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Complex I (NADH:ubiquinone oxidoreductase) is the major entry point for electrons into the respiratory chains of
bacteria and mitochondria. Mammalian complex I is composed of 45 subunits and harbors FMN and iron-sulfur
cluster cofactors. A heterogeneous disease profile is associated with complex I deficiency. In a large fraction of
complex I deficiencies, the primary defect is not in any of the genes encoding a subunit. The proper assembly and
function of complex I require the participation of at least 12 assembly factors or chaperones. FOXRED1 encodes a
complex I-specific assembly factor and mutations in this gene result in complex I deficiency, infantile onset

Keywords:
Lei}g syndrome encephalomyopathy and Leigh syndrome. The human FOXRED1 protein is a mitochondria-targeted 486-amino
Phylogeny acid FAD-dependent oxidoreductase. It is most closely related to N-methyl amino acid dehydrogenases. FOXRED1

orthologs are present in archaea, bacteria and eukaryotes. Fungal FOXRED1 orthologs were likely acquired from
alphaproteobacteria by horizontal gene transfer. The phylogenetic profile of FOXRED1 orthologs does not parallel
the phylogenetic profile of complex I, strongly suggesting that, at least in some organisms, FOXRED1 has a function
unrelated to complex I. The only large clade where all members investigated contain both FOXRED1 and complex I is
the metazoans. Some bacterial FOXRED1 genes are present in metabolic operons related to amino acid metabolism.
FOXRED1 phylogenetic distribution and gene organization suggest a metabolic role for FOXRED1 in complex I biogen-
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Mitochondrial disease

esis should be considered.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A powerful technique for assigning function to a protein sequence is
the detection of orthologs, proteins derived from a single ancestral gene
in the last common ancestor of the compared species [1]. Orthologs typ-
ically perform equivalent functions in their respective organisms [2].
Once orthologs are identified, phylogenetic profiles can be constructed
to compare the presence or absence of proteins in complete genomes
and to predict possible functional interactions between proteins of
similar profiles. The underlying hypothesis is that functionally-
interacting proteins co-evolve and will have orthologs in the same
sets of organisms [3].

Complex I (NADH:ubiquinone oxidoreductase) is the major entry
point for electrons into the respiratory chains of bacteria and mitochon-
dria. It is an energy-conserving protein that contributes to the trans-
membrane proton electrochemical gradient that is used to drive ATP
synthesis by the ATP synthase [4].

Abbreviations: DAO, D-amino acid oxidase; DDO, D-aspartate oxidase; DMGDH,
dimethylglycine dehydrogenase; DMGO, dimethylglycine oxidase; FOXRED, FAD-
dependent oxidoreductase; LZHGDH, L-2-hydroxyglutarate dehydrogenase; PDPR,
pyruvate dehydrogenase phosphatase regulatory subunit; PIPOX, peroxisomal
sarcosine oxidase; SARDH, sarcosine dehydrogenase
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Complex I is the largest member of the electron transport chain, with
45 subunits in mammals [5,6]. In contrast, the prokaryotic enzyme nor-
mally consists of 11 to 14 highly conserved core subunits [7]. Seven core
subunits are very hydrophobic and are encoded by the mitochondrial
DNA in eukaryotes [7]. Mitochondrial and bacterial complex I form an
L-shaped structure, with a large hydrophobic membrane arm and a hy-
drophilic peripheral arm protruding into the mitochondrial matrix or
the bacterial cytoplasm [8-10]. Electron transport is mediated by a
flavin mononucleotide cofactor at the site of NADH oxidation and
eight to nine iron-sulfur centers that transport the electrons to the
site of quinone reduction [4].

Complex I deficiencies can follow different inheritance patterns and
etiologies. Mutations can occur in core subunit genes, in the ~30 so-
called additional, accessory or supernumerary subunit genes, or in
complex I-specific assembly factors [11,12]. The genetics, disease sever-
ity and disease progression are dependent on whether the mutated
gene is in the mitochondrial DNA or in the nucleus [13]. The roles of
most accessory subunits remain poorly defined. They have no direct
role in catalysis but may be involved in enzyme assembly, stability
and regulation. Some of the accessory subunits are crucial for function;
mutations in these subunits lead to severe complex [ deficiencies [14]. In
at least half of patients with complex I deficiency, the primary defect
cannot be ascribed to a subunit [13]. Rather, the deficiency arises from
mutation of one of at least 12 assembly factors [15].
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FOXRED1 encodes a complex I-specific assembly factor [16]. A homo-
zygous R352W mutation in FOXRED1 resulted in infantile onset enceph-
alomyopathy and Leigh syndrome [16]. The patient's skeletal muscle
had 7% residual complex I activity with a marked reduction in the
amount of fully assembled holoenzyme [16]. Lentiviral-mediated ex-
pression of a FOXRED1 transgene rescued complex [ deficiency in patient
fibroblasts. A second patient presenting with Leigh syndrome was de-
termined to be a FOXRED1 compound heterozygote with Q232X and
N430S mutations; the transcript encoding the former, truncated protein
was not detectable, indicating that it was degraded [17]. Fibroblasts
from this patient retained 9% residual complex I activity and this deficit
could also be rescued by FOXRED1 expression.

