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Abstract

Ubiquinone (Q) is an isoprenoid quinone that functions as membrane electron carrier in mitochondria and bacterial
organisms belonging to the alpha, beta, and gamma class of proteobacteria. The biosynthesis of Q follows various
biochemical steps catalyzed by diverse proteins that are, in general, homologous in mitochondria and bacteria.
Nonorthologous proteins can also contribute to some biochemical steps as originally uncovered in Escherichia coli, which
is the best studied organism for Q biosynthesis in prokaryotes. However, the origin of the biosynthetic pathway of Q has
remained obscure. Here, | show by genome analysis that Q biosynthesis originated in cyanobacteria and then diversified in
anaerobic alpha proteobacteria which have extant relatives in members of the Rhodospirillaceae family. Two distinct
biochemical pathways diverged when ambient oxygen reached current levels on earth, one leading to the well-known
series of Ubi genes found in E. coli, and the other containing CoQ proteins originally found in eukaryotes. Extant alpha
proteobacteria show Q biosynthesis pathways that are more similar to that present in mitochondria than to that of £. coli.
Hence, this work clarifies not only the origin but also the evolution of Q biosynthesis from bacteria to mitochondria.
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Introduction

Ubiquinone (Q) is an isoprenoid substituted benzoquinone
which shuttles electrons between membrane-bound respira-
tory dehydrogenases and oxidoreductases that ultimately re-
duce oxygen, either directly or indirectly via other redox
components (Meganathan and Kwon 2009; Nowicka and
Kruk 2010; Aussel et al. 2014; Zhi et al. 2014; Marreiros
et al. 2016; Ravcheev and Thiele 2016). The electron carrier
function of Q is equivalent to that of other membrane quinones
such as menaquinone (MQ) and plastoquinone (PQ), which are
involved in diverse electron transport chains producing proto-
nmotive reactions to drive ATP synthesis (Meganathan and
Kwon 2009; Nowicka and Kruk 2010). Most deep branching
bacteria and some Archaea have protonmotive systems based
upon MQ or its derivatives (Nowicka and Kruk 2010; Marreiros
etal. 2016). PQ is restricted to cyanobacteria and plant plastids,
whereas Q is present in the phylum proteobacteria among
prokaryotes, as well as in all eukaryotes (Meganathan and
Kwon 2009; Nowicka and Kruk 2010; Marreiros et al. 2016).

Two major differences distinguish Q from MQ and its deriv-
atives: 1) the midpoint redox potential, which is significantly

higher for Q; 2) the biosynthetic pathway of Q, which is pre-
dominantly membrane-associated and requires oxygen in
multiple steps. Both differences have their evolutionary origin
in the great oxygenation event brought about by oxygenic
photosynthesis in primordial earth (Nowicka and Kruk 2010;
Degli Esposti 2016; Marreiros et al. 2016; Pelosi et al. 2016).
How the complex biosynthetic pathway of Q was put to-
gether, presumably assembling different steps from those
used for the biosynthesis of pre-existing MQ (Meganathan
and Kwon 2009; Nowicka and Kruk 2010; Zhi et al. 2014;
Ravcheev and Thiele 2016), remains completely unknown.
What is generally assumed is that Q biosynthesis evolved in
the common ancestor of alpha, beta, and gamma proteobac-
teria (Nowicka and Kruk 2010; Degli Esposti 2016; Marreiros
et al. 2016; Pelosi et al. 2016), organisms diversely adapted to
different levels of ambient oxygen. However, it is unclear
which of extant proteobacteria may be close to the ancestral
organism which “invented” Q. This work was aimed to unveil
the origin of Q biosynthesis and identify extant relatives of the
ancestral organisms that evolved the pathways for Q
biosynthesis.
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I found that complete pathways of Q biosynthesis originated
in alpha proteobacteria related to current members of the
Rhodospirillaceae family, probably as a diversification of the
pathway for PQ biosynthesis in cyanobacteria. These pathways
then evolved in chemolithoautotrophic Fe?-oxidizing organ-
isms of the recently described class of zetaproteobacteria
(Emerson et al. 2007) toform the dominant biosynthetic system
inbetaand gamma proteobacteria, including . coli. Other path-
ways evolved within alpha proteobacteria and led to the system
of Q biosynthesis that is characteristic of mitochondria. Hence,
the origin of Q biosynthesis is discussed also in its possible evo-
lutionary trajectory from prokaryotes to eukaryotes.

Challenges in Deducing the Biosynthetic
Pathways of Membrane Quinones

To deduce inssilico the biosynthetic pathway of a membrane me-
tabolite is never an easy task, but in the case of Q it is particularly
challenging. A fundamental reason for this is that eukaryotic Q
biosynthesis, confined to mitochondria, is still partially unknown
(Nowickaand Kruk 2010; Kawamukai 2015); the same applies to
Q biosynthesis in the bacterial lineage from which mitochondria
evolved, alpha proteobacteria (Degli Esposti 2016; Pelosi et al.
2016). Another reason is that current knowledge of the bacterial
pathway for Q biosynthesis is essentially restricted to the model
organism, Escherichia col—and is not fully complete yet
(Meganathan and Kwon 2009; Nowicka and Kruk 2010;
Aussel et al. 2014; Ravcheev and Thiele 2016). Escherichia coli
belongs to the large order of Enterobacterales, whichiis a recently
evolved lineage within the highly diversified class of gamma pro-
teobacteria (Almagro et al. 2015), therefore phylogenetically dis-
tant from the roots of Q biosynthesis (Kawamukai 2015; Pelosi
etal. 2016; Degli Espostiand Martinez-Romero 2017). Moreover,
the genesof the proteinsessential for Q biosynthesisare much less
associated in syntenic groups than those involved in MQ biosyn-
thesis (Ausseletal. 2014; Ravcheevand Thiele 2016). These genes
often code for proteins that are poorly conserved, especially
acrossdifferentclasses of proteobacteria. Finally, evenstructurally
conserved enzymes such as the prenyl transferase UbiA can ac-
cept biosynthetically different substratesin diverse groups of pro-
karyotes and eukaryotes (Cluis et al. 2011; Aussel et al. 2014;
Cheng and Li 2014; Pfaff et al. 2014; Kawamukai 2015).
However, comprehensive knowledge of Q and other membrane
quinones can be combined with bioinformatic analysis exploiting
theeverincreasing wealth of sequenceinformationnow available
(Degli Esposti 2016; Degli Esposti and Martinez-Romero 2017) to
simplify and partially resolve the problems just mentioned.
Following this rationale, | have developed the strategy detailed
below for uncovering the bacterial pathways of Q biosynthesis.

Strategy

To guide genome-wide analyses of the biosynthetic pathways
for membrane isoprenoid quinones, | developed a research

strategy based upon the following points: 1) reduce the bio-
synthetic pathways to the minimal steps that are indispens-
able for the biochemical assembly of Q as in the biosynthesis
of plastoquinone (PQ) in cyanobacteria (Pfaff et al. 2014;
fig. 1 and table 1); 2) analyze the available genomes of pro-
teobacterial organisms which have been reported to produce
both Q and MQ (Schoepp-Cothenet et al. 2009; Marreiros
et al. 2016; Degli Esposti and Martinez-Romero 2017) and
deduce the most complete pathway possible for the biosyn-
thesis of either quinone; 3) run BLAST searches of all the
proteins thus identified against progressively wider sets of
taxa to cover the complete phylogenetic span of proteobac-
teria, including all unclassified organisms with at least 1,000
coded proteins identified in metagenomic studies (Nielsen
et al. 2014; Kantor et al. 2015; Anantharaman et al. 2016;
Emerson et al. 2016; Probst et al. 2017); 4) build a distribution
list of the homologues of the biosynthetic proteins for Q and
MQ in all proteobacterial taxa examined; 5) evaluate the pres-
ence of functional Q-reacting enzymes (Marreiros et al. 2016;
Ravcheev and Thiele 2016; Degli Esposti and Martinez-
Romero 2017) in the taxa of the list just built; 6) examine
the completeness of the genomes of organisms which appear
to have incomplete sets of proteins for Q biosynthesis while
possessing functional Q-reacting enzymes, and then scan the
same genomes for potential nonorthologous proteins that
may complete the biosynthetic pathway; 7) compare the
combinations of Q biosynthesis enzymes found in bacterial
genomes to that known in eukaryotes (Kawamukai 2015);
8) coherently classify different types of biosynthetic pathways
for Q by integrating the information obtained in steps 4-7.

