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Abstract

Coenzyme Q (CoQ) serves as an electron carrier in aerobic respiration and has become an interesting target for biotechno-
logical production due to its antioxidative effect and benefits in supplementation to patients with various diseases. Here,
we review discovery of the pathway with a particular focus on its superstructuration and regulation, and we summarize the
metabolic engineering strategies for overproduction of CoQ by microorganisms. Studies in model microorganisms eluci-
dated the details of CoQ biosynthesis and revealed the existence of multiprotein complexes composed of several enzymes
that catalyze consecutive reactions in the CoQ pathways of Saccharomyces cerevisiae and Escherichia coli. Recent findings
indicate that the identity and the total number of proteins involved in CoQ biosynthesis vary between species, which raises
interesting questions about the evolution of the pathway and could provide opportunities for easier engineering of CoQ pro-
duction. For the biotechnological production, so far only microorganisms have been used that naturally synthesize CoQ,, or
a related CoQ species. CoQ biosynthesis requires the aromatic precursor 4-hydroxybenzoic acid and the prenyl side chain
that defines the CoQ species. Up to now, metabolic engineering strategies concentrated on the overproduction of the prenyl
side chain as well as fine-tuning the expression of ubi genes from the ubiquinone modification pathway, resulting in high
CoQ yields. With expanding knowledge about CoQ biosynthesis and exploration of new strategies for strain engineering,
microbial CoQ production is expected to improve.

Keywords Coenzyme Q;, (CoQ,,) - Corynebacterium glutamicum - Escherichia coli - Metabolic engineering - Q complex -
Ubi super complex - Yeast

Introduction

Coenzyme Q (CoQ), also called ubiquinone, plays an essen-

tial role in the respiratory chain of eukaryotes and many
prokaryotes. CoQ is composed of a benzoquinone head
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humans synthesize CoQ, (Fig. 1). The most well-known
function of CoQ is to transfer electrons and protons in res-
piratory chains that sustain bioenergetics. CoQ also acts as
a cofactor in uridine biosynthesis, fatty acid oxidation, and
for mitochondrial uncoupling proteins. Additionally, CoQ
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Fig.1 Comparative view of the eukaryotic (S. cerevisiae) and
prokaryotic (E. coli) CoQ/UQ biosynthesis pathways. The proteins
are in blue (E. coli) or green (S. cerevisiae), and the steps that dif-
fer between both organisms are highlighted. The numbering of the
carbon atoms applied to all intermediates is given for 4-hydroxyben-
zoic acid (4-HBA) and the polyprenyl chain (n=6 for S. cerevisiae,
n=3§ for E. coli, n=10 for CoQ,,, the CoQ form found in humans)

Although CoQ,, is synthesized in human cells and taken
up with food, age (Kalén et al. 1989), disease states and use
of certain pharmacotherapeutic agents such as statins can
lead to CoQ,, deficiency (Potgieter et al. 2013). Studies sup-
port that dietary supplementation of CoQ,, i.a., is benefi-
cial for patients with cardiovascular and neurodegenerative
diseases by modulating inflammatory and oxidative DNA
damage responses (Yubero-Serrano et al. 2012; Gutierrez-
Mariscal et al. 2012), improves symptoms of chronic heart
failure, reduces cardiovascular mortality (Mortensen et al.
2014), decreases lead-acetate induced neurotoxicity (Yousef
et al. 2019) and potentially slows the functional decline in
early Parkinson Disease (Shults 2002). Primary CoQ,
deficiency is caused by mutations in genes of the synthetic
pathway and may lead to, e.g., infantile encephalomyopathy
and ataxia, which can be mitigated by CoQ,, supplementa-
tion (Quinzii et al. 2006). CoQ,, is a highly demanded food
supplement, mainly in the form of softgels, capsules, and
tablets. To increase its bioavailability, self-emulsified drug
delivery systems, nanoemulsions, or cyclodextrin complexes
have been developed (Arenas-Jal et al. 2020). Due to its
use as a food supplement and to reduce wrinkles (Zmitek
et al. 2017), the industrial production of CoQ,, is desired.
Although different chemical synthetic approaches have
been described (Luo et al. 2017), they suffer from poor tau-
tomer selectivity because they generally yield polyprenyl
chains with cis and trans isomers, whereas the natural CoQ
isoforms have an all-frans configuration. Thus, microbial
bio-production of CoQ,, has been developed and in the
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is depicted by R on all intermediates derived from 4-HBA. The Ubi
complex and the CoQ synthome illustrate the supramolecular organi-
zation of some proteins of the pathways (enzymes in green/blue,
accessory proteins in pink). Isopentenyl diphosphate (IPP), dimethy-
lallyl diphosphate (DMAPP) and farnesyl diphosphate (FPP) are
building blocks for the synthesis of the polyprenyl diphosphate tail
which is added onto 4-HBA by UbiA/Coq2

following, we review CoQ biosynthesis in model microor-
ganisms before focusing on CoQ,, production by different
bacteria.

