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INTRODUCTION well as organotrophic species. In addition to obligate anaer-

Ever since archaea have been studied, their ability to thrive
in unusual habitats under extremely harsh conditions has stim-
ulated interest in the molecular mechanisms that confer heat
stability on proteins at temperatures above 100°C, tolerance of
extreme pH values and salt concentrations, and unique meta-
bolic functions not found in bacteria, such as methanogenesis
or rhodopsin-linked energy and signal transduction. Actually,
ever since Archaea was identified as a third evolutionary king-
dom (606-608) presumably located relatively near the hypo-
thetical root of the evolutionary tree, it has been speculated
that the structural organization and metabolic pathways of
archaea might reflect more ancestral organisms whose essen-
tial properties differ from those of bacteria and eucarya. In this
regard, one has to realize with respect to biological energy
conservation that all existing forms of life rely on the universal
principle of chemiosmotic energy transduction (366, 367),
which in phylogenetic terms should have evolved very early. In
fact, the origin of cellular life must have been connected with
the permanent manifestation of mechanisms allowing the
transduction of energy between exergonic and endergonic pro-
cesses and with the development of transitory and long-term
energy stores.

The definition of Archaea as a separate domain of organisms
was based on the comparative analysis of 16S rRNA sequences
(405), which led to a result different from classical taxonomy.
The term Archaea reflects an earlier idea that these organisms
descended from life forms that existed prior to the division into
the bacterial and eukaryal domains. However, based on the
sequences of universally present proteins (176), Archaea has
been placed on the branch also leading to Eucarya. A feature
that distinguishes Archaea from Bacteria is the structure of
archaeal ribosomes (435), which in halophiles were first rec-
ognized to contain acidic rather than basic proteins (42). In
addition, the transcriptional machinery is unique as to the
structure of DNA-dependent RNA polymerases (133, 626).
With respect to subunit structure, a closer relationship to eu-
karyotes than to bacteria was found (300). Another feature
distinguishing Archaea from Bacteria is the specific composi-
tion of archaeal surface layers (266), which do not contain
peptidoglycans. Their glycoprotein surface layers can form
quasicrystalline structures (97, 360) that are firmly attached to
the plasma membrane, thus leaving practically no periplasmic
space (39).

Nevertheless, although archaea are located on a distinct
evolutionary branch as depicted in Fig. 1, they represent, with
regard to their primary energy-transducing mechanisms, a very
heterogeneous domain comprising chemolithoautotrophic as

obes such as the methanogens, a second group that performs
various types of aerobic or anaerobic respiration can be dis-
tinguished. Further, for some halobacteria we have to consider
archaeal phototrophic energy transformation in addition to
respiratory mechanisms.

In contrast to this diversity, archaeal membrane structures
reveal a comparatively homogeneous phenotype, significantly
different from that of other prokaryotes. Diether and tetraether
lipids are uniformly used as building blocks for archaeal plasma
membranes (266). Obviously, the low ion permeability of mem-
branes formed from these bipolar monolayer-forming lipids
(136, 571) contributes significantly to the stability of chemios-
motic charge separation in archaea, particularly at high tem-
peratures and/or at extremely low pH values.

Interestingly, neither oxygenic nor anoxygenic “green” pho-
tosynthesis has been found in the archaeal kingdom. This latter
observation served as an argument in favor of the respiration-
first hypothesis, suggesting that the formation of the basic
structure of terminal oxidase complexes preceded the occur-
rence of chlorophyll-based water-splitting and charge-separat-
ing systems (93, 94).

It is the aim of this review to introduce the reader to ar-
chaeal bioenergetics by a critical state-of-the-art report and to
demonstrate similarities and distinguishing features by con-
trast to bacterial and eucaryal systems. It will not be possible in
all cases to give an unambiguous answer to the question of
what is typical or genuine for the archaeal domain, because,
especially within respiratory electron transport, we will find a
number of chimeric functional complexes. In fact, one has to
assume that during early evolution, i.e., prior to the division
into three urkingdoms, the barriers against lateral gene trans-
fer were much lower than they are now (605).

Of the various bioenergetic mechanisms in archaeal organ-
isms, the present review focuses specifically on the primary
energy conservation that involves membrane-residing chemi-
osmotic processes. Therefore, purely fermentative energy
transduction by substrate-level phosphorylation as well as sec-
ondary active-transport systems for solutes will not be dis-
cussed. As an exception among secondary energy transducers,
the ATP synthase complexes will be dealt with because they
apparently possess a unique and ubiquitously conserved mech-
anism, irrespective of the primary energy converter which pro-
vides the electrochemical ion gradient to be used as the driving
force for high-energy bond formation during ADP phosphor-
ylation.

Another limitation is the great diversity of the archaeal do-
main, much greater than that suggested by Fig. 1. What we
presently know about diversity within the archaeal domain is
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FIG. 1. Phylogenetic tree. The scheme demonstrates the division into Crenarchaeota and Euryarchaeota and shows the position of the major archaeal genera. The
tree was redrawn according to references 88, 175, and 608. Stars denote archaeal species for which specific bioenergetic information has been found.

probably only the tip of the iceberg. By means of molecular
studies based on rRNA-directed probes, new archaea are con-
stantly being discovered not only in deep-sea vents or solfataric
fields (37, 89, 379) but also in mesophilic and even low-tem-
perature environments. Unfortunately, only a few of these
isolates or new species identified by DNA hybridization will
prove amenable to cultivation. Thus, the diversity of bioener-
getic systems may well exceed the number of classes reviewed
in this comprehensive study.

CHEMIOSMOSIS IN ARCHAEA

Primary energy conservation by membrane-residing systems
is characterized by the formation of an electrochemical poten-
tial of hydrogen ions or sodium ions. According to the work of
Mitchell (367), the free energy stored in this gradient is de-
scribed by equations 1 and 2 for the proton motive force:

Apy® = RT - In((H"J[H" ]) + F - AW (1)
Ap = Apy'/F = AV — ZApH )

The primary pumps may be driven by redox systems, by methyl
transfer reactions as in methanogenesis, or by light as in pho-
tophosphorylating halobacteria.

As illustrated by some representative examples below,
whole-cell experiments with various genera of Archaea have
proven that ATP synthesis is driven, according to the chemi-

osmotic theory, at the expense of such ion gradients. These
experiments were of significance because minimal systems such
as inverted plasma membrane vesicles or spheroplasts which
are easily prepared from several bacterial organisms are essen-
tially inaccessible in the case of Archaea. The rigid structure
and extremely tight adhesion or interdigitation of the glyco-
protein cell walls covering archaeal plasma membranes (39, 98,
181, 270, 514) represent an invincible obstacle. For the same
reason, the preparation of intact complexes of energy-trans-
ducing membrane proteins is quite difficult. In addition, other
factors are frequently responsible for the failure to purify cat-
alytically active complexes, such as ATP synthase or terminal
oxidases. Such factors can be the absence of the high pH
gradient to which membrane proteins are exposed in vivo,
extreme salt concentrations, hypersensitivity toward oxygen,
and cold dissociation even at room temperature. Also, the
determination of energetic parameters such as ApH or AW by
direct monitoring or by distribution of diffusible molecular
probes is very limited at ambient pH values below 3, the phys-
iological environmental pH for many extreme acidophiles.
Extremely acidophilic organisms, including the archaeon
Thermoplasma, were shown to create an inverted membrane
potential (30, 364) in order to prevent acidification of the
cytosol by influx of H" at the prevailing ApH. This does not
generally apply to all acidophiles, however. The membrane
potential of thermoacidophilic archaea such as Sulfolobus may
be rather low (approximately 30 mV), and most of the proton
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motive force is maintained by a large pH gradient of >3 (335,
370, 467). Chemiosmotic H" cycling (370) with H*/O ratios of
3 and a strict correlation of proton motive force (Ap) with
cellular ATP levels could be established for Sulfolobus. Dissi-
pation of Ap by protonophores caused an immediate collapse
of ATP synthesis; at Ap = 0, a persisting residual ApH was
counterbalanced by an inverted membrane potential, in which
the inside was positive (335). In the same experiments, external
proton pulses that lowered the pH from 6.1 to 3.4 produced an
increase of Ap from —94 to —170 mV with a concomitant rise
of intracellular ATP. For experimental reasons, the reported
data was determined at 45°C at an ambient pH of 3.5 and thus
may assume slightly different values at the optimal growth
temperature of the cells. A review of strategies to cope with
extremely low pH values is given in reference 465.

With Halobacterium halobium, the coupling of either a light-
or a respiration-induced electrochemical proton gradient with
intracellular ATP has been established (361-363). Interest-
ingly, by cation counter transport considerable energy can be
stored in the form of a potassium gradient also. Photophos-
phorylation is a backup system under oxygen limitation in
extremely halophilic archaea. This is corroborated by recent
studies of the haloalkaliphile Natronobacterium pharaonis
(604) demonstrating full recovery of Ap under oxygen-limiting
conditions during illumination. Actually, in these latter ar-
chaea the main contribution to the proton motive force is
made by the membrane potential of AV = —225 to —280 mV,
and ApH is influenced only marginally by oxygen limitation.
Under these conditions, the high membrane potential is gen-
erated by an outwardly directed chloride gradient produced by
the light-activated chloride pump halorhodopsin (HR); it is
insensitive to protonophores and uncouplers and can even be
increased by the CI " /OH™ exchanger triphenyltin (604).

The membrane potential can contribute approximately 90%
to the proton motive force (56) in methanogenic archaea also,
as shown with Methanosarcina barkeri. Evidence for H*- and
Na™-mediated chemiosmotic energy transduction in methano-
gens has been compiled previously (124); thereby, the sodium
and proton gradients may be linked by Na™-H™" antiporters
(382). A methanogenic strain, G61 (now classified as Methano-
sarcina mazei), is the only known case in which the successful
preparation of archaeal vesicular membrane systems has pro-
vided a useful experimental model for the study of energy
transduction (58, 59).

The coexistence of proton- and sodium ion-coupled energy
converters in anaerobes as well as the branching of electron
transport pathways in aerobic archaea is difficult to resolve
because these organisms either lack or are insensitive to the
site-specific inhibitors known to function in bacteria or euca-
rya. In addition, genetic systems for directed mutagenesis or
gene disruption in archaea have scarcely been developed or are
unavailable.

The scheme of Fig. 2 illustrates the generation of ion gradi-
ents by primary pumps and their utilization by secondary pro-
cesses. In the following sections, molecular properties of the
known functional complexes are discussed separately for
methanogenic, respiring, or photophosphorylating archaea; it
should be noted, however, that current complete genome
projects have predicted the existence of additional functional
complexes which have not yet been verified at the protein or
mRNA level.

ENERGETICS OF METHANOGENESIS

Methanogens are a phylogenetically diverse but nutritionally
rather uniform group of strictly anaerobic archaea. They are
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FIG. 2. Primary energy-transducing processes and coupling principles in
membrane bioenergetics. The top scheme illustrates the processes found in
archaea that contribute to the formation of either proton or sodium ion poten-
tials across the plasma membrane. Details are discussed throughout this review.
The bottom schemes illustrate three mechanisms by which an ion gradient can be
produced: (a) chemical charge separation (only electrons are transferred through
the membrane); (b) a mobile membrane-integral cofactor like the quinones or
methanophenazine functioning as proton transporter (examples are bc; com-
plexes); and (c) redox-driven pumps like cyt ¢ oxidase. All schemes are drawn for
an H*/e™ ratio of 1. Scheme d illustrates the proton-driven ATP synthase of the
F_F, or AjA, type as an example for a secondary energy transducer. D, electron
donor; Ac, electron acceptor.

able to grow by the conversion of a small number of com-
pounds to methane. This rather simple pathway is not coupled
to substrate-level phosphorylation but, instead, to the genera-
tion of ion gradients across the membrane that are used to
drive the synthesis of ATP. Interestingly, the pathway of meth-
ane formation is coupled to the simultaneous generation of
primary gradients of both protons and sodium ions. Although
methanogens are nutritionally rather similar and employ iden-
tical pathways, they differ significantly with respect to the com-
ponents involved in the proton motive electron transport chain
and, therefore, most likely employ different mechanisms to
generate the proton gradient. For example, methylotrophic
methanogens, such as M. mazei Go1, contain cytochromes,
whereas hydrogenotrophic methanogens, such as Methanobac-
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FIG. 3. Pathways of methanogenesis. Reactions involved in energy conservation are boxed. The reduction of methyl-CoM (reactions 6 and 7) is common to all
methanogenic substrates. During methane formation from H, plus CO,, reactions 1 to 5 proceed in the direction of CO, reduction. The methyl groups of methanol
and acetate enter the central pathway at the level of HyMPT. During methanogenesis from methanol, one-fourth of the methanol is oxidized to CO, by the reversal
of reactions 1 to 5; the six reducing equivalents gained are used to reduce 3 mol of methanol to methane. During methanogenesis from acetate, the carboxyl group is
oxidized to CO, and the electrons gained are used to reduce the methyl group to acetate. F,,, oxidized form of coenzyme F ,,; F4,0H,, reduced form of F,,,; HS-CoM,
CoM (2-mercaptoethanesulfonate); HS-CoB, CoB (7-mercaptoheptanoylthreonine phosphate); CoM-S-S-CoB, heterodisulfide of HS-CoM and HS-CoB. Enzymes: 7,
formyl-MF dehydrogenase; 2, formyl-MF:H,MPT formyltransferase and methenyl-H,MPT cyclohydrolase; 3, F,,,-dependent methylene-H;MPT dehydrogenase; 4,
F50-dependent methylene-H,MPT reductase; 5, methyl-H;MPT:CoM-methyltransferase; 6, methyl-CoM reductase; 7, heterodisulfide reductase system (different

electron donor systems are indicated).

terium thermoautotrophicum, do not. Since most of our current
knowledge derives from studies using methylotrophic meth-
anogens, in particular M. barkeri and M. mazei, this section
focuses on these organisms. For a more thorough discussion of
the pathways and the biochemistry of methanogenesis, the
reader is referred to recent reviews (58, 124, 381, 561).

Proton Motive Electron Transport Chains in Methanogens

Central to all pathways of methane formation is the inter-
mediate methyl coenzyme M (2-methylthioethanesulfonate;
CoM), the ultimate precursor of methane (Fig. 3). It is reduc-
tively demethylated by the methyl-CoM reductase with elec-
trons derived from reduced CoB (7-mercaptoheptanoylthreo-
nine phosphate), to give rise to methane and a heterodisulfide
of CoM and CoB (CoM-S-S-CoB; henceforth referred to as
the heterodisulfide), in a reaction involving the cofactor F,5,
(reaction 6 in Fig. 3). To complete the cycle, the heterodisul-
fide is reduced by the heterodisulfide reductase complex (re-
action 7 in Fig. 3); this reaction is most important in terms of
energy conservation (561). The heterodisulfide reductase is
membrane bound and operates as the final limb of several
membrane-bound electron transport chains (124). Depending
on the substrate, the electron donor used is different. Hydro-

genase is employed during growth on H, plus CO,, CO dehy-
drogenase (or reduced ferredoxin:heterodisulfide oxidoreduc-
tase) is used during growth on acetate, and F,,,, dehydrogenase
(F40, 2 5'-deazaflavin, is the universal electron carrier in meth-
anogens) and formylmethanofuran (formyl-MF) dehydroge-
nase are used during growth on methyl group-containing C,
substrates.

H,-dependent reduction of the heterodisulfide, as catalyzed
by inverted vesicles of M. mazei G61, was accompanied by H*
translocation into the lumen of the vesicles (Fig. 4). Protono-
phores inhibited ATP formation but stimulated electron trans-
port, i.e., heterodisulfide reduction. Electron transport and
ATP synthesis were inhibited by the ATPase inhibitor N,N'-
dicyclohexylcarbodiimide (DCCD), but inhibition was relieved
by the addition of protonophores. These effects are clearly
reminiscent of respiratory control as observed in mitochondria
and can be taken as evidence that the A+ generated drives
the synthesis of ATP from ADP and P;,. Washed everted ves-
icles exhibited stringent coupling between heterodisulfide re-
duction and ATP synthesis, with maximal stoichiometries of
1H™ translocated/e” and 1ATP synthesized/4e™ (120).

The F,,,H,-dependent heterodisulfide reduction was also
shown to drive proton translocation into the lumen of everted
vesicles of M. mazei G61, resulting in the generation of a Ap,+
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FIG. 4. Tentative scheme of electron flow and proton translocation during
heterodisulfide reduction with H, as electron donor. This reaction sequence is
part of methanogenesis from H,-CO,. This scheme is valid for methylotrophic
methanogens only, for hydrogenotrophic methanogens do not contain cyto-
chromes and the presence of methanophenazine (MP) has not been verified. The
heterodisulfide reductase is not indicated to be a proton pump, but this cannot
be ruled out a priori. This scheme is based on the experimentally derived
stoichiometry of 3 to 4 H* translocated/methyl group reduced. P, periplasm;
CM, cytoplasmic membrane; C, cytoplasm. For explanations, see the text.

(Fig. 5) Protonophores stimulated the heterodisulfide reduc-
tion but prevented Apy+ formation and ATP synthesis. The
ATP synthase inhibitor DCCD decreased the rate of F,,,H,-
dependent heterodisulfide reduction. The reversal of this
DCCD-mediated inhibition by protonophores and the stimu-
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FIG. 5. Tentative scheme of electron flow and proton translocation during
heterodisulfide reduction with F,,,H, as electron donor. This reaction sequence
is part of methanogenesis from methanol, methylamines, and formate. This
scheme is valid for methylotrophic methanogens only (see the legend to Fig. 4).
F40, coenzyme F,,,; MP, methanophenazine; P, periplasm; CM, cytoplasmic
membrane; C, cytoplasm. For explanations, see the text.
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lation of the F,,,H,-dependent heterodisulfide reduction by
ADP indicate stringent coupling between electron transport
and ATP synthesis. The F,,,H,-dependent heterodisulfide re-
ductase system displayed stoichiometries of 1 H* translo-
cated/e” and 0.8 ATP synthesized/de™ (122).

Evidence that the conversion of CO to CO, and H, (AG®' =
—20 kJ/mol) by resting cells of M. barkeri is coupled to the
synthesis of ATP has been presented (70, 71). The cleavage of
acetyl-CoA as catalyzed by carbon monoxide dehydrogenase
yields enzyme-bound CO and an enzyme-bound methyl group
(150, 308). The latter is transferred via a corrinoid protein to
tetrahydromethanopterin (H,MPT). Enzyme-bound CO un-
dergoes ferredoxin-dependent oxidation to carbon dioxide,
catalyzed by carbon monoxide dehydrogenase (151, 560). In a
reconstituted system consisting of purified CO dehydrogenase,
heterodisulfide reductase, and ferredoxin, CO oxidation was
coupled to heterodisulfide reduction. However, the rate of
heterodisulfide reduction was increased 10-fold by addition of
membranes, indicating a membrane-bound electron transport
chain from ferredoxin to the heterodisulfide (Fig. 6) (420, 512).

Methyl group oxidation proceeds via the reversal of CO,
reduction (reactions 1 to 5 of Fig. 3 in the oxidative direction).
There are indications that formyl-MF oxidation is accompa-
nied by the generation of an electrochemical ion potential
across the membrane, either protons or sodium ions (262, 603).
The formyl-MF-dependent heterodisulfide reduction is associ-
ated with a large AG®’ of —58 kJ/mol. In contrast, AG®’ of the
electron transfer from F,,,H, to the heterodisulfide is consid-
erably smaller (—29 kJ/mol). Since the physiological electron
acceptor employed in the oxidation of formyl-MF to CO, is
unknown, the AG® of the formyl-MF oxidation cannot be
calculated. However, the midpoint potential at pH 7 (E,, ;) of
the CO,—formyl-MF couple of —500 mV indicates that a low-
potential electron carrier can be reduced (47).

Components of the Electron Transport Chain

Since little is known about the formyl-MF-dependent het-
erodisulfide reduction, only the F,,, the H,-, and the CO-
dependent systems will be considered here.

Heterodisulfide reductase. The reaction catalyzed by the
heterodisulfide reductase resembles a polysulfide reduction
catalyzed by some bacteria and archaea. The S-S bonds of
polysulfide can be reduced by H, as external electron donor,
and this reaction is coupled with energy conservation (480).

Heterodisulfide reductase was first purified from H,-CO,-
grown M. thermoautotrophicum. It contained three subunits
with apparent molecular masses of 80 (HdrA), 36 (HdrB), and
21 (HdrC) kDa and (per mol of heterotrimer) approximately 1
mol of flavin adenine dinucleotide (FAD), 20 mol of nonheme
iron, and 20 mol of acid-labile sulfur (205, 508). The encoding
genes have been cloned and sequenced (206). Sequence com-
parisons indicated that HdrA harbors four [4Fe-4S] clusters
and binds FAD. HdrC is considered to be an electron carrier
protein with two [4Fe-4S] clusters and a short stretch of hy-
drophobic amino acids that could anchor the complex to the
membrane. Interestingly, HdrB is similar to subunit C of the
succinate dehydrogenase (SDH) of Acidianus ambivalens and
Sulfolobus acidocaldarius.

From membranes of acetate-grown M. barkeri, a heterodi-
sulfide reductase complex which also contained the electron
donor, the F,,,-nonreactive hydrogenase, was purified. This
complex contained nine subunits of 46, 39, 28, 25, 23, 21, 20,
16, and 15 kDa, three of which are subunits of the F,,,-non-
reactive hydrogenase. The monomeric heterodisulfide reduc-
tase contained 0.7 mol of cytochrome b (cyt b) and 18 mol of
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FIG. 6. Tentative scheme of electron flow and proton translocation coupled to heterodisulfide reduction with CO as electron donor. This reaction sequence is part
of methanogenesis from acetate. The presence of methanophenazine (MP) in acetate-grown cells has not been verified. Fd, ferredoxin; P, periplasm; CM, cytoplasmic

membrane; C, cytoplasm. For explanations, see the text.

nonheme iron and acid-labile sulfur. The 23-kDa subunit car-
ried cyt b (211).

Heterodisulfide reductase itself was purified from mem-
branes of methanol-grown M. barkeri, and the encoding genes
were cloned and sequenced (212, 296). The reductase was
composed of only two subunits with apparent molecular
masses of 46 (HdrD) and 23 (HdrE) kDa. The enzyme con-
tained 0.6 mol of cyt b and 20 mol of nonheme iron and
acid-labile sulfur per mol of heterodimer. Biochemical and
molecular data revealed that HdrE is a b-type cytochrome with
five potentially membrane-spanning helices. HdrD contains
two [4Fe-4S] clusters, and its N and C termini are similar to
HdrC and HdrB from M. thermoautotrophicum, respectively,
indicating that HdrD of M. barkeri and HdrC and HdrB of
M. thermoautotrophicum are functionally equivalent. Although
small amounts of FAD were found in the heterodisulfide re-
ductase from M. barkeri, it was shown later that heterodisulfide
reduction did not depend on FAD. Moreover, no FAD binding
site was found in the deduced amino acid sequence of the
enzyme (296), which is in contrast to the enzyme from hydrog-
enotrophic methanogens.

From membranes of acetate-grown Methanosarcina ther-
mophila, a two-subunit heterodisulfide reductase (53 and 27
kDa) was isolated. The small subunit contained 2 mol of cyto-
chrome; the large subunit contained two distinct [Fe,S,]**"**
clusters. One heme is a high-spin heme with a midpoint po-
tential of —23 mV, whereas the low-spin heme has a midpoint
potential of —180 mV. The midpoint potentials for the two
clusters are —100 and —400 mV (512).

Hydrogenases. The hydrogenases are the entry point for
electrons derived from molecular hydrogen. Of the four types
of hydrogenases isolated from methanogens to date, one was
clearly shown to be involved in energy conservation. The F,,-
reactive hydrogenase reacts with F,,, and viologen dyes,
whereas the F,,,-nonreactive hydrogenase reacts with viologen

dyes only. The latter enzyme is therefore often referred to as
methyl viologen-reactive hydrogenase. The function of the
F,,y-reactive hydrogenase in energy metabolism is still a mat-
ter for debate (14, 78, 338, 385). On the other hand, there is
clear evidence that the F,,,-nonreactive hydrogenase is the
electron donor for a membrane-bound electron transport
chain. In methylotrophic methanogens, the F,,,-nonreactive
hydrogenase is found in the particulate fraction. The enzyme
as purified from M. mazei G61 was composed of only two
subunits containing redox-active Ni and iron-sulfur clusters
(123). A molecular analysis revealed that M. mazei G61 con-
tains two operons encoding isoenzymes designated viho for
viologen-reactive hydrogenase 1 and vhr for viologen-reactive
hydrogenase 2. Both operons encode the structural subunits of
the hydrogenase (VhoG, VhtG, VhoA, and VhtA) and a gene
coding for cyt b (VhoC and VhtC); this indicates that these b
cytochromes are the natural electron acceptors of the two
F,,p-nonreactive isoenzymes. The small subunit contains a
leader peptide, which suggests that the catalytic part of the
enzyme faces the periplasm (121). Interestingly, the C termini
of the two b cytochromes are not homologous, indicating that
they interact with different proteins. Indeed, Northern blot
analysis revealed that the expression of the isoenzymes is sub-
strate dependent. vho was apparently constitutively expressed,
whereas vht was expressed only during growth on H,-CO, or
methanol (119). Therefore, it was speculated that the vio gene
products are part of the heterodisulfide reductase system
whereas the vAr gene products are involved in electron flow to
and from CO, in the course of the formyl-MF dehydrogenase
reaction (124).