The FOXRED1 gene encodes a 486-amino acid FAD-dependent oxido-
reductase domain containing protein. The protein has a predicted cleav-
able N-terminal mitochondrial targeting sequence and was shown to be
localized to the mitochondrion. Recently, the FOXRED1 protein was
found in direct association with complex I assembly intermediates [5].

Phylogenetic trees are graphic representations of multiple sequence
alignments. In this study, I investigate the phylogenetic distribution of
FOXRED1 in an effort to understand how and when it became essential
for complex I biogenesis. I present evidence that suggests that FOXRED1
has a metabolic function in some organisms and that its role in complex
I biogenesis is a more recent innovation.

2. Materials and methods

Presumptive FOXRED1 orthologs were identified as symmetrical best
Blastp hits with human FOXRED1 [18]. Various databases, including
National Center for Biotechnology Information [19], the Joint Genome
Institute [20], Ensembl [21], the Fungal Genome Initiative [22] and
genome project web sites were accessed. A list of sequences used in
this study is available (supplementary materials). A combination of
taxonomy-based sequence selection using the software CDSbank [23]
and manual selection was used to identify protein sequences used for
tree building. Tree building was carried out with MrBayes (version
3.2.2) [24], RAXML (version 8.0.24) [25] and PHYML (version 3.0) [26].
Sequence alignments were performed using MUSCLE (version 3.8.31)
[27] as implemented in Jalview (version 14.0) [28] or on the
GUIDANCE server [29]. Phylogenetic analyses were performed using a
number of online servers including phylogeny.fr [30], T-REX [31] and
the CIPRES Science Gateway (version 3.3) [32].

3. Results and discussion
3.1. FOXRED1: structure and relationship to other proteins.

FOXRED1 is an FAD-dependent oxidoreductase family member;
these proteins contain a Pfam DAO (D-amino acid oxidase; PF01266)
domain, and are part of the NADP_Rossmann clan CLO063 [33]. The
human genome encodes nine DAO domain proteins (Table S1). Six
of these, sarcosine dehydrogenase (SARDH), dimethylglycine dehydro-
genase (DMGDH), peroxisomal sarcosine oxidase (PIPOX), L-2-
hydroxyglutarate dehydrogenase (L2ZHGDH), D-amino acid oxidase
(DAO) and D-aspartate oxidase (DDO) are oxidoreductases involved
in amino acid metabolism (Table S2). Glycerol-3-phosphate dehydroge-
nase (GPD2) is involved in glycerophospholipid metabolism. Pyruvate
dehydrogenase phosphatase regulatory subunit (PDPR) is a regulator
of pyruvate dehydrogenase phosphatase [34].

FOXRED1, PIPOX, L2ZHGDH, DAO and DDO are single domain pro-
teins. DMGDH, SARDH, PDPR and GPD2 have additional sequences at
their C-termini (Fig. 1). SARDH, DMGDH and PDPR contain C-terminal
bipartite glycine cleavage T-protein domains, which bind folate. The T-
protein is part of a four protein glycine decarboxylase system involved
in glycine metabolism [35]. The structure of the Arthrobacter globiformis
dimethylglycine oxidase (DMGO; PDB: 1PJ5) has been solved to 1.60 A
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FOXRED1 [N 56
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Fig. 1. Domain structure of FOXRED1 homologs. The diagrams represent the domain struc-
tures of the human proteins, except for DMGO, which is from Arthrobacter globiformis. The
DAO, GCV_T, and GCV_T_C domains are Pfam domains PF01266, PF01571 and PFO8669,
respectively [33]. The number of amino acids in each protein is indicated.

[36]. DMGO is part of a betaine catabolism pathway that converts beta-
ine to sarcosine and glycine.

FOXRED1 is more closely related to human DMGDH, PDPR, PIPOX
and SARDH (Blastp evalues: 2 x 1072, 6 x 1075, 9 x 1078 and
6 x 10™°, respectively) than it is to the other human DAO proteins,
DAO, DDO, GPD2 and L2HGDH (evalues: >1) (Fig. S1, Table S1). I have
limited my analyses to the former proteins. The single domain proteins
FOXRED1 and PIPOX and the two domain proteins DMGDH, PDPR and
SARDH form two highly supported clades (Fig. 2A, B). FOXREDs form a
highly supported sister clade to the PIPOXes, and both of these clades
contain bacterial and eukaryotic members. The ancestral FOXRED was
likely present in the last common ancestor of bacteria and eukaryotes.
Archaeal FOXREDs are not robustly embedded in the FOXRED clade
(Fig. S2). However, an ancestral DAO domain was likely present in the
last universal common ancestor.