Overview of CoQ biosynthesis pathways
in microorganisms

Whereas CoQ is found in almost all eukaryotes, its distribu-
tion in bacteria is much more narrow as CoQ is encountered
only within the phylum Proteobacteria (Schoepp-Cothenet
et al. 2013). The global architecture of CoQ biosynthesis
is shared between bacteria and eukaryotes as exemplified
by the prototypic pathways from the bacterium E. coli and
the yeast S. cerevisiae (Fig. 1). Three stages can be distin-
guished: the synthesis of the precursor of the benzoquinone
head group, the synthesis and conjugation of the polypre-
nyl side chain, and the sequential modifications of the head
group on prenylated intermediates.

Synthesis of the precursors of the head group
of CoQ

4-Hydroxybenzoic acid (4-HBA) serves as a precursor of
CoQ in prokaryotes and eukaryotes but is produced differ-
ently (Fig. 1). Bacteria possess one of two non-orthologous
enzymes (UbiC or XanB2) to catalyze the one-step con-
version of chorismate to 4-HBA (Siebert et al. 1994; Zhou
et al. 2013). The production of 4-HBA from L-tyrosine in
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eukaryotes is a multi-step process not fully elucidated, which
in S. cerevisiae depends at least on aromatic aminotrans-
ferases I and II (Aro8, Aro9) and the aldehyde dehydroge-
nase Hfd1 (Payet et al. 2016; Robinson et al. 2021). 4-Amin-
obenzoic acid (4-ABA) is also a CoQ precursor in the yeasts
S. cerevisiae and Schizosaccharomyces pombe (Pierrel et al.
2010; Marbois et al. 2010; Nishida et al. 2020), and addi-
tional molecules like para-coumarate and resveratrol were
also identified as precursors (Xie et al. 2015), although they
are likely converted into 4-HBA before entering the CoQ
pathway. A recent review on precursors of the benzoquinone
head group of CoQ is available for further details (Fernan-
dez-Del-Rio and Clarke 2021).

Synthesis of the polyprenyl side chain

Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) are precursors for the side chain of ubiquinone
and are the end products of the mevalonate (MVA) path-
way in eukaryotes, archaea and some eubacteria or of the
methylerythritol phosphate (MEP) pathway in plants and
most bacteria (Pérez-Gil and Rodriguez-Concepcién 2013).
The MVA pathway from S. cerevisiae and the MEP pathway
from E. coli have been reviewed lately (Kawamukai 2018).

IPP and DMAPP are reversibly isomerized by isopentenyl
diphosphate isomerase (Idi/Idil), and two IPP molecules are
added to one DMAPP by a farnesyl diphosphate synthase
(IspA/Erg20) to generate farnesyl diphosphate (FPP) with 3
isoprenyl units (Fig. 1). FPP is then extended with sequential
additions of IPP molecules by a frans-isoprenyl diphosphate
synthase (IspB/Coql). The length of the chain is determined
by the size of the pocket which accommodates the growing
polyprenyl diphosphate in the enzyme (Nagel et al. 2019).

Finally, the polyprenyl diphosphate chain is added onto
4-HBA by a membrane-bound 4-hydroxybenzoate 3-poly-
prenyl transferase, UbiA in E. coli and the related Coq2 in
yeast (Li 2016). Interestingly, E. coli UbiA promiscuously
accepts polyprenyl diphosphates of different lengths (Okada
et al. 1998), as a result of polyprenyl diphosphates gaining
access to the active site via an unrestricted lateral portal
(Cheng and Li 2014). Catalysis occurs in lipid bilayers and
the prenylated 4-HBA products are released into membranes
(Cheng and Li 2014; Huang et al. 2014).

Functionalization of the head group

CoQ is obtained after functionalization of the phenyl ring of
polyprenyl 4-HBA via one decarboxylation, three hydroxy-
lation and three methylation steps (Fig. 1). Most steps are
catalyzed by enzymes that share homology between eukar-
yotes and prokaryotes. The biochemistry of CoQ biosyn-
thesis has been reviewed recently in bacteria (Aussel et al.
2014; Abby et al. 2020) and eukaryotes (Kawamukai 2016;

Alcézar-Fabra et al. 2016; Stefely and Pagliarini 2017; Wang
and Hekimi 2019; Fernandez-del-Rio and Clarke 2021), thus
it will only be briefly discussed here.

Decarboxylation

In E. coli, prenyl 4-HBA is decarboxylated into octapre-
nylphenol by the UbiD-UbiX system that consists of the
3-octaprenyl-4-hydroxybenzoate decarboxylase UbiD and
its associated flavin prenyltransferase UbiX (Fig. 1). UbiX
produces the prenylated FMN used as a cofactor by UbiD
(Marshall et al. 2017, 2019). Although widely conserved in
many bacterial species, the UbiD-UbiX system is absent in
some, suggesting that alternative systems exist, as recently
proposed for Xanthomonas campestris and Francisella
tularensis (Zhou et al. 2019; Kazemzadeh et al. 2021). In
eukaryotes, the C1-decarboxylation step remains genetically
and biochemically uncharacterized (Fernandez-del-Rio and
Clarke 2021).