F,,, dehydrogenase. The F,,,H, dehydrogenase is the entry
point for the electrons derived from F,,,H, oxidation. The
enzyme was first isolated from Methanolobus tindarius after
solubilization from membranes with detergents (182). The ap-
parent molecular mass of the native enzyme was 120 kDa; it
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consisted of five different subunits of 45, 41, 22, 18, and 17 kDa.
The enzyme contained 16 mol of nonheme iron and 16 mol of
acid-labile sulfur per mol, but flavin was not detected. The
gene encoding the 40-kDa subunit (fdB) was cloned (600).
Sequence analysis, primer extension, and reverse transcription-
PCR indicated that ffdB is part of an operon harboring three
additional genes (ffdA4, ffdC, and ffdD). FfdA is similar to the
F,,o-dependent methylene-H,MPT reductase. The first 90
amino acids of FfdB are similar to numerous ferredoxins, sug-
gesting the likely presence of at least two iron-sulfur centers.
FfdC and FfdD are similar to proteins of unknown function of
Methanococcus jannaschii and Archaeoglobus fulgidus. FfdD
appears to be very hydrophobic and is likely to be the mem-
brane anchor. Recently, F,,, dehydrogenases were purified
from M. mazei G61 and the sulfate-reducing archaeon A. fulgi-
dus (3, 297). Flavin was detected in both enzymes. Therefore,
it is likely that flavin is also present in the enzyme from M.
tindarius but lost during purification.

Membrane-Integral Electron Carriers

With respect to their membrane-integral electron carriers,
and thus probably with respect to the mechanism of proton
translocation, methanogens can be divided into two groups:
the methylotrophic organisms, in which a variety of b- and
c-type cytochromes were found, and the hydrogenotrophic
methanogens, which are devoid of cytochromes (260, 295). In
hydrogenotrophic methanogens, the situation is far from set-
tled; polyferredoxins described above and a recently described
flavoprotein encoded by the gene fpaA (394) are the only
electron carriers identified so far.

In methylotrophic methanogens, there are several lines of
evidence for the involvement of cytochromes in electron trans-
port from the F,,,-nonreactive hydrogenase to the heterodis-
ulfide in methylotrophic methanogens. First, membranes of
acetate-grown cells catalyze an H,-dependent reduction of cy-
tochromes (275, 560), and second, hdrE (designated cyt b,) is
part of the heterodisulfide reductase operon and was expressed
during growth on H,-CO, (296). The vho operon encoding cyt
b, along with the structural subunits of the F,,,-nonreactive
hydrogenase was also expressed during growth on H,-CO,
(119). Therefore, an electron flow from the F,,,-nonreactive
hydrogenase via cyt b, and b, to the heterodisulfide can be
envisaged (Fig. 4).

Experiments performed with M. mazei G61 strongly suggest
that one or several cytochromes also participate in electron
transport from F,,yH, to the heterodisulfide (264). Mem-
branes of M. mazei G61 contain two b- and two c-type cyto-
chromes with midpoint potentials (E,, ;) of —135 and —240
mV (b-type cytochromes) and —140 and —230 mV (c-type
cytochromes). The cytochromes were reduced by F,, H, and
oxidized by the heterodisulfide at high rates. Addition of the
heterodisulfide to reduced cytochromes and subsequent low-
temperature spectroscopy showed the oxidation of cyt bsgy.
This indicates the involvement of cytochromes in electron
transport from F,,, via cyt b to the heterodisulfide (Fig. 5).

A different class of membrane-bound electron carriers was
discovered recently (1). Membranes of methanogens do not
contain typical quinones found in bacteria or aerobic archaea.
However, extraction of membranes from methanol-grown
M. mazei GO1 with isooctane yielded a fraction containing a
redox-active, low-molecular-weight compound identified as a
phenazine derivative, methanophenazine. The structure and
reactivity of methanophenazine are given in Fig. 7. Methano-
phenazine is reduced by F,,, dehydrogenase or hydrogenase,
and reduced methanophenazine then reduces the heterodisul-
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FIG. 7. Structure and reactivity of methanophenazine, a membrane-integral
electron and hydrogen carrier of methanogens.

fide (2, 40). In a reconstituted system consisting of purified
F,,, dehydrogenase and heterodisulfide reductase, methano-
phenazine mediated the electron transfer from F,,, to the
heterodisulfide (40). Methanophenazine was isolated from
methanol-grown M. mazei GO1, but it is probably also involved
in electron transport to the heterodisulfide from other donors,
i.e., formyl-MF and CO. The most interesting question,
whether methanophenazine is also present in hydrogenotro-
phic methanogens, remains to be solved.

Possible Mechanisms of Apy+ Formation Coupled to
Electron Transport Reactions

In methylotrophic methanogens, the F,,,-nonreactive hy-
drogenase is localized in the periplasm, as inferred from its
leader sequence and its homology to membrane-bound, cyto-
chrome-containing bacterial hydrogenases. Formation of a
proton potential can be easily envisaged, because the uptake of
H, and transfer of electrons to an electron acceptor would lead
to the liberation of scalar protons on the outside of the cyto-
plasmic membrane. However, the H"/CH, stoichiometry of 3
to 4 (measured in M. barkeri during methanogenesis from
methanol-H, [57]) cannot be accounted for by scalar protons
only. That leaves us with the question of the nature of the
vectorial proton pump. Electron flow from F,,,H, to meth-
anophenazine, as well as from the reduced methanophenazine
to the heterodisulfide, is coupled to proton translocation, in-
dicating the presence of two coupling sites (2). The F,,,H,
dehydrogenase and the H" -translocating bacterial NADH de-
hydrogenase have in common a complex structure and the
presence of flavins and iron-sulfur centers. Therefore, it is
tempting to speculate that the F,,,H, dehydrogenase, like the
NADH dehydrogenase, is a proton pump. It is not known
whether the heterodisulfide reductase itself is a proton pump.
The genes encoding the hydrogenase, the heterodisulfide re-
ductase, and part of the F,,, dehydrogenase are known, but
the similarities of the deduced proteins to subunits of NADH
dehydrogenases or cytochrome oxidases are too low to allow
identification of polypeptides involved in proton transport.

With the discovery of methanophenazine, another possibility
has emerged. By analogy with the ubiquinone cycle in the bc,
complex, it is likely that electron transfer from cyt b, to meth-
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FIG. 8. Tentative scheme of the reaction mechanism of the Na*-translocating methyl-H,MPT:CoM-methyltransferase. The enzyme is a multisubunit enzyme
consisting of eight nonidentical subunits in unknown stoichiometry. The reaction can be divided into two partial reactions, methylation and demethylation of an
enzyme-bound corrinoid cofactor. The demethylation reaction is apparently coupled to Na™* transport. Co(I) and Co(IlI) denote different valence states of the
enzyme-bound corrinoid cofactor. HS-CoM, CoM (2-mercaptoethanesulfonate); P, periplasm; CM, cytoplasmic membrane; C, cytoplasm. For explanations, see the text.

anophenazine is coupled to proton uptake from the cytoplasm.
The reduced methanophenazine then donates its electrons to
cyt b,, and the protons are liberated into the periplasm. The
H™ /e~ stoichiometry of such a mechanism would be fixed at
1H /e™.

Sodium Bioenergetics of Methanogenesis

Apart from the proton motive electron transport chain,
methanogens have a primary sodium ion pump, the methyl-
H,MPT:CoM methyltransferase (44, 149, 384). This enzyme is
part of the central pathway, and therefore Na™ transport is
obligatory for methane formation. This enzyme represents the
first example of a methyltransferase catalyzing ion transport
across a membrane. Because the central pathway is reversible,
this enzyme functions as generator of a sodium ion potential
during methanogenesis from CO, or acetate but as an ender-
gonic reaction driven by the sodium ion potential in the course
of methyl group oxidation, which has to be carried out during
methanogenesis from methyl group-containing C, compounds
(380). Unlike the cytochromes and the resulting differences in
the electron transport chains, the methyltransferase is found in
every methanogen, and there is no reason to assume different
reaction mechanisms.

The energetics of the methyltransferase was first investi-
gated by using cell suspensions of M. barkeri and the substrate
combination H,-HCHO. Upon addition of the substrate, so-
dium ions were actively extruded from the cytoplasm, resulting
in the generation of a transmembrane Na* gradient of —60
mV. Na* translocation was not inhibited by protonophores or
inhibitors of the Na*-H" antiporter, indicating a primary
mechanism. This process resulted in the generation of a prot-
onophore-resistant membrane potential of —60 mV; corre-
spondingly, protonophores elicited formation of a reversed
ApH (inside acidic) of the same magnitude as the AW (384). A
Na*-formaldehyde stoichiometry of 3 to 4 was determined
with cell suspensions (261). By the use of everted vesicles of M.

mazei GO1, the methyltransferase was identified as a Na™
pump (44); this was later corroborated with the purified en-
zyme reconstituted into liposomes. These proteoliposomes cat-
alyzed an electrogenic Na™ transport with a stoichiometry of
1.7 mol of Na™ per mol of methyl-H,MPT demethylated (317).
The methyltransferase contains the cofactor Coa—[a-(5-hy-
droxybenzimidazolyl)]-cobamide (factor III), which is involved
in methyl transfer (163, 164, 427). The cofactor in its super-
reduced Co(I) form accepts the methyl group from methyl-
H,MPT, giving rise to a methyl-Co(III) intermediate. 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) (149, 164):

CH;-H,MPT +E:Co(I) — H,MPT+E:CH;-Co(III) (3)
E:CH;-Co(III) +HS-CoM — CH;-S-CoM+E:Co(I)  (4)

Reaction 3 has a free-energy change of —15 kJ/mol and was
not stimulated by sodium ions. On the other hand, demethyl-
ation of the enzyme-bound corrinoid (reaction 4) is also ac-
companied by a free-energy change of —15 kJ/mol, and this
reaction was sodium ion dependent, with half-maximal activity
obtained at approximately 50 wM Na™. This finding indicates
that the demethylation of the enzyme-bound corrinoid is cou-
pled to sodium ion translocation (599) (Fig. 8).

The methyltransferase was purified from M. thermoautotro-
phicum and M. mazei G61 (163, 317). In the latter, six subunits
were found, with apparent molecular masses of 34, 28, 20, 13,
12, and 9 kDa; it contains a [4Fe-4S] cluster with an E;’ of
—215 mV and a base-on cobamide with a standard reduction
potential of —426 mV for the Co**/'* couple (324). In M. ther-
moautotrophicum, eight subunits were found, with apparent mo-
lecular masses of 34 (MtrH), 28 (MtrE), 24 (MtrC), 23 (MtrA), 21
(MtrD), 13 (MtrG), 12.5 (MtrB), and 12 (MtrF) kDa. The puri-
fied enzyme contains 2 mol of corrinoid, 8 mol of nonheme iron,
and 8 mol of acid-labile sulfur (163, 192). The encoding genes
have been sequenced from a number of methanogens; they are
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organized in an operon in the order mtrEDCBAFGH. Hydro-
phobicity plots indicate that all of the subunits except MtrA
and MtrH are hydrophobic and potentially membrane bound.
Very recently, the membrane localization of MtrD was con-
firmed experimentally for M. mazei G61, M. thermoautotrophi-
cum, and M. jannaschii (456). This subunit may be directly
involved in Na* transport (318).

MtrA was overexpressed, purified from Escherichia coli, and
successfully reconstituted with cobalamin. Electron paramag-
netic resonance (EPR) spectroscopic studies indicate that the
cobalamin is in the base-off form and that the axial ligand is a
histidine residue of MtrA (191). From this observation, a hy-
pothetical mechanism was formulated for coupling the methyl
transfer reaction to ion transport via a long-range conforma-
tional change in the protein (191). It is known that cob(II)alamin
and cob(IIT)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 cor-
rinoid lead to a conformational change in the hydrophilic part
of the enzyme. This change is then transmitted to the mem-
brane-bound subunits, giving rise to Na* transport. Work on
the structure and function of this interesting enzyme is just
emerging but is apparently well on its way.

ATP Synthesis in Methanogens

Methanogens are the only microorganisms known to pro-
duce two primary ion gradients, Apy,+ and Apy+, at the same
time. They are, therefore, confronted with the problem of
coupling both ion gradients to the synthesis of ATP (124). How
this is achieved is still a matter for debate. There have been
conflicting reports regarding Apy,+driven ATP synthesis in
the hydrogenotrophic archaeon M. thermoautotrophicum. Smi-
gan and coworkers (515, 516) had indications of a Na™-ATPase
along with a H"-ATPase, whereas Kaesler and Schonheit fa-
vored a mechanism in which the A, established by the
methyltransferase reaction is converted to a secondary proton
gradient that then drives synthesis of ATP via a H" -translo-
cating A, A, ATPase (262). The latter hypothesis is supported
by the finding that the genomes of the hydrogenotrophic meth-
anogens M. jannaschii and M. thermoautotrophicum contain
genes that encode the A;A, ATPase but lack those of F,F,
ATPase (87, 517). On the other hand, differential inhibitor
studies indicated the simultaneous presence of both A;A_ and
F,F, ATP synthases in M. mazei G61 (43). The A,A, enzyme
may be coupled to H" transport, whereas the F,F, ATPase
may be Na® coupled. However, no F,F, ATPase could be
purified from M. mazei G61, nor have the encoding genes been
detected. In another organism, M. barkeri MS, a gene cluster
encoding an F,F_ ATPase has been identified in addition to
the archaeal A;A, ATPase genes (549); however, the deduced
v subunit is very unusual and presumably nonfunctional, and
no gene encoding subunit 8 was found. Since an mRNA tran-
script could not be detected in cells grown on methanol, it is
doubtful that the F,F_-like genes are expressed in M. barkeri
(312). The presence of both F,F_ and A A was also proposed
for halobacteria (227, 230). Most likely, the F,F, ATPase
genes definitely present at least in M. barkeri MS have arisen
from horizontal gene transfer. In line with this argument is the
discovery of V,V, ATPases in bacteria (433, 620). However,
the presence of the F,F_, ATPases in Methanosarcina species
still has to be proven biochemically, and, if present, their con-
tribution to energy metabolism has to be clarified. Apparently,
the mechanism for Apy,+-driven ATP synthesis differs among
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the methanogens. The structure and function of the A;A,
ATPases are discussed below (“Secondary Energy Converters”).

Bioenergetics of the Acetyl-CoA Pathway in Archaea and
Bacteria: Differences and Similarities

One of the major differences between the anaerobic bacteria
and the archaea that employ the acetyl-CoA pathway is the way
that CO, is activated. In bacteria, this requires the action of
formate dehydrogenase and formyltetrahydrofolate synthase,
at the expense of ATP hydrolysis. In the reverse reaction,
oxidation of formyltetrahydrofolate is coupled to ATP synthe-
sis by substrate-level phosphorylation (320). In methanogens,
the low redox potential of the [CO, + MF]/[formyl-MF] cou-
ple of approximately —500 mV (47) is overcome, not by ATP
hydrolysis, but by a reversed electron flow driven by the trans-
membrane ion (H* or Na™) potential (262).

Whereas all methanogens tested so far require Na™ for
growth and methane formation (422, 423), homoacetogens can
be divided into two groups with respect to their energy metab-
olism, the proton organisms and the sodium ion organisms. In
the latter, an as yet unidentified primary sodium ion pump is
operative. Since these organisms have membrane-bound cor-
rinoids, it is speculated that the methyltransferase is the
sodium ion pump (382). If this is the case, this would allow
a study of the evolution of Na™-translocating methyltrans-
ferases.

The Na* gradient established in methanogens is coupled to
ATP synthesis, but the mechanisms involved are still contro-
versial and may differ among the various methanogens. In
homoacetogens, H " -translocating ATPases are found in pro-
ton organisms (112, 113), but a Na™-translocating F,F, ATP
synthase was found in the Na*-dependent homoacetogen Ace-
tobacterium woodii (214, 439). The finding of Na*-ATPases in
homoacetogens strengthens the assumption that Na™-ATPases
are also present in methanogens.

ENERGETICS OF RESPIRATION

Aerobiosis and Other Respiration Forms in Archaea

Obligate aerobes are relatively uncommon among the ar-
chaea. Given the phylogenetic position of Archaea, this may
reflect the prevalence of anaerobic energy-transducing reac-
tions at early stages of evolution; likewise, all organisms
branching off at the bottom of the phylogenetic tree are hy-
perthermophiles, in conformity with the assumption that life
originated in hot environments (6, 540).

Table 1 gives an overview of the archaea that grow obligately
or facultatively with oxygen or other high-potential terminal
electron acceptors. Only those for which sufficient data is avail-
able are included. The genus Acidianus displays obligate
chemolithoautotrophic growth with CO, as the sole carbon
source. Most other species are facultative or obligate hetero-
trophs. The autotrophic growth of S. acidocaldarius with sulfur
as electron donor, as reported for the original isolates (82), has
to be questioned since the deposited type strains (DSM 639
and ATCC 33909) are incapable of such growth.

Members of the genus Sulfolobus are obligate aerobes. In-
terestingly, some Sulfolobus isolates were found to reduce fer-
ric ions or molybdate as terminal acceptors under low oxygen
tension (80, 83). In addition, Sulfolobus and Acidianus strains
have been shown to grow aerobically by the oxidation of mo-
lecular hydrogen (Knallgas reaction) (236) at low oxygen con-
centrations (0.2 to 0.5%).

Alternatively, Acidianus species can derive energy from the
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TABLE 1. Overview of growth conditions and energy sources for aerobic archaea

Species Aerobiosis®  Growth” (TOES’(‘ raIr)lge‘I e~ acceptor(s) e~ donor(s)° End product(s)
Sulfolobus acidocaldarius o 85 1-5 (0 Organic [H], cell
Sulfolobus solfataricus o h 87 3-5 0, Sugars, amino acids H,O0; H,S0O,; CO,
Sulfolobus shibatae o (f) h 86 3-5 0,; (Fe**, Mo*")  H,S/[H,]
Sulfolobus metallicus 0 £/(f) 75 ? 0, Sulfidic ores; S*7/S° H,SO,
Metallosphaera sedula 0 a 80 1-45 0O, Sulfidic ores/S>/S° H,SO,
Acidianus infernus f a 95 154  0,S° Sulfidic ores/S*~/SY/H, H,SO,; H,S
Acidianus brierleyi o (f) a 75 154 0,/S° S%7/s° H,SO,; H,S
Acidianus ambivalens f a 95 14 0yS° S27/8° H,SO,; H,S
Stygiolobus azoricus an a 89 1.5-5 N H, S
Pyrobaculum aerophilum f h 103 5.8-9 0,/NO;, Peptone/yeast/H, H,0; CO,?; N,?
Pyrobaculum islandicum an f/(h) 103 5-7  SYS* H,/cell/peptone H,S
Pyrobaculum organotrophicum an h 104 5-7 SY/8%7/S,05~ Yeast/peptone H,S
Thermoplasma acidophilum o h 65 0.5-4 (0 Yeast/sugars H,0; CO,
Thermoplasma volcanium o h 65 0.5-4 0,/s° Yeast/sugars H,0; CO,
Picrophilus oshimae o h 60 0522 O, Yeast + sugar H,0; CO,
Picrophilus torridus o h 60 0522 O, Yeast + sugar H,0; CO,
Halobacterium salinarum o/hv h m n (0 Cell/yeast H,0; CO,
Halobacterium saccharovorum o/hv h m n 0, Cell/yeast H,0; CO,
Haloferax mediterranei o/hv h m n (0 Cell/yeast H,0; CO,
Haloferax volcanii o (f) h m n 0,/NO;~ Cell/yeast H,O; N,; CO,
Haloferax denitrificans f h m n NO; /O, Cell/yeast N,; H,0; CO,
Natronobacterium pharaonis o/hv h 45 7595 O, Amino acids/carbonic acids H,O; CO,

“ 0, obligate aerobe; f, facultative respiration with acceptors other than oxygen; an, obligate anaerobe; hv, auxiliary phototrophic energy conservation.

b, heterotrophic; a, autotrophic; f, facultatively heterotrophic.
¢ Maximum temperature at which growth occurs. m, mesophilic.
4 n, neutrophilic.

¢ cell, cell extract; yeast, yeast extract.

reduction of sulfur by molecular hydrogen under anoxic con-
ditions. This sulfur respiration appears to be the preferential
energy source: Acidianus is thus classified as a facultative acrobe.

With the exception of Pyrobaculum, the extreme thermo-
philes in Table 1 are also extreme acidophiles (optimal growth
at pH 1 to 3.5), which imposes a bioenergetic challenge re-
garding the maintenance of a nearly neutral cytosol. In con-
trast, the members of the aerobic order Halobacteriales are
either neutrophilic or alkaliphilic. However, only halobacteria
can synthesize purple membranes and use light as an addi-
tional energy source. It has been proposed that respiration was
the primary energy-transducing mechanism of halobacteria
and that the light-driven ion pumps might reflect later adap-
tations to low oxygen tension (513), an inevitable consequence
of the extremely high salinity of their natural habitat.

Not only oxygen reduction but also various forms of anaer-
obic respiration have been reported as energy sources for ar-
chaea. Table 2 summarizes the free-energy changes of the
respiratory redox systems used as primary energy sources in
archaea. Haloferax mediterranei, Haloferax denitrificans, and
Haloferax volcanii are capable of reducing nitrate (as terminal
acceptor) to nitrogen (407, 566, 567); several halobacterial
nitrate reductases have been described (16, 50, 229). The hy-
perthermophile Pyrobaculum aerophilum also reduces nitrate
under anoxic conditions (586). Moreover, some members of
the halobacterial family perform fumarate respiration (406) or
grow fermentatively on arginine (193). Purely anaerobic respi-
ration was reported for the genera Thermoproteus, Pyrodictium,
Desulfurococcus, Archaeoglobus, and Thermodiscus (7, 483,
540).

In contrast to oxygen respiration, none of the alternate elec-
tron transport systems has yet been elucidated in detail at the
level of genes or proteins.

Components of Aerobic Electron Transfer

The paradigm derived from mitochondrial respiratory
chains and from studies of purple bacteria suggests the pres-
ence of four major complexes for optimal energy conservation.
In this scheme, complex I acts as an energy-transducing
NADH dehydrogenase on the low-potential side, and complex
II serves as SDH; both are Q reductases. Reduced quinones
are reoxidized by complex III, the so-called bc,; complex, which
transfers electrons to complex IV, the terminal oxidase, via cyt
c¢. In contrast to the classical concept, membrane-integral ar-
chaeal electron transfer complexes connected by mobile carri-
ers can be fused to supercomplexes and, in some cases, have
unusual compositions. Both membrane-integral redox com-

TABLE 2. Standard free energy changes of aerobic and anaerobic
respiratory reactions identified as energy sources
for growth of archaea”

Reaction Redox system (;Jen?ol)
1 H, + 120, — H,0 236.6
2 28" + 2H,0 + 30, — 2H,S0, 1,014.0
3 2FeS, + 2H,0 + 70, — 2FeSO, + 2H,SO, 1,498.9
4 [H],-X + 1/20, - H,0 + X 219.0

(X = NADH,, QH, succinate, etc.)
5 S + 2[H] — H,S 335
6 SO,2” + §[H] + 2H" — H,S + 4H,0 151.7
7 NO,;~ + 8[H] + 2H" — NH," + 3H,0 598.7
8 2NO + 2H" + 2¢~ — N,O + H,0 305.9
9 N,O + 2H" + 2¢~ — N, + H,0 341.1

“ The free energy values were calculated from redox potentials or the energies
of formation as described in reference 562.
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plexes and mobile electron carriers are discussed in the fol-
lowing sections.

