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1. Introduction

Cytochromeg are among the most studied proteins. This
is possibly due to their relatively high thermodynamic
stability and their red color, which makes protein purification
easieft The three-dimensional structure of mitochondrial
cytochromec has been solved in the 1970fllowed by a
number of other structures from various sources. The small
size, high solubility and high helical content and the presence
of the heme cofactor have allowed mitochondrial as well as
some bacterial cytochromedo be studied through a variety
of spectroscopic techniques. These features have contributed
to making cytochromec a very popular protein among
biochemists and biophysicists.

Cytochromesc can bind one or several-type hemes
through two thioether bonds involving the sulfydryl groups
of two cysteine residues. The heme iron ion is always axially
coordinated by a histidine side chain. In his classical work,
Ambler identified four classes of cytochromeslepending
on the number of hemes, the type and the position of the
axial iron ligands, and the redox potential. In the present
review, we focus on mono-heme cytochromealomains,
defined by the property of a conserved structural fold
(cytochromec fold) and by the presence of a single Cys-
Xaa-Xaa-Cys-His (CXXCH) signature for heme attachment.
The cytochromes fold has been already described in detail
in the literaturé and corresponds to the definition of protein
superfamilies implemented in widely used protein classifica-
tion tools such as CATHor SCOF: This definition also
broadly corresponds to Ambler's class I. The minimal
requirement for the cytochrontefold is the presence of the
three structural elements that are found in all cytochreme
experimental structures, that is, the N- and C-terminal
o-helices (respectively, heligl anda5 in mitochondrial
cytochromes), as well as the long helix (hekg, also called
the 60’s helix in mitochondrial cytochromes) preceding the
short helix and the loop containing the second axial ligand
to the heme iron, which is nearly always a methionife
(Figure 1). In exceptional cases (which are mentioned in this
review when relevant), the second ligand can be a different
amino acid, such as asparagine or histidine, or even be absent.
It is important to note that this cytochroneé'core” can be
found embedded in a variety of different proteins: in these
cases, the cytochrome domain can be fused to other
domains (even itself).

The function of cytochrome is essentially that of an
electron transfer protein, mainly involved in aerobic as well
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Figure 1. Comparison of the three-dimensional structures of two
different cytochromes: left, crystal structure of tuna cytochrome

c (first crystal structure obtained for this class of protéinsght,
solution structure of oxidized cytochromédrom Bacillus pasteurii
determined by NMRY The cytochromee fold characteristics are
colored in green and yellow; the heme and the CXXCH sequence
signature are in red.

ing.* Cytochromec is also widespread in the bacterial world,
where it takes part in biochemical processes such as
respiration and kD, scavenging, as well as in a number of
other pathways. In particular, it is not uncommon that
cytochromec is fused to redox enzymes and constitutes an
entry/exit point for electrons in the catalytic cycle of the
enzyme.

The availability of complete genome sequences in a variety
of organisms across all kingdoms of life has pushed us
toward the compilation of a list of cytochrongglomains to
provide a survey of (i) cytochrome availability in each

as anaerobic respiration. In mammalian cells, cytochrome organism and (ii) the variety of proteins having a cytochrome
is also involved in apoptosis (for a review, see ref 11). Owing ¢ domain. These domains have been retrieved using bioin-
to the more recent discovery of the involvement of cyto- formatic methods and have been analyzed in terms of
chromec in the latter process, there are still several important sequence, co-occurrence in operons of prokaryotes or gene
questions to be clarified, such as how widespread is thefusion events, and three-dimensional structure, when avail-
cytochromec-dependent pathway of cell death. Very re- able. Hints on the function have been obtained through the
cently, it has been reported that in mammalian mitochondria analysis of the genomic context together with the literature

the enzyme p6®° can oxidize cytochrome to generate

data. The result is a comprehensive and accurate data set of

reactive oxygen species, which act as signaling moleculescytochromec domains, ordered by organism and grouped

for apoptosid? Mitochondrial cytochrome appears to be
necessary also for the assembly of cytochranoaidase'?
Finally, a minor but interesting role for cytochroneein

according to the (proved or proposed) function, which
provides a starting point for further biochemical and bio-
physical studies in the frame of the comprehension of the

Eukaryota is in the pathway of hydrogen peroxide scaveng- molecular mechanisms of life. In this review, we discuss the
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occurrence and the biological functions of cytochrome  protein domains. Finally, sequences with uncertain assign-
domains in all the three kingdoms of life, Eukaryota, Bacteria ments to cytochrome domains were confirmed or discarded
(separately Gram-negative and Gram-positive), and Archaeaby detecting similarities to other known cytochromes
considering several biochemical processes and metabolic anthrough BLASP! searches in all nonredundant protein
interaction pathways at different levels of knowledge. sequence databases.

An extended bioinformatic _analysis of mito.chondrial The sequences identified in Proteobacteria and Cyano-
cytochromesc was performed in our laboratory in }999- bacteria were grouped according to the number of cyto-
That analysis allowed the identification of functionally -hromec domains present within each sequence; then the
re]evant re§|dues th_rough multiple sequence a!|gnments ONsequences containing the same number of cytochrome
mitochondrial proteins as well as the mappping of their gomains were clustered based on their similarities. For
position within the protein structure. This is important to proteins containing one cytochrome domain, only the
identify features such as the location and size of intermo- goqences of this domain were used for clustering (i.e., all
lecular recognition patches or the intramolecular contacts protein segments corresponding to other domains were
determining the protein core (and thus protein stability). In .o\ ved from the sequences prior to clustering). The
the present work, the focus is shifted onto a much larger ¢y,qtering procedure was based on all-against-all BLAST
ensemple of quite distantly relf';\ted sequences (_as OPPOSEGaarches within each group of sequences. We defined a
to the high sequence conservation observed in mltochondnalmmimal cluster as composed by three sequences such that
cytochromes). This diversity prevents us from reaching the each sequence had BLAST matches below a threshold

P found; then those with two sequences in common were

roles of the cytochrome domains in different organisms. merged until no new minimal clusters could be joined. This

approach, which is somehow reminiscent of the method
2. Methods employed by Tatusov et al. to calculate their clusters of

The first goal of the present work was that of collecting ©rthologous groups (COGS),was implemented in the
all the sequences of cytochroneedomains in available ~ Program CYTCLUST (available on request from the au-
genome sequences. To this end, it is necessary to define théhors). Clusters were initially determined applying a BLAST
“sequence” of a cytochrome domain, so that appropriate cutoff of E = 1¢1°; then calculations were repeated using
search criteria and filters can be used. The criteria selectedhigher, less stringent thresholg-values (up to 10°) to
were (|) a Conserved protein f0|d (Cytochroméo|d) and broaden the CO'Verage. of clusters. F|na”y, BLAST r.eSUItS
(ii) presence of the CXXCH signature for covalent attach- Were analyzed in detail for sequences not included in any
ment of the heme. Initially, results of genome analyses cluster to find pairs of significantly related protein sequences.
available from the Superfam#§/server (version 1.65, http://  Subsequently, all the pairwise alignments among the se-
supfam.mrc-Imb.cam.ac.uk/SUPERFAMILY) were used to duences included in any cluster were built with the CLUST-
gather proteins containing at least one domain fulfiling ALW?* program (version 1.60), and the average sequence
criterion i. The approach implemented in Superfamily identities within each cluster as well as between pairs of
consists of creating a library of profiles (hidden Markov different clusters were calculated as a measurement of the
models, HMM39) representing all the known protein super- degree of sequence similarity.
families!” These profiles are derived from the protein  Multiple alignments of the same sequences used as input
superfamilies identified in SCOPwhich is a database in the clustering procedure described above were also
providing a description of the structural and evolutionary constructed with the program CLUSTALW. The resulting
relat|0nsh_|ps of all proteins of known_ structure. In particular, alignments for the proteins containing one, two, and three
superfamilies are families of proteins with low sequence cytochromec domains (included in Supporting Information
identities whose structures and, in many cases, functionaltaples S1, S2, and S3, respectively) were used to generate
features suggest that a common evolutionary origin is three sequence identity dendrograms by means of the tree
probable’ The sequences contained in the Superfamily results pyyjiding option of CLUSTALW. Inspection of these den-
were filtered by criterion ii, which results from common  grograms (not shown) revealed that closely related sequences

bioinorganic chemistry notions that-type cytochromes  gre grouped in distinct branches in a way that is substantially
possess a well-characterized signature for heme attachmentgentical to that obtained by the clustering procedure.

Note that when one analyzes protein primary sequences _. . .
obtained from genome sequencing data there is no guarantee Figures 4 and 5 were obtained with the program CLANS,

that posttranslational modifications such as covalent hemewh'f:h generates graphs representing pairwise sequence
attachment are actually carried out by the organism. In similarities established by BLAST matches and is available

addition, it cannot be excluded that the protoporphyrin 1X at the web site http://protevo.eb.tuebingen.mpg.de/miscpages/

moiety undergoes some further chemical modification, as €/ans:

found in cytochrome P460 or hydroxylamine oxidoreduc- Homology modeling ofBacillus subtilis cytochromec
tase!®19This kind of problem should however apply at most domains was performed with the program MODELLER
to a very small minority of the proteins analyzed. A final (version 6.2). The domain within thbc complex was
caveat that must be added is that proteins that are notmodeled upon the structure of cytochromg; from Bacillus
cytochromes but have a similar topology (at least locally) pasteurif (PDB code 1B7V, sequence identity 38%), while
and contain an occasional CXXCH stretch of residues canthe structure of cytochromey from Methylobacterium
be selected by the above procedure. Such contaminationextorquen® (PDB code 1QN2, sequence identity 30%) was
can be removed by checking the ensemble of retrieved used as the template for modeling the domain within the
sequences against the Pfam dataB&sehich is a curated  caa oxidase. Structural models for the single-domain
collection of multiple sequence alignments of many common cytochromes: were calculated in a previous wotk.
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3. Results only other eukaryotic organism sequenced so far encoding
. three cytochromeg in its genome. Mitochondrial cyto-

All the complete genome sequences available as of Augustchromesc have been analyzed by us in a preceding paper,

2004 at the Superfamily web site were scanned for proteinsincjuding homology modeling of 113 proteins from animals

containing at least one domain with the cytochroorfeld. as well as plant8The level of sequence identity among these

The application of the strategy described in the Methods proteins is higher than 45%, with sequence lengths varying

section (section 2) resulted in a list of 736 proteins in 112 petween 100 and 120 residues. All mitochondrial cyto-

out of 188 genome sequences analyzed. In detail, a total ofchromesc are positively charged at physiological SH.

966 cytochromes domains were detected in 32 Eukaryota, Duri bi i itochondrial cvtoch

59 Gram-negative bacteria, 17 Gram-positive bacteria, and uring aerobic respiration, mitochondrial cytochrome

shuttles electrons from thiec; complex to cytochrome

4 Archaea (Table 1 and Supporting Information Tables S4 . . . : X X

S8). Seventy-six organisms do not appear to possess am?mdafset:h(CC(_?) 'ﬂ tge r?ltochondrloln. MltoghonSdrllai C?r;)s
cytochromec, as judged from the absence of proteins both g::ec(())m ?eSgsC:reeol'aeo%peer'ésriirng& nS:C rlg?e'n. C'qu' o ees
satisfying the fold criterion and having the required CXXCH % piex '9 : protei piex

(Table 2). Note that Table 2 counts all the strains available Fhat transfer electrons from a relatively low potential quinol

for each organism in the lipid phase to an acceptor protein in the aqueous phase;

The following analysis is performed per type of organism the e_Iectron transfer is coupled to 'ghe ge_neration ofa proton
that is, Eukaryota, Gram-negative bacteria Gram-positiv’e gradient across the membrane, which drives ATP syntfesis.

’ L -~ Cytochromec; is generally a much larger protein than
bacteria, an(_j Archaea. Note th'c_lt_ this division of bacteria into cytochromec, comprising a soluble domain of about 200
Gram-negative and Gram-positive was done purposely for

L X . i .~ residues and one transmembrane h&li%® On the other
this discussion and is nota phylogeny-based partition, while hand, the fishTakifugu rubripesas a predicted cytochrome
Eukaryota and Archaea are indeed phylogenetic groups. '

c1 domain of only about 100 residues. Sequences of
cytochromec; include an additional N-terminal hydrophobic

4. Eukaryota segment, which is predicted to be transmembrane and is
however absent in the mature protein, thus possibly consti-
tuting a signal sequence. Cytochronoe possesses the
fundamental features of the cytochroméold, that is, the
three helices mentioned in the Introduction (section 1) with

f the conserved reciprocal orientation (Figure 3). Evolutionary
studies suggest that the expanded sequence of cytochrome
c1 with respect to cytochrome may be due to cytochrome

c; arising from the structural collapse of @-type di-
cytochromec after corruption or deletion of its C-terminal
CXXCH maotif.?® Within a given organism, the level of
sequence identity between cytochroo@nd cytochrome;

is of the order of 1530%, with several long insertions in

the latter sequences. The degree of sequence identity between
cytochromec; pairs from different organisms is 30% or
higher. Conserved regions are distributed over the whole
sequence length. While most Eukaryota contain one cyto-

Thirty-four genome sequences of Eukaryota have been
analyzed. In 32 of these, 85 proteins containing one cyto-
chromec domain were detected. All of these proteins are
single-domain cytochromes, either of the “canonical’
mitochondrial type (i.e., a soluble single-domain protein o
about 106-110 residues that is located in the intermembrane
space of the mitochondrion) or of the type, which is a
part of the membrane-bound cytochrobe complex (also
called ubiquinol/cytochrome oxidoreductase, QCR) and is
a physiological partner of mitochondrial cytochronee
(Figure 2 and Supporting Information Table S4). Tine
complex additionally contains a Rieske protein and a
cytochromeb.?®

If we look in detail at the soluble mitochondrial cyto-
chromesc, Homo sapiengas well as other primat&} has

one cytochromes, 105 residues long (including the initial chromec,, Drosophila melanogasteand the plantgrabi-

methionine), which is encoded in chromosome 7 and is i< thalianaand Oryza satia contain two proteins with
somatically expressed. A number of related pseudogenes_ «

( ; e 3 canonical” 220 residue long cytochromgdomain.
pseudogenes are genomic DNA sequences similar to norma . .