Hydroxylation reactions

The three hydroxylation reactions required for the biosyn-
thesis of CoQ involve a large repertoire of O,-dependent
hydroxylases in bacteria. In E. coli, three related class A
flavoprotein monooxygenases (FMOs), UbiH (octaprenyl-
methoxyphenol 1-hydroxylase), Ubil (octaprenylphenol
5-hydroxylase), and UbiF (demethoxyubiquinone 6-hydrox-
ylase) hydroxylate the carbon atoms C1, CS5, and C6, respec-
tively (Fig. 1). Other bacterial species contain instead newly
identified FMOs, like UbiM and UbiL, which are able to
hydroxylate several positions of the head group (Pelosi et al.
2016). Some species contain a carboxylate-bridged diiron
hydroxylase named Coq7 (demethoxyubiquinone 6-hydroxy-
lase), which catalyzes a C6-hydroxylation (Stenmark et al.
2001). Overall, the number of CoQ hydroxylases present in
bacterial genomes is highly variable (1-4), which suggests
a complex evolutionary history (Abby et al. 2020). The situ-
ation is even more complex if we consider the newly identi-
fied O,-independent pathway, which is found in~30% of
CoQ synthesizing bacteria and involves two U32 proteins,
UbiU and UbiV, as putative O,-independent hydroxylases
(Pelosi et al. 2019). This pathway could be of interest for
industrial production of CoQ under O,-limiting conditions.

The composition in CoQ hydroxylases seems more
homogenous in eukaryotes with Coq6 (4-hydroxy-3-poly-
prenylbenzoate 5-hydroxylase), related to bacterial FMOs,
catalyzing the C5-hydroxylation and Coq7 hydroxylating
C6 (Fig. 1). However, some variation exists since a new
FMO has recently been demonstrated to replace Coq7 in
land plants, green algae and apicomplexans (Latimer et al.
2021; Xu et al. 2021a). The eukaryotic C1-hydroxylase is
not yet known.
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Methylation reactions

The three methylation reactions in the biosynthesis of CoQ
are catalyzed by the S-adenosyl-L-methionine (SAM)-
dependent UbiG (bifunctional 5-O- and 6-O-methyltrans-
ferase) and UbiE (C2-methyltransferase) proteins (Fig. 1),
which are homologous to Coq3 and Coq5 in yeast, respec-
tively (Kawamukai 2016). UbiG/Coq3 are needed for both
O-methylation reactions of the pathway, while the C-methyl-
ation reaction is catalyzed by UbiE/Coq5. Note that UbiE is
also involved in the biosynthesis of menaquinone in bacteria
(Lee et al. 1997).

Supramolecular organization of the enzymes
that modify the head group

After prenylation by UbiA/Coq2, all biosynthetic intermedi-
ates of the CoQ pathway are highly hydrophobic due to their
polyprenyl tail, which may complicate substrate accessibility
for head group-modifying enzymes. Interestingly, aforemen-
tioned hydroxylases and methyltransferases are known to
be part of multiprotein complexes termed CoQ synthome
in S. cerevisiae and Ubi complex in E. coli (He et al. 2014,
Hajj Chehade et al. 2019). Accessory proteins, important
for CoQ biosynthesis, but not involved in the catalysis of
specific steps, are also found in those complexes (Fig. 1).
The complexes have not been structurally characterized and
even the stoichiometry of the proteins is unknown (Stefely
and Pagliarini 2017; Wang and Hekimi 2019). So far, only a
few direct interactions between specific Ubi or Coq proteins
have been confirmed.

In S. cerevisiae, the CoQ synthome associates with the
inner mitochondrial membrane (IMM) and includes Cog4,
Cog8, Coq9 and Coql1, in addition to the Coq3, Cog4, Coq5
and Coq7 enzymes (Kawamukai 2016). The function of
Cog4 remains elusive. Coq8 belongs to a family of atypical
kinases, namely the UbiB family, and has been proposed to
couple ATP hydrolysis to the extraction of CoQ precursors
from the IMM and/or to the formation of the CoQ synthome
(Reidenbach et al. 2018). Coq9 possesses an amphipathic
helix that controls membrane association and the binding of
lipids, including CoQ biosynthetic intermediates (Lohman
et al. 2019). Moreover, Coq9 physically associates with
Coq7 and was therefore suggested to present CoQ interme-
diates to the enzymes of the CoQ synthome (Lohman et al.
2019). At last, Coql1 is also part of the CoQ synthome and
is required for efficient CoQ biosynthesis in yeast, but nei-
ther plant nor mammalian orthologs have been identified to
date (Allan et al. 2015).

In contrast to the yeast CoQ synthome, the Ubi complex
in E. coli is soluble and contains the five enzymes (UbiE
to Ubil) that catalyze the last six reactions of the pathway
(Fig. 1), transforming polyprenyl phenol into CoQ (Hajj

@ Springer

Chehade et al. 2019). Two additional proteins, UbiJ and
UbiK, are required for efficient CoQ biosynthesis, and are
part of the Ubi complex (Fig. 1). UbiJ binds CoQ biosyn-
thetic intermediates via its Sterol Carrier Protein 2 (SCP2)
domain (Hajj Chehade et al. 2019) and interacts with UbiK
(Loiseau et al. 2017), suggesting that UbiJ might present
the head group of the hydrophobic intermediates to Ubi
enzymes within the Ubi complex (Hajj Chehade et al. 2019).
Interestingly, Ubil is only required for the O,-dependent
biosynthesis of CoQ, whereas UbiT participates only in the
0O,-independent biosynthesis of CoQ (Pelosi et al. 2019).
Whether UbiT is part or not of the Ubi complex is currently
unknown, but UbiT has been proposed to replace UbiJ under
anaerobic conditions, since it contains an SCP2 domain and
was recently shown to bind polyisoprenoid lipids in Pseu-
domonas aeruginosa (Vo et al. 2020). The UbiD/UbiX
decarboxylation system is not part of the Ubi complex,
but both proteins are soluble in E. coli cell extracts and
co-migrate at around 700 kDa (Hajj Chehade et al. 2019),
compatible with a UbiD¢-UbiX,, association suggested by
their individual 3D-multimeric structures (PDB IDs: 4RHE,
SMI1D).