Membrane-residing quinone reductases. NADH dehydro-
genases (complex I) and SDHs are the major reductants of
quinones in all respiratory chains. Two types of the former
dehydrogenase are known, NDH-I and NDH-II; only NDH-I
types are capable of H" or Na* pumping. Whereas mem-
brane-associated NDH-II activities and NADH-dependent
respiration have been found in archaea, nothing equivalent to
an energy-transducing complex I has been detected.

(i) NADH dehydrogenases. Older reports on the character-
ization and partial purification of NADH dehydrogenase ac-
tivities from halobacteria are reviewed in reference 226. These
activities were usually measured with redox dyes as electron
acceptors; however, inhibition by the quinone analog 2-heptyl-
4-hydroxyquinoline-N-oxide has been interpreted to indicate
the in vivo transfer of electrons to the quinone pool (302).
Sulfolobus membranes oxidize NADH with low activity in a
cyanide-sensitive reaction (21, 592). None of these activities
was sensitive to rotenone, amytal, piericidine, or antimycin.
From the inhibition of cell respiration by acridone carbonic
acid derivatives (402), it was concluded that S. acidocaldarius
has an NDH-II type enzyme (463). This activity is only loosely
associated with the membrane.

An NADH:acceptor oxidoreductase from the cytosol of Sul-
folobus sp. strain 7 has been purified as a dimeric, water-
soluble, 95-kDa protein with two molecules of FAD/molecule
of protein (595); it may represent the membrane-peripheral
fraction of a larger complex, because there was virtually no
activity with caldariella quinone (Q°') as acceptor. This has
not yet been confirmed. Interestingly, a similar enzyme has
been isolated from aerobically grown A. ambivalens and char-
acterized (177). The monomeric, 76-kDa protein contains
FAD and has NADH:acceptor oxidoreductase activity. How-
ever, from EPR spectroscopic studies on its interaction with
ferredoxin, the authors conclude that the protein might func-
tion in vivo as an NADH:ferredoxin oxidoreductase.

Numerous inhibitors of respiratory electron transport in
membranes of Halobacterium salinarum have been tested, con-
firming that this NADH-oxidizing activity is also due to an
NDH-II type enzyme which is not involved in energy conser-
vation (531). In contrast to Sulfolobus, the membrane-bound
enzyme is capable of transferring reducing equivalents to horse
heart cyt ¢ as experimental acceptor.

Sequence data is not available for any of these NADH
dehydrogenases from halobacteria or members of the Sul-
folobales. The ongoing genome sequencing projects may help
to clarify whether the genes for an energy-conserving NDH-I
complex are completely absent from archaea. Surprisingly,
open reading frames in the genome of the obligate anaerobe
A. fulgidus could be attributed by similarity to genes of NADH
dehydrogenase (subunit 1) and of cytochrome oxidase (281).
Similar attributions have been made for genes from M. ther-
moautotrophicum (517), M. jannaschii (87), or P. aerophilum
(153). However, these alignments are only fragments of the
analogous bacterial or eucaryal genes, respectively; moreover,
they usually concern only a single polypeptide. Furthermore,
there is no indication of the presence of any of the remaining
(up to 14) polypeptides, e.g., the iron-sulfur proteins, required
for completion of a functional complex I.

In conclusion, attempts to isolate an archaeal integrated
NADH:quinone reductase complex have failed so far. Cumu-
lative evidence for the absence of a complex I analog in mem-
branes from Sulfolobus and H. salinarum was mainly derived
from three observations: (i) none of the characteristic iron-
sulfur centers of complex I-type NADH dehydrogenases could
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be detected by EPR spectroscopy (309, 310), (ii) no sensitivity
to complex I inhibitors could be demonstrated, and (iii) hy-
bridization with NDH-I-directed DNA probes (against NDH-
I-encoding genes of Paracoccus denitrificans) failed.

(ii) SDHs and a novel complex II. Succinate-stimulated res-
piration and SDH activities with redox dyes as electron accep-
tors have been reported for several aerobic archaeal species
(10, 20, 477, 592).

An unusually high concentration of SDH was found in mem-
branes of Thermoplasma acidophilum (20); this allowed direct
characterization of the three iron-sulfur clusters, S1 [2Fe-2S],
S2 [4Fe-4S], and S3 [3Fe-4S], with redox potentials of +60 and
+68 mV for clusters S3 and S1, respectively. The S2 cluster was
indirectly detected by spin-spin interaction. The physiological
significance of the high SDH activity in 7. acidophilum remains
unexplained. The enzyme complex has not been purified to
homogeneity.

Well-characterized preparations were obtained from the
thermoacidophiles S. acidocaldarius (371) and Sulfolobus sp.
strain 7 (250) and from the haloalkaliphile N. pharaonis (477).
Complete genetic analyses of archaecal SDH operons are pres-
ently available for only S. acidocaldarius and N. pharaonis (254,
477). Figure 9 shows a comparison of gene arrangements in
archaeal SDH operons, with reference to E. coli as a bacterial
representative. While the order of the genes varies, the basic
polypeptide composition is in agreement with the known com-
plex II (SDH-fumarate reductase) (184, 207). The catalytic
core consists of a larger (approximately 65 kDa) FAD-contain-
ing subunit and a smaller polypeptide (26 to 37 kDa) that bears
three FeS clusters. This is accompanied by two smaller sub-
units which usually function as a membrane anchor. One of
these may host a heme B. Its participation in electron transport
is not entirely certain; it may also have structural functions
(184). Heme B was found in archaeal SDH complexes from
T. acidophilum (29) and N. pharaonis (477) but not in those
from members of the Sulfolobales.

Two complex II preparations from Sulfolobus (250, 294)
deserve special attention. In contrast to other archaeal SDH
complexes, that from Sulfolobus sp. strain 7 was reported to
reduce Q° readily; succinate respiration could be restored in
liposomes by reconstitution of the preparation with a terminal
Q-oxidizing complex (250). This is the only direct evidence that
in Sulfolobus reducing equivalents are transferred from succi-
nate to terminal oxidases via CoQ.

This observation is in obvious contrast to the unusual prop-
erties of a novel complex II from S. acidocaldarius (254, 371).
The purified complex is inactive with Q°®. In isolated mem-
branes, electron transfer from succinate to respiratory Rieske
FeS proteins is evident from EPR spectroscopy (471), but the
exact electron path is unclear. The involvement of a radical
species was indicated by the strong inhibitory interaction with
the free radicals of 2,3,5,6-tetrachlorobenzoquinone (371). The
complex dissociates easily from the membrane. Genetic anal-
ysis of the SDH operon (254) suggests that the two small
polypeptides are essentially hydrophilic; indeed, none of the
polypeptides contained a clear membrane-spanning « helix. In
addition, subunit B, which hosts the FeS clusters in all SDHs
and fumarate reductases (184), is likely to bear in S. acidocal-
darius a second [4Fe-4S] cluster instead of the regular [3Fe-4S]
cluster S3. This might be indicative of a different electron
pathway that eventually involves thiols, because subunit C also
exhibits a novel and unusual sequence pattern containing a
repetitive, cysteine-rich motif, CX5; 5,CCX,4 5sCX,C. This
motif has also been detected in a hypothetical protein se-
quence of Synechocystis and in the heterodisulfide reductase of
M. thermoautotrophicum (206). Its functional significance is not
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FIG. 9. Gene organization within archacal SDH operons. Numbers indicate the calculated molecular masses (in kilodaltons) of the gene products. In all cases,
subunit A is the flavin-containing dehydrogenase polypeptide; subunit B refers to the iron-sulfur protein in complex II or fumarate reductase, respectively. The columns
on the right indicate the type of quinone used as terminal electron acceptor in vivo and the number of heme B molecules present in the complex. MQ, menaquinone;
TQ, Thermoplasma quinone, CQ, caldariella quinone. tmh, putative transmembrane helices. E.coli, E. coli (256); B.sub., B. subtilis (353); T.ac., T. acidophilum (29); S.ac., S.
acidocaldarius (254) (accession no. Y09041); N.ph., N. pharaonis (accession no. Y07709). The assignment of the open reading frames was done by analyzing sequence
similarities. From Thermoplasma, only a partially sequenced operon has been reported; ORF-1 has homology to sdhB and frdB; ORF-2 is a putative diheme cyt b.

understood, but it may explain the failure of S. acidocaldarius
SDH to directly reduce Q°* in vitro. The recent finding in
methanogen membranes of a phenazine isoprenoid (1, 40)
which functions as an intermediate electron carrier has encour-
aged the search for an equivalent in aerobic archaea. It may
bridge the gap in electron transfer from SDH in S. acidocal-
darius to Q°*. A dual function of the complex also appears
possible: it may function as a fumarate reductase under au-
totrophic growth conditions, with a hitherto unknown source
of reducing equivalents, analogous to a thiol-driven fumarate
reductase of M. thermoautotrophicum (206). The properties of
the two well-characterized SDH complexes are compiled in
Table 3.

Membrane-integral quinol-oxidizing complexes. Quinol ox-
idation in aerobic respiration is usually accomplished by inte-
gral membrane-protein complexes acting sequentially as re-
dox-driven proton pumps. The identification and mechanisms
of the respective archaeal proton pumps are still under debate.
Detailed investigations have been reported for just a few ex-
tremely thermoacidophilic archaea and two halobacterial spe-
cies. The latter appear to possess unbranched quinol-oxidizing
respiratory chains, with complexes essentially similar to those
from mitochondria or purple bacteria. In contrast, unusual and
novel supercomplexes from members of the Sulfolobales have
been isolated and characterized.

Membrane-bound quinol-oxidizing systems contain multiple
hemoproteins detectable by difference spectroscopy in visi-
ble light. Indeed, archaebacterial membranes were shown to
reveal composite (reduced-oxidized) difference spectra by su-
perimposing various cytochrome spectra. Table 4 gives a com-
prehensive listing of cytochromes from aerobically growing

archaea, together with their redox potentials, heme types, and
tentative functions.

(i) The SoxABCD complex. Figure 10 illustrates schemati-
cally the composition of a novel terminal oxidase complex,
SoxABCD, discovered in S. acidocaldarius (92, 329). It was
found to combine features of what are usually separate respi-
ratory complexes III and IV, although its cyt aa; subunit
(SoxB) could be isolated as a functional quinol oxidase by
harsh detergent treatment (23). The integrated complex is
transcribed from an operon encoding four polypeptides, des-
ignated SoxA to -D. Of these, SoxB represents a subunit I
equivalent of typical heme-Cu oxidases; its binuclear center
contains two hemes A and one Cuy, which have been well
characterized by optical, EPR, and resonance-Raman spec-
troscopy (168, 173, 224). SoxA, like subunit II in the quinol
oxidase of E. coli (339, 388), lacks the typical mixed-valence
binuclear Cu, ligands of cyt ¢ oxidases. In total, the complex
contains four hemes Ag. The two additional hemes are the
reaction centers of SoxC; judged by its primary and secondary
structural elements, it represents a cyt b homolog and can be
identified spectroscopically as cyt a®®’-I. When examined in
intact membranes, the complex reveals CO binding kinetics
similar to those of mitochondrial cyt ¢ oxidase; the cyt a*®” and
cyt aa, centers exhibit coordinated redox behavior on the mil-
lisecond time scale (172). Interestingly, with tetramethyl-p-
phenylenediamine (TMPD) as electron donor, the turnover of
the integrated complex (1,300 s~ ) is about threefold higher
than that of the purified subunit I equivalent, SoxB. The small
hydrophobic subunit, SoxD, has no redox centers.

The presence of a diheme cyt b analog is reminiscent of a
complex III equivalent, although there is no Rieske-type iron-



VoL. 63, 1999

TABLE 3. Succinate:acceptor oxidoreductases”

S. acidocaldarius

Sulfolobus sp.

Parameter (DSM 639) strain 7
No. of subunits 4 4
M, (10%) 138 148
M, subunits (10%) 60, 31, 28, 12.8 66, 37, 33, 12
Genes sdhABCD NA
Flavin (nmol/mg) 4.6 5.6
Nmax (NM) 455 (ox-red) 445
Fe (nmol/mg) 102 83
S? (nmol/mg) 150 —
Cyt b None None
K, (succinate) (mM) 1.4 0.28
K,, (DCPIP) (LM) 65.4 89
K, (Q*) (uM) - 60
Vax (kmol/min/mg)” 7.8 (55°C) 13 (50°C)
- 14(Q,)
. 18 (Qca])
Turnover (s~ ') 154 (81°C) —
EPR
(S-3) oxidized g=12.02 g=12.02
g = 2.08 (satell.) —
(S-1) succinate reduced g, =205 g, =203
g = 1.935 g, = 1.94
8. = 1.904 8 =1.90
pH optimum 6.5 6.5-6.8
E* (kJ/mol) 59-64 —
'Malonate (mM) 3.1 —
Oxaloacetate (mM) 0.28 —
TCBQ° (uM) 1.5 —

“ Comparison of structural and kinetic data for the only two archaeal SDH
preparations (complex IT). Data were taken from references 250, 369, and 371.
NA, not available; Q% caldariella quinone; Q,, ubiquinol-1; (satell.), satellite
band; —, not tested or not reported.

b Activity with artificial electron acceptors phenazine methosulfate (PMS) and
2,6-dichlorophenolindophenol (DCPIP).

¢ TCBQ, tetrachlorobenzoquinone.

sulfur protein in SoxABCD. On that basis, the possibility of a
proton-pumping Q cycle analogous to quinol:cyt ¢ reductases
has been proposed: the function of cyt ¢, is replaced by direct
electron transfer to the low-spin cyt a in the terminal oxidase
segment, SoxB (92).

The SoxABCD complex, the only example known from aer-
obic archaea, was reconstituted into liposomes and shown to
act as an electrogenic proton pump by a yet unknown mecha-
nism (175). By applying an artificial electron-donating system
that does not produce scalar protons outside the vesicles,
H"/e™ ratios of >1 were measured. This would be in agree-
ment with the proposed Q cycle. Details of this mechanism are
discussed below (“Proton Pathways in Terminal Oxidases of
Archaea”™).

(ii) The SoxM complex. Even larger than SoxABCD, the
so-called SoxM complex of S. acidocaldarius comprises in its
purified state seven functional redox centers involving a total
of 10 metal binding sites (92, 327). Figure 11 shows a sketch of
the complex, including the redox potentials of its components.
All subunits are encoded by a gene cluster, which suggests
coordinated transcription of a supercomplex composed of two
functional substructures. One complex is made up of the gene
products of soxH and soxM. SoxM is a bas-type heme-Cu ter-
minal oxidase with a bands at 562 and 605 nm; the polypeptide
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has homologies to a fusion protein of subunits I and III of
typical cyt ¢ oxidases. Subunit II (SoxH) is supplied by the
second gene cluster and, in contrast to quinol oxidases, pro-
vides all the ligands for the formation of a Cu, mixed-valence
redox center. At this site, electrons may be provided by the
polypeptide SoxE (sulfocyanine), a homolog to blue copper
proteins similar to rusticyanine (91). This mobile electron car-
rier with low membrane affinity is thought to serve as electron
acceptor for a bc,-analogous part of the complex composed of
cyt @”®’-11, another cyt b analog and product of the soxG gene,
and the Rieske FeS protein, SoxF.

It is important to note that two Rieske FeS proteins have
been identified in S. acidocaldarius (487). Both have been
characterized, sequenced, and expressed heterologically in E.
coli (26, 489, 490). Whereas Rieske II (SoxF) has been clearly
identified as a component of the SoxM supercomplex, Rieske
I (SoxL) (488) has not been attributed to any of the known
respiratory pathways and is assumed to belong to a novel
complex of the quinol-oxidizing respiratory system which has
not yet been characterized at the protein level (491). Both
Rieske proteins are expressed constitutively in Sulfolobus, as
are the genes of both complexes, SoxABCD and SoxM.

Nevertheless, the electron transport activity of the isolated
SoxM complex is extremely low (327). Neither Q°! nor artifi-
cial donors produced a significant turnover. This is most likely
due to the lack of sulfocyanine as an intermediate carrier,
which is obviously lost during membrane preparation and has
so far been identified only on a genetic basis, not chemically. It
is likely to be present in vivo because transcription into a single
RNA has been demonstrated (286).

(iii) Other archaeal terminal oxidases. A similar quinol-
oxidizing supercomplex has been reported for Sulfolobus sp.
strain 7 (246). However, primary sequence data and gene or-
ganization are unknown. This supercomplex contains at least
four different heme centers and also a Rieske FeS protein
(8xy> = 2.02,1.89, and 1.79). The attribution of redox potentials
to individual heme centers appears very preliminary and un-
certain in terms of the proposed electron transport pathways
and proton-pumping mechanisms. The supercomplex acts as a
caldariella quinol oxidase (246) and was functionally reconsti-
tuted into detergent micelles together with complex II prepa-
rations from the same Sulfolobus strain to serve as quinone
reductase (250). A Q-cycle-like mechanism for electron trans-
port and proton translocation has been proposed. However,
the typical Q-cycle inhibitors myxothiazole and stigmatellin did
not inhibit electron transport activity. Moreover, the Rieske
protein would not function in a Q cycle with a single-heme
b-type cytochrome (b°°% E, = 146 mV), while cyt a>** may well
assume a cyt c-like function with E, = +270 mV. A c-type
cytochrome or a blue copper protein was not detected in the
preparation. These obvious differences from the SoxM com-
plex of S. acidocaldarius necessitate the complete sequencing
of the genes in order to disclose the real number of heme
centers involved.

The quinol-oxidizing complex of A. ambivalens (24) has the
simplest structure in terms of redox centers. It is composed of
six subunits encoded by two separate operons (430), both of
which are present in duplicate in the 4. ambivalens genome.
Only one polypeptide (the doxB gene product) has redox cen-
ters, which identify it as a heme-Cu oxidase. This 64.9-kDa
polypeptide contains two hemes Ag as cyt a and as, respec-
tively; the latter is associated with one Cu in the binuclear
center. Functional assignments of the other subunits (20.4,
18.8, 38, 7.1, and 7.2 kDa) could not be made because they lack
any detectable similarity to known membrane proteins. How-
ever, all polypeptides have several putative transmembrane
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TABLE 4. Properties of cytochromes from thermoacidophilic aerobic archaea”

0
Cytochrome type and source Mole(c]llll)a;)mass Gene(s) Cofactor(s) (n];:V) Function(s) Reference(s)
bssgsess S- acidocaldarius (DSM 639) 66 (PAGE) cbsA, cbsB 1 heme B >300 Highly glycosylated; unknown 45, 220
55 (deglyc.) function; exposed to
50.5 (DNA) periplasm
bsea, S. acidocaldarius (DSM 639) 45 (PAGE) soxM 1 heme B ND  Alternate terminal bas 327, 328
87.1 (DNA) 1 heme A, oxidase complex
1 Cu
bse3, Sulfolobus sp. strain 7 37 (PAGE) NA 1 heme B 146 Component of respiratory 246, 247
complex
asg; 1, S. acidocaldarius (DSM 639) 39/64° (PAGE)  soxC 2 heme Ag 210  Component of terminal 92,173, 175
62.8 (DNA) 270 oxidase SoxABCD
asgy 11, S. acidocaldarius (DSM 639) 37 (PAGE) soxG 2 heme Ag 20 Component of SoxM 92, 327
56.7 (DNA) 100 alternative heme-Cu
oxidase
asg3, Sulfolobus sp. strain 7 Unknown NA 1 heme Ag 270  Terminal oxidase complex; cyt 246 247,
¢ function assumed 250
aas, S. acidocaldarius (DSM 639) 38 (PAGE) soxB 2 heme Ag 220  Subunit I of heme-Cu quinol 22,23, 329
57.9 (DNA) 1Cu 365 oxidase SoxABCD
aas, Sulfolobus sp. strain 7 40 (PAGE) NA 2 heme Ag 117  Putative subunit I of terminal 247
1 Cu 325 oxidase complex (¢ oxidase
activity)
aas, A. ambivalens 40 (PAGE) doxB 2 heme Ag 235  Subunit I of terminal quinol 24
oxidase
65 (DNA) 1Cu 330
bseolaas, S. solfataricus (DSM 1616) ND NA Heme B ND  Unresolved components; CO- 594
ND Heme As reactive respiratory complex
bssg/se2> 1. acidophilum 18 (PAGE) Orf-2 2 heme B 75  cyt b of putative fumarate 162
—-150 dehydrogenase

“ Abbreviations: deglyc., deglycosylated protein; Ag, A-type heme as described for Fig. 14; NA, no genetic data available; ND, not determined; PAGE, M, determined
by PAGE; DNA, molecular mass derived from gene sequence. Further details may be extracted from the references given.

* Molecular mass determined by PAGE in presence of 1% i-butanol.

helices; deviating from typical heme-Cu oxidases, the catalytic
polypeptide has 14 instead of 12 membrane-spanning helices,
with the additional pair at the C-terminal end.

The integrated complex oxidizes Q' with high activity and
is completely inhibited by cyanide; it is also highly sensitive to
inhibition by quinolone derivatives such as 2-methyl-3-decyl-
quinolone (356). Preparations which have lost the 45-kDa sub-
unit display significant TMPD oxidase activity, which is negli-
gible in the intact complex (430).

This single complex represents the entire respiratory system
of A. ambivalens. Its redox centers have been characterized as
low- and high-spin hemes by EPR spectroscopy (24), with
redox potentials recently actualized as +215 and +415 mV,
respectively, displaying a redox-Bohr effect with a pK, of 5.4
(171). The noncompetitive inhibition by quinolones suggests
two quinone-quinol binding sites (356), one of which might
serve as an intermediate electron storage site as revealed also
by the persistent appearance of a stable radical in the enzyme.
This has been supported by rapid kinetic studies suggesting
that a tightly bound quinone might mimic the function of the
Cu, site of cyt ¢ oxidases (171), thus forming a fourth redox
center.

Most halobacterial terminal oxidases barely survive standard
purification procedures: therefore, none of the isolated com-

plexes have been functionally characterized. An aas-type oxi-
dase has been isolated from H. salinarum as an inactive com-
plex (158), and its amino acid sequence is now available (117).
In H. salinarum, a spectral feature was reported (531), indicat-
ing the likely presence of a cytochrome bd analog (408). A
terminal oxidase complex of N. pharaonis (349, 477) was first
isolated as a catalytically incompetent protein fraction. Though
its function is not well characterized, it is assumed to act as a
cyt ¢ oxidase, and its structure has been deduced from the
completely sequenced operon.

The oxidase complex of N. pharaonis is spectroscopically
characterized as a ba-type oxidase with two major polypep-
tides of 36 and 40 kDa. In subunit I, the six heme and CuB
ligands were identified at the canonically conserved positions.
In membranes, the potentials of the heme centers were deter-
mined as +268 mV (cyt b) and +358 mV (cyt a5). Subunit II
provides all the ligands to form the mixed-valence Cu, center
(348) and thus may function physiologically either as a cyt ¢
oxidase or as the oxidase for halocyanine (see above). Infor-
mation on a complex III equivalent is rudimentary, although a
cyt be fraction could be isolated from membrane solubilizates
(477). At least, supercomplexes of the kind found in ther-
moacidophilic archaea are absent in N. pharaonis.

For a comparison of the compositions of archaeal quinol-



VoL. 63, 1999

7 Quinol-

“site
‘ +200
mV

57.9 kDa

FIG. 10. Composition of the SoxABCD terminal oxidase of S. acidocaldarius.
The shaded areas represent the membrane. Each box represents a single con-
stituent polypeptide with its type of redox center and the redox potential mea-
sured at pH 6.5. The dashed oval insert illustrates the proposed location of the
binding site for caldariella quinone at an interface between subunit IT (SoxA) and
the cyt b analog SoxC. Further details are given in the text.

oxidizing complexes, Fig. 12 illustrates the organization of the
respective operons.

Mobile electron carriers, hemes, and small metal proteins.
Mobile electron carriers include membrane-integral as well as
membrane-associated and soluble redox systems. For example,
the Rieske iron-sulfur proteins are anchored in the membrane
by a single membrane-spanning polypeptide chain, but their
functional center is located within a mobile domain that shut-
tles between different electron-accepting sites (610, 625). Small
blue copper proteins are associated with the membrane sur-
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FIG. 11. Composition of the respiratory supercomplex SoxM. Each box of
the scheme represents a constituent polypeptide together with its redox centers
and the respective redox potentials (where known). The location of the blue
copper protein sulfocyanine is hypothetical, as a possible link between the partial
complexes of SoxG-SoxF and SoxM-SoxH. For details, see the text.
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face, as are c-type cytochromes, while ferredoxins are soluble
in the aqueous phase. In contrast, the quinones are strictly
membrane-embedded, lipid-soluble, redox mediators. All of
these components, including the soluble compounds, are nec-
essary to constitute functional respiratory electron transport
systems. The typical archaeal examples are discussed below
together with the specific hemes of archaeal cytochromes.

