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Abstract

Respiratory complex I is part of a large family of homologous enzymes that carry out the transfer of electrons between
soluble cytoplasmic electron carriers and membrane-bound electron carriers. These complexes are vital bioenergetic
enzymes that serve as the entry points into electron transport chains for a wide variety of microbial metabolisms, and
electron transfer is coupled to proton translocation. The core complex of this enzyme is made up of 11 protein subunits, with
three major proton pumping subunits. Here, we document a large number of modified complex I gene cassettes found in
genome sequences from diverse cultured bacteria, shotgun metagenomics, and environmentally derived archaeal fosmids all
of which encode a fourth proton pumping subunit. The incorporation of this extra subunit into a functional protein complex
is supported by large amino acid insertions in the amphipathic helix that runs the length of the protein complex. Phylogenetic
analyses reveal that these modified complexes appear to have arisen independently multiple times in a remarkable case of
convergent molecular evolution. From an energetic perspective, we hypothesize that this modification on the canonical
complex I architecture allows for the translocation of a fifth proton per reaction cycle—the physiological utility of this
modified complex is discussed.

Introduction due to its position in the mitochondrial electron transport

chain, is one of the most broadly distributed electron

The generation and maintenance of an electrochemical
proton gradient across the cytoplasmic membrane is cen-
trally important for nearly all cells [1]. The energy stored in
this gradient is used for ATP generation as well as the active
transport of a range of metabolites and other ions to and
from the cytoplasm through the action of a wide array of
symporters and antiporters. Membrane-bound electron
transport in respiring organisms is carried out in order to
produce and maintain this gradient. Complex I, so named
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transport complexes in biology. Complex I homologs are
capable of interacting with widely utilized cytoplasmic
electron carriers such as NADH, F,,0H, [2], flavodoxins
[3], and likely ferredoxins [4, 5], depositing their electrons
onto many diverse membrane-soluble electron carriers,
including ubiquinone, menaquinone, and methanophena-
zine. Members of this family are often named based on the
identity of the electron donors and acceptors such as
NADH:ubiquinone oxidoreductase (Nuo), NADH:quinone
oxidoreductase (Nqo), NADH dehydrogenase (Ndh), F;q:
methanophenazine oxidoreductase (Fpo), and Fy0H,:qui-
none oxidoreductase (Fqo). This substrate versatility is due
to the modular nature of the complex, where the electron
input and output modules can be adapted or replaced to
facilitate new interactions, while keeping the core function
of redox powered proton pumping intact.

Understanding of complex I function has benefited
greatly from recent high-resolution crystal structures from
thermophilic bacteria and yeast mitochondria [6-8] as
well as single-particle electron cryo-microscopy of mam-
malian mitochondria [9]. These studies reveal significant
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Fig. 1 Common complex I homolog quaternary structure and gene
order. Yellow arrows indicate proton translocations from the cyto-
plasm to the periplasm through the membrane-bound P-module.
The C-terminal amphipathic helix of NuoL is labeled HL. 4Fe4S
sulfur clusters are depicted as cubes, 2Fe2S clusters as diamonds. a
Canonical 14 subunit NADH:ubiquinone oxidoreductase (Nuo) as
found in 7. thermophilus. Genes are generally arranged in an operon
in alphabetical order as depicted. b A complex I cassette found in
Camplylobacterota and best characterized in C. jejuni and H. pylori.
The NuoEF genes are replaced by two smaller, non-homologous,
proteins, which facilitate the interaction with flavodoxin (Fld)
instead of NADH. The NuoG proteins in these operons contain an
extra iron—sulfur cluster. ¢ A methanogen-type F,,0H,:methanophe-
nazine oxidoreductase (Fpo) showing the replacement of the

similarities shared between distantly related complexes
(reviewed in ref. [10]). Complex I consists of three modules
that are summarized briefly here. The Nuo naming scheme
is used throughout which assigns the names NuoA-N to
genes in the order they appear in the operon of the 14 sub-
unit complex that oxidizes NADH and reduces ubiquinone.
NuoEFG form the cytoplasmic N-module that interacts with
NADH and facilitates its oxidation (Fig. 1a). The NuoF
protein binds an FMN cofactor, which serves as an inter-
mediary between the 2-electron carrying NADH and
1-electron carrying iron—sulfur clusters that transfer the
electrons through the complex. The NuoG protein contains
multiple iron—sulfur clusters, and is homologous to mem-
bers of the complex iron—sulfur molybdopterin (CISM)
superfamily of proteins, although it does not bind the bis

N-module (NuoEFG) with the FpoF gene (in blue). This gene is not
commonly associated with the rest of the operon, but its inclusion in
the functional protein complex has been demonstrated by purification
of the native Fpo complex. Note: two genes are annotated as NuoJ in
these operons, but this represents a fission of the canonical Nuol gene,
and not a gene duplication event. d A common complex I gene cassette
found in many organisms containing only the core 11 subunits of the
complex. Few of these complexes have been studied biochemically
and it is currently unknown whether the electron donors for these
complexes are soluble proteinaceous electron carriers such as ferre-
doxins (Fd), or whether additional proteins encoded elsewhere in the
genome are recruited to the complex to interact with small molecule
electron carriers like NADH

(MGD)Mo cofactors generally required for catalytic activity
in the CISM superfamily [11].