Overall, it appears that most head group-modifying steps
of the CoQ biosynthesis pathways are taking place within
multiprotein complexes composed of hydroxylases, meth-
yltransferases and lipid-binding proteins that may serve in
substrate presentation.

Regulation of CoQ biosynthesis

Besides CoQ, E. coli synthesizes two other isoprenoid qui-
nones, demethyl-menaquinone 8 (DMKj) and menaquinone
(MKjy). Dioxygen availability has long been known to influ-
ence the composition of the quinone pool, high aeration
favoring the accumulation of CoQg over (D)MKg, whereas
microaerobic or anaerobic conditions increase the MK con-
tent and decrease CoQyg (Nitzschke and Bettenbrock 2018).
The biomass-specific CoQ content of aerobic glucose cul-
tures was found to decrease throughout the exponential
phase (Bekker et al. 2007). Consistent with early reports
of catabolic repression affecting the CoQ pathway, a 2-fold
increase in CoQg content was obtained by using glycerol
instead of glucose as a carbon source (Martinez et al. 2019).
This effect may be mediated at least in part by transcrip-
tional regulation since the expression of several genes of
the pathway (ubiA, C,D,X) was increased in glycerol medium
compared to glucose (Martinez et al. 2019 and references
therein). A previous report that exposure of E. coli to low
osmotic pressure dramatically increased CoQg content has
recently been disproven (Tempelhagen et al. 2020).

The regulation of CoQ biosynthesis in eukaryotes has
been reviewed lately and is particularly complex in mam-
mals (Villalba and Navas 2021). In S. cerevisiae, several
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mechanisms control CoQ production including the phospho-
rylation level of several Coq proteins, notably Coq7 (Mar-
tin-Montalvo et al. 2013), the regulation of the abundance
of Coq5 via the Puf3 RNA-binding protein (Lapointe et al.
2018), the Snf2-dependent splicing of the PTC7 mRNA
which encodes a phosphatase (Awad et al. 2017). Interest-
ingly, increasing the mitochondrial methylation capacity by
deleting the cho2 gene encoding a phosphatidylethanolamine
N-methyltransferase resulted in a five-fold elevation of the
cellular CoQ content (Ayer et al. 2021). This last study also
identified several other mutants with increased CoQ levels
(two- to twelve-fold), opening avenues to elucidate the vari-
ous pathways and actors that control CoQ biosynthesis.

Strategies to improve ubiquinone-related
production in microorganisms

Improving precursor supply of benzoquinone ring
for ubiquinone production

As an alternative to chemical 4-HBA production from
petroleum-derived phenol, bio-based production has been
substantiated by extending the shikimate pathway or the
tyrosine biosynthetic pathway (Lee and Wendisch 2017). To
facilitate the 4-HBA production through the extended shi-
kimate pathway, the gene ubiC encoding chorismate-pyru-
vate lyase (CPL) was expressed in Klebsiella pneumoniae
(Miiller et al. 1995), E. coli (Barker and Frost 2001), Pseu-
domonas putida (Yu et al. 2016), S. cerevisiae (Kromer et al.
2013), or Corynebacterium glutamicum (Kitade et al. 2018).
In particular, elaborated strain development was extensively
carried out in C. glutamicum, which features a high 4-HBA
tolerance (Kitade et al. 2018; Kallscheuer and Marienhagen
2018; Purwanto et al. 2018). The engineering strategies are
as follows; (1) introduction of feedback-resistant CPL from
E. coli or Providencia rustigianii, (2) blocking of carbon flux
to the final reactions of aromatic amino acid biosynthesis,
TCA cycle, and/or the quinate/shikimate utilization (QSU)
pathway, (3) overexpression of the shikimate pathway genes,
(4) increased pools of the precursors phosphoenolpyruvate
and erythrose-4-phosphate, (5) reduced accumulation of by-
products, including lactate, dihydroxyacetone phosphate,
and protocatechuate (PCA), and (6) reduced accumulation
of shikimate pathway intermediates, including dehydroshi-
kimate and shikimate. As a consequence, the highest 4-HBA
product titer up to about 37 g/L was achieved in a two-stage
bioprocess (Kitade et al. 2018). Thus, to provide aromatic
precursor for CoQ,;, biosynthesis, feedback-resistant CPL
and AroG from E. coli were introduced into a mutant C.
glutamicum, in which pobA, pcaHG, and gsuABD encoding
4-HBA hydroxylase, PCA dioxygenase, and QSU pathway
enzymes (putative shikimate importer, 3-dehydroshikimate