Three SARDH-like PDPRs were identified; these proteins from
Thalassiosira pseudonana, Emiliana huxleyi and Thecamonas trahens are
symmetrical best hits with human SARDH, but consistently tree with
the PDPRs rather than the SARDH (support values 1/79/78; Fig. 2). In
trees using full-length protein sequences, the three SARDH-like PDPRs
also form a highly supported sister clade (1/100/100) with PDPRs
(Fig. S4). This suggests that PDPRs are likely catalytically active in
many organisms, unlike the report for the human protein [34].

Unlike SARDH and DMGDH, FOXRED1 does not have a covalently
attached FAD cofactor (Fig. S1). Although FOXRED1 is annotated as
having a possible transmembrane domain between residues 62 and
82, it is a soluble, carbonate-extractable protein [16]. FOXRED1
does have a mitochondrial targeting sequence and is localized to mi-
tochondria [16]. Additional discussion of the FAD cofactor, the trans-
membrane segment and the mitochondrial targeting sequence is
provided (supplementary materials).
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Fig. 2. A) Phylogeny of FOXRED1 and its DMGDH, PDPR, PIPOX and SARDH paralogs. Only DAO domain sequences were aligned using MUSCLE. Support values for nodes are derived from

MrBayes/PHYML/RAXML. B) The unrooted tree from MrBayes analysis.

3.2. Phylogenetic distribution of FOXRED1 homologs

[ investigated the phylogenetic distribution of the FOXRED1 protein
and its four most closely related relatives: SARDH, DMGDH, PIPOX and
PDPR. I used the amino terminal DAO domain-containing regions of
the five human proteins as query sequences in database searches. For
SARDH, PDPR and DMGDH, the C-terminal glycine cleavage T-protein
domains were removed (Table 1). Hits were considered putative
orthologs if they were symmetrical best hits (Blastp) with the human
query sequence. The simplest of organisms with at least one copy of
each of the five proteins are Saccoglossus kowalevskii (acorn worm),
Strongylocentrotus purpuratus (purple sea urchin) and Nematostella
vectensis (sea anemone), all eumetazoans (Table 1).

FOXRED1 distribution does not correlate well with complex I distribu-
tion. FOXRED1 is present in archaea, bacteria and eukaryotes, as is com-
plex I (Table 1, Fig. 3). Many organisms have both a FOXRED1 ortholog
and a complex I. All metazoans investigated, from the simplest, such as
Trichoplax adhaerens, to the mammals, have both FOXRED1 and complex
I. The metazoans form the only large clade of organisms with both pro-
teins. However, many organisms have a complex [ but do not have a
FOXRED1. Significant amongst these is the kingdom viridiplantae, which
includes chlorophyta (green algae) and streptophyta (which includes all
land plants), in which I could not identify any FOXREDs. Finally, a
small number of organisms have a FOXRED1 but no complex [; these in-
clude bacteria, such as the firmicute, Bacillus coagulans 36D1, the
gammaproteobacterium, Glaciecola agarilytica NO2, and eukaryotes,
such as the two alveolates, Alexandrium tamarense and Symbiodinium sp.
Al (Table 1). Several organisms contain more than one FOXRED1;
A. tamarense has three FOXREDs and many species of Drosophila have two.

The recent identification of FOXRED1 as a disease-causing gene and
the paucity of information about its role in the biogenesis of complex I

are likely because of its absence in many model system organisms,
where mutational analysis can be exploited. Complex I has been
most intensively investigated with molecular genetic approaches in
the eukaryotes Neurospora crassa, Yarrowia lipolytica, Chlamydomonas
reinhardtii and Arabidopsis thaliana, and in the prokaryotes Escherichia
coli and Paracoccus denitrificans (Table 1). None of these organisms
has a FOXRED1. FOXRED1 orthologs are present in flies, worms and
zebrafish, but have not been extensively investigated (see supplemen-
tary materials).

Few fungi have FOXRED:s. I could only identify FOXRED1 orthologs in
one phylum, Ascomycota, and only in Sordariomycetes (Fusarium) and
Eurotiomycetes (Aspergillus). The fungal FOXREDS were likely acquired
from alphaproteobacteria by horizontal gene transfer (Fig. S5).

