NuoM subunits in the
membrane domain of the Escherichia coli complex I: implications for the mechanism
of proton pumping. J Biol Chem 278:43114

Horner DS, Foster PG, Embley TM (2000) Iron hydrogenases and the evolution of anaer-
obic eukaryotes. Mol Biol Evol 17:1695

Horner DS, Heil B, Happe T, Embley TM (2002) Iron hydrogenases – ancient enzymes in
modern eukaryotes. Trends Biochem Sci 27:148

Ide T, Bäumer S, Deppenmeier U (1999) Energy conservation by the H2:heterodisulfide
oxidoreductase from Methanosarcina mazei Gö1: identification of two proton-
translocating segments. J Bacteriol 181:4076

Ito M, Guffanti AA, Oudega B, Krulwich TA (1999) mrp, a multigene, multifunctional
locus in Bacillus subtilis with roles in resistance to cholate and to Na+ and in pH
homeostasis. J Bacteriol 181:2394

Kaneko T, Sato S, Kotani H, Tanaka A, Asamizu E, Nakamura Y, Miyajima N, Hirosawa M,
Sugiura M, Sasamoto S, Kimura T, Hosouchi T, Matsuno A, Muraki A, Nakazaki N,
Naruo K, Okumura S, Shimpo S, Takeuchi C, Wada T, Watanabe A, Yamada M, Yasuda M,
Tabata S (1996) Sequence analysis of the genome of the unicellular cyanobacterium Syne-
chocystis sp. strain PCC 6803. II. Sequence determination of the entire genome and
assignment of potential protein-coding regions (supplement). DNA Res 3:185

Kashani-Poor N, Zwicker K, Kerscher S, Brandt U (2001) A central functional role for
the 49-kDa subunit within the catalytic core of mitochondrial complex I. J Biol Chem
276:24082



248 P.M. Vignais

Klemme JH (1969) Studies on the mechanism of NAD-photoreduction by chromatophores
of the facultative phototroph, Rhodopseudomonas capsulata. Z Naturforsch B 24:67

Kömen R, Schmidt K, Zannoni D (1996) Hydrogen oxidation by membranes from au-
totrophically grown Alcaligenes eutrophus H16: role of the cyanide-resistant pathway
in energy transduction. Arch Microbiol 165:418

Kosono S, Kajiyama Y, Kawasaki S, Yoshinaka T, Haga K, Kudo T (2006) Functional in-
volvement of membrane-embedded and conserved acidic residues in the ShaA subunit
of the multigene-encoded Na+/H+ antiporter in Bacillus subtilis. Biochim Biophys Acta
1758:627

Krebs W, Steuber J, Gemperli AC, Dimroth P (1999) Na+ translocation by the
NADH:ubiquinone oxidoreductase (complex I) from Klebsiella pneumoniae. Mol Mi-
crobiol 33:590

Kröger A, Biel S, Simon J, Gross R, Unden G, Lancaster CR (2002) Fumarate respiration
of Wolinella succinogenes: enzymology, energetics and coupling mechanism. Biochim
Biophys Acta 1553:23

Künkel A, Vorholt JA, Thauer RK, Hedderich R (1998) An Escherichia coli hydrogenase-
3-type hydrogenase in methanogenic archaea. Eur J Biochem 252:467

Lancaster CR, Sauer US, Gross R, Haas AH, Graf J, Schwalbe H, Mäntele W, Simon J,
Madej MG (2005) Experimental support for the “E pathway hypothesis” of coupled
transmembrane e– and H+ transfer in dihemic quinol:fumarate reductase. Proc Natl
Acad Sci USA 102:18860

Lill R, Mühlenhoff U (2005) Iron-sulfur-protein biogenesis in eukaryotes. Trends Biochem
Sci 30:133

López-Garcia P, Moreira D (1999) Metabolic symbiosis at the origin of eukaryotes. Trends
Biochem Sci 24:88

Lyon EJ, Shima S, Buurman G, Chowdhuri S, Batschauer A, Steinbach K, Thauer RK
(2004) UV-A/blue-light inactivation of the “metal-free” hydrogenase (Hmd) from
methanogenic archaea. Eur J Biochem 271:195

Martin W, Müller M (1998) The hydrogen hypothesis for the first eukaryote. Nature 392:37
Mathiesen C, Hägerhäll C (2002) Transmembrane topology of the NuoL, M and N

subunits of NADH:quinone oxidoreductase and their homologues among membrane-
bound hydrogenases and bona fide antiporters. Biochim Biophys Acta 1556:121

Mathiesen C, Hägerhäll C (2003) The “antiporter module” of respiratory chain complex I
includes the MrpC/NuoK subunit – a revision of the modular evolution scheme. FEBS
Lett 549:7

Matias PM, Soares CM, Saraiva LM, Coelho R, Morais J, Le Gall J, Carrondo MA (2001)
[NiFe] hydrogenase from Desulfovibrio desulfuricans ATCC 27774: gene sequencing,
three-dimensional structure determination and refinement at 1.8 A and modelling
studies of its interaction with the tetrahaem cytochrome c3. J Biol Inorg Chem
6:63

Meek L, Arp DJ (2000) The hydrogenase cytochrome b heme ligands of Azotobacter
vinelandii are required for full H2 oxidation capability. J Bacteriol 182:3429

Meuer J, Bartoschek S, Koch J, Künkel A, Hedderich R (1999) Purification and catalytic
properties of Ech hydrogenase from Methanosarcina barkeri. Eur J Biochem 265:325

Montet Y, Amara P, Volbeda A, Vernede X, Hatchikian EC, Field MJ, Frey M, Fontecilla-
Camps JC (1997) Gas access to the active site of Ni – Fe hydrogenases probed by X-ray
crystallography and molecular dynamics. Nat Struct Biol 4:523

Moreira D, López-Garcia P (1998) Symbiosis between methanogenic archaea and delta-
proteobacteria as the origin of eukaryotes: the syntrophic hypothesis. J Mol Evol
47:517



Hydrogenases and H+-Reduction in Primary Energy Conservation 249

Mori H, Cline K (2001) Post-translational protein translocation into thylakoids by the Sec
and DeltapH-dependent pathways. Biochim Biophys Acta 1541:80

Mori H, Cline K (2002) A twin arginine signal peptide and the pH gradient trigger re-
versible assembly of the thylakoid ∆pH/Tat translocase. J Cell Biol 157:205

Mühlenhoff U, Lill R (2000) Biogenesis of iron-sulfur proteins in eukaryotes: a novel task
of mitochondria that is inherited from bacteria. Biochim Biophys Acta 1459:370

Müller M (1993) The hydrogenosome. J Gen Microbiol 139:2879
Nealson KH, Inagaki F, Takai K (2005) Hydrogen-driven subsurface lithoautotrophic mi-

crobial ecosystems (SLIMEs): do they exist and why should we care? Trends Microbiol
13:405

Nicholls DG, Ferguson SJ (1992) Bioenergetics 2. Academic Press, London
Nicolet Y, Cavazza C, Fontecilla-Camps JC (2002) Fe-only hydrogenases: structure, func-

tion and evolution. J Inorg Biochem 91:1
Nicolet Y, Lemon BJ, Fontecilla-Camps JC, Peters JW (2000) A novel FeS cluster in Fe-only

hydrogenases. Trends Biochem Sci 25:138
Nicolet Y, Piras C, Legrand P, Hatchikian CE, Fontecilla-Camps JC (1999) Desulfovibrio

desulfuricans iron hydrogenase: the structure shows unusual coordination to an active
site Fe binuclear center. Structure 7:13

Ohnishi T, Sled VD, Yano T, Yagi T, Burbaev DS, Vinogradov AD (1998) Structure-
function studies of iron-sulfur clusters and semiquinones in the NADH-Q oxidoreduc-
tase segment of the respiratory chain. Biochim Biophys Acta 1365:301

Palmer T, Sargent F, Berks BC (2005) Export of complex cofactor-containing proteins by
the bacterial Tat pathway. Trends Microbiol 13:175

Paul F, Colbeau A, Vignais PM (1979) Phosphorylation coupled to H2 oxidation by chro-
matophores from Rhodopseudomonas capsulata. FEBS Lett 106:29

Peters JW (1999) Structure and mechanism of iron-only hydrogenases. Curr Opin Struct
Biol 9:670

Peters JW, Lanzilotta WN, Lemon BJ, Seefeldt LC (1998) X-ray crystal structure of the Fe-
only hydrogenase (CpI) from Clostridium pasteurianum to 1.8 Å resolution. Science
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Abstract The cytochrome bc1 complex is a fundamental component of the energy con-
version machinery of respiratory and photosynthetic electron transfer chains. The multi-
subunit membrane protein complex couples electron transfer from hydroquinone to
cytochrome c to the translocation of protons across the membrane, thereby substan-
tially contributing to the proton motive force that is used for ATP synthesis. Considerable
progress has been made with structural and functional studies towards complete elucida-
tion of the Q cycle mechanism, which was originally proposed by Mitchell 30 years ago.
Yet, open questions regarding key steps of the mechanism still remain. The role of the
complex as a major source of reactive oxygen species and its implication in pathophysio-
logical conditions has recently gained interest.

Abbreviations
cyt Cytochrome
EESEM Electron spin echo envelope modulation
Em Redox midpoint potential
ENDOR Electron nuclear double resonance
EPR Electron paramagnetic resonance
HHDBT 5-n-heptyl-6-hydroxy-4,7-dioxobenzothiazole
HYSCORE Hyperfine sublevel correlation spectroscopy
ROS Reactive oxygen species
UHDBT 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole

1
Introduction

The enzyme ubihydroquinone: cytochrome c oxidoreductase (E.C.1.10.2.2) or
cytochrome bc1 complex (cyt bc1) belongs to the superfamily of cytochrome
bc complexes, which are multi-subunit membrane protein complexes that
serve as central components of the energy conversion machinery of photo-
synthesis and respiration in chloroplasts, mitochondria, and bacteria (Berry
et al. 2000; Crofts 2004; Darrouzet et al. 2001; Schutz et al. 2000). Mito-
chondrial cyt bc1 is a target for fungicidal agrochemicals. Furthermore, the
complex is a source of reactive oxygen species that are implicated in neu-
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rodegenerative diseases and aging processes. Several mutations of cyt bc1
are correlated with mitochondrial myopathies. Common to all cyt bc com-
plexes is the electron transfer from a lipophilic ubihydroquinone-type two-
electron/two-proton carrier such as ubihydroquinone, menahydroquinone or
plastohydroquinone to a one-electron carrier protein, a c-type cytochrome
or plastocyanin. The integral membrane protein complexes couple electron
transfer reactions to proton translocation across a membrane and thereby
conserve the free energy of the redox reactions in an electrochemical proton
gradient. The latter is utilized to drive energy-dependent processes like ATP
synthesis or secondary transport.

In mitochondria, cyt bc1 catalyzes electron transfer from ubihydroquinone
to cytochrome c (cyt c). It is also named “complex III” of the mitochondrial
respiratory chain. Cyt bc1 has a similar function in aerobic respiration of bacte-
ria. In anoxygenic photosynthetic bacteria, cyt bc1 is an integral component of
light-driven electron transfer and dark respiration. The homologous enzyme in
chloroplasts from plants and algae and in cyanobacteria is the cytochrome b6f
complex (cyt b6f ), also called plastohydroquinone: plastocyanin oxidoreduc-
tase (Cramer et al. 2006). It is a component of oxygenic photosynthesis and
mediates electron transfer between photosystem II and photosystem I by ox-
idizing plastohydroquinone and reducing soluble plastocyanin.

The catalytic core of all cyt bc1 complexes comprises three redox-active
subunits, cytochrome b (cyt b) with two b-type hemes, cytochrome c1 (cyt c1)
with a c-type heme, and the iron-sulfur protein with a 2Fe–2S cluster (Rieske
protein). The enzyme mechanism was first described by Mitchell as proton-
motive Q cycle (Mitchell 1975, 1976) and further developed to the now gener-
ally accepted scheme depicted in Fig. 1 (Brandt and Trumpower 1994; Crofts
1985). The general mechanism is well understood, but important mechanis-
tic details are still in question. There are two spatially separated catalytic
sites for ubiquinone and ubihydroquinone. Ubihydroquinone oxidation oc-
curs at center P (also called Qo site) located at the electropositive side of
the membrane, so that the protons of the reaction are released to the in-
termembrane space or the periplasm. The two electrons are transferred in
a bifurcated manner, a highly debated step of the reaction. One electron is
passed via the high-potential electron-transfer chain, from the 2Fe–2S clus-
ter to heme c1. The latter acts as donor for reduction of the substrate cyt c.
Surprisingly, the second electron follows the low-potential electron-transfer
chain, a thermodynamically less favorable route, and is recycled within the
enzyme. It is sequentially transferred via heme bL and heme bH to center N
(also called Qi site), at which ubiquinone is reduced. The resulting stable
semiquinone is fully reduced after oxidation of a second ubihydroquinone
molecule at center P. Protons are taken up from the electronegative side
upon ubiquinone reduction, i.e., from the matrix or the cytoplasm. Taken
together, proton translocation is enabled by transmembrane electron trans-
fer from the positive to the negative side and the free diffusion of lipophilic
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Fig. 1 The Q cycle. Ubihydroquinone (QH2) oxidation at center P results in bifurcated
electron transfer and release of two protons. One electron passes through the high poten-
tial chain, which requires the domain movement of the cluster bearing iron-sulfur protein
(ISP) as electron shuttle to cyt c1 and ultimately reduces cyt c. The second electron passes
through heme bL to heme bH, the low-potential chain, and reduces ubiquinone (Q) at cen-
ter N to semiquinone. The cycle is completed with oxidation of a second QH2 molecule
in the same manner, resulting in QH2 formation at center N and uptake of two pro-
tons from the electronegative side. Electron and proton transfer are indicated with black
and white arrows, respectively. Matrix, inner membrane and intermembrane space are
indicated with MA, IM, IMS, respectively

ubiquinone/ubihydroquinone, whereby the transfer across the membrane oc-
curs via the reduced form of the substrate.

