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Abstract

Vitamin K, (menaquinone, VK,, MK) is an essential lipid-soluble vitamin that plays critical roles in inhibiting cell fer-
roptosis, improving blood clotting, and preventing osteoporosis. The increased global demand for VK, has inspired interest
in novel production strategies. In this review, various novel metabolic regulation strategies, including static and dynamic
metabolic regulation, are summarized and discussed. Furthermore, the advantages and disadvantages of both strategies are
analyzed in-depth to highlight the bottlenecks facing microbial VK, production on an industrial scale. Finally, advanced
metabolic engineering biotechnology for future microbial VK, production will also be discussed. In summary, this review
provides in-depth information and offers an outlook on metabolic engineering strategies for VK, production.

Keywords Vitamin K, - Metabolic engineering - Static metabolic regulation - Dynamic metabolic regulation

Introduction

Vitamin K (VK) is an essential lipid-soluble vitamin dis-
covered by Henrik Dam and Edward Doisy. They shared
the Nobel Prize in 1943 for their work on VK (Dam 1967,
2010). VK is characterized by the presence of a 2-methyl-
1,4-naphthoquinone ring. VK, (phylloquinone, PK)) and VK,
(menaquinone, MK, menadione) are the two main naturally
occurring types of vitamin K (Fig. 1) and are synthesized by
microorganisms. VK, VK,, and VKj are artificially synthe-
sized. VK, and VK; can function only when converted into
VK, in the liver, after which it is absorbed with the VK,
naturally synthesized by the gastrointestinal bacteria. The
chemical formula of VK, is 2-methyl-3-alkenyl-1,4-naph-
thoquinone, and its molecular formula is C,H, O, (CsHyg),,.
VK, can be divided into 11 types according to the length of
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the isoprene side chain on C-3. These 11 types are usually
expressed as MK-n, where n (4—14) refers to the number of
isoprene units on C-3 (Binkley et al. 1939).

With the progress in medical research and the newly
discovered functions of VK, in inhibiting ferroptosis and
reducing the risk of Parkinson’s and Alzheimer’s (Bhalerao
et al. 2012; Liu et al. 2021; Mishima et al. 2022; Vos et
al. 2012), many companies have realized the importance of
industrializing VK, production.

Among the VK, homologs, MK-4 is the most common
form in animals and has the widest range of physiological
activities (Halder et al. 2019). The long-chain MK isoforms,
such as MK-7, are found in fermented foods or produced by
Bacillus subtilis. MK-4 and MK-7 are allowed in the United
States as nutritional supplements for bone health (Mahdinia
et al. 2017). However, the administration of MK-4 is not
reflected in an increased serum concentration (Halder et al.
2019). In contrast, MK-7 is absorbed efficiently, reflecting
increased serum MK-7 levels up to several days, thereby
contributing to the vitamin K status (Halder et al. 2019; Lal
and Berenjian 2020). US Pharmacopeia monographs have
been developed to establish quality standards for MK-7 as a
dietary ingredient at typically recommended levels (Marles
et al. 2017). Although there are cis, trans, and cis/trans iso-
mers of MK-7, only the all-trans form is produced naturally
through fermentation and is biologically active (Lal and
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Berenjian 2020). Thus, enhancing the production of VK, by
environmentally friendly fermentation has been extensively
studied.

Several wild-type microorganisms, such as Flavobac-
terium meningosepticum, Bacillus subtilis, and Lactococ-
cus lactis, have been isolated from various environments
and used for the industrial production of VK, (Aguiar et
al. 2015; Morishita et al. 1999; Tani et al. 1986; Wang et
al. 2021). However, Flavobacterium meningosepticum is a
conditioned pathogen, and the productivity of wild B. sub-
tilis and Lactococcus lactis is low, below 226 mg/L (Beren-
jian et al. 2014). Mutation breeding has been adopted as the
conventional method for enhancing the yield of VK, dur-
ing microbial fermentation. This technique includes both
physical and chemical methods to induce genetic muta-
tions and selectively modify the microorganisms (Che et
al. 2018). Several factors, such as mutagen type, dosage,
and time, have been optimized to induce genetic mutations
in the microorganisms (Liu et al. 2015; Song et al. 2014).
However, this technique’s main drawback is the difficulty
in screening the positive mutants to obtain effective results.
For these reasons, molecular and other efficient approaches
have focused on metabolic pathways and are gradually
replacing mutation breeding. Various molecular methods
for effectively modifying strains, especially metabolic engi-
neering strategies, have been applied to microbial cell facto-
ries, such as Bacillus and Escherichia coli, to produce VK,
(Gao et al. 2020; Yang et al. 2019). However, there is little
literature summarizing the novel metabolic engineering
strategies. This review points to the biosynthesis pathway
for the production of VK, and discusses the current limita-
tions and future directions for microbial production of VK,.
This review provides in-depth information on metabolic
engineering strategies for VK, production and also offers
a perspective on metabolic engineering methods for other
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products that share the same intermediate metabolites or
pathways.