FOXRED1 orthologs in Aspergillus and Fusarium species do not have
predicted amino-terminal mitochondrial targeting sequences (Fig. S6).
The absence of targeting sequences in fungal FOXREDs is consistent
with a metabolic function for the protein; a small molecule product of
an enzymatic reaction can easily be transported into mitochondria. It
is more difficult to reconcile a role as a chaperone in complex I assembly
if the fungal FOXREDs are not localized in the mitochondrial matrix.

FOXRED1 was not detected in currently available genome sequences
of amitochondriate organisms (Table 1). Eukaryotes with mitochondria-
related organelles are taxonomically diverse but usually occupy anaerobic
or microaerophilic environments [37]. Interestingly, both Nyctotherus
ovalis (a ciliate) and Blastocystis hominis (a stramenopile) possess a com-
plex I [38,39]. In both organisms, complex I may be involved in fumarate
respiration [38,40].

The co-expression of FOXRED1 orthologs and metabolic enzymes is
strongly suggestive of a metabolic role for FOXRED1 in bacteria.
FOXRED1 genes are present in known operons in Sinorhizobium fredii
and Pseudomonas putida and likely in a variety of other bacteria [41]
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Table 1

The human DAO domain-containing protein sequences FOXRED1 (NP_060017.1, 1-486), PDPR (AA150252.1, 1-435), SARDH (NP_001128179.1, 1-462), DMGDH (NP_037523.2, 1-447)
and PIPOX (NP_057602.2, 1-390) were used as query sequences to identify the most significant hit (accession number) and its Blastp evalue. Best hits that are symmetrical best hits and
presumptive orthologs are highlighted in green. The presence of complex I was assessed by searching using human complex I subunit sequences as queries: NDUFV1 (NP_009034),
NDUFS7 (NP_077718), ND1 (YP_003024026) and ND5 (YP_003024036).