dehydratase, and quinate/shikimate dehydrogenase), respec-
tively, were deleted (Burgardt et al. 2021). Meanwhile, P.
taiwanensis was tailored to produce 4-HBA via L-tyros-
ine (Lenzen et al. 2019). This was enabled by expressing
tyrAfbr, tal, fcs, ech, and vdh coding for a mutated prephen-
ate dehydrogenase, tyrosine-ammonia lyase, feruloyl-CoA
synthetase, enoyl-CoA hydratase, and vanillin dehydroge-
nase, together with blockage of carbon flux to L-tryptophan,
homogentisate, and PCA. The resulting strain yielded about
10 g/L 4-HBA from glycerol in fed-batch cultivations.
Besides 4-HBA, 4-ABA can also be used as aromatic pre-
cursor of CoQ to form 3-hexaprenyl-4-aminobenzoate by
the action of 4-HBA-polyprenyl transferase in yeasts (Mar-
bois et al. 2010; Nishida et al. 2020). A feasibility study
to produce 4-ABA (around 0.25 mM) via chorismate was
implemented in a mutant S. cerevisiae by expressing abzl
encoding 4-aminobenzoate synthase (Kromer et al. 2013).
Several microbes such as E. coli (Huang and Gibson 1970;
Koma et al. 2014), C. glutamicum (Kubota et al. 2016), and
Bacillus subtilis (Averesch and Rothschild 2019) have been
successfully engineered for high titer 4-ABA production.
Of these, the highest titer of 4-ABA (about 43 g/L) was
obtained by introduction of 4-ABA biosynthetic step from
chorismate into the recombinant C. glutamicum overexpress-
ing the shikimate pathway genes (Kubota et al. 2016).

Improving precursor supply of polyprenyl
diphosphate for ubiquinone production

Since IPP and DMAPP are building blocks not only for the
polyprenyl tail of CoQ, but also for a vast variety of natural
terpenes and terpenoids like chlorophylls, carotenoids and
various quinones, ways to increase their supply have been
studied for many organisms and products.

The entry point for the MEP pathway is the condensa-
tion of glyceraldehyde 3-phosphate (G3P) and pyruvate to
1-deoxy-p-xylulose 5-phosphate (DXP) by DXP synthase
(Dxs), followed by reduction to MEP by DXP reductoi-
somerase (Dxr) (Fig. 2). MEP is converted to IPP in a series
of reactions, catalyzed by 2-C-methyl-p-erythritol 4-phos-
phate cytidylyltransferase (IspD), 4-diphosphocytidyl-2-C-
methyl-p-erythritol kinase (IspE), 2-C-methyl-p-erythritol
2,4-cyclodiphosphate synthase (IspF), 4-hydroxy-3-meth-
ylbut-2-enyl diphosphate synthase (IspG) and 4-hydroxy-
3-methylbut-2-en-1-yl diphosphate reductase (IspH). IPP is
isomerized to DMAPP by isopentenyl-diphosphate isomer-
ase (Idi) (Rohmer 1999). Most metabolic engineering strat-
egies to produce IPP-derived terpenes and terpenoids have
followed the rationale of overexpressing genes that code for
rate-limiting enzymes in the MEP pathway. The overexpres-
sion of dxs and idi has been established in different organ-
isms like C. glutamicum and the cyanobacterial Synechocys-
tis sp. for the production of patchoulol (Henke et al. 2018)
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and bisabolene (Rodrigues and Lindberg 2021), respectively.
Overexpressing dxs, dxr and idi has improved production
of isoprene in E. coli (Lv et al. 2013) and menaquinone-7
in B. subtilis (Ma et al. 2019; Liao et al. 2021). Volke
et al. showed by metabolic control analysis in E. coli that
indeed Dxs and Idi constitute major flux controlling steps
and that upon dxs overexpression, 2-C-methyl-p-erythritol
2,4-cyclodiphosphate accumulates intracellularly, while it is
also exported outside the cells rather than being reduced to
4-hydroxy-3-methylbut-2-enyl diphosphate. Overexpression
of ispG and ispH did not increase the flux, however (Volke
et al. 2019).

Besides the MEP pathway, IPP and DMAPP are synthe-
sized via the MVA pathway that branches off the central car-
bon metabolism at acetyl-CoA. Two acetyl-CoA molecules
are condensed to acetoacetyl-CoA by an acetoacetyl-CoA
thiolase (AACT) (Fig. 2). This is followed by another con-
densation with acetyl-CoA to 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) via HMG-CoA synthase (HMGS) and
subsequent reduction by HMG-CoA reductase (HMGR) to
mevalonate. These reactions comprise the upper mevalonate
pathway. The remaining reactions, referred to as the lower
mevalonate pathway, contain two phosphorylation steps
and a decarboxylation by mevalonate kinase (MK), phos-
phomevalonate kinase (PMK) and mevalonate diphosphate
decarboxylase (MVD), respectively, yielding IPP (Miziorko
2011). The utilization of the MVA pathway in addition to
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the native MEP pathway in E. coli has been employed for a
variety of products like isoprene (Liu et al. 2019), limonene
(Wu et al. 2019), isoprenoid alcohols (Zada et al. 2018) as
well as CoQ (Zahiri et al. 2006). The MVA pathway genes
were heterologously expressed and originated from Strepto-
coccus pneumoniae, Enterococcus faealis, S. cerevisiae and
Methanosarcina mazei amongst others. A synthetic pathway
was designed as alternative to the MEP and MVA pathways
using a retrosynthetic approach with the goal to challenge
the limitations in the natural pathways caused by carbon
and energy inefficiencies, complex chemistry and regula-
tory mechanisms. This pathway centers on the production
of isoprenoid alcohols, e.g. prenol or isoprenol, in order to
diphosphorylate them to IPP and DMAPP and enabled E.
coli to produce more than 2 g/L of prenol (Clomburg et al.
2019).

