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Cytochromes ¢ (Cytc) are widespread electron transfer proteins and important enzymes
in the global nitrogen and sulfur cycles. The distribution of Cytc in more than 300 archaeal
proteomes deduced from sequence was analyzed with computational methods including
pattern and similarity searches, secondary and tertiary structure prediction. Two hundred
and fifty-eight predicted Cytc (with single, double, or multiple heme ¢ attachment sites)
were found in some but not all species of the Desulfurococcales, Thermoproteales,
Archaeoglobales, Methanosarcinales, Halobacteriales, and in two single-cell genome
sequences of the Thermoplasmatales, all of them Cren- or Euryarchaeota. Other archaeal
phyla including the Thaumarchaeota are so far free of these proteins. The archaeal Cytc
sequences were bundled into 54 clusters of mutual similarity, some of which were specific
for Archaea while others had homologs in the Bacteria. The cytochrome ¢ maturation
system | (CCM) was the only one found. The highest number and variability of Cytc
were present in those species with known or predicted metal oxidation and/or reduction
capabilities. Paradoxical findings were made in the haloarchaea: several Cytc had been
purified biochemically but corresponding proteins were not found in the proteomes. The
results are discussed with emphasis on cell morphologies and envelopes and especially
for double-membraned Archaea-like Ignicoccus hospitalis. A comparison is made with
compartmentalized bacteria such as the Planctomycetes of the Anammox group with
a focus on the putative localization and roles of the Cytc and other electron transport
proteins.

Keywords: cytochrome c, Archaea, Ignicoccus hospitalis, ANME, anammox planctomycetes, bioinformatics,
molecular modeling

Introduction

The chemolithotrophic, hyperthermophilic Archaeon Ignicoccus hospitalis is unusual in several
aspects (Huber et al., 2012). First, it is the only host of the symbiotic and/or parasitic Archaeon
Nanoarchaeum equitans. Second, I. hospitalis cells do not possess a cell wall. Instead they comprise
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FIGURE 1 | Ultrastructure of double-membraned Archaea.
Transmission electron micrographs of ultrathin sections of high-pressure
frozen, Epon-embedded cells; (A) Ignicoccus hospitalis; (B)
Methanomassiliicoccus luminyensis taken and modified from Dridi et al.
(2012), with permission from the International Journal of Systematic and

Evolutionary Microbiology, confirmation number 11261287; (C,D)
Candidatus “Altiarchaeum hamiconexum.” Abbreviations and explanation:
IMC, intermembrane compartment; IM, inner membrane; OCM, outer cellular
membrane; V, vesicles; EPS, extracellular polymeric substances; Hami,
extracellular long hooked pili (Moiss! et al., 2005).

two membrane systems: an inner membrane (IM) encompassing
the densely contrasted inner compartment, which contains
DNA, ribosomes, and presumably many biosynthetic enzymes
(Figure 1; Huber et al,, 2012). The outer cellular membrane
(OCM) surrounds the cell and contains regularly arrayed small
hydrophobic proteins (Burghardt et al., 2007; Huber et al., 2012).
A lightly contrasted intermembrane compartment separates both
membranes (IMC, 50-1000 nm in width). The IMC contains
densely contrasted tubes and vesicles directly involved in the
interplay between both membranes (Huber et al., 2012; Meyer
et al, 2014). The energy-converting enzymes ATP synthase,
hydrogenase, sulfur reductase, and acetyl-CoA synthase are
located in the OCM representing the cellular and bioenergetic
boundary of the cell from the non-living environment (Kiiper
etal, 2010; Mayer et al., 2012). Therefore, the OCM of I. hospitalis
is not equivalent to the outer membrane of Gram-negative
bacteria (Huber et al., 2012).

The coloration of I hospitalis cells is a third unusual
aspect: soluble extracts and membrane fractions are brightly red

resulting from a high content of soluble and membrane-bound
cytochromes ¢ (Cytc). We had purified three different Cytc from
I hospitalis cells, however, we can so far only speculate about their
in vivo function (Nafd et al., 2014). Two of these proteins, named
Igni_0955 and Igni_1359 after their GenBank locus tag numbers,
were present in soluble and membrane extracts, while the third
one (Igni_0530) was present only in the membrane fractions.
Cytochromes c are widely distributed in the living world. For
example, Pseudomonas, Paracoccus, and Thermus species possess
the genes for the canonical mitochondrial-type respiratory
chain including the bc; complex (complex III) and the soluble
monoheme Cytc as electron carrier between complexes III and
IV (reviewed, for example, in Mooser et al., 2006; Noor and
Soulimane, 2013). Among Archaea, the bioenergetics and the
composition of electron transport chains was most thoroughly
studied in Pyrococcus/Thermococcus spp., methanogens,
haloarchaea, and Sulfolobales (Schifer et al., 1999; Schifer,
2004; Thauer et al., 2008; Mayer and Miiller, 2014). Among
these, only those methanogens of the Methanosarcinales order
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possess Cytc, whereas they were not detectable—biochemically
or by sequence comparisons—in the other taxa or in other
methanogens (Thauer et al., 2008).

The hallmark of Cytc is a covalent ligation of a heme b
moiety to the protein backbone. In most cases, two cysteine
side chains—usually present in a sequence motif CxxCH—form
thioether linkages to the heme backbone. The histidine provides
the proximal axial ligand of the octahedral coordination sphere
of the iron in the center of the heme. The distal axial ligand
comes from a distant His, Met or, less frequently, other residues.
Variations of this theme may involve penta- instead of hexa-
coordinated hemes as for example in Cytc', a CxxCK heme-
binding motif (e.g., in nitrite reductases; Lockwood et al., 2011)
or different spacing of the cysteine residues (Kern et al., 2011).
Motif variations usually occur in multiheme cytochromes ¢
(MCC) acting as enzymes and not as electron transfer proteins.