In many Campylobacterota [12] such as Campylobacter
jejuni and Helicobacter pylori the complex I operons con-
tain NuoG but lack the NuoEF genes and have instead
incorporated two unrelated protein subunits in their place
(Fig. 1b). These two subunits allow these complex I
homologs to use a flavodoxin protein as the electron donor
instead of NADH [3]. The N-module is absent in archaea
where it is sometimes functionally replaced by FpoF—a
subunit that binds an FAD cofactor and oxidizes a lower
potential electron carrier, F4p0H, [2, 13] (Fig. 1c). FpoF is
not often associated with the rest of the Fpo gene cluster.
Many other bacterial and archaeal complex I operons also
lack the N-module, with no replacement contained in the
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gene cluster, leaving the identity of the physiological elec-
tron donor in question [14] (Fig. 1d). Hypotheses for the
electron donor for these complexes include the recruitment
of other proteins to functionally replace the diaphorase
activity of the N-module, as was hypothesized for the Hox
hydrogenase [15] and NdhV [16] in Cyanobacteria, FAD/
NAD(P) binding oxidoreductases in ammonia oxidizing
Thaumarchaea [17], or the complete absence of an N-
module analog, and instead the direct interaction between
the complex I homolog and soluble proteinaceous electron
carriers such as ferredoxins [18].

The Q-module is comprised of subunits NuoBCDI that
together bind additional iron—sulfur clusters and accept
electrons from the N-module; they also partially facilitate
the reduction of a quinone bound on the cytoplasmic face of
the membrane. NuoD is homologous to the large catalytic
subunits of NiFe hydrogenases but, in an interesting evo-
lutionary parallel to NuoG, appear to have lost the residues
required to bind the active site cofactors.

The remaining subunits NuoAHJKLMN are all integral
membrane proteins referred to as the P-module. NuoL, M,
and N pump one proton each during a reaction cycle, with a
final fourth proton being pumped by the combined action of
the remaining NuoAHJK subunits [10, 19]. NuoL, M, and
N are homologous to one another as well as to subunits
from sodium-proton antiporters, formate-hydrogen lyases,
carbon monoxide dehydrogenases, and membrane bound
hydrogenases—relationships that reveal the shared evolu-
tionary history of many major types of bioenergetic proton
pumping complexes [20]. NuoL contains a unique structural
feature that sets it apart from NuoM and NuoN: a C-
terminal extension that forms an amphipathic helix reaching
from the far end of the complex back to the NuoN subunit
[10] (illustrated in Fig. 1). It is thought that this helix is
important for transducing the energy released in the redox
reactions of the Q-module into conformational changes in
the P-module, leading to proton translocation. This helix
has been described as a molecular “piston” [6], and site-
directed mutagenesis studies creating insertions or deletions
in this helix have deleterious effects on complex I assembly
and function [21, 22]. The Fpo complex of methanogenic
archaea may pump fewer protons based on biochemical
measurements of the H/e™ stoichiometry, which are con-
sistent with the less favorable energetics of the Fyyo/
methanophenazine redox couple [23] (Fig. 1c) and sequence
analysis of the FpoL gene from a variety of methanogenic
archaea [24], although this finding has yet to be confirmed
with purified protein complexes.

Here we describe multiple occurrences and evolutionary
histories of gene cassettes encoding complex I homologs
that incorporate a second full-length copy of the NuoM
subunit. These modified complex I homologs can be found
in many phylogenetically diverse organisms, and appear to
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have arisen through convergent evolution involving the
horizontal gene transfer of a second, distantly related copy
of NuoM. Importantly, comparisons of the primary amino
acid sequences of the peptides encoded by these gene cas-
settes supports the proposal that this extra NuoM is incor-
porated into a single-functional complex by modifications
that lengthen the NuoL amphipathic helix. The inclusion of
the additional subunit suggests the upgrading of these
complexes to a 5 H"/2e™ stoichiometry, which if correct
would reflect the most protons pumped per reaction cycle
by any bioenergetic complex.

Materials and methods
Complex | subunit gene selection

A rarified subset of microbial genomes (1860) were selected
from nearly 26,000 archaeal and bacterial genomes avail-
able on the IMG [25] server in April 2015. The rarified
list was selected manually, keeping approximately one
genome from each prokaryotic genus. Finalized genomes
were favored over partial or draft genomes when available.
Initial complex I gene homologs were selected by retrieving
all genes from this genome set automatically annotated as
one of the Nuo genes by Kegg Ortholog number (see
below). In our experience these proteins tend to be well
annotated, although there are occasional contaminating
proteins from other bioenergetics subunits, which were
manually excluded from the analysis if they did not fall in
what appeared to be a complex I operon. After identifying
complex I clusters with additional pumping subunits,
additional sequences from close relatives of those com-
plexes were retrieved from databases including NCBI and
IMG/M.

