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The Rieske iron-sulfur center consists of a [2Fe-2S] cluster liganded to a protein via two histidine
and two cysteine residues present in conserved sequences called Rieske motifs. Two protein families
possessing Rieske centers have been defined. The Rieske proteins occur as subunits in the cytochrome
bc, and cytochromdys f complexes of prokaryotes and eukaryotes or form components of archaeal
electron transport systems. The Rieske-type proteins encompass a group of bacterial oxygenases and
ferredoxins. Recent studies have uncovered several new proteins containing Rieske centers, including
archaeal Rieske proteins, bacterial oxygenases, bacterial ferredoxins, and, intriguingly, eukaryotic
Rieske oxygenases. Since all these proteins contain a Rieske motif, they probably form a superfamily
with one common ancestor. Phylogenetic analyses have, however, been generally limited to similar
sequences, providing little information about relationships within the whole group of these proteins.
The aim of this work is, therefore, to construct a dendrogram including representatives from all Rieske
and Rieske-type protein classes in order to gain insight into their evolutionary relationships and to
further define the phylogenetic niches occupied by the recently discovered proteins mentioned above.

KEY WORDS: Rieske; iron—sulfur; phylogenetics; evolution; cytochrobeg; cytochromebg f; oxygenase;
ferredoxin; archaea,; electron transfer.

INTRODUCTION and possibly prebiotic reactions is the existence of en-
zymes possessing essential iron-sulfur centers, consisting
There now exists a substantial body of evidence to of a cluster of iron and inorganic sulfide ions bound to a
suggest that iron and sulfur played a decisive role in the polypeptide chain via specific amino acid residues. Iron-
chemical processes leading to the appearance of terrestriabulfur enzymes are ubiquitous throughout the living world,
life (Wachtershuser, 1992; Richl et al, 1992; Russell  fulfilling a variety of functions in general metabolism
et al, 1994). It has been suggested that together theseand energy conservation (Palmer, 1975; Cammack, 1992;
elements not only provided the necessary chemical driv- Beinertet al, 1997). In these proteins, the iron-sulfur cen-
ing force for these events, but also served as catalysts forters frequently play a role in redox reactions, in which the
many of the reactions. Perhaps, not unexpectedly, iron andiron ions alternate between 'teand Fé states, although
sulfur are frequently encountered as integral componentstheir involvementin regulatory processes and in the chem-
in the metabolism, in particular, the energy metabolism ical transformation of substrates is also common (Rouault
of present-day organisms. One of the key pieces of evi- and Klausner, 1996; Cammack, 1992).
dence for the catalytic function of iron and sulfur in early The functional diversity of iron—sulfur proteins is re-
flected in the variety of cluster structures encountered,
- as well as in the strategies employed to ligand the iron—
Linstitut fir Biochemie der Medizinischen Universit Libeck, sulfur cluster to the polypeptide chain. The rubredoxins,
, Ratzeburger Allee 160, 23538&ibéck, Germany. _ which contain one iron atom liganded by four cysteine side
Biochemisches Institut, UniversitKiel, Olshausenstr. 40, 24098 Kiel, . . .
Germany. e-mail: Ishaw@biochem.uni-kiel.de _chalns, represent the simplest form of a sulfur-_llggnded
3To whom correspondence should be addressed; e-mail: schmidi@ iron cofactor (Palmer, 1975). However, the majority of
biochem.muluebeck.de true iron—sulfur clusters occur in the form of [2Fe-2S],

0145-479X/01/0200-0009$19.50£02001 Plenum Publishing Corporation



10 Schmidt and Shaw

[4Fe—4S], and [3Fe—4S] structures and are bound via theirpostulated to be Rieske oxygenases on the basis of
Fe ions to the sulfur atoms of cysteine side chains of the cDNA sequences (Caliebet al, 1997; Grayet al,
respective proteins. The same is also true for a number1997).
of more complex iron—sulfur centers, such as the cofac- Sequence analyses of the various Rieske- and Rieske-
tor clusters of nitrogenase (Chanal, 1993). However, type proteins revealed that, in general, all possess a
the so-called Rieske iron—sulfur center is a notable ex- common homologous region with the sequence -C-X-
ception to this general rule. This iron—sulfur cluster is H-X;517-C-X-X-H- (Neidle et al, 1991; Mason and
of the [2Fe-2S] type, one of the Fe ions being liganded Cammack, 1992; Castresaatal, 1995; Carrellet al,
to two cysteine sulfur atoms and the other Fe ion be- 1997). However, exceptions to this general rule can be
ing bound to thes-imidazole nitrogens of two histidine  foundin certain Rieske proteins of archaeal originin which
residues. the two cysteine-histidine boxes are separated by a longer
The Rieske iron—sulfur center was first discovered stretch of amino acids (Henninget al, 1999). In func-
in the mitochondrial cytochrombc; complex by EPR tionally related proteins, more extensive sequence homol-
spectroscopy (Riesket al., 1964). In its reduced form,  ogyis observed both withinthe above motif andin otherre-
the suspected [2Fe-2S] cluster exhibited a similar EPR gions. The results of spectroscopic studies (Gusiel.,
spectrum to the purely cysteine-bound reduced [2Fe—-2S]1991; Kuilaet al,, 1992; Riedekt al,, 1995; Gurbiekt al,,
clusters, although the averagealue of the Rieske clus- 1996) andin vitro mutagenesis experiments (Davidson
ter was shifted, indicative of a different mode of ligand- etal, 1992) suggested that the conserved cysteine and his-
ing to the polypeptide chain. Further research revealed tidine residues in this sequence motif were responsible for
that iron—sulfur clusters with similar spectroscopic prop- liganding the Rieske iron—sulfur center. Final confirmation
erties occur in cytochromiec complexes of bacterial res-  of this hypothesis has come from recent X-ray crystallo-
piratory chains (Trumpower and Gennis, 1994) and in graphic studies on the Rieske proteins from the mitochon-
the cytochromdss f complex of the photosynthetic elec-  drial cytochromebc; complex (Ilwataet al., 1996), the
tron transport chain of plants and photosynthetic bacte- cytochromebg f complex of chloroplasts (Carredit al.,
ria (Riedelet al, 1991). Subsequent investigations also 1997), as well as the oxygenase component of naphtha-
revealed the presence of Rieske centers in the respiradene dioxygenase fror®seudomonasp. NCIB 9816-4
tory chains of the archaea (Sadbf et al,, 1996). Since (Kauppiet al.,, 1998).
the Rieske center was discovered in the respiratory and Although the proteins with Rieske [2Fe—2S] centers
photosynthetic electron transport chains, the respectiveexhibit quite different catalytic functions, their posses-
components of these systems are commonly referred tosion of a common sequence motif suggests that they are
as Rieske proteins. in some way related, presumably by divergent evolution
Interestingly, Rieske centers also occur in the from a common ancestor. Limited sequence alignment
electron transport chains associated with a number of studies have yielded information on the phylogenetic re-
bacterial hydroxylases and oxygenases (Batieal, lationships between proteins of a particular typsy, of
1991; Mason and Cammack, 1992; Butler and Mason, the bacterial Rieske oxygenases (Astuiasal., 1995;
1997). These proteins are frequently termed Rieske-type Nakatsuet al, 1995), the Rieske ferredoxins (Nakatsu
proteins. Bacterial Rieske ferredoxins, which deliver etal,1995),the Rieske proteins ofthe cytochrdmeom-
electrons to oxygenases possessing a di-iron center of theplexes (Castresaret al, 1995), and the archaeal Rieske
type found in methane monooxygenase have also beenproteins (Schferet al, 1996; Henningeet al,, 1999). In
reported (Pikugt al,, 1996; Small and Ensign, 1997). Al-  this paper, more extensive alignments, encompassing all
though the existence of bacterial oxygenases containingthe Rieske cluster-containing protein types have been per-
a Rieske center has long been recognized, recent researcformed in order to gain insight into the origins and the
has revealed several Rieske oxygenases of eukaryoticmode of evolution of these proteins. In view of the dif-
origin. In contrast to the bacterial enzymes, which ficulties associated with alignments of a large number of
are generally involved in the degradation of exogenous distantly related sequences, our approach has involved the
hydrophobic, usually aromatic compounds, the eukaryotic separate alignment of the Rieske and Rieske-type proteins
oxygenases appear to acton a number of unrelated endogefollowed by a global alignment of the prealigned sequence
nous substrates, for example, cytidine monophosphate—groups.
N-acetylneuraminic acid hydroxylase (Schlenzkaal., The results of this extensive study not only confirm
1996), choline monooxygenase (Rathinasabapathithe subdivision of proteins containing Rieske [2Fe-2S]
et al, 1997), and two proteins of unknown function centersintothe Rieske and Rieske-type proteins, they also
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reveal some new and unexpected phylogenetic relation-CHRvin (031214) Allochromatium vinosum(Chen
ships within these protein groups. On the basis of theseet al, 1997); HELpyl (AADO7047)Helicobacter pylori
results, we suggest a course for the evolution of the various (Alm et al, 1999); AQUaeo (AAC06423)Aquifex
redox proteins possessing a Rieske center. aeolicus(Deckertet al, 1998);Nostoc(P14698)Nostoc
PCC7906 (Kallaset al, 1988); SYNcys (P26290)
SynechocystisPCC 6803; SYNcoc (P2629285yne-