The net reaction can be summarized as follows:

QH2 + 2cyt c(Fe3+) + 2H+
N → Q + 2cyt c(Fe2+) + 4H+

P .

2
Structural Characterization of cyt bc1

The development of purification protocols for stable and pure protein prep-
arations of the large multi-subunit cyt bc1 was a prerequisite for its struc-
ture determination. The first methods to purify cyt bc1 were based on
bile salt detergent solubilization and differential ammonium sulfate pre-
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cipitation (Rieske 1976; Siedow et al. 1978; Yu et al. 1974). In the follow-
ing, chromatographic approaches, such as hydroxyapatite chromatography
with Triton X-100 (Engel et al. 1980; Riccio et al. 1976) and anion-exchange
chromatography of dodecyl-maltopyranoside solubilized protein (Berry and
Trumpower 1985) were successfully applied. The latter procedure has been
modified and optimized for preparations from diverse sources, including an-
imals (Ljungdahl et al. 1989), plants (Berry et al. 1991), bacteria (Montoya
et al. 1999), and yeast (Hunte et al. 2000; Palsdottir and Hunte 2003).

The multi-subunit integral membrane protein complexes are homodimeric
(Fig. 2A,B). The first electron micrographs of the mitochondrial complex
from Neurospora crassa already indicated the dimeric nature of the enzyme
(Leonard et al. 1981). In the late nineties, the first X-ray structures of mito-
chondrial complexes from bovine heart (Iwata et al. 1998; Xia et al. 1997),
chicken (Zhang et al. 1998) and the yeast Saccharomyces cerevisiae (Hunte et al.
2000) were determined. More recently, structures of prokaryotic cyt bc1 from
Rhodobacter capsulatus and (Berry et al. 2004) and Rh. sphaeroides (Esser et al.
2006) became available. The redox-active subunits cyt b, cyt c1 and the Rieske-

Fig. 2 Structure of cyt bc1 from Saccharomyces cerevisiae with cyt c bound. A The homod-
imer consist per monomer of nine subunits: cyt b (blue), cyt c1 (pink) and Rieske protein
(yellow) and their respective cofactors, the core proteins 1 and 2 (grey), and the small
subunits QCR6 (cyan), QCR7 (faint purple), QCR8 (light green), and QCR9 (orange). Stig-
matellin bound at center P fixes the Rieske protein in b position. Only one molecule cyt c
(green) is bound. Coordinates are taken from PDB-ID 1KYO (Lange and Hunte 2002).
Ubiquinone at center N was included by superimposition with 1KB9 (Lange et al. 2001).
B Close-up view of cofactors, substrate and inhibitor molecules as in (A). The 2Fe–2S
cluster in c1 position (yellow) is taken from superimposition with a structure of avian
cyt bc1 (PDB-ID 1BCC, Zhang et al. 1998). Edge-to-edge distances between the cofac-
tors are given in Å. (C), Domain movement of the Rieske head group facilitates electron
transfer between center P and heme c1. Close-up view of superimposed structures (as in
Fig. 2B) with Rieske protein in b and c1 position shown in yellow and purple, respectively
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protein form the core of the complex (Fig. 2A). The cofactor-carrying helical
bundles of cyt b are positioned at the center of the dimeric assembly. Cyt c1
and the Rieske protein are peripherally attached with a single transmembrane
helix each; their respective catalytic domains are located in the intermembrane
space. Two or three additional peripheral single-transmembrane helices are
present from small supernumerary subunits in the yeast and bovine complex,
respectively (Hunte et al. 2000; Iwata et al. 1998). The so-called hinge protein,
a small acidic subunit probably involved in binding of cyt c, is part of the in-
termembrane portion of the complex (Kim and King 1983). Core proteins 1
and 2, and one additional subunit, named Qcr7p in yeast, comprise the large
domain extruding in the matrix. The 7–8 supernumerary subunits that lack
redox centers have proposed roles in regulation, assembly, and stability (Zara
et al. 2004). Assembly of cyt bc1 is believed to occur in regulated steps of pre-
complex formation guided by chaperones (Cruciat et al. 1999). Cyt b is the only
mitochondrially encoded subunit.

The prokaryotic complexes are considerably smaller in size. Homologous
to the eukaryotic ones, they are dimers. A monomer either comprises the
three redox-active subunits or the catalytic core with one supernumerary sub-
unit (Berry et al. 2004). The additional subunit IV of the Rh. sphaeroides
complex is thought to be important for ubiquinone binding and structural
integrity of the complex (Yu et al. 1999). Both the preliminary structure of
Rh. capsulatus, which was determined at 3.8 Å resolution (Berry et al. 2004)
and the 3.2 Å resolution structure of the Rh. sphaeroides complex contain the
redox-active subunits only (Esser et al. 2006). For the latter, a highly active
and stable cyt bc1 complex variant has been used, in which a double mutation
stabilizes the interface between cyt b and Rieske protein (Elberry et al. 2006).

The biological unit of the complex is an obligatory intertwined dimer with
the symmetry axis along the membrane normal. Each functional unit is com-
posed of cyt b, cyt c1 and the 2Fe–2S cluster-bearing extrinsic domain of the
Rieske protein. The transmembrane anchor of the latter is associated with
the other monomer, i.e., the Rieske protein provides a cross link between
the functional units. In principle, both functional units are fully active, but
a regulatory interplay is discussed (see below).

The structure of chicken cyt bc1 revealed a large-scale movement of the
2Fe–2S domain of the Rieske protein, which is required to shuttle electrons
between the site of ubihydroquinone oxidation at center P to cytochrome c1
(Zhang et al. 1998). Alternate positions of the Rieske domain were observed
in different structures depending on crystal form and center P occupancy
(Fig. 2B,C, Fig. 4): docked on cyt b (b position), intermediate positions, and
close to heme c1 (c1 position) (Iwata et al. 1998; Kim et al. 1998; Zhang et al.
1998). Inhibitors such as stigmatellin and alkyl-hydroxydioxobenzothiazol
(HDBT) lock the Rieske domain in b position (Hunte et al. 2000; Kim et al.
1998; Palsdottir et al. 2003; Zhang et al. 1998). It is generally accepted that
the mobility of the Rieske domain is crucial for cyt bc1 activity (Darrouzet
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et al. 2001). Mutations that restrict the flexibility of the linker region, which
connects extrinsic domain and transmembrane anchor, limit enzyme activity
(Darrouzet et al. 2000; Nett et al. 2000; Tian et al. 1998). Formation of in-
tersubunit disulfide bonds between cyt b and Rieske protein fully blocks the
enzyme (Xiao et al. 2000). Molecular dynamics simulation predicted a steered
but stochastic movement (Izrailev et al. 1999). In contrast, EPR studies of
oriented membranes suggest a redox-dependent movement of the domain
(Brugna et al. 2000). The actual mechanism underlying this functionally im-
portant domain movement is still unknown.

2.1
Redox-Active Subunits

The two b hemes are non-covalently bound in a four-helical bundle of trans-
membrane helices A–D of cyt b. The low-potential heme bL (b566) is closer
to the intermembrane space and center P, whereas the high-potential heme
bH (b562) is close to center N (Fig. 2A,B). They can be distinguished based
on their redox-specific absorbance maxima in the visible spectra. The con-
served iron-coordinating ligands are His82 (helix B) and His183 (helix D) for
heme bL and His96 (helix B) and His197 (helix D) for heme bH

1. Heme c1
is a prosthetic group covalently linked to cyt c1 with thioether bonds from
heme c1 vinyl groups to the conserved residues Cys101 and Cys104. Con-
served axial ligands of the iron atom are His105 and Met225. Midpoint poten-
tials of + 116 mV, – 4 mV, and + 270 mV have been determined for heme bH,
heme bL and heme c1, respectively, from yeast cyt bc1 near neutral pH (T’sai
and Palmer 1983).

The extrinsic catalytic domain of the Rieske protein is formed by three
layers of antiparallel β sheets, which fold into a compact structure held to-
gether by a conserved disulfide bond between residues Cys164 and Cys180 at
the tip where the metal cluster is bound (Iwata et al. 1996). Several strong and
conserved bonds interact with the cluster and contribute to its high midpoint
potential. One of the iron atoms of the 2Fe–2S cluster is coordinated by the
Nδ atoms of two histidine ligands, His161 and His181, whereas the other is co-
ordinated by the sulfur atoms of two cysteine residues, Cys159 and Cys178. The
one electron reduction of the [2Fe–2S]2+ cluster is of localized nature, so that
the histidine coordinated iron atom is reduced and the second iron remains
ferric. The midpoint potential of the Rieske cluster (∼ 285 mV) decreases with
increasing pH. The effect is attributed to the protonation state of the two histi-
dine cluster ligands. Experimental evidence and theoretical calculations agree
that there are two pKa values of ∼ 7.5 and∼ 9 in the oxidized state, whereas both
values are > 11 in the reduced state (Link et al. 1992; Ugulava and Crofts 1998;
Ullmann et al. 2002; Zu et al. 2003). Studies showed that an altered midpoint

1 The numbering of residues is given for S. cerevisiae throughout the text.
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potential of the Rieske protein can influence the rate and direction of elec-
tron transfer in the high-potential electron transfer chain (Snyder et al. 1999).
Variants with lowered Rieske midpoint potential exhibit decreased catalytic ac-
tivity, consistent with ubihydroquinone oxidation being the rate-limiting step
in catalysis (Denke et al. 1998; Guergova-Kuras et al. 2000).

Within the low- and high-potential chain, all but one edge-to-edge dis-
tances between the respective cofactors are below 14 Å (Fig. 2C), and there-
fore close enough to ensure electron tunnelling at physiological rates (Moser
et al. 1992; Page et al. 1999). The Rieske protein in the b position has the
2Fe–2S cluster at a distance exceeding efficient electron tunnelling to heme c1,
whereas the cluster is close enough for rapid tunnelling with the Rieske pro-
tein in c1 position (Hunte et al. 2000; Iwata et al. 1998; Kim et al. 1998; Zhang
et al. 1998, 2000). This explains why the domain movement is required for
electron flow in the high-potential chain. In all orientations of the Rieske pro-
tein, the distance between heme bL and 2Fe–2S cluster is large enough to
prevent unproductive direct electron transfer and to accommodate the sub-
strate ubihydroquinone.

Substrate and Inhibitor Binding

Site-specific inhibitors have been crucial to elucidate the mechanism of cyt bc1
with applications in functional and structural studies. Three types of cen-
ter P inhibitors can be distinguished: ligands binding to the proximal domain
and therefore perturbing the spectroscopic properties of heme bL (Qo-I e.g.,
myxothiazol, MOA-stilbene), those binding to the distal domain and affecting
the Rieske [2Fe–2S] EPR lineshape (Qo-II e.g. UHDBT), and compounds ex-
hibiting both effects (Qo-III e.g., stigmatellin) (von Jagow 1986). Kinetic and
binding studies indicated that binding of many of these inhibitors is mutually
exclusive, suggesting overlapping binding sites (Brandt et al. 1991; von Jagow
and Onishi 1985; von Jagow et al. 1986). This was confirmed in crystal struc-
tures where the head group of type I and type II/III inhibitors is stabilized in
different positions in the bilobal Qo site, binding proximal and distal to heme
bL, respectively, whereas their side chains overlap and tail into a common tun-
nel, which gradually opens up into the cavity at the dimer interface (Crofts
et al. 1999a; Esser et al. 2004; Hunte et al. 2000; Kim et al. 1998; Lancaster et al.
2007; Palsdottir et al. 2003). Position and dimension of the ubiquinone binding
pocket have been deduced from cyt bc1 structures with bound center N spe-
cific inhibitors such as antimycin A (Huang et al. 2005) and also with bound
substrate (Gao et al. 2003; Huang et al. 2005; Hunte et al. 2000).

Center P and N are mainly formed by cyt b. The ubihydroquinone bind-
ing pocket is flanked by transmembrane helices C and F, helices cd1 and ef ,
and by the PEWY loop (271cyt b–274cyt b). Residues 248–270 of the ef loop
form a cap and separate the binding site from the intermembrane space.
The pocket extends toward helix D, opening to the substrate exchange cav-
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ity, a hydrophobic cleft present at each side of the dimer interface. Center P is
occluded from the aqueous environment, when the Rieske domain is docked
on in b position. In that case, the 2Fe–2S cluster ligand His181 contributes to
the binding pocket. Center N is flanked by helix A, D, E, and a of cyt b and
heme bH. It is occluded from the matrix by the de loop and residues of the
N-terminus (Hunte et al. 2003) and it is open to the substrate exchange cav-
ity. Each of the two exchange cavities is shared between the monomers, i.e.,
center N of one monomer and center P of the other are open toward the same
exchange cavity. This architectural feature could enhance substrate exchange
between the two sites in case of physical constraints imposed by supramo-
lecular organization (see below).