Besides engineering the direct precursor pathways, other
approaches have successfully improved production of tar-
get compounds. Disruption or downregulation of pathways
that compete for the common precursors IPP and DMAPP
like carotenoid and hopanoid biosynthesis, has led to higher
production of patchoulol by C. glutamicum (Henke et al.
2018) and CoQ,, by Rhodobacter sphaeroides (Zhu et al.
2017a) and Rhodopseudomonas palustris (Xu et al. 2021b).
Another strategy to obtain higher titers would be to modify
pathways of the central carbon metabolism. It is long known
that optimizing distribution between G3P and pyruvate, the



World Journal of Microbiology and Biotechnology (2022) 38:58

Page70f13 58

precursors of the MEP pathway, can increase flux towards
the MEP pathway (Farmer and Liao 2001). In addition, com-
bining the Entner—Doudoroff pathway with the MEP path-
way increased isoprene titers in E. coli three-fold (Liu et al.
2013). With the advent of CRISPRi-mediated repression,
fast screening of many target genes among different path-
ways allows to find suitable candidates to direct flux towards
IPP and DMAPP in shorter time as it has been shown for
E. coli (Tian et al. 2019) and C. glutamicum (Gottl et al.
2021). Lastly, cofactor economy plays an important role as
some enzymes of the MEP and MVA pathways as well as
of the CoQ,, synthesis are dependent on NAD(P)H, ATP
or SAM. Zhou et al. have increased the NADPH pool by
expressing a NADH kinase from S. cerevisiae, deleting the
NADPH-dependent aldehyde reductase YjgB and overex-
pressing genes coding for flavodoxin I (fldA) and flavodoxin/
ferredoxin NADP™ reductase (fpr) that are known to act as
a NADPH-Fpr-FIdA reducing system and to activate IspG
and IspH (Zhou et al. 2017).

Taken together, the pathways and reactions leading up
to IPP and DMAPP offer many possibilities for metabolic
engineering approaches. But it is crucial to balance the
modifications to avoid metabolic pitfalls that compromise
the organisms’ vitality. Strategies like changing NAD(P)H/
NAD(P)™ ratio or central metabolic pathways often are asso-
ciated with reduced cell growth and overexpression or heter-
ologous expression of genes in target pathways may perturb
regulation to prevent buildup of toxic intermediates (George
et al. 2018). Further metabolic engineering strategies to spe-
cifically produce CoQ,, will be addressed in another section.

CoQ,, production by bacteria natively synthesizing
CoQ,

Since CoQ,, biosynthesis requires many enzymatic steps,
and since their reaction mechanisms and regulation are still
not fully elucidated, first production approaches were based
on native CoQ,, producers, mainly Agrobacterium tumefa-
ciens and R. sphaeroides (Table 1). Unlike secreted products
of biotechnological interest such as amino acids (Wendisch
2020), CoQ, is cell-bound, i.e., incorporated into cell
membranes. Consequently, biomass production had to be
maximized, e.g., by media optimization or mutagenesis,
to achieve good CoQ titers (Yuan et al. 2012). Random
mutagenesis and selection with menadione and sodium azide
as inhibitors of the respiratory system generated mutants
that overcame the growth inhibition with increased CoQ),,
production. Thus, titers up to 350 mg/L were reached in
pH-stat fed-batch fermentations using these classically
obtained mutants (Kim et al. 2015). A. tumefaciens was used
for two up-scaling steps (300 L and 5000 L) and produced
CoQ,, to a cellular content of 8.54 mg/g DCW and a titer
of 458 mg/L (Ha et al. 2007a). CoQ,, content and titer were

elevated upon controlling the concentration of the carbon
substrate sucrose and optimizing pH and dissolved oxygen
levels (Ha et al. 2007b). R. sphaeroides has been employed
for 100 L fermentation in which under phosphate limitation
a titer of 1.95 g/L was reached, the highest reported in lit-
erature (Zhang et al. 2019). R. sphaeroides fermentation has
been realized commercially as it also benefits from the fact
that CoQ production can operate with non-toxic wastewater
(He et al. 2021).