The double thioether linkage is formed by maturation
proteins, which are grouped by phylogenetic and functional
relationship into five systems (Allen et al., 2006; Allen, 2011;
de Vitry, 2011; Simon and Hederstedt, 2011; Stevens et al.,
2011). In most bacteria, Cytc maturation (CCM) takes place on
the positive (p) side of the cytoplasmic membrane (maturation
systems I and II; Simon and Hederstedt, 2011; Stevens et al.,
2011). The apoproteins are transported across the cytoplasmic
membrane by the General Secretory Pathway (GSP) (Sec-System)
so that they carry a recognizable signal sequence at their N-
termini, which is—apart from the CxxCH motif—the second
feature important for bioinformatic prediction of these proteins.
System I or CCM (Cytc maturation) consists of up to nine
different proteins including a heme ligase, chaperones, ATP-
transporters, and protein disulfide isomerases (Stevens et al.,
2011; Verissimo and Daldal, 2014). It occurs in Alpha- and other
Gammaproteobacteria and it was identified in Archaea during
a previous study (Allen et al., 2006). System II consists of less
and mostly unrelated proteins compared to System I (Simon and
Hederstedt, 2011).

The number of studies conducted about occurrence and
function of Cytc in Archaea is limited and no systematic survey
was so far performed. Apart from I hospitalis (Naf} et al,
2014), Cytc were found biochemically in the hydrogen-oxidizing
and sulfur-reducing complex of the related Archaea Pyrodictium
abyssi and P. brockii (Pihl et al., 1992; Dirmeier et al., 1998),
in a bc; complex from the likewise related microaerophilic
Aeropyrum pernix (Kabashima and Sakamoto, 2011), in the
nitrate reducer Pyrobaculum aerophilum (Feinberg and Holden,
2006; all of them hyperthermophilic Crenarchaeota), in cultured
(Methanosarcina spp.) and uncultured species (ANME-1 and
ANME-2) of the Methanosarcinales and in several haloarchaea
(all Euryarchaeota; Kamlage and Blaut, 1992; Scharf et al., 1997;
Sreeramulu et al., 1998; Sreeramulu, 2003; Meyerdierks et al.,
2010; Wang et al., 2011, 2014). Surprisingly, experimental gene
identification was accomplished only for a few of these species
including the three multiheme Cytc from 1. hospitalis and of the
bc; complex of the related A. pernix (Kabashima and Sakamoto,
2011; Naf3 et al., 2014).

When looking at I. hospitalis and trying to put the pieces
of this puzzle together, questions arise about the distribution of
Cytc in different types of archaeal cells, about their targeting and

about the nature and location of the biogenesis system. Since
occurrence and distribution of Cytc in Archaea was not recently
analyzed in detail, we present here the results of a systematic
computational survey. The results are discussed with respect to
cell ultrastructure and the physiology of the different archaeal
with a special focus on the comparison of I. hospitalis with other
single, double, and triple-membraned Archaea and Bacteria.

Materials and Methods

Bioinformatic Procedures

The complete non-redundant set of archaeal proteins was
downloaded July 23rd, 2014 from Uniprot database in FASTA
format (http://www.uniprot.org/). In addition, archaeal
sequences deposited at GenBank in 2014 were downloaded
Janurary 6th, 2015, from the non-redundant protein database
(NR). Both sets of sequences were curated for duplicate species
and combined. The total set of 883,607 proteins (Table 1) were
analyzed in installments of up to 30,000 sequences for the amino
acid pattern CxxCH using the 3of5 algorithm (Seiler et al.,
2006) installed locally at the HUSAR Sequence Analysis Facility
at the German Cancer Research Center, Heidelberg (http://
genius.embnet.dkfz-heidelberg.de/menu/w2h/w2hdkfz/;  3of5
web server available at http://www.dkfz.de/mga2/30f5/30f5.
html). The hits (Table 1) were converted into a tab-delimited
list of accession numbers and corresponding hit motifs using
the advanced “find and replace” features of Microsoft Word and
finally inserted into a Microsoft Excel work sheet (Table S1).
A list of database accession numbers (Uniprot identifiers and
GenBank GI numbers) was generated from the appropriate Excel
column and the full FASTA-formatted sequences were retrieved
from the respective databases. They were also converted into
a tab-delimited format and incorporated into the Excel table.
Delimiters (8§, $, #) were placed into additional columns for
re-formatting purposes. For addition of the locus tags, the same
set of sequences was retrieved in GenBank format, reformatted
as above and copied into a separate work sheet. The column with
the locus tags or gene designations was copied into the main
table as appropriate.

The set of 4795 hit sequences was analyzed for transmembrane
helices (TMH) using the TMHMM (one line per protein; http://
www.cbs.dtu.dk/services/ TMHMM-2.0/; Krogh et al., 2001) and
SOSUI batch servers (http://harrier.nagahama-i-bio.ac.jp/sosui/;
Hirokawa et al., 1998). The results were reformatted and
again copied to the main table (Table S1). Signal sequences
were predicted using SignalP (http://www.cbs.dtu.dk/services/
SignalP/, model for Gram-negative bacteria; Petersen et al,
2011) and TatP (http://www.cbs.dtu.dk/services/TatP/; Bendtsen
et al., 2005) for GSP and twin-arginine protein translocation
(TAT) signal peptides, respectively. Proteins were also analyzed
using OCTOPUS in cases of manually identified Cytc candidates
with no result in the N-terminal TMH prediction. Sequences
with three or more CxxCH motifs were defined as multiheme
Cytc (MCC) unless shown not to be—by a high similarity
to known non-cytochrome proteins in BLASTP searches (e.g.,
Rec] homologs). Additionally, various known Cytc and MCCs
were used to query the Archaea subsection of the GenBank
protein database. Sequences with two or one CxxCH motif were
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TABLE 1 | Statistics of cytochrome c prediction in Archaea.

Total No. of archaeal proteins 888,023
Uniprot non-redundant proteins July 2014 816,158
Genbank additional archaeal proteins 71,865
No. of defined species/genomes strains 312

Total hits with CxxCH search 4795
No. of duplicated sequence hits 563

No. of unique sequences among duplicates 222
Multiheme cytochrome ¢ candidate (NogyycH > 3 per sequence) 179
Same with N-term.TMH and/or predicted signal seq. 159
No. of predicted multiheme cytochromes c 167
No. of species/strains (cultured or uncultured) with multiheme 29
cytochromes ¢
False positives (e.g., Recd; 3x CxxCH each) 12
No. of proteins with 2 CxxCH/sequence 206
Same with N-term.TMH and/or predicted signal/TAT seq. 24
No. of predicted diheme cytochromes ¢ 28
No. of species (cultured or uncultured) with diheme 20
cytochromes ¢
False positives 178
No. of proteins with 1 CxxCH/sequence 4410
Same with N-term. TMH and/or predicted signal seq. 167
No. of predicted monoheme cytochromes c candidates 64
No. of species (cultured or uncultured) with monoheme 39
cytochromes ¢
False positives 4347
Total No. of proteins subjected to structure prediction 1754

No. of cytochrome ¢ candidates clustered for detailed analysis 350

No. of predicted archaeal cytochrome c proteins 258
No. of sequence similarity clusters 54

No. of predicted archaeal Cytc in species with 3 or more ccm 241

genes?