MATERIALS AND METHODS chococcus PCC7002 (Mayes and Barber, 1991);
PHOIlam (CAA70823Phormidium laminosunjWagner
Sequences Employed in this Study et al, 1996); ANAsp. (P70758)AnabaenaPCC7120

(Ramaswarmyet al, 1996); ANAvar (CAB72244)
The sequences of the following Rieske and Rieske- Anabena variabilis(Arnold, 2000); CHLIim (Q46136)
type proteins used in the analysis reported here wereChlorobium limnicola (Schitz et al, 1994); BAC-
retrieved from GenBank via PubMed (http://www.ncbi. sub (P46911)Bacillus subtilis (Yu et al, 1995);
nim.nih.gov/PubMed/). The abbreviated name of the pro- HELmob (AAC84018) Heliobacillus mobilis (Xiong
tein is followed by the accession number in parenthesis et al, 1998); THEthe (AAB91482)Thermus ther-
and, where appropriate, the full designation and origin of mophilus(Gattiet al,, 1997); STRIliv (AAD049325trep-
the respective protein. tomyces lividangParro and Mellado, 1998); MYCtub
(Q10387) Mycobacterium tuberculosigCole et al,
1998).
Mitochondrial Rieske Proteins from the Cytochrome
bc; Complex
Archaeal Rieske Proteins
RATrat (P20788) rat Rattus rattuy (Nishikimi
et al, 1989); BOStau (P13272) oB6¢s tauru3 (Brandt PYRaer (AAF02198) Pyrobaculum aerophilum
etal, 1993); SACcer (PO806Baccharomyces cerevisiae (Henninger et al, 1999); SULaci soxF (S56156)
(Beckmanret al., 1987); NEUcra (PO7058)eurospora Sulfolobus acidocaldariusoxF (Schmidtet al., 1996);
crassa(Harnischet al, 1985); SOLtub (P37841) potato SULaci soxL (CAA65777) Sulfolobus acidocaldar-
(Solanum tuberosunEmmermanret al., 1994); NIiCtab ius soxL (Schmidt et al, 1996); AERper soxL
(P49729) tobaccoNjcotiania tabacum (Huanget al, (BAAB0725) Aeropyrum perniXsoxL homologous pro-
1991). tein) (Kawarabayasét al., 1999). Two archaeal Rieske
protein sequences were retrieved from the homepage of
the Sulfolobus solfataricu®2 project: One displaying a

Chloroplast Rieske Proteins from the Cytochrome high degree of similarity to the soxL protein®facidocal-
bs f Complex darius: SULsol soxL (http://niji.imb.nrc.ca/sulfolobus/
sh02c0748/Sequences/AA/c4B)8.aa) as well as a
VOLcar (AAD55565)Volvox carteriMeissneetal., second sequence, SULsol RFeS (http://niji.imb.nrc.ca/

1998); CHLrei (P49728hlamydomonas reinhardtide sulfolobus/sh19h1230/Sequences/AA/cGR2.aa).
Vitry, 1994); NICtab (CAA45705) tobaccd\{cotiania

tabacum (Palomareset al, 1991); SPlole (P08980)

spinach §pinacia oleracer (Steppuhnet al, 1987); Rieske Ferredoxins from the following

PISsat (P26291) peRisum sativun(Salteret al,, 1992). Oxygenase Systems

PSEput TODB (J04996.1) toluene dioxygenase from
Bacterial Rieske Proteins Pseudomonas putidZylstra and Gibson, 1989); PSEput
BENZC (P08086) benzene-1,2-dioxygenase fridseu-
RHOrub  (P23136) Rhodospirillum  rubrum domonas putida(lrie et al, 1987); PSEput BEDB
(Majewski and Trebst, 1990); PARden (P05417) (Q07947) benzene-1,2-dioxygenase fr@fseudomonas
Paracoccus denitrificaneKurowski and Ludwig, 1987); putida (strain ML2) (Tanet al, 1993); PSEsp. bphF
RHOcap (P08500Rhodobacter capsulatu@Davidson (P37332) biphenyl dioxygenase frorRseudomonas
and Daldal, 1987a); RHOsph (CAA2719Rhodopseu-  strain LB400 (Erickson and Mondello, 1992); BURsp.
domonas sphaeroide@avidson and Daldal, 1987b); dntAb (U62430.1) 2,4-dinitrotoluene dioxygenase from
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Burkholderia sp. (Suenet al, 1996); PSEput NDOA
(JN0643) naphthalene dioxygenase fréteeudomonas
putida (Kurkelaet al,, 1988); RHIleg mocE (AF076240)
ferredoxin component of the rhizopine degradation
pathway of Rhizobium leguminosarunBahar et al,,
1998); PSEsp. phnR (AF061802) unknown function in
Pseudomona®J77 (Kim and Park, 1998); PSEmen
tmoC (M65106) toluene-4-monooxygenase fréeeu-
domonas mendocin@’en et al, 1991); XANsp. xamoC
(AJ012090) alkene monooxygenase frofanthobacter
strain Py2 (Zhowet al,, 1999).