Conventional mutation breeding strategies
for MK-producing strains

To increase VK, production, various vitamin K-producing
strains have been constructed by conventional mutation
breeding strategies, such as random mutagenesis (Table 1).
Random mutagenesis using a chemical agent or physical
treatment can be used first to construct mutant strains exhib-
iting desirable phenotypes (Yu et al. 2020). The well-known
chemical mutagen N-methyl-N’-nitro-N-nitrosoguanidine
(NTG), which causes alkylation of guanine or thymine, has
been used for the construction of Bacillus and Flavobacte-
rium mutants to overproduce VK, (Sato et al. 2001; Song
et al. 2014). Along with the chemical mutagens, various
analogs of VK, precursors, such as 1-hydroxy-2-naphthoic
acid (HNA), have been used for generating mutants with
increased metabolic flux in VK, biosynthesis (Song et al.
2014; Tsukamoto et al. 2001). Diphenylamine (DPA), which
inhibits the biosynthesis of the naphthoquinone ring, can
also generate mutant strains overproducing VK,. Sato et al.
(2001) used NTG and DPA to construct a mutant strain of B.
subtilis. The resulting D200-41 strain produced 19.6 mg/L
of VK, in 500 mL in flask fermentation and 62.1 mg/L of
VK, in 5 days of static fermentation after optimizing the
carbon and nitrogen sources in the growth medium. Tani et
al. (1986) used NTG and HNA to construct F. meningosep-
ticum mutants overproducing VK,. Using glycerol as a sub-
strate, the resulting mutant strain F. meningosepticum HNA
350 —22 produced 23 mg/L of VK,, while the wild-type F.
meningosepticum IFO 12,535 strain produced 14.1 mg/L of
VK,



World Journal of Microbiology and Biotechnology (2024) 40:8

Page3of14 8

Table 1 Conventional muta-
tion breeding strategies used
for MK-producing strain.
HNA: 1-hydroxy-2-naphthoic
acid; DPA: diphenylamine;
NTG: N-methyl-N’-nitro-
N-nitrosoguanidine; $-TA:

B-thienylalanine; pFP: p-fluoro-

D,L-phenylalanine; mFP:
m-fluoro-D,L-phenylalanine.

Strain Strategies Type Titer Reference
Bacillus subtilis natto UV and analog resistance MK-7 3438 ug/100 g Tsukamoto
0UV23481 (HNA, pFP, mFP, B-TA) etal. (2001)
Bacillus subtilis D200-41 Strain mutation (DPA) media ~ MK-7 60 mg/L Sato et al.
optimization (2001)

B. subtilis (natto)-P15-11-1 Strain mutation (NTG, HNA MK-7  3.593 mg/L Song et al.
and N*ion-beam) media (2014)
optimization

B. subtilis (natto)-P15-11-1 Strain mutation and media MK-7  91.25 mg/L Wang et al.
optimization (2018)

B. subtilis Strain mutation (1-naphthol MK-7 144 ug/mL Puri et al.
and Tween80) (2015)

Bacillus licheniformis Strain mutation (kanamycin MK-7 0.3 nmol/mL Goodman
and shikimate) et al. (1976)

Bacillus amyloliquefaciens Strain mutation (HNA, DPA MK-7 613 mg/L Xu et al.

H.p.D.R-5 and B-TA) (2017)

Bacillus amyloliquefaciens Laboratory evolution at 50°C ~ MK-7 57 mg/L Liu et al.