Of note, steps 3, 4, 7, and 8 of this research strategy are
novel, because previous studies have analyzed only subsets of
bacterial taxa (Zhi et al. 2014; Marreiros et al. 2016; Pelosi
et al. 2016; Ravcheev and Thiele 2016) and required the pres-
ence of nearly all proteins known in E. coli for the in silico
reconstruction of the biosynthetic pathways of Q and MQ.
Moreover, | have taken into consideration also the possibility
of anaerobic pathways of Q biosynthesis, which are known to
be present in E. coli and other proteobacteria (Alexander and
Young 1978; Meganathan and Kwon 2009; Schoepp-
Cothenet et al. 2009; Cluis et al. 2011; Aussel et al. 2014),
but not yet identified in molecular terms. This possibility, never
considered in genome-wide searches before, is very important
for identifying ancestral pathways of Q biosynthesis, which
must have originated in organisms well-adapted to the anaer-
obic conditions that were prevalent at the beginning the great
oxygenation event (Schoepp-Cothenet et al. 2009; Degli
Esposti 2016).

Materials and Methods

Experimentally, the biosynthetic pathways for Q and mena-
qguinone have been deduced using very detailed BLAST
searches of proteins known (or suspected) to participate in
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Fic. 1.—Simplified scheme for Q biosynthesis in bacteria. The
scheme has been rationalized on the basis of the pathway for PQ biosyn-
thesis in cyanobacteria (Pfaff et al. 2014) and taking into consideration
previously reported schemes (Meganathan and Kwon 2009; Nowicka and
Kruk 2010; Aussel et al. 2014; Zhi et al. 2014; Kawamukai 2015; Ravcheev
and Thiele 2016). The major steps in the pathways of bacterial Q biosyn-
thesis are represented in boxed blocks, starting from the production of two
major ring precursors, 4HB and pABA, from known and unknown metab-
olites. These precursors follow parallel pathways of ring prenylation via
UbiA isoforms that produce different substrates (3-polyprenyl-4-hydroxy
BenzoQuinones and 3-polyprenyl-4-aminoBenzoQuinones) for the subse-
quent step of ring decarboxylation, which can be carried out by different,
nonhomologous enzymes as indicated (see also table 1). The two path-
ways thus converge in polyprenylphenols, which then undergo a series of
three hydroxylation and three methylation steps carried out by various
enzymes: the indicated variants of FAD-dependent hydroxylases plus the
ferritin-based CoQ7 for ring hydroxylation, and the indicated types of
SAM-dependent methyl transferases for ring and hydroxyl methylation.
In general, each hydroxylation step is followed by a methylation step
(Aussel et al. 2014), but variations in this sequence are possible as in the
mitochondrial pathway of Q biosynthesis (Nowicka and Kruk 2010;
Kawamukai 2015).

such pathways. At difference with previous studies, which
have systematically used potentially arbitrary cut-off values
(Zhi et al. 2014; Pelosi et al. 2016; Ravcheev and Thiele
2016), | have extended the protein searches to all bacterial
organisms for which partial or complete genomes are avail-
able, initially without applying cut-off values. A cut-off
<1e™ " was used as in previous works (Ravcheev and Thiele
2016) when the searched protein showed a high degree of

conservation across the wide phylogenetic span of the pro-
teobacterial organisms that are currently available. However,
several proteins involved in the biosynthetic pathways of
membrane quinones and their metabolites show low levels
of conservation, sometimes even in related taxa. This is partic-
ularly the case for chorismate lyase or UbiC, generally the first
enzyme for Q biosynthesis (Gallagher et al. 2001; Zaitseva
et al. 2006; Aussel et al. 2014; Ravcheev and Thiele 2016),
which often has few hits in extended BLAST searches with
any given protein query, because its level of amino acid
identity is very limited—only the signature conserved do-
main (CDD; Marchler-Bauer et al. 2015) can be recognized
across unrelated taxa. Multiple UbiC proteins maintaining
the signature CDD of chorismate lyase (cl01230) were thus
used in iterative BLAST searches extended to partially over-
lapping sets of taxa, so as to progressively cover the whole
phylogenetic span of proteobacteria and uncover also po-
tential instances of Lateral Gene Transfer (LGT). Clear cases
of LGT were inferred from the absence of homologous
proteins in related taxa and the clustering together with
proteins belonging to another class of proteobacteria hav-
ing similar ecological properties. For instance, the UbiC
proteins present in various strains of the pathogen
Bartonella, which belongs to the Rhizobiales order of alpha
proteobacteria, did not cluster together with UbiC proteins
present in other Rhizobiales, namely those from organisms
of the genus Methylobacterium, but were closely related to
those of pathogenic taxa of gamma Enterobacterales, such
as Serratia and Salmonella. A manually curated alignment
of diverse UbiC proteins was produced to assist the pro-
teins searches and refine the results of phylogenetic affin-
ity. Comparable iterative searches and sequence analysis
were undertaken for UbiA, UbiD, UbiX, UbiH, and MenF
of MQ biosynthesis, as well as all CoQ proteins identified so
far in the eukaryotic pathway of Q biosynthesis
(Kawamukai 2015).

Conversely, the fundamental steps of ring methylation and
hydroxylation are carried out by members of two large super-
families of proteins (fig. 1 and table 1): S-adenosylmethionine-
dependent methyltransferases (SAM or AdoMet-MTase) and
flavin mono-oxygenases with the common Rossmann-fold of
NAD(P)(++)-binding proteins, frequently defined as Ubi-
OHases (Aussel et al. 2014; Pelosi et al. 2016).
Consequently, it is often difficult to discern the homology of
a member of such super-families from paralogues having
close structural resemblance. To narrow the BLAST searches
to the proteins that genuinely have the closest structural ho-
mology to a protein query, Neighbour Joining (NJ) distance
trees were derived from the BLAST searches and then care-
fully examined (Degli Esposti 2016). Close homologues were
then considered when proteins clustered in the same mono-
phyletic branch that showed the signature CDD of the query
in the majority of its leaves. Whenever NJ trees were insuffi-
ciently resolved to allow such a selection, manually curated
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alignments and Maximum Likelihood (ML) trees were pro-
duced and examined as previously described (Degli Esposti
2016; Degli Esposti et al. 2016). See the legend of figures 2
and 4 and supplementary figures S1-S3, Supplementary
Material online, for more details.

Taxonomic position and relationships of unclassified pro-
teobacterial organisms was evaluated by the reciprocal BLAST
approach of all coded proteins, as previously used to define
genome chimaerism (Esser et al. 2007; Ku et al. 2015; Ji et al.
2017). The taxonomic affiliation at the family level was eval-
uated by statistical analysis of the top hits (5-10) of all the
proteins of either unclassified or classified organisms against
the whole nonredundant (NR) database. A simplified version
of this method was developed and showed high correlation
with the results of genomic chimaerism obtained previously
(Esser et al. 2007; Ji et al. 2017). This method is based on the
computation of the top five hits obtained with smartBLAST
[https://blast.ncbi.nlm.nih.gov/smartblast/] for about 100 pro-
teins essential for membrane and energy metabolism (the list
of these proteins will be made available upon request). The
results obtained with the above approaches were then com-
pared with those derived from the analysis of ribosomal pro-
teins or 16 rRNA as frequently undertaken in metagenomic
studies (Nielsen et al. 2014; Anantharaman et al. 2016; Probst
et al. 2017). Genome completeness was evaluated with the
program BUSCO applied to proteins (Simao et al. 2015).