Prokaryotic Rieske Oxygenases

BURcep ophA2 (AF095748) phthalate dioxygenase
from Burkholderia cepacigChang and Zylstra, 1998);
ALCsp. CBAA (Q44256) 3-chlorobenzoate-3,4-dioxy-
genase fromAlcaligenessp. (Nakatsuet al, 1995);
COMtes tsaM (U32622) toluene sulfonate methyl-
monooxygenase fronComamonas testostero@iunker
et al, 1997); PSEput oxoO (Y12655.1) 2-oxo-1,2-dihy-
droquinoline 8-monooxygenase fronPseudomonas
putida(Roscheet al,, 1997); PSEput TODC1 (J04996.1)
toluene dioxygenaseafsubunit) from Pseudomonas
putida (Zylstra and Gibson, 1989); PSEput BNZA
(P08084) benzene 1,2-dioxygenase gubunit) from
Pseudomonas putiddrie et al,, 1987); PSEput BEDC1
(LO4642/1.04643) benzene dioxygenaaes(ibunit) from
Pseudomonas putidéstrain ML2) (Tanet al, 1993);
PSEsp. bphA (P37333) biphenyl dioxygenassiibunit)
from Pseudomonas strain LB400 (Erickson and Mondello,
1992); SPHsp. dxnAl (AJ223220.1) dioxin dioxygenase
(a subunit) fromSphingomonasp. (Armengaucet al,,
1998); PSEput NDOB (M23914) naphthalene dioxy-
genase d¢-subunit) from Pseudomonas putidéstrain
NCIB9816) (Kurkelaet al, 1988); nahAc (JN0644)
naphthalene dioxygenase $ubunit) fromPseudomonas
putida (strain G7) (Simoret al, 1993); PSEabi DitAl
(AF119621) 7-oxodehydroabietic acid dioxygenase (large
subunit) from the diterpenoid-degrading bacteriBegu-
domonas abietaniphilelBKME-9 (Martin and Mohn,
1999); METmet msmA (AF091716) methanesulfonic
acid monooxygenasea ( subunit) from Methylosul-
fonomonas methylovor@e Marcoet al, 1999); AClsp.
benA (AF009224) benzoate-1,2-dioxygenase fAxine-
tobactersp. (strain ADP1) (Neidlet al,, 1991); PSEput
xylX (M64747) benzoate-1,2-dioxygenase froRseu-
domonas putida(TOL plasmid) (Harayamaet al,
1991); BURcep ChdC (X79076) 2-halobenzoate-1,2-
dioxygenase fromBurkholderia cepacia(Haak et al,
1995).

Schmidt and Shaw

Eukaryotic Rieske Oxygenases

SPlole Cholmon (U85780) choline monooxyge-
nase from spinactBpinacia oleracep(Rathinasabapathi
et al, 1997); ARAtha LIS1 (U77347) the lethal leaf
spot 1 gene fromArabidopsis thalia (Gray et al,
1997); ZEAmai LIS1 (U77436) the lethal leaf spot 1
gene from maizeZ4ea may} (Gray et al, 1997); PIS-
sat Tic55 (AJ000520) 52 kDa protein involved in pro-
tein translocation across the inner membrane of chloro-
plasts from peaRisum sativun(Caliebeet al., 1997);
PANtro CMPNAc (AF074481) cytidine monophos-
phateN-acetylneuraminate (CMP-Neu5Ac) hydroxylase
from chimpanzeeHRan troglodytes (Chouet al., 1998);
MUSmus CMPNAc (A57469) CMP-Neu5Ac hydroxy-
lase from mouseMus musculus(Kawanoet al,, 1994).

Sequence Alignments and Calculation
of Phylogenetic Trees

The program ClustalX (version 1.64b) (Thompson
et al, 1997) was used to calculate the alignments and the
phylogenetic trees. Initially, the Rieske and the Rieske-
type proteins were aligned separately. Four criteria were
used to evaluate the quality of the alignments:

1. The alignment of residues known to be homol-
ogous such as the histidine and cysteine ligands
of the iron—sulfur cluster and the residues of the
Pro-loop (Iwataet al,, 1996) of the Rieske pro-
teins.

. The above condition should be met by introduc-
ing a minimal number of gaps.

. The phylogenetic trees calculated from the align-
ments should reflect the widely accepted mono-
phyletic origin of chloroplasts and mitochondria,
which was also previously demonstrated to apply
to the Rieske proteins of the cytochroimg and
bs f complexes of these organelles (Henninger
et al, 1999; Castresaret al., 1995).

. While fulfilling the first three conditions, the re-
sulting trees should be as robust as possible as
indicated by the bootstrap values.

All gaps were reset before the beginning of the individual
alignments of the two protein groups.

Pairwise Alignment Parameters

The identity matrix was used. All other parameters
remained as preset by the program.
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Multiple Alignment Parameters ples of each protein type, rather than all the proteins
included in the comprehensive alignment (see section

The threshold for delaying divergent sequences was Materials and Methods), are shown. The only globally
set to 10%. Two slightly different parameter sets were conserved amino acids were the cysteine and histidine
found to produce optimal alignments for the Rieske and residues in the Cys-X-His and Cys-X-X-His boxes whose
Rieske-type proteins: The BLOSUM series was used for side chains are responsible for coordinating the iron atoms
both sets of proteins. The “gap separation distance” wasof the iron—sulfur cluster (shaded residues in Fig. 1).
set to 16 for the Rieske-type proteins. All other param- However, two regions consisting of 3 to 4 hydrophobic
eters remained as preset by the program. In the case ofresidues were found situated three residues N-terminally
the Rieske proteins, slightly better results were obtained from the Cys-X-His box (labeled H1) and a variable dis-
when the “gap opening penalty” was increased to 15 and tance C-terminally from the Cys-X-X-His box (labeled
the “gap separation distance” was set to 12. All other pa- H2) of all the sequences investigated. In addition, a sin-
rameters remained as preset by the program. Positionsgle conserved hydrophobic residue situated two amino
containing gaps were excluded from the calculation of the acids N-terminally from the Cys-X-X-His box was also
phylogenetic trees. observed.

The combined alignment and the phylogenetic tree Although no obvious further global homologies
of the Rieske and the Rieske-type proteins was calculatedwithin the the Rieske-type proteins are visible, a num-
from the individual alignments of both protein groups. ber of homologies between the Rieske proteins could be
Both alignments were loaded and a complete alignment identified within the Rieske motif region. For example,
was calculated without resetting the gaps. Initially, the a conserved Gly—Cys peptide is located two residues C-
identity matrix was used for the pairwise as well as for terminally of the Cys-X-His box, thus expanding its con-
the multiple alignments. The “gap opening penalty” for sensus sequence to Cys-X-His-X-Gly-Cys. The Cys-X-X-
the multiple alignments was set to 15 and the threshold His box also harbors a strictly conserved Cys, which has
for delaying divergent sequences was set to 10%. All other been shown in structural studies to form a disulfide bond
parameters remained as preset by the program. “Gap onlywith the additional Cys in the Cys-X-His box (indicated
positions” were removed after calculating the alignment. in Fig. 1) (lwataet al,, 1996; Carrelket al., 1997). Further-
The central part of this preliminary alignment was refined more, two residues C-terminal to the Cys-X-X-His box
by calculating a second alignment using the identity ma- is a Ser-X-Tyr motif, which is only conserved in pro-
trix for the pairwise comparison and PAM series for the teins from organisms utilizing high potential quinones,
multiple alignments. All other settings remained as before. such as plasto-, ubi- or calderiella quinone. In organ-
Subsequently, a number of sequences, which could be repisms utilizing menaquinone, one or both of these lat-
resented by closely related proteins, were deleted in orderter residues is frequently replaced by a nonhydroxylated
to simplify the combined phylogenetic tree of the Rieske amino acid residue (Fig. 1, indicated by arrows). Finally,
and Rieske-type proteins (see Fig. 2). Positions containing the residues of the so-called Pro-loap,, Gly-Pro-Ala-
gaps were not excluded from the calculation of this den- Pro, located 11 to 27 residues C-terminally from the Cys-
drogram, since the position and extent of sequence inser-X-X-His box, are also reasonably conserved in the Rieske
tions or deletions also contains phylogenetically relevant proteins.
information. A dendrogram constructed on the basis of this align-