No. of species/environmental samples 47

No. of predicted archaeal Cytc in species with 0-1 ccm genesb 17
No. of species 17

4See Figure 2a;
bSee Figure 2b.

considered Cytc candidates if they contained an N-terminal
TMH and/or a signal sequence. Candidates were subjected to
three-dimensional modeling using the batch processing mode
of the Phyre? server (http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index; Kelley and Sternberg, 2009). The results were
purged from non-significant models (i.e., low confidence and/or
alignment coverage percentage) and significant hits were used
to evaluate the previously defined Cytc candidate clusters for
completeness and correct identification. The I. hospitalis Cytc
were also modeled using the I-Tasser server with omission
of the respective signal sequences (http://zhanglab.ccmb.med.
umich.edu/I-TASSER/; Roy et al., 2010). The resulting Igni_0759

model was further adjusted by taking the predicted heme ligand
out of the I-Tasser results files. The pdb coordinates including
the heme were imported into UCSF Chimera (Pettersen et al.,
2004) and the heme position was adjusted manually in order
to build the thioether bonds between the heme and the two
cysteine side chains followed by energy minimization. In the next
round, a bond between the heme iron and the Ne atom of the
proximal ligand His3; was created and the energy minimization
step repeated. The figure was prepared in Pymol (Delano, 2002).

The set of 4795 primary hit sequences was converted into
a BLAST database using the standalone BLAST+ program
downloaded from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi?
CMD=Web&PAGE_TYPE=BlastDocs&DOC_TYPE=Download).
Cytc candidates were compared against this database in order
to find missing homologs and to identify clusters of mutually
similar Cytc candidates. Clusters were aligned separately
(Supplementary Alignment File Archaea_Cytc.zip). The
multiheme cytochromes identified by Sharma et al. (2010) were
also downloaded in FASTA format, converted into a separate
BLAST database; they were used for the determination of cluster
similarity and to relate clusters defined in this study to those from
Sharma et al. (2010; Table S1). The primary hit sequences were
also compared using BLASTP against the conserved domain
database (CDD) installed locally.

Our methods differed from previous computational studies
presented by Bertini et al. (2006) and Sharma et al. (2010). Both
used HMMs (Sharma et al. for diheme and multiheme Cytc
prediction only) and both used comparison against the protein
family database for curation (PFAM; http://pfam.xfam.org/).
Many of the cytochromes predicted here are not even clustered
in PFAM or in NCBI's CDD for lack of 3D structures and/or
biochemical description (Table S1, CDD search) so that we used
clustering combined with structure prediction in order to identify
Cytc folds in proteins. The main advantages of the methods used
here are simplicity and no need for specialized software. They can
be repeated from almost any standard PC or Mac using internet-
available tools and free software (except for Microsoft Office
products). The likewise freely accessible structure prediction part
helped in assessing the previous conclusions.

The search for Cytc biosynthesis proteins was performed
essentially as described (Allen et al., 2006). For system I, the
CcmB, CcmC, CcmE, CemF proteins from Methanosarcina
acetivorans, A. pernix, Haloarcula marismortui (for GI numbers,
see Allen et al., 2006), and E. coli were used in BLASTP searches
against the archaeal proteins. BLASTP searches were repeated
with archaeal hit sequences because sequence similarities were
often low between unrelated Archaea. The Leptospira interrogans
CcmH (GI:45656703) was used in addition, as homologs had so
far not previously been found in Archaea (Allen et al., 2006). For
System II, Wolinella succinogenes ResB was used (GI:34484157);
for System III, the two heme lyases from Saccharomyces cerevisiae
were used and for System IV the Chlamydomonas reinhardtii
CCB1-4 proteins (de Vitry, 2011).

Electron Microscopy
For electron microscopy analysis, fresh 1. hospitalis cells were
cultivated, high-pressure frozen and freeze-substituted in 95%
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acetone, 0.5% glutaraldehyde, 0.5% uranyl acetate, and 5%
water as described (Rachel et al, 2010; Naf3 et al, 2014).
After freeze-substitution fixation, samples were embedded in
Epon. For localization of proteins on ultrathin sections, the
primary antiserum directed against Igni_0955 was used without
further purification. For detection, secondary antibodies coupled
to ultra-small gold particles were made visible by silver
enhancement. Images were recorded as described (Naf$ et al.,
2014). The Kuenenia stuttgartiensis cell had also been high-
pressure frozen, freeze-substituted in acetone containing 2%
050y, 0.2% uranyl acetate, and 1% water and Epon-embedded
as described (Wu et al, 2012). Candidatus “Altiarchaeum
hamiconexum” cells were sampled and prepared for electron
microscopy as described elsewhere (Perras et al., 2014; Probst
et al., 2014a).

Results

Prediction of Cytochromes c and their
Maturation Proteins in Archaea

Motif and similarity searches and homology modeling were
applied to the prediction of Cytc and their distribution in
Archaea. 4795 archaeal proteins (Table 1) were found to contain
at least one CxxCH amino acid pattern (Table S1). One hundred
and seventy nine proteins contained at least three CxxCH motifs
(defined here as MCCs), among those, 159 had a recognizable
signal sequence and/or a predicted transmembrane helix (TMH)
at their N-termini (Table 1). 12 sequences with three CxxCH
motifs each were identified with BLASTP searches as Rec]
exonuclease homologs and were considered as false positives.
Rec] family proteins with 1-3 CxxCH motifs were among the
most common random hits in the motif searches. The remaining
167 proteins from 29 archaeal species/strains were considered as
multiheme cytochromes ¢ (MCC; Table 1 and Table S1).