Evalue Evalue Evalue Evalue Evalue
FOXRED  Number of "‘:ili ‘gli ‘gli ‘]O_li lIUIZ Complex
Taxonomy present  homologs Accession top hit Accession top hit i Accession top hit 1 Accession top hit i Accession top hit i present
Halophilic archaeon DL31 archaca B 2 YP_004807583 2E-37 YP_004807838 2E-20 YP_004807838 3E-19 YP_004807583 4E-28 YP_004807838 4E-26 Yes
Haloferax larsenii archaea + 1 WP_007543834 9E-42 WP_007543834 3E-23 WP_007543834 6E-22 WP_007543834 4E-36 WP_007543834 1E-16 Yes
Thermococcus litoralis archaea 1 YP_008428251 2E-34 YP_008428251 3E-44 YP_008428251 6.E-47 YP_008428251 7.E-51 YP_008428251 2617
Bacillus coagulans 36D1 firmicute + 1 YP_004860295 2E-66 YP_004860295 9.E-19 YP_004860295 7E-25 YP_004860295 1E-19 YP_004860296 1E-19 0
Chloroflexus aurantiacus J-10-fl chloroflexi + 2 YP_001634061 3E-52 YP_001634061 8.E-42 YP_001634061 2E-51 YP_001634061 3E-38 YP_001637283 8.E-54 Yes
YP_003889066.1 TE-11
Cyanothece sp. PCC 7822 cyanobacteria 2 YP_003890603.1 YP_003890603.1 8.E-10 YP_003889066.1 6.E-08 YP_003890603.1 9E-11 YP_003889066.1 5E-71
D acterium autotrophicum HRM2 + 1 YP_002605070 YP_002604158 1E-16 YP_002604158 SE-19 YP_002604158 3E-23 YP_002605070 2E-05 Yes
Escherichia coli K12 1 NP_415577.1 NP_415707.1 3.E-11 NP_416744.1 4.E-09 NP_415817.1 8.E-07 NP_415577.1 2.E-45
Fervidobacterium pennivorans DSM 9078 B 1 YP_005471104 YP_005471104 2E-39 YP_005471104 6E-35 YP_005471104 2E-38 YP_005471104 2E-21 Yes
imonas aurantiaca T-27 i B 1 YP_002763323 YP_002762669 1E-05 YP_002763323 2E-05 YP_002762669 6.E-08 YP_002761832 3E-16 Yes
Glaciecola agarilytica NO2 ammaproteobacteria + | GAC07454.1 BAEK01000084 7.E-04 BAEK01000084 7E-13 BAEK01000084 2E-10 BAEK01000084 3E-05 0
Pantoea sp.Ad i + 2 WP_017345971.1 ALXE01000020 2E-18 ALXEO1000019 7E-21 AKIT01000029 3E-19 ALXE01000028.1 4E-44 Yes
Paracoccus S 2 YP_914320 YP_918672 2.E-95 YP_918672 2.E-85 YP_915729 4.E-73 YP_918650 3.E-15
putida DOT-T1E i B 1 YP_006535485 YP_006532686 1E-21 YP_006535485 1E-18 YP_006535485 1E-16 YP_006535239 4E-08 Yes
Sp.GM33 i B 3 WP_007972670.1 WP_007978235.1 4E-95 WP_007978235.1  1E-88 WP_007978213.1  7E-114 WP_007979503.1  2.E-06 Yes
cterales bacterium HTCC2255 i + 3 WP_008034433 WP_008035279 2.E-80 WP_008035279 1E-78 WP_008035491 5E-103 WP_008035491 6.E-10 Yes
Rhodoferax ferrireducens T118 i + 1 YP_524469 YP_522163 6E-22 YP_522163 9.E-24 YP_524469 4E-19 YP_524469 1E-09 Yes
irillum rubrum ATCC 11170 B 1 YP_427157 YP_426633 9.E-06 YP_426633 3E-15 YP_427958 8.E-13 YP_427157 2.6-08 Yes
YP-O05T93057.T YP-O05T89398 SE-T00
obium fredii HH103 i +r 6 YP_005189847.1 YP_005189397.1 6.E-96 YP_005193188.1 YP_005189747.1 4E-37 YP_005193188.1 7E-17 Yes
‘Thermus thermophilus HB8 deinococcus-thermus + 1 YP_144802.1 YP_144802.1 6.E-07 YP_144802.1 YP_144802.1 7.E-16 YP_144804.1 6.E-07
Variovorax paradoxus $110 i B 2 WP_020722958.1 YP_002942232 5E-25 YP_002942232 WP_018905950 2E-17 WP_019652886 5E-41 Yes
Acanthamoeba castellanii amoebozoa B 3 XP_004356483 XP_004353662 5E-107 XP_004353662 XP_004353662 1E-66 XP_004352808 3E-42 Yes
GAJGO1065609.1
GAIT01038316.1
GAIQU1013888.1
GAJB01002800.1 GAIQD1044360.1 2E-101
GAJG01047488.1 GAJB01003346.1 GAJB01002837.1 2E-101
GAJB01023065.1 GAJG01084105.1 GAIT01027724.1 2E-100
tamarense alveolata i 15 GAIT01017835.1 GAJB01003346.1 1E-72 GAJB01002451.1 GAJG01019075.1 3E-100 GAIT01050926.1 1E-15 0
0033906741 85 0033877901
metazoa + 5 XP_003387896 4E-117 XP_003390674.1 2E-57 XP_003390674.1 7E-60 XP_003391032.1 4E-64 XP_003387789.1 1E-87 Yes
Anolis metazoa B 4 XP_003225770 0.E+00 XP_003229415 0.E+00 XP_003228894 0.E+00 XP_003216348 0.E+00 XP_003229415 7E-11 Yes
Aplysia californica metazoa B 3 XP_005109016 6.E-143 XP_005096338.1 1E-113 XP_005096338.1  4E-80 XP_005096338.1 1E-49 XP_005111516.1 7E-84 Yes
sis thaliana idi 1 NP_201530 8.E-05 NP_201530 3E-07 NP_199655 4E-04 NP_201530 6.E-04 NP_180034 2E-69
Aspergillus flavus fungi + 3 jeilAspi[32985  4E-61 jgilAspfi1[32600 4E-34 jgilAspi1[32600  1E-36 jgilAspfl1]32600 2E-39 jgilAspfi1[37720 3E-54 Yes
Bigellowellia natans thizaria B 3 jgilBignal[38746  s5E-03 jeilBignal[143381  2.E-48 jeilBignal143381  4E-116 jgilBigna1[143381  2.E-45 jgilBignat[71202 1E-19 Yes
Bodo saltans euglenozoa B 1 BS70775.1 1E-22 BS45215.1 3E-02 BS52240.1 1E-04 BS70775.1 1E-05 BS32415.1 3E-01 Yes
Branchiostoma floridae metazoa B 5 XP_002596418 4E-164 XP_002612437 3E-137 XP_002594859 0.E+00 XP_002609761 0.E+00 XP_002611829 1E-127 Yes
Caenorhabditis elegans metazoa + 4 MO04B2.4 2E-99 Y106G6H.5 2E-47 Y37E3.17a 1E-35 Y37E3.17a 3E-71 C15B12.1 2E-64 Yes