The substrate ubiquinone occurs with different length of the isoprenoid
chain. In S. cerevisiae, it contains six isoprene units and is also called coen-
zyme Q6, whereas a four units longer isoprenoid chain is present in bovine
and human mitochondria (coenzyme Q10). The length and nature of the side
chain affect the catalytic efficiency. Yet, the isoprenoid chain is not essential
and can be replaced with an alkyl group (Yu 1985). Rates of ubihydroquinone
oxidation are found to increase proportionally with the length of the alkyl
side chain until a critical length is reached and the rates decrease again. The
partition coefficient of 2,3-dimethoxy quinones is similar for oxidized and
reduced state (Rich and Harper 1990) possibly balanced by intramolecular
hydrogen bonding between the hydroxy and methoxy groups. Interestingly,
a naphthoquinol oxidizing cyt bc1 was recently discovered and purified from
hyperthermophilic Aquifex aeolicus (Schutz et al. 2003).

2.2
Tight Binding of Phospholipids to the cyt bc1

Several studies demonstrate the importance of phospholipids for full func-
tionality of cyt bc1. Increased delipidation of the protein leads to a gradual
decrease in enzyme activity up to complete inactivation and destabilization
(Schägger et al. 1990; Yu and Yu 1980). Furthermore, specific removal of car-
diolipin was found to reversibly inactivate the enzyme (Gomez and Robinson
1999). The X-ray structure of yeast cyt bc1 revealed tightly bound phos-
pholipid molecules including cardiolipin (Lange et al. 2001; Palsdottir and
Hunte 2004; Palsdottir et al. 2003). These endogenous lipids have been co-
purified and are consistently found in all structures of the yeast complex.
Their individual binding sites suggest specific roles in facilitating structural
and functional integrity of the enzyme. The position of the complex in re-
spect to the membrane can be exactly deduced from the location of annular
lipids on both bilayer sides. Site-directed mutagenesis substitution of pos-
itively charged amino acid residues that ligate the phosphodiester moiety
of the interhelical lipid phosphatidyl-inositol and of cardiolipin destabilize
the complex and confirm the importance of the specific interactions (Lange



Cyt bc1 Complex 261

et al. 2001). Cardiolipin appears to stabilize the architecture of the proton-
conducting environment at center N and may be involved in proton uptake
(Klingen et al. 2007; Lange et al. 2001).

3
Mechanistic Considerations

Ubiquinone Reduction at Center N

The mechanism at center N links the single electron path of the b-hemes
to the two-electron/two-proton chemistry of ubiquinone reduction featuring
a semiquinone as reaction intermediate. A thermodynamically stable rad-
ical can be generated. The yield depends on redox poise and pH, but was
always substoichiometric in experiments. It was suggested that a fraction
of the radical signals is “silenced” by spin coupling with oxidized heme bH
when monitoring the radical by EPR (de la Rosa and Palmer 1983; Rich et al.
1990). Details of semiquinone and heme bH interaction, equilibrium and rate
constants, and ubiquinone/ubihydroquinone binding affinities have been pre-
viously summarized (Crofts 2004). Not all of it is entirely known, so that the
exact description of center N catalysis has yet to be completed.

Important information has been provided by structural analysis. Ubi-
quinone binding at center N was characterized in X-ray structures of chicken
(Zhang et al. 1998), yeast (Hunte et al. 2000) and bovine cyt bc1 (Gao
et al. 2003; Huang et al. 2005). In all cases, the natural ubiquinone sub-
strate has been co-purified and co-crystallized. Higher average B factors of
the ubiquinone molecules indicate substoichiometric occupancy of the bind-
ing site and/or heterogeneity in the binding mode. Yet, the orientation of
the quinone ring plane is well defined and the structures agree that Asp229,
His202 and Ser206 of cyt b provide either direct or water-molecule bridged
hydrogen-bonds to the ubiquinone carbonyl oxygen atoms (Asp, His) and
a methoxy group (Ser). The difference in involvement of water molecules may
appear as minor detail, but is mechanistically important for proton delivery
and semiquinone binding while avoiding formation of deleterious reactive
oxygen species (ROS). In the structure of the yeast complex, both carbonyl
oxygen atoms have water molecules as direct ligands. On one side, the wa-
ter molecule is stabilized by His202. On the other side, the Asp229 side chain
is close to the ubiquinone carbonyl and the water molecule (Fig. 3). There-
fore, water molecules have been suggested as primary proton donors for
ubiquinone reduction (Hunte 2001; Hunte et al. 2000, 2003). Water molecules
also exist as direct ligands of the carbonyl oxygen atoms in one structure of
bovine cyt bc1 (Gao et al. 2003), whereas direct hydrogen bonds with His202
and Asp229 side chains were described for other structures from chicken and
bovine complexes (Huang et al. 2005; Zhang et al. 1998). X-ray structures with
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Fig. 3 Ubiquinone bound at center N. A Top-view from the matrix side on the binding
pocket of the yeast complex with the natural substrate coenzyme Q6 (UQ6) bound. Struc-
ture and electron density map (2Fo–Fc) are shown (PDB ID 1EZV, Hunte et al. 2000).
B In this structure, water molecules and His202, Asp229 of cyt b provide contacts to the
carbonyl oxygen atoms, and Ser206 is close to the methoxy groups

higher occupancy and defined binding mode of substrate or reaction inter-
mediates could provide further insight.

Precise information about the environment of the paramagnetic ubisemi-
quinone can be obtained with EPR techniques. ENDOR analysis with pro-
ton/deuterium exchange showed strongly hyperfine-coupled exchangeable
protons indicating hydrogen-bond interactions with the radical oxygen atoms
(Salerno et al. 1990). Pulsed EPR spectra of Rh. sphaeroides cyt bc1 indicated
a histidine nitrogen atom in close distance to the ubisemiquinone carbonyl
(Kolling et al. 2003). ESEEM and HYSCORE analysis showed the presence
of three exchangeable protons in interaction with ubisemiquinone (Dikanov
et al. 2004). The spectra indicate a direct nitrogen-atom ligand and they were
interpreted as direct hydrogen bonds between carbonyl oxygen atoms and
His/Asp side chains and also with a methoxy group.

The structurally observed differences in ligation led to mechanistic spec-
ulations in which side-chain and water interactions change to stabilize dif-
ferent reaction intermediates (Gao et al. 2003; Kolling et al. 2003). How-
ever, there is no experimental proof that the ligation of different ubiquinone
species varies through the catalytic cycle and further experiments are re-
quired to resolve mechanistic details and role of the radical.

3.1
Ubihydroquinone Oxidation at Center P

The key step of the Q cycle is the bifurcated electron transfer into thermo-
dynamically different pathways at center P. The thermodynamically favorable
but energetically wasteful reduction of the Rieske protein by both electrons of
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ubihydroquinone is circumvented by the bifurcated electron flow at center P,
in which the second electron enters the low-potential electron transfer chain.
The divergent electron flow was demonstrated with the oxidant-induced re-
duction of heme bL in the presence of center N inhibitor antimycin A, which
could be terminated by center P specific inhibitors (Wikstrom and Berden
1972). No structural data are available up to now for substrate binding at
center P, but characterization with substrate analogs, inhibitors and mutants
provided valuable information for the development of mechanistic models.

The enzyme substrate complex is formed between cyt b, ubihydroquinone
and Rieske protein, however, its exact molecular structure is not known. E272
of the highly conserved cyt b PEWY motif (Hauska et al. 1988) and H181 of
the Rieske protein have been suggested as direct ligands of ubihydroquinone
(Fig. 4A) and as primary acceptors for the protons released upon substrate
oxidation (Crofts et al. 1999a,c, 2003; Ding et al. 1992; Hunte et al. 2000;
Palsdottir et al. 2003; Rich 2004). The rotational displacement of E272 ob-
served in cyt bc1 structures with different inhibitors and with non-occupied
center P led to the proposal that the E272 side chain upon protonation ro-
tates towards heme bL facilitating a thermodynamically favorable coupled
proton–electron transfer in that direction, the initial step for proton release
(Crofts et al. 1999a,c; Hunte et al. 2000; Palsdottir et al. 2003) (Fig. 4 B). The

Fig. 4 Model of the enzyme substrate complex at center P. A Ubihydroquinone is stabilized
by hydrogen bonds with side chains of E272 of cyt b and His181 of the Rieske protein.
2Fe–2S cluster and heme bL are in oxidized state. Tyr279 of cyt b provides a hydrogen
bond to the backbone carbonyl oxygen atom of Cys180 of the Rieske protein, thereby sta-
bilizing the closed conformation. Tyr279 could provide weak hydrogen bonds to stabilize
deprotonated substrate (Palsdottir et al. 2003). B Orientation of the Glu272 side chain de-
pends on center P occupancy and might facilitate parallel proton electron transfer toward
heme bL. Structures of yeast cyt bc1 with bound stigmatellin (blue, PDB 1EZV, Hunte et al.
2000) and HHDBT (yellow, PDB 1P84, Palsdottir et al. 2003) have been superimposed
(from Wenz et al. 2006)



264 C. Hunte et al.

“conformational gating” model integrates E272 as a switch, which directs the
stabilization of substrate and reaction intermediates by appropriate side chain
conformation (Mulkidjanian 2005).

The proposed mechanistic role of E272 was scrutinized by mutagenesis
studies (Crofts et al. 1999c; Osyczka et al. 2006; Wenz et al. 2006). Detailed
characterization of yeast variants E272D and E272Q, which were obtained by
site-directed mutagenesis of the mitochondrially encoded cyt b gene, showed
that the residue governs efficient ubihydroquinone oxidation (Wenz et al.
2006). The substitutions do affect binding and oxidation of ubihydroquinone,
alter the pH dependence of the enzyme activity, promote energy-wasting
electron short-circuit reactions resulting in superoxide production (Wenz
et al. 2006), and affect pre-steady-state kinetics of the electron transfer (Wenz
et al. 2007). The altered pH dependent activity profile fits the loss of a pro-
tonable group with a pKa of ∼ 6, supporting the suggested role of E272 in
proton exchange. E272 is fully conserved in mitochondrial cyt b, but sub-
stituted by valine or proline in β- and γ -proteobacteria. It was suggested
that in those bacteria a glutamate at homologous position to yeast H253 is
conserved, which could take over the proton transfer function (Wenz et al.
2006). Multiple substitutions of E295 (corresponds to yeast E272) in purple
photosynthetic Rh. capsulatus resulted also in substantially decreased hydro-
quinone oxidation rates, but mutants showed little or no detectable effects on
substrate exchange and binding at center P (Osyczka et al. 2006). It has been
argued that the lack of effects of glutamate removal on midpoint potential
and reduced pK values of heme bL rules out any mechanism that relies on re-
dox and proton-coupled charge interactions between heme bL and the PEWY
glutamate. The authors point out the considerable resilience of center P ac-
tivity to mutational changes of the binding pocket in general and suggest
that residues at center P are a product of natural selection to develop high
specificity by raising barriers to prevent semiquinone loss or short-circuit
reactions. The latter was shown for the yeast E272Q and E272D variants,
in which the substitutions cause substantial superoxide anion production of
∼ 50% and ∼ 30%, respectively (Wenz et al. 2006). E272 clearly is mechanis-
tically important but not essential. The experimental evidence that E272 is
a ligand of ubihydroquinone is still lacking.

Based on structural, functional, and mutagenesis data combined with ther-
modynamic and kinetic information, numerous models were created that
show considerable disagreement concerning the presence of one or two sub-
strate molecules in the binding site, a sequential or concerted electron trans-
fer, the nature of the rate-limiting step or possible gating reactions (Crofts
2004; Osyczka et al. 2005; Rich 2004).

The kinetically controlled reaction model employs the formation of
a highly unstable semiquinone, which represents the activation barrier for
ubihydroquinone oxidation. This transition state is suggested as the rate-
limiting step (Crofts and Wang 1989). In agreement with this model, kinetic
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studies indicate that the movement of the extrinsic Rieske domain is not the
source of the activation barrier and the rate-limiting step is earlier in cen-
ter P catalysis, not restricted by the domain movement (Crofts et al. 1999b).
With the structural data at hand, the movement of semiquinone in the bilobal
binding pocket was included in the model (Crofts et al. 2000; Hong et al.
1999). Another single occupancy model is the “three-rate-constant” model,
which is based on the lack of a detectable semiquinone and the notion that
semiquinone is thermodynamically unstable, so that the rate constants of the
second electron transfer would drive the reaction (Junemann et al. 1998). This
model was advanced to the “logic-gated” mechanism, in which correct hydro-
gen bonding restricts the formation of an active enzyme substrate complex,
so that reversibility of the reaction and prevention of by-pass reactions is
accounted for (Rich 2004). Ubihydroquinone would only bind productively,
when heme bL and the 2Fe–2S cluster are oxidized. The latter is also indi-
cated by the binding mode of substrate analogs in the active site (Palsdottir
et al. 2003). The “concerted”-mechanism assumes that neither electron is
transferred independently, but rather the semiquinone is so unstable that
ubiquinol can not reduce the Rieske center unless the semiquinone reduces
heme bL. In such a mechanism the concentration of ubisemiquinone is so low
as to be almost non-existent (Snyder et al. 2000).

