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Abstract—We performed phylogenomic analysis of the catalytic core of NADH:quinone oxidoreductases of type 1 (NDH1). Analysis of phylogenetic trees, as constructed for the core subunits of NDH-1, revealed fundamental differences in their
topologies. In the case of four putatively homologous ion-carrying membrane subunits, the trees for the NuoH and NuoN
subunits contained separate archaeal clades, whereas subunits NuoL and NuoM were characterized by multiple archaeal
clades spread among bacterial branches. Large, separate clades, which united sequences belonging to different archaeal subdomains, were also found for cytoplasmic subunits NuoD and NuoB, homologous to the large and small subunits of nickel-iron hydrogenases. A smaller such clade was also shown for subunit NuoC. Based on these data, we suggest that the ancestral NDH-1 complex could be present already at the stage of the Last Universal Cellular Ancestor (LUCA). Ancestral forms
of membrane subunits NuoN and NuoH and cytoplasmic subunits NuoD, NuoB, and, perhaps NuoC, may have formed a
membrane complex that operated as an ion-translocating membrane hydrogenase. After the complex attained the ability to
reduce membrane quinones, gene duplications could yield the subunits NuoL and NuoM, which enabled translocation of
additional ions.
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The NADH:quinone oxidoreductase (EC 1.6.5.2, also
known as mitochondrial complex I or NADH-dehydrogenase of type 1, NDH-1) is the largest enzyme complex in
the respiratory chain of mitochondria. It couples electron
transfer from NADH molecules in the cytoplasm to
ubiquinone molecules in the membrane with the translocation of protons from the mitochondrial matrix into the
intermembrane space. In many prokaryotes, homologs of
complex I couple reduction of different quinones with ion
translocation across the membrane [1, 2].
Prokaryotic NDH-1 complexes are generally built of
a cytoplasmic quinone-reducing module (Q-module,
four subunits) and a membrane-embedded proton
translocation module (P-module, seven subunits). In
some prokaryotes (specifically, in α-proteobacteria that
are believed to be the ancestors of mitochondria), the
NDH-1 has an additional NADH dehydrogenase module
(N-module, three subunits). Generally, NDH-1 is an L-
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shaped complex with a peripheral cytoplasmic “arm”
(consisting of N- and Q-modules) and a large membraneembedded “anchor” (P-module) (Fig. 1). Mitochondrial
complex I, in addition to the named 14 key subunits, has
about 30 additional subunits [3, 4] whose functions
remain mostly obscure.
The N-module consists of three proteins, which are
usually called NuoE, NuoF, and NuoG following the
Escherichia coli nomenclature (where Nuo is an abbreviation of the NADH:ubiquinone oxidoreductase). The
NuoF subunit has a FMN (flavin mononucleotide) coenzyme and one 4Fe-4S iron-sulfur cluster N3. This subunit
also has a NADH-binding site. The small NuoE subunit
has one 2Fe-2S cluster N1a and appears to be a ferredoxin paralog [5]. The NuoG subunit is the largest in this
module. It carries a 2Fe-2S cluster N1b, as well as three
4Fe-4S clusters N4, N5 and N7 [6]. The C-terminal
domain of NuoG is homologous to molybdopterin-containing enzymes (such as formate dehydrogenase),
whereas the N-terminal domain is a paralog of the subunits of soluble NAD+ hydrogenases [5].
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The N-module is present not in all prokaryotic lineages; specifically, it is absent from cyanobacteria (and,
correspondingly, from chloroplasts) [7]. In addition, this
module is not found in some archaea (Euryarchaeota), in
which a homolog of complex I, which is called F420H2
dehydrogenase, uses, instead of NADH, 2-hydroxyphenazine as an electron donor [8]; here, a single FpoF
subunit takes the function of an electron-donor module.
Some prokaryotes have 12-subunit NDH-1 complexes
(the NuoE and NuoF subunits are absent) [9].
Flavodoxin was proposed to be an electron donor for
these complexes [10].
The Q-module consists of four subunits. It accepts
electrons from the N-module and transfers them via
iron–sulfur clusters to a quinone-like acceptor
(menaquinone in the majority of bacteria and archaea,
plastoquinone in cyanobacteria/chloroplasts, ubiquinone
in α-proteobacteria and mitochondria, methanophenazine
in methanogenic archaea, etc.). This module is composed
of a NuoC subunit, a ferredoxin-like NuoI subunit, and
two proteins (NuoB and NuoD subunits) that are paralogous to the small and large subunits of soluble NiFe-hydrogenases [11]. The NuoI subunit carries two 4Fe-4S clusters
N6a and N6b, which are involved in electron transfer to
the 4Fe-4S cluster N2 of NuoB subunit [5]. The electrons
from N2 go to a quinone molecule in the quinone-binding
site. This site is situated at the junction of the cytoplasm
and membrane parts of the complex, ∼2.5 nm away from
the lipid bilayer [12].
The remaining seven subunits (NuoA, NuoH, NuoJ,
NuoK, NuoL, NuoM, and NuoN) form the proton
translocating P-module. Its three subunits (NuoL, NuoM,
and NuoN) have similar sequences, and they are probably
paralogs. The NuoH subunit, which connects the cytoplasmic and membrane segments of the complex, has distant