genes but nonfunctional; they are regarded as defunct AS far as the interaction between cytochromeand
relatives of functional genes) have been identifie®Rat cytochrome bc, is concerned, from the structural and
(Rattus novegicud and mouse Nlus musculuspossess a func_:tlonal point of view the most prominent information is
second cytochrome, which is known to be testis-specific derived from the <_:rysta| structure of the yeast cytochrome
and only expressed during spermatogen¥siBwo cyto- bc, complex vylth its bound sub;trate cy_tochroméo The
chromesc are found also in the fruit flyDrosophila ~ Soluble domain of cytochrome, is negatively charged at
melanogasterin the African malaria mosquiténopheles ~ neutral pH, thus complementary to the positively charged
gambiae in the Caenorhabditisvorms, in the transparent soluble cytochrome._Howeve.r, the structure .of the complex
sea squirCiona intestinalisin the parasites of thelasmo- ~ Suggests that despite the high electrostatic charge present
dium genus, and in the fungi of th®accharomycegenus, on both proteins and the good complementary character in
where the expression of cytochrons regulated by partial ~ this respect between the two partners, the most stable
oxygen pressurd. It has also been proposed that yeast configuration of the adduct is predominantly determined by
cytochromec is a sequence-specific DNA-binding protein nonpolar contacts. Electron transfer between the two partners
and might have a regulatory role in the nuclé§he plants 1S Proposed to occur through a short-distance hehese
Arabidopsis thalianaand Oryza satia (rice) each contain  direct contact?

three cytochromes, one of which is of the so-callet type As mentioned, the other physiological partner of cyto-
(see also section 5.1.11). Plant cytochromgare targeted  chromec is CCO. In particular, cytochromeinteracts with

to the thylakoid lumen of chloroplasédbut do not function subunit Il of CCO, which contains the so-called Csite.
alongside plastocyanin in photosynthetic electron flow, and The electrostatic features of this region of CCO show a good
a regulatory or accessory role was propdéddr these complementary character to cytochromeas was the case
proteins. The Japanese pufferfi$hakifugu rubripesis the for QCR. The region surrounding the Lsite, where
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Table 1. List and Taxonomy of the 112 Genomes Where at Least One CytochronteDomain Was Detected
Archaea (Four Organisms)
Phylum Class Order Family NS ND®
total for group 7 9
Aeropyrum pernix Crenarchaeota Thermoprotei Desulfurococcales Desulfurococcaceae 1
Pyrobaculum Crenarchaeota Thermoprotei Thermoproteales Thermoproteaceae 2
aerophilumiM2
Archaeoglobus fulgidus Euryarchaeota Archaeoglobi Archaeoglobales Archaeoglobaceae 1
DSM 4304
Methanosarcina Euryarchaeota Methanomicrobia Methanosarcinales Methanosarcinaceae 3
acetworans
C2A
Eukaryota (32 Organisms)
Kingdom Phylum Class Order NS NDP
total for group 85 85
Dictyostelium Dictyosteliida 2 2
discoideun®
Plasmodium Apicomplexa Haemosporida 3 3
falciparuml1
Plasmodium yoelii Apicomplexa Haemosporida 3 3
ssp. yoelii 1
Aspergillus nidulans Fungi Ascomycota Eurotiomycetes Eurotiales 2 2
1r3.1
Ashbya gossypii.0 Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Candida albicans Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Candida glabrata Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Debaromyces hansenii Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Kluyveromyces lactis Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Kluyveromyces waltii Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Saccharomyces Fungi Ascomycota Saccharomycetes Saccharomycetales 3
cerevisiae
Saccharomyces Fungi Ascomycota Saccharomycetes Saccharomycetales 3
mikatae
MIT
Saccharomyces Fungi Ascomycota Saccharomycetes Saccharomycetales 3
paradoxus
MIT
Yarrowia lipolytica Fungi Ascomycota Saccharomycetes Saccharomycetales 2
Schizosaccharomyces Fungi Ascomycota Schizosaccharo- Schizosaccharo- 2 2
pombe mycetes mycetales
Fusarium Fungi Ascomycota Sordariomycetes Hypocreales 2 2
graminearuml
Magnaporthe Fungi Ascomycota Sordariomycetes 2 2
grisea7 r2.3
Neurospora Fungi Ascomycota Sordariomycetes Sordariales 2 2
crassa3
Ustilago Fungi Basidiomycota Ustilaginomycetes Ustilaginales 2 2
maydisl r2
Anopheles Metazoa Arthropoda Insecta Diptera 3 3
gambiae22.2b
Drosophila Metazoa Arthropoda Insecta Diptera 4 4
melanogasteB.2
Danio rerio22.3b Metazoa Chordata Actinopterygii Cypriniformes 2 2
Takifugu rubripes Metazoa Chordata Actinopterygii Tetraodontiformes 4 4
22.2¢c
Ciona intestinalisl.O Metazoa Chordata Ascidiacea Enterogona 3 3
Homo sapien22.34d Metazoa Chordata Mammalia Primates 2 2
Mus musculug2.32b Metazoa Chordata Mammalia Rodentia 3 3
Pan troglodyte®2.1 Metazoa Chordata Mammalia Primates 2 2
Rattus tr)lor/egicus Metazoa Chordata Mammalia Rodentia 3 3
22.3
Caenorhabditis Metazoa Nematoda Chromadorea Rhabditida 3 3
briggsaeAug03
Caenorhabditis Metazoa Nematoda Chromadorea Rhabditida 3 3
elegansvs123
Arabidopsis thaliand Viridiplantae Streptophyta Brassicales 5 5
Oryza satia Viridiplantae Streptophyta Liliopsida Poales 5 5

Ssp. japonica 2.0
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Gram-Negative Bacteria (59 Organisms)

Phylum Class Order Family NS  NDP

total for group 602 818

Aquifex aeolicu/F5 Aquificae Aquificae Aquificales Aquificaceae 7 9

Bacteroides Bacteroidetes Bacteroides Bacteroidales Bacteroidaceae 2 4
thetaiotaomicron
VPI-5482

Parachlamydia Chlamydiae Chlamydiae Chlamydiales Parachlamydiaceae 1 2
sp. UWE25

Chlorobium Chlorobi Chlorobia Chlorobiales Chlorobiaceae 10 10
tepidumTLS

Gloeobacter Cyanobacteria Chroococcales 5 5
violaceus

Synechococcus Cyanobacteria Chroococcales 4 4
sp. WH 8102

Synechocystis Cyanobacteria Chroococcales 4 5
sp. PCC 6803

Thermosynechococcus  Cyanobacteria Chroococcales 4 4
elongatusBP-1

Nostocsp. PCC 7120 Cyanobacteria Nostocales Nostocaceae 4 4

Prochlorococcus Cyanobacteria Prochlorophytes Prochlorococcaceae 2 2
marinus
ssp. marinus
CCMP1375

Thermus thermophilus  Deinococcus- Deinococci Thermales Thermaceae 12 13
HB27 Thermus

Rhodopirellula Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae 79 96
balticasp. 1

Caulobacter Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae 11 12
crescentu€B15

Agrobacterium Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae 9 12
tumefaciens
C58

Bartonella henselae Proteobacteria Alphaproteobacteria Rhizobiales Bartonellaceae 1 1
Houston-1

Bartonella quintana Proteobacteria Alphaproteobacteria Rhizobiales Bartonellaceae 1 1

Bradyrhizobium Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae 42 62
japonicum
USDA 110

Brucella melitensis Proteobacteria Alphaproteobacteria Rhizobiales Brucellaceae 7 9
16M

Brucella suisl330 Proteobacteria Alphaproteobacteria Rhizobiales Brucellaceae 7 9

Mesorhizobium loti Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae 13 19

Rhodopseudomonas Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae 17 24
palustrisCGA009

Sinorhizobium Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae 5 6
meliloti

Rhodobacter Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 18 25
sphaeroides

Rickettsia conorii Proteobacteria Alphaproteobacteria Rickettsiales Rickettsiaceae 2 2

Rickettsia Proteobacteria Alphaproteobacteria Rickettsiales Rickettsiaceae 2 2
prowazekii

Wolbachia Proteobacteria Alphaproteobacteria Rickettsiales Rickettsiaceae 2 2

Bordetella Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 17 29
bronchiseptica
RB50

Bordetella Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 16 26
parapertussis
12822

Bordetella pertussis Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 12 18
Tohamal

Ralstonia Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae 19 26
solanacearum

Chromobacterium Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae 15 23
violaceum
ATCC 12472

Neisseria Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae 6 9
meningitidisMC58

Nitrosomonas Proteobacteria Betaproteobacteria Nitrosomonadales Nitrosomonadaceae 19 26
europaea

ATCC 19718
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Table 1. (Continued)
Gram-Negative Bacteria (59 Organisms), Continued
Phylum Class Order Family NS  NDP

Bdellovibrio Proteobacteria Deltaproteobacteria Bdellovibrionales Bdellovibrionaceae 10
bacteriaorus
HD100

Desulfaibrio vulgaris Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae 6
ssp. vulgaris
Hildenborough

Geobacter Proteobacteria Deltaproteobacteria Desulfuromonadales Geobacteraceae 16
sulfurreducen$®CA

Campylobacter jejuni Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae 13
ssp. jejuni
NCTC 11168

Helicobacter hepaticus ~ Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae 8
ATCC 51449

Helicobacter pylori Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae 6
26695

Wolinella succinogenes  Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae 15

Shewanella Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 15
oneidensiMR-1

Escherichia colK12 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 3

Salmonella enterica Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 1
ssp. enterica
ser. Typhi

Salmonella Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 2
typhimuriumLT2

Shigella flexneri Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 3
2a 301

Yersinia pestis Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae 3
C092

Haemophilus Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae 1
ducreyi
35000HP

Haemophilus Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae 1
influenzae
Rd KW20

Pasteurella Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae 3
multocida

Pseudomonas Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae 27
aeruginosaPAO1

Pseudomonas Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae 24
putidaKT2440

Pseudomonas syringae  Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae 6
pv. tomato DC3000

Vibrio cholerae Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae 10
O1 biovar eltor
N16961

Vibrio Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae 16
parahaemolyticus
RIMD 2210633

Vibrio vulnificus Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae 11
YJO16

Xanthomonas Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae 8
axonopodis
pv. citri 306

Xanthomonas Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae 7
campestris
pv. campestris
ATCC 33913

Xylella fastidiosa Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae 1
9a5c

Leptospira Spirochaetes Spirochaetes Spirochaetales Leptospiraceae 11
interrogans
ser. lai 56601

12

21

19

11

19
21

44

40

13

23

15

15

electrons from cytochrome are transferred, indeed is also been recently shown that there has been a clear evolutionary
suitable for interaction with the partner from the structural trend to reduce the electrostatic charges at the pretein
point of view. The importance of electrostatic interactions protein interface as part of the adaptive evolution of
in the formation of the electron-transfer complex between anthropoid primate® High-resolution structural data for the

the two partners has been demonstrdtééiHowever, it has

interaction of CCO with cytochromeare lacking, especially
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Table 1. (Continued)

Gram-Positive Bacteria (17 Organisms)

Phylum Class Order Family NS NDP
total for group 42 54
Corynebacterium Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae 2
diphtheriae
Corynebacterium Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae 2
efficiens
YS-314
Corynebacterium Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae 2
glutamicum
ATCC 13032
Mycobacterium aium Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae 2
ssp. paratuberculosis
k10
Mycobacterium bois Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae 2
AF2122-97
Mycobacterium leprae Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae 2
Mycobacterium Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae 2
tuberculosis
H37Rv
Streptomyces Actinobacteria Actinobacteria Actinomycetales Streptomycetaceae 2
avermitilis
MA-4680
Streptomyces Actinobacteria Actinobacteria Actinomycetales Streptomycetaceae 1 2
coelicolorA3—2
Tropheryma Actinobacteria Actinobacteria Actinomycetales Cellulomonadaceae 1 2
whipplei Twist
Deinococcus Deinococcus- Deinococci Deinococcales Deinococcaceae 8 10
radioduransR1 Thermus
Bacillus anthracis Firmicutes Bacilli Bacillales Bacillaceae 4 4
Ames
Bacillus cereus Firmicutes Bacilli Bacillales Bacillaceae 4 4
ATCC 14579
Bacillus halodurans Firmicutes Bacilli Bacillales Bacillaceae 4 4
Bacillus subtilis Firmicutes Bacilli Bacillales Bacillaceae 4 4
ssp. subtilis 168
Bacillus thuringiensis Firmicutes Bacilli Bacillales Bacillaceae 4 4
ser. konkukian 9727
Oceanobacillus Firmicutes Bacilli Bacillales Bacillaceae 4 4
iheyensis
HTE831
Total (112 Organisms)
NS NDP
736 966

aNumber of sequences containing at least one cytochoo@main.” Total number of cytochrome domains detected.

as far as the CCO interface region is concerned. It is to be polar groups are more significant than in the case of the
noted that the mechanism of, @duction in mitochondria ~ adduct with cytochrome;.
is likely to involve so-called supercomplexes between several In Eukaryota, cytochromes is required not only for
of the membrane enzymatic complexes. In particular, evi- electron transfer but also for the production of a functional
dence is available for the formation of QCR/C&@nd CCO. Indeed, in mitochondria lacking the folded and mature
NADH —ubiquinone oxidoreductase/Q&Rupercomplexes.  (heme-containing) form of cytochroneethe CCO subunits
A structural model for the latter has been recently obtaffied. are not properly assemblét®® It is therefore likely that

In yeast, cytochrome has an additional role with respect cytochrome ¢ participates, together with the numerous
to higher Eukaryota such as mammals, in that it is involved proteins constituting a dedicated machinery, to CCO as-
in scavenging hydrogen peroxide by delivering electrons to sembly through a still unknown mechanism.
the enzyme cytochromeperoxidase (CCP), which uses them In human, cytochrome is a known activator of apopto-
to reduce the substrate. A three-dimensional structure of thesis?® The cytochrome-dependent pathway to apoptosis is
adduct between cytochronteand CCP is availabl&. The started by the interaction of cytochrormenolecules released
region of cytochromec in direct contact with CCP is  from the mitochondrion with the C-terminal WD40 repeats
relatively similar to that involved in the interaction with of the apoptotic protease-activating factor 1 (Apaf-1). This
cytochromec;, described above. The most notable common complex, dubbed the apoptosome, in the presence of ATP
feature of the adducts of cytochronewith these two or dATP nucleotides then recruits and activates the initiator
partners is the involvement of thioether 4 in intermolecular caspase, caspase-9, starting a cascade of activation events
contacts, suggesting that this substituent of the porphyrin ringinvolving other caspases, which eventually results in execu-
may be a common route on the electron-transfer path. Alsotion of apoptosis and cell death. Determination of the detailed
in the CCP-cytochromec structure, hydrophobic interactions  organization of the apoptosome awaits a structure at atomic
are of crucial importance, even though interactions betweenresolution. A structure of the apoptosome was determined
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Table 2. List of the 76 Genomes Where No Cytochrome Domain Was Detected