Based on evaluation of EPR line shapes of the Rieske protein, a double oc-
cupancy model was put forward (Ding et al. 1992, 1995). The “proton-gated
mechanism” of Brandt took up the simultaneous presence of two quinones, it
assumes a quinhydrone-type intermediate and assigns the rate-limiting step
to the deprotonation of ubihydrochinone (Brandt 1996). NMR-based quantifi-
cation of ubiquinone displaced with inhibitors supports the presence of two
substrate molecules in the center P pocket (Bartoschek et al. 2001), though
direct evidence for an enzyme substrate complex involving both molecules is
still lacking. In the “proton-gated affinity change” model (Link 1997), bind-
ing of semiquinone anion at center P results in an elevated Em of the Rieske
cluster, similar to the effect of distal center P inhibitors such as stigmatellin.
The Em up-shift is considered as gating mechanism, as the reduced Rieske
protein stabilizes the radical after the initial coupled proton–electron trans-
fer to the Rieske protein. The electron on the 2Fe–2S cluster will only be
transferred to cyt c1, once the second electron is passed from semiquinone
to the low-potential chain. In agreement with the Brandt model, the first ubi-
hydroquinone deprotonation is considered as the rate-controlling step as it
limits the availability of single deprotonated ubihydroquinone. This model is
supported by the observation that the position of the Rieske domain and in-
teractions with center P occupants affect the midpoint potential of the 2Fe–2S
cluster (Cooley et al. 2004; Darrouzet et al. 2002). A redox-regulated move-
ment of the Rieske domain is an attractive candidate for gating quinol oxida-
tion reactions. Kinetic studies indicate that the oxidized form of the Rieske
protein has higher mobility than the reduced one (Zhang et al. 2000). Func-
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tional studies of variants suggest that surface exposed loops at the active site
construct physical barriers for fine-tuning the large-scale movement. Sup-
porting evidence is provided by a number of compensatory variants where
mutations in the Rieske domain are found to suppress functionally impaired
cytochrome b mutants and vice versa (Brasseur et al. 2004; Darrouzet and
Daldal 2003). One should note that the movement of the Rieske domain is es-
sential for multiple turnover and steady-state enzymatic activity but it is not
required for the single quinol oxidation event (Darrouzet and Daldal 2002).

Several of the above-mentioned models did not take into account that
the reactions for ubiquinol oxidation are fully reversible in a millisecond
timescale and that by-pass reactions are controlled under physiological con-
ditions. These two fundamental principles were elegantly demonstrated by
a study with cofactor knockouts (Osyczka et al. 2004). The authors sug-
gest a “double-gated” model in which either a kinetically concerted two-
electron process—i.e., both electron transfers within femtoseconds—avoids
the semiquinone intermediate, or a conformational gating of semiquinone ex-
ists for both forward and reverse electron transfer. The latter sequential elec-
tron transfer would only be possible if the 2Fe–2S cluster and heme bL have
the same redox state, and could be controlled by hydroquinone and quinone
binding or modulated semiquinone properties. In line with the reversibility
of the reaction is the identification of a reverse operating cyt bc1 in the aci-
dophilic chemolithotrophic organism Acidothiobacillus ferrooxidans (Elbehti
et al. 1999). For the mechanism that involves an intermediate semiquinone
that moves in the binding pocket, a gating mechanism has been put forward
that allows for reversible ubihydroquinone oxidation but prevents bypass re-
actions; Coulombic interaction prevents the semiquinone anion from close
approach to heme bL, when the latter is reduced (Crofts et al. 2006).

Obviously, the formation and presence of a semiquinone as intermediate
of ubihydroquinone oxidation, which was an inherent feature of the initial
Q cycle model (Mitchell 1976), is an important issue for the detailed mecha-
nistic models. Ubiquinone/ubihydroquinone has an Em of 110 mV. Splitting
the two-electron transfer steps in two redox couples, the Em of the first
one (semiquinone/hydroquinone) is considerably more positive close to that
of the high-potential chain, whereas the second (quinone/semiquinone) is
negative and close to the low-potential chain, so that the stability constant
is considered small (Cape et al. 2005; Osyczka et al. 2005). Whereas the
semiquinone at center N is easy to detect as transient EPR radical and can
be specifically assigned by its cancellation with the center N specific inhibitor
antimycin, the semiquinone at center P remained elusive despite consistent
attempts from various groups. A single study on beef heart submitochon-
drial particles reported a semiquinone-EPR signal, which was attributed to
center P (de Vries et al. 1981). This signal was later shown to be insensi-
tive to center P inhibitors and it derives most likely from other respiratory
complexes (Junemann et al. 1998). The authors showed that under condi-
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tions of oxidant-induced reduction, in which both b-hemes are reduced and
cyt c1 is oxidized, center P is primarily occupied by ubihydroquinone with
the [2Fe–2S] center oxidized or possibly by an antiferromagnetically coupled
semiquinone/reduced [2Fe–2S] center pair, which is EPR silent. A recent EPR
study of freeze-quenched probes obtained with an ultra-fast mixer indicate
simultaneous reduction of Rieske protein and heme bL, and did not detect
any center P specific semiquinone (Zhu et al. 2007). However, a center P gen-
erated ubisemiquinone anion was recently detected by continuous wave and
pulsed EPR under anerobic conditions and elevated pH (Cape et al. 2007).
The radical is trapped with a yield of 1–10%. It is sensitive to center P
specific inhibitors and mutations as well as to oxygen. The latter suggests
that it may be the intermediate responsible for superoxide production and
would explain why the other group failed to detect the radical working under
aerobic conditions. A previous study showed that the enthalpies of activa-
tion were almost identical between Q cycle and superoxide production and
suggested a common rate limiting step (Forquer et al. 2006). A likely candi-
date for this reaction intermediate common between Q cycle and superoxide
production is a semiquinone anion (Cape et al. 2007). The authors point
out that their results contradict all concerted mechanisms and those includ-
ing a highly stabilized semiquinone, but they are consistent with a model
that maintains a highly unstable semiquinone to limit superoxide produc-
tion (Cape et al. 2007). A simultaneous study made use of a genetic heme bH
knockout of Rhodobacter cyt bc1 to arrest the transient semiquinone, trap
it by rapid freeze-quenching and analyze it by EPR. The radical is light in-
duced in photosynthetic membranes of the mutant under anaerobic and
mildly alkaline conditions, i.e., by flashing the photosynthetic reaction center
providing oxidized cyt c2 and hydroquinone. The signal is redox-poise depen-
dent, stigmatellin-sensitive and neither appears in wild type chromatophores
or those with a double mutation that also knocks heme c1, clearly indicating
that it is a center P generated semiquinone. The spectral properties indicate
some spin interaction with the nearby Rieske cluster. The signal can be gen-
erated in 1% of the complex. The authors argue that the effective stability
constant range is sufficient to support sub-millisecond electron tunnelling
and catalysis given the likely electron transfer distances at center P. The redox
properties of the semiquinone would thereby enable fast productive electron
transfer while keeping the radical concentration as low as possible to suppress
superoxide generation (Zhang et al. 2007). For both studies, it remains to be
shown that the observed semiquinone is the source of reduction of molecular
oxygen and that semiquinone is a genuine intermediate in center P catalysis.
In addition, the issue of spin coupling needs to be addressed.

Short-circuit reactions under steady-state conditions are extremely rare
(Darrouzet et al. 2001; Osyczka et al. 2004). However, by-pass reactions occur
when the bifurcation reaction is perturbed, for instance by addition of cen-
ter N inhibitor Antimycin A (Muller et al. 2002; Sun and Trumpower 2003)
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or by mutation of the proposed ubihydroquinone ligand E272 (Wenz et al.
2006). It has been discussed that the Q cycle serves a dual role in both en-
ergy transduction and the avoidance of deleterious side reactions, as reactive
oxygen species (ROS) can damage proteins and mitochondrial DNA (Cape
et al. 2006). In man, ROS are implicated in several diseases like Parkinson’s,
Alzheimer’s and cancer. Furthermore, it was proposed that in mitochondria,
the electron-transfer chain acts as an oxygen sensor by releasing (ROS) in re-
sponse to hypoxia; the primary site of ROS production seems to be cyt bc1
with center P dominating center N in radical contribution (Guzy and Schu-
macker 2006).

The dimeric nature of cyt bc1 raises the question whether both monomers
operate as independent or coupled functional units. There is growing experi-
mental evidence for long-range interactions between center P and N (Cooley
et al. 2005; Covian and Trumpower 2006; Wenz et al. 2007). Mechanisms are
discussed that involve a dimeric Q cycle or half-of-the-sites activity of the
dimeric complex.

4
Interaction of cyt c with cyt bc1

Cyt c is the final electron acceptor of cyt bc1. It shuttles the electrons to
cyt c oxidase by reversibly docking to donor and acceptor. The interaction of
cyt bc1 and cyt c is transient and efficient, enabling catalytic turnover higher
than 100 per second. Cyt c reduction is not the rate-limiting step of the reac-
tion, as cyt c is present in high concentration, diffusion rates are high, and
association as well as dissociation processes are fast. As expected for a tran-
sient complex, the affinity of cyt bc1 for cyt c is low. A KM of 3.5 µM was
determined for the yeast complex (Schägger and Pfeiffer 2000). Furthermore,
the multi-functional electron carrier cyt c reacts with multiple reaction part-
ners and the interaction requires sufficient specificity for any of them.

The 3-Å resolution X-ray structure of yeast cyt bc1 with cyt c and an
FV-fragment bound provided the first description of the binding interface
between cyt c and subunit cyt c1 (Lange and Hunte 2002) (Fig. 2A,C). The in-
terface is especially small with an area of 886 Å2 and it surrounds the heme
clefts. The tight and specific interactions are mainly mediated by nonpolar
forces. A central cation–π interaction between Arg19 of cyt c and Phe230 of
cyt c1 appears to be an important and conserved feature of cyt c binding.
Complementary charged residues are located peripheral to the contact sites,
but no salt bridges or hydrogen bonds are observed. The weak electrostatic
interactions are probably important for the preorientation of the complex. An
electrostatic contribution to the binding interaction was expected, as cyt c
reduction by cyt bc1 strongly depends on ionic strength (Hunte et al. 2002;
Speck et al. 1979). Crystallization conditions of the complex are within the
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physiological range and the structure is considered as the native bound state
of the electron-transfer complex. A small interface of hydrophobic interac-
tions surrounded by charged residue pairs appear to be the dominant features
of transient electron-transfer complexes, and are also observed for the cyt c
peroxidase: cyt c and bacterial reaction center: cyt c2 complexes (Axelrod
et al. 2002; Pelletier and Kraut 1992). A close spatial arrangement of the c-type
hemes is observed for the cyt bc1: cyt c complex, with a distance as close as
4.5 Å between the heme CBC atoms and an edge-to-edge distance of 9.3 Å.
This suggests a rapid and direct heme-to-heme electron transfer at a calcu-
lated rate of up to 8.6×106 s–1 (Lange and Hunte 2002; Page et al. 1999). The
redox potentials of cyt c1 and cyt c are equal (Cutler et al. 1987; T’sai and
Palmer 1983) and electron transfer can occur in both directions. However, it
is not known whether the binding interface is affected by the redox state of
the partners as to favor formation of the productive complex.

Unexpectedly, only one molecule of cyt c is bound to one of the two iden-
tical binding sites in the structure of the cyt bc1: cyt c complex (Lange and
Hunte 2002). The half-of-the-sites binding mode appears to be genuine and
not affected by crystal contacts or sterical hindrance. Furthermore, cyt c
binding coincides with ubiquinone occupancy at center N, so that a coordi-
nated binding of both electron acceptors was suggested. The binding mode
fits into the context of the alternating half-of-the-sites hypothesis, which im-
plies that only one half of the dimeric enzyme is active at a time (Trumpower
2002).

5
Respiratory Supercomplexes

The supramolecular organization of the oxidative phosphorylation (OX-
PHOS) system has been controversially discussed (Boekema and Braun 2007;
Lenaz and Genova 2007). In the random collision model, the respiratory
chain complexes are freely distributed in the lipid bilayer and functionally
connected by lateral diffusion of the small redox carriers coenzyme Q and
cyt c (Hackenbrock et al. 1986). The model is supported by kinetic data
and by the fact that the components of the respiratory chain are active as
isolated complexes. However, there is growing evidence for a stable supra-
molecular organization of the respiratory complexes in the membrane, the
’respirasomes’ (Schägger and Pfeiffer 2000). Early isolation protocols pro-
vided first evidence that the respiratory chain assembles into supercomplexes.
Complex III (cyt bc1) was co-purified with complex II (succinate : ubiquinone
oxidoreductase) (Yu et al. 1974) and also with complex IV (cyt c oxidase)
(Cruciat et al. 2000; Schägger and Pfeiffer 2000). The analysis of digitonin
extracts from membranes with blue native polyacrylamide gel electrophore-
sis (BN-PAGE) suggested specific assemblies of mammalian respiratory chain
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complexes, so that Schägger introduced the model of the “respirasomes”
(Schägger and Pfeiffer 2000). Supramolecular assemblies have also been
shown for complexes from bacterial sources (Schägger 2002). More recently,
single-particle electron microscopy studies of mitochondrial supercomplexes
provided first structural insights for supercomplex I (NADH : ubiquinone ox-
idoreductase) + III from Arabidopsis thaliana (Dudkina et al. 2005), super-
complexes I + III and I + III + IV from bovine heart (Schäfer et al. 2006) and
supercomplex III + IV from yeast (Heinemeyer et al. 2007). The characteristic
structural features of the individual complexes allowed their relative position-
ing within the assembly. However, the exact positioning is hampered by the
limited resolution. For these studies, isolated supercomplexes were used, sol-
ubilized with non-ionic detergents and purified either with sucrose-gradient
centrifugation or BN-PAGE. Based on electron microscopic analysis of whole
mitochondria, Schägger and colleagues suggested a model for an even higher
supramolecular association of respirasomes into “respiratory strings” (Wittig
et al. 2006).