Metabolic engineering strategies
for the overproduction of CoQ,,

Metabolic engineering allows for improving production
rationally in native CoQ, producers and for enabling CoQ,,
production in microorganism that do not possess a native
CoQ biosynthesis pathway (Lee et al. 2017). Strategies for
(heterologous) overproduction involve the identification and
elimination of bottlenecks and flux redistribution in the pre-
cursor pathways, use of the MVA pathway in addition to the
MEP pathway and/or reducing competitive production of
carotenoids as reviewed above. CoQ, has been produced
in metabolically engineered eukaryotes and prokaryotes,
but as there are less studies about eukaryotic producers and
their CoQ, content is not competitive with most bacterial
production hosts, the following sections will only focus on
the latter.

Metabolic engineering of E. coli to produce CoQ,,

E. coli is a natural CoQg producer and merely the expres-
sion of a heterologous decaprenyl diphosphate synthase is
required for CoQ),, production since the polyprenyl trans-
ferase UbiA promiscuously accepts polyprenyl diphosphates
of different lengths (Cheng and Li 2014), as was shown
before (Martinez et al. 2015). E. coli synthesizes both,
menaquinone and ubiquinone, with menaquinone biosyn-
thesis being nonessential under aerobic conditions. Block-
ing the menaquinone pathway in addition to expression of
dxs and ubiA and supplementation of pyruvate and 4-HBA
boosted CoQg content 4-fold. Growth was not affected under
aerobic conditions by the disruption of menaquinone biosyn-
thesis (Xu et al. 2014). CoQ),, production by this industri-
ally important organism has received attention some years
ago (Table 1) (Zahiri et al. 2006; Cluis et al. 2011), but
some natively CoQ),, producing bacteria like R. sphaeroides
proved to be superior hosts for CoQ, production. Neverthe-
less, a recent example of efficient menaquinone-7 (MK)
production to a titer of 1350 mg/L has shown that quinone
production by E. coli should not be underestimated. This
was achieved by optimized heterologous expression of
MVA pathway genes and screening several heterologous
Idi enzymes to improve IPP supply, overexpression of
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Table 1 Representative examples of CoQ,, production strategies with natural, mutant, and metabolically engineered hosts
Production host Key strategies Titer (mg/L) Content (mg/g) Volumetric References
productivity
(mg/L/h)
Native CoQ producers and derived mutant strains
A. tumefaciens KCCM 10413 Controlling sucrose concentration, 627 9.25 5.23 Ha et al. (2007a)
fed-batch cultivation
A. tumefaciens KCCM 10413 Controlling pH and dissolved 458 8.54 3.82 Ha et al. (2007b)
oxygen, 5000 L fed-batch
cultivation
A. tumefaciens 1.2554 Media optimization, mutagenesis, 120 3.86 1.25 Yuan et al. (2012)
fed-batch cultivation
A. tumefaciens S02-13 Adaptive laboratory evolution 350 ~4.2 3.89 Kim et al. (2015)
with menadione and sodium
azide
R. sphaeroides KACC 91339P Optimizing fermentation condi- 55 8.12 0.78 Kien et al. (2010)
tions, 150 L fed-batch cultiva-
tion
R. sphaeroides Shenzhou6 Mutagenesis using atmospheric 590 - 5.9 Zou et al. (2019)
and room temperature plasma
treatment with vitamin K3 for
selection pressure
R. sphaeroides HY01 Phosphate limitation, 100 L fed- 1950 ~24.4 ~25.7 Zhang et al. (2019)
batch cultivation
Metabolically engineered native CoQ producers
E. coli Expression of ddsA from A. - 2.43 - Zahiri et al. (2006)
tumefaciens and MVA pathway
genes from S. pneumoniae
E. coli Deletion of ispB, expression 0.70 0.43 0.10 Martinez et al. (2015)
of ddsA from Sphingomonas
baekryungensis, optimization of
cultivation conditions
R. sphaeroides 2.4.1 Overexpression of dxs, dxr, idi, 138 12.94 2.88 Lu et al. (2015)
ispD (MEP pathway); overex-
pression of fused ubiG and ubiE
R. sphaeroides 2.4.1 Overexpression of rate-limiting 600 8.3 6.25 Zhu et al. (2017b)
enzymes, increasing NADH/
NAD™ ratio and oxygen uptake
R. sphaeroides 2.4.1 Overexpression of transcriptional 73 5.67 - Zhu et al. (2017a)
repressor ppsR to decrease
carotenoid synthesis and crtE to
improve GGPP supply
R. sphaeroides 2.4.1 Modifying respiratory chain by 71 4.59 0.74 Zhang et al. (2018)
deletion of sdhB, two-step oxy-
gen supply culture strategy
R. sphaeroides ATCC 17023 Deletion of fruA and fruB, 78 4.53 1.08 Yang et al. (2021)
increasing uptake of glucose via
non-PTS by expression of galP
R. palustris TIE-1 Deletion of shc and crtB to 3.6 8.2 0.05 Xu et al. (2021b)
disrupt carotenoid and hopanoid
synthesis, overexpression of dxs,
dps, ubiA
Metabolically engineered producers that do not natively synthesize
CoQ
C. glutamicum ATCC 13032 Metabolic engineering to produce 0.43 0.04 0.004 Burgardt et al. (2021)

4-HBA and DPP, expression of
E. coli genes from ubiquinone
pathway
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endogenous and exogenous MK pathway genes and enhanc-
ing the flux from chorismate to 1,4-dihydroxy-2-naphthoate,
the direct precursor for demethylmenaquinone (Gao et al.
2021).