Chemical Nomenclature and Abbreviation of
Genes/Proteins

In this work, menaguinone is abbreviated as MQ (Degli Esposti
and Martinez-Romero 2017) instead of the common MK ac-
ronym (Meganathan and Kwon 2009; Nowicka and Kruk
2010; Aussel et al. 2014; Zhi et al. 2014; Ravcheev and
Thiele 2016), which refers also to vitamin K—a quinone of
no interest in the present study. With regard to the numera-
tion of the ring positions of Q and its metabolites, | have
systematically followed that used by Aussel et al. (2014): po-
sition 1 corresponds to the carboxylate of the chorismate pre-
cursor, whereas the isoprenoid tail of subsequent metabolites
is at position 3 (fig. 1). This numeration differs from that nor-
mally used for the ring of Q or PQ, in which the isoprenoid tail
is at position 6, whereas position 1 corresponds to the hy-
droxyl group in position 4 of chorismate (Nowicka and Kruk
2010). The latter numeration has been essentially ignored in
order to avoid confusion in referring to specific biochemical
steps in Q biosynthesis. The enzymes carrying the same step in
Q biosynthesis are annotated with different names in bacteria
and eukaryotes (Aussel et al. 2014; Kawamukai 2015): in
bacteria, they follow the discovery of the Ubi genes in early
studies with E. coli (Aussel et al. 2014; Pelosi et al. 2016),
whereas in eukaryotes they are named as CoQ1-11 following
pioneering studies in yeast (Kawamukai 2015). In the presen-
tation of phylogenetic trees | have homogenized the original

annotations of the Ubi proteins, which are often annotated by
the biochemical reaction associated with the protein coded by
the Ubi genes. Intriguingly, some genes initially found in yeast
turn out to be present in proteobacteria too, sometimes with
different annotations. This applies to methoxy-producing
CoQ7, recently found to be widespread among proteobacte-
ria (Pelosi et al. 2016), as well as CoQ9, which | show here to
be present in alpha proteobacteria too, but often annotated
as RpsU-divergently transcribed protein. The complicated pic-
ture of gene nomenclature applies also to MQ biosynthesis,
owing to the presence of two alternative pathways for its
production in bacteria (Zhi et al. 2014; Ravcheev and Thiele
2016). Here, | have considered the futalosine pathway only
cursorily, because it is generally not present in proteobacteria
that produce Q (Zhi et al. 2014).

Statistical Analysis

Whenever needed, statistical analysis was undertaken with
either parametric of nonparametric tests as recently described
(Degli Esposti and Martinez-Romero 2017).

Results and Discussion
Simplified View of Q Biosynthesis

Although the biosynthetic pathways of Q and MQ are usually
represented as a series of consecutive steps that appear to be
of equal importance (Meganathan and Kwon 2009; Nowicka
and Kruk 2010; Aussel et al. 2014; Zhi et al. 2014; Ravcheev
and Thiele 2016), some biochemical reactions are definitely
more important than others. In particular, the addition of the
prenyl tail to the ring of Q precursors, a reaction catalyzed by
the integral membrane protein UbiA, is the most critical and
often rate-liming in the whole pathway of Q biosynthesis
(Meganathan and Kwon 2009; Nowicka and Kruk 2010;
Cluis et al. 2011; Aussel et al. 2014; Cheng and Li 2014;
Kawamukai 2015). UbiA has a broad substrate specificity
(Meganathan and Kwon 2009; Nowicka and Kruk 2010),
particularly for its prenyl substrate which can have different
numbers of isoprenoid units in different organisms (Collins
and Jones 1981; Nowicka and Kruk 2010; Cluis et al. 2011;
Aussel et al. 2014; Cheng and Li 2014; Pfaff et al. 2014,
Kawamukai 2015). Hence Q-8 is the dominant Q species in
E. coli because its UbiA protein prefers octaprenyl as its sub-
strate (Aussel et al. 2014), whereas Rhodobacter and other
alpha proteobacteria have Q-10, as in human mitochondria,
because their UbiA protein preferentially reacts with the
decaprenyl substrate (Nowicka and Kruk 2010; Cluis et al.
2011; Kawamukai 2015). Such a substrate versatility of the
critical UbiA enzyme was overlooked in the past, when the
isoprenoid tail of Q was considered to have taxonomic value
across proteobacterial classes (Collins and Jones 1981).
Conversely, UbiA proteins can be rather selective for their
benzene ring substrate as in the case of E. coli, which normally
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A phylogeny of UbiA proteins

A\ BAAB0570.1 4-hydroxybenzoate octaprenyltransferase Aeropyrum pernix K1
100 i [0 OGQ57385.1 UbiA Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_50_16
[0 OGP09453.1 UbiA Deltaproteobacteria bacterium GWA2_45_12
@ BAL36971.1 4-hydroxybenzoate-octaprenyl transferase Synechocystis sp. PCC 6803 substr. PCC-P
86 H OJU73381.1 UbiA Alphaproteobacteria bacterium 40-19
L B WP_052545782.1 4-hydroxybenzoate octaprenyltransferase Ca. Hepatobacter penaei
44 B WP_014101831.1 4-hydroxybenzoate octaprenyltransferase Micavibrio aeruginosavorus
W OFW83074.1 UbiA Alphaproteobacteria bacterium GWF2_58_20
100 26 50 W WP_027133096.1 4-hydroxybenzoate octaprenyltransferase Geminicoccus roseus
59 B WP_012568750.1 4-hydroxybenzoate octaprenyltransferase Rhodospirillum centenum
54 B WP_021131126.1 4-hydroxybenzoate polyprenyltransferase Phaeospirillum fulvum
A 01055199.1 UbiA Proteozetal bacterium
98 B WP_085442621.1 4-hydroxybenzoate polyprenyltransferase Magnetofaba australis
Bl WP_011711939.1 4-hydroxybenzoate octaprenyltransferase Magnetococcus marinus

A 01074638.1 4-hydroxybenzoate octaprenyltransferase Zetaproteobacteria bacterium CG1_02_53_45
A GAV20821.1 4-hydroxybenzoate polyprenyitransferase Mariprofundus micogutta
A WP_009850254.1 4-hydroxybenzoate octaprenyltransferase Mariprofundus ferrooxydans
O WP_054965028.1 4-hydroxybenzoate octaprenyltransferase Thiohalorhabdus denitrificans
O BAO44205.1 4-hydroxybenzoate octaprenyltransferase Thiolapillus brandeum
O WP_057956898.1 4-hydroxybenzoate octaprenyltransferase endosymbiont of Ridgeia piscesae
O EEY93244.1 4-hydroxybenzoate polyprenyl transferase Acinetobacter junii SH205
O AAC43134.1 4-hydroxybenzoate-octaprenyl transferase Escherichia coli str. K-12 substr. MG1655
<> WP_002217638.1 4-hydroxybenzoate octaprenyltransferase Neisseria meningitidis
<> WP_011465943.1 4-hydroxybenzoate octaprenyltransferase Rhodoferax ferrireducens
<& WP_013294569.1 4-hydroxybenzoate octaprenyltransferase Gallionella capsiferriformans
100 <> WP_041420719.1 4-hydroxybenzoate octaprenyltransferase Sideroxydans lithotrophicus

97

79

24

0.5

B sequence alignment of UbiA proteins

Accession aa 124 179 note organism
CAA96321 207 YPLFKRFTYYPQAALSACFNWGALLGFPA---MGVMSWPTMIPLYLSSYLWCMTYDTIYAHQDKKFDIKAGIKS CoQ2 S. cerevisiae - eukaryotes
0JU73381 113 YPFLKRWVLGPQIFLGFLFSWGVWIGASL---TSPLFQKDLIFFFILGILWTIEYDTIYAYQDKKEDLQLGLKS no UbiC Alphabacterium 40-19