The trees were drawn using the programs “NJplot” ment is depicted in Fig. 2. The dendrogram shows that
by Perrére and Gouy (1996) and “unrooted” (http://pbil. the two fundamental groups of proteins containing Rieske
univ-lyon1.fr/software/unrooted.html) and the layout centersj.e, the Rieske and the Rieske-type proteins can
modified using a standard graphics program. be readily identified. The phylogenetic divisions within

each group are discussed in detail below.

RESULTS AND DISCUSSION
Rieske Proteins

A multiple sequence alignment of the various pro-
teins possessing a Rieske iron—sulfur center revealed that In the phylogenetic tree constructed from the align-
only a stretch of about 70 amino acids, encompassing ment of all proteins (Fig. 2), three major groups of Rieske
the [2Fe—2S]-cluster binding domain, exhibited any over- proteins can be identified; (1) those belonging to the
all sequence homology. This section of the alignment is prokaryotic and eukaryotic cytochronie; complexes,
presented in Fig. 1. For simplicity, representative exam- (2) the cytochromes f complexes from cyanobacteria
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Fig. 1. Alignment of the Rieske sequence motifs and adjacent primary structure from representative members of the various Rieske and Rieske-type
proteins. The Cys-X-His and Cys-X-X-His boxes are shaded in gray and the internal disulfide bridge is shown as -S-S-. The Ser-X-Tyr motif and
variants thereof are indicated with arrows. Further sequences, such as the Pro-loop, the H1 and H2 motifs, and the hydrophobic amino acids two residu
N-terminal from the Cys-X-X-His motif are boxed in.

and chloroplasts, as well as the sequences Bawillus showing theSulfolobusand Aeropyrumsequences as the
andChlorobium and (3) a heterogeneous group contain- lowest branch (not shown), comparable to previously
ing the archaeal Rieske proteins as well as proteins from published trees (Castresaetal., 1995; Schmidet al,
bacterial species, such afiermus thermophilysStrep- 1996). The representation shown in Fig. 3 was cho-
tomyces lividansandMycobacterium tuberculosighis sen since it reflects the rooting of this tree inferred in
threefold division is reflected well in a detailed align- Fig. 2.

ment performed solely with the Rieske protein sequences

(Fig. 3). However, in this latter alignment, the third group

of sequences appears to be better resolved. MoreoverRieske Proteins of Respiratory Cytochrome

with the exception of the segregation of the sequencesbc; Complexes

from ThermusandPyrobaculumwhich will be discussed

below, the tree shown in Fig. 3 is compatible with pre- With the exception of théAquifex Rieske protein,
viously published dendrograms (Henninggral., 1999; all sequences arranged within this group are from pro-
Schmidtet al, 1996). Any apparent differences between teobacteria, or the closely related mitochondria (Olsen
these and the present dendrograms result from the factet al, 1994). The cytochrombc complexes of these or-
that the former trees were unrooted, although in dendro- ganisms consist of a minimal structure of three redox ac-
grams, such as the ones published by Schetiak (1996) tive subunits, (1) the Rieske protein, (2) cytochrome
and Castresanat al, (1995), it is tempting to place the and (3) cytochrome;. The genes encoding the bacte-
root at the lowest branching point. In contrast, the se- rial complexes are typically arranged within an operon
guences of the Rieske-type proteins serve as the outgrougn the order shown here. Whereas the genes encoding
for the Rieske proteins in the dendrograms presented hereghe subunits of the eukaryotic complexes are scattered
(Figs. 2 and 3). The phylogenetic data used as the basis forthroughout the mitochondrial and the nuclear genomes,
Fig. 3 could be equally well represented by a dendrogram the mitochondrial Rieske proteins are generally encoded
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Fig. 2. Dendrogram constructed on the basis of the alignment of all Rieske and Rieske-type sequences listed in the section Materials and Methods.
Hyperthermophilic species and their lineages are shown in bold type. Obligate anaerobic species are indicated by shading in gray.

by nuclear genes. Despite the modifications that were un- Rieske Proteins of the Photosynthetic Cytochrogie b
doubtedly necessary to adapt these genes and the encodeshd Related Complexes

proteins to the requirements of a eukaryotic transcription,

translation, and protein translocation machinery, the mito- The chloroplast Rieske proteins of eukaryotic ori-
chondrial Rieske proteins have retained a remarkable sim-gin (pea, spinach, tobaccdlvox andChlamydomongs
ilarity to their proteobacteria-like ancestor. The branching form a branch separate from the equivalent proteins of
pattern of this region of the dendrogram reflects the rel- cyanobacteria, but apparently share a common ancestor,
atively close phylogenetic relationship between the mi- as predicted by the endosymbiosis hypothesis. This is also
tochondria and ther subdivision of the proteobacteria well reflected in the trees calculated on the basis of the
as inferred from comparisons of rRNA sequences (Olsen rRNA sequences (Olseet al, 1994). Although the po-

et al, 1994). The Rieske proteins Aflochromatiumand sitioning of the sequence fromnabenasp. (PCC7120)
Helicobacterwhich belong to the/- ande-subdivisions appears to contradict to this tendency, closer inspection of
of the proteobacteria, respectively, are clearly more dis- the gene locus reveals that it is not part giedACoperon
tantly related to thex-proteobacterial and mitochondrial as is the case for the other cyanobactepeiC genes
analogs. The positioning of thequifexsequence within  found in the data base (data not shown). In contrast, the re-
this group is puzzling, since it contrasts with the phy- cently publishegetCgene fromAnabena variabiliss part
logeny inferred from the rRNA sequences, according to of a typicalpetACoperon and is accordingly positioned
which this genus forms the lowest branch at the base of within the cluster formed by the other cyanobacterial
the bacterial domain. However, this observation can be sequences (Fig. 3). The unexpectedly low similarity of
explained by lateral gene transfer as discussed but3ch” Anabenasp. (PCC7120) to the proteins from the closely
et al. (2000). related cyanobacteria, as well as the deviating genomic
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Fig. 3. Dendrogram constructed solely from the alignment of the Rieske protein sequences given in the section Materials and Methods. The bootstray
values (out of 1000 trials) are indicated in the figure. The arrow indicates the root of the tree as inferred from Fig. 2.