Protein sequence alignment

All proteins annotated as NuoL (including NuoL, NuolLM,
and NdhF [K00341, K15863, and K05577]) and NuoM
(including NuoM, NuoLM, and NdhD [K00342, K15863,
and K05575]) were separately aligned with Clustal Omega
[26], MUSCLE [27] and MAFFT [28]. Many of the loops
between transmembrane helices in NuoL and NuoM have
lineage-specific indels that are not homologous features,
and confound phylogenetic reconstruction, so we utilized
GBlocks to identify well-conserved positions in our align-
ments that were suitable for building phylogenies [29].
GBlocks was run on the Castresana Lab web server with
low stringency settings allowing for gap positions, less
strict flanking positions and smaller final blocks. The
resulting alignments consisted of 274, 249, and 232
positions for NuoL from Clustal Omega, MAFFT, and
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MUSCLE, respectively; 201, 169, and 118 positions for
NuoM, from Clustal Omega, MAFFT, and MUSCLE,
respectively; and 201, 154, and 145 positions for NuoN,
from Clustal Omega, MAFFT, and MUSCLE, respectively.
We rarified the dataset using a 90% identity cutoff to reduce
the dataset to a manageable size for phylogenetic recon-
struction. After rarification the datasets contained between
~650 and ~1100 sequences depending on the subunit and
alignment method used. Datasets were further rarified using
80% and 70% identity cutoff values for testing different
phylogenetic models.

Phylogenetic reconstruction

Trees were constructed with RAXML and MrBayes.
RAXML trees were built with RAXML-HPC v.8 on the
CIPRES Science Gateway V 3.3 [30] with 25 distinct rate
categories, CAT or GAMMA models, and with LG, WAG
or Dayhoff substitution matrices for each of the three
alignments described above. Only the Clustal aligned trees
using the 90% identity dataset with CAT and LG are shown
in main text figures, those based on the other two alignment
methods and setting variations are included as Supple-
mentary figures. MrBayes trees were built with MrBayes
v3.2.6 on CIPRES for only the Clustal alignment and LG
substitution matrix due to the computational demand of the
MrBayes program. Clade-specific trees were constructed
with RAXML LG+ CAT on all three aforementioned
alignment programs without GBlocks.

Structural homology modeling

NuoL genes from each clade and the NuoG gene from
Nitrospira defluvii were submitted to the I-TASSER web
server [31-33]. For Clade I the NuoL sequence from
Chloroflexus sp. Y-400-fl was submitted and the top model
had a C-score of 0.4, TM-score 0.77 +0.1 and RMSD of
7.3+4.2. For Clade 2 the NuoL sequence from Desulfo-
natronovibrio magnus was submitted and the top model had
a C-score of 0.82, TM-score 0.82 +0.08 and RMSD of 6.1
+3.8. For Clade 3 the NuoL sequence from Nitrospira
defluvii was submitted and the top model had a C-score of
0.62, TM-score 0.8 +0.09 and RMSD of 6.7 +4. The top
model for N. defluvii NuoG had a C-score of 0.08, TM-
score 0.72+0.11 and RMSD of 8.5+4.5.

Genome sequencing and assembly

The genomes of Bellilinea caldifistulae GOMI-1 (DSM
17877) and Literilinea aerophila PRI-4131 (DSM 25763)
were sequenced as part of a project to expand the
phylogenetic breadth of Chloroflexi genomes. Genomic
DNA was ordered from Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DSMZ) and sequenced
using the Illumina MiSeq platform. SPAdes 3.1.1 [34]
was used to assemble the genomes. For B. caldifistulae,
sequence coverage, GC composition and phylogenetic
affiliation of conserved single copy genes were used to
exclude contaminating contigs and genome annotation was
performed using the NCBI Prokaryotic Genome Annotation
Pipeline. The draft genome is 3.72 Mb in size, comprised of
31 contigs, 3399 genes, 2990 CDSs, and is estimated to be
~95% complete based on conserved single copy genes
(106/111). This whole-genome shotgun project has been
deposited in DDBJ/EMBL/GenBank under the accession
number LGHJ00000000. L. aerophila sequencing data
were not high enough quality to produce a draft genome,
however, SPAdes assembly did produce a contig containing
the complex I gene cassette. The DNA sequence for this
contig is deposited in NCBI under accession number
JWSX01002273.1.

Results and discussion

Diverse complex | gene cassettes with extra proton
pumping subunits

Through detailed investigation of the diversity of complex I
homologs we discovered a unique type of complex I gene
cassette encoding a second full-length copy of the large
proton pumping subunit NuoM. These gene clusters (herein
referred to as 2M complexes) are observed in genomic data
from five different bacterial phyla, environmentally derived
Thaumarchaeal fosmids, and a number of genome bins
from assembled metagenomes. Examples of 2M complex
gene clusters are shown in Fig. 2a, and were initially clas-
sified into three clades according to their gene synteny and
primary sequence similarity. These gene cassettes never
included the NuoEF genes, and in all cases were found in
genomes that contained canonical complex I operons else-
where in the genome.

