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1. ABSTRACT

This article examines the long story of the
relationship between mitochondrial DNA (mtDNA) and
respiratory complex |, NADH: Ubiquinone Oxidoreductase,
from its beginning in the genome of the bacterial
endosymbiont which then evolved into the mitochondria
of our cells. The story begins with the evolution of ancient
forms of bacterial complex | into the Nuo14 complex |
that was present in the alpha proteobacterial ancestor
of mitochondria. The story then becomes complicated in
the diversity of eukaryotic organisms that are currently
recognized. Therefore, it does not have a clear end,
because currently available information shows different
situations of metabolicadaptationand geneloss, indicating
cases of de-evolution of the original protonmotive
complex into a system that may fundamentally assist
[FeFe]-hydrogenases in re-oxidising metabolically
produced NADH under anaerobic conditions. The history
of complex | is thus a never ending story of molecular and
physiological evolution producing new perspectives for
studying the enzyme complex that occupies the largest
proportion of mitochondrial DNA.

2. INTRODUCTION

Respiratory complex |, NADH: Ubiquinone
Oxidoreductase (Nuo), is the largest and most
ancient proton pumping enzyme of the mitochondrial
respiratory chain (1,2). Early biochemical studies with
the enzyme complex purified from beef mitochondria
defined three fractions enriched in the flavo-protein,
iron-sulfur protein- and membrane protein-subunits (3).
The membrane fraction was later found to comprise
all seven products of the NADH Dehydrogenase (ND)
genes encoded in the DNA of mammalian mitochondria
(ND1-6 plus NDA4L; 1-3). Subsequent studies revealed
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that the mitochondrial DNA (mtDNA) of plants, algae
and protists additionally contains genes coding for
hydrophilic redox subunits of the complex, from
Nad7 (corresponding to beef 49kDa subunit; 3,4) to
Nad11 (5,6,7). These hydrophilic subunits were found to
be homologous to subunits of bacterial enzymes such as
NiFe-hydrogenases (3,8,9), while the largest membrane
subunits showed homologies to mrp (multiple resistance
to pH) cation-proton antiporters (2,9,10,11). The modular
architecture of complex | thus evolved by progressive
addition of modules derived or related to different bacterial
systems (1,2,11,12). The last stage of the evolution
of this complex in bacteria produced an operon that
contains 14 genes, in a sequence that recapitulates the
addition of the NADH-reacting N-module to the ancestral
Q-reacting module related to NiFe-hydrogenases and the
membrane, proton pumping P module related to cation
antiporters (Figure 1A and Table 1).

The mitochondria of our cells originated from
a selected group of alpha proteobacteria that contained
this Nuo14 operon together with the operons for
succinate dehydrogenase (complex Il), cytochrome ¢
reductase (complex Ill o bc, complex) and cytochrome
¢ oxidase (complex 1V), which constitute the respiratory
chain of biochemistry textbook (12,13). The most
hydrophobic membrane subunits of these complexes
have been retained in mtDNA. The genes for the majority
of the hydrophilic and accessory subunits of the same
complexes migrated into the nuclear DNA soon after
the symbiogenic event that produced the progenitor of
our cells, commonly defined as LECA - Last Eukaryotic
Common Ancestor (7,12,14,15). Although only the
cytochrome b subunit of complex Il and the catalytic
COX1 subunit of complex IV are present in all mtDNA
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Figure 1. A. Gene sequence of a typical Nuo14 complex | from bacteria (20) compared with that of the mtDNA of the Excavata Andalucia (7). Proteins
belonging to the Q-module derived from NiFe-hydrogenases are coloured in dark gray while those belonging to the membrane P-domain are in light
gray (12). The three subunits forming the N-domain are in coloured in light blue. Empty arrows indicate non conserved genes that are not present
in bacterial operons. B. N module of complex | and related [FeFe]-hydrogenases in aerobic and anaerobic eukaryotes. The recognized conserved
domains (35) of the various proteins are rendered with the symbols previously used (12,19,30). The brown background in the column of the NuoG subunit
indicates when it is encoded by mtDNA as Nad11. The question mark indicates that the gene is not found yet in currently available genomic information.
The asterisk indicates organisms for which a complete genome is available now. The word ‘missing’ in white over black background indicates that the

gene is missing in currently available genomes.

genomes sequenced so far (7,14,15), the genes for the
subunits of complex | constitute a considerable proportion
of the protein coding part of such genomes. This article
will examine the variations in presence and composition
of complex | subunits in the mtDNA of various protists in
relation to the ancestral bacterial operon for the enzyme
complex and draw functional conclusion on the evolution
as well the de-evolution of this important bioenergetic
system in mitochondria.