context of this sequence, raise questions as to whethergram shown in Fig. 3. These sequences can be further
the gene is actually expressed Amabenaor even if divided into a purely archaeal group which, in agreement
the protein is part of the cytochronig f complex. The with the rRNA-based tree (Olsest al,, 1994), contains
possibility that the gene was acquired from an organism the sequences from the crenarch8eéfolobus acidocal-
more distantly related to the cyanobacteria should also bedarius S. solfataricusandAeropyrum pernixThe other
considered. sequences of the third group mainly originate from very
The sequences froBacillus belonging tothe Gram-  distantly related organisms (Olsetal., 1994) Mycobac-
positive bacteria (Olseat al, 1994), andChlorobium a teriumand Streptomyceare exceptions and both belong
member of the Cytophaga/Flexibacter/Bacteroides group to the Actinomycetales.
(Olsenet al, 1994), form the lowest branch within the The ThermusRieske protein was grouped together
group containing the Rieske proteins of cytochrdogé with the Bacillus protein in a previously published den-
complexes. However, the complexes isolated from thesedrogram (Henningeet al, 1999). However, according
organisms display only limitedBacillug) (Soneet al, to current ideas on bacterial systematics, these two or-
1996) or very low Chlorobiun) (Schitz et al, 1994) ganisms are only distantly related, a situation which is
similarity to the bg f complexes. Both organisms be- clearly reflected by the low degree of similarity between
long to rather different lineages and the positioning of their Rieske protein sequences depicted in Fig. 3. A sec-
these sequences is not in complete agreement with theond deviation from a previously calculated dendrogram
phylogenetic tree based on comparison of 16 S rRNA (Henningeetal, 1999) s the position of theyrobaculum
sequences (Olseat al,, 1994). protein. Like Sulfolobusand Aeropyrum Pyrobaculum
belongs to the Crenarchaeota, suggesting that its Rieske
protein sequence ought to segregate within the cluster
formed by the proteins from the former organisms. How-
Archaeal as well as bacterial Rieske protein se- ever, this could not be verified using any reasonable set of
guences cluster together on a third branch of the dendro-alignment parameters in this analysis.

Archaeal and Bacterial Rieske Proteins
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Why Does the Rieske Protein Phylogeny Presented here protein gene, preceding the split into the lineages of the

Deviate from the rRNA-Based Phylogeny and Previously Archaea and the Bacteria. One of these geRésske An

Published Dendrograms of the Rieske Proteins? Fig. 3) is presumably the ancestor of the genes currently
known in the mitochondria, chloroplasts, cyanobacteria,

The dendrogram calculated for the Rieske proteins and purple bacteria, whereas the descendants of the other
presented in this work exhibits several deviations from one Rieske Bn Fig. 3) are only known in the Archaea
the phylogeny based on rRNA sequence comparisons.and the other Bacteria included in this analysis.

These are: (1) The positioning of the sequences from
Aquifex Anabenasp. (PCC7120)Chlorobium Bacillus
andPyrobaculumand, most significantly, (2) the appear-
ance of the third, mixed group of archaeal and bacterial
seguences.

Deviations between protein- and rRNA-based phy-
logenetic trees are frequently observed (Doolittle, 1999).
One possible explanation is offered by the now widely dis-
cussed idea of a frequently occurring interspecies transfer
of genetic information. Other explanations might include
convergent evolution or an unusually strong divergence
due to evolutionary pressure imposed by environmental
conditions or components interacting with the protein.
However, these effects do not convincingly explain the
occurrence of the third branch consisting of the archaeal
and bacterial sequences. Compared to previously pub-Rieske Ferredoxins
lished analyses (Schmigt al, 1996; Castresanet al,

1995), the appearance of this branch can be attributed Regarding the Rieske ferredoxins, the alignment
to two factors. The first is the introduction of several clearly separates the ferredoxins into two main groups.
new sequences. This resulted in the positioning of the The first encompasses the Rieske ferredoxins associated
Pyrobaculumsequence at a distance from the other ar- with the class 1IB and class Ill oxygenase systems. This
chaeal sequences, an observation that, in principle, couldgroup also includes two ferredoxins belonging to incom-
be explained by the effects mentioned above. The sec-pletely characterized enzyme systems. The ferredoxin
ond factor is the rooting of the tree. Without the addi- mocEfrom the moc gene cluster oRhizobium legumi-
tional information derived from Fig. 2, the resulting den- nosarummay form a part of an electron transfer chain,
drogram could still be arranged in a way very similar coupling a potential FAD-reductasm¢cP with a puta-

to the previously published dendrograms (Schreidl., tive u-oxodi-iron oxygenasenfocD) (Baharet al., 1998).
1996; Castresaret al., 1995),i.e., with the cluster of the ~ PSEsp.phnR belongs to an uncharacterized oxygenase
SulfolobusaandAeropyrunmsequences forming the deepest system possibly functioning as a biphenyl or phenanthrene
branch. Thus, the most significant change to the phyloge- dioxygenase iPseudomonadJ77 (Kim and Park, 1998).
netic tree of the Rieske proteins is a direct consequence The second group of ferredoxins form part of the
of our assumption that at least the [2Fe—2S] binding do- electron transfer chains associated with the enzymes
mains of the Rieske and the Rieske-type proteins are ho-toluene-4-monooxygenase frofseudomonas mendo-
mologous, an assumption without which the calculation cina (PSEmen tmoC) and alkene monooxygenase from
of the tree shown in Fig. 2 would be meaningless. How- Xanthobactestrain Py2 (XANsp. xamoC). Both enzyme
ever, a careful inspection of the alignment, together with systems draw electrons from NADH using an [FAD-2Fe—
the structural similarities (Link, 1999) observed between 2S]reductase and transfer them viathe Rieske-ferredoxins
the Rieske proteins from the beef heart mitochondrial cy- to the respective oxygenase components, which contain a
tochromebc; complex (lwataetal, 1996), the cytochrome  u-oxodi-iron center (Pikust al., 1996; Small and Ensign,
bs f complex of spinach chloroplasts (Carretlial, 1997), 1997). A small (approximately 11 kDa), non-redox cou-
and even the Rieske-type protein naphthalene dioxyge-pling protein is also involved in both systems. Interest-
nase (Kauppet al, 1998) convinced us of the validity of  ingly, these enzymes are closely related to the soluble
this assumption. Consequently, the branching pattern of methane monooxygenase frivtethylococcus capsulatus
the dendrogram in Fig. 2 can be most simply explained (Bath) (Lipscomb, 1994), with the exception that the latter
by postulating an early duplication of an ancient Rieske enzyme system uses a Gj&Fe—2S]-ferredoxin.

Rieske-Type Proteins

This class of proteins consists of the Rieske oxyge-
nases and the Rieske ferredoxins. In the alignment shown
in Fig. 2, the branching at the root of the dendrogram is
rather indistinct. However, three main groups of Rieske-
type proteins are recognizable, these being the ferredoxins
and two groups of oxygenases, all of which seem to share
a common ancestor separate from the Rieske proteins. The
relationship between the various Rieske-type proteins is
clearer and more complete in Fig. 4 and this dendrogram
forms the basis of the following discussion.
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Fig. 4. Dendrogram constructed from the alignment of the Rieske-type protein sequences given in the section Materials and Methods. The bootstray
values (out of 1000 trials) are shown. The arrow indicates the possible root of this tree as discussed in the text. In addition to the usualrci@ssificatio

type A, 1B, llA, 1IB, and Ill), the following abbreviations are usedoxo, Rieske ferredoxins coupling with an oxygenase ofithexodi-iron type;
eukaryotic, eukaryotic oxygenase; 4Fe4S, oxygenase receiving electrons from a ferredoxin containing a [4Fe—4S] prosthetic group; MMO, oxygenase
with a ferredoxin related to that occurring in methane monooxygenase.