structural similarity with the NuoL/M/N subunits [13, 14].
In addition, the NuoL/M/N subunits were found to be distant paralogs of subunits A and D of Na+/H+-antiporters
(also denoted as Mrp/Pha/Sha, or Mnh in some organisms) [15]. This family is considered as secondary active
transporters that use the energy of transmembrane proton
gradient to pump sodium ions (or potassium ions as in
Rhizobium meliloti [16]) out of the cell.
Analysis of crystal structures has shown that the Pmodule is crossed by eight hydrophilic half-channels that
seem to be involved in the translocation of four protons
across the membrane in response to the two-electron
reduction of a quinone [1, 13, 17]. Each of the large
membrane subunits, NuoN, NuoM, and NuoL, contains
two half-channels accounting, seemingly, for translocation of one proton. The fourth proton seems to be
translocated by the joint action of the NuoH subunit
(cytoplasmic half-channel) and small membrane subunits
that together form the outer half-channel [1, 13, 17]. To
get electrons from the iron–sulfur cluster N2, which is
located ~2.5 nm away from the lipid bilayer, the quinone
head protrudes from the membrane by 2.0-2.5 nm, going
through the cavities inside the NuoH and NuoB subunits
[2, 6]. The molecular mechanism of coupling between the
two-electron quinone reduction and the translocation of
four protons remains obscure.
Evolution of NADH:quinone oxidoreductases.
NADH:quinone oxidoreductases have a modular structure, so they could have emerged from an interaction
between enzymes that already played functional roles in
the cell [14, 18, 19]. An evolutionary scenario proposed
by Friedrich and coauthors [19] suggests that NADH:
quinone oxidoreductase may have originated from a combination of a two-subunit enzyme, the precursor of soluble NiFe-hydrogenases, which consisted of homologs of
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Fig. 1. a) Structure of NDH-1 from Thermus thermophilus HB8 (PDB ID 4HEA) with modules indicated [17]. The iron–sulfur clusters are
shown as spheres. b) Schematic representation of the 14 core NDH-1 subunits; subunits are designated as on panel (a). The “Clusters of
Orthologous Group” (COG) number for each subunit is shown; the quinone-binding site is depicted at the interface of the NuoD, NuoB, and
NuoH subunits [17]. The iron–sulfur clusters are shown as black circles.
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NuoD and NuoB subunits, a ferredoxin-like protein
(NuoI homolog), a quinone-reducing protein (NuoH
homolog), an ion-translocating protein (homolog
(ortholog) of either NuoL or NuoM), and a protein of
unknown function (NuoC homolog) [20]. Their combination may have resulted in a six-subunit transmembrane
complex – a potential common ancestor of NDH-1related enzymes and so-called membrane-associated
hydrogenases [21, 22]. These ancestral complexes contained a catalytic NiFe-site typical for membrane-associated hydrogenases. Later, this ancestral complex was
assumed to acquire several additional membrane subunits
(NuoA/J/K). The membrane ion-translocating protein
probably triplicated and gave origin to the modern
NuoL/NuoM/NuoN subunits. In this scenario, such an
11-subunit complex was a common ancestor of all NDH1-related enzymes (in archaea, prokaryotes, and eukaryotes). The recruitment of additional electron-transport
subunits may have occurred later in different lineages.
An alternative scenario was proposed by Hägerhäll
and coauthors [18] and took into account the homology
between the NuoN/M/L/K subunits and proteins of the
Mrp-antiporter family. In this scenario, soluble NiFehydrogenases were suggested to form a complex with the
Na+/H+-antiporter composed of subunits that are homologous to corresponding subunits of the NDH-1 complex.
Also, some further proteins could have joined to this
hypothetical membrane complex as ancestors of the NuoI
and NuoH subunits, yielding the last common ancestor of
NiFe membrane-bound hydrogenases and NDH-1-related complexes. Later, this scheme was supported with additional data; an 11-subunit complex, built of subunits of Pand Q-modules (including NuoA and NuoJ subunits) and
having a NiFe-binding site, was suggested as the last common ancestor of NDH-1 and NiFe-membrane-bound
hydrogenases [7]. Both the modern membrane-bound
hydrogenases (through the loss of several subunits; hydrogenases usually contain fewer subunits than NDH-1) and
the modern NDH-1-related enzymes (through the loss of
a NiFe-site and acquisition of various electron-donor
modules) were suggested to originate from it.
The recruitment of the ancestral antiporter module
was also suggested in the scenario proposed by Adams and
coauthors [23, 24]. In this scenario, the addition of an
Mrp-antiporter module did not occur upon the formation
of an 11-subunit complex, but on the stage of an ancestral
membrane hydrogenase that resembled modern Ech
hydrogenases [22]; according to this scenario, the 11-subunit complex evolved from this ancestral form. In fact,
this scenario differs from the scenario proposed by
Hägerhäll and coauthors in the nature of the primordial
enzyme complex: whether it was a 6-subunit membrane
hydrogenase, resembling modern Ech-hydrogenases, or
an 11-subunit version of NDH-1.
According to the most recent scenario of Pereira and
coauthors, the family of Mrp-antiporters might have