Genetic engineering of bacteria that natively
produce CoQ,,

Studies on native CoQ,, producers that have been genetically
engineered for its overproduction are quite rare with excep-
tion of R. sphaeroides. This purple photosynthetic bacterium
emerged as the most promising organism for CoQ,, pro-
duction in recent years and will therefore be the focus here
(Table 1). In one approach, genes that code for enzymes of
the aerobic respiration chain were deleted due to relationship
between CoQ,, synthesis and respiration chain activity. A R.
sphaeroides mutant defective for succinate dehydrogenase
(sdhB) overproduced CoQ),, under low oxygen conditions,
which was exploited in a two-step oxygen supply culture
strategy to increase the CoQ,, titer from 50 mg/L in the
wild type to 71 mg/L in the recombinant strain (Zhang et al.
2018). In another study, deletion of the gene for the only
known phosphotransferase system (PTS) in R. sphaeroides,
PTSF™, combined with heterologous expression of a
galactose:H™ symporter gene to improve provision with PEP
as CoQ, precursor increased the glucose consumption rate
by 39% and the biomass concentration by 80% compared to
the wild type and the CoQ, titer to 78 mg/L, which was 50%
higher than the wild type (Yang et al. 2021). Metabolic bot-
tlenecks in the ubiquinone pathway of R. sphaeroides were
identified to be UbiE, UbiH, and UbiG. A UbiG-UDbiE fusion
protein overcame this bottleneck (138 mg/L) despite slightly
lower biomass concentration than the wild type (Lu et al.
2015). UbiA was not rate-limiting contrary to observations
for E. coli and A. tumefaciens (Zhang et al. 2007; Cluis et al.
2011). Although not fully understood, heterologous expres-
sion of Vitreoscilla hemoglobin (vgb) slightly improved
the titer in this R. sphaeroides strain (Lu et al. 2015) to
164 mg/L when the NADH/NAD™ ratio was modified as
well. While increasing the NADH/NAD™ ratio influenced
the biomass negatively, expression of vgb counteracted this
and in combination, growth was superior to the parent strain.
A fed-batch fermentation yielded 600 mg/L CoQ),, produc-
tion (Zhu et al. 2017Db).

CoQ,, production in bacteria that do not natively
produce CoQ

A bacterium natively lacking CoQ biosynthesis has recently
been engineered for CoQ, production (Table 1) (Burgardt
et al. 2021). Previously, C. glutamicum was engineered
for high-level production of the aromatic CoQ),, precursor
4-HBA (Kitade et al. 2018; Purwanto et al. 2018). Two steps

were required to enable CoQ,, production by the 4-HBA
producing C. glutamicum strain. First, overproduction of
the prenyl precursor of CoQ,,, decaprenyl diphosphate
(DPP), was achieved by heterologous expression of DPP
synthase gene ddsA from Paracoccus denitrificans (Burgardt
et al. 2021). Second, genes for the whole ubiquinone path-
way from E. coli were expressed and the resulting strain
produced 0.43 mg/L (Burgardt et al. 2021). Although the
titer was low, this is the first proof-of-concept of producing
CoQ),, by a microorganism lacking native CoQ biosynthesis.
The fact that C. glutamicum has been used safely for more
than 50 years in fermentative amino acid production, which
is operated at a scale of 6 million tons per year (Wendisch
2020), forecasts that optimization of CoQ,, production by
this bacterium holds large potential. Previous engineering
of C. glutamicum for high-level production of aromatic
compounds including the CoQ,, precursor 4-HBA (Lee
and Wendisch 2017) as well as for products derived from
the MEP pathway (Heider et al. 2014; Henke and Wendisch
2019; Li et al. 2021) provides a sound basis to de-bottleneck
transfer of CoQ,, biosynthesis from native CoQ,, producing
microbes to C. glutamicum and to gain an in-depth under-
standing of CoQ,, biosynthesis in the respective donor
microbes.

Conclusions and future perspectives

CoQ is a key component in eukaryotic and bacterial cells
as it is required for energy generation while also fulfilling
numerous other functions. Future research has to fully eluci-
date CoQ biosynthesis since some parts of CoQ biosynthesis
remain uncharacterized, e. g., the C1-decarboxylation and
the C1-hydroxylation steps in the aromatic ring modification
in eukaryotes. Recent advances, however, have been made
in the understanding of the UbiD-UbiX system in bacteria,
the diversity of CoQ hydroxylases, and especially, the supra-
molecular organization of enzymes that finalize the aromatic
ring modification towards CoQ. Regarding the latter, the
structural characterization and stoichiometry of the involved
Ubi or Coq proteins are still missing, but hydroxylases and
methyltransferases as well as associated lipid-binding pro-
teins have been identified. In terms of microbial produc-
tion of CoQ, further research on the rational improvement
of CoQ,, production is required. Although employment of
mutagenized natural CoQ);, producers and process optimiza-
tion led to impressive CoQ, titers, the underlying mecha-
nisms have not been understood. Metabolic engineering will
not only enable the use of renewable resources for CoQ,
production and improve CoQ,, titers and productivities,
but rational pathway reconstruction will help to expand the
knowledge about the CoQ biosynthesis.
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