3. RESPIRATORY COMPLEX 1 AND
MITOCHONDRIA

3.1. Ancient history of complex |

The giant enzyme complex that constitutes the
respiratory complex | of mammalian mitochondria (1,2)
has an ancient history, not just in evolutionary terms but
also in functional transitions. The primordial form of the

complex is found in strictly anaerobic bacteria that thrive
in oceanic hydrothermal vents such as Nautilia (12),
a deep branching epsilon proteobacterium (16).

these organisms, the operon of the enzyme lacks the
NADH-reacting N-domain and may not even react with
ubiquinone (Q), catalyzing instead electron transport
between ferredoxins and NAD(P)H as in precursor forms
of complex | such as mbx-like enzymes (12,17). Key
changes in the NuoD and NuoB subunits, corresponding
to Nad7 and Nad10 in the mtDNA of protists (Table 1),
were responsible for the acquisition of Q reactivity in
subsequent versions of complex | that are found in green
sulfur bacteria such as Chlorobium (12). The assembly
of the N-module to the Chlorobium type of Q-reacting
complex | is likely to have occurred in anaerobic, sulfate
oxidising proteobacteria of the delta class, because the
genomes of these bacteria show the largest variation in
complex | forms and gene cluster (12,17). In the genome
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Table 1. mtDNA encoded subunits of complex |, Q and P modules

P module, membrane Q module, hydrophylic
Taxonomic group and organism NuoH/ | NuoN/ | NuoA/ | NuoM/ | NuoK/ | NuoL/ | NuoJ/ | NuoD/ | Nuol/ | NuoC/ | NuoB/
ND1 ND2 ND3 ND4 ND4L | ND5 ND6 | Nad7 | Nad8 | Nad9 | Nad10
Jakobida - Reclinomonas Y Y Y Y Y Y Y Y Y Y Y
Jakobida - Andalucia Y Y Y Y Y Y Y Y Y Y Y
Tsukubamonas Y Y Y Y Y Y Y Y Y Y U
Malawimonas Y Y Y Y Y Y Y U U Y U
Heterolobosea - Acrasis kona Y Y Y Y Y Y Y Y Y U U
Heterolobosea - Naegleria gruberi1 Y Y Y Y Y Y Y Y Y Y U
Kinetoplastida - Trypanosoma1 ] U ] Y U Y Y S Y Y N
Parabasalia - Trichomonas’ M M M M M M M M M M M
Diplomonads - Giardia' M M M M M M M M M M M
Amoebozoa - Entamoeba’ M M M M M M M M M M M
Amoebozoa - Mastigamoeba M M M M M M M M M M M
Cryptophyta - Hemiselmis Y Y Y Y Y Y Y Y Y Y Y
Cryptophyta - Rhodomonas Y Y Y Y Y Y Y Y Y Y Y
Heterokonts - Nannochloropsis gaditana1 Y Y Y Y Y Y Y Y ] Y ]
Heterokonts - Heterosigma1 Y Y Y Y Y Y Y Y U Y U
Ciliates - Nyctotherus ovalis Y Y Y Y Y \4 U Y U Y U
Glaucophyta - Glaucocystis Y Y Y Y Y Y Y Y ] Y U
Rhizaria - Bigelowiella1 Y Y Y Y Y Y U Y U Y U
Rhizaria - Spongospora Y Y Y Y Y Y Y Y ] Y ]
Amoebozoa - Acanthamoeba’ Y Y Y Y Y Y Y Y N Y N
Amoebozoa - Verbamoeba' Y Y Y Y Y Y Y Y N Y N
Apusozoa - Thecamonas Y Y Y Y Y Y Y Y N N N
Green algae - Chlamydomonas1 Y Y Y Y Y Y Y Y N N N
Red algae - Cyanidioschyzon1 Y Y Y Y Y Y Y S N N N
Animals - Monosiga brevicollis’ Y Y Y Y Y Y Y S N N N
Animals - Homo sapiens1 Y Y Y Y Y Y Y S N N N

genome, 2: Altered

The brown background indicates that the protein subunit is encoded by mtDNA. Yes: Y, U: Unknown, M: Missing, Nuclear: N, S: 49 kDa, 1. Complete

of at least one delta proteobacterium, Syntrophobacter
[accession Sfum_1954-Sfum_0202, cf(12)], the precursor
form of the N-module deriving from NAD-dependent
formate dehydrogenase is positioned upstream to the
gene cluster for a Chlorobium type of complex I, thereby
showing the addition of the last structural model of
respiratory complex | in its genetic make. The final forms
of bacterial complex | were thus produced, in two parallel
gene clusters labeled Nuo13 and Nuo14 from the number
of their constitutive subunits (12,18).