developed from the last common ancestor of NDH-1 and
membrane-bound hydrogenases, and not vice versa [14].
This scenario is based on a structural similarity between
the NuoH subunit and NuoN/M/L subunits (which are
homologous to the Mrp-antiporter subunits). As a
homolog of NuoH is suggested to be a part of a so-called
universal adaptor (as the authors suggest, a complex of
homologs of subunits NuoB/NuoD/NuoH and NuoL
that are common to all NDH-1-related complexes and all
membrane-bound hydrogenases), this subunit was suggested to be a part of the last common ancestor of corresponding hydrogenases and NDH-1-related complexes.
It was proposed that NuoN/M/L might have evolved
from NuoH, and afterwards could have given rise to the
Mrp-antiporter family.
Here we have applied phylogenomic analysis to
reconstruct the evolution of NDH-1-related complexes.
This method allows clarifying the phylogenetic relations
between proteins through considering genomic level
information, specifically, by using clusters of orthologous
groups (COGs), which group genes according to their
evolutionary relatedness (orthology) [25-27]. Earlier, by
using such approach, we reconstructed the evolution of
rotary membrane ATPases [28-30], cytochrome bc complexes [31] and photosynthetic machinery [32].
Our analysis of NDH-1 subunits has revealed the evolutionary primacy of the NuoN and NuoH subunits as
compared to the two other ion-translocation subunits
NuoM and NuoL. Our data indicate that the ancestor of
NDH-1 could be built from an ancestral form of soluble
NiFe-hydrogenases (homologous to modern NuoB/D/C)
and a pair of ion-translocation membrane subunits
(orthologs of NuoH and NuoN). The key point in the evolution of this membrane hydrogenase could be the emergence of a mechanism of quinone “escape” from the lipid
bilayer. This trait would make it possible to reduce a
hydrophobic quinone by the iron–sulfur cluster at 2-3-nm
distance from the lipid bilayer. The free energy that is
released during the electron transfer from a low-potential
electron donor (NADH or ferredoxin) to a relatively highpotential acceptor (quinone) is sufficient for translocation
of several ions across the membrane, which could have
prompted the multiplication of ion-translocation subunits.

METHODS
Searching for NDH-1 sequences and their alignment.
Upon phylogenomic analysis, we used the version of COGs
(Clusters of Orthologous Groups [25, 26]) available at
ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/Prok1202/. The
following COGs were used: NuoE (COG1905), NuoF
(COG1894), NuoG (COG1034); NuoB (COG0377),
NuoC (COG0852), NuoD (COG0649), NuoI
(COG1143); NuoH (COG1005), NuoL (COG1009),
NuoM (COG1008), NuoN (COG1007), NuoA
BIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016
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Data on the numbers of sequences in each examined COG. The initial number of sequences in each COG, the number of sequences that remained after removal of overrepresented taxons, and the final number of sequences (after
removal of sequences upon correction of alignments) are given. Additionally, the numbers of genomes of archaea and
bacteria that contain representatives of a given COG (of 106 archaeal and 430 bacterial genomes that were considered)
are provided
COG

COG name

E. coli
nomenclature

Initial
number of
sequences

Number of
sequences after
genome sampling

Final number
of sequences
for analysis

Presence
in
archaea

Presence
in
bacteria

COG1905

NADH:ubiquinone oxidoreductase 24 kDa subunit
(chain E)

NuoE

1380

491

489

14/106
(13%)

256/430
(60%)

COG1894

NADH:ubiquinone oxidoreductase, NADH-binding
51 kDa subunit (chain F)

NuoF

1423

477

451

24/106
(23%)

261/430
(61%)

COG1034

NADH dehydrogenase/
NADH:ubiquinone oxidoreductase 75 kDa subunit
(chain G)

NuoG

889

239

217

17/106
(16%)

261/430
(61%)

COG0377

NADH:ubiquinone oxidoreductase 20 kDa subunit
(chain B) or related Fe-S
oxidoreductase

NuoB

1078

390

389

77/106
(73%)

250/430
(58%)

COG0852

NADH:ubiquinone oxidoreductase 27 kDa subunit
(chain C)

NuoC

1174

446

444

84/106
(79%)

257/430
(60%)

COG0649

NADH:ubiquinone oxidoreductase 49 kDa subunit
(chain D)

NuoD

1083

408

405

81/106
(76%)

249/430
(58%)

COG1009

NADH:ubiquinone oxidoreductase subunit 5 (chain
L)/Multisubunit Na+/H+
antiporter, MnhA subunit

NuoL

1912

667

662

73/106
(69%)

283/430
(66%)

COG1008

NADH:ubiquinone oxidoreductase subunit 4
(chain M)

NuoM

1158

424

417

33/106
(31%)

244/430
(57%)

COG1007

NADH:ubiquinone oxidoreductase subunit 2
(chain N)

NuoN

1047

367

362

59/106
(56%)

242/430
(56%)

COG1005

NADH:ubiquinone oxidoreductase subunit 1
(chain H)

NuoH

1008

395

385

68/106
(64%)

245/430
(57%)