Experimental evidence for the in vivo organization in the membrane is still
scarce (Boumans et al. 1998; Genova et al. 2003). Yet, the structural infor-
mation clearly supports the view of stable supramolecular associations. Sub-
strate channeling (Boumans et al. 1998), stability of individual complexes for
instance of complex I (Schägger et al. 2004), regulation of respiratory activ-
ity, mitochondrial ultrastructure, and optimized high protein content of the
membrane are discussed as potential roles of the supercomplexes (Boekema
and Braun 2007; Lenaz and Genova 2007). Mitochondrial supercomplexes are
also implicated in pathological conditions, e.g., they are destabilized in Barth
syndrome patients with defects in the cardiolipin metabolism (McKenzie
et al. 2006). Cardiolipin has been shown to stabilize respiratory supercom-
plexes (Pfeiffer et al. 2003; Zhang et al. 2002). The dynamic collision and
the static model of the OXPHOS system seem to be contradictory, but they
may only describe two possible extreme conditions. Supercomplexes may be
dynamic rather than static assemblies, and the relative stability may vary be-
tween organisms, tissues or with physiological conditions.
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Abstract H+-FOF1-ATP synthase catalyzes synthesis of ATP from ADP and inorganic
phosphate using the energy of transmembrane electrochemical potential difference of
proton (∆µ̃H+ ). The enzyme can also generate this potential difference by working as
an ATP-driven proton pump. Several regulatory mechanisms are known to suppress the
ATPase activity of FOF1:

1. Non-competitive inhibition by MgADP, a feature shared by FOF1 from bacteria,
chloroplasts and mitochondria

2. Inhibition by subunit ε in chloroplast and bacterial enzyme
3. Inhibition upon oxidation of two cysteines in subunit γ in chloroplast FOF1
4. Inhibition by an additional regulatory protein (IF1) in mitochondrial enzyme

In this review we summarize the information available on these regulatory mechanisms
and discuss possible interplay between them.

1
Introduction

H+-FOF1-ATP synthase (also known as F-type H+-ATPase, or simply FOF1)
is a multisubunit membrane enzyme. It synthesizes ATP from ADP and in-
organic phosphate (Pi) using the energy of transmembrane electrochemical
potential difference of proton (∆µ̃H+). In Eukaryota the enzyme is found in
mitochondrial inner membrane and in chloroplast thylakoid membrane; in
bacteria FOF1 is located in the cytoplasmatic membrane.

The conditions under which the enzyme operates vary significantly be-
tween different organisms. In mitochondria the ∆µ̃H+ is constantly generated
by respiratory chain enzymes and the chemical composition of the milieu
on both sides of the coupling membrane is controlled by the cell, so the en-
zyme environment is more or less stable. In chloroplasts the ∆µ̃H+ is high
during daytime, but during the night the membrane is de-energized so that



280 B.A. Feniouk · M. Yoshida

no ATP synthesis is possible. The pH on both sides of the thylakoid mem-
brane also varies during the day–night cycle (see (Kramer et al. 1999) and
references therein). In bacteria, the conditions are most variable; the cell has
a very limited control over the chemical composition of the milieu on the
periplasmatic side of the membrane, and the magnitude of ∆µ̃H+ may vary
significantly in response to such factors as concentrations of oxygen, nutri-
ents, ions (pH), temperature, etc.

The need to regulate the activity of ATP synthase, primarily to avoid
ATPase activity upon decrease in ∆µ̃H+ that may result in wasteful ATP
hydrolysis, is evident. Indeed, there are several regulatory features present
in FOF1. This review summarizes the experimental data on these regulatory
features and describes how a common catalytic core of the enzyme was tuned
to the specific needs of different organisms.

2
Structure and Rotary Catalysis: a Brief Summary

2.1
Structure

Before proceeding to the regulation of FOF1, it is necessary to briefly outline
the main structural and functional features of the enzyme.

The enzyme is composed of two distinct portions: membrane-embedded
FO and hydrophilic F1 that protrudes by more than 100 Å from the membrane
plane. Both portions are multisubunit complexes. The F1 portion is involved in
nucleotide and Pi binding/release, while the FO portion is responsible for trans-
membrane proton transport. The two portions are connected by two “stalks”,
one of which is located approximately in the center, and the other is on the
periphery of the enzyme (Fig. 2). The two portions can be separated (e.g. by
sonication in the absence of Mg2+) and reconstituted back. Isolated F1 por-
tion can hydrolyze ATP at high rate, and therefore is often named “F1-ATPase”;
isolated FO portion performs passive proton transport downhill ∆µ̃H+ .

The catalytic core of F1 is capable of high rate ATP hydrolysis and is com-
posed of three kinds of subunits in stoichiometry α3β3γ. The structure was
solved in 1994 for bovine enzyme by X-ray crystallography (Abrahams et al.
1994). Studies revealed that three αβ pairs form a spherical hexamer with
a cavity in the middle. The cavity is filled by part of the elongated γ sub-
unit; the rest of subunit γ protrudes towards the membrane and composes
the central stalk in FOF1. The primary structure of subunits α, β and γ is
highly conserved in ATP synthases from various organisms. Biochemical data
strongly indicate that the catalytic mechanism is also highly conserved.

There are six nucleotide-binding sites located in the clefts between sub-
units α and β (Abrahams et al. 1994). Only three of them are directly involved
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in catalysis (Cross and Nalin 1982; Yoshida and Allison 1986) and reside
mostly on β subunits; the other three are located mostly on α subunits and are
probably involved in regulation of the enzyme.

Besides the α3β3γ, there are other smaller subunits in F1. One of them
(named ε in bacterial and chloroplast enzyme, but δ in the mitochondrial FOF1)
is part of the central stalk connecting FO and F1, and is indispensable for
coupling between proton transport and ATP synthesis/hydrolysis. In bacterial
and chloroplast enzyme this subunit also has regulatory functions, which are
discussed in detail below (for a recent review see Feniouk et al. 2006).

The functional core of the FO portion is composed of a ring-shaped
oligomer of c-subunits, and of a-subunit located on the periphery of the
c-ring. Subunit c is a small hairpin-like protein with two transmembrane he-
lices and a short hydrophilic loop connecting them. Proton transport occurs
on the interface of subunit a with the c-ring. The central stalk connecting
FO and F1 is composed of subunits γ and ε that are bound to the c-ring.
The second, peripheral stalk is composed of other subunits; their number,
stoichiometry, and nomenclature differs among bacterial, chloroplast, and
mitochondrial enzymes. However, the structure itself is quite similar – a com-
plex with transmembrane helices bound to subunit a; a protruding long
α-helical stretch reaching the very distant part of F1 and attached to the lat-
ter in part directly, and in part through an additional small F1 subunit (δ in
bacteria/chloroplasts and oligomycin sensitivity-conferring protein, OSCP, in
mitochondria).

2.2
Catalytic Mechanism

An enormous contribution to our understanding of the ATP synthase catalytic
mechanism was made by Paul Boyer and colleagues. They have demonstrated
that the energy-requiring step was not the chemical step of ATP synthesis, but
the binding of Pi and the release of the tightly bound ATP from the enzyme
(Boyer et al. 1973). Later they found that FOF1 showed a strong dependence of
catalytic events and product(s) release at one site on the binding of substrate(s)
at a second site (Kayalar et al. 1977). This general principle of highly coopera-
tive multisite catalysis was later confirmed by lots of functional and structural
evidence and is usually referred to as “binding change mechanism” (see Boyer
1997, 2002; Senior et al. 2002, and the references therein for details).

The molecular implementation of the binding change mechanism in FOF1
involves rotation of subunit γ inside the α3β3 hexamer. Such a rotary mech-
anism was predicted from the structural data (Abrahams et al. 1994) and later
got support from the biochemical (Duncan et al. 1995) and biophysical (Sab-
bert et al. 1996) studies. Finally, ATP-driven rotation of subunit γ was directly
visualized in the α3β3γ complex from Bacillus PS3 in single-molecule experi-
ments (Noji et al. 1997). More single molecule data followed, demonstrating
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ATP-driven rotation in FOF1 that was sensitive to the FO-inhibitor tributyltin
(Ueno et al. 2005), and ATP synthesis driven by mechanical rotation of sub-
unit γ in immobilized F1 (Itoh et al. 2004; Rondelez et al. 2005). The results of
single-molecule FRET experiments with E. coli FOF1 incorporated into lipo-
somes suggested that rotation of subunit γ also occurs during ATP synthesis
driven by artificially imposed ∆µ̃H+ (Diez et al. 2004; Zimmermann et al.
2005).

Combination of the data from single-molecule experiments with struc-
tural information from X-ray crystallographic studies allowed reconstruction
of a rather detailed molecular mechanism of ATP hydrolysis in isolated F1.
Hydrolysis of one ATP molecule drives a 120◦-unit rotation of subunit γ and,
therefore, hydrolysis of three ATP molecules is required for the one com-
plete 360◦ revolution (Yasuda et al. 1998). Analysis of rotation with a high
speed camera (Yasuda et al. 1998; Shimabukuro et al. 2003), a slow-hydrolysis
mutant F1 (Shimabukuro et al. 2003; Nishizaka et al. 2004), and direct obser-
vation of binding/release of fluorescently labeled nucleotide during rotation
(Nishizaka et al. 2004) suggest the following reaction sequence as a plausi-
ble model (Fig. 1; see Adachi et al. 2007; Ariga et al. 2007 for more details).
Three β subunits are designated as βI, βII, and βIII. When F1 is waiting for
ATP, it is assumed that the catalytic sites of βI, βII, and βIII contain none, ATP,
and ADP/Pi, respectively (states I and V in Fig. 1). The angular position of the
subunit γ in this state is set to be 0◦:

1. ATP binds to an empty catalytic site of βI (Fig. 1, transition I → II).
2. Binding induces an 80◦ rotation of subunit γ. This rotation leads to sim-

ultaneous release of ADP from the catalytic site of βIII (Fig. 1, transition
II→III).

3. Two catalytic events, each with a lifetime of ∼1 ms, occur at the 80◦ pos-
ition. One of these is hydrolytic cleavage of ATP into ADP and Pi at
a catalytic site of βII (state III in Fig. 1). The other event is not known but
we assume it to be Pi release from βIII (state IV in Fig. 1). The order of the
two events is not determined (in Fig. 1 ATP hydrolysis precedes Pi release,
but the opposite event sequence is also probable).

4. A 40◦ rotation occurs to complete one 120◦ rotation (Fig. 1, transition IV
→ V). ATP binds to the newly emptied catalytic site of βIII, and the cycle
repeats.

In this model, all three β subunits participate to drive a 120◦ rotation (ac-
tive β subunits are marked as filled in the cartoon representation of Fig. 1),
and catalytic turnover of one particular ATP molecule needs 360◦ rotation;
the events on βI are ATP-binding at 0◦, ATP-cleavage at 200◦, ADP-release
at 240◦–320◦, and Pi release at 320◦. Recent crystal structure of yeast F1
with two catalytic sites occupied by AMPPNP and one occupied with Pi (Ka-
baleeswaran et al. 2006) may represent state III in Fig. 1, blocked on the level
of ATP hydrolysis in βII.
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Fig. 1 Hypothetical catalytic mechanism of rotary ATP hydrolysis. F1 is depicted as seen
from the membrane; only the three catalytic nucleotide binding sites are shown. The
filled αβ-pairs represent the power stroke step that presumably drives subunit γ rotation.
Only 1/3 of full γ subunit revolution corresponding to hydrolysis of one particular ATP
molecule is shown; state V is identical to state I (just rotated by 120◦). See details in text
(Sect. 2.2)

In the whole FOF1, subunit γ is bound to the ring-shaped oligomer of
c-subunits. In the case of ATP synthesis the proton flow driven by ∆µ̃H+ pow-
ers the rotation of the c-ring with subunit γ (and with subunit ε in bacterial
and chloroplast FOF1, or with δε complex in the mitochondrial FOF1) relative
to other subunits. This rotation induces the cyclic conformational changes
of the catalytic sites on F1 that result in ATP synthesis. Although hypothet-
ical mechanisms of proton translocation and torque generation by FO were
proposed (Junge et al. 1997; Vik et al. 1998), the experimental evidence sup-
porting them is still insufficient. It is likely that FO operates as an entropic
machine, as proposed by Junge and collaborators (Junge et al. 1997). This
model and its later modifications (Dimroth et al. 1998; Elston et al. 1998)
correspond well to the experimental data. A detailed study on Rhodobacter
capsulatus membranes confirmed that the rotary model can quantitatively
describe the proton transport through isolated FO (Feniouk et al. 2004).

The coupling between the FO and F1 is rather tight. For example, DCCD
(N,N-dicyclohexylcarbodiimide), a specific inhibitor of FO, blocks > 75%
ATPase activity of FOF1 from E. coli (Fillingame 1975) or Bacillus PS3 (Suzuki
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et al. 2002); an even higher degree of inhibition is observed in other organ-
isms. No detectable proton leak was observed through Rb. capsulatus FOF1 in
the presence of ∆µ̃H+ under conditions where the F1 portion was blocked,
e.g., by specific inhibitors (Feniouk et al. 2001) or in the absence of nu-
cleotides in the medium (Feniouk et al. 2005).

Such tight coupling ensures that factors affecting the proton transport func-
tion of the enzyme also affect the ATP synthesis/hydrolysis and vice versa.