Wp_052545782 130 YPWLKRVTYWPQLYLGFLFSSGIWVAWEQVNPDFRSVTFAPFLLYGAGILWTLYYDTVYGYQDRVDDSKVGVKS no UbiC Ca. Hepatobacter
WP 014101831 146 YPAMKRITWWPQAFLGLTFNFGALMGWAA---VTGAVDMAALYLYAAGFFWTLGYDTIYAHQDKEDDARIGIKS no UbiC Micavibrio
Wp_012568750 159 YPLMKRITWWPQAFLGLTFNWGAIMGWTA---VRGSLDWPSLVLYAGCILWTLGYDTIYAHQDKEDDARVGIKS no UbiC R. centenum

WP 021131126 147 YPFMKRITYWPQAWLGLTFNWGALVGWAA---VRGDLTLAPVLLYIAGVFWTLGYDTIYAHQDKEDDILIGVKS no UbiC P. fulvum

OFW83074 139 YPLMKRVTEWPQLVLGLAFNWGAPMGWAA---VRGRLDLPVLWLYVAGICWTLAYDTIYAWQDREGDSRLGLKS no UbiC Alphabacterium GWF2_58_20

WP 027133096 145 YPFMKRITWWPQAFLGLTFNWGILVGGVA---AGA-PWPAILLLYAGSIAWTIGYDTIYAHQDKADDALIGVRS no UbiC Geminicoccus

AHJ65322 173 YPLAKRVTWWPQLVMGFTFGFGAPVGATIAAGAETGPDWWLVGFLYAAAIFWDLGFDTIYGFQDIEDDAVIGVKS XanB2 Granulibacter

WP_076363139 106 YPFAKRFTWWPQIFLGLAFGLAPVLNWGV[6]HGAEMGLAPVLLYASGIAWTLFYDTIYAHQDKEDDALIGVKS UbiC R. vinaykumarii

WP_011711939 137 YPLTKRIVAIPQFYMGAAFGWAAVMAWAA---TAGALAPGAWLLFATTLVWAAGYDTLYGMVDREDDLKIGVKS UbiC Magnetococcus

0I055199 135 YPFSKRITHLPQLVMGLAFSWGVVVAWLI---GAESLSPVPWLLLLTTLLWSAGYDTLYAIVDRDDDRQAGVRS UbiC Proteozeta 1

Wp_009850254 131 YPFVKRYTHFPQAWLGMSFGWGAVMAWAAET-GSVFDSPVPWLLFAANICWSISYDTAYALGDRADDLKIGVKS UbiC M. ferrooxydans

Wp_054965028 132 YPFFKRFTHMPQAYLGVAFGWGIPMSFAA---VSGQVPAVAWILLAANIFWTVAYDTMYAMEDRPDDLAIGVRS UbiC Thiohalorhabdus

Wp_057956898 144 YPFMKRYTHLPQVVLGAAFGWAVPMAFMA---IQQQLPLVSWVLFTATLLWALIYDTQYAMVDREDDLKIGVKS UbiC endosymbiont of Ridgeia pisceae
BR044205 132 YPFTKRFTHLPQAYLGAAFGWAIPMVFAA---QTGSIDPRSWWLFLAVLVWALIYDTMYAMVDRADDLKIGVKS UbiC Thiolapillus

AAC43134 132 YPFMKRYTHLPQVVLGAAFGWSIPMAFAA---VSESVPLSCWLMFLANILWAVAYDTQYAMVDRDDDVKIGIKS UbiC E. coli

Wp_013294569 129 YPFTKRFFVIPQAYLGIAFGFGIPMAFAA---QLNSIPPVAWLLLCANIFWAIAYDTEYAMVDRDDDIHLGIHS UbiC G. capsiferriformans

WP 002217638 137 YPFTKRFFPIPQLYLGLAFSFGIPMAFAA---VGNSVPVEAWILFTANVLWTLAYDTVYAMADKEDDLKIGIKT UbiC Neisseria

Wp_011465943 138 YPYAKRYVSMPQAVLGVAFGMGIPMAFAA---VLGEVPRLAWLLMLGNLFWVLAYDTEYAMVDRDDDIRLGLKT UbiC Rhodoferax

0GP09453 127 YSFTKRFTSAAQVFLGLSLGIA-PIASWIA--VTGTLAPFPIVLGGAVLFWVAGFDMIYATQDYAHDKKEGLHS UbiC Deltaproteobacterium GWA2_45_12
ALJ69018 132 YPGAKRVFPVPQLVLSIAWGFA-VLISWSA--VTGDLTDATWVLWGATVFWTLGFDTVYAMADREDDRRIGVNS PQ Synechocystis - cyanobacteria
BAA8B0570 115 YPHAKRLHPLPHLHLGIVLGSVVEGGAVAA [8]GEVLRSVPWLYVAAVSLWVAGFDTIYSIMDIDFDRSHGLGS 3D Aeropyrum - Archaea

helices hl45 TM5 TM6 hlé67

Fic. 2.—UDiA proteins have different molecular signatures whether they are associated with UbiC or not. (A) Phylogenetic tree of UbiA
proteins from various bacterial groups. The NJ tree was obtained after manual refinement of a CLUSTALW alignment of 26 UbiA sequences from
phylogenetically diverse taxa using the program MEGAS (Tamura et al. 2011). The percentage value of 500 bootstraps is shown for each node. After
removing all positions containing gaps and missing data, the final data set contained a total of 244 positions. Clearly, the proteins from alphaproteobacteria
(black squares) which are not associated with UbiC form a sister group to that including zeta (black triangles), gamma (empty circles), and beta proteobac-
teria (empty diamonds). Note the precursor position of the cyanobacterial Synechocystis (black circle) and the outgroup position of the Archaean Aeropyrum
(white triangle). White squares indicate distant homologous proteins from delta proteobacteria. Similar results were obtained with ML trees. (B) Alignment
of conserved regions of UbiA proteins. The same alignment of UbiA proteins used in (A) was reduced to 22 sequences and additionally included the yeast
CoQ2 homologue of UbiA. The alignment block shown includes the functionally important regions Il and Il that were previously deduced (Ohara et al. 2009)
and later verified by the 3D structure of UbiA (Cheng and Li 2014). Highlighted in pale blue are the residues conserved among UbiA proteins from taxa
without UbiC (indicated as no UbiC) that lie close to the active site at the negative side of the membrane and are structurally different from those of UbiA
proteins associated with UbiC, following the numeration of Aeropyrum UbiA (Cheng and Li 2014). The regions corresponding to alpha helices in the 3D
structure of Aeropyrum UbIA (Cheng and Li 2014) are highlighted in gray (transmembrane, TM) or light blue.
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scheme for the evolution of Q biosynthesis
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Fic. 3.—Scheme for the possible evolution of the biosynthetic pathways of Q. The flow scheme illustrates the hypothetical evolution of the
pathways of Q biosynthesis presented in this work: a (in gray box on the left), c (top), and m (bottom), all originating from the ancestral pathway of PQ
biosynthesis in cyanobacteria (Pfaff et al. 2014). The scheme includes only the enzymes for Q biosynthesis that vary in presence and combination within the
genome of proteobacterial taxa; their symbols are presented in the boxed caption at the bottom of the illustration. UbiA is implied to be present in all
combinations for its crucial function (see fig. 1 and table 1), whereas UbiB and UbiJ are not considered because their role in Q biosynthesis is not essential and
partially unknown (Nowicka and Kruk 2010; Aussel et al. 2014). Gene loss and acquisition is represented by a red thin arrow and thin black line, respectively.
A dark gray square indicates the absence of a gene in the combination of enzymes deduced from genomic information. The dashed arrows in the middle
indicate a minor alternative route (or intermediate) in pathway ¢ that seems to be present only in deep branching gamma proteobacteria such as
Salinisphaera (Pelosi et al. 2016). A genus or species characteristic for each combination of Q biosynthesis enzymes is indicated at the bottom of each
set of symbols (cf. tables 1 and 2). Acquisition of other CoQ genes specific to mitochondria (Kawamukai 2015) is not represented at the end of pathway m,
bottom right of the scheme. Q in gray circle indicates anaerobically synthesized ubiquinone (pathway a, within the gray square), whereas aerobically
synthesized Q is represented as in figure 1. RQ in red circle indicates the Q derivative rhodoquinone that is found in Rhodosprillum and very few other
proteobacteria such as Rhodoferax, as well as in anaerobically adapted mitochondria of invertebrates (Hiraishi and Hoshino 1984; Nowicka and Kruk 2010;
Mdller et al. 2012). oo GWF2, alphaproteobacterium GWF2_58_20 (Anantharaman et al. 2016).