Capsaspora owczarzaki i + 3 XP_004345258.1 9.E-90 XP_004343467 2E-117 XP_004343467 2E-78 XP_004343467 7E-52 XP_004349776 4E-61 Yes
Chlamydomonas reinhardtii CC-1373 0 XP_001692123.1 2E-07 XP_001692123.1 2E-02 XP_001692442.1 2E-03 XP_001692442.1 3E-04 XP_001700567.1 2E-32
Ciona savignyi metazoa + 3 ENSCSAVPO0000011427  6.E-78 [ | ENSCSAVP00000009849  8E-81 [ | ENSC 4E-194 | | ENSC 5E-74 ||| ENSCSAVP00000003434  3.E-46 Yes
NP_610228 2E-127
Drosophila melanogaster metazoa +r 4 NP_536791 5.E-102 NP_572162 4E-83 NP_611263 3E-156 NP_611263 7E-61 NP_611263 2E-09 Yes
0057918991 pa=
Emiliania huxleyi CCMP1516 + 5 XP_005760525.1 2E-46 XP_005785242.1 1E-74 XP_005785242.1  4.E-87 XP_005779402.1 1E-78 XP_005778512.1 2E-36 Yes
Fusarium oxysporum 4287 fungi B 3 FOXG_09711T0 0.E+00 FOXG_12340T0 2E-34 FOXG_12340T0 9E-37 FOXG_12340T0 1E-41 FOXG_01881T0 1E-52 Yes
Hydra vulgaris metazoa + 3 XP_002155683 3E-72 XP_002158472 1E-65 XP_002158472 0.E+00 XP_002156170 2E-172 XP_002156170 6.E-08 Yes
Monosiga brevicollis MX1 i + 1 XP_001742063 5E-65 XP_001742226 3E-07 XP_001747302 5E-07 XP_001750081 4E-02 XP_001747302 2E-10 Yes
P-00T638535 TE-T20
Nematostella vectensis metazoa + 6 XP_001619878 3E-116 XP_001633663 1E-100 XP_001624293 0.E+00 XP_001632395 0.E+00 XP_001636208 2E-118 Yes
Neurospora crassa OR74a fungi 0 XP_960462.1 2E-01 XP_965711.1 1E-02 XP_960462.1 1E-05 XP_960462.1 4E-07 XP_960220.1 1E-08
patens iridi 1 XP_001776959 3E-06 XP_001776959 2E-03 XP_001761729 4E-05 XP_001776959 3E-10 XP_001776959
Phytophthora sojae i B 2 AAQY02000045.1  5E-106 AAQY02000045 9.E-07 AAQY02000045.1  2E-07 AAQY02000099 2.E-05 AAQY02000099 Yes
XP_002732031.1
XP_002741300.1
XP_002734363 XP_002740757.1 XP_002737399.1 0.E+00 XP_002737047.1
Saccoglossus kowalevskii metazoa +r i1 XP_002734362.1 XP_002737967.1 NP_001171860.1 _ 0.E+00 XP_002737400.1 4E-165 XP_002737054.1 Yes
eca rosetta i + | XP_004999027 XP_004999027 XP_004999027 4E-12 XP_004999027 6.E-05 XP_004999027 Yes
Schistosoma mansoni metazoa + 1 XP_002580007 XP_002580007 XP_002571715.1  3E-03 XP_002580007 2E-03 XP_002580007 Yes
XP_784019 XP_797352.2
Strongylocentrotus purpuratus metazoa +r 7 XP_7924443 XP_786380.2 6E-115 XP_003727333.1 0.E+00 XP_792268.3 0.E+00 XP_796417.3 Yes
Symbiodinium sp. A1 alveolata + 4 GAKY01118127.1 GAKY01036249.1 1E-50 GAKY01036249.1  1E-144 GAKY01085942.1 1E-88 GAKY01056787.1
TerurT4g02620
Tetranychus urticae metazoa 4 2 tetur03g07760 tetur14g02620 8.E-07 tetur14g02620 SE-08 tetur14g02620 4E-07 tetur14g02620 2E-04 Yes
i i stramenopil + 3 XP_002294365 XP_002290388 1E-57 XP_002290388 2E-83 XP_002290388 4E-55 XP_002207081 5E-30 Yes
'AMSG_02503T0
‘Thecamonas trahens ATCC 50062 apusozoa +r 4 AMSG_03783T0 AMSG_02498T0 1.E-60 AMSG_02498T0 2E-64 AMSG_02498T0 2E-58 AMSG_03839T0 5E-39 Yes
XP_002108741
Trichoplax adhaerens metazoa ++ 4 XP_002114542 XP_002110013 5E-67 XP_002110013 0.E+00 XP_002110817 3E-177 XP_002118575 6.E-20 Yes
Yarrowia lipolytica fungi 0 XP_500543 XP_502399 3E-08 XP_500862 8.E-04 XP_500862 1E-02 XP_503994 3E-01
stis hominis, Singapore isolate B i 0 CABX01000147.1 1E+00 CABX01000021.1 TEH00 CABX01000023.1 __ 3.E+00 CABX01000023.1 3E-01 CABX01000089.1
Cryptosporidium parvum alveolata 0 XP_627944.1 3E-01 XP_625499.1 5E-01 XP_628285.1 XP_625499.1 5.E-02 XP_627167.1 No
s cuniculi fung 0 NP_586202.1 2.6-01 NP_586202.1 3E-01 NP_586250.1 NP_586202.1 1.E+00 NP_597140.1 No
Entamoeba histolytica HM-1:IMSS 0 XP_653096.1 2601 XP_001913743.1 2E-11 XP_649611.2 XP_001913743.1 4E-09 XP_654048.1 No
Giardia lamblia fornicata 0 XP_001705832 4E-01 XP_001707988 5E-14 XP_001707418 4E-01 XP_001707988 3E-05 XP_001704370 No
balamuthi amoebozoa 0 EC698218.1 3.E+00 EC710463.1 1EO1 EC703826.1 3400 EC694392.1 5.E+00 EC708958.1 No
Mikrocytos mackini a4303 thizaria 0 GAHX01000842.1 ___ 5.E+00 GAHX01000776.1 ___ 7.E+00 1 SE-01 GAHX01004810.1 ___ 7.E+00 GAHX01001339.1 No
Nosema ceranae BRLOT fungi 0 XP_002995067.1 7.6-01 XP_002996277.1 9.E-03 XP_002996277.1 5E-03 XP_002996277.1 2.E+00 XP_002996285.1 No
Nyctotherus ovalis alveolata 0 AM896437.1 6.E+00 AM899062.1 1.E+01 AM897036.1 5.E+00 AM896888.1 2.E+00 AM898669.1
Piromyces sp. E2 fungi 0 GT914446.1 2.E+00 G1914247.1 4E-03 GT904155.1 6.E-01 GT904929.1 2.E+00 GT900195.1 No
Sawyeria 0 EC819336.1 2.6+00 EC822702.1 6.E-01 EC825062.1 1E+00 EC822693.1 4E-12 EC822689.1 No
E vaginalis parabasilia 0 XP_001319204 5.E400 XP_001305657 2.E+00 XP_001311329 1.E+00 XP_001315398 2.E+00 XP_001308456 No