MK50-36 (2021)

Bacillus subtilis Strain mutation (1-naphthol MK-7  14.4 ug/mL Puri et al.
and Tween 80) (2015)

Flavobacterium Mutagenesis (NTG, HNA) MK-4, 34 mg/L Tani et al.

meningosepticum MK-5 (1986)

and
MK-6

Physical methods for random mutagenesis, such as UV
and N* ion-beam, have also been used for generating Bacil-
lus mutants with increased VK, production (Song et al.
2014; Tsukamoto et al. 2001). Using UV treatment and ana-
logs of VK, precursors, Tsukamoto et al. (2001) attempted
to generate several mutant strains based on the wild-type B.
subtilis O-2 strain isolated from natto. The resulting mutant
B. subtilis OUV23481 was used for making natto containing
up to 1.719 g VK, per 100 g of natto, which was 1.7 times
higher than that made by the parent strain. Similarly, Song et
al. (2014) used NTG and HNA with N* ion-beam treatment
to construct a mutant strain based on the wild-type B. sub-
tilis BN2-6 strain isolated from natto. The resulting strain
BN-P15-11-1 produced 2.5 mg/L of VK,, which was 166%
higher than the parent strain. Further optimization of the fer-
mentation medium increased VK, production to 3.593 mg/L
by the BN-P15-11-1 strain. Puri et al. (2015) constructed a
mutant strain based on B. subtilis using 1-naphthol. In 100
mL flask fermentation for 24 h, the 1-naphthol mutant strain
produced 12.5 g/mL of MK-7. In the presence of Tween-80,
MK-7 production increased to 14.4 g/mL.

Other conventional mutation breeding strategies, such
as high-temperature induction and analog resistance, have
also been used for menaquinone production. Goodman et
al. (1976) constructed the VK,-deficient mutant strain based
on wild-type Bacillus licheniformis using kanamycin and
shikimate. The resulting strain produced 0.3 nmol/mg of
MK-7, which was lower than the titer of MK-7 produced
by the wild-type strain (0.38 nmol/mg). Recently, Liu et
al. (2021) used the H.$.D.R-5 mutant to create another B.

amyloliquefaciens mutant having a high a-amylase activity.
This was achieved through adaptive evolution with tempera-
ture-induced mutagenesis at a high growth temperature. The
resulting heat-resistant mutant MK50-36 produced 57 mg/L
of MK-7 in a corn starch medium over 6 days of fed-batch
fermentation. Similarly, the Bacillus mutant released from
feedback inhibition by aromatic amino acids effectively
enhanced VK, biosynthesis since the aromatic amino acids
share their biosynthetic pathway with VK, (Tsukamoto et
al. 2001). Xu and Zhang (2017) constructed B. amylolique-
faciens H..D.R-5 mutant strain based on the wild-type Y-2
strain. The multi-round random mutagenesis using HNA,
DPA, and B-thienylalanine (-TA) generated analog resis-
tance. The H..D.R-5 mutant produced 61.3 mg/L of MK-7
in a maize meal hydrolysate medium using a 7 L fermenter.

These results suggested that although conventional muta-
tion breeding strategies could improve VK, production in
strains such as Bacillus and Flavobacterium mutants, the
overall production was still below 95 mg/L. In addition,
conventional mutation breeding strategies have low screen-
ing efficiencies from large mutant libraries. Random muta-
genesis has been widely used for the reconstruction of
microbial strains. However, the millions of isolates created
after mutagenic treatment should be measured.
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Biochemistry of VK, biosynthesis

The biosynthesis pathway will be discussed first in order
to better understand the metabolic engineering strategies of
VK,. VK, is composed of a main chain (2-methyl-3-alke-
nyl-1,4-naphthoquinone) and a side chain (polyisoprene).
Therefore, polyisoprene and 1,4-dihydroxy-2-naphthoate
(DHNA) are the most important intermediates in VK, bio-
synthesis. The polyisoprene side chain is produced from two
five-carbon (C5) universal precursors, DMAPP and isopen-
tenyl diphosphate (IPP), through the mevalonate (MVA) or
methylerythritol 4-phosphate (MEP) pathway (Kawamukai
2018) (Fig. 2). DHNA is derived from chorismate (CHA),
and enters the futalosine (FL) or classical MK pathway to
form the naphthoquinone headgroup (Dairi 2012; Arakawa
et al. 2011). Then, the naphthoquinone is ligated with poly-
isoprene by MenA or MqnP to form demethylmenaquinone
(DMK) (Fig. 2). MK-7 is synthesized via the methylation of
DMK (Meganathan and Kwon 2011). For VK,, the polyiso-
prene side chain anchors naphthoquinone in the lipid mem-
brane, while the naphthoquinone main chain is responsible
for the electron transfer (Kawamukai 2018).