Micavibrio

accepts only 4-hydroxy-benzoate (4HB) for ring prenylation Chorismate is the initial metabolite in the pathways of MQ
(Cluis et al. 2011; Aussel et al. 2014; Xie et al. 2015). biosynthesis too (Meganathan and Kwon 2009; Nowicka and
However, UbIA of alpha proteobacteria can accept Kruk 2010; Zhi et al. 2014; Ravcheev and Thiele 2016), which

p-amino-benzoic acid (pABA) as the substrate for this reaction suggests that Q biosynthesis might have emerged from a
(Cluis et al. 2011; Aussel et al. 2014; Xie et al. 2015), similarly modification of such pathways (Ravcheev and Thiele 2016).
to the CoQ2 homologue of UbiA in eukaryotes (Kawamukai However, the classical pathway of MQ biosynthesis has only
2015). Effectively, chorismate is not the source of ring pre- one reaction in common with Q biosynthesis, the
cursors in mitochondria, because they do not have homo- C-methylation of the prenylated ring, which is carried out
logues of E. coli chorismate lyase (UbiC), the enzyme by the same enzyme called bifunctional UbiE (Meganathan
generally assumed to initiate Q biosynthesis (Meganathan and Kwon 2009; Nowicka and Kruk 2010; Zhi et al. 2014;
and Kwon 2009; Nowicka and Kruk 2010; Aussel et al. Ravcheev and Thiele 2016). The attachment of the prenyl
2014; Zhi et al. 2014; Ravcheev and Thiele 2016). group to the ring precursor is one of the last steps in MQ
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Fic. 4—Phylogenetic trees of FAD-dependent Q ring hydroxylases indicate cyanobacterial ancestry. A selection of each variant of FAD-
dependent UbiOHases that have been recently categorized (Pelosi et al. 2016) has been chosen to cover the phylogenetic span used to analyze other
enzymes involved in Q biosynthesis, for example, UbiA (fig. 24), whereas matching as much as possible the topology of NJ trees obtained from all the results
of wide BLASTP searches, as described earlier (Degli Esposti 2016). The percentage of replicate NJ trees in which the associated taxa clustered together in the
bootstrap test is shown next to the branches. The rate variation among sites was modeled with a gamma distribution (shape parameter = 2) and all positions
containing gaps were eliminated, for a final data set of 326 amino acid positions. Note how the UbiOHases of proteobacteria clearly originate from UbiH
proteins of cyanobacteria (black circles), segregating into two sister groups (cf. Pelosi et al. 2016): the top group contains UbiL and UbiM homologues that
are predominantly present in alphaproteobacteria (black squares) and a few betaproteobacteria (empty diamonds), whereas the bottom group includes UbiH
and the closely related Ubil and UbiF proteins, which are present in zeta (black triangles) ans gamma proteobacteria (empty circles), but generally absent from
alpha proteobacteria. Similar trees showing the same separation of groups of Ubi hydroxylases have been obtained with the ML method and different
numbers of bootstrap replicates. The original annotation of most proteins has been modified for providing a homogeneous representation of the various

types of FAD-dependent hydroxylases.

biosynthesis, whereas it is the second step in Q biosynthesis
(Meganathan and Kwon 2009), which subsequently occurs in
association with the membrane (Meganathan and Kwon
2009; Kawamukai 2015). These are large differences that
can be hardly reconciled with the possibility that Q biosynthe-
sis originated from a variation of MQ pathways, as recently
suggested (Ravcheev and Thiele 2016).

Here, | present the fundamental steps of Q biosynthesis in
blocks (fig. 1 and table 1), with a bottleneck junction repre-
senting the funneling of prenylated precursors into the
multiple steps of hydroxylation and methylation of the ring
(fig. 1). Prior to ring prenylation, there is uncertainty in the
incompletely known and potentially diverse steps that can
produce ring precursors (Xie et al. 2015), even if 4HB could
be considered the fundamental metabolite to start Q biosyn-
thesis in many proteobacteria (Meganathan and Kwon 2009;

Nowicka and Kruk 2010; Aussel et al. 2014; Xie et al. 2015;
Ravcheev and Thiele 2016), as well as PQ biosynthesis in cya-
nobacteria (Pfaff et al. 2014). Hence, the steps leading to 4HB
and other potential ring precursors constitute a variable part
of the entire pathway, which is partially illustrated by the
question mark at the top of the scheme in figure 1.
Decarboxylation of the benzoate ring constitutes the funda-
mental step in Q biosynthesis following ring prenylation. In E.
coli, this decarboxylation is carried out by the coordinated
activity of UbiD and UbiX (Aussel et al. 2014) as in cyanobac-
teria (Pfaff et al. 2014). The same reaction occurs later in
mitochondrial Q biosynthesis, catalyzed by proteins which re-
main unknown—even if potential homologues of UbiD and
UbiX are present in fungi and other eukaryotes (Nowicka and
Kruk 2010; Kawamukai 2015). Several alpha proteobacteria
also lack homologous of the E. coli decarboxylases, suggesting
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the possibility that UbiD and UbiX may be replaced by non-
orthologous proteins (collectively defined as other decarbox-
ylases in fig. 1), as recently proposed for the gamma
proteobacterium Acinetobacter junii (Ravcheev and Thiele
2016; table 1, middle). Alternatively, bacterial organisms lack-
ing UbiD and UbiX in their genome may have a Q biosynthesis
pathway similar to that of mitochondria (see below).
Subsequent to the above-mentioned UbiE-mediated
C-methylation of the ring, there are three consecutive ring hy-
droxylation steps of prenyl Q metabolites (table 1). In contrast,
there is a single hydroxylation at the C-1 position in the ring of
PQ, which is carried out by a homologue of E. coli UbiH (Pfaff
et al. 2014). UbiH belongs to a superfamily of FAD-dependent
hydroxylases which insert a hydroxyl group in one or more
positions of the Q ring (Pelosi et al. 2016). Overall, these
enzymes are often labeled UbiOHases and include the non-
orthologous CoQ7—a ferritin-like protein initially discovered
in yeast genetic screens (Kawamukai 2015; Pelosi et al. 2016)
that is specific for last ring hydroxylation at position 6
(Pelosi et al. 2016). Of note, UbiB has also been considered
among such hydroxylases, and often remains annotated as
2-polyphenol hydroxylase in databases. However, Pierrel and
coworkers (Hajj Chehade et al. 2013) have demonstrated that
UbiB does not carry out the first hydroxylation step of Q ring
precursors, as previously considered (Meganathan and Kwon
2009; Zhi et al. 2014; Ravcheev and Thiele 2016). This reaction
is catalyzed instead by Ubil, a close relative of UbiF, the gene of
which precedes that of UbiH in E. coli (Hajj Chehade et al.
2013; Aussel et al. 2014). UbiB has a conserved domain of
protein kinases and therefore may be involved in the regulation
of Q hydroxylation (Hajj Chehade et al. 2013; Aussel et al.
2014). Finally, UbiG carries out the O-methylation of the
hydroxyls introduced at positions 5 and 6 of the Q ring by
UbiOHases (table 1). This reaction can be catalyzed also by
other SAM methyl-transferases, which are often found in mul-
tiple forms within the genomes of metagenomic organisms,
including those that lack bona fine homologues of UbiG.
Again, this step of Q biosynthesis can be considered indeter-
minate, because it can be carried out by a variety of SAM
methyl-transferases and not a single critical enzyme (fig. 1).
From the information presented earlier, it follows that the
minimal combination of enzymes that can produce effective
pathways of Q biosynthesis includes UbiA, UbiE, and one or
more UbiOHases—notably, the recently described UbiM can
attach an OH group to positions 1, 5, and 6 of the ring (Pelosi
et al. 2016).Therefore, it is not necessary to require the pres-
ence of homologous for all the Ubi proteins of E. coli(Marreiros
et al. 2016; Ravcheev and Thiele 2016) to deduce complete
pathways for Q biosynthesis in bacteria. The carboxylation step
may be carried out by proteins yet unknown as in eukaryotes,
whereas O-methylation can be carried out by UbiG or other
members of the SAM superfamily. The resulting simplified
combination of biosynthetic steps (fig. 1) leads to different
pathways that can be deduced from genomic analysis (table 1).