3
ADP-Inhibition: a Common Regulatory Mechanism

As mentioned above, ATP synthase is capable of both ∆µ̃H+-driven ATP syn-
thesis and ATP-driven ∆µ̃H+ generation. In mitochondria, chloroplasts, and
aerobic/photosynthetic bacteria the former activity is primary (but see Mat-
suyama et al. 1998; St Pierre et al. 2000; Lefebvre-Legendre et al. 2003, for

Fig. 2 Cartoon representation of bacterial/chloroplast FOF1. Zones involved in regulation
are marked:
1 Catalytic sites occlude MgADP without Pi and the enzyme lapses into ADP-inhibited

state (Sect. 3)
2 Binding of ATP or pyrophosphate to non-catalytic sites counteracts ADP-inhibition

(Sect. 3.2)
3 Subunit ε C-terminal α-helical domain is responsible for inhibition of ATPase activity

(Sect. 4)
4 Acid residues of βDELSEED are involved in inhibition exerted by subunit ε C-terminal

domain (Sect. 4)
5 In chloroplast FOF1 oxidation/reduction of a special cysteine pair modulates the en-

zyme activity (Sect. 5)
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the importance of the reverse activity in mitochondria). The universal way to
modulate the ATP synthesis activity is by changing the magnitude of ∆µ̃H+.
It is well documented that ∆µ̃H+ above a certain thermodynamic threshold
is necessary for ATP synthesis, and that further increase in ∆µ̃H+ results in
acceleration of ATP production (Graber and Witt 1976; Slooten and Vanden-
branden 1989; Junesch and Graber 1991; Turina et al. 1991; Pitard et al. 1996).
Therefore, regulation of ATP synthesis activity can be achieved via regula-
tion of ∆µ̃H+ magnitude either by modulation of respiratory/photosynthetic
∆µ̃H+-generating protein complexes or by changing the proton permeability
of the membrane.

There are several regulatory mechanisms controlling ATP hydrolysis
(Fig. 2); most of them are aimed at blocking the ATPase activity of FOF1
upon decrease in ∆µ̃H+, decrease in ATP concentration, or decrease in the
ATP/ADP ratio. This is hardly surprising for aerobic/photosynthetic organ-
isms, where such mechanisms are essential to protect the cellular ATP pool
from wasting upon membrane de-energization. However, in many bacteria
the primary function of FOF1 is ATP-driven proton pumping that provides
∆µ̃H+ necessary for ion transport, flagella rotation, and other vital processes.
Nevertheless, certain regulatory features limiting the ATPase activity of FOF1
are present in these organisms as well.

3.1
Mechanism of ADP-Inhibition

One of the most well-known unidirectional regulatory factors influencing the
activity of FOF1 is MgADP: it not only serves as a substrate for ATP synthesis,
but also inhibits ATPase activity of the enzyme in a non-competitive manner.
Such inhibition (denoted hereafter as “ADP-inhibition”) is described for FOF1
from chloroplasts (Carmeli and Lifshitz 1972; Dunham and Selman 1981b;
Feldman and Boyer 1985; Zhou et al. 1988; Creczynski-Pasa and Graber 1994),
mitochondria (Minkov et al. 1979; Fitin et al. 1979; Roveri et al. 1980; Drobins-
kaya et al. 1985), and bacteria (Yoshida and Allison 1983; Hyndman et al.
1994), and is clearly distinct from simple product inhibition. It is observed
not only in the whole enzyme or F1-portion, but also in the α3β3γ complex
(Jault et al. 1995; Hirono-Hara et al. 2001), indicating that this regulatory fea-
ture is embedded in the very catalytic core of F1.

Numerous biochemical studies indicate that ADP-inhibition is caused by
tight binding of MgADP without Pi at a high-affinity catalytic site (Minkov
et al. 1979; Fitin et al. 1979; Smith et al. 1983; Drobinskaya et al. 1985; Milgrom
and Boyer 1990; Hyndman et al. 1994). It is noteworthy that the presence of
ADP without Pi in the tight binding catalytic site is not inhibitory by itself, but
is a prerequisite for slow transition into the ADP-inhibited state, which prob-
ably includes an additional conformational change that is affected by Mg2+

(Bulygin and Vinogradov 1991).
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Single-molecule experiments on α3β3γ complex from Bacillus PS3 revealed
that ADP-inhibition results in long pauses in ATP-driven rotation of subunit
γ (Hirono-Hara et al. 2001). These pauses occur with subunit γ blocked in
the angular position of 80◦ relative to the “ATP-waiting” state. Spontaneous
re-activation occurs in the tens of seconds time scale, but was completely
abolished if the angular position of subunit γ was fixed at 80◦ by exter-
nal forces. Therefore, it was proposed that spontaneous activation is due to
stochastic rotational fluctuations of subunit γ. This proposal was strongly
supported by the finding that forced rotation of subunit γ by > 40◦ in the
hydrolysis direction relieved ADP-inhibition (Hirono-Hara et al. 2005). Nu-
merous experimental studies on FOF1 from various organisms demonstrated
that the tightly bound inhibitory ADP can be expelled by ∆µ̃H+ (Strotmann
et al. 1976; Graber et al. 1977; Shoshan and Selman 1979; Sherman and
Wimmer 1984; Creczynski-Pasa and Graber 1994; Feniouk et al. 2005). This
phenomenon underlies the so-called “activation by ∆µ̃H+”, or increase in the
ATPase activity of the enzyme after brief membrane energization (Carmeli
and Lifshitz 1972; Baltscheffsky and Lundin 1979; Turina et al. 1992; Galkin
and Vinogradov 1999; Fischer et al. 2000; Zharova and Vinogradov 2004).
In view of the single-molecule data, it is conceivable that such activation is
caused by ∆µ̃H+-driven rotation of the γ subunit (see below for a detailed
discussion).

ADP-inhibition is likely to be a common feature of all ATP synthases. How-
ever, there are many factors that influence ADP-inhibition. As a result, the
ATPase activity of FOF1 is finely regulated to match the needs of different cells
at various physiological conditions.

3.2
Factors Affecting ADP-Inhibition

Phosphate

The role of Pi in the regulation of FOF1, as well as the details of Pi bind-
ing/release during catalysis, has many unclear aspects. In a pioneer study
on Pi binding it was revealed that the mitochondrial F1 (with ADP bound
at a catalytic site and two nucleotides in the non-catalytic sites) reversibly
binds a single Pi anion with a high affinity (Kd of 80 µM) (Penefsky 1977).
Many factors such as pH, Mg2+, inorganic anions, and nucleotides affected
the binding. It was also documented that nucleotide-free mitochondrial F1
binds Pi poorly, and that binding of Pi requires the presence of tightly bound
ADP in the same catalytic site (Kozlov and Vulfson 1985).

There are two points concerning the data above. First, during normal catal-
ysis Pi is likely to be bound/released at an open, not high affinity catalytic site.
Second, in a living cell the enzyme is always in the medium with a millimo-
lar concentration of nucleotides. Therefore, the measurements of Pi binding
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in the presence of ADP and ATP are more physiologically relevant. In the case
of mitochondrial F1, 150 µM of each nucleotide inhibited the high affinity Pi
binding by approximately 50% (Penefsky 1977). It is worthy of note that non-
hydrolyzable ATP analog AMP-PNP was a markedly stronger inhibitor of Pi
binding, confirming that Pi was bound in the position where the γ-phosphate
of ATP resides.

However, a detailed study of mitochondrial F1 revealed that there is a sec-
ond binding site for Pi with Kd of ∼5 mM (Kasahara and Penefsky 1978).
Recently Penefsky confirmed that E. coli F1 also has two Pi-binding sites with
Kd in the range of 0.1 mM (Penefsky 2005). This result contradicts the ear-
lier failure to observe Pi binding to E. coli enzyme (al Shawi and Senior 1992)
and was supposedly due to a rapid dissociation of the bound Pi during the the
centrifuge column separation procedure. Studies of chloroplast FOF1 incorpo-
rated into liposomes also provided evidence for existence of two Pi binding
sites on the enzyme (Grotjohann and Graber 2002).

Until recently the high resolution structures of F1 solved by X-ray crystal-
lography have not revealed any bound Pi. However, a short time ago Walker’s
group solved the X-ray structure of yeast F1 that has a phosphate (or sulfate)
bound at an “empty” catalytic site. The location of the anion is close to the
expected position of ATP γ-phosphate, indicating that Pi might be bound in
the empty catalytic site (Kabaleeswaran et al. 2006).

As a substrate of ATP synthesis, Pi was demonstrated to have Km in the
range 0.2–10 mM in enzymes from various sources (Kayalar et al. 1976; Hatefi
et al. 1982; McCarthy and Ferguson 1983; Junge 1987; Strotmann et al. 1990;
Perez and Ferguson 1990a,b; Richard et al. 1995; al Shawi et al. 1997; Etzold
et al. 1997; Grotjohann and Graber 2002; Tomashek et al. 2003). However, Pi in
millimolar concentrations does not significantly inhibit the ATPase activity of
the enzyme, suggesting that the affinity to Pi is different for ATP synthesis and
for uncoupled ATP hydrolysis. Indeed, the affinity of FOF1 to Pi is strongly
enhanced in the presence of ∆µ̃H+ (Kayalar et al. 1976; Hatefi et al. 1982; Mc-
Carthy and Ferguson 1983; al Shawi et al. 1997), in line with the suggestion of
Boyer et al. that binding of Pi is one of the main energy-requiring steps during
ATP synthesis (Rosing et al. 1977; Rosen et al. 1979).

Interestingly, many experimental studies documented a higher ATPase ac-
tivity of FOF1 in the presence of Pi (Carmeli and Lifshitz, 1972; Melandri et al.
1975; Moyle and Mitchell 1975; Dunham and Selman 1981a; Turina et al. 1992;
Zharova and Vinogradov 2004). A pioneering study by Carmeli and Lifshitz
on chloroplast FOF1 provided evidence that such an increase occurs because
Pi counteracts ADP-inhibition (Carmeli and Lifshitz 1972). Later, it was found
that Pi also relieves ADP-inhibition in isolated mitochondrial (Drobinskaya
et al. 1985; Kalashnikova et al. 1988) and bacterial (Bald et al. 1999; Mitome
et al. 2002) F1, although the concentration of Pi necessary to relieve inhibition
was rather high: > 20 mM for Bacillus PS3 (Mitome et al. 2002) and > 5 mM
for the mitochondrial F1 (Drobinskaya et al. 1985).
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The mechanism of such inhibition relief is not completely clear. It is
likely that the presence of Pi in the same site where ADP is bound prevents
conformational transition to the ADP-inhibited state. Indeed, it has been
demonstrated that in the high-affinity catalytic site ATP is in equilibrium with
ADP+Pi, so if Pi can bind to the high-affinity site having ADP, it is expected
to keep the enzyme in the active state.

It should be noted that the experimental evidence available is insuffi-
cient to determine if Pi can facilitate the re-activation of the enzyme once
it has lapsed into ADP-inhibited form, or if Pi only prevents ADP-inhibition
of the active enzyme. We find the latter possibility more likely, since in
the case of mitochondrial F1 the Pi concentration necessary to relieve ADP-
inhibition (5 mM) matched the experimentally estimated affinity of the sec-
ond Pi-binding site (Kasahara and Penefsky 1978), which is distinct from the
high-affinity catalytic site.

Binding of Nucleotides or Pyrophosphate to Non-catalytic Sites

As mentioned above, there are six nucleotide-binding sites on F1. Three of
them can rapidly exchange nucleotides with the medium, while the other
three exhibit slow nucleotide exchange rates, and were named “non-catalytic
sites” (Cross and Nalin 1982). The details of nucleotide/pyrophosphate bind-
ing to the non-catalytic sites are not completely clear. Early studies have
revealed that in mitochondrial F1 all three non-catalytic sites can be occu-
pied with ATP (Kironde and Cross 1987). The crystal structure confirmed this
finding showing AMP-PNP (an ATP analog) in all non-catalytic sites (Abra-
hams et al. 1994). Experiments with chloroplast F1 (activated by heat treat-
ment at 60 ◦C, since the non-activated chloroplast F1 has almost no ATPase
activity) also indicated that all three sites can be filled with ATP, but that
ADP is able to fill only two (Milgrom et al. 1991). Several other studies have
pointed out that the three non-catalytic sites differ in their binding proper-
ties. Experiments with nucleotide-depleted E. coli enzyme indicated that F1
binds a maximum of two ATP, ADP, or GTP molecules at non-catalytic sites,
whereas all three sites can be occupied only by a mixture of nucleotide di- and
triphosphates (Hyndman et al. 1994). However, a study by Weber and cowor-
kers on the mutant E. coli F1 yielded occupancy of 2.8 and 2.6 non-catalytic
sites by MgATP and MgADP, respectively (Weber et al. 1994). In chloroplast
F1 that was not heat-treated, one non-catalytic site was found to tightly bind
ADP, while the other two could bind both ADP and ATP, albeit with different
affinities (Malyan and Allison 2002). The dissociation of ADP from the latter
two sites was much faster than that of ATP.

In chloroplasts, binding of F1 to FO was demonstrated to significantly
modify the nucleotide occupancy of the non-catalytic sites, decreasing the
ATP/ADP ratio for bound nucleotides (Malyan, 2006). Magnesium ions were
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also found to influence the nucleotide binding to the non-catalytic sites (We-
ber et al. 1994; Malyan 2005).