The isoprene biosynthesis pathway

The universal precursors of all isoprenoids, IPP and DMAPP,
can be synthesized by two major unrelated pathways: the
MVA and MEP pathways. Although most bacteria use only
the MEP pathway to produce their essential isoprenoid
precursors, some exceptions exist (Boucher and Doolittle
2000; Lange et al. 2000; Laupitz et al. 2004). Some bacte-
ria, including the spirochaete Borrelia burgdorferi and the
Gram-positive cocci Staphylococcus aureus and Strepto-
coccus pneumoniae, have been confirmed to use the MVA
pathway instead of the MEP pathway for IPP and DMAPP
synthesis. Others, including Listeria monocytogenes and
some Streptomyces strains, possess the two complete path-
ways (Begley et al. 2004; Boucher et al. 2001; Kuzuyama
and Seto 2003; Laupitz et al. 2004).

In the first steps of the MVA pathway, 3-hydroxy-3-meth-
ylglutaryl-CoA (HMG-CoA) is produced from the sequential
condensation of three molecules of acetyl-CoA catalyzed by
the enzymes acetoacetyl-CoA thiolase (AACT) and HMG-
CoA synthase (HMGS). HMG-CoA reductase (HMGR) cat-
alyzes the irreversible conversion of HMG-CoA into MVA
in the first committed step of the pathway. Then, MVA is
sequentially phosphorylated and decarboxylated to generate
IPP by the enzymes mevalonate kinase (MVK), 5-phospho-
mevalonate kinase (PMVK), and 5-diphosphomevalonate
decarboxylase (DPMD). The activity of an IPP/DMAPP
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isomerase (IDI) enzyme is required to form DMAPP from
IPP.

The MEP pathway has been best characterized in E. coli,
a model bacterium that lacks the MVA pathway (Rohmer
2008; Eisenreich et al. 2001). It starts with the condensation
of (hydroxyethyl) thiamin derived from pyruvate with the
C-1 aldehyde group of D-glyceraldehyde 3-phosphate. The
resulting 1-deoxy-D-xylulose 5-phosphate (DXP) is pro-
duced in a reaction catalyzed by the enzyme DXP synthase
(DXS). In the second step, DXP reductoisomerase (DXR)/
IspC catalyzes the intramolecular rearrangement and reduc-
tion of DXP to produce MEP. The sequential action of the
enzymes MEP cytidylyltransferase (MCT)/IspD, [4-(cyti-
dine 5-diphospho)-2-C-methyl-D-erythritol kinase (CMK)/
IspE, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate syn-
thase (MDS)/IspF, and 4-hydroxy-3-methylbut-2-enyl
diphosphate (HMBPP) synthase/IspG transforms MEP
into HMBPP. Finally, the enzyme HDR (HMBPP reduc-
tase)/IspH catalyzes the simultaneous formation of IPP and
DMAPP in an approximate 5:1 proportion. For the biosyn-
thesis of MK-7, heptaprenyl diphosphate (HPP) with seven
isoprene units is needed.

The DHNA biosynthesis pathway

Glyceraldehyde-3-phosphate enters the pentose phosphate
(HMP) pathway to yield the important intermediate of
4-phosphate-erythritol, which can be used to synthesize shi-
kimic acid (SA) by a series of ligation, dehydration, and
dehydrogenation reactions. SA is the starting point of VK,
biosynthesis and is used to form the quinone skeleton of
DHNA through six enzymes encoded by menFDHCEB
genes (Dairi 2012; Meganathan 2001). The HPP unit is
transferred to the carboxyl group of DHNA by 1,4-dihy-
droxy-2-naphthoate heptaprenyl transferase encoded by
menA. VK, is then finally formed through methylation by
UbiE/MenG (Dairi 2012; Meganathan and Kwon 2011).

In addition to the classical MK pathway from SA, the fut-
alosine pathway is an alternative pathway for VK, biosyn-
thesis. The futalosine pathway encompasses seven enzymes
encoded by the men gene cluster in Bacillus spp. and E. coli
(Hiratsuka et al. 2008). The discovery of the futalosine path-
way was due to the men gene cluster in the genome of Strep-
tomyces. However, it has not been found in some pathogenic
species, such as Helicobacter pylori and Campylobacter
Jjejuni. DHNA and additional genes and enzymes for VK,
biosynthesis exist in S. coelicolor A3 (Joshi et al. 2018;
Hiratsuka et al. 2009). In the futalosine pathway, CHA is
converted to futalosine (Arakawa et al. 2011) and finally
forms DHNA by four enzymes encoded by the mgnABCD
gene cluster (Kim et al. 2014). Polyprenyl diphosphate is
then attached by MqnP to form VK, (Cotrim et al. 2017).
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Fig.2 Metabolic pathway of VK, Menaquinone biosynthesis is a com- synthase; Dxr, 1-deoxyxylulose-5-phosphate reductoisomerase;