Archaea (16)
Halobacteriumsp. NRC-1 Picrophilus torridusDSM 9790
Methanobacterium thermoautotrophicum Pyrococcus abyssi
Methanocaldococcus jannaschii Pyrococcus furios®&v 3638
Methanococcus maripaludis Pyrococcus horikoshii
Methanopyrus kandleAV19 Sulfolobus solfataricus
Methanosarcina mazé&oel Sulfolobus tokodaii
Methanothermobacter thermautotrophiddsita H Thermoplasma acidophilum
Nanoarchaeum equitari&in4-M Thermoplasmaolcanium
Eukaryota (2)
Encephalitozoon cunicoli Trypanosoma brucei
Gram-Positive Bacteria (36)
Bifidobacterium longunNCC2705 Onion yellows phytoplasma
Clostridium acetobutylicum Staphylococcus aurssis. aureus MRSA252
Clostridium perfringend.3 Staphylococcus auressp. aureus MSSA476
Clostridium tetaniE88 Staphylococcus auressp. aureus Mu50
Enterococcus faecalig583 Staphylococcus auressp. aureus MW2
Lactobacillus johnsoniNCC 533 Staphylococcus aurewssp. aureus N315
Lactobacillus plantarunWCFS1 Staphylococcus epidermiddsTCC 12228
Lactococcus lactissp. lactis Streptococcus agalacti@s03V—R
Listeria innocua Streptococcus agalactil&M316
Listeria monocytogeneth F2365 Streptococcus mutar$A159
Listeria monocytogendsGD-e Streptococcus pneumonigs
Mycoplasma gallisepticuriR Streptococcus pneumonidéGR4
Mycoplasma genitalium Streptococcus pyogevidsGAS
Mycoplasma mobil&é63K Streptococcus pyogen®ESAS315
Mycoplasma mycoidessp. mycoides SC Streptococcus pyogenbEGAS8232
Mycoplasma penetrans Streptococcus pyog&&isl
Mycoplasma pneumoniae Thermoanaerobacter tengcongensis
Mycoplasma pulmonis Ureaplasma urealyticum
Gram-Negative Bacteria (22)
Acinetobactesp. ADP1 Chlamydophila pneumoniak.38
Borrelia burgdorferiB31 Chlamydophila pneumonia@N-183
Buchnera aphidicoldAPS Coxiella burnetiiRSA 493
Buchnera aphidicol®p Erwinia carotaora ssp. atroseptica SCRI 1043
Buchnera aphidicol&g Fusobacterium nucleatussp. nucleatum ATCC 25586
Candidatus Blochmannia floridanus Photorhabdus luminessspsLaumondii TTO1
Chlamydia muridarum Porphyromonas ginglis W83
Chlamydia trachomatis Thermotoga maritima
Chlamydophila caiae GPIC Treponema denticolATCC 35405
Chlamydophila pneumonia®R39 Treponema pallidurssp. pallidum Nichols
Chlamydophila pneumonig@WL029 Wigglesworthia glossinidia
H H
I helix a3 helix, oS
Y
eyte cytoplasm
02
H
o, |
H,0
helix ol
U Q) ADP matrix
be; complex cyt ¢ oxidase l
}Vr ATP
ATP synthase ‘\
Figure 2. Schematic picture of the enzymes of the mitochondrial {
inner membrane involved in the terminal steps of aerobic respiration. [\:‘)

Electrons are transferred from ubiquinol (gHhrough thebg

complex and cytochrome(cyt c) to cytc oxidase, where they are  Figure 3. Comparison of the structures of the soluble domain of

used to reduce dioxygen into water. Both tie complex and ¢yt cytochromec,¥ (left) and of cytochrome? (right). The cytochrome

c oxidase translocate protons across the membrane. The protory fold characteristics are colored in green and yellow; the heme

Qtrjadltené 'fS reqUI;e:cLigt;y QTP _Slt/néhas_»fhto syn_thesa? QE_P- Figure and the CXXCH sequence signature are in red.

?ht?pﬁ //eww\s\(,)_ za;gorg),' refe plrén7e C(\;\gyrigpﬁrniggéor%h; ,Alfnnecr’iecan 2.2-A c_rystal structure of_WD40-deIeted Apaf-1 was rece_ntly

Association for the Advancement of Science. determined! shedding light on the molecular mechanism
by which the binding and hydrolysis of nucleotides promote

at 27 A resolution in 2002 by cryo-electron spectroscopy, the formation of the apoptosome and the activation of

revealing a wheel-like particle with 7-fold symmef8The caspase-9. This is only one of various different pathways
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Table 3. Functional Classes Identified for Proteobacterial and Cyanobacterial Sequences Containing One Cytochroméomain?

matrix matrix
row or number of row or number of
column functional class sequences column functional class sequences
1 alcohol dehydrogenases 4 15 iron uptake 5
cag oxidases subunit |1 9 16 multi-copper nitrite reductases 2
3 J-cag oxidases subunit 11 2 17 NorC (nitric oxide reductases) 8
4 cbhs; oxidases subunit I 29 18 PS-os4s0 7
5 cytochromec; 28 19 SHP 2
6 cytochromec, 39 20 solute transporters 4
7 cytochromecs 16 21 SorB (sulfite oxidation) 3
8 cytochromesssi/Css 8 22 SoxA (thiosulfate oxidation) (mono-heme) 3
9 cytochromecssy/Csss 23 23 SoxD (sulfur oxidation) 3
10 cytochromesss 11 24 SoxX (thiosulfate oxidation) 4
11 cytochromess 12 25 unknown | 4
12 cytochromey 6 26 unknown I 4
13 DMSO reductases 18 27 unknown Il 4
14 flavin-containing amine oxidases 4

1 2 3 4 5 6 7 8 9 100 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

357 211 17.0 16.6 16.6 17.3 195 21.0 20.8 204 21.2 225 179 239 224 202 180 17.1 172 21.0 189 17.6 204 20.6 21.6 19.4 228
21.1 595 219 151 197 19.6 214 183 23.7 205 239 21.0 19.7 36.8 247 31.6 219 181 156 18.9 188 19.1 245 239 21.7 18.8 30.8
17.0 219351 165 171 221 215 259 202 210 223 19.6 178 19.7 199 185 205 17.0 15.1 17.7 17.4 16.3 243 225 223 225 237
16.6 151 16.555.0 16.4 16.8 159 15.0 153 14.7 158 17.3 140 165 151 16.2 16.7 16.2 14.2 16.2 134 174 186 16.5 17.2 149 20.7
16.6 19.7 17.1 16.439.7 183 17.6 18.2 173 165 179 170 154 184 193 183 175 175 176 16.9 20.0 16.2 17.8 18.1 18.9 149 24.6
17.3 19.6 221 16.8 18.338.7 229 23.7 220 201 19.7 175 17.8 21.0 215 185 186 17.7 16.4 188 187 175 213 208 20.7 153 21.2
195 214 215 159 17.6 22946 224 193 21.0 21.8 189 144 241 215 238 21.1 198 19.1 194 19.0 17.8 20.5 20.9 20.6 19.0 26.0
21.0 183 259 150 18.2 23.7 22854 23.6 227 222 228 159 21.3 20.1 257 234 186 18.0 21.1 20.7 18.0 199 219 218 172 255
20.8 23.7 20.2 153 17.3 22.0 193 23415 269 223 220 16.8 242 23.0 23.0 20.7 19.9 19.2 22.2 205 19.8 228 209 220 19.2 264
10 204 205 21.0 147 165 20.1 21.0 22.7 2639.7 21.0 208 16.4 21.3 22.0 21.8 205 20.0 184 213 17.0 18.6 23.3 18.7 19.4 222 247
11 21.2 239 223 158 179 19.7 218 222 223 2B85 232 181 227 231 233 20.3 23.7 184 223 20.0 184 227 226 209 20.0 234
12 225 210 196 173 17.0 175 189 228 220 20.8 2329 194 246 21.8 23.6 228 165 17.7 24.6 189 19.1 222 23.7 214 187 20.1
13 179 19.7 17.8 140 154 178 144 159 16.8 164 181 13L 174 17.1 200 172 172 19.0 17.2 186 194 184 16.9 20.2 19.6 203
14 239 36.8 19.7 16.5 184 21.0 241 213 242 213 227 246 BL# 269 304 2277 177 175 225 209 19.2 26.0 224 25.0 195 27.0

15 224 247 199 151 193 215 215 20.1 23.0 220 23.1 218 17.1 28.9 196 22.6 19.2 182 21.7 19.2 182 21.8 20.6 23.5 199 293

16 20.2 316 185 16.2 183 185 238 257 23.0 21.8 23.3 23.6 20.0 304 3% 22.7 184 204 205 203 175 212 211 228 181 287

17 18.0 219 205 16.7 175 18.6 21.1 23.4 20.7 205 20.3 228 17.2 22.7 22.6 58277 19.4 16.7 20.5 185 17.2 19.8 20.0 23.3 20.6 17.6

18 17.1 181 17.0 16.2 175 17.7 198 18.6 19.9 20.0 23.7 165 17.2 17.7 19.2 18.44294173 183 16.7 179 20.2 182 18.7 152 17.1

19 17.2 156 151 142 17.6 16.4 19.1 18.0 19.2 184 184 17.7 19.0 175 182 204 16.7414.317.1 17.6 19.6 20.3 187 17.6 16.0 16.5

20 21.0 189 17.7 16.2 169 188 194 21.1 222 213 223 246 17.2 225 21.7 205 20.5 18.3354.19.0 19.5 20.2 22.1 20.7 18.7 22.2

21 189 188 174 134 20.0 18.7 19.0 20.7 205 17.0 20.0 189 186 209 19.2 20.3 185 16.7 17.8510.07.0 19.7 18.8 19.3 16.1 23.8

22 176 191 16.3 174 16.2 175 17.8 18.0 19.8 18.6 184 19.1 194 19.2 182 175 17.2 179 19.6 19.837.4720.6 19.0 19.5 19.3 17.0

23 204 245 243 186 17.8 21.3 205 199 228 233 227 222 184 26.0 21.8 21.2 19.8 20.2 20.3 20.2 1953.20R.7 24.0 224 27.1

24 206 239 225 165 18.1 20.8 209 219 209 187 226 23.7 169 224 206 211 20.0 182 18.7 22.1 18.8 1934.3222.8 20.9 22.1

25 216 21.7 223 17.2 189 20.7 20.6 21.8 22.0 194 209 214 20.2 25.0 235 228 233 18.7 17.6 20.7 19.3 19.5 248.522B8 27.4

26 194 188 225 149 149 153 19.0 172 192 222 20.0 187 19.6 195 199 181 20.6 152 16.0 18.7 16.1 19.3 224 2@A1 17%4

27 22.8 30.8 23.7 20.7 24.6 212 26.0 255 26.4 24.7 234 20.1 20.3 27.0 29.3 28.7 17.6 17.1 165 222 238 17.0 27.1 221 2599 194

OCoO~NOOUOWNE

a2 The number of sequences belonging to each class is reported (top section), as well as a matrix (bottom section) showing the average percentage
values of sequence identity within each class (diagonal of the matrix) and between pairs of different classes (extradiagonal).

leading to apoptosi®, and it appears that it may not be we have clustered sequences containing the same number

common to all Eukaryot&? of cytochromec domains on the basis of their similarity,
following the procedure described in the Methods section
5. Gram-Negative Bacteria (section 2). For proteins containing one cytochrome

domain, only the sequences of this domain have been used
for clustering. This approach, aimed at highlighting possible
correlations between cytochroncesequences and specific
functional types, has been applied to the two phyla encom-
éaassing the large majority of bacteria that possess at least
one cytochromes, namely, Proteobacteria (46 organisms)
and Cyanobacteria (6 organisms), thus covering a total of

According to the traditional classification of prokaryotic
genera, Gram-negative bacteria form a primary category of
microbial types sharing a general feature of cell wall
morphology, namely, they all have an inner membrane that
encloses the cytoplasm and a second, outer membran
separated from the first by a space called periplasm. The
periplasmic space, which is partly occupied by a peptidogly- o9
can layer, is the site where cytochromeolecules are both 669 cytochromee domains in 480 sequences. Out of these
assembled and localized inside the cell. 480 sequences, 319 contain a single cytochrordemain,

The present work has produced a list of 818 cytochrome 137 contain two cytochrome domains, 22 contain three
c domains detected in 602 protein sequences from 59 Gram-Cytochromec domains, and 2 contain five cytochronoe
negative organisms (Supporting Information Tables S5 and domains. While being recognized as a coherent phylogenetic
S6), which, following the NCBI taxonomy databsie, group, Proteobacteria are characterized by an extreme
represent as many as nine distinct bacterial phyla (see Tablg?henotypic diversity and comprise an enormous variety of
1). To gain information on the range of roles played by morphological and physiological types scattered over five
cytochromec from this large amount of data, we have main classes known as Alpha-, Beta-, Gamma-, Delta-, and
grouped the protein sequences according to the number ofEpsilon- Proteobacteriax( S, v, 6 ande hereafter, respec-
cytochromec domains present within each sequence, and tively). Bacterial phyla having a single representative organ-
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Table 4. Functional Classes Identified for Proteobacterial and
Cyanobacterial Sequences Containing Two Cytochrome
Domaing

matrix
row or number of
column functional class sequences
1 CCP-MauG 35
2 Cbbs; oxidases subunit 111 28
3 Cytochromecsss (di-heme) 8
4 Cytochromecs 36
5 Tetra-cytc operons 12
6 e-cytochromecc 4
7 Cytochromecs (di-heme) 5
1 2 3 4 5 6 7
1 33.8 17.5 19.8 19.0 18.5 16.8 17.7
2 175 40.2 16.7 20.8 17.0 15.7 18.5
3 19.8 16.7 393 239 18.4 17.0 17.7
4 19.0 20.8 239 334 211 19.9 20.5
5 18.5 17.0 18.4 211 42.0 17.1 17.7
6 16.8 15.7 17.0 19.9 17.1 515 16.5
7 17.7 18.5 17.7 20.5 17.7 16.5 52.9

@ The number of sequences belonging to each class is reported (top

section), as well as a matrix (bottom section) showing the average
percentage values of sequence identity within each class (diagonal of
the matrix) and between pairs of different classes (extradiagonal).