The prediction of di- and mono-heme Cytc from the
motif search resulted in a higher proportion of non-specific
hits. Twenty eight out of 206 proteins from 20 species were
identified as diheme Cytc candidates (TablesS1, S2). The
majority of 4410 proteins with a single CxxCH motif (Table 1)
were random hits with no recognizable similarity to Cytc or
any feature suggestive of them being one. Among the 229
proteins with an N-terminal TMH and/or signal sequence, only
those were considered as Cytc candidates if they were either
similar to known Cytc sequences (e.g., cluster 30, homologs
of the A. pernix bc; complex), or if the CxxCH motif was
conserved in a significant percentage of the homologs found
in BLAST searches, and if the proteins were not bona fide
members of other known protein families. Thioredoxin family
proteins (including protein disulfide isomerases) were frequently
occurring false positives with an N-terminal TMH; subunits
of RNA and DNA polymerases, molybdopterin biosynthesis
proteins, endonucleases, Zn?*-binding domains, and iron-sulfur
proteins were among the most frequent false positives without a
TMH.

One thousand seven hundred and fifty four proteins
annotated as “hypotheticals” were subjected to batch structure
prediction. The fold recognition often gave necessary hints for

the decision whether a protein or a cluster represents Cytc. No
further Cytc candidates were spotted in this subset of the data.
After reducing the score to 154 monoheme Cytc candidates
falling into 30 similarity clusters (Tables S1, S2), 3D structure
prediction was performed showing that 9 clusters all gave >
96% confidence predictions with various Cytc, the prediction
results of cluster 47 were considered of intermediate quality (90%
confidence). This and cluster 38 were included in the Cytc group.
Seventeen sequence clusters were excluded from the Cytc group
mostly because they gave significant modeling results with known
non-Cytc proteins.

Multiheme Cytochromes c in Archaea

With one exception (Figure 2), the presence of MCCs-encoding
genes was restricted to four of the major archaeal orders: the
Desulfurococcales, the genus Pyrobaculum within the order of
the Thermoproteales (both Crenarchaeota), the Archaeoglobales,
and the Methanosarcinales including the methane-oxidizing
environmental candidate species of the ANME-1 and ANME-2
groups (Figures 2, 3). The highest numbers of predicted MCC
were found encoded in those species known or suspected to
thrive anaerobically by iron respiration like F. placidus and in
the uncultured methane-oxidizing Archaea of the ANME-1 and
ANME-2 groups. The maximal number of CxxCH motifs in a
single sequence was 33 in a large protein from the euryarchaeote
Ferroglobus placidus (Figure 2).

The predicted MCCs were grouped in 34 clusters according
to sequence similarity (Tables S1, S2, multiple alignments in
the compressed supplemental sequence file Archaea_Cytc.zip).
Some of the archaeal MCCs belong to well-known families
like the hydroxylamine oxidoreductases (sequence cluster No.
4; 11 hits), octaheme tetrathionate reductases (cluster No. 5; 7
hits), or the periplasmic nitrite reductases (No. 69; 3 hits). In
contrast, the protein function of most of the MCCs from Archaea
is not known; many do not even have bacterial counterparts
(e.g., clusters 1, 2, 11, 12 etc.; Table S2). Sometimes, structure
prediction of MCC candidate proteins gave high-confidence
(100%), full-length predictions. For example, protein models of
cluster 1 matched with Thioalkalivibrio nitratireducens octaheme
nitrite reductase (PDB accession 3{29) despite undetectably low
sequence similarity, so that their function might nevertheless
be inferred. Proteins of cluster 2 matched structurally octaheme
tetrathionate reductases (PDB 1sp3; cluster 5). Other clusters
gave more ambiguous results, which must be handled with
care (Table S2), especially, when the number of CxxCH motifs
in models and templates differed (e.g., clusters 8 and 9; not
shown).

Di- and Mono-heme Cytochromes ¢

Among the predicted diheme Cytc (seven similarity clusters;
Table S2 and (Supplementary File Archaea_Cytc.zip) were
peroxidases of the MauG type (cluster 29), thiosulfate
dehydrogenases (TDH; cluster 28), a bc; complex homolog
from hyperthermophile Pyrolobus fumarii (cluster 30; the
homologs from three other Desulfurococcales species have only
one CxxCH motif including the biochemically characterized
APE_1719 from A. pernix; Kabashima and Sakamoto, 2011),
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FIGURE 2 | Distribution of cytochromes c in Archaea predicted CcmF, and CcmH homologs per proteome in species with (A) and
from protein sequences. (A,B) Number of predicted MCCs, combined without (B) significant number (>3) of CCM homologs; (C) Frequency of
diheme and monoheme Cytc and number of CcmB, CcmC, CcmE, CxxCH motifs per protein.

and Split-Soret Cytc (cluster 21), the latter with predicted
Twin-Arginine signal peptides. Six of these proteins were from
Archaeoglobales, two from the crenarchaeote Pyrolobus fumarii,
four from Methanosarcinales while the remaining 16 proteins
were from various haloarchaea, which do not harbor MCCs as
far as we know (Figure 2).

Structure prediction of the MauG peroxidases, the bc;
complex homologs and the Split-Soret Cytc were consistent
with the templates and they covered > 70% of the respective
proteins with 100% confidence (Table S2). More interesting was

the case of the TDH homologs (cluster 28): modeling suggested
structural similarity to SoxA proteins, which catalyze, together
with SoxX, the oxidative transfer of thiosulfate to a cysteine side
chain of SoxYZ. Sequence similarity between these two sulfur
cycle enzymes is low but modeling showed structural similarity.
These archaeal TDH homologs are encoded in genomes of five
haloarchaeal species in operon-like arrangements with genes for
CCM proteins.

Sharma et al. (2010) had predicted MCCs (with 2 hemes/per
protein or more instead of at least 3 hemes used here) in 8
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FIGURE 3 | Phylogenetic 16S rDNA dendrogram of the Archaea and (Figure 2B); *Archaea with double membranes. Note: This dendrogram was
distribution of predicted cytochrome c genes. The dendrogram was created to depict the distribution of Cytc in Archaea and is based on 16S
made from a 16S alignment both calculated with MAFFT (Katoh and sequences only. The branching order of archaeal phyla does not correlate
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(Figure 2A); blue, Cytc candidate genes but no or single ccm genes found Ettema (2011); Forterre (2013), and Petitiean et al. (2014).

out of 47 then-available archaeal genome sequences. We found
all of those with the methods used in this study, however our
interpretation was sometimes different. For example, they had
identified Methanospirillum hungatei Mhun_1396 and its paralog
Mhun_1882 as putative diheme Cytc. The proteins are highly
conserved in methanogens but the CxxCH motifs are not so that
we disregarded these two candidates. We also identified many
previously unrecognized MCCs annotated as hypotheticals in
genome sequences.