Organisms in bold contain a FOXRED1

Accession is most similar to query in this column
Archaea

Bacteria

Eukaryote

FOXRED present, complex I absent
FOXRED absent, complex I present

Amitochondriate organism

(Fig. 4). These include alphaproteobacteria, such as Roseobacter, gene arrangements, the FOXRED1 gene is downstream of the N-
betaproteobacteria, such as Burkholderia, and gammaproteobacteria, methylhydantoinase A and B genes. N-methylhydantoinase (EC
such as Pantoea and Glaciecola and Acidomicrobidae. In all of these 3.5.2.14) catalyzes the ATP-dependent hydrolysis of N-methylhydantoin
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ncbi-p:YP_003024036
ncbi-p:YP_003024036
ncbi-p:YP_003024036
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Fig. 3. Phylogenetic distribution of selected organisms and the presence of a FOXRED1 ortholog and of complex I. NCBI taxonomic identification codes and NCBI Common Tree were used to
produce a tree for the organisms in Table 1. Stars, organisms with both a FOXRED1 ortholog and complex I; blue circle, organisms without a FOXRED1 ortholog but with complex I; red
circle, organisms with a FOXRED1 ortholog but no complex [; open circles, organisms with neither FOXRED1 ortholog or complex I. Organisms with more than one FOXRED1 ortholog

are underlined.

to N-carbamoylsarcosine in the creatinine degradation pathway (Fig. 5).
The N-carbamoylsarcosine can be converted to sarcosine, a substrate for
SARDH or DMGDH. The presence of N-methylhydantoinase allows organ-
isms to grow on creatinine and creatine as sole carbon or nitrogen sources
[42]. N-methylhydantoinase also functions in the metabolism of arginine
and proline; it is closely related to human 5-oxoprolinase (EC 3.5.2.9),
which catalyzes the ATP-dependent hydrolysis of 5-oxoproline to L-
glutamate in glutathione synthesis. Interestingly, mammalian PIPOX has
wide substrate specificity can utilize larger molecules such as L-proline
as a substrate [43]. The presence of FOXRED1 orthologs in similar gene

arrangements in diverse bacterial species suggests that horizontal gene
transfer has occurred. In addition, the extremely limited distribution
of FOXRED1 orthologs amongst proteobacteria and in particular,
Enterobacteriaceae is also suggestive of horizontal gene transfer (Fig. S7).