(i) Quinones. Electron flow between dehydrogenases and
cytochrome components of the respiratory system is mediated
by quinones. The structures of archaeal quinones are depicted
in Fig. 13. Halobacteria contain menaquinones with unsatur-
ated isoprenoid side chains, predominantly MK-8 (104, 106,
107), whereas partially or fully reduced side chains are found in
other archaea (Archaeoglobus, Thermoproteus, and Pyrobacu-
lum). T. acidophilum contains thermoplasma quinone that is
oxidized 10 times faster than is reduced Q,, (105, 234).

Sulfolobus and Acidianus have unique quinones that are
derivatives of benzo-[b]-thiophen-4,7-quinone. The novel cal-
dariella quinone (126) was detected in all members of the
Sulfolobales as a major constituent, making up approximately
60% of the total quinones (106), which corresponds to 0.28 to
0.38% of cell dry weight. Three variants were detected, of
which the tricyclic quinone (2-polyprenyl-benzo[1,2-b;4,5-b"]
dithiophene-4,8-quinone) is present only in traces (392, 573).
In Sulfolobus solfataricus, the ratio between Sulfolobus quinone
and caldariella quinone (Q°') was reported to vary consider-
ably with growth temperature (392), which shifts the relative
content of Q°* between 60 and 99% of the total quinone. In A.
ambivalens, the ratio between Q' and Sulfolobus quinone is
reversed by transition from aerobic to anaerobic growth. The
function of quinone in anaerobically growing cells has not been
studied so far.

Electrochemical properties were reported only for caldari-
ella quinone (Q““'H.,), extracted from S. acidocaldarius (DSM
639) (23). In vitro, Q“*'H, acts as a substrate of the isolated cyt
aay of Sulfolobus; in vivo, it is the reductant of the SoxABCD
complex and presumably also of the SoxM supercomplex (327)
(see below). Stabilized in Triton micelles at an ambient pH of
6.5 and at 25°C, it has a half-reduction potential of +100 to
+106 mV. The reduced-minus-oxidized difference spectrum
shows a minimum at 351 nm, a maximum at 325 nm, and an
isosbestic point at 341 nm (e**'*' = 1.77 X 10> M~ ' ecm ™).
At temperatures above 60°C and at pH > 6.5, considerable
autoxidation occurs.

(ii) Hemes. Prenylated hemes, the typical cofactors of ter-
minal heme-copper oxidases, have been analyzed for a variety
of archaeal membranes (325, 332). Neither unmodified heme
A nor heme O (protoheme IX) is present in terminal oxidases
from archaea. Instead, several novel prenylated hemes have
been identified as depicted in Fig. 14. The substituents at
position 8 are identical to those in the usual heme A or O
(formyl or methyl, respectively), but the oxidation state and the
length of the isoprenoid side chain at position 2 are altered. In
all cases, the farnesyl residue is extended by one isoprene unit.
The increased hydrophobicity of the geranylgeranyl chain may
be relevant to the stabilization of the heme cofactor in oxidases
of extreme thermophiles. It has been proposed (332) that the
large pool of the precursor, geranylgeranyl-pyrophosphate,
might affect the preferential formation of these new hemes. As
discovered by resonance-Raman spectroscopy, unusual profiles
of vibrational modes result from the immediate environment
of the chromophore in the enzyme-bound state but not from
altered porphyrin substituents (see below and references 167,
168, and 210).

Heme Ag was found in the aa; and ba oxidases of Sulfolo-
bus, Acidianus, Halobacterium, and Natronobacterium; Thermo-
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FIG. 12. Gene organization of archaeal terminal oxidases. The operon structure is compared to those of E. coli and P. denitrificans. Numbers within the boxes refer
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plasma has heme O, while Pyrobaculum has two similar heme
Op species as well as heme Ag. T. acidophilum may also contain
heme D (332). Surprisingly, Thermus thermophilus is the only
representative of the bacterial domain that also contains heme
Ag (typical for archaea) in both terminal oxidases (caa, and bas).

Based on spectroscopic analysis (187, 264, 301, 477), one
concludes that heme B is ubiquitous in archaea, whereas heme
C has been found in methanogens and halophiles but is appar-
ently absent from thermoacidophiles. There have been contra-
dictory reports on 7. acidophilum. The presence of heme C (46,
233, 502) has been demonstrated, whereas recent heme compo-
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FIG. 13. Structures of respiratory quinones isolated from membranes of
thermoacidophilic and halophilic archaea.

sition studies of archaeal cytochromes detected no heme C in
membranes of either T. acidophilum or P. aerophilum (332).
(iii) Ferredoxins. In sulfur-metabolizing archaea, an abun-
dance of ferredoxins has been observed (559). Their high ther-
mostability (27) may not only indicate the use of iron-sulfur
clusters as primordial redox systems in early evolution (589)
but also reflect their advantage over NAD™" as a primary hy-
drogen-transducing coenzyme at high temperatures. In fact,
archaeal ferredoxins have functionally replaced pyridine nucle-
otides in several key enzymes such as 2-oxoacid dehydroge-
nases (60, 276, 621), aldehyde dehydrogenase (166, 377), or
glyceraldehyde dehydrogenase (486). Although ferredoxins are
not directly involved in primary energy conservation, they as-
sume a key role in channeling hydrogen to NADH as the actual
respiratory substrate. Ferredoxins have the advantage of pro-
viding reducing equivalents at a potential negative enough to
drive hydrogenase-catalyzed reactions (E, = —450 mV),
NAD(P)" reduction (E, = —320 mV), or the reduction of
sulfur (E, = —270 mV). In addition, a ferredoxin (E, = —342
mV) has been purified from N. pharaonis (477). The primary
structures of several archaeal ferredoxins are known (276, 365,
425); the three-dimensional structure of one of the Sulfolobus
ferredoxins (156) reveals a Zn*" binding site in addition to the
[3Fe-4S] and the [4Fe-4S] clusters. Recent genetic and se-
quencing data (558) suggests that multiple genes in members
of the Sulfolobales may code for highly similar ferredoxins.
Despite the presence of an additional metal center, no differ-
ences in thermostability have been found. Thus, the hypothesis
that the ferredoxins differ with respect to electron acceptor
specificity may be considered. Both ferredoxins from A. am-
bivalens have been cloned and expressed in E. coli (253), which



VoL. 63, 1999

BIOENERGETICS OF THE ARCHAEA 587

Ry species

R, heme
NN B
allle
|y
/ OF
LN N /~NH
. - e AS
R OP,
OopP,
HOOC COOCH

CHsy |~ Sulfolobus, Halobacterium,
Natronobacterium
CHj3 MH Thermoplasma
3
OH
CHO MH Sulfolobus, Halobacterium,
4 Natronobacterium, Acidianus
CHj \/WF Pyrobaculum
OH
CHs \/[\‘)\]/H Pyrobaculum
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should allow this hypothesis to be tested in the near future.
Physicochemical and EPR spectroscopic properties of archaeal
ferredoxins from hyperthermophiles are discussed in refer-
ences 248 and 559. A more detailed analysis of redox-linked
protonation equilibria was presented for the Sulfolobus ferre-
doxin (79). A [3Fe-4S] cluster with a reduction potential of
—275 mV shows uptake of one proton with a pK, of 5.8 upon
a one-electron reduction; the similarity to the intracellular pH
of S. acidocaldarius may indicate a physiological role of this
reversible protonation, which may influence the electron trans-
fer properties of this ferredoxin. The [4Fe-4S] cluster has a
redox potential of —529 mV at pH 6.4.

The ferredoxin-reoxidizing iron flavoprotein (IFP) isolated
from Sulfolobus sp. strain 7 may be important for hydrogen
flow in oxidative bioenergetic reactions (249). The dimer of the
three-subunit protein contains two flavin mononucleotide cen-
ters (E, = —57 mV) and two [2Fe-2S] centers (E, = —260
mV). A possible electron pathway, ferredoxin = IFP[2Fe-2S]
= FMN = X, has been proposed. Whether X represents an
entry point into a respiratory chain is speculative. The isolated
IFP does not react with pyridine nucleotides (249) and may be
a fragment of a yet-unresolved new electron pathway in ar-
chaeal bioenergetics. As mentioned previously, a 76-kDa fla-
voprotein from A. ambivalens may act as an NADH:ferredoxin
oxidoreductase and therefore also play an important role in the
bioenergetics of hydrogen flow (177).

(iv) Rieske iron-sulfur proteins. Rieske FeS proteins are
characteristic components of complex III in respiratory chains
(so-called bc,; complexes) and also of the structurally related
bef complexes in photosynthetic electron transport. A common
feature of respiratory Rieske proteins is the Cys-Cys-His-His
ligation of the iron atoms in the [2Fe-2S] cluster, which shows
a high redox potential and two typical pK values (for a review,
see reference 574). Their function is to accept one electron
from a reduced quinone (QH,) which is channeled to the next
higher acceptor, while the other electron is transferred to a
low-potential heme of a b-type cytochrome as a quinone re-
ductant in the Q cycle (575).

Archaeal Rieske proteins have been detected by EPR spec-
troscopy only in Sulfolobus and H. salinarum (19, 531). Two
Rieske proteins were isolated from S. acidocaldarius, and their
sequences were determined (487).

One Rieske protein, the product of the soxL gene, has a
pronounced ubiquinol:cyt ¢ reductase activity (488) and only
29% similarity to the SoxF Rieske protein (component of the
SoxM complex; see above). Both exhibit the typical bis-Cys/

bis-His ligation (in contrast to ferredoxin-type FeS clusters)
but reveal an insertion between the cluster binding sites much
larger than that of any other Rieske-type FeS protein (487).
Nevertheless, in membranes, their EPR signals (g,,, = 2.031,
1.89, and 1.725) and the redox potential (E, = —325 mV)
identify these archaeal iron-sulfur proteins as typical respira-
tory Rieske proteins; two redox-dependent pK,, values (6.2 and
8.5) can be titrated (25). Both proteins have been expressed in
E. coli in a truncated form without the membrane-anchoring N
terminus (490). The recombinant SoxF Rieske protein has
been crystallized (69).

A reading frame in the fully sequenced genome of P. aero-
philum was identified as coding for a Rieske protein, which was
then produced as a recombinant protein in E. coli (491). The
product has all the functional properties of a respiratory Rieske
protein.

Nevertheless, since representatives of Sulfolobales do not
contain c-type cytochromes, classical bc, complexes are absent,
although the association of these [2Fe-2S] proteins with cyt b
or cyt b homologs suggests an essentially similar function. Con-
sequently, it seems appropriate to define cyt b-Rieske com-
plexes as the actual core of complex III analogs, irrespective of
the low-potential electron acceptor.

A novel type of iron cluster, which may act as a functional
analog of Rieske iron-sulfur proteins, was found in Sulfolobus
metallicus (601). The characteristic EPR signals, which could
be detected in intact cells and in membrane preparations,
suggest a spin-coupled cluster with at least two iron atoms; in
the ground state, it has a spin of S = 1/2. The center has a high
redox potential of +350 mV and is located in succinate-reduc-
ible membranes. Interestingly, the presence of a typical Rieske
center could also be detected by EPR spectroscopy in this
organism.

(v) Small copper proteins. Blue copper proteins, which may
functionally substitute for cyt ¢, have been detected in archaea.
Halocyanine was isolated from membranes of N. pharaonis as
a 15.5-kDa protein by treatment with mild detergents (473).
The soluble protein contains one Cu®" ion per mol and has a
broad absorption band at 600 nm. EPR spectra revealed a
close resemblance to plastocyanine, suggesting a type I copper
ligation with two His, one Met, and one Cys. This is in line with
primary sequence data, which also predicts an N-terminal
membrane anchor (350). The Cu binding site, located at the
C-terminal end, has a high degree of sequence identity with
other small copper proteins (446a). The potentials for blue
copper proteins range from +183 to +680 mV (551), whereas
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the redox potential of +183 mV at neutral pH is well suited to
assume a cyt c-like function in respiratory electron transport.
The redox potential changes from +333 mV at pH 4 to +119
mV at pH 10: there are three pK values within this range,
which are presumably associated with three histidine residues
that interact with the redox site. Fourier transform infrared
(FTIR) spectra point to a special C= O peptide group that
serves as a fifth ligand to copper. Upon oxidation at a low pH,
the uptake of a proton by a carboxyl moiety of Glu or Asp was
inferred from strong bands at 1,398 and 1,557 cm™: this re-
action can be written as H" = Cu™? + R-COO™ = Cu®* +
R-COOH (81). The pH dependence of the midpoint potential
emerging from FTIR spectral changes was not seen in reso-
nance-Raman spectroscopy. A pronounced similarity to the
coordination geometry of azurin was determined. The protein
bands strongly suggest a predominant 3-sheet structure for this
new copper protein.

Sulfocyanine was first predicted as a putative blue copper
protein in S. acidocaldarius from the sequence of the soxE gene
of the SoxM complex (92). Northern blotting revealed that the
gene is transcribed, but the protein has never been isolated
from the native organism. Recently, it could be expressed in E.
coli in amounts which will allow its biophysical characterization
(286). This is quite significant because sulfocyanine is thought
to be an essential intermediate in electron transport through
the SoxM complex of S. acidocaldarius and is thus expected to
restore activity to the isolated supercomplex. Membrane bind-
ing of sulfocyanine is apparently very weak, resulting in its loss
during purification of Sulfolobus plasma membranes.

Organization of Archaeal Respiratory Chains

Oxygen respiration. Spectroscopic investigation of respira-
tory pigments in membranes suggested that archaeal respira-
tory chains are quite similar to those of bacteria or mitochon-
dria; however, the discovery of supercomplexes and of unusual
associations between cytochromes revealed a number of spe-
cific archaeal features which are described below. A full set of
the energy-transducing respiratory complexes I to IV has never
been found in archaea.

However, individual respiratory catalysts and fairly complete
respiratory chains have been characterized so far only in Sul-
folobus, Acidianus, and some Halobacterium spp. Their elec-
tron transport systems were mainly identified by absorption
spectroscopy of intact cells, of membranes, or of detergent-
solubilized complexes (21, 157, 186, 326, 409, 593). The se-
quence of electron transport was derived from redox titrations
of absorption bands assigned to specific cytochromes or to
mobile electron carriers with the aid of standard redox poten-
tials (E,).

As mentioned above (“Components of Aerobic Electron
Transfer”), no equivalent to complex I (the proton-pumping
NADH:CoQ reductase) has been found. The strongest evi-
dence for this was the absence of the characteristic iron-sulfur
centers of complex I-type NADH dehydrogenases, usually de-
tectable by EPR spectroscopy (309, 310, 585).

SDH activities, i.e., complex II equivalents, were found in all
organisms from Table 1 (20, 29, 179, 477) that have been
investigated, and several enzymes have been partially or com-
pletely purified (250, 369). The presence of this enzyme does
not necessarily indicate a role within the respiratory system but
rather its metabolic function in the citric acid cycle. Recall that
much of this cycle operates anaerobically (504) and that it can
even operate in reverse for CO, fixation (267, 499).

The occurrence of a complex III, usually organized as a bc,
complex, is a crucial issue in aerobic archaea. These bc; com-
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plexes are quinol:cyt ¢ oxidoreductases, which typically contain
Rieske iron-sulfur proteins (576). Such proteins have been
unequivocally detected only in S. acidocaldarius (26, 487),
P. aerophilum (491), and H. salinarum (531). In other organ-
isms, a firmly bound c-type cytochrome serves as the usual
electron acceptor. Since no c-type cytochromes are present in
members of the Sulfolobales, however, the association of these
iron-sulfur proteins and their electron acceptors has to be
different from that of known bc, complexes. In other cases,
such as N. pharaonis, b- and c-type cytochromes were detected
but an associated Rieske iron-sulfur protein was not. It seems
appropriate to define cyt b-FeS protein complexes with the
option of variable or alternate electron acceptors as possible
equivalents to complex III in archaea. Hence, the absence of a
classical complex III suggests that energy conservation by pro-
ton pumping in this part of the archaeal respiratory chain may
also be accomplished by novel complexes, if it occurs at all.

Terminal oxidases (complex IV equivalents) are ubiqui-
tously present in aerobic archaea, comprising quinol oxidases
and cytochrome oxidases of the aa, or ba, type (as described
above and in references 325, 430, 470, and 471). The actual
terminal oxidase polypeptides are, in several cases, constituent
parts of the novel archaeal supercomplexes. Although the ter-
minal section of archaeal respiratory systems has to be consid-
ered an energy-conserving segment, it may function either by
chemical charge separation or as an electrogenic vectorial pro-
ton pump; this is discussed in the following section.

Figure 15 presents tentative schemes for respiratory electron
flux for S. acidocaldarius and A. ambivalens. The split electron
transport chain of S. acidocaldarius was postulated earlier (21,
466) from spectra of CO-reduced membrane extracts; one
branch consists of the SoxABCD complex. An electron path-
way has been envisaged for SoxABCD (109, 325), Q' = cyt
a®®” = cyt aa; = O,, possibly involving a proton motive Q
cycle (575). cyt a®®’ (SoxG) would, in this mechanism, function
like the b cytochromes in bc, complexes. Another possible
function would be that of an electron store for the transition
from two-electron to one-electron transport reactions in res-
piration, i.e., as a feeder to the terminal aa;-type oxidase.
Notably, however, the isolated polypeptide SoxB (as the actual
heme-Cu oxidase) also has quinol-oxidizing activity.

The supercomplex SoxM may also function as a quinol oxi-
dase but is apparently composed of two sequential segments
bridged by the blue copper protein, sulfocyanine. Presumably,
the latter has a redox potential similar to that of halocyanine
(81). Thus, this supercomplex may represent a genetic as well
as a functional fusion of an analog to complex III with a
bas-type terminal oxidase utilizing sulfocyanine instead of cyt
c. In fact, the presence of a putative Cu, binding site in its
subunit I has been deduced from the DNA-derived sequence
(92). The respective protein could be expressed in E. coli, and
Cu®" can be correctly inserted (286). The association of the
Rieske iron-sulfur protein (SoxF) with cyt a°®” (SoxG) and
sulfocyanine (SoxE) would mimic a bc; complex. Actually, a
catalytically active form of the complex SoxM has not been
obtained yet.

A third QH,-oxidizing pathway, involving the alternate
Rieske FeS protein SoxL of S. acidocaldarius (487, 488), can be
postulated on a genetic basis because the respective gene clus-
ter also encodes a novel b-type cytochrome. This suggests the
coordinated expression of an additional cyt b-Rieske complex
hitherto unidentified on the protein level (491a). Actually, the
predicted b-type cytochrome, a product of the newly discov-
ered soxN gene, may again host heme Ag and therefore not be
easily detectable under the huge absorption peak (587 nm) that
dominates the visible spectrum of the reduced membranes.
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A similar but unbranched electron pathway was proposed
for the supercomplex of Sulfolobus sp. strain 7 (an S. solfatari-
cus strain) (247). The authors suggested the following electron
pathway: Q°' = cyt b>** = Rieske FeS = cyt a°® = cyt aa,
= O,. In this proposal, cyt a®* assumes a cyt c-like function
whereas cyt b>°? is associated in a complex I1I-like mechanism
with a Rieske iron-sulfur protein (246, 247). The available data
is insufficient, however, to confirm this hypothesis; in particu-
lar, the lack of primary structural data on the components has
prevented the proof that cyt a®® in S. solfataricus really is a
single-heme cytochrome, as has been postulated.

A. ambivalens has the simplest respiratory system ever de-
tected. Its terminal oxidase functions as a quinol oxidase and is
the only cytochrome identified in the plasma membrane. How-
ever, the reduction of Q°' during aerobic growth of the obli-
gate chemoautotrophic sulfur oxidizer is enigmatic. A sulfur
oxygenase-reductase with a complicated reaction mechanism
has been described (282, 283). The enzyme catalyzes a partial
disproportionation of sulfur into oxidized and reduced species
with a broken stoichiometry. It is certain that electrons flow to
Q< in the oxidative branch of the reaction, but the nature of
the reductases and the possible intermediates involved are
unknown. There is no indication of alternate electron pathways
with oxygen as electron acceptor.

There is little detailed functional information on respiratory
chains of halobacteria. Catalytically intact respiratory com-
plexes have not been isolated. Spectroscopic investigations of
H. salinarum (H. halobium) membranes have revealed the
presence of b-type cytochromes, which may possibly be in-
volved in a bc,-like complex (178, 187). A partial purification
has been described (186) along with c-type cytochromes and
even an aa5-type terminal oxidase (157, 159, 160). The gene for
subunit I of the latter has been sequenced, clearly placing the
enzyme in the heme-Cu oxidase family (117).

A full set of electron transport components, purified from
N. pharaonis and characterized spectroscopically (477), may be
arranged according to their redox potentials into a respiratory
chain. It includes b- and c-type cytochromes, the blue copper
protein halocyanine (E, = +128 mV) (350, 473), and a ba,-

type terminal oxidase, which has been sequenced (349). Elec-
trons enter the respiratory chain via SDH and/or NADH oxi-
dase. The reducing equivalents may be transported via a cyt bc
complex to halocyanine, which is presumably reoxidized by the
terminal bas-type oxidase. An FeS protein that is absent from
the preparation would be required to restore the proposed be
complex to a fully active complex III equivalent. In addition,
on the basis of reported redox potentials, the transfer of elec-
trons from succinate to this complex would require energy
under standard conditions, a discrepancy which remains to be
explained. Table 5 summarizes the properties of components
constituting the respiratory chain of N. pharaonis (477).
Alternate types of respiration. Anaerobic respiratory en-
zymes such as nitrate reductases have been described for
archaea elsewhere (50, 406, 566, 586) and referred to briefly
above (“Aerobiosis and Other Respiration Forms in Ar-
chaea”). Complete electron transport pathways and energy
conservation sites with electron acceptors other than oxygen
have not yet been worked out. However, a purified sulfur-
reducing membrane-protein complex from Pyrococcus abyssi
(129), comprising hydrogenase and sulfur reductase activities,
is a candidate for energy conservation by sulfur respiration.
The organism gains energy by reduction of elemental sulfur
with H, to H,S. The Triton-solubilized complex of approxi-
mately 520 kDa contains nine polypeptides ranging in molec-
ular mass from 24 to 82 kDa. The presence of acid-labile sulfur
indicates the participation of iron-sulfur centers; in addition,
nickel, copper, and a b-type cytochrome were identified as
functional components. The orientation in the membrane of
oxidative and reductive partial reactions, i.e., hydrogenase ac-
tivity and sulfur reductase activity, is not known. However, a
scheme (Fig. 16) illustrates the postulated transduction of en-
ergy from hydrogen oxidation into a proton motive force, on
the assumption that sulfur reduction and hydrogen oxidation
occur on opposite sides of the membrane. The critical step
would be the electrogenic transport of negative charge from
outside to inside. Although this is only a hypothesis, it encour-
ages us to examine the isolated complex in reconstituted mem-
branes with an eye to the orientation of its activities. If hydro-



590 SCHAFER ET AL.

MICROBIOL. MOL. BIOL. REV.

TABLE 5. Components of the electron transport system of N. pharaonis”

Protein Localization M, (10%) Cofactor(s) E, (mV)
Ferredoxin Cytosol 15.2 2Fe-2S —342
SDH complex Membrane 90 FAD, FeS, heme B +8 (FAD)
cyt ¢ Cytosol 75 Heme C —142
cyt be Membrane 14,18 Heme B, heme C —-117, —44
Halocyanine Membrane 15.4 Cu +128
cyt bas Membrane 40, 36 Heme B, heme Ag, Cu,, Cug +268, +358

“ Data was compiled from references 349, 350, 473, and 477, which describe all experimental details on electrochemistry and UV-visible spectroscopic data of
solubilized or membrane-residing components. The redox potentials were determined at pH 8.

genase releases protons outside the plasma membrane and
sulfur reduction consumes protons on the inside, a proton
gradient could be formed. This would require the presence of
a soluble form of elemental sulfur inside the cell. The volatility
of H,S, as a driving force for the reaction, may play a signifi-
cant role; at high temperatures, H,S would escape into the gas
phase and thus shift the reaction equilibrium toward formation
of a proton gradient.

Proton Pathways in Terminal Oxidases of Archaea

Generation of a proton motive force across a membrane by
the quinol-oxidizing segment of respiratory chains can occur by
three different mechanisms. The simplest one is chemical
charge separation. A second, more sophisticated mechanism is

2H*

a Q cycle. Finally, active pumping by heme-copper oxidases is
the third mechanism that, in addition to the proton gradient
produced by chemical charge separation, translocates one pro-
ton per electron transferred to oxygen (1H"/e™). The latter
process makes optimal use of the large change in free energy of
oxygen reduction. All three mechanisms presumably function
also in archaea.