Table 5. Functional Classes Identified for Proteobacterial and
Cyanobacterial Sequences Containing Three Cytochrome
Domaing

matrix
row or number of
column functional class sequences
1 xanthine-GMC oxidoreductases 14
2 penta-cyt operons 5
1 2
1 39.4 38.0
2 38.0 64.1

@ The number of sequences belonging to each class is reported (topt

section), as well as a matrix (bottom section) showing the average
percentage values of sequence identity within each class (diagonal of
the matrix) and between pairs of different classes (extradiagonal).

ism in Table 1, namely, Aquificae, Bacteroidetes, Chlamy-
diae, Chlorobi, Deinococcus-Thermus, Planctomycetes, and
Spirochaetes (comprising a total of 149 cytochrome
domains in 122 proteins), have been analyzed separately o
the basis of the results of standard BLAST searches in protein
sequence databases.

5.1. Proteobacteria and Cyanobacteria
The analysis of cytochromesequences from Proteobac-

&

Bertini et al.

structure of the operons that possibly include cytochreame
genes, for the reason that even uncommon instances of fusion
or coexpression may be useful to indicate a functional
association between cytochrome and other proteins,
especially redox enzymé&3The results of this analysis are
collected in Supporting Information Tables S5 and S6; in
these tables, some sequences lack the assignment to a given
class, either because they could not be unambiguously
assigned to any cluster or because the assignment suggested
by BLAST was not supported by the gene context.

The following subsections contain a broad overview of
the functional classes identified in this way. Throughout the
text, reference should be made to Tabled3and to Figures
4 and 5. In addition, some singular cases of special interest
are also discussed, although they may not appear in the
figures; such sequences have specific annotations in Sup-
porting Information Tables S5 and S6.

5.1.1. Cytochrome ¢ Domains in Heme—Copper Oxygen
Reductases: caaz and cbb; Oxidases

Several types of hemecopper terminal oxidases involved
in the process of aerobic respiration are found in prokary-
otes® The two types that are relevant to the present work
arecaa andcbb; oxidases, because they feature cytochrome
¢ among their core subunits. In particular, the enzymes of
the caa; type are similar to the mitochondriab; enzymes
but have a distinctive cytochroncglomain at the C-terminus
of their subunit Il (called Cox2), which contains also the
Cua binuclear copper center (Figure 6). This center is absent
in the enzymes of thebb; type, which contain both a mono-
cytochromec subunit (subunit 11, also called FixO or CcoO)
and a di-cytochrome subunit (subunit 111, also called FixP
or CcoP) (see Figure 6).

Thecbhbs; oxidases are enzymes with high substrate affinity
found only in Gram-negative bactef&’ They are expressed
in response to lower oxygen tensions, allowing the organism
o survive and proliferate under micro-oxic conditicrs?®
in particular, it has been suggested that their expression
permits human pathogens such @ampylobacter jejuni
Neisseria meningitidisand Helicobacter pylorito infect
anoxic tissue8? Also, these enzymes have been observed
to function as oxygen scavengers in diazotrophs of agricul-
tural interest such aBradyrhizobium japonicupwhere they
rotect oxygen-labile nitrogenase during nitrogen fixaffon.
hrough the present search, they have been found in all the
classes of Proteobacteria, although they are not common to
all the organisms (for instance, Enterobacteriaceae constitute
a conspicuous exception). Subunit Il has been retrieved as
an approximately 200 residue long sequence containing one
cytochromec domain €bl; oxidases subunit Il class in Table

teria and Cyanobacteria hint at a sequence-dependent modu3 andcbhe-Il in Figure 4), while subunit I, which is encoded

lation of cytochromes functional features within its general
biological role as an electron-transfer protein, because a
relationship appears between distinct known cytochreame

in the same operon, has been retrieved as an approximately
300 residue long sequence containing two cytochrame
domains ¢bb; oxidases subunit 11l class in Table 4 and

types and separate sequence clusters. On this basis, we ha@ks—Ill in Figure 5). Bdellovibrio bacteriovorus (0) is

been able to identify a number of cytochroméunctional
classes (Tables-3% and Figures 4 and 5), as well as to

atypical in that its subunit Ill has only one such domain,
and the sequence is correspondingly shorter (185 residues).

predict in favorable cases the pertinence to a certain classThe requirement for subunit Il in the enzyme complex is

of several cytochromes for which no detailed annotation

not fully understood, since it is not essential for the assembly

was available. The inspection of clusters has been supportef the oxidaseé; interestingly, it has been shown that one of

by more extensive analyses of the genes encoding thel
cytochromec molecules presently identified. In particular,

its two hemes features histidine/histidine axial coordination
rather than the more frequent histidine/methiortthe.

we have examined the occurrence of gene fusions between The oxidases of theaa; type are also present in all the

cytochromec domains and other proteins, as well as the

classes of Proteobacteria excludinget they are found in
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relatively few organisms: for example, the only instance of
this kind of enzyme in thet class occurs irRhodobacter

elements of respiratory chains. The cytochrotpesubunit
has been retrieved in all the Proteobacteria excluding

sphaeroidesAs stated above, the characteristic cytochrome Bartonellg Enterobacteriaceae, Pasteurellaceae, and the three
cdomain is present at the C-terminus of subunit [l sequences,members of the class. Bacterial cytochromz sequences

which are approximately 400 residues lortgd oxidases
subunit 1l class in Table 3 andaas-Il in Figure 4). The
sequences frorBhewanella oneidengig) andDesulfaibrio
vulgaris (0) contain an additional cytochroneedomain. As
shown in Figure 4, the majority of the sequences of
cytochromec domains ofcaa oxidases are remarkably
similar to those of cytochrome domains found within the
sequences of multi-copper nitrite reductases f@momo-
bacteriumviolaceum(3) andBdellavibrio bactericvorus (6)

are relatively long (ranging between 200 and 250 residues)
and constitute a well-defined cluster (cytochromeclass

in Table 3 and cyt; in Figure 4). They are typically encoded

in a single operon together with the other two core subunits
of the complex, namely, cytochronfeand a Rieske iron
sulfur protein petABC or fbcFBC). Bradyrhizobiaceae are
unusual because they have cytochromesdc, expressed

by a single gene encoding a precursor protein of almost 700
residues. A more striking exception to the typical cytochrome

(average pairwise identity between the classes is 31.6%), ac, architecture is provided by-proteobacteria, in which

well as to those of single-domain cytochronmeshat are

QCR actually lacks any cytochroneg In these organisms,

CoeXpl’essed with ﬂaVin'dependent monoamine OXidaseS inas previous'y describéa’ the functional equiva'ent of

Caulobacter crescentugr) and Xanthomonagy) (36.8%

cytochromec; in the complex is a di-heme cytochromg

average identity), suggesting some possible mechanisticanalogous to what occurs in the Gram-positive Actinobacteria
analogy among the three types of enzyme. On the other hand(See section 6). Therefore, these sequences &@noteo-

the cag; sequences frorRhodobacter sphaeroid€e) and
the 6-Proteobacteriddellavibrio bacteriovorus and Geo-
bacter sulfurreducenare divergent, the latter two forming
a small separate clustab-Caa; oxidases subunit 1l class in
Table 3 andy-caas-Il in Figure 4).

5.1.2. Cytochrome ¢ Domains in bc; Complexes
In Gram-negative bacteridhc; complexes (QCR) are

bacteria have been put together with those containing two
cytochromec domains and called-cytochromegcin Table

4 (e-cyt ccin Figure 5) by analogy to Actinobacteria. Such
a similarity of names however does not imply any relation-
ship of homology, in an evolutionary sense, between the
e-proteobacterial and the actinobacterial proteins.

There is only one experimental structure available for a

localized in the inner membrane and are common central bacterialbc, complex, which was determined for thepro-
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Figure 5. Two-dimensional CLANS graph visualizing the functional classes identified by clustering sequences containing two cytochrome
¢ domains (abbreviations are explained in the text). Sequences are represented by vertices in the graph, and BLAST matches below the
thresholdE-value of 10'1° are shown as edges connecting vertices.

S

periplasm

cytoplasm
aa;-type caas-type chbb;-type
Figure 6. Schematic picture of the bacterial inner membrane
heme-copper oxidases of theaa andcbhb; types. Mitochondrial-
like aaz oxidase is also shown for comparison. All the enzymes
have a subunit | (grey) containing a Cu ion @and two heme
groups, whose types are used to designate the enzymes. Subunit |
of agz andcag; oxidases (white) contains a dinuclear copper center N b
(Cua); subunit 1l of caa oxidases includes also atype heme. B
cbh; enzymes do not have a geenter; their subunits Il and 11l
(white) contain one and twe-type hemes, respectively. Figure
adapted from ref 56. Reprinted with permission from ref 56.

Figure 7. Cytochromec; residues predicted by TRACE to have a
significant functional role mapped onto the structure fi@hodo-

; : bacter capsulatu®® Residue numbering refers to the latter structure.
Copyright _2001 Elsevier). 63 Cys34, Cys37, and His38 constitute the CXXCH signature for heme
teobacteriumRhodobacter capsulatusy Berry et al® We attachment. Gly109 and Pro113 are inserted in a long loop (shown

have mapped onto this structure (see Figure 7) the cyto-in red) that is absent in mitochondribt; complexes.

chromec; residues identified as functionally important by

the program TRACE, which implements the so-called loop, which is absent in mitochondridic; complexes. In
evolutionary trace method described in ref 64. Using as input their work, Berry et al. suggested that the presence of this
the CLUSTALW alignment of the 28 sequences comprised loop represents an intermediate evolutionary state between
in the cytochromee; class, TRACE predicted a significant mitochondrial cytochromeg, where an equivalent loop
functional role for a glycine and a proline inserted in a long covers the heme propionates, and mitochondrial cytochromes
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c1, where the loop is absent and the heme is expbséHe NO;y
results of TRACE point to a functional role of the loop,
possibly in docking with the partner(s), as already proposed
by Berry et al. fora-proteobacterié? e Periplasm
/ Cytochromes/ ™ - N,
5.1.3. Cytochrome ¢ Domains in Cytochrome ¢ ! '"""--\-.:?_THf“P“"‘”‘iTL--—--) | ==
Peroxidases and Methylamine-Utilization Proteins 5 SR
(CCP-MauG)

Apparently, some Gram-negative bacteria are able to
scavenge hydrogen peroxide, being endowed with a cyto-
chrome ¢ peroxidase. At variance with their eukaryotic 4
counterparts, which contain one noncovalently bound heme,
bacterial enzymes possess twdype heme groups with NO; NO,
different redox potentials and can reduce the substrate u
without the need to generate semistable free radicals.

Electrons are transferred from a donor (typically either a Figure 8. The role of cytochrome domains in nitrate respiration.
mono-heme cytochromeor a blue-copper proteif) through Abbreviations are explained in the text. Shaded blocks contain
the high-potential heme to the low-potential heme, where cytochromec domains. A gene fusion between a cytochrome
the reaction takes plaééProkaryotic cytochrome peroxi- domain and a NosZ sequence has been detecteffdlinella
dases are about 300 residues long and fold into two distinctSUccnogenes

cytochromec domains, which have been retrieved as such
in the present search. They are especially widespread amon
y-, 0- ande-proteobacteria, where only few genera (i.e., the
y Haemophilus Xanthomonas and Xylella and the ¢
Desulfaibrio) do not encode such enzymes in their genomes,
while they are relatively less frequent in teand theg

Cytoplasm

which are induced sequentially under anaerobic conditforis.
gﬁ:igure 8 depicts the various roles of cytochrooomains
in the pathway, described below.

The denitrification step from nitrite to nitric oxide can
proceed via one of two enzymes, which are dissimilar in
classes, where they are foundBradyrhizobium japonicum structure _and m_etal content: cytoch_ronmlg nitrite redut_:tase

! is a periplasmic, soluble homodimer that contains one

mgﬁgg:gr?fg rigIg;ﬁhoggg?\ﬁ:fészﬂl:ﬁ;gde%?g' ;Sergf(;- cytochromec domain and one cytochronae domain in each
As we shall Zee (se(?tj'on 6), they are present palso amon subunit’273while multi-copper nitrite reductase is a trimeric
W ' » €Y P genzyme characterized by the presence of a type 1 copper

onrin:;)Féﬁglr\rgicbaecﬁ(e)z%alsne-sra?:lgF"l-I\a/llgﬂ ('3: '%ﬁ:ﬁug’e tshéellsc(l)azs center as the electron acceptor site and a type 2 copper center
y P ( ) as the catalytic sit&:’> Among the available genomes, the

?nngzltleorfg\:\?huighoi/vaeprzr%)gnmoiﬁg d4gg r&igée l?g?eisnesqu&';tees‘cdl reductase occurs only in that froRseudomonas aerugi-
P : nosa(y), where it is encoded by theirS gene: our search

proteins are di-cytochromeproteins similar to cytochrome & yei6 e the cytochroro@lomain at the N-terminus of
¢ peroxidases that are involved in the maturation of methy- y,o 58 residue long sequence containing also the cytochrome
lamine dehydrogenasé.Methylamine dehydrogenase ca- 4 omain (see Table S5). ThirS gene is part of a complex
talyses the oxidative deamination of methylamine at the operon that comprises a number of other genes implicated

ini:ial fte% in ﬂt]e Tetﬁblolis_m of th[ﬁTsubstr?te:[ and (r:]an':qins in the assembly of the active nitrite reduct&s&wo of these
a tryptophan tryptophylquinone (TTQ) cofactor, which is genes ilirM and nirC), located immediately downstream

formed by posttranslational modification. MauG is required from nirS, encode single-domain cytochromesboth of

for TTQ b|é)gene§|s because of its atypical oxygenase-like \ ioh have heen reported to be physiological electron donors
properties’® Putative MauG sequences have been retrieved for the enzymd’ Furthermore, we have retrieved one

Bﬁ;ﬁ] '.g aoLei(\;\sxrh:E\é\gdrl\agggﬁﬁ?z%mbial;\n}ig?gg%r]ﬂair?gg&z:é cytochrom_ec domain at the_ N-terminus of the 493 res_idue
teria (JCPEromobacteriunwiolaceum Nitrosomonag europaea long protein encoded by therN gene. The role of the NirN
and Ralstonia solanacearuy as well as inGeobacter product is unclear: it is strongly predlcte_d to resemb_le the
sulfurreducengd). However, we have not distinguished these cytochromec —cytochromed, domain architecture of Nirs;