(COG0838), NuoJ (COG0839), NuoK (COG0713). A
total of 1511 prokaryotic genomes were present in this
COGs release. A representative sample from these genomes
was made by applying the following two criteria: (i) if several strains of a single species were present in the database,
only one of them was randomly sampled (for some model
organisms, we took the strains nonrandomly, e.g.
Escherichia coli K12 DH10B and Mycobacterium tuberculosis CDC1551), and (ii) for species of overrepresented bacterial phyla (namely, Firmicutes, Actinobacteria, and
Proteobacteria), only a single species per family was samBIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016

pled. For further analysis we used only proteins belonging to
the sampled genomes, thus the number of sequences in
each COG was reduced: for example, COG1005 originally
contained 1008 proteins, whereas only 395 sequences
remained after genome sampling. The representative sample thus contained 536 genomes (430 bacterial genomes and
106 archaeal genomes). In addition, after construction of
multiple alignments, the number of sequences was finally
reduced manually: some sequences that were apparently
erroneously assigned to particular COGs were deleted, as
they did not align with other sequences (table).
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Protein sequences from the chosen organisms and
their COGs were downloaded from the NCBI Genomes
database (fttp://ftp.ncbi.nlm.nih.gov/genomes/) on the
August 1, 2014.
Multiple sequence alignments were constructed using
the Muscle program [33, 34] and manually inspected in
JalView v.2.8.2 [35] to identify defects (badly aligned proteins, abnormally short and long sequences, etc.). The
Alnalyser program (D. V. Dibrova, unpublished) was used
for checking homogeneity of sequences in the alignment
from their domain structure and overlap of transmembrane
segments. The Alnalyser program maps predicted domains
(according to the Pfam database [36]) and transmembrane
segments (according to the TMHMM program [37]) on
multiple sequences alignment. These data were taken into
account upon correcting alignment defects.
Phylogenomic analysis. Phylogenetic trees were constructed from the alignments by the MEGA v.6.06 program [38] using the neighbor-joining method [39] with
the JTT evolutionary model [40] and under assumption of
uniform rates for alignment positions. The number of
bootstrap replicas [41] was 100.
The leaves on phylogenetic trees were rendered
according to taxonomy of organisms to which they
belong: the names of archaeal proteins are rendered in
black and the names of bacterial proteins in gray.

RESULTS
While analyzing the phylogenetic trees of NDH-1
subunits, we searched for well-separated characteristic
archaeal and bacterial clades. Such clades on a phylogenetic tree could be considered as evidence for antiquity of
a protein and its possible presence in the Last Universal
Cellular Ancestor, LUCA [42], see also “Discussion”.
Phylogenomic analysis of the N-module. We analyzed
all the three subunits of this module. The overall topology of the phylogenetic tree for the NuoE subunit is shown
in Fig. 2a; the detailed and zoomable version of the tree is
given in Supplement to this paper on the site of this journal http://protein.bio.msu.ru/biokhimiya and Springer
site Link.springer.com. The tree was built using an alignment of 489 protein sequences from COG1905 (the number of sequences was reduced according to the procedure
described in “Methods”). Four hundred twenty nine
positions were chosen for building the tree. The phylogenetic tree of NuoE contains only a few archaeal
sequences, and they are scattered and do not form a single and separate clade. The lengths of branches that separate individual archaeal clades do not differ significantly
from the lengths of other branches. It is likely that
orthologs of NuoE were acquired by archaea from bacteria through horizontal gene transfer.
A phylogenetic tree for the NuoF subunit is shown in
Fig. 2b; the detailed and zoomable version of the tree is