Nuo13 complex | is characterized by the
fusion of the NuoC subunit, corresponding to Nad9 in
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the mtDNA of protists (Table 1), with the NuoD (Nad7)
subunit. It also has an additional FeS cluster, cluster N7,
in the NuoG subunit which corresponds to Nad11 in the
mtDNA of protists (Figure 1). This form of the complex
is characteristic of Escherichia coli and other gamma
proteobacteria (8,17,18), but is present also in delta
and epsilon proteobacteria, Nitrospirales and a group
of alpha proteobacteria including Rhodopseudomonas
and members of the Acetobacteraceae family (12,18).
Some of the latter organisms also possess a Nuo14
complex I, in which there is no cluster N7 (except,
perhaps, in the deep branching alpha proteobacterium,
Magnetococcus) (12,18,19,20). The prototypic Nuo14
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Phylogenetic tree of NuoM/ND4
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Figure 2. Phylogenetic tree of the NuoM/ND4 subunit of complex |. The tree represents the typical phylogenetic pattern of the membrane subunits of
complex | from alpha proteobacteria and mitochondria from various eukaryotic lineages, cf. Table 1. The Neighbour-Joining (NJ) tree was obtained with
DELTABLAST (39) search extended to 1000 sequences using NADH dehydrogenase subunit M (corresponding to mitochondrial ND4) of Tistrella mobilis,
accession AFK53804, as previously repported (19). The outgroup is represented by the homologous NuoM of multispecies Asaia of the Acetobacteraceae
family of alpha proteobacteria, which belong to Nuo13 complex | (12). Note the upstream position of two NuoM proteins representative of green complex |
(green CI; 19). Note also that deep phylogenetic relationships between various eukaryotic groups are not well resolved using this proton pumping subunit
of complex |, even if taxa of the same group generally cluster together, e.g. the Heterolobosea Naegleria and Acrasis.

complex | was discovered in the photosynthetic alpha
proteobacterium, Rhodobacter capsulatus (20), but is
also present in a variety of ancestral bacteria including
Thermus thermophilus (12,18,19), of which the complete
crystal structure has been obtained by Sazanov and
coworkers (2,9). Presumably, Lateral Gene Transfer
(LGT) from delta proteobacterial ancestors of Nuo14
complex | has spread this operon across various bacterial
phyla first in anaerobic environments, from hydrothermal
vents to the guts of termites (19,23), and subsequently
also in (micro)aerobic but extreme environment such as
those in which thermophilic Thermus thrive.

The crystal structure revealed the presence of
cluster N7 in Thermus complex | (2), which therefore
constitutes a relic of ancestral forms of the complex
for it is present in the progenitor of the NuoG subunit,
the Fds alpha subunit of NAD-dependent formate
dehydrogenase (12,19,21). Recently, another form of
bacterial complex | has been found in a restricted group
of proteobacterial organisms, green complex | (19).
It shows a different gene cluster that contains two
additional genes, one for an antiporter membrane protein
similar to NuoL (corresponding to the ND5 subunit
coded by mtDNA) and a genetic regulator of the CBS
family which is inserted between the genes for NuoG
and Nuol (19). In phylogenetic trees, the subunits of
green complex | occupy precursor or basal branches
with respect to the subunits of alpha proteobacterial
Nuo14 complexes (19), as shown here for the membrane
subunit NuoM (corresponding to the ND4 subunit
coded by mtDNA) (Figure 2). Conversely, NuoM and
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other subunits of the Nuo13 complex present in alpha
proteobacteria such as Asaia occupy the most ancestral
branch with respect to the homologous subunits of
mitochondrial complex | (Figure 2).

To sum up, the ancient history of bacterial
complex | culminated in different forms of the
enzyme coded by three separate operons in alpha
proteobacteria, from which the ancestors of mitochondria
originated (13,22,23). These are: Nuo13, green complex
| and Nuo14. However, only the Nuo14 operon was
transmitted to mitochondria from the alpha proteobacterial
ancestor, as clearly indicated by the presence and gene
order of many complex | subunits in some protists
(Figure 1A) (7,14,15,19,22).