: : e guishe however no heme; was detected in the purified proteih;
proteins from cytochrome peroxidases, because their above- indeed, the hypothesis that NirN may be an alternatise

ment|onetd ar;notatlons_tare not getr;]e;atllﬁ/ supported I(b;y the itrite reductase is not supported by experimental data, which
operon structures, as it appears that the presu show thatPseudomonas aeruginosautant strains lacking

genes are not located in methylamine utilizationa() gene 40 hirs gene do not have detectable nitrite-reducing activ-
clusters comprising the other products required for methy- ity. 76

lamine metabolism. Unlike thecd, type, the retrieval of cytochrontedomains

within multi-copper nitrite reductases is unexpected, since

these enzymes have a cupredoxin-like fold and are thought

to be redox partners of azurins and pseudo-azufins.
Denitrification is a respiratory process in which oxidized Nevertheless, we have found two instances of such a fusion

nitrogen compounds are used as electron acceptors in placén the genomes ofchromobacteriunwiolaceum () and

of oxygen. It consists of four reactions through which nitrate Bdellovibrio bacteriavorus (6): in both cases, the cyto-

is reduced via nitrite, nitric oxide, and nitrous oxide to chromec domain is retrieved at the end of an approximately

dinitrogen. The steps of this pathway are catalyzed by an 500 residue long sequence; as mentioned, these cytochrome

array of enzymes comprising nitrate reductase, nitrite re- ¢ sequences display a notable similarity with thosead;

ductase, nitric oxide reductase, and nitrous oxide reductasepxidases. It is noteworthy that the occurrence of a cyto-

5.1.4. Cytochrome ¢ Domains in Denitrification Enzymes:
Nitrite, Nitric Oxide and Nitrous Oxide Reductases
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chromec encoded within the gene for a multi-copper nitrite  reductases and many other enzymes, which are able to reduce
reductase appears to be correlated to the presence in the sangevariety of N- and S-oxides and exhibit a diverse range of
operon of a gene encoding a protein of the SCO1 family substrate specificity and cell localizati&hThey may be
(SCOL1 proteins are also often annotated as SenC, or SCOlinvolved in anaerobic respiratory processes, such as the
SenC), which is known to be involved in the biogenesis of trimethylamineN-oxide (TMAO) reductases encoded in the
the Cu site in cytochromec oxidase’® As a matter of  torA andtorZ genes fromEscherichia colf88 or not, such
fact, this co-occurrence is observed @hromobacterium  as the biotin sulfoxide (BSO) reductases fré&scherichia
violaceum and Bdellovibrio bacteriovorus whereas the  coli andRhodobacter sphaeroideshich are mainly impli-
SCO1/SenC gene is absent from operons encoding ordinarycated in the recycling of biotin from BS&:91 Respiratory
(i.e., without cytochrome) multi-copper nitrite reductases DMSO reductases located in the periplasm appear to use
in other organisms (e.gBrucella melitensisBrucella suis membrane-anchored multi-heme cytochromes to transfer
Rhodopseudomonas palustfig, andNeisseria meningitidis  electrons from the quinone pool into the periplasmic spgace.
(B)). A similar example occurs also iseudomonas putida  These multi-heme proteins are about 400 residues long and
(), where cytochrome is fused to a SCO1/SenC protein are encoded in the same operon of the enzyme (e.g., the
within a gene adjacent to one encoding a multi-copper torCAD and torYZ systems ofEscherichia cof¢#9. They
oxidase (see Supporting Information Table S5). Itis tempting have been identified through the present search in some
to speculate that in these systems, the cytochrod@main  y-proteobacteria (Enterobacteriaceae Mgrsinia pestis
provides electrons that are used by SCO1/SenC in the procespasteurellacea&/ibrio, and Shewanellpand in thea-pro-
of maturation of the multi-copper nitrite reductase. A similar teobacteriumRhodobacter sphaeroidesvhere they are
contention has been proposed in the context of CCO formed by a tetra-heme cytochrome fused to a C-terminal
assembly’? cytochromec domain. Ine-proteobacteria, we have identified
Nitric oxide reductase is a membrane-bound enzyme thatthree instancesQampylobacter jejuniHelicobacter hepati-
is generally described as a complex of two subunits encodedcus and Wolinella succinogengsof DMSO reductases
by thenorB andnorC genes. The catalytic subunit (NorB) coexpressed with a single-domain cytochramsuggesting
is an integral membrane protein that contains a dinuclear that this protein is the electron donor to the enzyme, instead
center composed by b-type heme and a non-heme iron of a multi-heme cytochrome. Despite this difference in the
(Fes).”® The other subunit (NorC) is a membrane-anchored mechanism of electron transfer, single-domain cytochrome
cytochromec that is lacking in the quinol-dependent enzyme ¢ sequences froma-proteobacteria are clustered with those
isolated fromRalstonia eutroph# and also inChromobac-  of the cytochromec domains fused to the tetra-heme
terium violaceum (8), where thenorB gene is found in  cytochromes of/-proteobacteria (DMSO reductases class in
isolation. We have found most instancesnoirC genes in Table 3 and Figure 4), suggesting functional similarity.
the o-proteobacteria (Rhizobiales amhodobacte); yet it Indeed, it has been proposed thatBacherichia coli the
occurs inNitrosomonas europag@), Pseudomonas aerugi-  cytochromec domain of TorC is responsible for electron
nosa(y), andBdellovibrio bacteriavorus (8) as well. The  transfer to the enzyme TorA, receiving electrons from the
NorC sequences retrieved by the present approach are abouhenaquinone pool through the tetra-heme dorffaifine
150 residues long and are nicely clustered (NorC class in|atter domain is also important for docking between TorA

Table 3 and Figure 4Bdellovibrio bacteriovorusis atypical and TorC® Analogously, the-proteobacterial single-domain
in that its NorC is 215 residues long and comprises two cytochromec can transfer electrons to the DMSO reductase,
cytochromec domains. receiving them from other electron-transfer proteins.

The final step in the denitrification process is catalyzed The members of the xanthine oxidase family are molib-
by nitrous oxide reductase, a homodlmgrlc, periplasmic doenzymes catalyzing the oxidative hydroxylation of a
enzyme encoded by theosZgene. It contains two copper  giverse range of aldehydes and aromatic heteroc§tTEsey
centers, Cn and Cu, the former being the entry site for 516 coexpressed, or expressed in a single transcriptional unit,
electrons and the latter being the catalytic Sité! The with three cytochrome domains inBradyrhizobium japoni-
nitrous oxide reductase from tegroteobacteriunVolinella cum(a), Bordetella bronchisepticé3), Pseudomonas aerug-
succinogenesTabIe.SS) is unique because it has a C-terminal inosa and Pseudomonas putidéy), where these operons
cytochromec domain thaslt was suggested to be the electron 4¢ egpecially frequent (four cases). Sequences containing
donor to the Ci center® It was also noted that the entire  {hree cytochrome domains are all largely similar to each
nos operon ofWolinella succinogenes atypical in com- e (overall, the average pairwise identity is around 40%),
parison with those present in other organisms, and it Was onq the clustering procedure does not distinguish separate
hypothesized that it encodes a complete electron ransporty,qns within this ensemble when using 1as the BLAST
805r1a|n catalyzing the reduction of nitrous oxide by menaquinol: ¢ 1ot ~ Therefore, the functional classification for these

thus, the two single-domain cytochromethat we have ) qieing was based on their gene context. Sequences associ-
further retrieved within this cluster might be involved in - 40 with xanthine oxidases thus have been grouped together
transferring electrons along this chain. with sequences associated with glucesgethanot-choline

L (GMC) oxidoreductases. These systems display a similar
g#d%ﬁfg%%gggdzgggims in Molybdenum Enzymes genome organization, where a gene encoding a protein with
three adjacent cytochrome domains is located in close

There are several respiratory enzymes that contain mo-proximity to a gene encoding the oxidoreductase. We refer
lybdenum coordinated by a complex pterin cofactor. De- to this class as the xanthin&MC oxidoreductase class
pending on the structure of the active site, they can be (Table 5). GMC oxidoreductases comprise a wide variety
classified in one of three main groups, namely, dimethyl of both prokaryotic and eukaryotic enzymes that contain
sulfoxide (DMSO) reductases, xanthine oxidases, and sulfite flavin adenine dinucleotide (FAD) as a prosthetic group and
oxidases$® The family of DMSO reductases comprises nitrate catalyze an amazingly diverse range of reactfSnAn
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association between the FAD-binding dehydrogenase domainerodimeric protein formed by a mono-heme cytochrame
and the cytochrome domains has been found in the genera (SoxX) and a di-heme cytochrone€SoxA) featuring a novel
Bordetella Ralstonia(), andPseudomonag’) and suggests  type of domain packing’® We have detected the presence
that the active form of the enzyme might be a flavocyto- of both soxX and soxA genes withinsox clusters from
chromec, although GMC enzymes do not generally have a Bradyrhizobium japonicurtwo instances)Rhodopseudomo-
multidomain organizatio® However, ab-type cytochrome nas palustriga), andRalstonia solanacearuif). Neverthe-
domain has been recently proposed to be important for theless, only one of the two SoxAX enzymes retrieved in
catalytic function of fungal cellobiose dehydrogen&s®ther Bradyrhizobium japonicuris actually a tri-heme system; the
protein sequences containing three cytochrammmains other three are instead di-heme enzymes, where the SoxA
are instead included in the class of penta-@yiperons on subunit binds only one heme moiety. Irrespective of the
the basis of the proximity of the three cytochrooomains number of heme groups, all the SoxA sequences are
to acs-type cytochrome (see section 5.1.9). homogeneous in length (around 280 residues), and the three
Bacterial sulfite oxidases catalyze the final step in the sequences of the mono-heme form are closely related (SoxA
pathway of oxidation of reduced sulfur compounds, such as class in Table 3 and Figure 4). SoxX sequences, conversely,
thiosulfate or sulfide, which can be used as an energy sourceexhibit larger length variation (from 167 to 247 residues);
by a variety of microorganisms supporting autotrophic however, they also represent a distinct cytochrangeoup
growth?” The mechanism of this complex process has not (S0xX in Table 3 and Figure 4). It was suggested that the
been fully understood yet, but it is thought that sulfite can differing sizes of SoxX subunits may have implications for
be oxidized either by multicomponent enzymatic complexes their function in the SoxAX dimel® but no evidence of
called TOMES (i.e., thiosulfate-oxidizing multi-enzyme such a dependence has been found yet.
system), which are encoded siexgene clusters, or by free For the sake of completeness, we notice here thasalke
enzymes called Sor, which are encoded in isolated clusters fromRhodopseudomonas palustasd Ralstonia
operong®100 Sor enzymes are periplasmic, heterodimeric solanacearumencompass one further gene encoding a
proteins formed by a catalytic subunit containing a molyb- cytochromec. In both cases, this gene is adjacent to one
dopterin-type cofactor (SorA) and etype cytochrome  encoding a flavoproteinspxF, suggesting that the two
subunit (SorB)}%* Very recently, the crystal structure of the products may be associated to form flavocytochramé
heterodimeric SorAB complex from the soil bacterium was shown that related proteins isolated from other sources
Starkeya noeella has been determinéf? We have identified have sulfide dehydrogenase activity in vitro, but they are
sorBgenes only in three organisms, nam@&yadyrhizobium not required for bacterial growth with hydrogen sulfide”
japonicum(a), Chromobacteriumviolaceum andRalstonia therefore their function in vivo is unclear.
solanacearum(f): these cytochromec sequences, ap- o
proximately 100 residues long, appear to be unrelated to any9.1.7. Cytochrome ¢ Domains in Alcohol Dehydrogenases

other type and form a small, separate cluster (SorB class in - gacterial respiratory processes may involve the donation

Table 3 and Figure 4). ~ of electrons by a variety of alcohols, which are oxidized by
According to domam_ structure, the analogous of S_or within specific dehydrogenases. In particular, type 1l quinohemo-
TOMES complexes is the SoxCD enzyme, which was protein alcohol dehydrogenases are periplasmic enzymes that
reported to be a heterotetramer comprising a subunit with atransfer electrons from the substrate first to pyrroloquinoline
Mo center at the active site (SoxC) and a cytochratne  quinone (PQQ) and then to an internal heme group, which

subunit (SoxD)% Nevertheless, its function as a sulfite s found within a c-type cytochrome domaif® Such
oxidase was excluded by experimental data, and it was cytochrome subunits (about 100 residues long) have been
suggested that SoxCD is instead a sulfur oxid&$€.We retrieved inBradyrhizobium japonicunfo) (two instances)
have foundsoxDgenes insoxclusters from the Bradyrhizo-  andPseudomonag) and form the class referred to in Table
biaceaeBradyrhizobium japonicurandRhodopseudomonas 3 as that of alcohol dehydrogenases (ADH in Figure 4).
palustris(a), but we have retrieved also an isola®akCD  Anpalogous associations of single cytochroor@omains with
operon in the genome dradyrhizobium japonicuntself: PQQ-dependent enzymes have been found al$hiodo-

these three CytOChrOﬁt[EequenceS are |ndeed h|gh|y similar pseudomonas pa|ustr(&) and Xanthomona$ry), yet their
and form the SoxD class (Table 3 and F|gure 4) Furthermore,sequences do not cluster with those mentioned above.

we have found two instances sbxclusters (inBradyrhizo-
bium japonicumand Ralstonia solanacearumacking the 5.1.8. Cytochrome ¢ Domains in Iron Uptake and Solute
soxCDgenes. Transport

A few other cytochromee proteins are encoded within
operons that include genes for putative molybdopterin-
binding oxidoreductases (see Table S5); however, their
sequences do not group to any specific cluster, and no
definite functional role can be inferred for them. It is anyway
worthwhile mentioning the unique case &hewanella
oneidensiqy), which has an operon encoding three cyto-
chromesc together with a molybdoenzyme.