Anaerobic Pathways for Q Biosynthesis in Proteobacteria

One interesting consequence of the simplified view for the
pathways of Q biosynthesis elaborated here is that organisms
which completely lack known ring hydroxylases, but have all
the other fundamental elements of the pathway, could be
considered to produce Q even in the presence of low or no
oxygen. An anaerobic pathway of this kind was initially in-
ferred from the residual production of Q in E. coli mutants
lacking ring hydroxylases and the consistent presence of large
complements of Q in E. coli strains grown under strictly an-
aerobic conditions (Alexander and Young 1978; Meganathan
and Kwon 2009). Similar findings have been subsequently
reported in the gamma proteobacterium Halorhodospira
(Schoepp-Cothenet et al. 2009) and the alpha proteobacte-
rium Paracoccus (Matsumura et al. 1983). Here, | have de-
duced the likely presence of anaerobic pathways of Q
biosynthesis, labelled a in table 1, in two deep branching al-
pha proteobacteria: Magnetococcus marinus (Schibbe et al.
2009) and Phaeospirillum fulvum (Hiraishi and Hoshino 1984,
Sizova et al. 2007). The genome of Magnetococcus is com-
plete (Schibbe et al. 2009), whereas that of Phaeospirillum is
at least 97% complete as deduced with the program BUSCO
(Simao et al. 2015). Hence, the absence of UbiH, UbilL, CoQ7,
or other ring hydroxylases in these genomes would indicate a
situation similar to that found in E. coli under anaerobic con-
ditions (Alexander and Young 1978), namely the insertion of
hydroxy groups in the Q ring could follow reactions catalyzed
by aromatic degrading enzymes, which occur under anaero-
bic conditions (Alexander and Young 1978; Xie et al. 2015).
The alternative possibility that H,O can be used as a source of
ring hydroxylation as in the case of the MenF-catalyzed reac-
tion of MQ (Meganathan and Kwon 2009) is unlikely for
Magnetococcus, because this organism does not possess
MenF or any other enzyme for MQ metabolism, like its close
relative Magnetofaba (Morillo et al. 2014). Conversely, the
genome of P. fulvum contains a complete set of genes for
MQ biosynthesis, consistent with the presence of MQ in this
organism as determined biochemically (Hiraishi and Hoshino
1984). However, P. fulvum has no homologue of UbiC as all
its relatives of the Rhodospirillaceae family (table 1). Hence, it
is unlikely that chorismate functions as ring precursor for Q
biosynthesis in P. fulvum. An alternative enzyme for the cho-
rismate lyase reaction producing 4HB is coded by the Xan2B
gene (Zhou et al. 2013), which is also absent in P. fulvum but
common in taxa of the Acetobacteraceae family of the same
Rhodospirillales order, for example, Granulibacter (table 1).
The requirement for Q biosynthesis in Magnetococcus and
Phaeospirillum is strongly supported by the autotrophic nature
of these organisms, which have multiple Q reacting
enzymes—from complex | to the bc1 complex—that are fun-
damental for their energy metabolism (table 2). | additionally
found a potential pathway a for Q biosynthesis in the meta-
genomic proteobacterium, alphaproteobacteria bacterium
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GWF2_58_20. The genome of this organism has been re-
trieved from shotgun metagenomics of a subterranean aqui-
fer (Anantharaman et al. 2016) and contains an
environmental homologue of [FeFe]-hydrogenase (table 2).
Previously, the genes for [FeFe]-hydrogenases (HydA in table
2) and their maturases have been found in a few free-living
proteobacteria, including Phaeospirillum, and metagenomic
organisms from human gut microbiota which do not have
genes for Q biosynthesis (Degli Esposti et al. 2016). In con-
trast, alphaproteobacteria bacterium GWF2_58_20 contains
the same set of Q biosynthesis proteins as that of P. fulvum
(tables 1 and 2) and two Q-reacting enzymes: an incomplete
complex | and a homologue of the mitochondrial alternative
ubiquinol oxidase, AOX (table 2). AOX is a ferritin-like domain
protein that has been previously found in alpha proteobacte-
ria, suggesting its direct transmission to proto-mitochondria
(Atteia et al. 2004). Hypothetically, alphaproteobacteria bac-
terium GWF2_58_20 might be related to the ancestral lineage
leading to the proto-mitochondrial organism that contained
both AOX and anaerobic traits such as [FeFe]-hydrogenase, as
well as Q biosynthesis. The genome of this organism does not
contain homologues for UbiC or XanB2 but shows the pecu-
liar synteny UbiJ-UbiD-UbiX (table 2). Such as synteny looks an
ancestral feature, because UbiD and UbiX are involved in the
same decarboxylation reaction in Q biosynthesis (fig. 1). In
turn UbiJ, which is the least frequent Ubi gene among those
associated with Q biosynthesis, is often part of another syn-
tenic group with UbiB and UbiE (table 2, cf. Aussel et al.
2014). This synteny is typically found in E. coli (Aussel et al.
2014) and may also have an ancestral origin, because it is
present in the genome of deep-branching proteobacteria
such as Magnetococcus (table 2).

Detailed phylogenetic analysis (see Materials and Methods)
indicates that alphaproteobacteria bacterium GWF2_58_20
could be classified within the family of Rhodospirillaceae,
with Azospirillum as its possible closest genus. Hence, the
ancestral anaerobic pathways for Q biosynthesis might have
evolved in organisms related to current taxa of
Rhodospirillaceae, even if their origin may be older, as dis-
cussed below.

Alpha Proteobacteria Contain Homologues of Eukaryotic
CoQ9 and Pathways for Q Biosynthesis Different from That
of Escherichia coli

Anovel finding of the present study is that Phaeospirillum and
other alphaproteobacteria have close homologues of the
CoQ9 gene (table 1). CoQ9 was originally found in yeast
screens for Q biosynthesis defects and is indispensable for
this biosynthesis in eukaryotes (Lohman et al. 2014; He
et al. 2015; Ozeir et al. 2015). The protein coded by the
CoQ9 gene assists the hydroxylase reaction of CoQ7 within
the membrane complex that carries out Q biosynthesis in mi-
tochondria (Lohman et al. 2014; Kawamukai 2015). Recently,

CoQ9 has been shown to be specifically involved in the hy-
droxylation of amino precursors of Q derived from pABA (He
et al. 2015; Kawamukai 2015). Presumably, bacterial homo-
logues of CoQ9 have the same function, given that they are
present in alpha proteobacterial organisms which do not have
UbiC and thus rely on pABA as a ring precursor (table 1).
Interestingly, CoQ9 is present also in bacteria that do not
have CoQ7 or completely lack UbiOHases such as P. fulvum
(table 1), thereby suggesting a functional involvement with
amino Q precursors and yet unknown enzymes capable of Q
hydroxylation in the absence of oxygen. CoQ9 may thus rep-
resent an ancestral protein of biosynthetic Q pathways, which
underwent differential loss among alpha proteobacteria after
being transmitted to proto-mitochondria, in a way similarly to
AOX (Atteia et al. 2004). Indeed, it is absent in several, gen-
erally late-diverging organisms of the Rhizobiales order such
as Rhizobium phaseoli (tables 1 and 2).