The phylogenetic relationship between the type-Ill strate specificity, quaternary structure, and components of
and -1IB Rieske ferredoxins found in this work was also the respective redox chains. Nevertheless, the segregation
observed by other workers in an alignment of a partially of the various bacterial oxygenases belonging to classes
extended set of sequences (Sylvestral., 1996). How- IA, 1B, 1lA, 11B, and Il is readily discernible in Fig. 4.
ever, as far as the authors are aware, the alignment preNotable is the fact that the class IA oxygenases seem to
sented in this article is the first to show that diverse Rieske form a lineage separate from the class IB—Ill oxygenases,
ferredoxin types functioning in a variety of oxygenase as was suggested by Nakatsual. (1995). This is prob-
systems apparently share a common ancestor. ably a reflection of the fact that the class IA enzymes

possess a homomultimeric quaternary structure, while the

type-1B to Il oxygenases are generally composedy of
Rieske Oxygenases and B subunit types, the subunits bearing the catalytic

center of these oxygenases. Moreover, within the main

Until recently, oxygenases possessing Rieske centersbranch containing the latter oxygenase sequences, a clear
had only been reported in bacteria where they catalyze separation of the class IB from the class IIA, IIB, and llI
the oxidation of a variety of hydrophobic, mainly aro- oxygenasesisvisible. The overall branching pattern of this
matic substances by the insertion of one or two hydroxyl dendrogram (Fig. 4) compares well with previous studies
groups (Mason and Cammack, 1992; Butler and Mason, performed on different sets of sequences and using dif-
1997). The phylogenetic tree describing the relationships ferent alignment algorithms (Nakatstial., 1995; Werlen
between the Rieske oxygenases is more complicated tharet al,, 1996; Sylvestrest al, 1996; Roschet al,, 1997),
that of the ferredoxins, presumably as a result of the fact confirming the validity of the approach adopted in this
that oxygenases exhibit a greater diversity in their sub- work.
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The segregation of bacterial oxygenases not in- ary point of view. All three proteins are distantly related to
cluded in the above classification scheme is also wor- the class IA bacterial oxygenases. Although the catalytic
thy of note. The enzyme 2-oxo-1,2-dihydroquinoline functions of LIS1 and Tic55 are unknown, they were orig-
8-monooxygenase frorRseudomonas putidéabbrevi- inally postulated to be Rieske oxygenases on the basis
ated PSEput oxo0), for example, functions with an elec- of their possessing a sequence motif homologous to the
tron transport chain characteristic of the type-IB oxyge- binding site of the mononuclear iron cofactor present in
nases. Nevertheless the sequence of this enzyme is relatedhe bacterial oxygenases (Caliedial, 1997; Grayet al,
albeit distantly, to those of the type-1A oxygenases, proba- 1997; Butler and Mason, 1997) which is the postulated
bly reflecting the homomultimeric quaternary structure of site of oxygen activation (Twilfeet al,, 1985; Bill et al,,
this enzyme (Roschet al,, 1997). Two further enzymes, 1985). Their segregation into the group of the bacterial
which represent variants of the established classification, Rieske oxygenases, therefore, supports this assumption.
are also included in the alignment. The first, thasub- From biochemical studies, there is no evidence for the
unit of 7-oxodehydroabietic acid dioxygenase, which is presence of g@-type subunit in LIS1 or Tic55 (Caliebe
involved in diterpenoid degradation Bseudomonas abi- et al,, 1997; Grayet al, 1997), providing a further basis
etaniphilaBKME-9 (abbreviation PSEabi DitAl; Martin  for their relatedness to the class IA oxygenases, which
and Mohn, 1999), shows a weak homology to the type-IIB also consist of one subunit type.
and -1l oxygenases. In common with these enzymes, the Perhaps the most intriguing of the eukaryotic Rieske
7-oxodehydroabietic acid dioxygenase is composead of oxygenases is the mammalian CMP-Neu5Ac hydroxy-
and 8 subunits. However, the ferredoxin in the associ- lase. Although this enzyme is clearly a Rieske-type pro-
ated redox chain is of the [4Fe—4S] or [3Fe—-4S] type, tein, its positioning in the dendrogram in Fig. 4 suggests
and not the usual Rieske ferredoxin found in the class that it is only distantly related to the other Rieske oxy-
[IB or lll oxygenases. The second unusual bacterial oxy- genases. Indeed, in the dendrogram constructed from a
genase dealt with here is thesubunit of methanesul-  global alignment (Fig. 2), the CMP-Neu5Ac hydroxy-
fonic acid monooxygenase fromdlethylosulfonomonas lase seems to be more related to the ferredoxins than to
methylovoraAlthough the sequence of this protein seems the oxygenases, although this conclusion must be treated
to be distantly related to the class llA, IIB, and 11l oxyge- with care, because of the diversity of protein types in this
nases, as indicated by its possessirgnd 8 subunits, it alignment. The proximity of the branch point of CMP-
nevertheless segregates on a branch separate from the foNeu5Ac hydroxylase to the root of the Rieske-type pro-
mer oxygenase classes. This difference is underlined byteins suggests that it may have evolved along a lineage
the involvement of a ferredoxin component, which is sim- that separated early from the other eukaryotic oxygenases
ilar to that present in methane monooxygenase (de Marcomentioned above. In spite of the apparent ancient origin
et al, 1999). of this enzyme, several lines of evidence are consistent

Aninteresting new insight emerging from this analy- with CMP-Neu5Ac hydroxylase being a relatively recent
sis is the phylogeny of the Rieske-type proteins of eukary- development in evolution. First, the product of the reac-
otic origin, i.e., choline monooxygenase, CMP-Neu5Ac tion catalyzed by this enzyme, the activated sugar-nucleo-
hydroxylase, Tic55 and LIS1. These proteins segregatetide cytidine monophosphate-glycolylneuraminic acid
into the oxygenase branch of the Rieske-type proteins, (CMP-Neu5Gc), is a precoursor for the glycoconjugate-
suggesting that they are related to the bacterial Rieskebound sialic acidN-glycolylneuraminic acid (Neu5Gc).
oxygenases. In the case of choline monooxygenase, itsThusfar, this sialic acid has only been detected in deuteros-
segregation reflects its known catalytic function as an oxy- tomes, a lineage that encompasses animals from the
genase (Rathinasabapattial, 1997). In this alignment,  echinodermsd.g, starfish and sea urchins) through to
choline monooxygenase shows no unequivocal phyloge-the mammals (Warren, 1963; Schaegral,, 1999). Al-
netic relationship with any specific bacterial oxygenase though sialic acid-containing glycoconjugates do occur in
class, although it does appear to more associated withbacteria, they are restricted to the nonhydroxylated form
the type-IB, -1lA, -1IB, and -Ill oxygenases. Based on the N-acetylneuraminic acid and are only found in a limited
homodi- or trimeric structure suggested for the choline number of species (Schaustral,, 1995).
monooxygenase (Rathinasabapathal., 1997), a distant A further interesting characteristic of this enzyme is
relationship to these oxygenases may be postulated, sincets subcellular localization. Whereas the plant oxygenases
certain members of the class IB oxygenases have a homo-choline monooxygenase and Tic55 described above are as-
multimeric structure (Butler and Mason, 1997). sociated with chloroplasts, CMP-Neu5Ac hydroxylase is