A remarkable gene fusion is observedNiitrosomonas
europaea(s) and the three organisms of tlkseudomonas
genus §) between cytochromeand a putative iron permease
of the FTR1 type. FTR1 permeases are known to be involved
in high-affinity uptake systems for iron, which were first
described in the yeas$accharyomyces carigiag'®® the
mechanism of acquisition implies the oxidation of Fe(ll) to
Fe(lll) by a multi-copper oxidase and was suggested to be

important also in bacterial aerobic growth, as well as in
5.1.6. SoxAX Complexes infection of animal hosts by pathogeh8.1*? The cyto-

The SoxAX complex is the best characterized among the chromec domains fused to FTR1 permeases are contained
proteins that constitute the TOMES (see above) and plays ain approximately 650 residue long proteins, and their
major role in thiosulfate oxidatiot* The crystal structure  sequences are included in the cluster labeled “iron uptake”
from Rhodaulum sulfidophilumshowed that it is a het- in Table 3 and Figure 4. Nevertheless, these genes lack an
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indicative organization in operons that may support such a rusticyanin'?! In particular, it was hypothesized that cyto-
functional annotation, or others. Whatever molecular ma- chromec, may be tightly bound to cytochroneoxidase in
chinery for iron transport involves FTR1, the possibility that a membrane complex whose arrangement would resemble
cytochromec might actively participate in iron uptake has the organization ofbh; oxidases!® Nevertheless, a specific
not been considered until now and may deserve furtherrole for cytochromec, has not yet been directly revealed,
studies. Such a speculation is also inferred and somehowand the analysis of the genomes does not show any obvious
extended by the singular caseMifrosomonas europag@), association with other genes that might indicate its functional
where one gene encodes cytochroomieised to a putative  interactions. An exception in this respect is provided by the
CopD protein within an operon that comprises also a putative pycD gene ofPseudomonas aerugino§g) (see Supporting
CopC protein. CopD and CopC are involved in copper Information Table S5), which encodes.atype cytochrome
homeostasis: the former is thought to function as an inner and is part of theouc gene cluster involved in the biosyn-
membrane transporter conveying copper from the periplasmthesis of the chromophore moiety of the siderophore py-
to the cytoplasm, while the latter is probably involved in overdine'?? Also, one of the genes retrieved Mibrio

copper mobilization in the periplasmic spdégA similar parahaemolyticugy) was annotated as the di-heme cyto-
association (Supporting Information Table S5) occurs in chrome subunit of a flavocytochroneesulfide dehydroge-
Pseudomonas putid@), where one cytochromeis coex- nase (FCSD, see Table S5), but this attribution is not

pressed with a putative CopB protein, which is an integral supported by genome examination.

outer membrane protein also contributing to protection from |4 the sameVibrio parahaemolyticus as well as in
copper toxicity. Copper levels in cells are tightly controlled, Bordetella(8), Pseudomonasand Shewanellay), one of
since free copper ions can participate in redox reactionsthe cytochromes, is coexpressed with another di-cyto-
generating highly reactive, harmful radical species: the chromec protein, whose sequence is unrelated to that,of
precise role of the different components underlying this | fact, these proteins share relatively larger similarity with
sophisticated mechanism is still an open questi®Notably, other uncharacterized cytochromes frBracella(c)), Campy-

the sequence_of the above—mentlonbtdosomonas europaea |ppacter jejunj andWolinella succinogeneg) and form a
cytochromec is clustered with those fused to FTR1 in the separate cluster lacking a definite classification (tetraecyt
“iron uptake” class, hinting at some possible role for these gperons in Table 4 and Figure 5). Furthermore, cytochrome
cytochromeg in ion homeostasis, at least in some organisms. ¢, i Bradyrhizobium japonicunfo), Bordetella and Ni-

In this regard, it is worth mentioning that we have also found trosomonas europag#) is coexpressed with tri-cytochrome

a number of cytochromesfused or coexpressed with solute ¢ proteins, thus constituting operons encoding no fewer than
transporter proteins, although their sequences are weaklyfiye cytochromec domains (penta-cyt operons in Table 5,
related: the cluster called “solute transporters” in Table 3 see also section 5.1.5). The fusion of such operons into single
and Figure 4 actually comprises only proteins franpro- genes is presumably also at the origin of the sequences found
teobacteriaCaulobacter crescentumnd Bradyrhizobiaceae), i, Rhodopseudomonas palustr{&) and Pseudomonas
even if instances _of this association _occur also v aeruginosa(y) containing five domains (see Supporting
(Pseudomonas putigland o-proteobacterialfesulfaibrio Information Table S5). The rationale for the presence of these
vulgaris, Geobacter sulfurreducepsMost of these solute tetra- and penta-cytochroneeblocks in several genomes is
transporters belong to the ATP-binding cassette (ABC) not obvious: it may involve a direct functional interaction
superfamily;** but members of the major facilitator super-  of the proteins encoded within complexes or even as a single
family (MFS)*> and of the multidrug and toxic compound  polypeptide chain, but it may also represent a convenient
extrusion (MATE) family®have been found as well. Gram-  \yay to produce separate components of a metabolic system.

negative bacteria use these systems to pump a wide varietyx characterization of these cytochromesis needed to
of macromolecules, substrates, and metabolites across theycidate their role.

two membranes of their envelope, as well as to export small

toxic molecules such as drugs and heavy métaiS®it is 5.1.10. Single-Domain Cytochromes c: Cytochromes c»,

now well-known that multidrug and drug-specific efflux  ¢5, c55:/C550, Cs55, @nd Cs50/Cs54

systems are responsible for resistance to chemotherapeutic

agents in pathogenic bactetidtherefore the understanding Cytochromec; is the closest bacterial homologue of
of the mechanism and the specificity of these molecular mitochondrial cytochrome. It mediates electron transfer

machines is crucial in the struggle against bacterial diseasespetweenbc; complexes and cytochronweoxidases during
aerobic growth, as well as betwedat; complexes and

5.1.9. Cytochrome ¢4 and Multi-Cytochrome ¢ Operons photosynthetic reaction centers in some phototrophic bacteria,
Cytochromec, is an approximately 200 residue long such afRhodobacter sphaeroidé® All the o-proteobacteria
periplasmic electron carrier that is structured into two taken into account in the present work possess at least one
strongly symmetric cytochrome& domains'®2° Genes cytochromec,, which we have retrieved also Bordetella
encoding such proteins (cytochrorogeclass in Table 3 and (), XanthomonasVibrio parahaemolyticusandPseudomo-
cyt & in Figure 5) are encountered, usually in multiple nas syringae(y). Severalo. species exhibit two or three
instances, in the genomes of all thegroteobacteria, some isoforms, which may be soluble or membrane-bound and
genera ofy-proteobacteriaseudomonashewanellaVibrio, might be specialized for reaction with different oxidases or
andXanthomonasand a fewo organisms Bradyrhizobium for photosynthetic electron transfer, presumably depending
japonicum Rhodopseudomonas palustrismixdRhodobacter on their redox potential®* All the ¢, domains detected are
sphaeroides It was suggested that these proteins may use about 100 residues long and constitute a well-defined class
one heme as the entrance and the other heme as the exit fofcytochromec, in Table 3 and cyt;, in Figure 4). For the
the electron transfer, thus functioning as an electron wire most part, proteins of this class fit into class IB of the
that connects the donor and the acceptor protéhghe traditional subdivision by Ambletwhich includes eukaryotic
donor protein has been identified in the blue-copper protein cytochromesc and prokaryotic “short” cytochromes;
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exemplified by the protein frolRhodopseudomonas globi- nas campestrigind Yersinia pestisand the two genes are
formis!?®Instances of “long” (due to some additional loops) organized in the same operon with the exception of those
cytochromesc; included in Ambler’s class IA and repre- from Vibrio, which are distant from each other.

sented by the protein frofRhodospirillum rubrurt?® appear

to be restricted toRhodobacter sphaeroidemnd Rhodo-  5.1.11. Photosynthesis-Related Single-Domain

pseudomonas palustris Cytochromes c: Cytochromes PS-Cssy, Cs, and cy

Cytochromes of thes class (Table 3, cyts in Figure 4) Photosynthesis is the conversion of light energy into
have been retrieved mainly jnproteobacteriafseudomo-  chemical energy by means of two large membrane-integral
nas ShewanellaVibrio, andXanthomonap even if single  protein complexes: photosystem | (PSI) and photosystem
instances occur inc (Caulobacter crescentlisis well as in Il (PSII). The catalytic core of each system is generally
f (Chromobacteriumiolaceun). They are characterized by  referred to as the reaction center (RC), which is classified
a smaller size with respect m (about 80 residues) and by  according to the kind of its terminal electron acceptor,
the presence of an uncommon disulfide bridgehich namely, FgS, clusters for type | and quinones for type'if.
however is lacking in thexanthomonasproteins. These | jke eukaryotic algae and higher plants, cyanobacteria
proteins fitinto Ambler’s class IE, illustrated by cytochrome  possess electrochemically linked PSI and PSIi and are able
¢cs from Azotobactewinelandii, whose structure was deter- g produce molecular oxygen through water oxidation. All

mined 20 years agé’ The organisms of the genBseudomo-  the other phototrophic bacteria have only one RC, either of

soluble and one is membrane-anchorfeProteobacteria  (purple bacteria, green filamentous bacteria), and are an-
(except forNitrosomonas europagare the only possessors oxygenicl3!
of a di-heme form (cytochrome; (di-heme) in Table 4 and

cytcs in Figure 5), presumably originated by gene duplica- with no apparent redox role: it is one of three extrinsic

tion. proteins located on the lumenal (i.e., interior) surface of the
~ Cytochromes of thessy/Css; class (Table 3, cytssi/Css enzyme, which serve to insulate the catalytic site from
in Figure 4) are found mainly in the equipment of electron redyctive attack and contribute to stabilization of the structure
carriers off3-proteobacteria, all of which (excepleisseria of the complex32.133 Cytochromecs is known to function
meningitidiy make use of these 80 residue long proteins in jnterchangeably with the copper-containing plastocyanin as
their respiratory network. This group includes also the above- the electron donor to PSI in cyanobacteria, the relative
mentioned cytochromess; from Pseudomonas aeruginosa  synthesis of the two proteins being regulated by copper
(v), which functions as an electron donor for e nitrite  gyajlability 134136 This circumstance does not occur in green
reductase of this organism. In Ambler's classification, it pjants, where plastocyanin is the exclusive electron donor
COI’I’eSpondS to class ID, for which he proposed also the naqu PSL it was hypothesized that Cytochrou&a‘nay be the
cytochromecs: sequences included in this class, exemplified g|der evolutionary donor, which was then replaced by

Cytochrome PSxs0is a subunit of PSII of cyanobacteria

by Hydrogenobacter thermophilu/tochromecss, **have  plastocyanin in response to iron limitations in the environ-

several proline residues around the sixth ligand methionine ment137|nstances of cytochrome R§s have been identified

and a trytophan residue near the C-termifius. exclusively in the genomes of cyanobacteria, which encode
On the other hand, mono-heme cytochrorag (Table 3, one (Nostog Prochlorococcus marinysSynechococcuand

Cyt css3 in Figure 4) appears to be a characteristic element Synechocystjor two (Gloeobacteriolaceusand Thermo-

of the electron transport chainsdrproteobacteria, where it synechococcus elongajusuch proteins, with sequence
may be found in oneHelicobacter pylorj or two different lengths ranging from 160 to 180 residues. Likewise, one
genes Campylobacter jejuniHelicobacter hepaticysand (Prochlorococcus marinysSynechocystisasnd Thermosyn-
Wolinella succinogengsThese proteins are found also in  echococcus elongatlsr two (Gloeobacteriolaceus Nos-

y- (Pasteurella multocidand Yersinia pestisand o-pro- toc, and Synechococclisgenes encoding cytochron,
teobacteria@esulfaibrio vulgaris), where the sequence is  which has a typical size of about 80 residues, have been
predicted to be slightly longer than the typical 80 residues. found in all the cyanobacteria; RSsp andcs sequences form
They generally fit into Ambler’s class IC, whose member separate clusters (see Table 3), called PSgyaind cytcs,
proteins possess a widened or splitband of lowered respectively, in Figure 4. However, we have included in the
absorptivity? A representative structure was determined for cs class also one protein froiditrosomonas europaegt)

the protein fromDesulfaibrio wulgaris.??® The di-heme and two proteins fronGeobacter sulfurreducer{g) that are
variant of cytochromecsss (cytochromecsss (di-heme) in not photosynthetic. These proteins share relatively high
Table 4 and cytsss in Figure 5) appears to be restricted to  sequence similarity to cyanobacteiia(about 50%) and lack
somea-proteobacteria, since it is encoded only in Bradyrhizo- a functional characterization.

biaceae,_ RhiZObiacedﬂesorhiZObium |0tiandRhOd0baCter We mention here also Cytochromﬁ because it has been
sphaeroides found solely in cyanobacteria, but its physiological function
The css5JCs54 Class (Table 3, cytssdCssq in Figure 4) is is still unknown, and its involvement in photosynthesis is

formed by an ensemble of approximately 80 residue long questioned. It is a soluble protein that $ynechocystigs
sequences retrieved mainlyfia (Bordetellg Nitrosomonas expressed only under stress conditions such as low temper-
europaeaandRalstonia solanacearunandy-proteobacteria  ature or exposure to high-intensity light, when the synthesis
(Shewanella Vibrio, Xanthomonasand Yersinia pestis of both plastocyanin and cytochronwe is suppressetf?
along with a single occurrence iRhodopseudomonas Hence, it was supposed that cytochrocgecould be a third
palustris(a). Similarly to csss these sequences generally fit  stress-induced electron donor to PSI, but evidence was
into Ambler’s class IC. The cytochromes of this group are provided against this hypothed® A single cytochromey,
remarkable in that they are encoded by two different genesgene has been found for each of the available cyanobacteria,
in all the aforesaig andy organisms excludinganthomo- and the related protein sequences cluster separately from
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those of PSzss0 andcs (cytochromecy class in Table 3and 5.2, Other Gram-Negative Bacteria
cyt ¢y in Figure 4). . L . . .