given in the Supplement. An alignment of 451 sequences
from COG1894 was used to build the tree by relying on
400 key positions. Again, the tree does not show either a
distinct or a large archaeal clade: archaeal sequences are
present in a small number, and lengths of corresponding
branches are similar with the lengths of other branches.
According to the distribution of archaeal sequences on
this tree, we concluded that a series of events of horizontal transfer of NuoF orthologs to archaea from bacteria
played a large role in their evolution.
A phylogenetic tree for the NuoG subunit is shown
in Fig. 2c; the detailed and zoomable version of the tree is
given in the Supplement. The tree was constructed from
the alignment of 217 sequences from COG1034 (413 key
positions in the alignment were chosen). Archaea on the
NuoG subunit tree are represented by a small number of
sequences, which do not group separately from bacterial
proteins. It seems plausible that NuoG orthologs
appeared in archaea by horizontal transfer.
Only seven archaea species out of 106 encode
orthologs of all three subunits of the N-module. Two of
them belong to Methanobacteria, one species belongs to
Methanomicrobia, whereas four species belong to
Thermococci. The sequences from Thermococcus sp.
4557, Thermococcus kodakarensis KOD1, and Thermococcus sibiricus MM 739 show similarity with sequences
from Clostridia (Fig. 3; the detailed and zoomable version
of the tree is given in the Supplement), so it is tempting to
suggest a single horizontal transfer event of the N-module
genes from Clostridia to the ancestor of these archaea.
For another species, Methanosaeta concilii GP6, which
belongs to Methanomicrobia, the most similar sequences
were found among Proteobacteria. For other archaeal
organisms, the closest homologs of the N-module proteins belong to different bacterial taxa, which may point
to a series of independent events of horizontal transfer
from bacteria.
Phylogenetic analysis of the Q-module. For this module, three subunits (NuoB/D/C) of the four were analyzed: due to a significant contamination of COG1143
with highly divergent proteins, we were unable to analyze
the NuoI (ferredoxin-like) subunit. The problem arose
from the fact that NuoI is a relatively short ferredoxinlike protein and belongs to a protein family that is very
large and poorly conserved. During construction of the
COG database, there was an effort to divide the proteins
of this family into separate COGs, but, because of insufficiency of sequence data, the resulting COGs, including
COG1143, apparently were contaminated by either distantly related or unrelated sequences.
A phylogenetic tree for the NuoB subunit is shown in
Fig. 4a; the detailed and zoomable version of the tree is
given in the Supplement. We used 142 positions from the
alignment of 389 sequences from COG0377 to build this
tree. The NuoB tree has evident separate clades, which
consist of proteins from distinct prokaryotic taxa includBIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016
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Fig. 2. Phylogenetic trees for subunits of the N-module; the detailed and zoomable version of the trees is given in the Supplement. Archaeal
sequences are rendered in black, and bacterial sequences are rendered in gray. a) Phylogenetic tree for the NuoE subunit; b) phylogenetic tree
for the NuoF subunit; c) phylogenetic tree for the NuoG subunit.
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Fig. 3. Separate clades with archaeal sequences from the trees of the N-module, see text for details; the bootstrap values are indicated; the detailed and zoomable version of the trees is given
in the Supplement.
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ing a proteobacterial clade, two actinobacterial clades,
Bacteroides clades, and a cyanobacterial clade. There is a
large clade, with a relatively long branch, which includes
sequences from Crenarchaea, Euryarchaea, and
Korarchaea; in addition, four separate Euryarchaeal
clades are scattered over the tree.
A phylogenetic tree for the NuoC subunit is shown in
Fig. 4b; the detailed and zoomable version of the tree is
given in the Supplement. For building the tree, we used
174 positions from the alignment of 444 sequences from
COG0852. The distribution of archaea on the NuoC tree
is quite similar with the phylogenetic trees of other subunits of the Q-module, but the number of archaeal
sequences is larger in the case of NuoC. Most of these
archaeal subunits belong to Euryarchaeota; one clade,
besides Euryarchaea, also contains sequences of
Crenarchaea and Korarchaea.
A phylogenetic tree for the NuoD subunit is shown
in Fig. 4c; the detailed and zoomable version of the tree is
given in the Supplement. The 263 positions of the alignment of 405 sequences from COG0649 were used for the
tree construction. The tree of NuoD has three separate
Euryarchaeal clades and one large clade with
Crenarchaea, Euryarchaea, and Korarchaea representatives, where the sequences from Euryarchaea form a separate group. Euryarchaeal sequences are also present on
other branches of the tree, which is, most likely, due to a
number of horizontal gene transfer events. In total, the
tree topology resembles the tree for the NuoB subunit.
The phylogenetic trees of the analyzed subunits of the
Q-module exhibit distinct archaeal clades. At the same time,
some archaeal sequences are located on separate branches
and do not belong to the major archaeal clade. This pattern
suggests that horizontal transfer of genes from bacteria to
archaea likely occurred after divergence of bacteria and
archaea. For instance, each tree from Fig. 4 contains a clade
being composed of proteins of the three archaeal species