The segregation of the eukaryotic sequences LIS1 cytosolic (Schneckenburget al,, 1994; Schlenzkat al,,
and Tic55 are particularly interesting from an evolution- 1994; Kawancet al, 1994). Whether the association of
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the plant oxygenases with an organelle proposed to be 0f1994). Cytochromebs is a membrane-bound electron

prokaryotic origin has any relevance to their apparent phy-

donor which, in conjunction with an NADH-dependent

logenetic relationship with the bacterial enzymes is open flavoprotein reductase, supports the activity of a number
to debate. It is, however, tempting to speculate that the of enzymes associated with the cytosolic face of the endo-

cytosolic location of the CMP-Neu5Ac hydroxylase is a
further manifestation of its rather unexpected phylogeny.
The monomeric nature of the CMP-Neu5Ac hy-
droxylase has potentially far-reaching implications
for the structure and mechanism of this enzyme
(Schneckenburgeet al, 1994; Schlenzkat al, 1994;
Kawanoet al, 1994). From the recently solved three-

plasmic reticulum, including lipid desaturases and certain
forms of cytochrome P450 (Veeges and Waskell, 1995).
Although this general purpose electron donor is ubiqui-
tous among the eukaryotes a prokaryotic cytochrboge
like protein of unknown function was recently reported
in Ectothiorhodospira vacuolatg§Kostanjeveckiet al,,
1999). This raises the possibility that the ancestor of

dimensional structure of the naphthalene dioxygenase CMP-Neu5Ac hydroxylase already existed at the sepa-

from Pseudomonas putid&auppiet al,, 1998), itis clear

ration of the prokaryotes and eukaryotes, estimated to

that the quaternary structure of this enzyme is fundamental have occurred about 2 10° years ago (Doolittlet al,,

to its function. This molecule has a mushroomlike struc-
ture, the threer subunits forming the head and thesub-
units the stalk of the mushroom. While tiesubunits
may be involved in influencing the substrate specificity
(Hurtubiseet al, 1998), thex subunits possess the cat-

1996), a suggestion consistent with the very deep branch
point observed for the hydroxylase in the dendrograms
(Figs. 3 and 4). To date no sequences even remotely
related to the CMP-Neu5Ac hydroxylase can be found
in the GenBank so that the nature of the evolutionary

alytic Rieske and mononuclear iron centers necessary forprecursors of this enzyme remains a mystery. One can-
activity. From the geometry of these centers in the crystal didate might be the UDRFacetylmuramic acid hydroxy-
structure, it has emerged that the mononuclear iron atomlase, a sugar nucleotide oxygenase postulated to be re-
on one subunit is situated such that it could only receive sponsible for the biosynthesis Wfglycolylmuramic acid
electrons from the Rieske center on the adjacent subunit,present in the cell wall of certain bacteria (Gatedal,,
strongly suggesting intersubunit cooperation in catalysis 1976). This suggestion is, however, highly speculative

(Kauppiet al, 1998). Since all bacterial Rieske oxyge-

since the enzyme has been neither purified nor cloned and

nases so far reported consist of several subunits, rang-sequenced.

ing from the type-1A oxygenases, which are generally ho-

Despite these uncertainties, the significant functional

modimers, -trimers, or -tetramers (Mason and Cammack, and structural differences between CMP-Neu5Ac hy-
1992; Butler and Mason, 1997), to the other oxygenases,droxylase and the remaining Rieske oxygenases provide

which generally seem to have agf3 quaternary struc-
ture, this mode of electron transfer within the molecule

may be generally applicable in the bacterial oxygenases.
Whether a similar mechanism occurs in the oxygenases

a basis for the proposed separate evolutionary lineage of
this enzyme.

of plant origin is unknown. Choline monooxygenase does Functional Significance of the Phylogeny of Proteins

have a di- or trimeric structure, raising the possibility of
such a mechanism (Rathinasabapatlal., 1997). As yet,
the subunit composition of the other hypothetical plant
oxygenases Tic55 and LIS1 is unknown. Evidently, the
monomeric structure of CMP-Neu5Ac hydroxylase rules
out intersubunit electron transfer being involved in its cat-
alytic mechanism.

One further feature of CMP-Neu5Ac hydroxylase,

Possessing a Rieske [2Fe—2S] Center

Since the sequence both within and surrounding the
Rieske motif is the common factor in the alignments pre-
sented here, it is this region that dominates the resulting
phylogeny. These relationships are presumably the result
of functional and structural factors (Link, 1999). Although
the Rieske centers of the various proteins discussed in this

making it unigue among the Rieske oxygenases, is its article all mediate a one-electron transfer reaction, the na-
electron donor. While bacterial Rieske oxygenases (Butler ture of the electron donors and acceptors are variable, de-
and Mason, 1997) and the plant choline monooxygenasepending on the type of protein in question. Table | gives
(Rathinasabapatlet al., 1997) are known to receive elec- a brief overview of the possible electron donor-acceptor
trons from either a ferredoxin or, in the case of the class | combinations currently known for the various proteins
bacterial oxygenases, a [2Fe-2S] iron-sulfur flavoprotein with a Rieske cluster. For optimal functioning, the redox
reductase possessing a ferredoxin-type domain, CMP-potential of the Rieske center in question must be poised at
Neu5Ac hydroxylase receives its reducing equivalents a value dependent on the nature of the redox reaction part-
from cytochromébs (Kozutsumiet al,, 1990; Shavet al,, ners with which it mustinteract. Although the liganding of
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Table I. Summary of Proteins and Cofactors Serving as Electron Donors and Acceptors for Rieske Centers

Rieske protein type

Electron donor

Electron acceptor

A. Rieske proteins

Cytochromebc; Reduced quinones Cytochrorog
Cytochromebg f Reduced plastoquinone Cytochroie
Archaeal Rieske proteins Reduced quinones Not known
Bacillustype Rieske proteins Reduced menaquinone Cytochwme

B. Rieske-type proteins
Bacterial Rieske ferredoxins
Ferredoxins of bacterial type-11B
and -lll Rieske oxygenases
reductase

Rieske ferredoxins of bacterial
toluene-4-monooxygenase and
alkene monooxygenase

Rieske ferredoxin of oxygenase
in rhizopine degradation (MocE)
Bacterial Rieske oxygenases

Type 1A

Type IB FAD-cys[2Fe—2S]-reductase
Type IIA Cys[2Fe-2S]-ferredoxin
Type 1IB Rieske ferredoxin

Type llI Rieske ferredoxin

Methane sulfonate monooxgenase
Oxygenase of diterpenoid
degradation (DitAl)
Eukaryotic Rieske oxygenases
Plant choline monooxygenase
Tic55/LIS1
CMP-Neu5Ac hydroxylase

Unknown

Type 11B: FAD-reductase
Type lll: FAD-qy8Fe-2S]-

FAD-gj8Fe-2S]-reductase

FAD-reductase

FMN-cysi[2Fe-2S]-reductase

£196e—-2S]-ferredoxin

QfdFe-4S]-ferredoxin

GfaFe—2S]-ferredoxin

Cytochronhg

Rieske center of oxygenase
Rieske center of oxygenase

u-Oxodi-iron center of oxygenase
components

u-Oxodi-iron center of oxygenase
component

Mononuclear iron center
Mononuclear iron center
Mononuclear iron center
Mononuclear iron center
Mononuclear iron center
Mononuclear iron center
Mononuclear iron center