3.2. Complex | just after eukaryogenesis and in
extant protists

Eukaryotic cells evolved out of a single
symbiogenic event that occurred when most sea
environments  were fundamentally anoxic (24).
Consequently, the bacterium which then evolved into the
mitochondrial organelle of eukaryotic cells must have
provided not only the respiratory complexes and the
catabolic systems characteristic of current mitochondria,
but also enzyme systems typical of anaerobic metabolism,
such as those involved in the extended glycolysis of
anaerobic eukaryotes, for example Entamoeba (24,25).
The signature enzyme of this anaerobic metabolism is
[FeFe]-hydrogenase (25-27), a single subunit enzyme with
a phylogenetic past that is entwined with that of respiratory
complex |, especially in regard to its N-domain (Figure 1B).
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Even before the elucidation of the 3D
structure of the hydrophilic arm of respiratory complex
I, a strong structural similarity had been noted between
the N-terminal region the NuoG subunit of bacterial
complex | and the equivalent region of the long form of
[FeFe]-hydrogenase (type M3) (26). Similar to the related
Fds-alpha subunit of formate dehydrogenase (21), this
protein region contains a 2Fe2S ferredoxin followed
by two 4Fe4S cluster (labeled cluster N4 and N5 in
complex | nomenclature), the latter unusually ligated to
one histidine and three cysteine residues (1,2). In some
obligate anaerobic bacteria of the Clostridiales group,
the gene for this [FeFe]-hydrogenase is associated
with those of two proteins that are related to the NuoE
and the NuoF subunits of complex | (21) forming an
operon similar to that of NAD-dependent formate
dehydrogenase (21). The eukaryotic orthologs of these
proteins are the 24 and 51 kDa subunits of mitochondrial
complex | (1,3) that are always coded by nuclear DNA in
the eukaryotes described so far (7,14). The same proteins
are found in the hydrogenosomes - a specialized form of
Mitochondria Related Organelles (MRO; 24,25) adapted
to anaerobiosis - of Trichomonas and the Heterolobosea
Sawyeria, which lack complex | (25). These NADH-
reacting subunits have been reported to originate from
bacterial ancestors other than the alpha proteobacterial
symbiont which transmitted the nuo operon of complex | to
proto-eukaryotes (28). However, recently reported alpha
proteobacteria from the human gut metagenome such
as Acetobacter sp. CAG:977 (29) show divergent NuoE
and NuoF subunits that cluster with the homologous
proteins from Trichomonas and Sawyeria, as well as
those fused within the gene for the [FeFe]-hydrogenase
of the anaerobic ciliate Nyctotherus (30), rather than
those of other alpha proteobacteria, as shown in
Figure 3. Consequently, it is plausible that a single alpha
proteobacterium related to Acetobacter sp. CAG:977
transmitted to LECA the anaerobic metabolism now
found in eukaryotes such as Trichomonas, as well as the
aerobic metabolism typical of animal mitochondria (30).
It appears that this aerobic metabolism has been lost
in extant organisms such as Acetobacter sp. CAG:977
as a consequence of the adaptation to the micro-oxic
environment of our gut, and possibly also to symbiotic
association with anaerobic eukaryotes.

The novel possibility that both the aerobic and the
anaerobic metabolism of current eukaryotes derive from the
same alpha proteobacterial ancestor of mitochondria (30)
highlights the importance of respiratory complex | in the
metabolic diversification that followed the evolution of
LECA in the various taxonomic groups of protists and
metazoans. This evolution was very rapid, producing
a crown expansion of taxa that includes all the vast
genomic variation that is recognized in the diverse groups
of unicellular organisms classified so far (14,15,31-34).
The present article will examine such a genomic variation
following the changes in the distribution and structure of

the subunits of complex | between the mitochondrial and
nuclear genome (Table 1 and Figure 1B).