Phylogenetic trees built from NuoL homologs from a
broad sampling of publically available data reveal that the
three clades of 2M complexes form phylogenetically
coherent groups comprised of organisms from: Clade (1)
Chloroflexi, Verrucomicrobia and Acidobacteria; Clade (2)
uncultured Thaumarchaea and Deltaproteobacteria of the
Desulfovibrionales order; and Clade (3) the genus Nitros-
pira (Fig. 2b). In each case the most closely related NuoLL
proteins compared to those found in the 2M clades occurred
in canonical complex I operons without the second NuoM
subunit (as in Fig. 2a). This suggests three separate evolu-
tionary events in which a second NuoM was added to a
canonical complex I operon. The accuracy of these phylo-
genetic relationships were evaluated using three primary
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Fig. 2 2M complex I homologs were found in three discrete clades. a
Examples of the operon structure of 2M complexes from each of the
three different clades showing the addition of a second NuoM subunit
(in orange), as well as general operon features. Closely related cano-
nical complex I operons are shown for comparison (underlined). In
Clade 1 the second NuoM occurs right after the first, and the operons
contain a unique gene rearrangement that swaps the NuoH and Nuol
subunits; in some members of this Clade such as Anaerolinea ther-
mophila UNI-1 the NuoBCDI genes occur separately from the rest of
the operon. In Clade 2 the two NuoM genes are found on either side of
NuoL; the NuoM preceding the NuoL is characteristic of the complex I

sequence alignment tools, three different substitution
matrices and two different rate heterogeneity models—all
yielding phylogenies confirming the polyphyletic nature of
the 2M clades (Methods section, Figures S1-10).

To determine the origins of these second NuoM subunits
contained in the 2M operons we constructed phylogenetic
trees from a broad sampling of NuoM subunits in a similar
manner as NuoL. As was observed with the NuoL phylo-
geny, all three clades were distinct from one another in the
NuoM tree (Fig. 3a). However, the two copies of NuoM
from each clade are not closely related to one another. This
illustrates that the second NuoM was not derived from
direct duplication of NuoM from within the operon, but
instead was incorporated from a separate complex I
homolog through horizontal gene transfer. Interestingly the
NuoM2 gene from the Clade 2 Desulfovibrionales is located
within a completely different region of the tree than the
NuoM2 from the Thaumarchaeal fosmids of this clade. It
appears that although the NuoL subunits in Clade 2 are all
closely related, the additional NuoM subunits were acquired
independently in these two separate lineages. Phylogenies
of the last large proton pumping subunit NuoN revealed the
same polyphyletic pattern of the three 2M clades, including
the separate clusters between the Desulfovibrionales and
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Bootstrap Support
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operons found in Thaumarchaea. None of the operons have full N-
modules, and only Clade 3 has a NuoG homolog in its operon. b A
maximum likelihood phylogenetic tree of NuoL subunits from a rar-
ified subset of publically available genome data. The NuoL genes from
Clades 1, 2, and 3 fall far from one another in well-supported groups
surrounded by NuoL genes in normal complex I operons—a pattern
that implies that multiple independent events of convergent evolution
gave rise to the 2M complex Is. Bootstrap support is shown for values
>80%. High resolution NuoL trees, including those built from MUS-
CLE and MAFFT alignments, are shown in Figures S1-10

Thaumarchaea members of Clade 2 (Fig. 3b). Additional
NuoM and NuoN trees were constructed using the same
approach as with the NuoL trees, all yielded similar rela-
tionships (Figures S11-30). Interestingly, in some trees the
NuoN genes from Clade 1 are split, with those from the
Chloroflexi forming one group and the Acidobacteria and
Verrucomicrobia forming a second. This was not true in all
trees however, so the robustness of this observation requires
further investigation. In no instance were the NuoL, NuoM,
or NuoN genes in the canonical complex I operons from
these organisms closely related to their homologs within the
2M complexes.

Evolution of 2M gene cassettes

To increase our understanding of the evolution and diversity
of 2M complexes, we retrieved many additional members of
the 2M clades to build clade-specific phylogenies. We also
retrieved their nearest relatives from the NuoL tree in
Fig. 2a to use as outgroups for our analysis. These addi-
tional 2M gene cassettes came from publically available
data as well as our own sequencing efforts targeting diverse
groups of cultured Chloroflexi (Methods section). The
operon structures of this expanded collection of 2M
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Fig. 3 Phylogenetic trees of NuoM and N subunits from a rarified
subset of publically available genome data. Bootstrap support is
marked on the branches with values 280% support are shown. a As
observed in the NuoL tree, the NuoM genes from Clades 1, 2, and 3
remain separate and distinct. Within Clade 2 the NuoM2 genes appear
to be polyphyletic, with separate origins for the Thaumarchaeal
NuoM2 and the Deltaproteobacterial NuoM2. Operon diagrams