from the Thermoplasmatales order (Picrophilus torridus
DSM 9790, Thermoplasma acidophilum DSM 1728, and
Thermoplasma volcanium GSS1; marked with a black
arrow). We cannot trace any specific clustering between this
clade and a particular bacterial sequence group; however, its
position inside the bacterial part of the tree is undoubtable.
The same is true for the halobacterial clade, which is located outside of the main archaeal clade in each tree (these
clades are shown in Fig. 4 with solid gray arc and solid gray
arrows; see the Supplement).
However, it should be noted that the obtained trees
show also the horizontal gene transfer from archaea to bacteria: bacterial sequences are found inside the main
archaeal clade on all trees. These sequences form one separate clade of Thermotogae group members (shown in Fig.
4 by dashed gray arcs and arrows) and also are represented
by single sequences from Aquificae (Desulfurobacterium
thermolithotrophum DSM 11699, Thermovibrio ammonificans HB-1) and Magnetococcus marinus MC-1. In addiBIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016
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tion, T. ammonificans HB-1, and M. marinus MC-1 organisms have typical proteins in bacterial clades, which points
indirectly to the direction of horizontal transfer in those
clades – from archaea to bacteria.
Phylogenetic analysis of the P-module. Four subunits
from the seven were analyzed, namely NuoL, NuoM,
NuoN, and NuoH. Sequences of the A, J, and K subunits
were too short for individual phylogenomic analysis (the
average lengths of those proteins in our sample were 128,
186, and 103 amino acids respectively; the numbers of key
positions in the alignment blocks were 70, 35, and 85).
A phylogenetic tree for the NuoL subunit is shown in
Fig. 5a; the detailed and zoomable version of the tree is
given in the Supplement. It was constructed using 140 key
positions of the alignment of 662 sequences from
COG1009. This COG contains both the NuoL subunit
and one of the Mrp subunits, thus we expected that the
tree would split into two separate parts. Apparently, there
is no such pattern on the tree: it has at least three equidistant groups of proteins, and the NuoL group is among
them (it is shown in Fig. 5 by a black polygonal line).
There is one archaeal clade inside the NuoL part of the
tree, but it is not separated from the bacterial clades and,
in fact, is located in one of them. The second part of the
tree does not contain a separate archaeal clade.
A phylogenetic tree for the NuoM subunit is shown
in Fig. 5b; the detailed and zoomable version of the tree is
given in the Supplement. It was constructed relying on
204 key positions of the alignment of 417 sequences from
COG1008. This tree contains only a few archaeal
sequences and does not exhibit an individual archaeal
clade. Thus, it is likely that a horizontal gene transfer
event from bacteria to archaea accounts for the archaeal
sequences.
A phylogenetic tree for the NuoN subunit is shown
in Fig. 5c; the detailed and zoomable version of the tree is
given in the Supplement. The alignment of the 362
sequences from COG1007 was used to build the tree
(relying on 162 key positions). As can be seen from the
NuoN tree, all archaeal sequences group together in one
clade, which, however, has long internal branches. Their
length may reflect some archaea-specific traits. In general, most of the branches on the tree are similar in length,
except the branches in the archaeal clade.
A phylogenetic tree for the NuoH subunit is shown
in Fig. 5d; the detailed and zoomable version of the tree is
given in the Supplement. It was constructed by relying on
164 key positions of the alignment of 385 sequences of
COG1005. Similarly to the NuoN tree, it has a single separate and large archaeal clade (except one small haloarchaeal clade; haloarchaea are well known for acquiring a
huge number of bacterial sequences through horizontal
transfer [43]). The main archaeal clade contains several
bacterial sequences.
The data presented above show that the NuoN and
NuoH trees both contain large, distinct archaeal clades,
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b
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Fig. 4. Phylogenetic trees for the subunits of the Q-module; the detailed and zoomable version of the trees is given in the Supplement. The
main archaeal clade, which is separated from bacterial sequences, is shown by gray ovals. Black arrows point to small archaeal clades from
Thermoplasmatales, the clades with archaeal proteins from Halobacteria are shown with solid gray lines, and the clades of bacterial proteins
from Thermotogae are marked with dashed arrows. a) Phylogenetic tree for the NuoB subunit; b) phylogenetic tree for the NuoC subunit; c)
phylogenetic tree for the NuoD subunit.
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Fig. 5. Phylogenetic trees for the subunits of the P-module; the detailed and zoomable version of the trees is given in the Supplement. The
main archaeal clade, which is separated from bacterial sequences, where present, is shown in a gray oval. The clades with archaeal proteins
from Halobacteria are shown with solid gray lines and solid gray arrows. a) Phylogenetic tree for the NuoL/MnhA subunit (the part of this
tree, which probably stands for NuoL clades, as shown by genomic neighborhood analysis, is marked with broken line); b) phylogenetic tree
for the NuoM subunit; c) phylogenetic tree for the NuoN subunit; d) phylogenetic tree for the NuoH subunit.
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which are separated from the bacterial part of the tree.
However, for the NuoL and NuoM trees, no such separate archaeal clades could be identified.