Aguifex aeolicuss a hyperthermophilic organism (it grows
5.1.12. An Oxygen-Binding Single-Domain Cytochrome c: optimally at 85°C'*) that belongs to the phylum Aquificae
SHP and is able of both oxidizing molecular hydrogen and
reducing molecular oxygel? Its battery of cytochromes
(Table S5) includes functional types already encountered in
Proteobacteria, namely, ta; complex (which was experi-
mentally characterizéé), a di-heme cytochrome peroxi-
dase, a SoxAX complex with a di-heme SoxA subdiffit,
and three single-domain cytochromes, two of which have
been characterized: they are highly similar in sequence and
biochemical properties and are both located in the periplasm,
although one is soluble and one is membrane-bdtfid’
A similar set of cytochromeg is found (Supporting
formation Table S5) in the aerobic obligate heterotroph
hermus thermophilysvhich is also an extreme thermophile
o . with a maximum growth temperature of about 85:148
addition to that fromRhodobacter sphaeroideghe two indeed,Aquifex aeolicusand Thermus thermophiluare the

sequzncesfsg]e %bﬁgt lllO r(fi_sﬁlueg Ior:ngand aLfe tgagn'qugnly examples among the genome sequences analyzed here
members of the c ass( able 3 and Figure 4). WaSyf eubacterial species showing such an adaptation to extreme
suggested to be the terminal electron acceptor of an electron

. S . - “Fenvironments, a feature that is usually associated with
transfer pathway in which it could reduce a small ligand like Archaea. The genome dhermus thermophilusncodes a
peroxide or hydroxylamin&! :

large sox cluster comprising two SoxAX complexes, both
with a mono-heme SoxA subunit, and a SoxCD complex.
Five single-domain mono-heme cytochroneesnd one di-
cytochromec protein have been also retrieved: one of the
Itis quite interesting that fusion of a cytochromdomain  mono-heme proteins is a highly thermostable cytochrome
with one or more WDA40 repeats is foundBnadyrhizobium Cssz, Which is the specific electron donor to laes-type
japonicum(a), as well as in the planctomycelhodopire-  cytochromec oxidasé*® and whose structure was SoIWE85!
llula baltica (see Supporting Information Table S5 and At variance withAquifex aeolicusno cytochrome peroxi-
below). Unfortunately, the analysis of the genomic context dase is present, but@aa; oxidase is®2 This oxidase can
of these genes does not provide hints about their role in theseslso catalyze the reduction of nitric oxide to nitrous oxide
organisms. As described in section 4, the interaction betweenynder anaerobic conditiod®
cytochromec and WD4O0 repeats is a key step for apoptosis  The genome ofChlorobium tepidumis the only one
in Eukaryota. The present finding may suggest that the ayailable for a photosynthetic green sulfur bacterium. These
recruitment of cytochrome to regulate biochemical pro-  pacteria possess a type | reaction center (RC) whose PscC
cesses through interaction with WD40 repeats may have beersyhunit is a membrane-bound cytochrotag 11t is unclear
inherited by Eukaryota from their ancestors. Because apo-whether this cytochrome is the physiological electron donor
ptosis is absent in bacteria, in these organisms the sameg the RC or this role is played by a smaller, water-soluble
interaction between cytochronseand WD40 could regulate specied® In addition to PscC (indicated in Supporting
other processes, not known at present. Information Table S5 as PS-cgési), Chlorobium tepidum
u R . encodes nine other mono-heme cytochromeacluding a
5.1.14. “Unknown” Functional Classes SoxAX complex, a subunit of a f)llavocytochronmew%h
Not all the sequences retrieved in the present search couldsulfide dehydrogenase activity,and a soluble cytochrome
be assigned to a specific functional class, either because thesss which was suggested to transfer electrons between SoxA
similarity to other sequences was not significant enough to and the photosystefd?
allow unambiguous assignment to a given cluster or because Leptospira interrogangs an obligate aerobic spirochaete
the classification determined by the clustering procedure wasresponsible for leptospirosis, which has emerged in the past
not supported by the gene context. As a consequence, 63ecade as a globally important infectious disé&Sé/e have
proteobacterial and cyanobacterial proteins in Supporting retrieved (Supporting Information Table S5) four genes
Information Table S5 lack such an assignment. Neverthelessencoding putative cytochronmeperoxidases, one foreaas
a functional prediction could be given for 26 of these 69 oxidase and six other for single-domain cytochromesne
proteins on the basis of the operon structures and theof which is coexpressed with a molybdopterin-containing
available gene annotations. Even if most of the unclassified oxidoreductase. No literature data are available on the
sequences are likely examples of divergent evolution re- characterization of these proteins.
stricted to single lineages, clustering of single cytochrame Bacteroides thetaiotaomicramdParachlamydia UWE25
domains highlighted three groups of proteins, which have are both symbionts, the former being a dominant member
been annotated here as “unknown 1", “unknown 11", and of the intestinal microflora of humans and other mam#atéls
“unknown III” (Table 3 and Figure 4). Members of each and the latter being an obligate intracellular symbiont of free-
group share relatively high sequence similarity only with the living amoeba5® Parachlamydiais nonpathogenic and
other proteins of the same group, and none of them exhibits provides an instance of the recent recognition of the diversity
a gene context that can suggest a possible role. Thereforepf chlamydiae, in opposition to the previously established
cytochromeg belonging to these classes could be interesting belief that these organisms were exclusively pathogens of
targets for structural and biochemical characterization. mammals*® The presence of cytochromeswithin the

SHP (Sphaeroides heme protein) is an unusdgipe
cytochrome with a high-spin heme, which was discovered
in Rhodobacter sphaeroidé¢s) and is capable of transiently
binding oxygen during auto-oxidatidff. The crystal structure
of the oxidized protein fromRhodobacter sphaeroides
revealed an atypical histidine/asparagine coordination for
iron(lll). The asparagine ligand moves away from iron upon
reduction or binding of small molecules such as cyanide or
nitric oxide. It was also observed that the distal pocket of
the heme bears a notable resemblance to other heme proteing,
that bind gaseous compoundéWe have retrieved one gene T
encoding the SHP protein iBhewanella oneidens(y) in

5.1.13. An Intriguing Gene Association between
Cytochrome ¢ and WD40 Repeats
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genomes of these two bacteria is very limited (Supporting
Information Table S5):Bacteroides thetaiotaomicroan-
codes a cytochromeperoxidase fused to a third cytochrome
¢ domain and a putative surface layer protein (about 600
residues long) containing a cytochromedomain at the
C-terminus, whileParachlamydiahas only one gene for a
di-cytochrome ¢ protein; this gene is located in near
proximity to one encoding a protein similar to the DoxD
subunit of a terminal quinol oxidase isolated from the
archaeorAcidianus amhialens'®® Generally speaking, such

a poor apparatus of cytochromesis not surprising in

AR

B

symbiotic as well as in pathogenic species, which can Type (i) Type (i) Type (iii) Type (iv)
develop metabolism and genome reduction to adapt within Figure 9. Organization of the four cytochromedomains (white
specific niched8! blocks) in a bacterium of the genBscillus The gray block is the

A completely different scenario is provided by the genome Cua-containing domain of subunit Il afag oxidase. Transmem-
sequence of the marine planctomydetedopirellula baltica brane regions are all depicted as striped rectangles regardless of
(formerly called Pirellula), which is representative of an 2Ny sequence/functional relationship.
abundant and environmentally important phyltfhThis
aerobic, heterotrophic bacterium displays an amazingly vast
array of cytochromes, which amounts to as many as 96 : : . " ;
domains within 79 proteins (see Supporting Information could be retrieved in anaerobic Gram-positive organisms,
Table S5). Thirty-eight of these hits correspond to novel, SUCh asStaphylococcusr Streptococcus _
planctomycete-specific cytochrome domains referred to as 1 ne four instances oBacillus cytochromec domains,
PSC3 in the Pfam database: such domains have beerfl€picted in Figure 9, are as follows: (i) a cytochrome
recently identified by Studholme et &3who observed that ~ Protein fused to three N-terminal transmembrane domains,
no function could be reliably predicted for an unusually high Féspectively constituting the cytochrorsesubunit and the
proportion of the proteins encoded in tRhodopirellula  fourth subunit (SUIV) of abc complex (see below), (i) a
balticagenome (over 60%) and thus searched for conservedCYtochromecss; anchored to the membrane via linkage to a
sequence motifs and domains in those proteins. In 16 casesliPophilic molecule, (iii) a cytochromecsso with an N-
cytochrome is found within genes encoding also a putative t€rminal transmembrane segment, and (iv) a cytochrome
glucose/sorbosone dehydrogenase, while in three cases it i§lomain fused to subunit Il of eaas-type oxidase. Theaas
associated with WD40 repeats (see section 5.1.13). Threeo;qdases hav_e been already descnbeq in section 5.1.1. Several
instances of a cytochronmperoxidase have been retrieved, Single-domain cytochromes belonging to the above-
as well as twacaas-type and twachbs oxidases: one of the mentioned types ii and iii (see Figure 9) hf_;lve been structur-
two chh; enzymes has both the mono-heme and the di-hemeaHY_ chara_ctenzeé? The role of t_hese proteins, in partlcglar
subunit encoded in the same gene, whereas the other hatheir relative levels of expression under different environ-
two mono-heme subunits, similar Bdellovibrio bacterio- mental conditions, is not known in detail. Even though the
vorus Research orRhodopirellula balticaand plancto- fact_t_hat cytochromes are not detecte_d in anaerobi_c Gram-
mycetes is just at its beginning, and much experimental work positives could suggest a role exclusively in aerobic respira-

will be needed to understand the biology of these unique tion for the Actinobacteria anBacillusproteins, it is worth
organisms. noting thatBacillus organisms can grow also anaerobically.

Consequently, it cannot be excluded that their cytochromes
. . may be involved in different pathways, for example, depend-
6. Gram-Positive Bacteria ing on G pressure.

The cell wall of Gram-positive bacteria is composed ofa  TheBacillushomologue of QCR (see sections 4 and 5.1.2)
single membrane, which delimits the cytoplasmic space has been proposed to be a three-protein complex, carrying
(therefore called cytoplasmic membrane), enclosed by a thickout reduction of either of the two smaller cytochronoest
peptidoglycan layer. Consequently, the homologues of the the expenses of menaquinotiéThe structure of the operon
proteins that would perform their function in an intermem- shows that it is formed by a Rieske protein,bgtype
brane space, such as the periplasm of mitochondria or ofcytochrome, and a fused protein (QcrC), about 250 residues
Gram-negative bacteria, are generally exposed to the extralong, consisting of a three-helix transmembrane subunit and
cellular medium in Gram-positive bacteria. Some way of a cytochrome domain spanning less than 100 residues (type
anchoring these proteins to the cell is thus needed to avoidi in Figure 9). With respect to previously discussed
their dispersion in the medium. There are different ways to complexes (Section 5.1.2), two major differences thus
achieve membrane anchoring, such as fusing one proteinemerge: first, the cytochrontedomain is not of the; type;
terminus to a lipophilic molecule, which “solubilizes” in the  second, the cytochroni®is split into a cytochromés subunit
membrane, or adding one or more transmembrane segmentgcorresponding to the N-terminal partlgf and a transmem-
(again, typically, at one terminus). Fusion with a membrane brane subunit called SUIV (corresponding to the C-terminal
protein is also observed. The use of one of these means fompart of b). The presence of cytochronieas two separate
membrane anchoring is observed for all cytochromgem proteins resembles the organization of the cyanobactafial
Gram-positive bacteria identified by our search (54 domains complexes involved both in respiration and in photosynthe-
in 42 sequences, see Supporting Information Table S7). Insis'®>1%and was suggested to be due to cleavage of the gene
Actinobacteria (10 instances) amhcillus (six instances), encoding cytochromb.6? All Bacillus QcrC sequences are
we have found, respectively, one and four such proteins. Thevery similar to each other, with sequence identity values
one protein detected in Actinobacteria contains two cyto- ranging from 50% to 70%. In each organism, QcrC is similar

chromec domains, while each of the folacillus proteins
contains one. On the other hand, no cytochrang®emains
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be complex cytochrome c., caa, oxidase ¢ (and thus different from that of the cytochrormsubunit

of Bacillus QCR), in that the two soluble cytochronte

domains are between two predicted transmembrane re-

gions: similar to eukaryotic cytochrontg precursors (see

Section 4), the N-terminal transmembrane segment is pre-

sumably a signal sequence not present in the mature

protein’® Adjacent to the QCR operon there is always a

- gene encoding a protein similar to subunit 11l of CCO. In

\ T TN various instances, proteins related to other CCO subunits are

Thioether 4~ Propionate 6 also found close to the QCR operon. A “supercomplex”

Figure 10. Electrostatic surface potentials (redhegative charge,  between QCR and CCO (of tleeg kind rather than theaa;

blue = positive charge) based on structural models of the cyto- observed inBacillus) was purified fromCorynebacterium

chromec domains ofBacillus subtiliscytochromebc complex, glutamicumand showed quinol oxidase activit§indicating

cytochromecssg, andcaa; oxidase. Heme atoms are shown as green that the second cytochrontedomain of the QcrC subunit

spheres, except for the carbon CBC of thioether 4, depicted as a . . - .
brown sphere, and the oxygens O1D and O2D of propionate 6, €ffectively mediates electron transfer from the first domain

depicted as magenta spheres. to CCO. The experimental observation of a super-complex
in Actinobacteria somehow reinforces the possibility that an
in sequence also to the single-domain cytochromesth analogous adduct is formed Becillus where the bridging
sequence identity values ranging from 30% to 40%. The final cytochromec domain is fused to CCO rather than to QCR.
recipient of electrons from menaquinone is the termiaab In the strict aerob®einococcus radioduranshe situation

oxidase, via interaction of the donor with the cytochrome is different from all the other organisms discussed above,
domain of subunit Il (type iv in Figure 9) of the latt&. vylth eight different gytochromecontam_lng proteins |de_nt|—

Note thatcaas is not the only terminal oxidase dacillus ~ fied. These comprise different combinations of a single-
bacteria: thecaa; oxidase is actually expressed under a domain cytochrome with membrane anchors, as well as a

relatively small number of environmental conditions, such Putative di-cytochrome peroxidase (see section 5.1.3). A
as nutrient limitatiori68 three-gene operon similar to QCR can also be detected,

formed by a Rieske protein, a cytochrorheand a cyto-
chromec. The latter is quite atypical: it is 335 residues long
and contains one N-terminal and three C-terminal predicted
transmembrane helices with the soluble cytochromemain
spanning residues 98.74. Unfortunately, the analysis of
neither gene neighbors nor the literature provides more
Sunctional clues on th®einococcugroteins.