plex process involving multiple metabolic pathways, such as glycoly-
sis, the pentose phosphate pathway, the shikimate pathway, the MEP or
MVA pathway, as well as the classical MK pathway or futalosine path-
way. Enzymes are displayed in different colors in different pathways.
Red, green, rose, blue and yellow indicated the enzymes involved in
MEP, MVA, MK, shikimate and futalosine pathway, respectively
Intermediate metabolites:

Gly, glycerol; DHAP, dihydroxyacetone phosphate; G3P, glycer-
aldehyde-3-phosphate; PYR, pyruvate; DXP, 1-deoxy-D-xylose-
5-phosphate; MEP, 2-C-Methyl-D-Erythritol-4-Phosphate; CDP-
ME, 4-(cytidine 5'-diphospho)-2-C-methylerythritol; CDP-MEP,
2-phospho-4-(cytidine 5'-diphospho)-2-C-methylerythritol; MEcPP,
2-C-methyl-D-erythritol-2,4-cyclodiphosphate; HMBPP, 1-hydroxy-
2-methyl-2-butenyl 4-diphosphate; DMAPP, dimethylallyl pyrophos-
phate; IPP, isopentenyl diphosphate; GPP, geranyl diphosphate; FPP,
farnesyl diphosphate; HPP, heptaprenyl diphosphate; PEP, phospho-
enolpyruvate; E4P, erythrose 4-phosphate; SA, shikimate acid; CHA,
chorismate; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-
1-carboxylate; DHNA, 1,4-dihydroxy-2-naphthoate; DMK, 2-demeth-
ylmenaquinone; FL, futalosine; DHFL, dehypoxanthinyl futalosine;
MK, menaquinone; PPA, prephenate; PABA, para-aminobenzoic acid;
ADC, 4-amino-4-deoxychorismate; HMG-CoA, 3-hydroxy-3-meth-
ylglutaryl-CoA; MVA, mevalonate; M5P, mevalonate-5-phosphate;
MS5PP, mevalonate-diphosphate; HB, 4-Hydroxybutyric acid; UQ,
ubiquinone

Enzymes:

GIpK, glycerol kinase; GlpD, glycerol-3-phosphate dehydrogenase;
Tpi, triosephosphate isomerase; Dxs, 1-deoxyxylulose-5-phosphate

In addition, a modified futalosine pathway, which starts
from 6-amino-6-deoxyfutalosine instead of futalosine as the
first step, has been found in Campylobacter jejuni (Xu et
al. 2011). In most microorganisms, the mgn genes encoding
the futalosine pathway are scattered throughout the genome
(Arakawa et al. 2011; Dairi 2012; Joshi et al. 2018). The

IspD/YacM, 2-C-methylerythritol 4-phosphate cytidylyltransferase;
IspE, 4-diphosphocytidyl-2-C-methylerythritol kinase; IspF/YacN,
2-C-methylerythritol 2,4-cyclodiphosphate synthase; IspG/YgtY,
4-hydroxy-3-methylbut-2-enyl diphosphatesynthase; IspH, 4-hydroxy-
3-methylbut-2-enyldiphosphate reductase; Idi, type 2 isopentenyl-
diphosphate Delta-isomerase; IspA/YqiD, farnesyl diphosphate syn-
thase; HepS/T, heptaprenyl diphosphate synthase component I/II;
MenA, 1,4-dihydroxy-2-naphthoate heptaprenyltransferase; MqnA,
chorismate dehydratase; MqnB, futalosine hydrolase; MqnC, dehypo-
xanthine futalosine cyclase; MqnD, 5,8-Dihydroxy-2-naphthoate syn-
thase; AroG, bifunctional 3-deoxy-7-phosphoheptulonate synthase/
chorismate mutase; AroB, 3-dehydroquinate synthase; AroC, 3-dehy-
droquinate dehydratase; AroD, shikimate dehydrog enase; AroH, cho-
rismate mutase; AroK, shikimate kinase; AroF, chorismate synthase;
MenF, isochorismate synthase; MenD, 2-succinyl-5-enolpyruvyl-
6-hydroxy-3-cyclohexene-1-carboxylate synthase; MenH, demethyl-
menaquinone methyltransferase; MenC, o-succinylbenzoate synthase;
MenE, o-succinylbenzoate-CoA ligase; MenB, 1,4-dihydroxy-2-naph-
thoyl-CoA synthase; Menl, 1,4-dihydroxy-2-naphthoyl-CoA hydro-
lase; MenG/UbiG, demethylmenaquinone methyltransferase; Thil,
thiamine monophosphate kinase; HmcM: 3-hydroxy-3-methylgluta-
ryl-CoA synthase; MvaA, 3-hydroxy-3-methylglutaryl-CoA reduc-
tase; MvaK 1, mevalonate kinase; MvaK2, phosphomevalonate kinase;
MvaD, diphosphomevalonate decarboxylase; Fni, isopentenyl-diphos-
phate delta-isomerase; PreA, dihydropyrimidine dehydrogenase;
UbiA, 4-hydroxybenzoate octaprenyltransferase