Experimental studies revealed that the occupancy of the non-catalytic sites
has a marked effect on the activity of FOF1. It was demonstrated on isolated
F1 from mitochondria, chloroplasts, and Bacillus PS3 that binding of ATP to
these sites stimulates the ATPase activity of the enzyme (Milgrom et al. 1990;
Jault and Allison 1993; Jault et al. 1995). This stimulation is due to attenu-
ation of ADP-inhibition: binding of ATP to the non-catalytic sites facilitates
the release of the inhibitory ADP from the high-affinity catalytic site (Mu-
rataliev and Boyer 1992; Milgrom and Cross 1993; Jault et al. 1995). Binding
of pyrophosphate to the non-catalytic sites has a similar effect (Kalashnikova
et al. 1988; Jault et al. 1994). In contrast to ATP and pyrophosphate, ADP
was demonstrated to promote hysteretic inhibition of mitochondrial F1 when
bound to non-catalytic sites, presumably by blocking the binding of ATP to
these sites and thereby preventing the activation mentioned above (Jault and
Allison 1994).

∆µ̃H+

Corresponding to thermodynamic considerations, in well-coupled mem-
branes ∆µ̃H+ acts as a back-pressure that limits the rate of ATP hydrolysis
catalyzed by FOF1. This effect is documented in many experimental stud-
ies demonstrating stimulation of ATPase activity by uncouplers. But, ∆µ̃H+

is also known to stimulate ATP hydrolysis by FOF1. This phenomenon was
first documented in chloroplasts, where the enzyme has only traces of ATPase
activity (albeit competent in ATP synthesis) (Jagendorf and Avron 1958;
Avron and Jagendorf 1959), but can be activated by ∆µ̃H+ (Kaplan et al.
1967; Schwartz 1968; Carmeli and Avron 1972; Bakker-Grunwald and Van
Dam 1974; Smith et al. 1976; Komatsu-Takaki 1986). A similar increase in
the ATPase activity induced by ∆µ̃H+ was also documented for mitochon-
drial and bacterial enzymes (Turina et al. 1992; Galkin and Vinogradov 1999;
Fischer et al. 2000; Pacheco-Moises et al. 2000; Zharova and Vinogradov
2004).

Stimulation of FOF1 ATPase activity by ∆µ̃H+ combines two distinct phe-
nomena. First, ∆µ̃H+ promotes the release of the tightly bound ADP from
the enzyme (Strotmann et al. 1976; Graber et al. 1977; Sherman and Wimmer
1984; Feniouk et al. 2005) and therefore relieves ADP-inhibition (Sherman
and Wimmer 1984; Zharova and Vinogradov 2004). In view of the single-
molecule experiments described in Sect. 3.1, it is highly conceivable that the
enzyme is relieved from ADP-inhibition by ∆µ̃H+-powered rotation of sub-
unit γ. Second, the steady-state ATPase activity is also stimulated by ∆µ̃H+

(Turina et al. 1992; Zharova and Vinogradov 2004; Feniouk et al. 2007), al-
though this phenomenon is partially masked by suppression of ATP hydro-
lysis by ∆µ̃H+ back-pressure. Interestingly, the latter stimulation (unlike
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∆µ̃H+-driven release of inhibitory ADP) is observed only in the presence of
Pi (Zharova and Vinogradov 2004; Feniouk et al. 2007). In a recent study we
investigated this phenomenon and found that the Pi-dependent stimulation
of the steady-state ATPase activity by ∆µ̃H+ in FOF1 from Bacillus PS3 is due
to relief of ADP-inhibition (Feniouk et al. 2007). It is likely that such stimu-
lation occurs because ∆µ̃H+ induces an increase in the affinity of FOF1 to Pi
(Kayalar et al. 1976; Hatefi et al. 1982; McCarthy and Ferguson 1983; al Shawi
et al. 1997). In turn, Pi binding protects the enzyme from ADP-inhibition,
as described above. A scheme illustrating such regulatory interplay between
ADP-inhibition, ∆µ̃H+, and Pi (and other factors discussed below) is pre-
sented in Fig. 3.

As already mentioned, a prerequisite for ADP-inhibition is ADP bound
at a high-affinity catalytic site without Pi (D-state in Fig. 3). Because the
order of ATP hydrolysis product release is unclear, we include both possible
pathways for ADP and Pi liberation from a catalytic site: DP → D → O and
DP → P → O. In the latter pathway ADP-inhibition requires binding of ADP
to the opened site, since the D-state does not occur.

A high Pi concentration or increased affinity of the enzyme to Pi caused by
∆µ̃H+ can increase the rate of ATP hydrolysis by increasing the probability of
the DP→P → O transition that excludes transition to the DI state. Pi bind-
ing to the D state (in the case of both high and low affinity catalytic sites) is
expected to accelerate the D → DP transition and therefore also prevent the
enzyme from lapsing into the DI state.

Fig. 3 Scheme of ATP hydrolysis regulation for bacterial/chloroplast FOF1 (extended from
Feniouk et al. 2007) See text for details (Sect. 3.2)
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If ATP is the nucleotide bound to the empty site after release of ADP and
Pi, then ATP hydrolysis proceeds. However, binding of ADP (O → D transi-
tion) might lead to ADP inhibition. Again, a high concentration of Pi or an
increased affinity to Pi diminishes the probability of the O → D-transition
(and therefore, of ADP inhibition) by biasing the reaction towards the O → P-
transition.

It is probable that ATP or pyrophosphate binding to the non-catalytic (n.c.)
sites might destabilize the ADP-inhibited state. Structurally such destabiliza-
tion might be achieved by facilitating the rotation of subunit γ inside the α3β3
hexamer. Further studies are necessary to clarify this point.

Extending this rationale, one could presume that factors stabilizing the an-
gular position of subunit γ corresponding to the ADP-inhibited state would
enhance ADP-inhibition. Below we discuss such factors in detail.

Subunit ε (in Bacterial and Chloroplast FOF1)

It was proposed by Feniouk and Junge that in the bacterial and chloroplast
FOF1 the ADP-inhibition might be enhanced by subunit ε (Feniouk and Junge
2005), which is part of the central stalk in FOF1 (see below for details). Single-
molecule experiments on cyanobacterial F1 confirmed that subunit ε blocks
the rotation of subunit γ at the same angular position as ADP inhibition does
(Konno et al. 2006). Biochemical studies on the FOF1 from Bacillus PS3 also
confirmed that ADP-inhibition is enhanced by ε, presumably because the lat-
ter subunit stabilizes the ADP-inhibited state (Feniouk et al. 2007). However,
subunit ε affects the ATPase activity of FOF1 also in the absence of ADP, so we
have summarized the data on the inhibitory role of this subunit in Sect. 4.

4
Subunit ε in Bacterial and Chloroplast Enzyme

4.1
Structure of Subunit ε

Subunit ε (subunit δ in mitochondrial FOF1) is a small protein consisting of
the N-terminal β-sandwich domain and the C-terminal domain composed of
two α-helices. Structural NMR and X-ray studies revealed that in E. coli sub-
unit ε the two C-terminal helices form a hairpin (Wilkens et al. 1995; Uhlin
et al. 1997). The location of the subunit within F1 was also determined in
a high-resolution X-ray structure of bovine mitochondrial F1 (Gibbons et al.
2000). The latter structure demonstrated a striking similarity in the fold of
E. coli subunit ε and its homolog in bovine mitochondrial FOF1 (subunit δ).

Subunit ε plays a dual role in FOF1 from bacteria and chloroplasts
(for reviews see Capaldi and Schulenberg 2000; Vik 2000; Feniouk et al.
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2006). On one hand, subunit ε is indispensable for coupling between pro-
ton translocation though FO and ATP synthesis/hydrolysis in F1. On the
other hand, subunit ε has a regulatory role inhibiting the ATPase activity of
the enzyme. These two functions are structurally separated: the N-terminal
β-sandwich domain is responsible for the coupling function, while the
C-terminal α-helical domain is responsible for inhibition of ATP hydrolysis
(but see Cipriano and Dunn 2006, for some evidence on the influence of the
C-terminal domain on coupling efficiency in E. coli FOF1). In this review
we discuss only the inhibitory function of subunit ε. We would also like to
emphasize that there is no sound evidence for a similar regulatory role of mi-
tochondrial FOF1 subunit δ (homologous to the bacterial/chloroplast ε). It is
therefore likely that this regulatory feature is present exclusively in bacterial
and chloroplast FOF1.

4.2
Inhibition of ATP Hydrolysis by Subunit ε

In 1972 Nelson et al. reported that subunit ε inhibits ATP hydrolysis in chloro-
plast F1 (Nelson et al. 1972). Later, a similar inhibitory effect was documented
(Smith et al. 1975) and studied in detail (Smith and Sternweis 1977; Laget and
Smith 1979) on E. coli F1. The possibility of performing mutagenesis makes
bacteria a powerful experimental system for studies of protein function, and
most of the data on subunit ε inhibitory role come from studies on E. coli or
Bacillus PS3 FOF1.

It was revealed that the inhibitory effect of bacterial subunit ε is lost upon
truncation of its C-terminal domain (ε∆C-mutant) (Kuki et al. 1988; Keis et al.
2006; Cipriano and Dunn 2006). However, the details of the inhibitory effect
vary among different species. In E. coli FOF1ε

∆C mutation leads to 1.5-fold
increase in the ATP hydrolysis rate, and the inhibitory effect is constant in
the ATP concentration range from 50 µM to 5 mM (Cipriano and Dunn 2006).
Markedly stronger stimulation was observed in ε∆C-mutant enzyme from
Bacillus PS3 (Kato-Yamada et al. 1999): at 50 µM ATP the activity is more than
fourfold higher in the mutant. However, at 2 mM ATP the steady-state activity
was the same in the ε∆C-mutant and in the wild-type enzyme (but the initial
lag in the onset of ATPase activity present in the wild type was lacking in the
mutant). In FOF1 from thermoalkaliphilic Bacillus TA2.A1 the inhibition was
also dependent on ATP concentration and decreased from a factor of seven at
50 µM ATP to ∼three at 2 mM ATP (Keis et al. 2006). These findings indicate
that there is a pronounced difference between the inhibitory effects of subunit
ε in different bacteria.

In chloroplast enzyme the inhibitory effect of subunit ε C-terminal do-
main is very strong: at 5 mM ATP the ATPase activity of ε∆C-FOF1 in spinach
thylakoids was more than sixfold higher than that of the wild-type enzyme
(Nowak and McCarty 2004).
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Fig. 4 Two conformations of bacterial FOF1 subunit ε C-terminal domain (stereopairs):
A Contracted hairpin state (bovine mitochondrial F1, coordinates from PDB entry 1E79).
B Extended state (E. coli F1, PDB entry 1JNV). The backbone of subunit γ is shown in sur-
face representation (colored light gray); subunit ε (mitochondrial δ) is shown in cartoon
representation (colored dark gray). The image was generated with VMD software package
(Humphrey et al. 1996)

4.3
Conformational Transitions of Subunit ε C-Terminal Domain

An important advance in the understanding of the molecular mechanism of
the inhibitory effect of subunit ε was initiated by a publication reporting the
structure of the γε complex from E. coli FOF1 (Rodgers and Wilce 2000). In
this structure the α-helices of subunit ε C-terminus were not folded in a hair-
pin (A in Fig. 4), but were stretched along subunit γ towards the α3β3 hexamer
(B in Fig. 4). The existence of such conformation in the whole FOF1 was later
confirmed by Tsunoda et al. in cross-linking experiments (Tsunoda et al. 2001).

Similar cross-linking experiments performed in our group demonstrated
that in Bacillus PS3 FOF1 the C-terminus of subunit ε can be stretched even
further, reaching the N-terminus of subunit γ (Suzuki et al. 2003). Moreover,
it was revealed that in the mutant where both the extended and the contracted
hairpin conformations of subunit ε C-terminus could be fixed by a cross-link,
the extended conformation prevailed in the absence of ATP, while the con-
tracted conformation was induced by ATP. Functional studies of the mutants
with one of the ε conformations fixed by a cross-link revealed that subunit ε

in the extended conformation inhibited the ATPase activity of FOF1 but had
no significant effect on ATP synthesis (Suzuki et al. 2003), in agreement with
the results obtained on E. coli FOF1 (Tsunoda et al. 2001). In the contracted
hairpin conformation subunit ε had no effect on either activity (Suzuki et al.
2003). This result explained the earlier data indicating two distinct states of
Bacillus PS3 subunit ε, of which only one was inhibiting ATP hydrolysis (Kato
et al. 1997).
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Experiments on fluorescence resonance energy transfer between labels
introduced in Bacillus PS3 F1 on the N-terminus of subunit γ and on the
C-terminus of subunit ε confirmed that the transition from extended to con-
tracted state is induced by ATP and correlates with the increase in the ATPase
activity (Iino et al. 2005).

The findings described above indicate that in Bacillus PS3 FOF1 subunit ε

might play a regulatory role, and that the molecular mechanism of the reg-
ulation involves large conformational transitions of the C-terminal α-helical
domain triggered by ATP. Although no sound evidence on similar transitions
in FOF1 from other organisms has been published, there are several studies re-
porting conformational changes of subunit ε in response to nucleotides, Pi, and
∆µ̃H+ in the E. coli enzyme (Mendel-Hartvig and Capaldi 1991; Wilkens and
Capaldi 1994; Aggeler and Capaldi 1996). ∆µ̃H+-induced changes in subunit
ε conformations are also reported for chloroplast FOF1 (Richter and McCarty
1987; Komatsu-Takaki 1989; Nowak and McCarty 2004).