Generation of a proton motive force via chemical charge
separation results from the uptake of protons for water forma-
tion from inside the cell, coupled with the release of protons
from quinol oxidation outside the plasma membrane, without
pumping of extra protons. For reasons described below, the
latter mechanism was proposed to occur in A. ambivalens
(234). Its energetic inefficiency may be the reason for the slow

Ap generation by
operation of a pump

Ap generation by
chemical charge separation

FIG. 16. Possible mechanisms for Ay ™ generation by sulfur reduction. (Left) H, oxidation and S° reduction both occur on the outside. (Right) The redox reactions
take place on opposite sides with respect to the membrane. For details, see the text. Hy, hydrogenase; SR, sulfur reductase.
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aerobic growth of this archaeon, despite rapid oxygen turnover
and sulfur consumption.

Proton pumping by means of a Q cycle has been proposed
for the SoxABCD complex (329) and was demonstrated exper-
imentally when the complex was coreconstituted in liposomes
together with the SoxL-Rieske protein, which allows the lipo-
somes to be energized by cyt ¢ (175). This artificial system
made use of the fact that reduced cyt ¢ can deliver electrons to
the Rieske protein, and the latter, via coreconstituted endog-
enous caldariella quinone, reduces the cyt a®®’ of the SoxABCD
complex. Thus, the quinol oxidase is energized from the out-
side of the liposomes by cyt c. The procedure circumvents two
serious obstacles: first, reduced caldariella quinone (the spe-
cific substrate of the complex) cannot be added in aqueous
solution, and second, the random orientation of reconstituted
oxidase also excludes an energization by TMPD as reductant.
The latter is an effective substrate for the solubilized complex
(174) but, due to its significant membrane permeability, would
reduce both orientations of the complex and prevent the de-
termination of H" /e~ ratios. The interpretation of the results
of these sophisticated experiments was that the SoxABCD
complex performs a Q cycle, assuming that the SoxB subunit of
the complex is not itself a proton pump. The reasons are the
same as those for the A. ambivalens oxidase, explained below
on the basis of primary sequence data.

Do archaeal heme-copper oxidases provide the structural
prerequisites for the third mechanism, i.e., proton pumping by
the heme- and copper-containing polypeptide of terminal oxi-
dases? To answer this question, the following argument must
be considered. From extensive mutational studies of terminal
oxidases from E. coli, Rhodobacter sphaeroides (146, 161, 563,
564), and P. denitrificans (215, 426) and especially from the
three-dimensional structure of cyt ¢ oxidases from P. denitrifi-
cans (251) and mitochondria (578, 579), it has been concluded
that different pathways exist for protons consumed during ox-
ygen reduction and those that are pumped. Two channels in
subunit I, designated the K channel (involving an invariantly

conserved Lys residue) and the D channel (involving a con-
served Asp residue) are characterized by two distinct sequence
motifs in transmembrane helix XII and in the helix II-III loop
of heme-Cu oxidases. In other respects, these share a strictly
conserved topology of their heme and Cuy ligands (90, 165) in
transmembrane helices I1I-X and VI-VII, respectively. In addi-
tion, a strictly conserved Glu residue (Glu-274 in P. denitrifi-
cans) at the end of the proton uptake pathway through the D
channel is definitely required for pumping. Recent FTIR stud-
ies and molecular modelling underline the significance of the
glutamate residue within a strongly apolar environment as a
critical proton gate, presumably involving a chain of fixed water
molecules (431, 445). Thus, besides the specific -N-(X),,-D-
(X)s-N-motif of the helix II-IIT loop of the K channel, the
glutamate in the -HPE- motif in helix VI was declared indis-
pensable for proton pumping (165).

Both motifs are missing in several archaeal terminal oxidase
complexes and in that of the eubacterium 7. thermophilus,
strongly suggesting that these complexes are incapable of pro-
ton pumping. They contrast with oxidases from P. aerophilum,
S. acidocaldarius (bas [SoxM]), and H. salinarum. Accordingly,
the terminal quinol oxidase of A. ambivalens has been desig-
nated as nonpumping but capable of generating a proton mo-
tive force by chemical charge separation. Similarly, the SoxB
subunit of the SoxABCD complex from S. acidocaldarius and
the aa, oxidase from N. pharaonis would not be competent as
proton pumps. Figure 17 depicts the relevant amino acids
participating in the formation of the D and K channels in
subunit I of the compared terminal oxidases. Earlier reports of
the generation of a proton motive force by purified SoxB re-
constituted into liposomes and capable of oxidizing TMPD-
ascorbate (174) can easily be explained by chemical charge
separation without electrogenic pumping. Therefore, the dem-
onstration of proton pumping (with H"/e™ >1) by the inte-
grated SoxABCD complex (175) described above suggests that
the operation of a Q cycle is most likely the mechanism of
proton translocation.
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Whether the inability of an oxidase to pump protons can be
deduced simply from structural comparisons remains to be
demonstrated experimentally in each individual case. The re-
constituted cyt ¢ oxidase ba; from 7. thermophilus appears to
pump protons with low stoichiometry (0.5H"/e™) when ener-
gized with a photoactivated ruthenium II complex (269). This
result makes the above conclusions questionable and, in fact,
strongly suggests the possibility of alternate proton pathways.
Assuming that the SoxABCD complex can perform a Q cycle
and, in addition, that the SoxB subunit would pump protons,
this archaeal oxidase complex should be able to achieve H" /e~
ratios of >2, which has not been observed. Irrespective of
these arguments, the results with the 7. thermophilus oxidase
confirm the necessity of the strictly conserved K channel for
the redox reaction, while possibly alternate pathways to the D
channel may exist but have not been resolved structurally.

Archaea, like bacteria, can possess simultaneously both
types of terminal oxidases (e.g., S. acidocaldarius and T. ther-
mophilus), which may or may not contain the sequence motifs
discussed above. Therefore, terminal oxidases may have
evolved by an early gene duplication of subunit I, prior to the
division into the archaeal and bacterial domains (608). The
physiological meaning of the coexistence of two oxidases is not
yet understood. For example, greatly differing oxygen affinities
would permit adaptation to varying micro-oxygenic conditions,
as in Bradyrhizobium japonicum (429). Another possibility
would be the preferential operation of specific oxidases at
certain pH values. Since no data is available, these possibilities
are moot pending further investigation.

LIGHT-DRIVEN ENERGETICS

General Overview

In the early 1970s, the so-called purple membrane from H.
salinarum (55) was found to contain only a single protein (401).
It was later demonstrated that a retinal chromophore attached
to this protein gives rise to the purple color. Because of the
obvious resemblance to vertebrate rhodopsins, the authors
named this retinylidene protein bacteriorhodopsin (BR). It
was also immediately clear that, upon light activation, a proton
is transferred across the membrane from the inside of the cell
to the extracellular medium. The proton potential generated
thereby is utilized by H. salinarum for the synthesis of ATP
(432).

During the elucidation of the proton-pumping mechanism of
BR and the physiology of H. salinarum, three other bacterial
rhodopsins were discovered (an extensive progress report on
the photophysics and photochemistry of retinal proteins is pre-
sented in reference 413). These pigments are functionally quite
distinct. HR, like BR an ion pump, is an inwardly directed
chloride pump. The two other bacterial rhodopsins turned out
to be photoreceptors that trigger the photophobic and/or pho-
toattractive response of bacteria. All four bacterial rhodopsins
are strikingly similar with respect to structure, the retinal chro-
mophore and its attachment site, and the light-activated reac-
tion cycle.

The four pigments are membrane proteins with an approx-
imate molecular mass of 26 kDa (see reference 503 for a
comparison of their amino acid sequences). In each case, the
polypeptide chain folds into seven membrane-spanning helices
(indexed helices A to G) with the C terminus positioned on the
cytoplasmic side. The retinal chromophore is attached in the
all-trans configuration to a Lys residue via a protonated Schiff
base in the C-terminal helix G. The structural model of BR
(216) revealed the locations in the sequence that are involved
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in the chromophore binding site. This was confirmed by a
comparison of the amino acid sequences of all archaeal rho-
dopsins known at the time that exhibited distinct homologies at
those particular positions (503, 519).

In a direct comparison of amino acid sequences of rho-
dopsins from different archaeal species, clusters of conserved
residues are found in helices C and D, containing three Trp
residues, which enclose the retinal chromophore. The Lys res-
idue of helix G, which marks the retinal attachment site, and an
Asp residue situated one helical turn upstream are conserved
throughout. This aspartic acid residue is part of the counterion
complex of the protonated Schiff base. Another interesting
stretch of homologies was detected on helix C, where an Arg
residue also contributes to the Schiff base environment.

Upon light excitation, all four microbial rhodopsins undergo
cyclic reaction sequences. During the photocycle, the physio-
logical response, either vectorial ion transport or initiation of
the signal transduction chain, is activated. The reversible mo-
lecular events associated with this include the isomerization of
the retinal chromophore from all-trans to 13-cis, the deproto-
nation of the Schiff base (HR is an exception), and confor-
mational changes of the protein backbone. Protonation-de-
protonation reactions of internal aspartyl carboxyl groups are
functionally also quite important (see below). All these light-
triggered thermal reactions have to be reversed because, once
a cycle is completed, the protein regains its original state.

The photocycle has been studied in great detail for BR and
less stringently for the other three pigments. The general pic-
ture emerging from these investigations can be summarized as
follows: the intermediates of the BR photocycle are named in
alphabetical order, starting with J for the earliest reaction
product. J is followed by five other intermediates, K, L, M, N,
and O. These letters were chosen by analogy to the reaction
sequence observed in visual pigments, with Lumi and Meta
identified as physiologically important states (323, 542).

When the photocycles of the other pigments were compared
to those from BR, it became apparent that they follow a com-
mon scheme with some variations, which depend on the initial
state and the nature of the counterion complex (see below).
The long-lived intermediate M, which is formed on the micro-
second time scale, is physiologically quite relevant. In the case
of the sensory rhodopsins (SRs), it represents the signaling
state (615, 617), whereas in BR, M separates the proton re-
lease pathway from the proton uptake steps. The chloride
pump HR is an exception because in the naturally occurring
photocycle an intermediate with a deprotonated Schiff base (a
typical property of the M state) is missing.

The ion pumps return to the original state on the millisecond
time scale. The SRs are slower, requiring about 100 ms. The
reason for the difference is likely to be related to the functions
of these proteins. Whereas the efficiency of the ion pumps is
dependent on a high turnover rate, the SRs have to remain in
the signaling state long enough to relay the signal to cytoplas-
mic proteins.

BR

Structure of BR. The observation that BR forms a hexagonal
two-dimensional lattice within the purple membrane (55) fa-
cilitated further analysis of its structure. A low-resolution map
of the electron-scattering density of the purple membrane re-
vealed seven peaks, which can be attributed to seven helices of
BR that are oriented almost perpendicularly to the membrane
surface (217). From the primary structure of BR (277, 414), it
became evident that the protein is a chain of 248 amino acids,
which folds into a bundle of seven helices with short nonhelical
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FIG. 18. Structural model of BR (A) and proton transfer steps (B). (A) Structural model of BR adapted from reference 279. The retinal chromophore is depicted
as dark gray circles. The charged residues on the cytoplasmic side may function as proton collectors that funnel a proton to residue Asp-96. The EC channel comprises
several charged amino acids, including Asp-212, Asp-85, and Arg-82. (B) Correlation of proton transfer steps with the spectroscopically determined transitions of
intermediates. The two proton transfers occurring during the L = M transition (=10 ps) depict the deprotonation of the Schiff base concomitant with the protonation
of Asp-85 and the ejection of a proton to the extracellular side. In the subsequent steps, a proton from Asp-96 reprotonates the Schiff base (M = N). Asp-96 receives
a proton from the cytoplasm during the N = O transition. Finally, the proton reservoir in the CP channel (H" in the dotted circle) is replenished by the protonated
Asp-85, which completes the cycle. The thermal reisomerization of 13-cis retinal to all-frans retinal occurs during the N = O transition. The protein switch that separates
the accessibility between the CP and EC channels is thought to occur between two different M intermediates.

interconnecting loops. Several potentially charged amino acids
are found in the hydrophobic interior of the protein. Two Asp
residues (Asp-85 and Asp-96) were located in helix C, Asp-115
was in helix D, and finally Asp-212 and Lys-216 were in helix G.
The latter amino acid was determined to be the binding site for
retinal (41, 311). In subsequent work, Engelman and cowork-
ers assigned the helices to the structural map of BR (141, 572).
However, an unequivocal designation became available only
with a more refined structural model of BR, based on high-
resolution electron cryomicroscopy of the purple membrane
and on reconsideration of earlier biophysical and biochemical
data (216). This report also offers a thorough review of the
literature prior to 1990. A structural resolution of 3.5 A in the
membrane plane and of 10 A in the perpendicular direction
was obtained. Improved structural maps are now available
(180, 279). During the past year, structures of still-higher res-
olution were deduced from analysis of three-dimensional BR
crystals (142, 337, 416). The procedures which led to the suc-
cessful crystallization differed considerably. Pebay-Peyroula et
al. (416) were able to grow small hexagonal crystals from cubic
lipid phases and to obtain a resolution of 2.5 A. This method
was also applied by Luecke et al. (337), who improved the
structural resolution to 2.3 A. An interesting new approach,
perhaps applicable to other membrane proteins, uses succes-

sive fusions of BR-containing vesicles (556). The birefringent
hexagonal crystals diffract X rays beyond 2.5 A. Another crys-
tallization method, which may also be generally applicable, is
the heterogeneous nucleation of BR on benzamidine crystals
(142). The epitaxially growing BR crystals are monoclinic and
diffract at 2.9 A. This latter work is of special interest because
the interaction of the native lipids with the BR trimer was
determined. The general structural features of the molecule
published so far are quite similar; however, there still are
discrepancies in the loop regions and in the proton conduction
channels. These latter discrepancies make it difficult to estab-
lish the molecular mechanism of proton pumping. In the fol-
lowing paragraphs, progress in determining the BR structure is
explained beginning with the original Henderson structure
(216).

The helices are arranged in a kidney-shaped array of seven
rods that cross the membrane almost vertically. Due to low
resolution, the connecting loops between the helices were not
resolved. However, based on this model calculation of the
molecular dynamics provided more detailed insight into the
structure of the ground state (134, 237, 252, 395) and of inter-
mediate states (238, 321, 322, 611, 612). The contributions of
molecular dynamics studies to the structure and function of
BR are reviewed in reference 501. The structure allows for two
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half-channels that connect the cytoplasm and the extracellular
side with the Schiff base environment (Fig. 18). A hydrophobic
pore with a smaller diameter opens to the cytoplasm. This
channel contains only a few cavities that might harbor water
molecules (142, 337, 416). The other, broader channel con-
nects the interior of the protein with the extracellular side.
Retinal is located at the interface between the two channels,
with the proton of the Schiff base facing the extracellular chan-
nel (EC channel). In their original report, Henderson et al.
(216) proposed that these channels constitute the path of the
protons across the membrane; this has now been corroborated
by the higher-resolution structures. FTIR experiments demon-
strated that Asp residues within the hydrophobic interior of the
protein are proton donor and acceptor sites (135, 137, 511).
These sites have been assigned to specific Asp residues by
site-directed mutagenesis studies (76, 170) and by solid-state
nuclear magnetic resonance (NMR) studies of [4-'*C]Asp-la-
beled BR (138, 139, 354, 355). These experiments showed that
Asp-85 and Asp-212, which are located in the EC channel, are
deprotonated in the resting state. The protonated carboxyl
group of Asp-96 (354), a component of the cytoplasmic chan-
nel (CP channel), donates its proton to the deprotonated Schiff
base during the M = N transition (170). Asp-115, not directly
located in the cytoplasmic pore, is also protonated (354). The
pKs of these two residues were determined to be greater than
11 (354, 552). Further investigations of the structural proper-
ties of the CP channel using FTIR spectroscopic techniques in
combination with site-directed mutagenesis of BR have pro-
vided evidence for a hydrogen-bonded chain that includes Asp-
96, Thr-46, Val-49, Pro-50, Ala-53, and water molecules (183,
216, 613, 614). The existence of water in this part of the mol-
ecule has also been suggested by structural analysis (142, 337).
During proton uptake, this hydrogen-bonded chain apparently
bridges the carboxyl group of Asp-96 with the Schiff base.

The EC channel constitutes the proton release pathway,
broader and more hydrophilic than the CP channel. There are
several charged amino acids (Asp-212, Asp-85, Arg-82, Glu-
194, and Glu-204) and two Tyr residues (Tyr-57 and Tyr-185)
that contribute to the interior of the channel and to the envi-
ronment of the Schiff base. Asp-85 has a special role as the
primary proton acceptor. The positive charge of the Schiff base
is neutralized by the charged residues mentioned above, which
form a diffuse counterion complex (115, 235). Structural mod-
els of the two channels, including the pattern of hydrogen
bonds, were provided in recent papers on the structure of BR.
Since various aspects of these proposals still differ, the molec-
ular mechanism of proton pumping will remain the subject of
further experiments.

Five helices (B, C, E, F, and G) form the environment of the
retinal chromophore. Retinal is tilted relative to the mem-
brane normal, with the ionone ring pointing away from the
cytoplasm. The configuration and the position of retinal within
the BR molecule have been determined by a variety of bio-
physical methods, including solid-state NMR spectroscopy,
neutron diffraction, and resonance-Raman and FTIR spectros-
copy (reviewed in reference 413; see also reference 372 for a
more recent publication). The retinal chromophore is located
near the center of the protein and assumes an all-frans config-
uration. The isomerization around the 6s bond that connects
the ionone ring with the unsaturated hydrocarbon chain is in
the trans conformation, which allows for the chromophore to
be planar (108, 352). This observation has important implica-
tions for the wavelength regulation in BR and may also apply
to the other rhodopsins. Protonated Schiff bases usually absorb
at approximately 460 nm; BR has an absorption maximum at
568 nm. The difference calculated in wave numbers is called
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the opsin shift because the specific interaction of the protein
with the chromophore leads to this bathochromic displacement
of the absorption maximum. Solid-state NMR experiments
(235) and the spectroscopic properties of BR reconstituted
with retinal analogs (as well as similar experiments with model
substances [319]) led to an explanation of the opsin shift.
According to this model, two effects, i.e., the C4-C, single-bond
configuration and the weak counterion strength (115), influ-
ence each other synergistically and are sufficient to explain the
large opsin shift of BR (235). The data from NMR spectros-
copy and the analysis of chromophore models clearly indicate
that the interaction of the protonated Schiff base with the
counterion is weak. The NMR data also suggests that this
counterion cannot be a point charge, e.g., a single, negative
carboxylate group from an aspartic acid residue, but must be a
complex consisting of charged groups in the neighborhood of
the Schiff base. This picture has been substantiated by recent
data on the structure of BR.

Mechanism of proton pumping. The mechanism of vectorial
proton transfer was elucidated by analysis of the photocycle.
After absorption of light, the all-frans retinal Schiff base
isomerizes to a 13-cis conformation. The first subpicosecond
event (500 fs) in the primary photoreaction is the formation of
the J intermediate (128, 245, 397, 509). It is quite striking that
this photoisomerization is so rapid. The protein apparently
provides a vacuum-like environment in which the ultrafast
reaction can occur. With a quantum yield of approximately 0.6,
this process is quite efficient (568). K, the next intermediate in
the reaction sequence, is formed within 3 ps (130, 397, 424,
428, 509). As determined by FTIR spectroscopy, the protein
responds only slightly to this altered situation, which results in
a strained, distorted chromophore (75, 144). The chromophore
relaxes during the transition from K to L, which is reached on
the microsecond time scale. In L, the conditions for the release
of the proton to the extracellular side are established. During
the L = M transition, the proton of the Schiff base is trans-
ferred to Asp-85. Concomitantly, another proton is released to
the bulk phase. Recent data, although still controversial (142,
337, 436), indicates that this proton originates from Glu-204
(440, 479), the pK, of which decreases upon protonation of
Asp-85 (31, 440). During the lifetime of the M intermediate,
which has an absorption maximum at 410 nm, the transition
between the extracellular and the cytoplasmic accessibility of
the Schiff base must take place (Fig. 18). The nature of this
transition is not known, but conformational changes of the
protein are probably responsible (198, 285, 546). The Schiff
base is then reprotonated by Asp-96, forming the N interme-
diate (219, 520). The reisomerization of the retinal chro-
mophore from the 13-cis to the all-frans configuration first
occurs in the next step of the reaction sequence, in which the
O intermediate is formed. At the same time, Asp-96 receives a
proton from Asp-38, which has obtained a proton from the
cytoplasm (444). The O intermediate absorbs at 620 nm. This
redshift of the absorption maximum may be due to the still-
protonated Asp-85. A similar redshift is observed for the so-
called blue membrane (278), for which protonation of Asp-85
could also be demonstrated (355). In the last step of the pho-
tocycle, Asp-85 loses its proton. Since all steps of the photo-
cycle need to be reversed in order to regain the original state
(195), it is also necessary that access to the Schiff base returns
to the extracellular side. That the first transition does occur
and that it occurs between the M and N states has been dem-
onstrated in voltage-clamp experiments (386). In this work, BR
was expressed in the plasma membrane of oocytes (387), and
the voltage-dependent photocurrent was measured. Double-
flash experiments with blue light (which photoconverts the M



VoL. 63, 1999

intermediate directly back to the initial ground state) at pump-
inhibiting potentials provide the first experimental data on M
states with different accessibilities, thus supporting the idea of
a switching event between two different forms of M.

Several other experiments have attempted to identify the
switch at the molecular level. For example, amide I and amide
II vibrational modes have been interpreted as indicative of
conformational changes of the protein backbone (for example,
see reference 218). Time-resolved EPR measurements directly
showed differences in mobility at defined positions of the BR
molecule (446, 539). A more direct approach has been chosen
by a few groups, who used X-ray (263, 285, 389), electron (218,
545, 546, 587), and neutron diffraction (116) studies to char-
acterize structural changes occurring at different stages of the
photocycle. These experiments show that helices F and G are
predominantly affected during the lifetimes of the M and N
intermediates, interpreted as an increase in the structural or-
der of helix G and an outward tilting of the cytoplasmic part of
helix F. This latter finding is of significance because it bears on
a possible mechanism of signal transfer from SR to its trans-
ducer (see below).

The photocycle has been the subject of numerous reports.
The original model of Lozier et al. (323), with the sequence BR
> K= L= M= N= O = BR, is now generally accepted,
though the existence of the N intermediate has sometimes
been neglected. The kinetic data of the photocycle can be
satisfactorily approximated with seven exponentials (101), in-
dicating that at least seven distinct intermediates must exist; of
these, only the five spectrally distinguishable species K to O
have been identified. Therefore, the simple kinetic scheme BR
> K= L= M= N= 0 = BR has had to be modified; back
reactions, side reactions, new intermediates, or even parallel
photocycles have been introduced. The most controversial part
of the photocycle involves the M = N = O transition, for
which two (and as many as five) M intermediates have been
proposed, as have also back reactions such as M < N and/or N
& O (for a review, see reference 306). In an effort to reconcile
the published data with their own measurements, Chizhov et
al. (101) argued for a scheme of irreversible sequential transi-
tions between quasiequilibria of intermediates (Fig. 19). The
quasiequilibria are controlled by rate-limiting dynamics of the
protein and/or proton transfer steps. P; and P, both represent
Lsso © My, equilibria and are distinguished by the relative
percentages of the two components Ls,, and M, ,, which shift
from 20% M, to 70% M,,,. The irreversible transition of
(Lsag © Myy) > My, may be considered the molecular
switch proposed in references 195 and 528 and verified by the
work of Nagel et al. (386), in which the access to the Schiff base
changes from the extracellular side to the CP channel. In the
second part of the photocycle, a proton from the CP channel
reprotonates the Schiff base. These steps are also characterized
by quasiequilibria (P4 and P,) that are quite sensitive to the pH
of the buffer and the temperature. This model implies that the
ion-translocating steps are not rate limiting. Apparently, the
conformational changes of the protein and/or the isomeriza-
tion of the retinal chromophore determines the time course of
the vectorial proton transfer.

It should be noted that Lanyi and coworkers have proposed
a mechanism for the proton pump (84). According to this
local-access model, the retinal Schiff base retains connectivity
to both the EC and the CP channels throughout the photo-
cycle. Vectoriality is obtained by a shift in the pK, values of the
groups in the proton conduction chains. In wild-type BR, an
initial increase of the pK, of Asp-85 facilitates proton transfer
from the Schiff base. Conversely, the subsequent decrease of
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FIG. 19. Scheme of the BR photocycle based on a sequential irreversible
model according to reference 101. P, to P, denote the spectroscopically defined
intermediates. The four states P, P4, P, and P are quasiequilibria between M
and L, M and N, and N and O. The decay rates (at 20°C) of the intermediates are
depicted between the wings.

the pK, of Asp-96 allows the rapid reprotonation of the Schiff
base.