4. Conclusions

In this study, I investigated the phylogenetic and structural relation-
ships of FOXRED1. If FOXRED1 and complex I had been functionally-

interacting proteins throughout evolution, they would have co-evolved
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Roseobacter sp. CCS2

Pantoea sp. A4
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Pseudomonas putida

Sinorhizobium fredii

Glacieola agarilytica

Burkholderia phenolruptrix

Acidimicrobidae bacterium

FAD-dependent oxidoreductase

[ 4
/D

dihydroxyhept-2-ene-dioic acid aldolase

N-methylhydantoinase A [ R D
N-methylhydantoinase B [y

alpha-dehydro-beta-deoxy-D-glucarate aldolase

dTDP-glucose 4,6-dehydratase |
aspartate aminotransferase [ >
acetolactate synthase Il large subunit _

Fig. 4. Diagram of FOXRED1 ortholog-containing operons. The accession numbers of the nucleotide sequences used to create this diagram are: Roseobacter (AAYB01000001.1), Pantoea
(NZ_ALXE01000017.1), Pseudomonas (CP003734.1), Sinorhizobium (HE616899.1), Glaciecola (BAEKO1000084.1), Burkholderia (NC_018696.1), Acidimicrobidae (NC_020520.1). The acces-

sion numbers of the respective FOXRED1 proteins are indicated in the red boxes.

and would have orthologs in the same sets of organisms. This is not the
case (Fig. 3). I suggest that FOXRED1 does not have a complex I[-related
function in some organisms, such as Glaciecola agarilytica NO2. Phyloge-
netic analysis robustly places the Glaciecola FOXRED1 amongst organisms
with a complex I, indicating that it shares the greatest sequence conserva-
tion with the FOXREDs of those organisms. (Fig. 2, S5B). Roseobacter sp.
CCS2 has a FOXRED1 that is very closely related to the Glaciecola protein,
but other species of Roseobacter, such as Roseobacter sp. AzwK-3b do not
have a FOXRED; yet both Roseobacter species have a complex L. Similarly,
Rhodobacterales bacterium HTCC2255 and Glaciecola have closely related
FOXREDs; Rhodobacterales bacterium HTCC2255 has a complex I, but not
Rhodobacterales bacterium HTCC2654 (Fig. 3). The most parsimonious ex-
planation for these observations is that the Roseobacter and
Rhodobacterales FOXREDs are not needed for complex I assembly, as as-
sembly occurs in the absence of a FOXRED1 ortholog in closely related
species.

The firmicutes Bacillus coagulans 36D1 and Brevibacillus massiliensis
as well as the archaea Haloferax larsenii are organisms with FOXREDs

with closely related species that do not. However, the argument that
their FOXREDs are not involved in complex [ assembly is less compelling
because these proteins are phylogenetically more distinct (Figs. S2, S3).

If complex I assembly can occur without FOXRED1 in some organ-
isms, then FOXRED1's complex I-related function is a more recently ac-
quired one. That a FOXRED1 appears to be present in all metazoan
genomes suggests that it plays an essential role in this kingdom; [ hy-
pothesize that this essential role is complex I assembly.

FOXRED1 is a member of the D-amino acid oxidases, most closely re-
lated to N-methyl amino acid dehydrogenases. FOXRED1 sequence con-
servation and gene context suggest that a role in amino acid metabolism
should be considered. In some proteobacteria, FOXRED1 is located in an
operon, downstream of N-methylhydantoinase genes (Fig. 4). N-
methylhydantoinase functions in creatine and creatinine degradation,
producing glycine, much like human SARDH and DMGDH function in
choline degradation to produce glycine. Glycine is not considered a die-
tary essential amino acid in humans because pathways for its synthesis
(for example from choline) exist. However, glycine needs are high, as

creatinine
H,O
acetic acid
NHj / H,O
1-methylhydantoin creatine methylguanidine
ATP + H,0 H,0 H,0 Hy0
S .
ADP + P, urea acetyl urea
H,0 NH; + CO, Pi+2[H]  phosphate
N-carbamoylsarcosine sarcosine methylamine
(@ N-methylhydantoinase
o~ . acceptor + H,0 0O, +H,0
(b) sarcosine dehydrogenase P
(© dimethylglycine dehydrogenase O® )@
(d) sarcosine oxidase HCHO + acceptor~H, HCHO + H,0,
glycine

Fig. 5. Creatinine and creatine degradation. N-methylhydantoinase is composed of 2 subunits, A and B. DMGDH is capable of utilizing both dimethylglycine and sarcosine as substrates.
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this amino acid accounts for 11.5% of total amino acids and 20% of amino
acid nitrogen [44]. Glycine is a constituent of glutathione, a tripeptide
redox buffer that is the most abundant intracellular, non-protein
molecule. It is worth noting that mitochondrial diseases, such as Leigh
syndrome, are very often conditions of oxidative stress [14]. Perhaps
FOXREDT1 has a role in glutathione metabolism and the protection
of complex I from oxidative stress. I will address the details of this
hypothesis elsewhere.
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