complexes are shown in Fig. 4a—c and are ordinated by the
phylogenetic relationships of their NuoL proteins. NuoL
was chosen for reconstructing their phylogenetic history
because it is the largest protein in the operon (~600 amino
acids) and there is reason to believe that concatenating all of
the genes together to make a composite phylogeny would
be inappropriate due to the possibility that the individual
genes in these operons have distinct evolutionary histories.
In all three clades there is a high degree of congruence
between the NuoL phylogeny and gene synteny in the
operons suggesting the tree topology accurately captures
some key aspects of the evolution of these gene clusters.
The 2M clades differ from one another in their operon
structure and gene content. All members of Clades 1 and 3
have inserted the additional NuoM2 subunit between the
original NuoM1 and NuoN subunits (Fig. 4a, c); whereas,
the representatives from Clade 2 all have the gene order
NuoMLMN, with the additional NuoM?2 gene being inser-
ted between the L and N (Fig. 4b). The gene order with a
NuoM preceding NuoL is characteristic of Thaumarchaeal
and Crenarchaeal complex 1 operons, which agrees with
the phylogenetic placement of this group with the NuoL
from canonical complex I operons in these archaea, as well

illustrate which NuoM homolog is found in each position of the tree. b
The NuoN genes also show the polyphyletic nature of the three 2M
clades, as well and separation between Deltaproteobacteria and
Thaumarchaeal members of Clade 3. High resolution NuoM and N
trees, including those built from MUSCLE and MAFFT alignments are
shown in Figures S11-30

as some members of Clade 2 being found in Thaumarch-
aeal fosmids [35].

In Clade 1 three large subgroups are apparent based on
the phylogeny of NuoL, the phylogeny of the host organ-
ism, and the operon structure (Fig. 4a). Clade la contains
examples found in Verrucomicrobia and Acidobacteria,
Clade 1b contains members of the Chloroflexia class of the
Chloroflexi and Clade 1c is found in Thermoflexia and
Anaerolineae classes of the Chloroflexi. All members of
Clade 1 lack the N-module genes and exhibit a unique gene
order where all subunits of the Q-module (NuoBCDI) occur
one after the other. This pattern never occurs in normal
complex I operons, and might be a result of the gene
rearrangement(s) that led to the incorporation of an addi-
tional NuoM gene. Notably, the ORFs marked in red in the
Didymococcus colitermitum TAV?2 operon are annotated as
an IS200-like transposase and a member of the PD-(D/E)
XK nuclease superfamily, which could be remnants of the
mobile genetic elements responsible for the genome rear-
rangements that formed these 2M operons (Fig. 4a). In
Clade 1c the NuoBCDI genes are found together in a
separate part of the genome, with NuoC and NuoD fused (as
depicted in Fig. 2a). This NuoCD fusion is not unique to
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Fig. 4 2M Clade-specific NuoL phylogenies with operon structures. a
Clade 1 phylogeny reveals three major groups; la: Verrucomicrobia
and Acidobacteria, 1b: Chloroflexia, 1c: Thermoflexia and Anaeroli-
nea. All members and outgroups for Clade 1 lack NuoEFG genes and
exhibit the unique reordering of the NuoH/I genes as highlighted in
Fig. 2a. Possible mobile genetic elements in the Didymococcus coli-
termitum operon are highlighted in red. b Clade 2 is comprised of
members of the Deltaproteobacteria and marine Thaumarchaea fos-
mids; it shares the NuoML gene order found in the other known

2M complexes and also exists in normal complex I operons
[36], but the separation of the Q-module genes from the rest
of the complex is peculiar.

Clade 3 operons from the Nitrospira genus have two
important differences between them and the other 2M
complexes. First, is the complete absence of a NuoH gene.
As mentioned above, members of the Nitrospira have a
canonical Nuo-type complex I however, so at least one copy
of NuoH is present in these organisms; perhaps this NuoH is
used by both complexes. No lone NuoH genes could be
found elsewhere in any of the genomes. The second major
difference is the presence of a large NuoG homolog in the
gene cluster where the N-module proteins are normally
located. As mentioned above, NuoG is part of the CISM
superfamily, and in traditional complex I lacks the bis
(MGD)Mo cofactor. However, the NuoG homolog in these
gene cassettes is much more similar to members of the
CISM superfamily than normal NuoG proteins, particularly
the large catalytic subunits of formate dehydrogenases, so it
is possible that in the Clade 3 2M complexes the NuoG has
a novel catalytic role. This similarity to formate dehy-
drogenases extends to the incorporation of an additional
iron—sulfur cluster, which connects the iron—sulfur clusters
used by canonical NuoG to the ancestral CISM active site as
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Thaumarchaea used as an outgroup. ¢ Clade 3 is comprised of
members of the Nitrospira genus and contains a large NuoG gene as
the only subunit of the N-module. The designations NuoM1 and
NuoM2 were assigned based on which copy was more similar to the
NuoM found in the most closely related normal complex I operons.
Note: some operons are truncated due to their location on the ends of
genomic contigs, and do not reflect segmentation or truncation in intact
genomes

has been previously reported for the NuoG proteins of
H. pylori and C. jejuni [37]. However, one of the key ligand
binding residues, SeCys/Cys140 (PDB:1FDO numbering)
used for ligating the molybdenum atom in the bis(MGD)Mo
cofactor [38], is replaced by a glycine in the Clade 3 NuoG
homologs (Figure S31). The absence of this cysteine argues
against the Clade 3 NuoG homologs being catalytically
active in the known CISM fashion. The H. pylori and
C. jejuni complex I gene cassettes lack NuoEF as well, but
they have been replaced by two additional proteins that
have resulted in the utilization of flavodoxin instead of
NADH [3]. Neither of these two proteins have homologs in
the Nitrospira genomes.