HR

Structure of HR. HR, the second light-driven ion pump of
H. salinarum (for a recent comprehensive review, see reference
398), has now been found in other halophilic archaebacteria
(411, 519). First described and named by Mukohata and col-
leagues (347), HR has an absorption maximum at 576 nm and
was first sequenced by Blanck and Oesterhelt (53). Upon light
excitation, chloride ions are transferred from the medium into
the cell (35, 65, 496, 534). The ion selectivity of the transport
is not restricted to chloride; bromide, iodide, and nitrate are
also transported (203, 208, 496). Compared to that of BR, the
absorption maximum of HR has a longer wavelength.

The amino acid sequences of several HRs reveal structures
quite similar to those of BR, including the omnipresent main
motif of seven helical transmembrane chains. Further struc-
tural information was gained through electron cryomicroscopy
of membrane sheets. The projection map of HR at 7-A reso-
lution was very similar to that of BR at the same resolution
(199, 200). These structural similarities match the close resem-
blance of the primary sequences of the two pigments. One
interesting difference is found on the cytoplasmic side of the
helices B, C, F, and G. As mentioned above, these helices form
the CP channel. In HR, the cross-sectional area is larger than
in BR, indicating a pore wider than would be required to
transport halides. The EC channels, of similar dimensions in
BR and HR, would easily accommodate chloride anions as
indicated by functional studies (102, 152).

Most of the conserved residues are associated with the ret-
inal binding site. Compared to BR, interesting differences are
found in positions of functional importance for proton trans-
location. Asp-96 (numbered according to the BR sequence) is
replaced by an Ala residue, and Asp-85 is replaced by a Thr
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residue. This latter substitution is of particular interest because
a negative charge is removed from the counterion complex,
thereby creating an anion binding site (410, 474). Indeed, chlo-
ride binds to a mutant of BR in which Asp-85 is replaced by
Thr. This mutated BR pumps chloride actively upon light ex-
citation (461).

The putative binding of anions has been studied extensively.
Ogurusu et al. (403) concluded that HR has a single binding
site, because the absorption spectrum of HR is dependent on
the chloride concentration. Further spectroscopic analyses of
the binding of different anions by HR in Na,SO, (which itself
does not bind to the protein) indicate that anions occupy two
different sites (305, 498). These two sites may participate in the
uptake and release of chloride during transport. However, new
FTIR spectroscopic results indicate only a single binding site
(597). The discrepancies between this view and the proposed
two sites may be resolved by assuming a one-site, two-state
model (597).

As already mentioned, the replacement of an Asp residue in
BR by a Thr residue creates an anion binding site. Data from
resonance-Raman spectroscopy of HR supports the idea that
chloride binds near the Schiff base (127, 169, 341, 415); it was
concluded that the positive Schiff base cation is weakly hydro-
gen bonded to a complex counterion made up of chloride,
Asp-238, and Arg-108 (18). Braiman and coworkers demon-
strated that the C==N stretching vibration is affected by the
type of anion, indicating a binding site near the Schiff base
(597). Furthermore, vibrational modes from the Arg residue
were also perturbed (77). In elegant experiments, these modes
were assigned to Arg-108; it was also shown that the guani-
dinium ion can mimic the Arg residue in the Argl08Gln mu-
tant (450). The similarity between the HR and BR counterion
complexes is quite evident from the observation of a so-called
acid purple form of BR (125, 152), the creation of an anion
binding site in the BR mutant Asp96Thr, and the observation
that HR from N. pharaonis (132, 304) forms a blue pigment
upon anion removal (474). Even the proton-pumping capabil-
ity of BR could be reestablished in HR from N. pharaonis
(582).

N. pharaonis, a haloalkaliphilic bacterium from the Wadi
Natrun of Upper Egypt, expresses two rhodopsin-like pig-
ments, HR (pHR) and the photophobic receptor-SR II (pSRII)
(52). The blue form of pHR is spectroscopically quite similar
to the cation-depleted so-called blue membrane of BR. Re-
moval of a negative charge from the counterion complex of the
parent state leads to this bathochromic shift. In BR, the pro-
tonation or neutralization of Asp-85 (355, 412, 547) removes
the negative charge, whereas in pHR the anion can be ex-
tracted by size-exclusion chromatography (474). The purple
coloration of pHR can be restored by adding anions, useful in
examining the effect of specific anions on spectroscopic prop-
erties and photocycle kinetics (474). All monovalent anions
such as halides, azide, or nitrate are able to bind to the protein.
The anion binding kinetics are compatible with a single binding
site (102), thus confirming the interpretation of Walter and
Braiman (597) for HR. It should be noted that azide-reconsti-
tuted pHR displays a photocycle very similar to that of BR,
including an M-like intermediate. Indeed, transport studies
clearly demonstrated that this modified pHR acts as a proton
pump (582).

The chromophore of HR, all-frans retinal, binds via a pro-
tonated Schiff base to Lys-242 on helix G. The pK of the Schiff
base varies from 7.4 to 8.9, depending on the anion present
(474, 498, 535). It is noteworthy that light adaptation does not
lead to a 100% all-trans configuration of the retinal chro-
mophore in HR, as observed for BR (265, 306, 584, 628). This
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somewhat complicates an analysis of the photocycle because of
the contribution of the transport-inactive cis cycle.

Mechanism of chloride pumping. The functional and phys-
iological properties of HR have been investigated intensively
(reviewed in reference 398). The chromophore adopts an all-
trans configuration, including a C4-C, trans single bond (38).
After absorption of light, the electronically excited state re-
laxes within the picosecond time scale to a redshifted photo-
product with maximal absorption at 600 nm (HR®). The
quantum yield of this reaction, about 0.3, is much lower than
that determined for BR (268, 400). The primary photoreaction
involves an all-frans—13-cis isomerization of retinal (127, 154,
202, 303, 399), and according to the FTIR difference spectrum
between HR®” and HR, this is quite similar to the K-BR
difference spectrum (448). The following sequence of events
involves at least two additional intermediates, which absorb at
520 nm (HR>*°) and 640 nm (HR®*’). These intermediates
absorb above 500 nm and must therefore possess a protonated
Schiff base. Unlike the BR photocycle, the functionally active
HR photocycle does not include the M intermediate, although
this is observed in a side reaction which is catalyzed by azide
(209). The photocycle has been analyzed with transient-
absorption spectroscopy, resonance-Raman spectroscopy, and
FTIR spectroscopy (reviewed in references 15 and 398).

A structural analysis of the retinal chromophore by reso-
nance-Raman spectroscopy (127, 154) revealed that HR>?® and
HR®* are both characterized by a 13-cis, 15-anti-retinylidene
Schiff base. However, recent data from FTIR experiments us-
ing HR from N. pharaonis indicated an all-trans configuration
of the retinal chromophore (583).

Until now, there has been no comprehensive model of the
photocycle which explains the effects of temperature, anion,
and pH upon the reaction kinetics. In a recent proposal, Vard
and coworkers (85) ascribe HR®* to the so-called cis cycle,
which originates from the photoactivation of (13-cis retinal)-
HR. On the other hand, the HR®*" intermediate is clearly seen
in HR from N. pharaonis (474, 583). By analogy to the model
of the BR photocycle (101), the HR photocycle may also rep-
resent a sequence of irreversible steps between quasiequilibria
of spectroscopically identified species (100). Closely related to
the problem of the photocycle model is that of the steps of
chloride uptake and release. Based on the dependence of the
kinetics on the chloride concentration, it has been concluded
that chloride is released during the lifetime of HR>?” and taken
up during the reformation of the ground state (307, 399, 400,
627). Electrical measurements by the black lipid membrane
technique placed the ion movements within the same time
ranges. However, it is possible that the actual ion-translocating
steps are considerably faster than the apparent rate constants.
If this is the case, the observed rate constants may reflect only
rate-limiting changes in protein conformation or retinal
isomerization. In new experiments, Chizhov et al. (100a)
showed that this accessibility switch between the CP and the
EC channels involves two different HR®*® species, which rap-
idly equilibrate with HR>2° species. The unsettled questions of
the photocycle of HR and the mechanism of chloride transfer
across the membrane require the combined efforts of time-
resolution techniques (e.g., visual absorption and FTIR spec-
troscopy).

HR can be converted into a proton pump in a two-photon
process (36). Green light alone causes the transfer of chloride
ions into the cell. Additional blue light, which excites the
HR*'° formed by the side reaction mentioned above, converts
HR into a proton pump in the direction opposite the one in
BR, i.e., protons are pumped into the cell; this process can be
enhanced by the addition of azide. Similar effects have been



VoL. 63, 1999

observed for BR mutants in which Asp-85 is replaced by a
neutral amino acid such as Thr or Asn (569).

HR from N. pharaonis behaves quite differently. The pho-
tocycle of pHR in the presence of azide is quite similar to the
BR photocycle with a pronounced transient concentration of
an M-like intermediate (474). This observation prompted Var6
et al. (582) to analyze the ion specificity of the one-photon-
activated transport, revealing that this modified HR acts as a
perfect proton pump in which protons are transferred into the
extracellular medium. This result is in line with reports that the
Asp85Thr BR mutant can function as a chloride pump (461)
and that chloride transport activities are restored in the so-
called acid purple membrane, which is obtained at very low pH
values (125).

SRs

The phototactic activity of the archaeon H. salinarum is
mediated by two photoreceptors that have a close structural
relationship to the ion pumps BR and HR (for recent reviews
on the photochemistry and function of microbial SRs, see
references 232 and 530). The archaea are attracted to light of
>520 nm and repelled by light of <500 nm. The response to a
photoattractant is mediated by SRI (62, 204). In a two-photon
reaction, this receptor can also trigger a negative response to
near-UV light (527). Moreover, repellent light of <500 nm in
wavelength is recognized by a second pigment, SRII, which
absorbs at 490 nm. SRI and SRII are expressed under different
conditions. The biosynthesis of SRI, like that of the two ion
pumps, is induced by anoxic conditions. SRII is produced con-
stitutively by the cell, suggesting that SRII appeared quite early
in the evolution of retinal pigments (554), which thus protected
the respiring and fermenting halobacteria from exposure to
photooxidative conditions. By contrast, SRI enables the
halobacteria to locate light conditions optimal for the opera-
tion of the two ion pumps, BR and HR, without being harmed
by UV light.

Biochemical data (521, 523) and the sequence determination
of SRI and SRII revealed sequences, upstream of both the sop!
and soplI gene loci, that correspond to the halobacterial trans-
ducer of rhodopsin (Htr) (503, 619, 623). HtrI and HtrII show
distinct similarities to the bacterial chemoreceptors, especially
in the signal domain region and in the flanking methylation-
demethylation sites. Apparently, archaea have developed in-
formation transfer chains that possess extended structural sim-
ilarities to those of bacteria.

SRI. SRI, first described in 1982 by Bogomolni and Spudich
(62), was isolated (482) and subsequently sequenced (54). It
contains an all-frans, 6s-trans protonated Schiff base (155)
which is attached to a Lys residue on helix G (Fig. 18). The
chromophore-binding site accepts only all-frans retinal and not
13-cis retinal, as was also observed for BR (616). In compari-
son to the other archaeal rhodopsins, the absorption maximum
of SRI is shifted down to 587 nm. This bathochromic shift was
explained by the protonation of the side chain carboxyl group
of Asp-76 (437, 438), which essentially results in the removal of
a negative charge from the Schiff base counterion complex.
The deprotonated pigment absorbs at 550 nm; a pK of 7.2 has
been determined for this transition (64). A similar effect is
observed for BR, in which the protonation of Asp-85 leads to
the so-called blue membrane (278), and also for HR from N.
pharaonis, in which the removal of the chloride anion (474)
leads to chromophores absorbing at 600 nm. It should be noted
that the pK of Asp-76 rises to 8.5 upon binding of the halobac-
terial transducer of rhodopsin I (HtrI) (64), an observation
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that may be significant for the mechanism of signal transduc-
tion (see below).

The photocycle of SRI closely resembles that of BR (63).
Upon light excitation, a redshifted intermediate (Sq,,) is ob-
tained and then decays to an L-like intermediate (Ss¢,) Within
approximately 90 ws. The next intermediate (S;,3), which is
formed within 300 s, is characterized by an unprotonated
Schiff base and a 13-cis configuration of the retinal chro-
mophore (196, 577, 616). It constitutes the physiologically ac-
tive state that triggers positive phototaxis (343, 615). It slowly
decays, returning to the original ground state within approxi-
mately 800 ms. These kinetic data imply a high transient con-
centration of S;,5, which makes an additional two-photon pro-
cess possible. This photoactivated branch of the photocycle
leads to reversal of the flagellar motor, thus enabling the bac-
teria to avoid harmful UV light (527). It is certainly a striking
feature of SRI to allow a positive response in a one-photon
process and a negative response in a two-photon reaction; the
aspartate receptor (Tar), among others, also displays this dual
capacity (9).

It has already been mentioned that Asp-85 and Asp-96 play
a crucial role in the mechanism of the BR proton pump. In
SRI, the corresponding sites are Asp-76 and Tyr-87. As out-
lined above, in SRI Asp-76 is protonated. The protonation of
the corresponding amino acid in BR (Asp-85) leads to a non-
functional protein. Mutations of Asp-96 to neutral amino acid
residues impair the proton pump activity, which can be re-
stored by the addition of azide (570). This data suggests that
SRI can also function as a proton pump. Indeed, during light
excitation, a vectorial proton transport directed to the outside
of envelope vesicles was observed (64). The action spectrum of
the proton pump activity has a maximum at 540 to 550 nm, not
at 587 nm as in the parent SRI. This shift toward the blue
region has been explained by the presence of a deprotonated
Asp-76. Apparently, protonation of Asp-76 does not lead to
functional (proton pump) activity, as found with the acid blue
form of BR. The binding of HtrI to SRI apparently abolishes
the ability to pump protons (summarized in references 524 and
525). In contrast to these results, Haupts et al. (195) provided
evidence that the HtrI-SRI complex also pumps protons. The
question whether the proton pump activity observed for SRI
and its transducer is required for signal transduction has not
yet been answered. In this context, it should be noted that the
Asp76Asn mutant is fully functional in phototaxis (437).

SRIIL The fourth retinal protein of H. salinarum, SRII or
phoborhodopsin, was first described by Takahashi et al. (553).
This receptor had eluded a thorough analysis due to its very
low concentration in the cell, coupled with its instability at low
ionic strength and in the presence of certain detergents. Al-
though a partial purification was accomplished (475), informa-
tion about SRII mostly was restricted to spectroscopic data and
physiological properties (346, 617). The absorption maximum
at 490 nm with a shoulder at 460 nm suggests a planar structure
of the retinal chromophore (554). The photocycle of SRII, like
that of BR and SRI, includes an intermediate with a blue-
shifted absorption maximum characteristic of a deprotonated
Schiff base (241, 475).

The difficulties encountered in isolating SRII from H. sali-
narum stimulated a search for SRII-like pigments in other
species. Such a blue-light receptor was detected in N. pharaonis
(52) and characterized spectroscopically (225, 239, 240, 368).
This SR from N. pharaonis (pSRII) is functionally identical to
SRII but stable under low salt concentrations (476, 478), al-
lowing its purification and amino acid sequencing (503). This
latter work showed that pSRII and pHtrlI are transcribed as a
single transcript, indicating the existence of a pSRII-pHtrIl
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protein complex similar to SRI-Htrl. Comparison of the amino
acid sequences revealed strong homologies to the other ar-
chaeal proteins, particularly SRI. Calculations of the phyloge-
netic relationship of 22 amino acid sequences in archaeal rho-
dopsins and correlation with functional properties have
revealed four members of this family. (i) Proton pumps are
characterized by Asp-85 and Asp-96 (numbering according to
the BR sequence); (ii) in chloride pumps, these sites are oc-
cupied by Thr and Ala residues, respectively; (iii) in SRI, the
Asp residue in position 85 is conserved whereas Asp-96 is
replaced by an aromatic residue; and (iv) in the distinct addi-
tional member, pSRII, the indicator positions 85 and 96 are
homologous to those of SRI, but Met-118 is replaced by a Val
residue. The amino acid sequence of SRII from H. salinarum,
recently analyzed (623), is also quite similar to that of pSRII.

The photoreaction of pSRII from N. pharaonis has been
studied by several groups (103, 225, 239, 240, 368, 476). Like
that of SRII, the pSRII photocycle contains K-, L-, M-, and
O-like species. The K- and M-like intermediates have been
analyzed by FTIR difference spectroscopy (140), indicating
that considerable conformational movements of pSRII already
take place at the stage of the early K-like intermediate. These
changes are more intense than those described for SRI (437).
Concomitant with the deprotonation of the Schiff base, a car-
boxyl group which may arise from Asp-75 is protonated. The
protonation reaction is pH independent over the pH range
from 5 to 8, in contrast to the situation in SRI, in which a pK
of 7.2 for the corresponding residue Asp-76 was observed (64).
Unpublished data from measurements with black lipid mem-
branes indicates that pSRII is an outwardly directed proton
pump (492).

The extensive homologies of the archaeal transducers with
those from the chemotactic signal transduction chain described
for E. coli raise questions about the phylogenetic origin of the
transducers and their receptors. Retinal protein structures are
shared by archaea and eucarya with regard to the photochem-
istry. However, the 11-cis/trans isomerization found in several
vertebrate rhodopsins differs from the trans/13-cis thermo-
reversible photoexcitation in the archaeal rhodopsins, as do
the coupled proton reactions. The transducers in many repre-
sentative eucarya are G proteins, whereas archaeal transducers
resemble bacterial chemoreceptors-transducers. Recent stud-
ies analyzing transcription factors suggest that the archaea may
have evolved after the bacteria branched from the main stem
(449). If this is true, rhodopsins would have appeared after
Bacteria branched from the evolutionary tree that leads to
Eucarya. The organisms of the archaeal branch could have
combined proteins of the bacterial signal transduction chain
with the newly developed photoreceptors.

Proton Transport in Archaeal Rhodopsins: a Common
Property of Ion Pumps and Photoreceptors

Present knowledge about archaeal rhodopsins warrants the
development of general models combining ion transport and
sensory transduction. The Oesterhelt group proposed the so-
called isomerization-switch-transfer (IST) model (195, 197),
which reconciles the different one- and two-photon ion trans-
locations in BR, HR, and SRI. The authors proposed that the
selectivity of BR for protons and of HR for chloride ions can
be switched to chloride ions and protons, respectively. Since
the overall reaction sequence of the archaeal rhodopsins leads
back to the original ground state, it is cyclic in nature, and the
three different functional elements must occur at least twice to
reset the system. The photochemical or thermal isomerization
of retinal has to be reversed in order to restore the original
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state. The same holds true for the switch that modulates the
access to the CP or periplasmic channels and also the charge
transfer. The model postulates that ion transfer (T) and
change of accessibility (S) are kinetically independent; both are
induced by the isomerization of retinal (I). It is noteworthy
that all ion transfer steps observed so far in archaeal rho-
dopsins can be explained by the IST model. To illustrate the
model, we describe proton transport in BR.

After photoisomerization of BR (I*) (the asterisk denotes
photoisomerization), a proton is transferred from the Schiff
base to Asp-85 (T); this step resembles the L = M transition.
The accessibility of the Schiff base is then changed from the EC
to the CP channel (S). A proton from the cytoplasm is now
able to reprotonate the Schiff base via Asp-96 (T), and retinal
isomerizes thermally from a 13-cis to an all-trans configuration
(D). In the final step, the Schiff base regains access to the EC
channel (S), resulting in the overall sequence I*-T-S-T-I-S. For
a more detailed description of the IST model, the reader is
referred to reference 197.

In the other (constrained-relaxed [CR]) model, proposed by
Spudich and Lanyi (528), ion transport and signal transduction
are explained by two conformations of the archaeal rho-
dopsins. In the relaxed state (R), the Schiff base has access to
the CP channel, whereas in the constrained conformation (C),
the accessibility is reversed and the Schiff base is connected to
the EC channel. According to this proposal, BR retains a
constrained conformation in its unphotolyzed state. Upon light
excitation, a volume increase (500) indicates the transition to
the relaxed state (263, 271) and the change of accessibility from
the EC to the CP channel. The back reaction to the ground
state returns the protein to its constrained form. In contrast to
BR, HR in the unphotolyzed state adopts a relaxed conforma-
tion, which switches upon light excitation to the constrained
form and therefore causes chloride transport into the cyto-
plasm. The authors note that this assumption is supported by
the projection map of HR (200), which resembles that of the
relaxed BR.

For the unphotolyzed state of SRI, a mixture of the two
conformations is assumed, representing the attractant-repel-
lent functions of the protein. The one- or two-photon process
shifts the state to the relaxed or constrained conformation,
respectively, thus causing the organism to be attracted or re-
pelled. Recently, the CR model has been reviewed and ex-
plained in more detail by Spudich (526).

The IST and the CR models certainly do not exclude each
other. They provide working hypotheses to inspire new exper-
iments. However, for a more detailed understanding of the
mechanisms of ion transport and signal transduction, high-
resolution structural data of the four pigments and their pho-
tocycle intermediates will be critical. Unfortunately, this infor-
mation is presently not available.

Phototaxis and Chemotaxis

The phototactic and chemotactic behavior of archaeal spe-
cies has been studied chiefly for H. salinarum. Quite early,
methylation-demethylation reactions were shown to be in-
volved in the phototaxis of H. salinarum (396, 484). The sub-
strate involved is Htr, a 94-kDa protein (523). Subsequently,
the amino acid sequence of Htrl revealed close similarities to
the chemotactic receptors (145, 619). Additional information
about the coupling of the SRs with the chemotactic signal
transduction chain in bacteria was gained from the sequence
analysis of the genes for pSRII (503) and SRII (623). Biochem-
ical data indicated that SR and Htr form tightly bound protein
complexes (292). Htrl associates with SRI as a dimer (624),
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FIG. 20. The four rhodopsins of H. salinarum. The two ion pumps, BR and HR, convert light energy into a proton and a chloride gradient, respectively, which are
utilized by the cell for its energy-requiring steps, e.g., ATP synthesis, metabolism, and/or ion transport. The two other retinylidene pigments, SRI and SRII, function
as photoreceptors, which direct the bacteria to optimal light conditions. The external stimuli, light and chemoeffectors, activate their corresponding receptors, i.e., the
SRs, SRI and SRII, or the chemoreceptors. The SRs form complexes with their homodimeric transducers, Htrl and Htrll. After the absorption of light, the signal is
transferred to the cytoplasmic domain of the transducers, which consists of three parts. Directly following the two membrane-spanning helices are small domains that
are specific for the Htrs. The methylation sites downstream are involved in processes of adaptation to constant stimuli. Finally, the signaling domain interacts with a
His kinase (CheA), which then transfers this information via the phosphoregulator (CheY) to the flagellar motor switch. (The figure is reproduced from reference 526

with the kind permission of J. L. Spudich.)

and the same stoichiometry is assumed for the SRII-HtrIl
complex. The photochemistries of SRI and SRII are altered
upon binding to their respective transducers (462, 522). These
transducer-SR complexes provide intriguing model systems for
the elucidation of signal transduction across membranes. In-
deed, functional and physiological analysis of the interaction of
SRI with its transducer, Htrl, has already provided consider-
able insight into the signal transduction mechanism. A scheme
of the signal transduction chain taken from reference 526 is
shown in Fig. 20.

An analysis of the phototaxis of SR and Htr mutants showed
that protonatable residues in the Htr-SR contact loop are
essential for the interaction of Htrl and SRI and influence the
photochemistry and function of SRI (258). The minimal frag-
ment of Htrl able to carry out a wild-type, pH-insensitive SRI
photocycle consists of residues 1 to 147, including the two
transmembrane helices (TM1 and TM2) and a short cytoplas-
mic tail. The authors proposed that the Htrl cytoplasmic re-
gion extending from the C-terminal end of TM2 to residue 147
forms part of an electrostatic network with SRI, which also
influences the Schiff base-counterion complex. The alteration
of this network by the photochemical reaction cycle shifts Htrl
back and forth between attractant and repellent conforma-
tions. The equilibrium between these conformations is sensi-
tive to the extracellular pH and to mutations in Htrl.

The experimental removal of the cytoplasmic domain of
Htrl, which directly follows the two transmembrane helices,
interrupted signal transduction (291). The authors therefore
proposed that this domain, which is absent from bacterial

transducer homologs, serves to activate the downstream sig-
naling chain. Removal of both the signaling domain and the
methylation sites resulted in similar findings (618). However, a
direct signaling contact of the SRs with the transmembrane
helices of their corresponding transducers cannot be ruled out.