Sixty four proteins were assigned as monoheme Cytc
candidates from 12 sequence clusters (Table 1 and Table S1). The
modeling approach gave results with templates like cytochrome
€(2)» cytochrome P460, SoxX, and Cytc subunits of NO reductase
(NorC) or ethylbenzene dehydrogenase (Table S2). A special case
is the nitrite reductase subunit Pars_0592 from Pyrobaculum
arsenaticum, which was identified with BLASTP searches and
which is similar to its heme-c containing homologs (68 and

52% identity to the two P. aerophilum proteins PAE3598 and
PAE1347, respectively) but which has a tyrosine residue instead
of the first cysteine in the classical CxxCH motif. We suspect that
there might be single or no covalent heme ligation in an otherwise
functional protein.

Cytochrome ¢ Maturation Proteins

Cytochromes ¢ require maturation by heme ligases and, in most
cases, transport proteins for the transfer of the heme moiety
across the membrane to the electrochemically positive side.
Cytochrome ¢ maturation system I (CCM) originally described
from E. coli is one the two most common and the most complex
CCM machinery of five known systems. The search for CCM
proteins encoded in archaeal genomes was mainly done with
sequence comparisons using BLAST and the CcmB, C, E, E
and H proteins as described by Allen et al. (2006) and in the
Materials and Methods Section. The I. hospitalis genome encodes
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FIGURE 4 | 3D model of the predicted monoheme cytochrome
c Igni_0759 from |[. hospitalis. Left panel: 3D model created
using the I-Tasser server (Roy et al., 2010; rainbow color,
N-terminus blue) and superimposed over the modeling template

(heparin-binding reelin-N domain of f-spondin; PDB accession
3CO0; Tan et al, 2008); Right panel: Igni_0759 3D model with
heme c connected to Cyspg and Cyszy side chains with the iron
connected to Hisgy.

four proteins, CcmB, CcmC, CemE, and CemF indicative of
the presence of the entire CCM system. CcmH homologs were
solely found in Ferroglobus placidus, while the remaining four
proteins had homologs in 45 archaeal species, in which Cytc
proteins were also predicted (Figure 2). Proteins of cytochrome
maturation systems II-V were not identified in Archaea. It can
be concluded from these results that the Cytc apoproteins are
transferred at least over one membrane. Seventeen monoheme
Cytc were predicted in species with either none (Haloferax spp.,
Halogeometricum borinquense, Halosarcina pallida, cluster 50)
or only one maturation protein (Methanocella spp. Pyrobaculum
arsenaticum) encoded in the genomes (Figure 2).

Cytochromes c in Ignicoccus Hospitalis

We had previously reported on the purification of three
multiheme cytochromes ¢ (MCC) from the hyperthermophilic
archaeon . hospitalis (Naf3 et al., 2014). We had also reported that
one of those cytochromes was a membrane-bound MCC with
four CxxCH motifs (locus tag Igni_0530) and that two octaheme
MCCs were present both in the soluble and the membrane
fractions (Igni_1359 and Igni_0955). We had further predicted
an octaheme tetrathionate reductase-like protein (Igni_1130)
and two so far hypothetical monoheme cytochromes ¢ in the
I hospitalis proteome (Igni_0579 and Igni_1052; cluster 38).
Here, we wanted to investigate in more detail whether the
structure prediction used in Cytc identification in Archaea could
substantiate this claim. We also extended structure prediction to
the MCCs, again with the scope of extending the method more
generally.

Igni_0579 and Igni_1052 are similar; Igni_1052 however
has a second predicted TMH at its C-terminus not present
in Igni_0759. Homologs occur in the related crenarchaeota
Pyrolobus fumarii and Hyperthermus butylicus, both with a C-
terminal TMH. The modeling servers (Phyre? and I-Tasser)

both used eukaryal spondin as the folding template (a non-
heme protein, Tan et al., 2008) with high statistical confidence
(100%). The models left a cleft in the molecule sufficient for
heme accommodation with the cysteine side chains positioned
at the top of the cleft (Figure 4), thus pointing to a space where
the heme might be positioned. In further modeling steps, the
heme moiety was added to the Igni_0759 model PDB coordinate
file and connected to the side chains of Cys,g and Cysz;. After
energy minimization, the iron atom was connected to Hiss; as
proximal ligand and the protein was again subjected to energy
minimization resulting in the model depicted in Figure4. A
further step connecting the iron to the side chain of Cys;y
as putative distal ligand failed. His;;; is a second candidate
for the distal ligand and it is conserved in the homologs
(cluster38_Igni_0759.fasta in the Archaea_Cytc.zip file). It was
located beneath the -sandwich forming the main structural body
of the model so that we cannot presently decide, which of these
two is correct. In summary, the model is congruent with the
hypothesis that these 1. hospitalis proteins are Cytc and they
show that 3D structure prediction could be a valuable tool for
the identification of unknown proteins, at least when applied to
suspected monoheme Cytc.

Structure prediction was more difficult for the MCCs although
Igni_1359 and Igni_0955 gave high-confidence (100%) full-
length models with the Nitrosomonas europeae HAO 3D
structure as template (PDB accession 1FGJ) with up to 28%
sequence identity (not shown). Likewise, Igni_1130 gave a well-
predicted model with the Shewanella oneidensis OTR (3SP3; not
shown). However, significant 3D models were also created when
the three proteins were modeled with non-homologous MCC
templates (e.g., Igni_1130 with the HAO template) regardless of
sequence similarity. The MCCs seem to be folded into multiple
pre-existing 3D structures because high numbers of heme-
binding sites predefine the folding of the apoproteins, thereby
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restricting the predictive capabilities of structure modeling of
MCCs. In consequence, a function prediction of MCC is at
best difficult when trying to model non-homologous MCCs of
unknown function, while monoheme Cytc give more reliable
results.

Discussion

We present here a study for the identification of Cytc and
their maturation proteins encoded in archaeal genomes using
a computational approach coupled to an extensive manual
evaluation of the results. We show that Cytc are not a common
property of the majority of Archaea to our current knowledge
and that they are not distributed equally, being restricted to
5-6 of the major taxa (Figure 3). In most Bacteria, Cytc are
bound to cytoplasmic membranes or located in the periplasm
or—in Gram-positives—in the space containing peptidoglycan
and teichoic acids outside the cytoplasmic membrane, which
is discussed to be equivalent to the periplasm of Gram-
negatives (Matias and Beveridge, 2005). This is different in
the compartmentalized Bacteria and Archaea. In the following
discussion we will focus on two main questions:

1. What can we learn from the results of our computational study
and the present state of knowledge about the distribution
of Cytc, physiological patterns, and pathways in different
archaeal lineages and about the acquisition of the genes during
evolution?