4.4
The Role of βDESLEED Region in Inhibition Mediated by Subunit ε

The demonstration of conformational transitions of the ε C-terminus does
not provide information on the interactions responsible for the inhibitory
effect. The latter issue was partially clarified by a study in our group demon-
strating that in Bacillus PS3 FOF1 the inhibitory effect of ε was dependent on
the presence of basic, positively charged residues on the second C-terminal
α-helix of subunit ε and of the negatively charged acid residues in the
DELSDED1 segment of subunit β (Hara et al. 2001). Alanine replacements of
either basic residues in the ε C-terminus or acidic residues in the βDELSDED
segment led to a dramatic decrease of the inhibitory effect. The same effect
of alanine replacements in subunit ε was reported in a recent study on Bacil-
lus TA2.A1 FOF1 (Keis et al. 2006). It should be noted that in E. coli FOF1
the replacement of the first glutamate in the βDELSEED to cysteine also led
to a marked increase in the ATPase activity (Garcia and Capaldi 1998). It is
tempting to speculate that interactions of the βDELSEED segment with the
C-terminal domain of subunit ε is a common inhibitory mechanism in bac-
terial and probably chloroplast FOF1.

In support of the latter suggestion, a marked decrease in the inhibitory ef-
fect of ε was observed in chloroplast enzyme upon truncation of the tenth
C-terminal residue (Arg, marked bold in the sequence motif below), while the
truncation of the previous nine (non-basic) residues had a much weaker ef-
fect (Shi et al. 2001). It should be noted that the AXLAL(R/K)RAXXR motif in
the second C-terminal helix of ε is present both in chloroplast FOF1 and in the
enzyme from the bacteria of Bacillus genera (Feniouk et al. 2006). It is prob-

1 DELSEED in most other organisms; corresponds to the E. coli 380DELSEED386 of subunit β.
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able that the mechanism of ATPase activity inhibition mediated by subunit
ε in chloroplast and in Bacillus FOF1 is the same. This suggestion is further
supported by experiments demonstrating that Bacillus PS3 FOF1 is effectively
inhibited by chimeric ε with the C-terminus replaced by that from chloroplast
enzyme (Konno et al. 2004).

Although the enzymes from chloroplasts and from Bacillus bacteria share
a conservative motif in the subunit ε second C-terminal α-helix, the lat-
ter region is conserved neither in length nor in its amino acid composition
among bacteria (Feniouk et al. 2006). Moreover, in subunit ε from E. coli ATP
synthase the deletion of the second C-terminal α-helix alone does not have
a detectable effect on the inhibition, and only the deletion of both helices
leads to a pronounced decrease of inhibition (Kuki et al. 1988; Xiong et al.
1998; Cipriano and Dunn 2006). This implies that the role and the inhibitory
power of subunit ε might differ substantially among bacteria. It is likely that
the conservative C-terminal positive residues mentioned above are neces-
sary for a strong inhibitory effect in photosynthetic/aerobic organisms, while
a less “inhibitory” C-terminus is present in species that use FOF1 as an ATP-
driven ∆µ̃H+ generator (Feniouk et al. 2006). In line with this hypothesis, the
whole C-terminal domain is absent in subunit ε from some anaerobic bacte-
ria (e.g. of Bacteroides, Bifidobacterium, or Chlorobium genera) (Feniouk et al.
2006).

It should be noted that isolated subunit ε from bacteria of Bacillus gen-
era can directly bind ATP with Kd∼1–2 mM at optimal growth temperature,
and that the C-terminal domain is critically important for the binding (Kato-
Yamada and Yoshida 2003; Iino et al. 2005; Kato-Yamada 2005). Such bind-
ing was proposed to stabilize the contracted conformation of subunit ε and
thereby prevent the inhibition of ATPase activity (Iino et al. 2005). Recent
high resolution crystal structure of Bacillus PS3 subunit ε with bound ATP is
also in line with this hypothesis (Yagi et al. 2007). It remains unclear if sub-
unit ε has ATP-binding properties in the whole FOF1 and if these properties
are also present in FOF1 from other organisms.

5
Thiol Regulation in Chloroplast Enzyme

Chloroplast FOF1 has a distinctive redox regulatory feature absent in bacte-
rial and mitochondrial enzymes (for reviews see Evron et al. 2000; Hisabori
et al. 2002, 2003; Richter 2004). Early studies revealed that latent ATPase ac-
tivity of chloroplasts is markedly stimulated by reduction with thiol reagents
(Petrack et al. 1965; Kaplan and Jagendorf 1968). Later study by Mills and
Mitchell demonstrated that ATP synthesis was also stimulated by the reduc-
tion of the enzyme under conditions of limiting ∆µ̃H+, suggesting that the
∆µ̃H+ required for activation of the chloroplast FOF1 is larger than that re-
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quired thermodynamically for ATP synthesis (Mills and Mitchell 1982). This
suggestion was confirmed by experiments with flashing light excitation of
thylakoid membranes showing that the ∆µ̃H+ threshold for release of the
inhibitory ADP, for activation of ATP hydrolysis, and for initiation of ATP
synthesis was higher than the phosphate potential of the medium, especially
in the oxidized FOF1 (Hangarter et al. 1987). Increase of ATP concentration
from 10 µM to 1.5 mM had no detectable effect on ∆µ̃H+-induced release of
the inhibitory ADP from reduced thylakoid membranes, indicating that the
phosphate potential has no effect on activation. Assessment of the activa-
tion ∆µ̃H+ value done in the same study yielded ∼42 kJ/mol and ∼51 kJ/mol
for reduced and oxidized enzyme, respectively. Experiments with acid–base
transitions on thylakoids indicated that the ∆pH necessary for half-maximal
activation of reduced FOF1 was 2.2, but increased to 3.4 for the oxidized en-
zyme (Junesch and Graber 1987).

The stimulation of chloroplast FOF1 ATPase activity correlates with reduc-
tion of two cysteine residues in subunit γ (Arana and Vallejos 1982; Nalin and
McCarty 1984). These two cysteines specific for chloroplast enzyme are lo-
cated in a ∼30 residue long “regulatory region” in subunit γ that is not found
in bacterial or mitochondrial enzymes (Hisabori et al. 2002; Hong and Peder-
sen 2003). It is probable that the formation of a disulfide bond between these
two cysteines markedly elevates the ∆µ̃H+ threshold necessary for release of
the inhibitory ADP from chloroplast FOF1, and stabilizes the ADP-inhibited
state. However, this disulfide bond does not affect ATP synthesis rate at high
∆µ̃H+ (Junesch and Gräber 1985, 1987; Hangarter et al. 1987). Therefore, it
is tempting to suggest that the thiol regulation of chloroplast FOF1 is also
partially due to the modulation of the ADP-inhibition efficiency. It is likely
that the formation of the disulfide bond impedes the rotation of subunit γ

necessary to expel ADP from the high-affinity catalytic site.
Besides the modulation of ADP-inhibition strength, oxidation/reduction of

subunit γ also influences the inhibitory effect of subunit ε on ATPase activ-
ity of the chloroplast FOF1. It has been demonstrated that reduction of the
disulfide bond on subunit γ enhances the dissociation of subunit ε from F1
(Duhe and Selman 1990; Soteropoulos et al. 1992). In turn, subunit ε protects
the SS-bond from reduction when bound to F1. Noteworthy, the truncated
ε lacking the C-terminal domain does not protect subunit γ from reduction
(Nowak and McCarty 2004). The influence of subunit ε C-terminal domain on
redox regulation in chloroplast FOF1 is supported by experiments on the in-
troduction of subunit γ regulatory region into Bacillus PS3 enzyme (Konno
et al. 2004). It was found that the redox regulation emerged only when the
regulatory region was introduced together with the C-terminal domain of
chloroplast subunit ε. This finding indicates that specific interactions between
the regulatory region of subunit γ and the C-terminal domain of subunit ε

might be important for the modulation of chloroplast FOF1 activity. It should
be noted, however, that chloroplast F1 lacking subunit ε can still be activated
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by reduction (Richter et al. 1984; Duhe and Selman 1990), as well as the mu-
tant ε∆C FOF1 (Nowak and McCarty 2004). Therefore, despite some interplay
with the inhibition mediated by subunit ε C-terminal domain, the latter is not
a prerequisite for inactivation of chloroplast FOF1 caused by oxidation of the
γ subunit.

From the experiments on chloroplasts it was suggested that in vivo subunit
γ is reduced by thioredoxin, which in turn is photoreduced in the chloroplasts
by ferredoxin–thioredoxin reductase (Mills et al. 1980). Further experiments
supported this suggestion and pointed out that thioredoxin-f rather than
thioredoxin-m is responsible for FOF1 reduction in chloroplasts (Schwarz
et al. 1997). An elegant biophysical study by Kramer and Crofts on leaves
of intact plants provided evidence that light-dependent reduction by thiore-
doxin is indeed involved in the regulation of chloroplast FOF1 activity in
vivo (Kramer and Crofts 1989). It was revealed that full reduction of FOF1
through the thioredoxin system occurs at a light intensity of ∼0.2% of the
physiologically “normal” value that saturates primary photosynthetic pro-
teins. Therefore, the thiol modulation is likely to be a “day–night” switch
rather than being involved into daytime regulation of FOF1 activity (Kramer
and Crofts 1989).

6
Mitochondrial Inhibitor Protein IF1

Mitochondrial FOF1 has a more complicated subunit composition than bac-
terial and chloroplast enzymes. A special mitochondrial “inhibitor protein”
(IF1) that reversibly binds to FOF1 plays a role in regulation of ATP hydro-
lysis (for a review see Green and Grover 2000). The inhibitory effect of this
small α-helical basic protein on ATPase activity of both isolated F1 and of sub-
mitochondrial particles from beef heart mitochondria was reported in 1963
by Pullman and Monroy (Pullman and Monroy 1963). In the same study it
was revealed that IF1 does not inhibit ATP synthesis and that the inhibition of
ATP hydrolysis is pH-dependent and occurs at pH below 8. Later, IF1 was also
found in yeast (Hashimoto et al. 1981) and rat (Cintron and Pedersen 1979)
mitochondria. Bovine IF1 was shown to inhibit FOF1 from yeast and vice verse
(Cabezon et al. 2002; Ichikawa and Ogura 2003). In the case of yeast, it was re-
ported that two other protein factors with molecular masses of 9 and 15 kDa
interact in a complex manner to stabilize the F1–IF1 complex (Hashimoto
et al. 1983).

The X-ray crystallographic studies clarified the structure of IF1–F1 com-
plex from bovine mitochondria (Cabezon et al. 2003). It turned out that α-
helical IF1 N-terminus can insert itself into α3β3 hexamer between the α and
β subunits near their C-terminal regions and the βDELSEED region, which is
involved in the subunit ε inhibitory effect in bacterial FOF1 (see Sect. 4).



298 B.A. Feniouk · M. Yoshida

The pH dependence of the IF1-mediated inhibition (Pullman and Monroy
1963; Panchenko and Vinogradov 1985) was reported to correlate with the pH
dependence of IF1 oligomerization (Cabezon et al. 2000). At pH below neu-
tral, IF1 exists as a dimer that efficiently inhibits the ATPase activity of F1,
while at pH above neutral IF1 forms a tetramer that has no inhibitory power.
Such pH dependence was suggested to provide a feedback mechanism for pre-
serving mitochondrial ATP in case of uncoupling or anoxia. When glycolysis
becomes the only source of cellular ATP, it lowers the cytosolic pH, which is
transmitted to the matrix and promotes the inhibition of ATP hydrolysis by
IF1 (Cabezon et al. 2000).

As mentioned above, similar to ADP-inhibition and inhibition mediated
by subunit ε in bacterial and chloroplast FOF1, IF1 inhibits ATP hydrolysis
without detectable effect on ATP synthesis (Pullman and Monroy 1963; Asami
et al. 1970; Iwatsuki et al. 2000). It has been demonstrated that IF1 dissociates
from FOF1 upon membrane energization (Schwerzmann and Pedersen 1981;
Lippe et al. 1988), suggesting that rotation of subunit γ forces the release of
bound IF1. Experiments with mutant yeast strains lacking IF1 revealed that
in mitochondria it is responsible for prompt deactivation of ATP hydrolysis
upon uncoupling (Mimura et al. 1993; Iwatsuki et al. 2000).

In vivo, the deletion of IF1 in yeast does not affect the growth rate on non-
fermentable carbon sources, but it is necessary to preserve mitochondrial and
cellular ATP under starving conditions (Ichikawa et al. 2001).

7
Conclusions

FOF1 cannot be treated as a simple enzyme that merely accelerates a reversible
reaction. Several mechanisms (ADP-inhibition, inhibition mediated by sub-
unit ε in bacteria and chloroplasts, oxidation of subunit γ in chloroplasts, and
binding of IF1 in mitochondria) deactivate the enzyme upon dissipation of
∆µ̃H+ and prevent uncoupled ATP hydrolysis. Re-activation from the inhib-
ited state might require ∆µ̃H+ higher than that necessary for ATP synthesis
from thermodynamic considerations. Therefore, ∆µ̃H+ is necessary not only
to provide energy for ATP synthesis, but also to maintain the FOF1 active
state. High affinity to Pi in the presence of ∆µ̃H+ is a key feature of the active
state maintenance, protecting the enzyme from ADP-inhibition. Such regu-
lation supposedly prevents ATP waste upon membrane de-energization, but
allows ATP-driven ∆µ̃H+ generation on well-coupled membranes.
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