To obtain some hints on their possible interaction, we have
attempted to perform homology modeling of the cytochrome
¢ domains ofBacillus subtilis although the cytochrome
domain of thecag; oxidase has poor sequence similarity to
any cytochrome of known structure (for details see Methods,
section 2). On the other hand, the use of template structure
with the same cytochronefold should provide models with
a reasonable reliability, at least in regard to general structural
features such as the charge distribution over the protein /- Archaea

surface. In this respect, the obtained structural models show Despite their importance to the biosphere, Archaea are the
a poor complementary character of the electrostatic potential j,ost poorly understood domain of life. All of them can be
surface at the putative interaction regions (Figure 10), basedregarded as extremophilic by virtue of their adaptation to
on the configuration seen in the eukaryotic complex between gyireme environmental conditions such as temperature, pH,
be, and cytochrome?*® and the configuration predicted for o1 salt concentration. Most known species are strictly
the complex between cytochronseand CCO'® This may  anaerobic, but several organisms can carry out oxygen
suggest that interprotein interaction is mainly driven by yegpiration, and some are obligate aerdfes.
nonpolar contacts. In this respect, it is noteworthy that horse ¢ adoption of cytochrome in bioenergetic routes as
heart cytochrome (positively charged) can transfer electrons el as in other metabolic pathways does not appear to be
to Bacillus subtilis cag albeit less efficiently than cyto- popular in Archaea, since we have not retrieved any such
chromecseo of the same organisi’ Given all the above  protein in 16 out of the 20 genomes analyzed (see Tables 1
observations, one could also speculate that electron transfeg 4 2). The largest number of cytochromiestances occurs
in Bacillusmay occur directly between ttige complex and iy Methanosarcina acetbrans a versatile methanogen that
the cag oxidase without the intervention of single-domain ¢4 yse no fewer than nine methanogenic substrates, includ-
cytochromeg in between. In this case, the electron transfer ing acetaté?3its genome encodes a mono-heme cytochrome
would tr_:lke place through a direct cont_act of the cytochrome . within a 200 residue long sequence and two cytochrome
¢ domain ofcag with the QcrC subunit of the partner. peroxidases. Cytochronosperoxidases presumably function
Actinobacteria only contain a single instance of a di- like the MauG proteins in the metabolism of methylamine,
cytochrome protein (each of the two cytochronselomains which can be used as a methanogenic substrate. Remarkably,
being 75-80 residues long), which is encoded in an operon one of these two enzymes (20091744 in Supporting Informa-
containing also a Rieske protein and a cytochrdm&his tion Table S8) represents the only apparent example of
occurrence is comparable to what is seerefproteobacteria  horizontal gene transfer for all the cytochronuoadentified
(see section 5.1.2). F&orynebacterium glutamicunt has in the present work. Although a detailed treatment of this
been demonstrated that these three proteins form an adductopic is beyond our scope, we have found that the above-
that is analogous to thbc; complexi’® the above three  mentioned CCP-Maug protein yields the best BLAST match
proteins thus correspond to QcrABC, with the di-cytochrome with a CCP-Maug protein (39996638 in Supporting Informa-
c protein, called cytochromec after a suggestion of Sone tion Table S5) from thed-proteobacteriumGeobacter
et al.}’® having the role of cytochromey. The topology of sulfurreducensand the opposite is also true. Assuming such
these QcrC variants is also analogous to that of cytochromebidirectional BLAST matches as indicators of orthologous
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relationships, the emerging picture is that horizontal transfer hand, different heme organizations are observed in the tetra-

of cytochromec genes between phylogenetically distant

heme cytochrome subunit of the photosynthetic reaction

organisms is a rare event, where the import of a CCP-Maug center fromRhodopseudomonasdridis'®® and in the mem-

by Methanosarcina acetoransrepresents a singular excep-
tion.

Archaeoglobus fulgiduis an anaerobic hyperthermophile
that can use lactate, pyruvate, or hydrogen to gftw;

bers of the multi-heme cytochrongg family. This family
includes cytochromec; itself, which binds four heme
groupst® the tri-heme cytochromes,**° nona-heme cyto-
chromes?®® and the HmcA protein fromDesulfaibrio

Archaeoglobuss also the only known archaeal genus capable vulgaris, which binds 16 heme group®. This variability in

of sulfate reduction to obtain energf.lts genome encodes
only one cytochrome (Supporting Information Table S8),

the number of heme groups is due to different combinations
of tandem repeats, originated by gene duplication, of the

which was suggested to serve as an electron acceptor for a&ytochromec; tetra-heme unit, deletion (as in the case of

NADH oxidase possibly involved in sulfate respiratigh.
Pyrobaculum aerophilurand Aeropyrum perniare atypi-

C;) or addition (as in the case of nona-heme proteins) of heme
binding sites. Proteins of the cytochromdamily are found

cal crenarchaeota, because the members of this phylum ofnh many sulfate-reducing bacteria, where they are hypoth-

Archaea are almost exclusively anaerobes, wheRyas-
baculum aerophilunis capable of growing aerobicatffand
Aeropyrum pernias been reported to be strictly aerobit;
Pyrobaculum aerophiluncan also use nitrate reduction to
produce energy’®8 The genome ofyrobaculum aero-
philumencodes two mono-heme cytochronegd able S8):
one is found within an operon containing also a Rieske
protein and ab-type cytochrome, suggesting that it might
be a component of &c;-like complex, while the other is
annotated as one subunit of a putatdeg nitrite reductase.
This attribution, however, is in contrast with experimental
data excluding the presence ofype cytochromes among
the components of the denitrification pathwdyAeropyrum
pernix finally, has a single cytochrone(Table S8), whose

esized to transfer electrons from periplasmic hydrogenases
to membrane proteins within the process of sulfite reduc-
tion.193 A further example of the employment of multi-heme
cytochromes in bacterial systems is provided by Fe(lll)
respiration. Since Fe(lll) is insoluble at pH values higher
than 2, anaerobic growth of a Gram-negative bacterium using
Fe(lll) as the terminal electron acceptor implies that the
electrons produced by the metabolic enzymes located in the
cytoplasm are transferred through the two cell membranes
and the periplasm to an outer-membrane protein, where iron
is reduced. IrShewanella frigidimarinait appears that this
far-reaching electron transfer is achieved by several multi-
heme cytochromes connected to form an electron “wire”,
which are expressed under conditions inducing Fe(lll)

gene is located in near proximity to one encoding a putative respiration'8* A related protein fronShewanella oneidensis
cytochromec oxidase subunit: this organism has been shown was recently characterizé®.

to have both das-type and araas-type terminal oxidasé®?
thus it is presumable that the cytochrorneetrieved is
involved in electron transport in aerobic respiratory chains.

8. A Comment on Multi-Heme Cytochromes ¢

9. Conclusions

In the present work we have browsed genome sequences
with the aim of compiling an extensive list of proteins
containing at least one mono-heme cytochramdomain,

In section 5.1.5, we have mentioned that periplasmic based on the conserved fold of the latter and the primary
DMSO reductases make use of multi-heme cytochromessequence requirements for heme attachment. 736 proteins
anchored to the membrane to accomplish the task of movingwere identified in a total of 188 genomes scanned, which

electrons from the quinone pool to the periplasmic compart-

ment. These proteins bindtype hemes, and are therefore
referred to as cytochromesNevertheless, they do not have
a uniquely defined structural fold and do not fit into the
definition of cytochromec domain that has been adopted

should yield a wide coverage of the possible physiological
roles of a large share of cytochromesThe analysis of the
genome context through operon structure and gene fusion
events also proves insightful in this respect.

The analysis of bacterial genomes reveals an astonishing

here. As a matter of fact, the recruitment of such multi-heme variety in the number and the types of cytochromescoded
cytochromes to mediate electron transfer from the membraneby the different organisms. Cytochroneeis important in

to soluble periplasmic enzymes, as well as within redox

aerobic as well as other respiration mechanisms. In these

enzymes, is common to several bacterial respiratory systemsprocesses, it provides electrons to the sites where they are

Some examples of processes involving multi-heme cyto-

chromesc, which can be both soluble and membrane-
anchored, include nitrate reduction Raracoccus denitri-
ficans where a tetra-heme cytochrorngNapC) is impli-
cated!® fumarate reduction irBhewanella frigidimarina
involving an iron-induced tetra-heme flavocytochrome
(Ifcs),*®* hydroxylamine oxidation ifNitrosomonas europaea
carried out by a hydroxylamine oxidoreductase (HAO)
containing eight heme group®, and nitrite reduction in
Sulfurospirillum deleyianugmwhich is due to a penta-heme
nitrite reductase (NrfA}% It was pointed out that the above-
mentioned Ifg, HAO, and NrfA share a conserved arrange-

accepted by @or oxidized compounds. A relatively large
number of cytochromes encoded by a single bacterial
genome is generally correlated to a high degree of flexibility
in respiration, but the presence of multiple genes may also
correspond to the capability of the organism to adapt quickly
to environmental changes. Sequence similarities between
cytochromec domains from different bacteria indicate that
there is often a good correlation between sequence and
functional features, especially if the genomic context in
which cytochromec domains are found is explicitly con-
sidered. Speaking more generally, we see evidence for
cytochromec serving as an all-purpose electron transporter,

ment of the heme groups, suggesting an evolutionary capable of interacting with a variety of redox enzymes, such

relationship among these protef3sThis arrangement is
common also to the tetra-heme cytochromg, from
Nitrosomonas europagd’ and is presumably imposed by

as hydrogenases, peroxidases, reductases of different kinds,
etc. There are roles for cytochromeven beyond electron
transfer. This is suggested in one case by the occurrence of

the requirements of the electron-transfer process. On the othefusions with a CCO assembly factor, together with available
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Table 6. Conventional Cytochromec Subgroups Recommended To Be Retained in Cytochrome Nomenclature by the Nomenclature
Committee of the International Union of Biochemistry and Molecular Biology in 1989°%

reference number of
name section hemes iron ligands Ambler’s classification

cytochromec 4 1 His, Met class IB
cytochromec, 4,51.2 1 His, Met not included
cytochromec; 5.1.10 1 His, Met class IA, IB
cytochromecs 8 4 His, His (all hemes) class Il
cytochromecy 5.1.9 2 His, Met (both hemes) class IC
cytochromecs 5.1.10 1 His, Met class IE
cytochromecs 5.1.11 1 His, Met class IC
Pseudomonas 5.1.10 1 His, Met class ID

cytochromecss;
bacterial photosystem 8 4 His, Met (three hemes) not included

cytochromec

His, His (one heme)

Chlorobium 5.2 1 His, Met class IE

cytochromecsss
cytochromec' b 1 His class Il

aFor each subgroup, the relevant section of the present work, the number of heme groups bound, the axial ligands of the iron ion, and the
Ambler’s classificatiof are reported. For cytochron not discussed here, the description given in ref 196 is repdrdih-spin cytochrome
¢, widely distributed in bacteria, folding as a foarhelix bundle. It usually exists as a dimer. The heme is pentacoordinated with a single histidine
ligand.

studies indicating that the lack of cytochrornén mito- oxidation/reduction reactions, characterized in the reduced
chondria prevents the formation of a functional CCO. In form by intense absorption bands in the 5B15 nm
another case, the identification of cytochromtused with range® Since then, the great build-up of knowledge on
WDA40 repeats indicates that in bacteria there are interactionscytochromes increasingly highlighted that their impressive
between these two domains. Such an interaction triggersdiversity would make it extremely difficult to find a simple
apoptosis in humans, and thus the present finding indicatesbasis for a complete classification of these proteins. As a
that cytochromee might act as a regulator also in bacteria result, no systematic nomenclature of cytochromes has been
(presumably not regulating cell death, but some other fixed till today, beyond their deep-rooted designation as
unknown cellular process). cytochromea, b, ¢, or d depending on the type and the

Cytochromec appears to be an extremely flexible unit, binding mode of the heme moiety. Within the cytochroene
which may change dramatically its sequence (up to almost3roup, two main naming systems have been used to label
100%) while still retaining its fold and its main function, experimentally characterized subgroups, using subscripts. In
that is, electron transfer. It is thus tempting to speculate thatthe first system, a progressive numbering of the subscripts
the role of the protein moiety is mainly to wrap the heme, has been used to identify different f_unct|onal classes (s_uch
which is ultimately the only constant in cytochromgsto as cytochromey, ¢, and so on), but this has not been applied
enable selectivity in partner recognition as well as tune the consistently over the years. In the second system, subscripts
reduction potential of the iron ion. Therefore evolution of are assigned based on the experimental wavelength (in nm)
cytochromec is strongly driven by co-evolution: that is, the  Of the so-called-band in the visible absorption spectrum
interacting enzymes change, and the protein consequentlyof the reduced protein (such as cytochroteg, cssi, and so
changes to optimize the interaction, the electron transfer, oron). At present, the above approaches have resulted in a
both. Thus, cytochrome, especially in bacteria, looks like ~ POossibly confusing mixture of names based upon either
an adaptable module of general use that can be shaped arourgfiterion (see also next paragraph and Table 6).

a conserved, compact structural core purposely to interact To our knowledge, the most recent recommendations for
with a number of other proteins. The situation in Eukaryota the nomenclature of cytochromes were issued by the
is (almost) opposite, since cytochroroés (almost) exclu- Nomenclature Committee of the International Union of
sively used in the respiratory chain. This is consistent with Biochemistry and Molecular Biology (IUBMB) in 1989%

the much higher level of regulation of cellular processes in In that document, it was suggested to retain the traditional
Eukaryota, and in higher organisms in particular, where an names of a number of well-established cytochrome
extreme specialization of proteins occurs. On the other hand,subgroups (Table 6), while naming all newly characterized
the use of cytochromein triggering apoptosis is a striking  cytochromes that would not fit in these subgroups through
example of the flexibility of its biological role. Whereas in  the second above-mentioned criterion. In our opinion, this
Bacteria the tuning of cytochrome function is mainly proposed approach mainly reflects a pregenomic outlook,
achieved through the use of multiple specialized cytochromeswhere newc-type cytochromes were identified through
c with different sequences, in more complex organisms the chromatography of cell lysates thanks to their bright color,
role of a single cytochrome can be modulated by varying  and primary sequence determination was a complex task. In
its environment (e.g., intermolecular interactions, cell com- the present postgenomic era, where sequences are determined
partment), a possibility that is obviously larger than in first and experimental characterization is carried out only

microbial organisms. later (or, sometimes, never), a naming convention entirely
based on experimental features is unpractical. Thus, a
10. A Note on Cytochrome ¢ Nomenclature refinement and update of the recommendations of the

IUBMB would be useful and could incorporate criteria based
The term “cytochrome” dates back to 1925, when Keilin on primary sequence features, which, as shown also in this
introduced it to describe a group of heme proteins undergoingwork, can be quite informative with respect to the function.
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11. List of Abbreviations

ABC = ATP-binding cassette

ADH = alcohol dehydrogenase

CCO = cytochromec oxidase

CCP = cytochromec peroxidase

DMSO = dimethyl sulfoxide

FAD = flavin adenine dinucleotide

FCSD = flavocytochromec sulfide dehydrogenase
GMC = glucose-methanot-choline

HMM = hidden Markov model

MATE = multidrug and toxic compound extrusion
MFS = major facilitator superfamily

NADH = nicotinamide adenine dinucleotide

NMR = nuclear magnetic resonance

PQQ = pyrroloquinoline quinone

QCR = ubiquinol/cytochromee oxidoreductase
TOMES = thiosulfate-oxidizing multi-enzyme system
TMAO = trimethylamineN-oxide

TTQ = tryptophan tryptophylquinone
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