Extension of the NuoL amphipathic helix

The acquisition of a second copy of NuoM and its incor-
poration into a consistent well-ordered operon suggests that
these 2M gene cassettes may produce larger versions of
complex I with the ability to pump an extra proton per
reaction cycle. To further investigate this idea, we closely
examined the sequences of the NuoL genes from these 2M
complexes in light of available crystal structure data. If
these 2M complexes contain an additional NuoM subunit
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Fig. 5 Sequence alignments highlighting the amphipathic helix inser-
tions of the NuoL subunits from 2M complexes and their close rela-
tives. Cladograms represent the same tree topology as those in Fig. 4,
with colored branches marking the 2M groups. The T. thermophilus
sequence is included in the alignment as a sequence length metric of
where the amphipathic helix begins and ends. a Clade 1 contains
26-28 amino acids insertions compared to many of the close relatives
and T. thermophilus. b Clade 2 contains 27 amino acid insertions

one would expect the entire P-module to be extended in
length by the width of this subunit, and a canonical NuoL
subunit positioned at the distal end of a 2M complex would
not be able to reach its amphipathic helix past the second
copy of NuoM all the way to the NuoN (see Fig. 1).
Remarkably, the alignments of the NuoL proteins in each
of the three clades described above have an insertion of
26-28 amino acids in the middle of the amphipathic helix
compared to their closest relatives lacking the second
NuoM, as well as the NuoL sequence from 7. thermophilus
(Fig. 5a—c). Although estimates of the exact position of
these insertions vary slightly based on the sequence align-
ment algorithm used, they all place an insertion of this size

compared to their closest relatives (28 compared to 7. thermophilus). ¢
Clade 3 contains 26 amino acid insertions. Notably, in a and c¢ the
closest relatives of the 2M complexes that were used as outgroups in
the phylogenetic analysis also have insertions in the amphipathic helix,
despite not having a second distantly related NuoM in their complex 1
operons. MUSCLE alignments are shown here, Clustal Omega and
MAFFT alignments are shown in Figures S32-S34

within the amphipathic helix (see Methods section, Fig-
ures S32-34). Using the T. thermophilus crystal structure,
we measured the distance spanned by 26 amino acids along
the amphipathic helix to be ca. 37 A—a distance that nearly
exactly matches the width of the NuoM subunit (Fig. 6a).
Structural homology models built using I-TASSER [31-33]
fit the NuoL subunits from all three 2M clades very well
onto existing complex I crystal structures and have placed
the extra 26-28 amino acids as insertions in the middle
of the amphipathic helix in agreement with the multiple
sequence alignments (Fig. 6b—d).

Some of the closest relatives of the 2M complex NuoL
genes contain the amphipathic helix insertion, but lack the

SPRINGER NATURE
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Fig. 6 Nuo crystal structure and structural homology models high-
lighting the characteristic amino acid insertion lengthening the
amphipathic helical arm that spans the 2M complexes. a NuoL, M, and
N subunits from the 4HEA crystal structure with a stretch of 26 amino
acids marked in purple on the amphipathic helix (28 denoted by the
additional red residues on either end of the purple region). This length

additional NuoM. In Clade 1, Caldilinea aerophilum,
Ardenticatena maritima, Litorilinea aerophila, and five
members of the Actinobacteria outgroup complex all have
the insertion (Fig. 5a). No close relatives of Clade 2
exhibited this insertion, but the closest relative of the Clade
3 complexes, Ca. Methylomirabilis oxyfera, had an inser-
tion without a second NuoM as well (Fig. 5c). From this we
interpret the insertion of the 26—28 amino acids in the NuoL
amphipathic helix as a potentiating mutation that enabled
the addition of a second, distantly related NuoM subunit. It
is worth noting that many of the Actinobacteria (Ca.
Microthrix parvicella, Nitriliruptor alkaliphilus, AAAOQ7-
JO7 and AC-312-N20), C. aerophila, and Ca. M. oxyfera all
have a second complex I gene cassette immediately up or
downstream of the one depicted in Fig. 5, raising the pos-
sibility that these organisms might use an additional NuoM
from the second complex in lieu of forming their own 2M
operon. However, the NuoM from these complex I gene
cassettes are not closely related to the NuoM2 found in the
2M complexes. It also remains a possibility that in these
operons containing an extended NuoL two copies of the
same NuoM protein are used to form a 2M protein complex.

Bioenergetic considerations and physiological
conditions leading to increased proton pumping

The physiological and ecological utility of these novel 2M
complexes remains to be discovered, however multiple
instances of their convergent evolution, combined with their
diversity and cross-domain horizontal gene transfer
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of helix is approximately the same width as the NuoM subunit shown
in orange. I-TASSER structural homology models of NuoL from
Clades 1, 2, and 3 modeled onto the NuoL subunits from 4HEA are
shown in b, ¢, and d, respectively. In all cases the insertions noted in
Fig. 5 have been colored purple, and were modeled by I-TASSER as
helices that doubled back on the original helix

suggests that they have meaningful adaptive value. We
speculated that by containing an extra proton-pumping
subunit, 2M complexes achieve a higher stoichiometry of
protons translocated per 2e~ reaction cycle. On its face,
such a trait might seem like an advantage for all metabo-
lisms that employ complex I, but to inform this idea it is
useful to examine the energetics of the reactions facilitated
by these enzymes. From a thermodynamic point of view,
complex I and its homologs convert energy released from a
redox reaction into transmembrane proton motive force.
Below we examine how the redox reaction and electro-
chemical proton gradient can influence the number of pro-
tons pumped per reaction.