DISCUSSION
The main result of this work is identification of distinct
bacterial and archaeal clades for the NuoN and NuoH subunits of the NDH-1 complex. This finding suggests that the
ancestors of these membrane proteins could be present
already in the Last Universal Cellular Ancestor (LUCA).

The modern view on the LUCA was prompted by
sequencing of complete genomes, which revealed a set of
RNA- and protein-coding genes that are common to all
free-living organisms (so-called “ubiquitous” genes [44,
45]). These genes are believed to be present in the LUCA
and serve as a primary evidence of its very existence.
Ubiquitous genes are characterized by distinct
archaeal/bacterial forms [44, 45]. Therefore, distinct
bacterial and archaeal clades for “non-ubiquitous”
genes – which are shared by the majority of organisms
but not by all of them – may indicate that the ancestors of
these genes may have been also present in the LUCA.

Soluble
hydrogenase

Membrane cation
translocase/antiporter

Membrane
hydrogenase

Emergence
of a quinonereducing site
Ferredoxin:quinone
oxidoreductase

TODAY
Membrane-bound
Ni-Fe hydrogenases

Mrp-antiporters

Bacterial NADH:
quinone
oxidoreductase

Archaeal ferredoxin:
quinone
oxidoreductase

Cyanobacterial
ferredoxin:quinone
oxidoreductase

Fig. 6. Proposed evolutionary scenario for NDH-1. On the evolutionary stage of the LUCA, the ancestral NDH-1 complex could contain up
to five main subunits and may have coupled the oxidation of ferredoxin by water protons (yielding molecular hydrogen) with (electroneutral)
export of sodium ions from the cell. The following stages of the enzyme evolution imply the emergence of a quinone-binding site followed by
duplications of the ancestral NuoN gene, which should have been essential for increasing the number of translocated ions and, accordingly,
the overall efficiency of the membrane complex.
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However, for non-ubiquitous genes a possibility of an
early horizontal gene transfer between domains (from
bacteria to archaea or vice versa) followed by a further
spread of domain-specific gene forms could not be fully
excluded.
Our analysis indicates that the ancestral NuoH and
NuoN subunits could be present in the LUCA; see Figs.
5c and 5d and the Supplement. Taking into account the
possibility of an early horizontal gene transfer between
domains, we cannot fully exclude the emergence of the
ancestral NuoH and NuoN subunits within ancient
archaea or bacteria followed by their prompt transfer to
the other domain. In contrast, the NuoL and NuoM subunits seem to be of a more recent, probably, bacterial origin, whereby they could be acquired by archaea as a result
of horizontal gene transfer from bacteria.
Separate distinct archaeal clades were also found for
subunits NuoB, NuoC, and NuoD of the Q-module (Fig.
4 and the Supplement). However, there are small branches of archaeal sequences of these proteins among bacterial clades, which could be due to late horizontal transfers
of their genes from bacteria. The tree of the NuoC subunit has a particularly large number of archaeal branches
in one of its bacterial clades. It is tempting to speculate
that this clade corresponds to a paralog of the NuoC subunit that actively spreads among bacteria and archaea via
horizontal gene transfer. In summary, the NuoB, NuoD,
and NuoC subunits may have been present in the LUCA.
According to our data (Figs. 2 and 3), the subunits of
the N-module have bacterial origin and were acquired by
several archaea through horizontal gene transfer.
The data do not support those evolutionary models
that suggest the emergence of the NDH-1 complex via
combining a multisubunit membrane antiporter with a
soluble hydrogenase [7, 18, 23]. Our results are better
compatible with scenarios where the ancestral form of
NDH-1 was suggested to be a primitive complex with
only two membrane subunits and a cytoplasmic oxidoreductase module that contained NiFe-clusters [14, 19,
22]. Our analysis indicates that the primordial membrane
subunits could have been the ancestral forms of NuoN
and NuoH subunits (but not of the NuoL subunit, as
assumed in [19, 22], and not of the NuoL and NuoH subunits, as assumed in [14]). The ancestors of NuoN and
NuoH subunits could interact with hydrogenase, which
was composed of the ancestral forms of the NuoB and
NuoD subunits and, probably, of the NuoC subunit. This
complex might have already been in the LUCA. The
NuoL and NuoM subunits could emerge from duplication of the NuoN subunit followed by horizontal transfer
of the genes among prokaryotic groups, as can be suggested from the topology of the corresponding trees. The
resulting evolutionary scenario is shown in Fig. 6.
Our analysis is compatible with the already suggested
[18, 19] late recruitment of the N-module. Thereby, the
ancestral NDH-1 form probably did not work as a
BIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016
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NADH-oxidoreductase. More likely, it interacted with
low-potential ferredoxins and/or the H2/2H+ redox pair.
The similar reaction in several modern prokaryotes is catalyzed by the ferredoxin:NAD+-oxidoreductase (RNF),
whereby the oxidation of ferredoxin is coupled with the
translocation of one sodium ion out of the cell [46, 47].
The latter trait might indicate the antiquity of the RNF in
the view of the concept of evolutionary primacy of sodium-dependent bioenergetics [28, 30, 48-52]. The concept suggests that the ability to use Na+ as a coupling ion,
which is currently found only in some, usually anaerobic,
bacteria and archaea [53], was the primordial form of
membrane bioenergetics. This ability might be very useful
upon the earlier stages of evolution, when membranes
would not be able to hold a large transmembrane proton
gradient needed for ATP synthesis (the permeability of
the lipid bilayer for protons is 106-108 times higher than
for sodium ions [54]). Arguably, sodium-dependent
bioenergetics could naturally evolve from an interaction
of several membrane enzymes that pumped sodium ions
out of the cells [51]. Indeed, it is well established that several indispensable cell systems, the translation system in
the first place, are activated by potassium ions and inhibited by sodium ions [51, 55], which demands the K+/Na+
ratio > 1 within the cell. The dependence of key cell systems on K+ ions supports the earlier suggestion on the
origin of the first living organisms in potassium-enriched
environments [56]. There are several geochemical models
of potassium-rich habitats for the first cells [55, 57-59];
regardless of the specific scenario, the subsequent
inevitable invasion of the ocean by cellular organisms
could proceed only on a condition of presence of sodium
export pumps in such organisms. Many such sodium
export pumps might have preceded modern energy-converting enzymes; some relict Na+-translocating forms are
still preserved in modern organisms [51, 52]. Only with
increase in the tightness of cell membranes for protons
and elevation of oxygen level in the atmosphere, the proton-dependent bioenergetics, as more beneficial under
oxidizing conditions [48], could oust the Na+-dependent
bioenergetics, which, however, still persists in some (usually anaerobic) bacteria and archaea [51-53].
Thus, the ability of a two-subunit membrane module
of the ancestral NDH-1 complex to translocate ions as
well as the possible nature of these ions deserve consideration. The modern NDH-1 complexes couple electron
transfer from NADH to quinone with translocation of several protons across the membrane. However, the coupling
of a redox reaction with proton translocation was unlikely
to result in energy conservation at the stage of the LUCA,
when membranes, most probably, were built of singlechain lipids [49, 54, 60, 61]; such membranes are permeable for protons [62], so that no energy could be stored.
Recently, Hirst and Roberts showed that deactivation of mitochondrial complex I by using the approach of
Kotlyar and Vinogradov [63] turned the membrane mod-
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ule of complex I into a Na+/H+ antiporter [64]. The
deactivation of the cytoplasmic module (as could be
judged from the structure) could affect the membrane
part only by affecting the connection between the Qmodule and the NuoH-subunit, which alone accounts
for the interaction between the cytoplasmic and membrane parts of the complex [13]. As the mitochondrial
NDH-1 complex, at least according to available data
[64], was not shown to translocate sodium ions in its
active state, the sodium ions in a deactivated complex
may pass through either the NuoH-subunit or the interface of the NuoH and NuoN subunits. It is tempting to
speculate that the deactivation of complex I “releases”
some charged groups of the NuoH subunit on the cytoplasmic side of membrane, so that these groups attain a
capability to bind sodium ions.
The function of a Na+/H+ antiporter may have been
present already in the ancestral NDH-1 complex, which
would explain the antiquity of the NuoH and NuoN subunits. If the ancient NDH-1 complex coupled a redox
reaction in the cytoplasmic module with pumping of
sodium ions (just as it happens in the case of RNF [46,
47]), the translocation of protons inside the cell would
kinetically facilitate the pumping of sodium ions, making
it electroneutral. Under the assumption of single-chain
lipids and proton-leaky primordial membranes [49, 54,
60, 61], those protons that entered the cell via the ancestral NDH-1 would be able to promptly equilibrate with
the environment, thus preventing the acidification of
cytoplasm.
Two recently published works independently noted
the structural similarity between the NuoH and NuoN
subunits and suggested their origin by some ancestral
membrane protein duplication [13, 14]. Our analysis does
not exclude the possibility that this duplication may have
occurred even before the LUCA stage. In this case the
initial NDH-1 form had only one type of membrane subunit (the ancestor of NuoN and NuoH), which could
function as a sodium transporter. The duplication of the
gene would result in a different subunit, which improved
the kinetic effectiveness of the redox-dependent sodium
export pump (that participated in maintenance of
[K+]/[Na+] > 1 in a primal cell) by facilitating proton
translocation in the reverse direction.
As shown in Fig. 6, in one of the lineages, a membrane quinone managed to replace protons as an acceptor
of electrons in the ancestral hydrogenase moiety.
Structurally, such a change would require a unique mechanism of “protruding” of the hydrophobic quinone out of
the lipid bilayer by about 2.5 nm through subunits NuoH
and NuoB in order to reach the closest to the membrane
redox center N2. Consequently, the catalytic Ni-Fe center of hydrogenase would be lost. From the thermodynamics viewpoint, the recruiting of quinones as electron
acceptors would increase the amount of released energy
per one transferred electron from 100-150 meV in the