Mononuclear iron ceriter
Mononuclear iron cenfer
Mononuclear iron cent®r

apostulated on the basis of sequence comparisons, although not unequivocally proved in structural studies.
bpostulated on the basis of enzymic studies and weak sequence homologies.

the redox-active iron ions in all Rieske centers is identical,

Apart from directly liganding the [2Fe—2S] cluster

the surrounding milieu, which is largely dictated by the viathe His and Cys residues, a number of main-chain and
spatially adjacent amino acid side chains, may have a pro-side-chain atoms both within and adjacent to the Rieske
found influence on the redox properties of these [2Fe—2S] motif also form a second ligand shell which interacts not

centers. An examination of the three-dimensional struc-

only with the iron-binding side chains, but also with the

tures of the Rieske center-containing proteins so far solved sulfide ions in the cluster. Mutational studies on residues
reveals that the amino acid residues both within and im- within the Rieske motif of cytochromtc; from Paracoc-
mediately surrounding the Rieske sequence motif make cus denitrificangSchioteret al,, 1998) andRhodobacter

a significant contribution to the pocket in which the
[2Fe-2S] cluster is situated (Link, 1999). This is most ev-
ident in the Rieske domains of cytochromag (lwata

et al, 1996) andbs f (Carrell et al, 1997) where the
environment of the iron—sulfur center is dominated by
the amino acid residues of this primary structure region.
In the o subunit of naphthalene dioxygenase, however,
the additional close contact of the Rieske center with
the catalytic site of an adjacent subunit may also influ-
ence the redox chemistry of the cluster (Kauppial.,
1998).

capsulatugLiebl et al, 1997) underline their importance
not only in determining the redox potential of a Rieske
center, but also for its stability and interaction with sub-
strates. Furthermore, the overall polarity of the cluster’s
environment, which is also influenced by spatially adja-
cent side chains may also have some bearing on its chem-
ical properties.

These considerations all underscore the importance
of the amino acid residues of the Rieske motif and thus
provide a functional basis to explain the phylogenetic
relationships between Rieske [2Fe-2S] proteins.
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Fig. 5. Possible evolutionary pathway leading to the various groups of proteins in the Rieske protein superfamily.

Relevance of Phylogeny to the Evolution of Rieske sive evolution from a common ancestor without invoking
Redox Proteins endosymbiosis.

This study also demonstrates that all sequences cur-The Early Evolution of the Rieske Protein Superfamily
rently known can be clearly allocated to one of these two under Anoxic Conditions and the Emergence of
protein families. These form a protein superfamily whose Present-Day Representatives
members are involved in redox events of energy conser-
vation and metabolism. The fact that proteins possess- The results of this analysis and other studies provide
ing Rieske centers are found in the Eukarya, Bacteria, a basis for speculation on the events leading to the ap-
and the Archaea, suggests that the Rieske [2Fe—2S] cenpearance of the fundamental forms of the Rieske protein
ter, as such, appeared before the separation of the threesuperfamily and their subsequent evolution into the cur-
domains of life. Since Rieske-type proteins are known rently known proteins. The scheme shown in Fig. 5 depicts
in Eukarya and the Bacteria and the Rieske proteins area possible model for this evolutionary pathway.
foundin allthree domains, although their occurrence inthe The presence of Rieske proteins in organisms of the
Eukarya is restricted to the mitochondria and chloroplasts, three accepted domains of life, the Bacteria, Archaea, and
it can be concluded that both both Rieske and Rieske- the Eukarya, suggests that the early evolution of the Rieske
type proteins were present in the last common ancestorcenter occurred under the largely anoxic conditions pre-
of all living organisms. Furthermore, the close phyloge- vailing in the time between the appearance of the first
netic relationship between the Rieske proteins of the bac- cellular life forms some 3.5 10° years ago and the diver-
terial cytochromebg f or bc; complexes and the corre-  gence of the prokayotes from the eukaryotes and Archaea
sponding eukaryotic proteins, lends further weight to the about 2x 10° years ago (Doolittlet al., 1996).
theory of the endosymbiotic origin of mitochondria and Similarities in the topology of the simple rubredoxin
chloroplasts. iron center with the [2Fe—-2S] cluster-binding subdomains
Towhat extentendosymbiotic transfer of Rieske-type of the Rieske proteins from cytochromiasf andbc; as
proteins into eukaryotes occurred cannot be deduced withwell as of naphthalene dioxygenase, led to the sugges-
any certainty. As discussed above, the association of thetion that the former protein may be an ancestor of the
Tic55 and choline monooxygenase with chloroplasts hints Rieske center-binding domain (Link, 1999). From this,
at an endosymbiotic origin of these proteins. However, the one could postulate the appearance of an archaic “Ur—
deep branch points of these proteins from their bacterial Rieske protein,” which might have been a component in
homologs could equally well have occurred by progres- some sort of redox chain. The fact that Rieske [2Fe—2S]
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centers generally possess a higher redox potential thanthe  The advent of oxygenic photosynthesis presumably
corresponding Cysclusters may have allowed themtooc- provided animpetus for the further evolution of the Rieske
cupy unigue niches in early metabolism, so contributing proteins within their respective complexes. In the case
to their persistence in evolution. of the type-B Rieske proteins, these probably persisted
In a decisive step, the duplication of this protein and in the “mixed-group” bacteria and the Archaea, while
subsequent evolution possibly gave rise to the basic Rieskethe type-A Rieske protein—cytochrome complexes evolved
and Rieske-type proteins. In the former case, the Rieskeinto the cytochrome hcomplexes of present-day bacte-
domain would have gained amembrane anchor and was in-rial aerobic respiratory chains. After endosymbiotic mi-
corporated into a primitive cytochrome—Rieske complex. gration, the Rieske proteins of the bacterial cytochrome
A possible duplication of this forerunner of the Rieske pro- bc; complex and the cyanobacterial cytochrdogé com-
teins prior to the separation of the three domains of life plex became integral components of eukaryotic mitochon-
may have given rise to the type-A and -B Rieske proteins, dria and chloroplasts, respectively.
discussed above (see also Fig. 3). Even at this point, it is The second evolutionary lineage leading from the du-
probable that anaerobic conditions were still prevailing. plication of the postulated “Ur—Rieske protein” probably

The existence of bacterial cytochrone complexes in- gave rise to the present-day Rieske-type proteins. Since
volved in the anaerobic respiratory chains, for example, in the Rieske ferredoxins are structurally and functionally
the reduction of nitric oxide (Itobkt al, 1989; Caret al., very simple, they probably resemble the ancestral Rieske-

1989; Zumft, 1997), suggests that cytochrobeg-type type protein more closely than the oxygenases. Indeed, an
complexes could have existed before the appearance ofexamination of the alignment of several Rieske-type pro-
oxygen. tein sequences (Fig. 6) suggests that the oxygenases may
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have evolved by the fusion of a Rieske ferredoxin gene the classical approaches used in uncovering such pro-
with a gene encoding a domain for substrate recognition teins might be meaningfully augmented by computer
and oxygen activation. The dendrogram in Fig. 4 suggestssearches of the archaeal genomesy,( Sulfolobusor

that the Rieske oxygenases may be derived from one com-Thermoplasmpg which are currently being studied.

mon ancestor. However, this conclusion must be treated
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