Signal transduction chain. The discovery of a bacterial sig-
nal transduction component in H. salinarum prompted the
search for the other members of the halobacterial signal relay
chain. In bacteria, the receptors for the external stimuli are the
methyl-accepting chemotaxis proteins (MCPs), e.g., the aspar-
tate or serine receptor, Tar or Tsr, respectively (for a review of
bacterial chemotaxis, see reference 201). MCPs have periplas-
mic (ligand) binding domains, two transmembrane helices, and
a cytoplasmic loop that contains the signaling and the flanking
methylation sites involved in the adaptive response of the bac-
teria. The signaling domain interacts with the first component,
the autophosphorylating histidinyl kinase, CheA, of the so-
called two-component system (reviewed by Stock et al. [541]).
CheA phosphorylates the response regulator, CheY, which
undergoes an increase in affinity for the switch of the flagellar
motor, thus controlling the reversal frequency. The adaptive
response is mediated by CheR and CheB, which function as
methylation and demethylation enzymes, respectively.

The archaeal signal transduction chain has close similarities
to that of bacterial chemotaxis (11, 12, 396, 484, 521). As
outlined above, the transducers Htrl and HtrlI resemble the
cytoplasmic domains of the MCPs. Recently, the amino acid
sequences of other soluble and membrane transducer proteins
from H. salinarum have been genetically determined (451,



600 SCHAFER ET AL.

622). These proteins belong to three subfamilies (622); (i) a
bacterial type of chemotaxis transducer with two transmem-
brane helices connecting a periplasmic and a cytoplasmic do-
main, (ii) a protein with a single cytoplasmic domain connected
to two or more transmembrane helices, and (iii) a protein with
a soluble cytoplasmic domain. Furthermore, a cytoplasmic ar-
ginine receptor (C,,) has been identified (544). It is interesting
to note that HtrII possesses, in contrast to pHtrll, an extra
periplasmic loop (623). These receptor molecules must ac-
count for the ability of H. salinarum cells to respond to external
stimuli. Halobacteria are attracted by several substances (e.g.,
glucose, sodium acetate, histidine, asparagine, and leucine)
and repelled by chemicals such as sodium phenolate (373, 485).
The cells are also attracted by oxygen (543). Furthermore, it
was shown that BR mediates an attractant response (48, 49).

The similarities of the transducers of halobacterial photo-
taxis to the bacterial MCPs (313) prompted the search for
cytosolic chemotactic proteins. Rudolph and Oesterhelt cloned
and sequenced proteins with considerable sequence identities
(30 to 35%) to the bacterial CheA (452) and CheB and CheY
(454). They belong to an archaeal che operon, which includes
cheA, cheB, cheY, and the novel chel (453). The function of
Chel is presently unknown. The extensive functional and struc-
tural similarities between the bacterial and archaeal systems
suggest that the switching process will likewise be similar (453).
Both cases can be kinetically described by a four-state model
(298, 344).

Evidence for another component of the signal transduction
system was found when fumarate “rescued” an H. salinarum
mutant that was unable to reverse its direction of swimming
(346). Furthermore, biochemical evidence for a membrane-
bound fumarate binding protein was presented (345). How-
ever, the relationship among this factor, the Che A-CheY signal
transduction chain, and the motor switch has yet to be deter-
mined.

Flagella and the flagellar motor. The motility of halobacte-
ria is derived from the rotation of the flagellar bundles driven
by a biochemical motor. In the absence of external stimuli,
halobacteria switch spontaneously from counterclockwise to
clockwise rotation of the flagellar motor. This, together with
Brownian movement, results in the random distribution of the
organisms in their environment (342). A sudden increase of an
attractant (e.g., orange light) blocks the switch for a few sec-
onds, which ultimately results in movement oriented toward
the light source. Conversely, an increased repellent concentra-
tion or a decreased attractant concentration produces shorter
switching periods, allowing the bacteria to escape unfavorable
conditions. The different signals sensed by the halobacterial
cell are integrated by the signal relay and then transferred to
the motor switch. Continuous input of a signal leads to adap-
tation to these conditions, the mechanism of which has been
analyzed (343). On the other hand, deadaptation can occur by
altering the strength of the signal input (222, 223, 529).

The right-handed flagellar bundle of H. salinarum is inserted
into one pole or both of the rod-shaped cell. Interestingly, the
flagella do not unbundle during a change in the rotational
orientation (13); this contrasts with E. coli cells, whose flagellar
bundles fly apart in the clockwise rotational mode (340). The
flagella of H. salinarum have been isolated; they consist of
several proteins that form three major bands by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (PAGE) (13).
The assembly of halobacterial flagellar structures has recently
been studied in greater detail (288, 289, 507, 557), and archaeal
flagellar structures and assembly have been reviewed (143).
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SECONDARY ENERGY CONVERTERS

Energy stored in electrochemical gradients of ions across
plasma membranes is utilized for various secondary processes,
such as the synthesis of ATP. Recent molecular and biochem-
ical data revealed the unique structure and function of ar-
chaeal ATPases. Archaeal adenylate kinases and cytosolic py-
rophosphatases (PPases) also are very different from their
bacterial and eucaryal counterparts. The former enzyme cata-
lyzes the equilibration of cellular energy charge at the nucle-
otide level, while the latter enzyme provides a thermodynamic
sink to remove the pyrophosphate produced in several sub-
strate activation equilibria.

The Family of ATPases

A single family of ATPases embraces the complex enzymes
designated F,F,, V,V_ (vacuolar), and A;A, (archaeal). The
P-type ATPases (417-419) belong to another family, distin-
guished in structure, mechanism, and evolutionary origin. F-
type ATPases can reversibly link the equilibrium of ATP hy-
drolysis (ATP synthesis) to the flux of cations (H" or Na™)
through the membrane channel (F,), whereas V-type ATPases,
under physiological conditions, act only as ATP-driven ion
pumps. Judged by their subunit composition and primary se-
quences, the archaeal enzymes are more closely related to the
V-type ATPases, but they function as ATP synthases, i.e., like
the F,F, ATPases, at least in methanogens, halophiles, and
S. acidocaldarius (464, 468, 472). Some hyperthermophilic ar-
chaea are strictly fermentative; an ATP hydrolase would be
sufficient to satisfy the cellular requirements of such organisms,
but the enzymes in question have not yet been investigated.

ATPases are integral membrane complexes with a periph-
eral protein moiety representing the catalytic headpiece (F;,
A,, and V,). This is connected to an ion channel (F,, A, and
V,) by a stalk that operates as a conformational energy trans-
ducer (for reviews, see references 73, 147, 417, 421, 505, 506,
and 598). The recent elucidation of the high-resolution, three-
dimensional structure of the mitochondrial F; domain (4, 5,
581) and the demonstration that it functions as a molecular
rotary engine (393, 459) have established a master image for
the whole family of ATP synthases. The electrochemical ion
gradient across the membrane drives the rotation of a mem-
brane subunit assembly. The rotational energy is mechanically
transferred to the catalytic sites in F, to liberate preformed
ATP. Concurrently, ADP and P; are bound and occluded at
another site (for details, the reader is referred to references
259 and 280). For every four protons translocated, the rotor
moves by 120° inside the stator (the headpiece of ATP syn-
thase) and one molecule of ATP is synthesized (194, 460). The
stalk linking F_ to F, is composed of two structural elements:
one functions as part of the rotor (subunit vy in F-type ATPases)
extending into the center of F,; the other functions as part of
the stator and holds the nonmobile domains of F_ and F, in
place (61, 72, 601).

Archaeal ATPases from Sulfolobales members, methano-
gens, and halophiles have been isolated and studied. The num-
ber of polypeptides found in solubilized ATPases varied from
two to seven (226, 228, 468, 533), but recent molecular studies
indicate that 9 to 10 genes are required for ATPase function-
assembly (457, 517, 602). The heterogeneity in the prepara-
tions is probably the result of differences in isolation conditions
and in the physicochemical properties of the cytoplasmic mem-
brane. In the case of extreme thermophiles, the protein com-
plexes may be cold labile and/or certain polypeptides may
escape solubilization. The isolation of an intact ATP synthase
complex from archaeal plasma membranes has not yet been
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TABLE 6. Molecular and catalytic properties of A; ATPase from S. acidocaldarius®

Property

Value

Molecular mass (kDa) of A| preparation .........ccoeeeeceeeeereceeererecreerecuennenee

Subunits and stoichiometry

.A;B,GD

Apparent molecular mass of polypeptides (KDa) .......ccoeceuruvecreureneucrrenenee

Substrate specificity

............................. 65 (A), 51 (B), 20 (G), 12 (D)

....... ATP > GTP > ITP > CTP > UTP

Relative SP aCt (70) w.cuvuvieiiiiiiiiiiiiiciis e

............................. 100°, 77, 72, 37, 31

180-200

Apparent K,,, (Mg-ATP) (M)

ACHVAtING CALIONS ..ottt

Activating anion....
pH optimum..................
Temp optimum (°C).........

Mg-ADP binding (JLM) .coeececueereecreiricieiniieieneeeeseseeeeseeseseseeseseeseaesessene

Activation energy (kJ/mol)

............................. Mg**, Mn**

...... Sulfite
......0.25 (sulfite present)
...... 75-80

............................ K,y (70°C), 0.2; K, (70°C), 1.8
67

TNRIDITOTS 1ttt ettt et s s e e esesenneneas

Insensitive toward:

............................. Nitrate, NBD-CI, erythrosin B, p-HO-mercuribenzoate

....... N;~, o-vanadate, oligomycin, bafilomycin A,

“The A; moiety of ATP synthase from S. acidocaldarius is the best-characterized example from thermoacidophilic crenarchaeota. Experimental details on
determination of the data summarized above are derived from references 468 and 469.

»100% corresponds to 33 U/mg.

accomplished. Although many details of the molecular struc-
ture of the membrane domain of archaeal ATP synthases re-
main unknown, it is possible to propose a structural model
based on the gene sequences.

The ATPases of Sulfolobus

Isolated plasma membranes of Sulfolobus (DSM 639) exhibit
ATPase activities with two widely separated pH optima, 2.5 and
6.5 (333, 591, 592). The acid ATPase activity is actually due to
a nonspecific PPase (an ectoenzyme), whereas the ATPase
activity at pH 6.5 reflects that of the ATP synthase complex.

Both membrane-bound and solubilized ATPases of S. aci-
docaldarius (330, 334) are activated by sulfite and, in its pres-
ence, display a pH optimum of 6.3; the ATPase is insensitive to
azide, oligomycin, bafilomycin, or vanadate but is inhibited by
nitrate, p-HO-mercuribenzoate, mersalyl, and NBD-CI. The
ATPase can be released from the plasma membrane by pyro-
phosphate treatment as a 380-kDa particle containing four
subunits of 65, 51, 20, and 12 kDa (331). The molecular prop-
erties of the solubilized ATPase from S. acidocaldarius (DSM
639) are summarized in Table 6. It has six nucleotide binding
sites: three high-affinity sites and three very low affinity sites
(468), reminiscent of typical F; ATPases (for reviews, see ref-
erences 73, 109, 110, 147, and 421). Photoaffinity labeling with
2-N5-ATP irreversibly inhibits the enzyme. The analog serves
as a substrate (K, = 400 uM) and competes with ATP for
binding. Both subunits, A and B, are labeled with a preference
for the A polypeptide. Titration of the enzyme with 2-N5-ATP
indicates (by extrapolation) that inhibition is complete when
three sites have been blocked, but the reagent can bind co-
valently to all six (68, 468, 469).

The finding of six nucleotide binding sites is in agreement
with the subunit stoichiometry (331) of A;B; for the large
polypeptides, which is supported also by the appearance of the
Sulfolobus ATPase in high-resolution electron micrographs
(472). The large subunits show the pseudohexagonal arrange-
ment of six peripheral globular masses typical of all ATPases,
reflecting the alternating arrangement of o/B-subunit pairs ex-
emplified by the chloroplast enzyme (565).

Solubilized ATPases with essentially similar properties have
also been reported for two other Sulfolobus strains, Sulfolobus
sp. strain 7 (591) and S. solfataricus 98/2 (231). Besides, A.
ambivalens was recently shown to possess a membrane-bound
ATPase of the same kind (213).

The Halobacterial ATPases

ATP synthesis in cells (362, 533) or membrane vesicles (374,
375) of halobacteria can be driven by light, respiration, or
artificially induced pH gradients. ATP synthesis and also ATP
hydrolysis by isolated membranes are all sensitive to DCCD
(293), suggesting that they are mediated by a proton-translo-
cating ATPase.

Four species have been analyzed for ATPases: H. salinarum,
Halobacterium saccharovorum, H. volcanii, and H. mediterranei.
A complete ATP synthase complex could not be isolated from
any of these organisms. The existence of a typical DCCD
binding proteolipid has been demonstrated by ['*C]DCCD
labeling, but there have been contradictory reports of its ap-
parent molecular mass: 9.7 (538), 14 (111), or 42 (287) kDa.
Sequence data, available for only H. salinarum, clearly demon-
strates an 8-kDa proteolipid with two transmembrane helices.

Kinetic studies of the ATPase from H. saccharovorum (493,
494) suggested nonlinear kinetics and inhibition by ADP (as
also observed with F; ATPase). Tight binding of ADP and P;
has been demonstrated, but the total number of nucleotide
sites has not been determined for any of the halobacterial
enzymes. A common feature of the enzymes from H. salinarum
and H. volcanii is the preference for Mn** over Mg®* as an
activating ion (51, 111, 390). The catalytic properties and in-
hibitor responses of halobacterial ATPases are compared in
Table 7; additional details are reviewed below.

H. saccharovorum (ATCC 29253) ATPase, solubilized by
octylglucoside as a 350-kDa complex, is composed of polypep-
tides with apparent molecular masses of 87, 60, 29, and 20 kDa
(228, 533). As in many other halophilic proteins, an excess of
acidic amino acids is present in polypeptides A and B, probably
an adaptation to the high salt concentration of their environ-
ment (66). The enzyme is inhibited by N-ethylmaleimide
(NEM) and NBD-Cl (a typical covalent inhibitor of F; ATPases).
Nucleotides protect the enzyme from inhibition by NEM and
NBD-CI. NBD-Cl binds preferentially to the 60-kDa polypep-
tide, whereas NEM labels the 87-kDa subunit (548).

A cryptic, detergent-inducible ATPase activity from mem-
branes of H. saccharovorum (M6) exhibits strong inhibition by
ADP (293). The preparation is activated by dithiothreitol and
contains polypeptides with molecular masses of 98, 71, 31, and
22 kDa (67, 497). Direct photolabeling with [a->?P]ATP re-
vealed the presence of a high-affinity site on subunit A (98
kDa) with a K, of 0.6 nM, indicating that A is the catalytic
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TABLE 7. Characteristics of soluble A; ATPases from halophilic archaea®

Characteristic

Result or value for the following species:

H. saccharovorum H. salinarum H. volcanii H. mediterranei
Molecular mass (kDa) 350 320 420" ND
No. of subunit polypeptides 4 >2 4 4-7
Sequenced genes None 2(A,B) A-E None
K, [ATP] (mM) 2.9 1.4 0.2 [Mn], 1.2 [Mg] 5
K; [ADP] (uM) 25-50 80 2.5 X 10° ND
pH optimum 8.5-10 5.8 9 (60°C) 9 (60°C)
Azide inhibition No/(yes)* No No Yes
Nitrate inhibition Yes Yes No (yes)* Yes
Activating anion(s) Cl; SO;~ SO, NR NR
NEM inhibition Yes (A) Yes Yes Yes
NBD-CI inhibition Yes (B) Yes No Yes
Inhibitory cation ND ND Mn>* Mn>*

“ Data were compiled from references 111, 376, 493-495, 532, and 536; for comparison, detailed data on enzymatic properties of ATPases from Sulfolobus are
contained in Table 6 and in reference 464. ND, not determined; NR, not reported.

® Molecular mass calculated assuming an A;B;GDE stoichiometry.
¢ Different in membrane-bound and solibilized states.

 Indicates mainly labeled polypeptide.

¢ Conflicting reports.

subunit. A noncatalytic site was postulated for subunit B (71
kDa) (67). The stoichiometry of sites and subunits was not
determined. A reaction mechanism analogous to that of F,
ATPase was inferred from the nonlinear kinetics of ATP hy-
drolysis and from the inhibition by tight binding of ADP and
Mg*" in the absence of P; (493). Development of this inhibi-
tion is turnover dependent (transition into a slow state). Like
F-type ATPases, this enzyme is inhibited by azide. In addition,
a second binding site for Mg?™ separate from the catalytic site
has been proposed (494). Occupation of the second site is
thought to stimulate both the reaction rate and affinity at the
catalytic site.

The H. salinarum ATPase in its membrane-bound state is
inhibited by NEM, NBD-Cl, and NO; ™~ but not by azide (376).
Treatment with alkaline EDTA releases a 320-kDa complex
from the membrane; the complex contains two polypeptides of
86 and 64 kDa and retains the inhibitor profile (390). In addi-
tion to ATP, the enzyme hydrolyzes ITP, GTP, and CTP;
sulfite and sulfate strongly stimulate activity; and Mn?" is three
times more effective than Mg®" in stimulating activity. For
ATP, a K,,, of 1.4 mM was determined; the K, for ADP (com-
petitive) was 80 wM.

H. volcanii and H. mediterranei are closely related to each
other but distantly related to the genus Halobacterium (536,
538). The membrane-bound enzymes from both species have
maximal activities at pH 9 and 60°C; both ATPases require
high salt concentrations (2 and 3.5 M, respectively) and are

inhibited by free Mn?" ions (111). Isolated ATPase from H.
mediterranei is inhibited by azide, nitrate, NBD-CI, and NEM
(very weakly). DCCD did not inhibit the membrane-bound
ATPase, but it labeled a 14-kDa polypeptide of the detergent-
solubilized enzyme; apparent molecular masses of the putative
subunits in this preparation were 54, 49, 22, 14, 12, and 7.5 kDa
(111). The ATPase from H. volcanii is specific for ATP (K,,, =
0.24 mM for Mn-ATP or 1 mM for Mg-ATP; corrected for
the dissociation equilibria at the applied concentrations of
Mn?* and Mg>") (537). The soluble enzyme is sensitive to
NEM but not to azide, bafilomycin, NBD-CI, or nitrate. The
insensitivity toward nitrate correlates with the ability of H.
volcanii to grow with nitrate as terminal electron acceptor
(16, 50).

The ATPases of Methanogens

Cellular function of the A;A, ATPase from methanogens.
A A, ATPases have been purified from various methanogens,
but there is no direct experimental proof that the archaeal
ATPase is indeed an ATP synthase. However, there is over-
whelming circumstantial evidence in favor of this assumption
(383). Furthermore, recently published genome sequences of
two methanogens, M. jannaschii (87) and M. thermoautotrophi-
cum (517), revealed the presence of genes encoding the AjA,
ATPase but no genes encoding an F,F, ATPase. Since ion
gradient-driven phosphorylation is the only way for these or-

TABLE 8. Comparison of basic properties of ATPases from methanogenic archaea®

Molecular mass of

Organism No. of polypeptides (kDa) No. of identified genes Coupling ion Inhibitors proteolipid (kDa) Reference

M. barkeri 2-6 (420) 2 H* DCCD, NO;~ 6 244
M. thermophila 5 (540) ND H* DCCD, NO;~ ®) 242
M. tindarius 4 (445) ND H* DCCD, NO;~ 55 481
M. mazei 6 10 H* DCCD, NO;~ 7 602
M. thermoautotrophicum 9-10” H* NR 15.6° 290
M. jannaschii 9-10° ? ? 21.3 87

M. voltae 3 NA™ (?) DCCD, NO;~ ND 96

“ Compared to that for Sulfolobus and Halobacterium, knowledge of the catalytic properties is still rudimentary. Inhibitory function of DCCD refers to the

membrane-bound ATPase activities. ND, not determined; NR, not reported.
’ Data extracted from genome sequences.
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ganisms to synthesize ATP, this is the most conclusive evidence
that the A|A, ATPase does function as an ATP synthase in
vivo.

Features of ATPases from methanogens. The H" -translo-
cating ATPase from M. mazei is the best-investigated meth-
anogen ATPase, so it is described in detail. Information on
other ATPases from methanogens is fragmentary, and the in-
tegrity of the preparations is variable, often deviating from the
polypeptide compositions predicted by the DNA sequences. In
addition, the reported inhibitor sensitivities have been deter-
mined under nonuniform conditions, with either the mem-
brane-bound or the solubilized forms. Kinetic data (K,,, K,
and K; values) and titrations of the number of nucleotide binding
sites are not available. Apparently, the low efficiency of solu-
bilization and the poor stability of the entirely intact ATPase
complex have hampered detailed functional investigations.

Table 8 summarizes some fundamental properties of ATPases
from methanogens, either determined on isolated proteins or
derived from genetic information.

An active ATPase consisting of only the two subunits, A (63
kDa) and B (50 kDa), was purified from M. barkeri (243).
Extraction of the membranes with octylglucoside allowed the
isolation of a more complex, DCCD-sensitive form of this
ATPase, with additional subunits of 40, 27, 23, and 6 kDa
(244). The 6-kDa polypeptide was identified as the DCCD
binding, membrane-integral subunit.

The marine methanogen M. tindarius has a membrane ATPase
which is composed of four polypeptides (481) and probably

resembles the hydrophilic headpiece of an ATP synthase com-
plex; this ATPase is strongly inhibited by nitrate, a typical
inhibitor of vacuolar ATPases. Neither this nor any of the
other ATPases from methanogens was sensitive to azide, a
typical inhibitor of F-type ATPases.

The acetoclastic methanogen Methanothrix thermophila has
an A-type ATPase that was extracted by detergents; it was
stimulated sixfold by sulfite and had a temperature optimum of
70°C (242). DCCD strongly inhibited the activity of both the
membrane-bound and the soluble forms. N-terminal sequenc-
ing of the five constituent polypeptides of 67 (A), 52 (B), 37,
28, and 22 kDa revealed high homology to other members of
the archaeal ATPase family. The same applies to the three
polypeptides (80, 55, and 25 kDa) of a fragmentary ATP syn-
thase isolated from Methanococcus voltae (96), which is as-
sumed to perform AuNa™-driven ATP synthesis.

Genetic Organization of Known A A, ATPases

Genes encoding A;A, ATPases have to date been cloned
from three methanogens, M. jannaschii (87), M. thermoautotro-
phicum AH (517), and M. mazei (457, 602) and also from the
archaea A. fulgidus (281) and Pyrococcus horikoshii (273, 274).
Some of the genes encoding the A;A, ATPase from the hy-
perthermophile S. acidocaldarius (118), from Desulfurococcus
sp. (510), and the halophile H. volcanii (537, 538) are also
known.

As can be seen from Fig. 21, the overall genetic organization
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FIG. 22. Gene-polypeptide correspondence in proteolipids from methanoarchaea. The proteolipid-encoding gene of M. mazei (atpK) codes for an 8-kDa polypep-
tide with two transmembrane helices connected by a loop. It is suggested to fold in the membrane like a hairpin. Helix 2 contains the proton-translocating residue. The
proteolipid-encoding genes (atpK) of M. thermoautotrophicum and M. jannaschii arose by duplication and triplication, respectively, of an ancestral gene with subsequent
fusion of the genes. The proteolipids from M. thermoautotrophicum and M. jannaschii are predicted to have two and three predicted hairpins, respectively. The
duplicated proteolipid from M. thermoautotrophicum contains the proton-translocating residue in both hairpins, but the triplicated form of M. jannaschii lacks it in the

first of three hairpins.

of the A;A, ATPase genes in the three methanogens, and also
in A. fulgidus and P. horikoshii, is almost identical. A gene
encoding a hydrophilic polypeptide is followed by two genes
encoding hydrophobic subunits. The remaining genes encode
hydrophilic subunits. The last gene in the aha operon of M.
mazei, ahaG, has a homolog at the same position in the V,V
ATPase operon from Enterococcus hirae (ntpH) (555) and in
the A;A, ATPase operon from S. acidocaldarius (atpE) (118),
but there are no unequivocal homologs in other representa-
tives of the Archaea. Therefore, it is still an open question
whether ahaG is related to ATPase function or assembly.