case of a hydrogen-producing enzyme to ∼400 meV for
the ubiquinone-reducing NADH-dehydrogenases of
modern aerobic organisms. However, the number of ions
that are translocated by a redox-pump is determined by
thermodynamics of corresponding redox reactions – to
avoid short-circuiting. Therefore, the recruitment of an
electron acceptor with a higher redox potential should
lead to an increase in the number of translocated ions,
which, apparently, was achieved by duplications of the
NuoN subunit. Ultimately, these duplications yielded a
modern-type NADH:ubiquinone oxidoreductase that
contained up to four homologs (if the NuoH subunit is
also counted) of the initial membrane protein. In organisms with proton-dependent energetics, NDH-1 now
couples reduction of quinones with translocation of protons across the membrane [65-68]. In organisms with
sodium-dependent energetics, the nature of translocated
ions still needs further clarification. It cannot be ruled out
that some NDH-1-related complexes of prokaryotes
translocate sodium ions [69, 70].
In summary, the data obtained are compatible with
the evolutionary scenario shown in Fig. 6. According to
this scenario, the ancestral form of NDH-1 may have
been similar to membrane-bound electrogenic hydrogenases that make the class 4 hydrogenases (related to the
Ech hydrogenase) [14, 19, 22]. Our analysis indicates
that, of the three homologous membrane subunits NuoL,
NuoM, and NuoN, subunit NuoN appears to be the closest to the ancestral form.
Our phylogenomic analysis indicates that the ancestral form of NDH-1 already contained the ancestors of the
membrane subunits NuoN and NuoH as well as the cytoplasmic subunits NuoD, NuoB, and (probably) NuoC.
This ancestral form, supposedly capable of coupling the
electron transfer from ferredoxin to hydrogen with an
(electroneutral) export of one sodium ion, may have been
present already in the LUCA. The subsequently attained
ability to reduce membrane quinones should have
increased the effectiveness of the enzyme and, accordingly, the number of translocated ions, which would prompt
the multiplication of the ion-translocation subunits.
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