Notably, the absence of UbiC implies a likely usage of
PABA as a ring precursor (Cheng and Li 2014; Xie et al.
2015). Hence, if the taxonomic distribution of CoQ9 reflects
the use of pABA as ring precursor, one would expect to find
phylogenetic features and molecular signatures in the UbiA
proteins that could be related to their capacity of reacting
with the same Q precursor. To test this possibility, | have ex-
amined UbiA sequences in detail and found that UbiA pro-
teins belonging to taxa that do not have UbiC form a sister
clade to that including UbiA proteins from taxa possessing
UbiC (fig. 2A). Detailed inspection of sequence alignments
indicated the presence of molecular signatures that distin-
guish the UbIA proteins belonging to taxa that do not have
UbiC from those belonging to taxa possessing UbiC
(highlighted in fig. 2B). These signatures are close to the con-
served residues lying at the negative (cytoplasmic) side of the
membrane that are known to be involved in the binding of
both the prenyl-pyrophosphate and 4HB substrate of UbiA
(fig. 2B) (Ohara et al. 2009; Cheng and Li 2014).

Such new properties of UbiA proteins define a bifurcation
in the bacterial biosynthesis of Q into two pathways, as illus-
trated in the scheme of figure 3. One pathway fundamentally
relies on chorismate as ring precursor, and consequently is
characterized by UbiC and the associated variant of UbiA. |
have labelled it pathway ¢, for chorismate. The other pathway
does not contain UbiC and often includes CoQ9, therefore
relying on pABA for ring precursors. This pathway, which |
have labelled m for its similarity with that of mitochondria,
fundamentally derives from the anaerobic pathways found in
Rhodospirillaceae and is probably the only system for produc-
ing Q that works in alpha proteobacteria. Two lines of evi-
dence sustain such a possibility. First, all the UbiA proteins of
alpha proteobacteria have the molecular signatures of those
that lack the UbiC proteins, even in the case of Rhodobacter
vinaykumarii (fig. 2B), the genome of which uniquely shows
the combination of UbiC with CoQ9. Secondly, the UbiC
proteins found in the genomes of alpha proteobacteria turn
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out to be likely cases of LGT from other proteobacterial classes
(cf. supplementary fig. S1, Supplementary Material online). In
the case of R. vinaykumarii, a photosynthetic member of the
Rhodobacteraceae family of alpha proteobacteria, phyloge-
netic trees suggest a likely LGT from beta proteobacteria
that are also photosynthetic, such as Polynucleobacter (Degli
Esposti and Martinez-Romero 2017).

The Escherichia coli Pathway of Q Biosynthesis Comes from
Cyanobacteria via Zeta Proteobacteria

The bifurcation of bacterial Q biosynthesis into two separate
pathways has deep phylogenetic consequences, because only
pathway m leads to that known in eukaryotes, whereas path-
way ¢ is present in various proteobacterial classes (table 1) but
not alpha proteobacteria (fig. 3). The well-known pathway of
Q biosynthesis in E. coli, therefore, represents a late stage of
pathway ¢ and cannot be considered a model for mitochon-
drial Q biosynthesis. Where is pathway ¢ coming from? The
answer can be deduced from the observation that pathway ¢
is very similar to that for the biosynthesis of PQ in cyanobac-
teria (Dahnhardt et al. 2002; Pfaff et al. 2014). The latter
pathway includes all the Ubi genes of E. coli (Pfaff et al.
2014) except Ubil, Ubil, and UbiF, as verified here.
Although UbiJ is not indispensable for Q biosynthesis
(Aussel et al. 2014), Ubil and UbiF derive from UbiH (Pelosi
et al. 2016), which is already present in cyanobacteria to carry
out C1 hydroxylation of the ring (Dahnhardt et al. 2002; Pfaff
et al. 2014). Detailed phylogenetic trees indicate that the
UbiH proteins of cyanobacteria may be the ancestors of all
FAD-dependent UbiOHases present in proteobacteria (fig. 4).

An evolutionary connection between the prokaryotic bio-
synthesis of PQ and that of Q has been unveiled in the plant
field (Dahnhardt et al. 2002; Pfaff et al. 2014), but has been
recently overlooked in microbiological and biomedical fields
(Meganathan and Kwon 2009; Nowicka and Kruk 2010;
Aussel et al. 2014; Zhi et al. 2014; Kawamukai 2015;
Marreiros et al. 2016; Ravcheev and Thiele 2016).
Presumably, the different pathway of PQ biosynthesis in plant
chloroplasts (Nowicka and Kruk 2010; Pfaff et al. 2014) has
hampered appreciation of the strong similarity between the
biosynthesis of the same quinone in cyanobacteria and that of
prokaryotic Q. Results obtained in the present study indicate
that the origin for the biosynthetic pathway of Q stems from
cyanobacteria. Besides the UbiH protein (fig. 4), several other
Ubi proteins from cyanobacteria consistently lie in deep
branching position with respect to those of proteobacteria
in extended phylogenetic trees (see fig. 2 for UbiA and sup
plementary fig. S1 for UbiC and fig. S2 for UbiD,
Supplementary Material online). Although such data are in
partial agreement with previous results (Pfaff et al. 2014),
their interpretation is different. Pfaff et al. (2014) considered
that cyanobacteria once had Q and then adapted its biosyn-
thesis to that of PQ. However, such a proposition is untenable

in phylogenetic terms, because cyanobacterial proteins are in
ancestral position versus their proteobacterial homologues in
the great majority of trees examined here (figs. 24 and 4, and
supplementary figs. S1 and S2, Supplementary Material on-
line). It is also untenable considering that Q biosynthesis
evolved as a consequence of, and hence after the oxygenation
event generated by cyanobacteria on ancestral earth
(Schoepp-Cothenet et al. 2009; Degli Esposti 2016), addition-
ally requiring two oxygen-dependent steps with respect to the
biosynthesis of PQ.

Intriguingly, these phylogenetic analyses uncovered homol-
ogous of the UbiC, UbiA, and UbiD proteins also in the ge-
nome of unclassified delta proteobacteria (fig. 2 and
supplementary figs. ST and S2, Supplementary Material on-
line), a class of predominantly anaerobic organisms having
MQ as their typical membrane quinone (Nowicka and Kruk
2010; Degli Esposti and Martinez-Romero 2017). Some mem-
bers of this class may synthesize Q (Spain et al. 2016) via
anaerobic pathways, because no homologues of UbiH or
other UbiOHases could be detected among delta proteobac-
teria (cf. fig. 4). The scattered presence of some Ubi proteins,
UbiC in particular (supplementary fig. S1, Supplementary
Material online), among deltaproteobacteria suggests that
the pathway of PQ biosynthesis in cyanobacteria might have
been vertically transmitted to delta and other proteobacteria,
until additional enzymes allowed the novel synthesis of Q
under aerobic conditions. The bacterial taxa in which the com-
plete ¢ pathway emerged along evolution appear to be rep-
resented by the metagenomic bacterium, Proteobacteria
bacterium CG1_02_64 396 (tables 1 and 2). This organism
was found in a subterranean aquifer (Probst et al. 2017) and
can be squarely classified among the recently introduced class
of zeta proteobacteria, which now have multiple representa-
tives in freshwater environments (McBeth et al. 2013; Probst
et al. 2017). The taxonomic placement among zeta proteo-
bacteria derives from a genome-wide comparison of all
genes, including various proteins involved in Q biosynthesis
or reactions (tables 1 and 2). Most of such proteins cluster
with those of zeta proteobacteria including Mariprofundus,
the type genus of the class (Emerson et al. 2007; Barco et al.
2015; Makita et al. 2017) (fig. 4 and supplementary fig. S3,
Supplementary Material online).