2. What can we learn and predict about the localization and
maturation of Cytc in Archaea and especially in double-
membraned microorganisms like I. hospitalis?

Cytochromes c in Archaea

Forty-seven archaeal species or consortia of uncultured
microorganisms were found encoding both Cytc and CCM
maturation proteins in their genomes while 17 other species
harbor hypothetical single Cytc candidates with little evidence
for maturation proteins (Table 1, Figure 2). They belong to
only five different orders of Archaea with the exception of two
proteins from a single-cell genome of a Thermoplasmatales
species. Some of the archaeal Cytc have numerous homologs
in Bacteria (e.g., clusters 3 and 4) while others are specific for
Archaea (e.g., cluster 1-2).

There are differences in the distribution within Cytc-
containing archaeal orders and even within single genera:
The Archaeoglobales are the only order, in which all species
sequenced so far contain Cytc genes (Figures 2, 3). In contrast,
out of 17 genome-sequenced Thermoproteales species only
Thermoproteus uzoniensis and 4-5 of 7 Pyrobaculum spp. contain
Cytc genes (Figure 2, Table S1). For example, Pyrobaculum sp.
strain 1860 and Pb. oguniense grow by iron and nitrate respiration
(Nunoura et al., 2003; Mardanov et al., 2012) and contain
several monoheme Cytc and MCCs obviously involved in various
electron transport chains. Two heme-stained proteins were
observed in gel electrophoresis of cell extracts of Pyrobaculum
aerophilum (Feinberg et al., 2008). The authors proposed that
they are identical to Cytc subunits of a three-subunit bc; complex

(PAE1347-9) and of a two-subunit NirS-type cd; nitrite reductase
(PAE3598). We also found both proteins in this study although
the apparent molecular mass of the nitrate-induced band did
not match the calculated mass of PAE3598 (20 kDa w/o signal
peptide). Protein identification was not given so that ORF
numbers of the two heme-stained proteins remain tentative.

The only biochemically purified three-subunit crenarchaeal
bc complex came from the microaerophilic species A. pernix
(Kabashima and Sakamoto, 2011). In contrast, cyt bc complexes
are absent in aerobic Sulfolobales, which have an analogous
cytochrome ba electron transport complex instead (Bandeiras
et al., 2009). The Cytc subunit was the only one to be identified
(Ape_1719.1). The adjacent gene encodes a subunit of a terminal
oxidase, whereas the genes for cytochrome b and a Rieske
protein are close by but not in the same predicted operon
(APE_1724.1 and APE_1725.1). Homologs of Ape_1719.1 are
present in Pyrolobus fumarii and Hyperthermus butylicus but
none of the cytochrome b and the Rieske proteins. It can be
concluded that Pyrobaculum spp., Thermoproteus uzoniensis,
and Aeropyrum spp. encode canonical bc complexes, whereas
the homologous Cytc plays a different role in Pyrolobus and
Hyperthermus, it might be part of an unidentified electron
transport complex. The distribution pattern is similar in the
remaining archaeal orders with Cytc. Some species of the
Methanosarcinales and Halobacteriales encode single or multiple
Cytc and the corresponding ccm genes but not the majority of
either of them.

Cytochromes c, Anaerobic Respiration, and
Ammonia Oxidation

An exceptionally high number of Cytc was found in the
euryarchaeota Ferroglobus placidus (Figure2) and Ca.
“Methanoperedens nitroreducens.” F. placidus (and also the
crenarchaeote Pyrolobus fumarii) grow by Fe> oxidation with
nitrate or Fe** reduction with various organic and inorganic
electron donors, whereas Ca. “Mp. nitroreducens” grows by
anaerobic oxidation of methane with nitrate (Hafenbradl et al.,
1996; Anderson et al., 2011; Haroon et al., 2013). Several ANME
Archaea however couple anaerobic methane oxidation to iron
or manganese reduction (Beal et al., 2009; Wankel et al., 2012)
and the diversity of Cytc in these Archaea was noted in the
respective metagenome papers (Meyerdierks et al., 2010; Wang
et al., 2014). Some of the large multiheme and multidomain
proteins from F. placidus and Ca. “Mp. nitroreducens” (clusters
17 and 65) have 5-8 CxxCH motifs in their N- or C-terminal
Cytc domains. Modeling the none-Cytc domains separately,
those parts can be folded into chains of successive beta sandwich
domains comparable to surface layer proteins (not shown).
The results suggest that these proteins might form extracellular
conductive structures or pili as in Shewanella or Geobacter. Here,
periplasmic, outer-membrane, or pilus-bound Cytc transfer
electrons to and from the cells (reviewed for example in Gorby
et al., 2006; Richter et al., 2012; Boesen and Nielsen, 2013; Smith
et al.,, 2015). This might provide a structural and biochemical
basis of the metal ion-reducing and the presumed electron-
conductive capabilities of the iron-metabolizing Archaea. In a
recent study, many heme-stained bands were found SDS gels
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of extracts of Fe*™-grown F. placidus cells. The number of
bands and of transcripts of Cytc genes differed depending on
the solution state of the iron: there were more Cytc proteins
and corresponding transcripts in cells grown on solid compared
to soluble Fe** species; in addition there were numerous type
IV pili suggesting close attachment of the cells to the substrate
and/or electrically conductive pili (Smith et al, 2015). By
analogy, the sulfate reducer Archaeoglobus veneficus with a total
of 16 Cytc genes should also be able to grow by metal respiration
(Figure 2). In summary, metal ion respiration seems to be a
predominant motif for the presence of high numbers of Cytc
genes in archaeal genomes.