The Gibbs free energy associated with the redox chem-
istry carried out at complex I is described by eq. (1), which
is simply the number of electrons transferred, multiplied by
Faraday’s constant and the potential of the redox couple (E).
The potential of the redox couple is described by the Nernst
eq. (2), which is dependent on the standard state of the
redox couple (E°), less the natural log of the ratio between
the concentration of oxidized and reduced versions of each
species.

AG = —n,FE, (1)

E=E° — gan,K _ [Allor] (2)

[AHL)(Q]

Complex I homologs convert the free energy of these
redox reactions into free energy stored in the proton
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Fig. 7 Possible functions of 2M complexes. a Extra proton pumping
subunit may be used to extrude a fifth proton per reaction in order to
conserve energy under conditions of lowered transmembrane proton
motive force, such as in alkaliphilic environments or potentially as an

transmembrane electrochemical gradient. This form of
Gibbs free energy depends on the number of protons
translocated (ny), multiplied by the difference in electro-
chemical proton potential across the membrane (eq. (3)).
The electrochemical potential is in turn dependent on the
pH and charge gradients across the membrane (eq. (4)).

AG = _nHA;aHa (3)

Ajiy; = FAy — 2.3RTApH. (4)

Combining the two Gibbs free energy terms yields eq.
(5), which gives the free energy change associated with the
combined reactions of electron transfer and proton translo-
cation.

RT
AG = —ny(FAy — 23RTApH) — neF<E° — Tln K).

(5)

Of particular interest for the discussion of these 2M
complexes is the ny term. Solving eq. (5) for ny yields eq.
(6) which illustrates how each of the variables affects ng.

_ AG+nF(E° —RTIhK)

_ 6
" ) 3RTApH — FAy (©)

Many different aspects of the reaction catalyzed by
complex I homologs can affect the number of protons
pumped, but only a few seem likely to require an increased
proton pumping capacity during electron transport in the
organisms we have identified that contain 2M complexes.
For example, a change in the identity of electron carriers
may result in an increase in E°: i.e., a larger redox potential
difference between the cytoplasmic electron carrier and the
membrane bound electron carrier. Due to the positive
dependence of E° on ny in eq. (6), if all other factors remain
the same, this change would increase the number of protons

\ N \ h\

adaptation to slow growth. b The extra proton may be used for extra
driving force to conduct reverse electron transport onto low potential
electron acceptors like ferredoxin (Fd) for use in carbon or nitrogen
fixation

that can be pumped. Similarly, decreasing ApH will
increase the value of ng, since there is an inverse relation-
ship between these two values. Restating this in physiolo-
gical terms: as the extracellular pH increases, more protons
can be pumped per reaction since there is a weaker proton
motive force resisting the action.

The effect ApH can have on enzymes relying on proton
motive force has already received much attention in the
context of alkaliphilic bacteria such as Bacillus pseudo-
firmus OF4. These organisms have adapted to high pH
environments in part by increasing the number of c-ring
subunits in their ATP synthases [39-42]. This adaptation
increases the number of protons translocated per ADP
phosphorylated, and helps compensate for the fact that each
proton translocation carries with it less energy. We hypo-
thesize that in some cases the addition of the second NuoM
subunit in 2M complexes could be a complex I equivalent
of increasing the number of c-ring subunits in the Bacillus
ATPase (Fig. 7a). With respect to this hypothesis, it is worth
noting that of the five Desulfovibrionales encoding 2M
complexes, four are alkaliphiles with pH optima between
9.5 and 10 [43, 44].

In the case of alkaliphiles described above, the envir-
onment imposes a decrease in the electrochemical proton
gradient. Another possible reason for an organism to
operate at an electrochemical proton gradient below “nor-
mal” levels may be the adaptation to slow growth. Protons
can leak directly through the cytoplasmic membrane in a
way that is decoupled from energy conservation. For
organisms that metabolize catabolic substrates very slowly,
this leakage may present a large problem to their viability
[45, 46]. The amount of proton leakage through a mem-
brane is related to the electrochemical proton gradient
across it [47]. In fact, the leakage current through the
membrane appears to be non-linear with respect to trans-
membrane voltage, meaning a relatively small drop in
transmembrane electrochemical proton gradient could result

SPRINGER NATURE
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in a quite significant decrease in leakage current [47]. If the
catabolic activity of a slow growing organism respiring at
low rates cannot keep up with the leakage current experi-
enced by fast-growing organisms at high respiration rates,
then one possible solution would be to employ biochemical
adaptations that decrease their normal operating trans-
membrane potential. Living at this lower potential would
require the pumping of more protons to conserve the same
amount of energy contained in a redox reaction. The addi-
tion of an additional M subunit in complex I may help
accomplish this.