The entire aha gene cluster of M. mazei is transcribed as a
single 9-kb message. Upstream of ahaH is an AT-rich region
which contains two potential archaeal promoter sequences.
Interestingly, there is an additional message of 0.64 kb that
covers only ahaK, the gene encoding the proteolipid (457).
This is of particular importance since the proteolipid is present
in 9 to 12 copies per enzyme molecule, and therefore the
organisms have had to develop mechanisms to ensure en-
hanced synthesis of the proteolipid relative to others. In E. coli,
the ATPase-encoding genes form a polycistronic operon, and
the high level of synthesis of the proteolipid is achieved by
enhancement of translation (351). The proteolipid-encoding
gene of M. mazei is also part of a polycistronic message, but no
translational enhancer motif is present. In this case, the rela-
tively high copy number of the proteolipid is apparently
achieved entirely by the additional transcription of the prote-
olipid-encoding gene.

The ATPase genes of M. jannaschii are organized into two
clusters which are separated by 334 kbp (Fig. 21). This should
be kept in mind when deducing the minimal number of sub-
units required for ATPase function and assembly in archaea from
gene sequences. Apparently, only a single cluster of ATPase

genes has been found in S. acidocaldarius and H. volcanii. At
present, we can assume for archaea that 9 to 10 genes are
related to ATPase function and assembly.

Properties and Functions of the Polypeptides Involved in
ATPase Function and Assembly

The information given below is based on the enzymes from
methanogens (457, 602), unless otherwise stated.

Subunit H (M|, 12,000) is hydrophilic and highly charged.
Database searches have revealed no homologs in V,V_ and
F,F, ATPases.

Subunit I is very similar to subunit ¢ of V,V, ATPases but
ranges in M, from 72,000 to 76,000. It has a hydrophilic N-
terminal domain with a structure rich in « helices, resembling
subunit b of F,F, ATPases. Interestingly, the similarity of the
hydrophilic domain of subunit b of F,F, ATPases to the hy-
drophilic domain of subunit I is 22 to 31%. The hydrophobic C
terminus of subunit I is predicted to have seven transmem-
brane helices; similarity to subunit a of F,F_ ATPases is below
20%. The approximately 30% difference in apparent molecular
mass between subunit I and subunit a of V,V_, ATPases is
explained by an extreme shortage of hydrophilic loops connect-
ing the transmembrane helices.

Subunit K is synonymous with proteolipid. Proteolipids from
several archaeal organisms have been purified and character-
ized and shown to have an M, of 8,000 and two transmembrane
helices. This size, which is similar to that of the proteolipid
from F,F, ATPases, was always held to explain the F,F_-like
properties of the A;A, ATPases, i.c., their function as ATP
synthases. However, the recently published genome sequences
of methanogens indicate, at least on the DNA level, the pres-
ence of proteolipids with four (M. thermoautotrophicum AH)
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FIG. 23. Hypothetical structure of the A;A, ATPase from M. mazei. The model is based on experimental data and by analogy to F,F, and V,V, ATPases. It is not
clear whether AhaG and AhaH are indeed part of the structure. The localization of AhaC, AhaD, AhaE, AhaF, AhaG, and AhaH is speculative. Note that this model
does not apply to all methanoarchaeal ATPases, for the number of proteolipid monomers is likely to differ, depending on the size of the monomer. Furthermore, no

homologs of AhaG can be identified with certainty in other archaea.

and six (M. jannaschii) transmembrane helices, originating by
gene multiplication with subsequent fusion of the genes (Fig.
22). For M. jannaschii, this was verified by matrix-assisted laser
desorption ionization mass spectrometry with the purified pro-
tein (455). The active carboxylate is conserved in helices two
and four of the M. thermoautotrophicum proteolipid, but in the
M. jannaschii proteolipid it is conserved in only helices four
and six, not helix two. The ATP synthases of M. thermoautotro-
phicum and M. jannaschii are the first ones known to have
proteolipids with four and six transmembrane helices. Most
important, the proteolipid from M. jannaschii has only two
active carboxylates per six transmembrane helices, a matter of
particular importance for the coupling of ion transport to ATP
synthesis. The proteolipids from representatives of Archaea are
similar to those of V,V_, ATPases from representatives of
Bacteria or Eucarya. A leader sequence is present in H. salina-
rum and S. acidocaldarius.

Subunit E (M, = 20,400 to 22,900) is similar to subunit E of
V,V, ATPases, and according to its size, it could well be the
homolog of subunit & of F,F, ATPases.

Subunit C (M, = 41,300 to 42,400) is similar to subunit d of
V,V, ATPases. Apparently, there is no homologous polypep-
tide in F,F, ATPases. Subunit d of V,V_, ATPases is a hydro-
philic polypeptide, but it copurifies with the V_, domain and is
therefore regarded as a V, polypeptide. Currently, there is no
information on the localization of subunit C in A;A, ATPases.

Subunit F is a hydrophilic polypeptide with an apparent
molecular mass of 10.8 to 11.8 kDa, which suggests that it is the
homolog of subunit F of V,V_, ATPases and subunit € of F,F,
ATPases.

Subunit A (M, = 63,800 to 66,400) is similar to subunit A of
V,V, ATPases. On the other hand, 25 to 30% of the residues
are identical with those of subunit B of the F,F_  ATPase of E.
coli, indicating that these two subunits have a common evolu-

tionary precursor. Subunit A contains the Walker motifs A and
B (596), which are part of the nucleotide binding domain,
indicating that it is the catalytic subunit. All of the residues in-
volved in nucleotide binding in the mitochondrial F,F ATPase
are conserved in subunit A of A;A, ATPase, indicating a com-
mon mechanism for nucleotide binding.

Subunit B (M, = 50,600 to 51,900) is closely related to
subunit B from V,V, ATPases and similar to subunit o from
F,F, ATPase, but sequence analysis and experimental data
suggest that subunit B is noncatalytic. The same is apparently
true for subunit B from V,V_ ATPases.

Subunit D is similar to subunit D of V,V_ ATPase. Twenty-
two percent of the residues of subunit D from M. mazei are
identical to subunit y of F,;F ATPases; the N and C termini
are well conserved. These regions are predicted to be a-helical,
a striking homology to subunit y of F,F ATPases. Thus, AhaD
and the corresponding subunits in V,V_, and A;A, ATPases
might be homologs of subunit y of F,F_, ATPases.

AhaG (M, = 6,135) is a hydrophilic polypeptide. Database
searches have not revealed homologs in V,V,_ and F,F_ ATPases.
It is unknown whether the gene product is related to ATPase
function and assembly.

A Structural Model

It is evident from the genetic data that the A;A, ATPase is
composed of at least 9 to 10 nonidentical subunits. A structural
model is presented in Fig. 23. A;A, ATPases, like F,F_ and
V,V, ATPases, are composed of a head and a base connected
by a stalk. The traditional stalk is assumed to be part of the
rotor, whereas a second stalk, visualized in the V,V_ ATPase
of Clostridium fervidus (61), is the stator of the rotatory en-
zyme. The dimensions of the domains and the complex in its



606 SCHAFER ET AL.

entirety are comparable to those of F,F and V,V, ATPases.
The subunit composition of each domain is still speculative.

The headpiece A, is composed of subunits A and B; electron
microscopy suggests that three copies of each are arranged
alternately around a central mass. In F,F, ATPases, this cen-
tral mass is formed by subunit -y, which plays an important role
in transmitting energy from the membrane domain to the cat-
alytic domain. Subunit D of A,A, is assumed to be the ho-
molog of vy (i.e., part of the rotor). Subunits E and F are likely
to be the homologs of subunits & and € of F,F_, ATPases and,
therefore, part of the stator. Nothing is known about the func-
tion of subunit C, except that its homolog from V,V_ ATPases
copurifies with the membrane domain. Subunit C could be part
of the stalk and associated with the membrane domain.

The membrane domain A, is composed of two subunits, the
proteolipid and subunit I, and it is likely that both subunits are
involved in ion transport. In the membrane, the 8-kDa prote-
olipid from E. coli folds like a hairpin; it forms two transmem-
brane helices and contains one protonatable group (in helix
two) that catalyzes H" transport. Twelve copies of the 8-kDa
proteolipid are present per F;F, ATPase molecule (257), ar-
ranged in a ringlike structure packed front to back in the
membrane (148). By analogy to F,F, ATPases, it is assumed
that the proteolipid of archaea also has a ringlike structure
with a constant number of 24 helices per enzyme. This would
require 12 copies of the two-helix proteolipid from M. mazei, 6
copies of the four-helix proteolipid from M. thermoautotrophi-
cum, and 4 copies of the six-helix proteolipid from M. jan-
naschii.

It was always thought that the inability of the V,V_, ATPases
to synthesize ATP was due to their 16-kDa proteolipid. How-
ever, recent findings of duplicated and triplicated versions of
proteolipids in A; A, ATP synthases have made it clear that the
size of the proteolipid is not what determines whether a given
enzyme can catalyze ATP synthesis in addition to hydrolysis.
The important factor is the number of protonatable groups per
enzyme, which (based on a constant number of 24 helices per
enzyme) is 8 in M. jannaschii, 12 in all other A;A, and F,F,
ATPases presently known, and 6 in V,V_ ATPases. Assuming
three catalytic centers per enzyme, this would lead to a stoi-
chiometry of 2 H"/ATP in V,V, ATPase and 4 H"/ATP in
F,F, ATPase and almost all A;A, ATPases, but 2.7 H"/ATP
in the A|A, ATPase of M. jannaschii. Since the enzyme from
M. jannaschii is an ATP synthase, a stoichiometry of 2.7 H*/
ATP is apparently sufficient for ATP synthesis. The stoichiom-
etry of 2H"/ATP observed in V,V_ ATPase is too low to
sustain ATP synthesis, but it does allow the generation of a
large proton gradient across the membrane.

Subunit I is a two-domain subunit; it is very tempting to
speculate that the two domains have distinct functions which,
in F,F_, ATPases, are associated with two separate polypep-
tides, subunits @ and b. The hydrophobic domains of subunit a
of V,V, and of subunit a of F,F, ATPases are involved in H*
translocation (114, 148, 314, 315). The relatively large and
a-helical hydrophilic domain of subunit I could serve as the
stator in A; A, ATPases.

The novel features of archaeal ATP synthases. The same
structure, i.e., two domains connected by a stalk, is found in
ATPases from all three branches of the evolutionary tree, and
it is assumed that all ATPases arose from a common ancestor
(176, 391, 550). The major polypeptides (A and B) originated
by the duplication of a single ancestral gene. In the line leading
to the A;A, and V,V_ ATPases, a number of deletions and
insertions occurred. These changes had two consequences: one
subunit of the A;B; core particle lost catalytic activity, and the
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catalytic subunit was enlarged relative to the noncatalytic one
(the reverse is the case for F,F, ATPases).

One hypothesis states that the divergence of the A; A ATPases
and the V,V, ATPases took place by a duplication and sub-
sequent fusion of the genes encoding the proteolipid. This
would explain the apparent inability of V,V_  ATPases to
synthesize ATP. However, multiplied proteolipids have been
found in ATP synthases from Archaea. Interestingly, the
multiplied genes were fused in M. thermoautotrophicum and
M. jannaschii but not in A. fulgidus, which apparently repre-
sents an intermediate in evolution (Fig. 22). Very recently,
duplications and triplications of the two-helix proteolipid from
E. coli were generated by molecular methods. Interestingly,
transformants were able to grow on succinate, thus demon-
strating that these F;F, ATPases with multiplied proteolipids
had retained the ability to synthesize ATP (257). Taken to-
gether, these experiments supply clear evidence that the ability
of a given enzyme to synthesize ATP is not determined simply
by the size of the proteolipid per se, but rather by structure
conservation and by the capacity of each hairpin to participate
in ion translocation. In the duplicated four-helix proteolipids
of V,V, ATPases, hairpin 1 is apparently degenerate, having
lost its protonatable group and the capability to pump protons;
perhaps for that reason, V,V_ ATPases are unable to synthe-
size ATP.

It is difficult to decide whether the discovery of multiplied
proteolipids in archaeal organisms calls into question the hy-
pothesis that the divergence of A; A, from V,V, took place by
duplication of the proteolipid-encoding gene. However, it
should be kept in mind that most archaeal proteolipids have a
molecular mass of approximately 8 kDa, and only a few have
undergone multiplication. Recently, it was proposed that du-
plication of the eucaryal and that of the archaeal proteolipid
genes were independent events (221). Multiplication of a pro-
teolipid-encoding gene (with and without subsequent fusion of
the multiplied genes) was also found in the operon encoding
the Na™-F,F_ ATPase of the gram-positive bacterium A. woo-
dii (434). The evolution of ATPases is complicated by the
possibility of a horizontal gene transfer, which could explain
the occurrence of multiplied proteolipids found in some A;A,
ATPases. The occurrence of V,V _ ATPases in some bacterial
species, as well as the coexistence of A;A, and F,F_, ATPase
genes in M. barkeri, has also been interpreted as the result of
horizontal gene transfer (404). What could be the reason for
multiplication of the proteolipid-encoding gene, which is ap-
parently found in all domains of life? The copy number of
proteolipids is 4 to 12 times higher than that of the other
subunits. As long as the proteolipid-encoding gene is part of a
polycistronic message (as is apparently the case in all pro-
karyotes), only a few mechanisms for enhanced synthesis of the
proteolipid are conceivable: first, enhancement of translation
as observed for E. coli (351); second, separate, additional tran-
scription of the proteolipid-encoding gene only, as observed
for M. mazei; and third, multiplication of the proteolipid-en-
coding gene and insertion of the copies into the same polycis-
tronic message, as observed for A. woodii. In any case, further
regulation via degradation of mRNA is conceivable.

Auxiliary Energy Transducers

Two soluble enzymes involved in bioenergetics are funda-
mental to the life of all organisms: adenylate kinases and
PPases. Archaeal examples of these enzymes have recently
been characterized and crystallized, revealing unusual features
unique to the archaea.

Regardless of the source of ATP, whether it is generated by
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TABLE 9. Properties of soluble and membrane-bound archaeal PPases®

. . Mass  Oligomeric pH Temp opti- Gene K, o . Refer-
Organism Location (kDa) state® optimum  mum (°C)  sequenced  (wM) Inhibitor(s) Activator ence(s)
S. acidocaldarium Cytosol” 19 Hex 6.20 85 Yes ?  F, methylglyoxal Mg>* 357
Sulfolobus sp. strain 7 Cytosol 21 ? 6.50 ? No ND ND Mg** 590
T. acidophilum Cytosol 21 Hex ? 85 Yes 7 F° Mg** 441, 442
M. thermoautotrophicum  Cytosol 25 Hex 7.70 70 No 160 F, Mn** Mg>* 580
M. soehngenii Cytosol 35,33 139 8.00 ND no 100 ND Mg** 255
M. thermoautotrophicum  Membrane 31 ND 8.00 60 No ND ND Fe, Ni, Zn** 447
S. acidocaldarius Membrane 17 70 3.00 ND No ? Bacitracin None” 358
Sulfolobus sp. strain 7 Membrane 19 35 2.50 ND No ND ND None 17

“The data are compiled from the references cited in the rightmost column. ND, not determined.
® In solubilized form, this enzyme requires a partially purified anionic membrane lipid fraction for maximal activation (358).
¢ If the oligomeric state is not known, the apparent molecular mass of the solubilized enzyme is given. Hex, hexameric.

fermentation or by chemiosmotic processes, adenylate kinase
operation functions as an energy buffer within the adenine
nucleotide pool (28). This is facilitated by its low specificity for
nucleotide triphosphates as phosphate donors. Deletion of the
gene for inorganic PPase is lethal, as shown in E. coli (95),
because the hydrolytic cleavage of pyrophosphate does not
take place. This reaction serves as a thermodynamic sink for
numerous activation and polymerization reactions that liberate
inorganic pyrophosphate.

The unique structure of archaeal adenylate kinases. Ade-
nylate kinases from Sulfolobus (272, 299), Methanococcus (87,
458), and H. halobium (518) have been described elsewhere.
According to genetically derived sequences, the latter adenyl-
ate kinase belongs to the long type found in many eukaryotes;
the former two enzymes are members of the short type, ap-
parently forming a novel family typical of archaea (188). This
has been confirmed by the high-resolution, three-dimensional
structure of the Sulfolobus enzyme (588), which turns out to be
trimeric (in contrast to the monomeric adenylate kinases from
bacterial and eucaryal sources). The four methanococcal en-
zymes have a high degree of homology (about 80%), suggest-
ing that the oligomeric structure is characteristic of the whole
family. Trimerization is mediated by hydrophobic interactions
and salt bridges between « helices in the core of the oligomer
and by hydrogen bonds between a projecting extra loop (not
found in any other adenylate kinase) and a B strand of the
neighboring monomer. The canonical P-loop motif of adenyl-
ate kinases in the pyrophosphate binding fold, GxPGxGKGT
(131, 378), is conserved, with two significant deviations: the
replacement of the underlined glycine residue by a hydroxy-
lated residue of serine (Sulfolobus) or threonine (methano-
gens) and the absence of the adjacent lysine residue in se-
quences from methanogens. This lysine residue represents an
essential residue in the phosphate binding region and may be
compensated for by another basic residue from outside the
P-loop domain in adenylate kinases from methanogens.

Trimerization is considered to contribute essentially to the
extreme thermostability (86) of the adenylate kinase from
S. acidocaldarius.

The enzyme from Sulfolobus is the only archaeal example
that has been functionally characterized after purification to
homogeneity (299). The catalytic trimer has a temperature
optimum of 90°C; the pH optimum of 5.5 to 6.0 reflects the
cytosolic pH of Sulfolobus. 1t is absolutely specific for AMP as
phosphate acceptor, with nearly identical apparent K,,, values
of 0.6 X 107? to 0.7 X 107> M for ATP, ADP, and AMP.
In contrast to the mammalian enzymes, its sensitivity to the
inhibitor diadenosine-5,5'-pentaphosphate is extremely low
(50% inhibitory concentration >300 wM).

A phylogenetic dendrogram including all nucleotide mono-

phosphate kinases known clearly reveals that archaeal adenyl-
ate kinases form a distinct branch, with the pyrimidine nucle-
otide monophosphate kinases as their closest relatives.

Archaeal PPases. Inorganic pyrophosphate as a possible pri-
mordial energy source has been discussed in a number of
reviews (32-34). It serves as an energy donor in various micro-
bial reactions (185, 609); an archaeal example is the phospho-
fructokinase from Thermoproteus tenax (8). In addition to its
role as an inorganic energy donor, pyrophosphate (when con-
verted to higher polyphosphates) may serve also as a phos-
phate store in low-salinity habitats. On the other hand, hydro-
lytic removal of cytosolic pyrophosphate is fundamental for the
shift of the reaction equilibria toward product formation, for
example during DNA replication or transcription and many
other pyrophosphate-liberating processes.

Mg**-dependent cytosolic inorganic PPases from methano-
gens (255, 447, 580) and thermoacidophiles (17, 357, 358, 441,
442, 590), but not from halobacteria, have been characterized.
The discovery of membrane-bound ecto-PPases in members of
the Sulfolobales was surprising. The fact that bacitracin inhibits
both the PPase of S. acidocaldarius and cell growth (358, 359)
suggests that this enzyme acts as a dolichol PPase and is in-
volved in the glycosylation of cell wall components. Dolichol
PPases do not require divalent cations for activity and cleave
pyrophosphate bonds with low specificity (including those of
ATP and ADP); this explains the second pH optimum at pH
2.5 to 3.0 for membrane-bound ATPase activities in Sulfolobus
(333, 592). By contrast, the PPase from M. thermoautotrophi-
cum (DSM 3590) requires Mg>" but is further activated when
Fe?", Ni**, or Zn*" ions are also present. Table 9 summarizes
the properties of archaeal PPases.

A number of sequences have been derived from the ge-
nomes of M. jannaschii (87) and A. fulgidus (281), but surpris-
ingly, homologous genes were not identified, even though en-
zymatic assays clearly revealed the presence of a cytosolic
PPase with a temperature optimum of 85°C in cell extracts of
the former (190). Very recent data suggests, however, that a
novel species of inorganic PPases exists in Methanococcus and
Archaeoglobus, a species which is homologous to the enzyme
from Bacillus subtilis (190, 239) and unrelated to the classical
cytosolic PPases discussed above.

The extent of knowledge on cytosolic archaeal PPases varies.
The enzyme from Methanothrix soehngenii is composed of two
different polypeptides, a clear exception to the rule, because all
other cytosolic PPases are homo-oligomers. Several enzymes
were previously described as tetrameric, e.g., those from Sul-
folobus (357, 590). However, crystallization and determination
of the high-resolution three-dimensional structure of PPase
from S. acidocaldarius (316), together with sedimentation anal-
ysis, revealed a hexameric structure. Thus, it is likely that all
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hyperthermophilic archaeal PPases are hexameric. The tight
packing of the oligomer may cause irregular migration in gel-
exclusion chromatography. Interestingly, this phenomenon re-
sembles the situation with adenylate kinase and superoxide
dismutase from Sulfolobus (284, 588).

PPase from S. acidocaldarius is the example best investigated
(189) with respect to thermostability. In the presence of Mg?"
the midpoint temperature of thermal unfolding is 98°C; with
Mn?" it shifts to above 100°C. Binding of a single bivalent
cation per monomer is sufficient to enhance thermostability.
Moreover, X-ray crystallography has shown that the number of
intersubunit contacts and of intramolecular hydrogen bonds is
also higher than those in mesophilic PPases. The overall fold-
ing is surprisingly similar to that of other prokaryotic PPases
(316). Fourteen amino acid residues involved in the binding of
substrates and metal ions and in catalysis are invariantly con-
served in all known sequences of homo-oligomeric PPases,
although the degree of identity varies from 13 to 83%. In
contrast to adenylate kinases, there appears to be no class of
PPases typical of Archaea. It may be the case that archaeal
PPases retain the folding pattern of an ancestral enzyme and
also the spatial position of catalytic residues, while tolerating
numerous mutations that did not affect these parameters.

CONCLUSIONS AND PERSPECTIVES

The study of archaeal bioenergetics has made a number of
unexpected discoveries. These include the detection of new
coenzyme factors in methanogenesis, new energy-conserving
pathways, the unusual composition of archaeal respiratory
complexes (which may include novel mechanisms of proton
pumping), and novel light-induced signaling mechanisms (not
to mention rhodopsin-dependent energy conservation in mem-
bers of the Halobacteriales). In addition, investigation of the
archaea in general has contributed largely to the elucidation
of microbial evolution, protein phylogeny, and bioenergetic
mechanisms.

Nevertheless, a number of interesting phenomena still elude
experimental access. For example, the mechanisms of proton
pumping by heterodisulfide reductase and other archaeal
membrane protein complexes remain to be understood at the
molecular level. Similarly, the function of the cysteine-rich
subunit of Sulfolobus SDH in electron transport is entirely
enigmatic, as are the primary energy-transducing mechanisms
in archaeal sulfur metabolism. Another example is the highly
glycosylated cyt b which is exposed on the outer surface of the
S. acidocaldarius plasma membrane. Its function is unknown
but may afford new insight into the periplasmic redox systems
of members of the Sulfolobales. The participation of multiple
isoforms of ferredoxins in archaeal redox chemistry opens the
prospect of metabolic compartmentation by donor-acceptor
specificity. Many other unresolved details of bioenergetics and
related metabolic reactions could be listed. Actually, the fact
that less than 40% of the reading frames identified in various
archaeal genomes can presently be attributed to known pro-
teins illustrates that much further research work will be nec-
essary, shifting the focus of biochemistry from pure genomics
to protein biochemistry.

The answers to many of the open questions will grow from
the development of procedures for the genetic transformation
of archaea. Thus far, transformation has been successful only
with Halobacterium and Haloferax, and genetic tools for meth-
anogens are available to only a limited extent; no practical
procedures are available for members of the Sulfolobales.
However, only such procedures will allow us to genetically
disrupt individual members of parallel electron transport path-
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ways and work out the function of each limb. Likewise, it will
be necessary to construct overproducers in order to overcome
the problem of accessibility of certain archacal membrane pro-
tein complexes, either for in vitro reconstitution or for crystal-
lization. The major challenge in this respect is the development
of stable shuttle vectors which replicate in both E. coli (for
example) and specific archaeal hosts and which tolerate ex-
treme temperatures or ionic strength within the latter. Besides
their importance for the further elucidation of archaeal bioen-
ergetics, such systems will open a wide field of applications
including the biotechnological use of hyperthermophiles as cell
factories for production of extremely thermostable, halotoler-
ant, or specifically glycosylated archaeal proteins.
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ADDENDUM IN PROOF

After the manuscript had been accepted for publication,
additional evidence for the mechanisms of energy conservation
by sulfur respiration was reported (R. Hedderich, O. Klimmek,
A. Kroger, R. Dirmeier, M. Keller, and K. O. Stetter, FEMS
Microbiol. Rev. 22:353-381, 1999).
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