Bacterial sulfate reducers are typical sources of a large variety
of Cytc (reviewed for example in Romio et al., 2012) and
this seems also true for the Archaeoglobi but not for sulfate-
reducing crenarchaeota (e.g., Caldivirga maquilensis), since we
did not find any Cytc genes in the latter microorganisms. Besides
sulfate respiration, Cytc play important roles in oxidative and
reductive pathways of microbial sulfur and nitrogen cycles such
as denitrification, nitrate ammonification, thiosulfate oxidation,
and anaerobic ammonium oxidation (Anammox; Kartal et al.,
2011; Simon et al, 2011; Kappler and Maher, 2013; van
Teeseling et al., 2013). Surprisingly, no Cytc were found in
Thaumarchaeota, which represent a large phylum of Archaea
characterized by their involvement in the global N cycle.
Thaumarchaeota are proposed to be among the most abundant
ammonia oxidizers in marine and in terrestrial ecosystems (Offre
et al., 2013; Monteiro et al., 2014; Stieglmeier et al., 2014) and
they might be implicated in denitrification as well (Jung et al.,
2014). It is therefore surprising that the Thaumarchaeota seem
to be (so far) devoid of Cytc suggesting that other proteins with
comparable activities fill in the gap and that they use different
catalytic metal sites.

Methanogenesis

Other Methanosarcinales species beside the ANME group
contain Cytc as it was already discovered in the 1980s (Kuhn
et al., 1983; Jussofie and Gottschalk, 1986). Two different
Cytc were found spectroscopically in membrane fractions
of methanol-grown Methanosarcina mazei Gol cells but the
proteins were not purified or identified (Kamlage and Blaut,
1992). We found three monoheme and one multiheme Cytc gene
in the Ms. mazei Go1 genome (Table S1) but their assignment
to the proteins reported by Kamlage and Blaut (1992) is currently
not possible. Similarly, a multiheme Cytc was found to participate
in electron transport of Ms. thermophila (Wang et al,, 2011). In
both cases, the Cytc were oxidized upon heterodisulfide addition
(CoM-S-S-CoB) to membrane fractions however their precise
role in the redox chains is not known. Methanosarcinales species
are characterized by their utilization of various C; compounds
and many can disproportionate acetate for methanogenesis
and energy conservation. Now, Methanosarcinales are the only
phylogenetic branch of methanogenic euryarchaeota (among at
least six others) with both b and c-type cytochromes but their
presence does not seem to be a prerequisite for growth on
these substrates. Chemiosmotic coupling during methanogenesis
from H,/CO; is the most probable reason for the observed

higher growth yields in methanogens with cytochromes like
Methanosarcina barkeri compared to those without (Thauer
et al., 2008; Wang et al., 2011). The heterodisulfide reductase
from Ms. barkeri contains a cytochrome b subunit (Heiden
et al.,, 1994; Kunkel et al., 1997). We did not find cytochromes
¢ in Ms. barkeri in our study here so that the cytochrome
b subunit alone seems to be responsible for the growth yield
effect and there is no other indication that Cytc are integral
players in this process. Generally, we observed here that only a
small fraction of the known Methanosarcinales species contains
Cytc suggesting a different role for these proteins in energy
metabolism.

The Haloarchaea Paradox

Electron transport components from halophilic Archaea
(Halobacteriales) were studied since the 1960s (Lanyi, 1968;
Cheah, 1970). Later, Scharf et al. (1997) characterized a
membrane-bound 2-subunit bc complex (14 and 18kDa,
respectively) and a soluble 75kDa Cytc. A single Cytc candidate
was identified in our computational analysis: a 453 aa cytochrome
cs51 peroxidase (MauG, cluster 29) is encoded in the genome
together with ccm genes as in several other haloarchaea and
Methanosarcina species (Tables S1, S2). This could explain the
75-kDa soluble heme-stained protein (Scharf et al., 1997). In
contrast, we could not identify candidates for the heme-c protein
of the bc complex. The situation was similar for Halobacterium
salinarum and Haloferax volcanii. In both species, Cytc were
either purified (14kDa protein in Hbt. salinarum), and/or
spectroscopically characterized combined with heme-stained
SDS gels (Sreeramulu et al., 1998; Tanaka et al., 2002; Sreeramulu,
2003). Two small proteins were found encoded in the Hfx.
volcanii genome with little mutual sequence similarity and each
with homologs in the same 12-13 haloarchaeal species (cluster
35 and 36; Figure 2) not including Hbt. salinarum. None of
these species contain CCM. Both clusters gave low-confidence
structure prediction hits (Table S2) so that independent evidence
would be necessary for the identification of the Cytc component
of the haloarchaeal bc complexes. This leads to the conclusion
that they might not be found using similarity and/or pattern
searches and that they use non-standard amino acid patterns and
heme c linkage.

There were several other haloarchaeal species with well-
recognized and correctly annotated Cytc and ccm genes; cluster
28 comprising 368-485 aa proteins with a monoheme domain
and the already mentioned cluster 29 (MauG-type peroxidases).
The observation that some haloarchaea contain genes for cluster
28 and 29 Cytc only—the latter occurring in some of the
Methanosarcinales as well—and the lack of MCCs suggests
late gene acquisition from bacterial sources by horizontal gene
transfer (HGT) as suggested earlier (Nelson-Sathi et al., 2012). A
similar mechanism can be concluded for the metal-metabolizing
archaeal species and the Methanosarcinales. In conclusion, the
overall pattern suggests several events of horizontal transfer
from Bacteria to Archaea as proposed as a general model of
archaeal gene acquisition (Nelson-Sathi et al., 2015). In addition,
the occurrence of Cytc genes seems to match physiological
constraints rather than phylogenetic relationship.
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Cytochromes c and Cell Morphology

The majority of Archaea with cytochromes c—predicted in
this study or biochemically proven—display the “standard”
archaeal cell architecture: a cytoplasmic membrane covered with
a proteinaceous surface (S-) layer anchored in the membrane
(Konig et al., 2007). S-layers are protein canopies anchored in
the cytoplasmic membrane encompassing a “quasi-” or “pseudo-
periplasmic space” (Baumeister and Lembcke, 1992; Kénig et al.,
2007; Klingl, 2014), which can accommodate membrane-bound
and soluble proteins (Baumeister et al., 1989; Veith et al., 2009;
Protze et al.,, 2011; Klingl, 2014). It is therefore to be expected that
Cytc are located in this space between cytoplasmic membrane
and protein canopy and that they are retained either by pores
in the protein lattice or by C-terminal membrane anchors as
seen in many of the Cytc candidates described here (Table S1).
Similarly, maturation of Cytc should also take place in this
environment.