Proteobacteria bacterium CG1_02_64_396, which will be
called proteozetal hereafter, has the same syntenic groups of
Ubi genes as E. coli, including the Ubil-UbiH diad (table 2). This
diad suggests an early process of gene duplication of the an-
cestral UbiH of cyanobacteria (cf. fig. 4). In addition, the ge-
nome of proteozeta 1 contains the CoQ7 gene, as in all zeta
and many gamma proteobacteria (tables 1 and 2). Hence, the
original pathway ¢ for Q biosynthesis included CoQ7, as indi-
cated in table 1 and figure 3. Interestingly, zeta proteobacteria
have multiple Q-reacting enzymes involved in bioenergetics
(table 2) plus another, the Rnf complex, which is typically
found in facultatively anaerobic, chemolithotrophic organisms
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such as Magnetococcus. Zeta proteobacteria  and
Magnetococcus share similar ecological niches with low or
gradient concentrations of oxygen (Emerson et al. 2007,
Schibbe et al. 2009; McBeth et al. 2013), thereby using
both aerobic and anaerobic pathways of energy conservation
for their survival (Emerson et al. 2007; Schibbe et al. 2009;
Barco et al. 2015). Indeed, some Q biosynthetic proteins of
Magnetococcus and its relatives often cluster with those of
proteozeta 1 (fig. 2 and supplementary fig. S1, Supplementary
Material online).

All CoQ Proteins of Eukaryotes Have Bacterial Homologues

The finding of bacterial homologues of eukaryotic Q biosyn-
thesis proteins such as CoQ7 (Stenmark et al. 2001; Pelosi
etal. 2016) and CoQ9 (tables 1 and 2) stimulated a systematic
search of bacterial homologous for the remaining CoQ pro-
teins that do not have orthologs in E. coli, namely CoQ4,
CQ10, and CoQ11 (Kawamukai 2015). CoQ4 was found to
be widespread in alpha, beta, gamma, and also zeta proteo-
bacteria, besides its previously reported presence in cyanobac-
teria (Kawamukai 2015). Interestingly, cyanobacterial CoQ4
proteins are in precursor position with respect to eukaryotic
and proteobacterial homologues, which form sister clades.
CoQ10 showed a widespread distribution in proteobacteria
but not in cyanobacteria, where it is present in a few organ-
isms such as Mastigocladus laminosus likely due to LGT.
Finally, CoQ11 has only paralogue proteins in proteobacteria,
which are related to a sort chain dehydrogenase normally
forming a subunit of complex I. Hence, all eukaryotic CoQ
proteins appear to have homologous or similar proteins in
proteobacteria that produce Q—and in the case of CoQ4
among cyanobacteria too. Consequently, their absence
from E. coli is not due to substantial differences in bacterial
Q metabolism, but from gene loss leading to the derived
pathway of Q biosynthesis that is present in this bacterium
(fig. 3).

Conclusion

This work presents the first comprehensive evaluation of the
pathways of Q biosynthesis currently present in prokaryotes
and their evolution from ancestral, facultatively anaerobic
organisms that have extant relatives in Phaeospirillum fulvum
and Magnetococcus (fig. 3). The evolutionary trajectory of
these pathways would emerge as follows. The earliest set of
Q biosynthetic enzymes was present in cyanobacteria and
used for the biosynthesis of PQ (fig. 3 and table 1), which
lacks the two methoxy groups of Q at positions 5 and 6.
Hence, Q biosynthesis required the development of new
UbiOHases capable of hydroxylating these positions of the
ring. Under anaerobic conditions, the UbiH protein inherited
from cyanobacteria (Pfaff et al. 2014) was lost and ring hy-
droxylation was carried out by alternative, yet unidentified

enzymes in pathway a (fig. 3, left). Under aerobic conditions,
cyanobacterial UbiH was instead duplicated, as the Ubil-UbiH
synteny suggests (table 2), subsequently undergoing diversifi-
cation in UbiL, UbiM, and UbiF—the latter typical of gamma
proteobacteria (Pelosi et al. 2016). The diversification into the
enzymatically versatile UbiL and UbiM must have occurred in
ancestral alpha proteobacteria, because no close homologue
of UbiH is found among current members of this class (cf. [7]),
nor in delta proteobacteria (fig. 4).

Conversely, homologous of UbiC, UbiA, and UbiD were
probably inherited from cyanobacteria (Pfaff et al. 2014) in
parallel to some delta proteobacteria, given their scattered
distribution in the genome of unclassified delta proteobacteria
(fig. 2 and supplementary figs. S1 and S2, Supplementary
Material online). Ancestral UbiD homologous such that of
Deferrisoma (supplementary fig. S2, Supplementary Material
online) can actually function in the decarboxylation steps of
the futalosine pathway of MQ biosynthesis (Zhi et al. 2014;
Ravcheev and Thiele 2016), which is widespread in delta pro-
teobacteria (Zhi et al. 2014). The hypothesis that the futalo-
sine pathway may have contributed to the evolution of Q
biosynthesis (Ravcheev and Thiele 2016) is not sustained by
the results obtained here, which indicate instead that the bio-
synthetic pathway of PQ in cyanobacteria is the likely ancestor
of the proteins used by proteobacteria for the anabolism of Q
(fig. 4 and supplementary figs. S1 and S2, Supplementary
Material online). Of note, cyanobacteria also have ancestors
of eukaryotic Q biosynthesis proteins such as CoQ4
(Kawamukai 2015), as confirmed in this study.

Functionally linked CoQ7 and CoQ9 fundamentally distin-
guish Q biosynthesis from that of either PQ or MQ. Originally
discovered in yeast, these small proteins originated in ances-
tral alpha proteobacteria, as reported here for CoQQ (table 1)
and earlier for CoQ7 (Stenmark et al. 2001; Pelosi et al. 2016).
Intriguingly, CoQ7 is present in diverse pathways of Q biosyn-
thesis, whereas CoQ9 is present only in those of alpha
proteobacteria, including anaerobic pathway a of P. fulvum
(table 1). Hence, the strict dependence of CoQ7 on CoQ9 that
is found in eukaryotes (Lohman et al. 2014; He et al. 2015;
Kawamukai 2015) may result from a late evolutionary varia-
tion in the involvement of these proteins in Q biosynthesis.
What was the original function of CoQ9 in bacteria is unclear.
However, it is clear that this protein was “invented” by an-
cestral alpha proteobacteria, probably after the loss of
enzymes producing ring precursors from chorismate, con-
comitantly with the duplication and diversification of cyano-
bacterial UbiH (fig. 3). Additional studies are now required to
further clarify the function and relevance of bacterial CoQ
proteins in the pathways for Q biosynthesis of prokaryotes.

In sum, the present study has rationalized the increasing
complexity of Q biosynthesis in bacteria, clarifying that current
biosynthetic pathways leading to that present in eukaryotes
originated in the Rhodospirillaceae family of alpha proteobac-
teria (fig. 3). Notably, the same pathway is present in
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organisms producing the Q derivative, rhodoquinone (RQ, fig.
3), which is also found in anaerobically adapted mitochondria
(Muller et al. 2012). The data and considerations discussed
here will thus pave the way to discover the enigmatic enzymes
(Nowicka and Kruk 2010; Miller et al. 2012) that are respon-
sible for RQ biosynthesis.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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