Although the root of the eukaryotic tree of life
may be considered unresolved (31), converging evidence
indicates that it may lie between two major taxonomic
groups that do not contain plastids, namely Excavata
and Unikonts - a term including the protists of the phylum
Amoebozoa together with fungi and animals (31-33).
Excavata group togetherfree living and parasitic unicellular
organisms generally containing flagella: predatory
Jakobida (7), heterotrophic Heterolobosea (flagellate
amoebas), parasitic Diplomonads (e.g. Giardia), parasitic
Parabasalia (e.g. Trichomonas) and also Kinetoplastida,
which include well known human pathogens such as
Trypanosoma (31-33). The monophyletic nature of this
collection of protists is uncertain (25,31), largely due to
the fast evolving rate of obligate parasites such as Giardia
and Trypanosoma, which have highly divergent proteins
that normally skew phylogenetic trees of eukaryotes
and their bacterial homologues (34). Nevertheless,
Excavata display the largest genetic and molecular
variation in Complex | subunits and also diverse types of
[FeFe]-hydrogenases, as shown in Figure 1B. Although
other taxonomic groups of eukaryotes contain [FeFe]-
hydrogenases, including green and heterokont algae (25),
only Amoebozoa show a variety of types for this enzyme
matching that found among Excavata (Figure 1B). With
regard to complex |, however, only Jakobida and the
plastid-containing Cryptophyta have all the subunits ND1
to Nad10 encoded in their mtDNA (Table 1), thereby
suggesting that the migration of some of these genes to
nuclear DNA might have occurred in multiple separate
events within different eukaryotic lineages.

The list of genes shown in Table 1, updating a
previous study (14), suggests one interesting observation.
Among bacterial Nuo subunits that have remained in the
genome of mitochondrial DNA, NuoD (Nad7) and NuoC
(Nad9) appear to be the most persistent, presumably
reflecting their closeness in gene and protein structure in
the bacterial enzyme, being fused together in ancestral
Nuo13 complex | (see above section 3.1). Conversely,
NuoB (Nad10) appears to be the least represented
among the subunits encoded by mtDNA (Table 1).
However, NuoG (Nad11) shows by far the largest
variation in mtDNA encoding and structure of all the
subunits of complex | inherited from bacteria (Figure 1B),
as discussed in detail below.

3.3 Functional diversification and de-evolution
of respiratory complex |

Bacterial NuoG  originates from the
Mo-containing largest subunit of NAD-dependent
formate dehydrogenase (Fds alpha) (21,23). During
its divergence into the homologous 75 kDa protein
of mitochondrial complex | (1-3) it has lost two FeS
clusters that were originally present in Fds-alpha and
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Figure 3. Phylogenetic trees for NuoE nd NuoF. Phylogenetic trees of complex | subunits of the NADH-reacting modules show clustering of hydrogenosomal

proteins with Acetobacter sp. CAG:977. A. The NJ tree of the NuoE/24kDa

subunit of complex | was obtained using a selection of proteins including those

present in uncultured Rhodospirillales retrieved from wide DeltaBLAST searches. The protein sequences were first aligned using the CLUSTAW option
of the MEGA 5.2 program (40) and subsequently manually refined taking into account the known 3D structure of the homologous proteins in Thermus
complex | (2) as previously described (12). The manually refined alignment was then used for building a NJ tree with 200 bootstraps, the value of which
are reported aside the nodes. The large box highlights the clustering of the NuoE subunit of Acetobacter sp. CAG:977 (29,30) with 24kDa subunit of
hydrogenosomal origin. B. The NJ tree of the NuoF/51kDa subunit of complex | was obtained using a selection of proteins as in A. The box highlights
the clustering of the NuoF subunit of Acetobacter sp. CAG:977 (29) with 51kDa subunits of hydrogenosomal origin. Homologous NuoF subunits of green
complex | [green CI (19)] are enclosed in the smaller box with green rim. An outgroup protein from Phaeospirillum is cut off from the tree view.

subsequently retained in different types of bacterial
complex |, as presented above. The loss of these clusters
has streamlined the electron flow within the subunit, which
connects the NuoF/51 kDa subunit containing the flavin
cofactor that acts as first electron acceptor from the NADH
substrate of complex |, to the twin FeS clusters contained
in the Nuol subunit and ultimately to high potential cluster
N2 contained in the NuoB/20 kDa subunit, which then
functions as the final electron acceptor before electron
transport to the Q substrate (1,2). All this electron transfer
is catalysed by the FeS clusters that are presentin 75 kDa
subunit of mitochondrial complex | (1,2). However, the
central and C-terminal part of the protein contain two