With their two membranes and the lack of an S-layer,
Ignicoccus species are an exception to the typical archaeal cell
architecture (Figures 1, 5). For Cytc, this encompasses the
localization of the proteins, the location of the CCM machinery
and last but not least the pathways of electron transport from
the OCM to the inner compartment. Similar questions arise
for the growing number of known double-membraned Archaea
including the tiny Parvarchaeota of the ARMAN group (Comolli
et al., 2009), the Methanoplasmatales (methanogens of the
Thermoplasmata phylum; Dridi et al., 2012; Paul et al., 2012) and
the uncultured SM1 euryarchaeota from a newly defined order
Candidatus “Altiarchaeales” (Figure 1; Probst et al., 2014a,c). The
distribution of proteins between the compartments and electron
transfer is also unknown in those species. Ignicoccus spp. however,
are the only double-membraned Archaea with cytochrome c.
Immuno-labeling had shown that the octaheme MCCs Igni_0955
and Igni_1359 are localized at both membranes (and eventually
also at vesicles in the intermembrane compartment (IMC);
Figure 5; Naf3 et al., 2014).

The organisms of the bacterial phylum Planctomycetes display
ostensibly similar cell morphologies and the question is whether
that is comparable to the double-membraned Archaea and
whether we can make deductions for protein distribution and
electron pathways from these bacteria. Planctomycetes species
are known to have an inner and outer membrane encompassing
a “paryphoplasm” in addition to a protein S-layer (Lindsay
et al, 2001; van Teeseling et al., 2014). The paryphoplasm
was defined as a structural description of “a unique, peripheral
ribosome-free region of cytoplasm” in order to distinguish
it from the “riboplasm,” the central compartment containing
ribosomes and the nucleoid surrounded by an IM (Lindsay et al.,
2001). There is also an ongoing discussion whether or not their
membrane organization “is not different from, but an extension
of, the “classical” Gram-negative bacterial membrane system”
(Santarella-Mellwig et al., 2013; Sagulenko et al., 2014; Jeske
et al., in press; van Teeseling et al., in press). Even more complex
are Anammox bacteria like Ca. “Kuenenia stuttgartiensis,” also
belonging to the Planctomycetes and also with an S-layer
(Figure 5; van Teeseling et al., 2014). The cells have an additional
cellular compartment, the anammoxosome within the riboplasm,

which contains the proteins required for anaerobic ammonium
oxidation including numerous cytochromes c like hydroxylamine
and hydrazine oxidoreductases. This compartment is the place of
energy conversion; the anammoxosome membrane comprises a
ph gradient across its ATP synthase-containing membrane with
the positive (p) side inside (van Niftrik et al., 2008a, 2010; van der
Star et al., 2010; Neumann et al., 2014). Therefore, it is reasonable
to assume that maturation of the Cytc (using the system II)
takes place in the anammoxosome and that the apoproteins
are transported inside. The localization of Cytc is unknown in
non-Anammox planctomycetes.

I hospitalis differs in several aspects from the planctomycetes:
it does not have an S-layer or a morphologically defined nucleoid
and of course nothing equivalent to the anammoxosome. Also,
the IMC is very lightly contrasted in electron microscopy pictures
suggesting a low concentration of biomolecules. The same seems
to be true for the Methanoplasmatales (Figure 1; Dridi et al,
2012). In contrast, the paryphoplasm of the planctomycetes
usually is much darker in electron microscopy (“electron-dense”)
than the IMC (Figure 5; Lindsay et al., 2001). And third, the L
hospitalis ATP synthase and a heterologous hydrogenase/sulfur
reductase complex are localized in the OCM (Kiiper et al., 2010).
From this, we have to assume that the P-side is outside of the
OCM. Maturation of the Cytc at the OCM however would require
a transfer of the apoprotein and the heme moiety across two
membrane systems (Figure 5). The latter cannot be excluded,
however the mature Cytc would have to go back in to reach
the IM, where they were found as well (Figure5). A more
easy explanation would be to assume that the apoprotein is
transferred co-translationally across the IM via the sec pathway
and that maturation would occur prior to further transport.
This conclusion however would imply that the maturation takes
place in the IMC but at the negative side of the cytoplasmic
membrane unless there is an additional proton gradient across
the IM. None of that is at present resolved (Huber et al,
2012).

A different question is about the function of the Cytc in
I. hospitalis. We have proposed that the membrane-bound
tetraheme Cytc Igni_0530 might be part of the sulfur reductase,
however this is still hypothetical (Naf$ et al., 2014). Likewise
hypothetical is the hypothesis that the Cytc might act as electron
relay from the OCM-bound hydrogenase to oxidoreductases
in the cytoplasm. We had measured reduction of Igni 0955
(and to a lesser extent Igni_1359) by the native hydrogenase
supporting this assumption but it will have to be confirmed
independently. At present we would disregard ferredoxins as
electron transfer proteins because there are no ferredoxins with
twin arginine signal peptides encoded in the I. hospitalis genome,
which would be required for membrane transport of iron-sulfur
proteins. The same observation was made for ferredoxins of Ca.
“K. stuttgartiensis,” which lead to the—tentative—placement of
the ferredoxins in the inner compartment or in the riboplasm,
respectively, in the schematic drawings of Figure5. We also
did not find quinones by solvent extraction (Naf} et al., 2014).
Therefore, the abundantly available Cytc are good candidates for
electron transfer from the OCM to the inner compartment in I
hospitalis.
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FIGURE 5 | Comparison of the localization of cytochromes ¢ and
other important proteins in I. hospitalis and in the Anammox
bacterium Candidatus “Kuenenia stuttgartiensis.” (A)
Immuno-labeling of an /. hospitalis ultrathin section with a-lgni_0955 and
gold-labeled a-IgG secondary antibody; (B) schematic view of an /.
hospitalis cell with ultrastructural features and known or predicted
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distribution of proteins/enzymes; (C) ultrathin section of Ca. “K.
stuttgartiensis”; (D) schematic view of a Ca. “K. stuttgartiensis” cell as
above. OCM, outer cellular membrane; IMC, intermembrane
compartment; IM, inner membrane; V, vesicles; for the tubule-like
structures in the anammoxosome of unknown function see van Niftrik
et al. (2008b).

We can conclude about the comparison of I. hospitalis to the
Anammox planctomycetales that the annamoxosomes of those
bacteria are distinctly different structures and that the pathways
of electron flow and the localization of Cytc is fundamentally
different. Unfortunately, we do not know the localization of the
respiratory chain(s) in the non-anammox planctomycetes, but
they seem to be a system better comparable to the situation in

I hospitalis especially regarding Cytc distribution and electron
flow.
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