It is noteworthy that many of the organisms highlighted
here, particularly Nitrospira and ammonia oxidizing
Thaumarchaea, are notorious for slow growth, low biomass
yields, and substrate limited growth conditions [48-51].
Additionally, three of the Verrucomicrobia (TAV1, TAV2
and TAVS) and Acidobacteria sp. KBS 89 were all isolated
in a single study which described a novel cultivation strat-
egy specifically designed for slow growing organisms [52].
Enrichments were incubated for >30 days and the colonies
that were picked were invisible to the naked eye. Interest-
ingly, the Verrucomicrobia were isolated from the termite
gut, and the Acidobacteria from soil, but both were isolated
under slow growth conditions and both contained a version
of the 2M complex.

Finally, complex I can run in the reverse direction, pro-
ducing low potential electron carriers (like NADH) from
high-potential donors (like ubiquinonol) at the expense
of proton motive force. This reverse electron transport
occurs in many chemolithoautotrophs and anoxygenic
photoautotrophs, which utilize electron donors that are at a
higher redox potential than the cytoplasmic electron carrier
required for carbon fixation [53]. The Nitrospira that
comprise Clade 2 [51, 54] and the Thaumarchaea that
comprise Clade 3 [35] both face this challenge with
their autotrophic pathways. The ammonia-oxidizing Thau-
marchaea utilize the highly efficient hydroxypropionate/
hydroxybutyrate cycle for carbon fixation that requires
electrons from NADPH [55], while Nitrospira utilize the
reverse tricarboxylic acid cycle for carbon fixation, which
requires the use of even lower potential ferredoxins [56]. In
both cases reverse electron transport must occur, since the
midpoint potential of NADPH (—320 mV) and ferredoxins
(ca. —500mV) are well below the potential of the
NH,"/NO, ™ redox couple used for their energy metabolism
(+340 mV) [57]. One hypothesis is that in these organisms,
the 2M complexes are used specifically for reverse electron
transport onto NADPH or ferredoxin (Fig. 7b). In Nitros-
pina gracilis it has been proposed that a complex I operon
lacking a traditional N-module could be responsible for
reverse electron transport to the level of ferredoxin [58].
Close relatives of that version of complex I do not appear in
the Nitrospira genomes recovered to date, but the 2M
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complexes described here could in principal provide a
similar energetic advantage under conditions of reverse
electron transport. A similar hypothesis could explain the
presence of 2M complexes in photosynthetic Chloroflexi as
well. These organisms use reaction center II for cyclic
electron flow, which, unlike reaction center I, does not
produce a reduced ferredoxin [59]. Therefore, to withdraw
electrons from the photosynthetic electron transport chain
and transfer them to lower potential electron acceptors like
NAD(P)H for carbon assimilation and anabolism, there
must be an input of energy for reverse electron transport
from quinols. It is possible that in these organisms reverse
electron transport can only be achieved using the increased
driving force of the 2M complexes.

Conclusions

Complex I and its homologous bioenergetic complexes
have been modified and repurposed many times during the
evolution of life on Earth. This evolution has involved
the addition and removal of subunits specific for certain
substrates onto a membrane-integral chassis containing
between 1 and 3 large proton pumping subunits [20]. The
2M complex I homologs described here represent a fasci-
nating modification on the canonical complex I enzyme that
incorporate a fourth large pumping subunit. The phyloge-
netic analyses presented here demonstrate that these 2M
complexes are polyphyletic, with respect to both the phy-
logeny of the host organism and the evolutionary history of
the individual major pumping subunits. Combined with the
unique gene synteny found in each of the three clades this
strongly supports the conclusion that the construction of
these operons resulted from multiple cases of convergent
molecular evolution.

The highly conserved nature of the 2M complexes in
each of the three respective clades implies that these are not
pseudogenes or evolutionary dead-ends. The construction of
gene clusters with the additional subunit, as well as the
precise size and location of the insertions in the amphipathic
helix of NuoL implies that this increase in pumping
potential has been selected for under specific adaptive
pressures. The apparent horizontal transfer of the second
NuoM instead of a simple duplication may reflect the dif-
ferent environments in which the two proteins reside, one
between NuoL and a NuoM, the other between a NuoM and
NuoN. Perhaps finding a NuoM protein in sequence space
that was able to function in this novel position was easier to
achieve by sampling NuoM genes from other organisms
instead of via duplication and modification of the original
NuoM.

Future work is required to understand the conditions
under which these complexes are expressed, and verify their
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subunit composition, substrate specificity, and proton
pumping stoichiometry. However, the physiological diver-
sity of the organisms containing these complexes suggests
that they have evolved in response to different selective
pressures and for different functions. The evolution of these
complexes appears to have involved changes to the genetic
content of an organism through horizontal gene transfer,
genome restructuring through operon rearrangement, and
protein primary, secondary, tertiary and quaternary structure
modification in the extension of the NuoL amphipathic
helix. Altogether, these observations highlight the different
biological scales over which changes occur in order to bring
about functional evolutionary transitions.
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