domains that are shared with bacterial NuoG: the central,
large Mo-binding domain [MopB_Res-Cmplx1_Nad11
according to the CDD classification (35), also labeled
cd02773] and a Domain of Unknown Function (36),
DUF1982, at the C-terminus. In the 3D structure of
bacterial and mitochondrial complex |, these domains
contribute to the stability of the overall hydrophilic arm of
the complex but not to the electron transport function (2).
Although a mitochondrial complex lacking these domains
of the75 kDa subunit may be capable of electron transport
from NADH to Q, it is unlikely to retain the overall stability
of the native enzyme and therefore may be labile or
partially functional at the physiology level of the cell.
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Given the above considerations, itis remarkable
that the Nad11 gene in the mitochondrial DNA of several
protists does not code for the C-terminal DUF1982
domain of the 75 kDa subunit, while in other protists it
does not have the N-terminal domain containing either
cluster N4 or N5, or both (Figure 1B). Consequently,
the presence of a Nad11 gene does not necessarily
mean that the coded subunit is functional, and therefore
that the whole complex | has retained its normal
protonmotive function of transporting electrons from
NADH to Q. This is particularly evident for Trypanosoma
and other pathogenic Kinetoplastida (Figure 1B, Table 1
and data not shown), which may lack a functional
protonmotive complex | in their mitochondria - even if
complex | activity has been reported for a kinetoplastid
parasite of plants (38). A similar conclusion can be
drawn for Cryptophyta and Glaucophyta, ancient groups
of algae which lack different structural elements of the
native 75kDa subunit in their Nad11 gene (Figure 1B).
Intriguingly, Heterolobosea such as Naegleria also have
a truncated Nad11 gene that is unlikely to produce a
functional 75kDa subunit, thereby suggesting that their
complex | is either partially inactive, or fulfills other
roles in mitochondria. However, Naegleria also has the
gene for a fully functional [FeFe]-hydrogenase related
to NuoG (Figure 1B), suggesting that this protein
may be functionally linked to the incomplete complex
I, substituting its NADH re-oxidising function with a
diversion of electron from membrane-bound Q to the
production of soluble H,. Such a function is actually
accomplished in the hydrogenosomes of the related
Heterolobosea Sawyeria (25,37), which contains the
reduced version of the N-domain of complex constituted
by the 24 and 51 kDa subunits | as in the hydrogenosomes
of Trichomonas (25,28). Indeed, both Sawyeria and
Trichomonas lack other genes for complex | subunits
(Figure 1B and Table 1) and therefore do not have the
enzyme altogether (25).

The aerobic Amoebozoa, Acanthamoeba
castellani, seems to be similar to Naegleria in this regard,
since it has a [FeFe]-hydrogenase related to NuoG which
may functionally compensate for its incomplete 75kDa
subunit lacking the C-terminal DUF domain (Figure 1B).
Indeed, both Naegleria and Acanthamoeba have been
reported to adapt to micro-oxic conditions by producing
hydrogen via this hydrogenase (25). Therefore,
members of the Excavata group such as Naegleria
and of the Amoebozoa such as Acanthamoeba have
similarly retained the metabolic versatility of switching
from aerobic mitochondrial metabolism. Under aerobic
conditions, complex | may have only limited functional
capacity, whereas under anaerobic conditions, the same
mitochondrial complex | may assist electron diversion
from NADH to hydrogen as in classical hydrogenosomes.
This scenario may well reflect the ancestral metabolic
versatility that has been transmitted to LECA by the alpha
proteobacterial progenitor of mitochondria (30), which
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points outonce more to the ancestry of all eukaryotes being
rooted between Excavata and Amoebozoa (31,33,34).

4. CONCLUSIONS AND PERSPECTIVES

In this article | have summarized the long story
of the relationship between mitochondrial DNA and
respiratory complex |, the subunit of which contribute
a large portion of the protein-coding part of the mtDNA
in mammals, as well as the majority of eukaryotes (14).
The story begun with the bacterial Nuo14 complex |
that was present in the alphaproteobacterial ancestor
of mitochondria. This complex is likely to have also
contributed elements of anaerobic metabolism that
are present in extant eukaryotes and connected, both
structurally and functionally, to respiratory complex I.
The analysis of the distribution and structure of complex |
subunits undertaken here (cf. Figure 2) generates new
intriguing possibilities regarding the true physiological
function of the enzyme in several taxonomic groups of
protists and algae that need experimental verification
in the future. These possibilities remain tentative at the
moment, due to the incomplete genomic information that
is currently available for key subunits of complex | in major
taxonomic groups of eukaryotes (Figure 1B). Filling in the
missing genomic information will provide a clearer picture
of the structure and function of complex | and related
metabolic pathways pivoting on NADH in the variety
of eukaryotic lineages that are presently known. This
information will also elucidate whether the incomplete
structures of the crucial 75kDa subunit of the enzyme
complex presented here (Figure 1B) reflect real cases of
de-evolution of complex | into inactive or redundant forms
of the enzyme, or may instead represent adaptations that
recapitulate the ancestral metabolic versatility of the very
first mitochondrion and its bacterial ancestor.
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