reason why some microorganisms use the new pathway to
synthesize VK, is still unclear, but new ideas for drug devel-
opment have been provided based on this pathway (Choi et
al. 2016; Paudel et al. 2016). In particular, studying inhibi-
tors targeting this pathway is a hot topic for the develop-
ment of new antibiotics because the futalosine-dependent
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VK, biosynthesis pathway is absent in humans (Shimizu et
al. 2018; Tanaka et al. 2011).

Static metabolic engineering of the SA pathway

Static regulation of target metabolic pathways is a tradi-
tional regulatory strategy to improve the synthesis efficiency
of target compounds in microbial cell factories. Static regu-
lation refers to the direct upregulation, downregulation,
or knockout of genes in a metabolic pathway in order to
maximize the metabolic flow towards the product (Fig. 3A).
Low expression levels of key enzymes involved in VK, bio-
synthesis may be the rate-limiting steps for VK, production
in different strains. Therefore, the challenge includes deter-
mining which enzymes are critical and how to regulate the
expression of these enzymes.

In the pathways described above, the most important
intermediates in VK, biosynthesis are chorismate and iso-
prene. Chorismate enters the classical MK pathway or fut-
alosine pathway to form the naphthoquinone headgroup
(Fig. 2) (Johnston and Bulloch 2020). The SA pathway con-
nects the central carbon metabolism with the biosynthesis of
chorismate, which is a key precursor for the production of
aromatic amino acids and a large number of other aromatic
compounds in microorganisms, including VK, (Lee and
Wendisch 2017; Jiang and Zhang 2016). In E. coli, three dif-
ferent 3-deoxy-d-arabino-heptulosonate-7-phosphate syn-
thase (DAHPS) isoenzymes encoded by the aroGFH genes
contribute to the total DAHPS activity and are subject to
allosteric control by I-phenylalanine, I-tyrosine, and I-tryp-
tophan, respectively (Ikeda 2006; Kim et al. 2018; Liu et al.
2019b). Through structural analysis of mutant enzymes that
are not sensitive to feedback, certain specific amino acid
residues involved in the allosteric site have been identified,
and feedback-resistant (fbr) variants of aroG and aroF have
been developed (Ikeda 2006; Chen and Zeng 2017; Liu et al.
2019a). Hence, eliminating feedback inhibition of the key
enzymes obtained by introducing site-directed mutations is
usually the first and most important step for constructing a
high-producing strain.

In a study of modular pathway engineering to promote
MK-7 production, Yang et al. (2019) found that the overex-
pression of aroADE in B. subtilis inhibited the biosynthesis
of MK-7 despite the transcriptional levels of these genes
being significantly increased (>300-fold). It was suggested
that increased production of aromatic amino acids resulted
in feedback inhibition of the shikimate pathway, ultimately
inhibiting the production of MK-7. Cui et al. (2019) overex-
pressed aroAK with the feedback inhibition-resistant aroG™
from E. coli, resulting in a two-fold increase in MK-7 pro-
duction compared to the wild type (Table 2).
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We can also learn from studies on the production of aro-
matic chemicals and derivatives such as p-aminobenzoate,
salicylate, cis, cis-muconic acid (MA), 4-hydroxycoumarin
(4-HC), and 4-hydroxybenzoic acid (Kim et al. 2020; Choi
et al. 2020; Rekhter et al. 2019; Noda and Kondo 2017).
To improve microbial biosynthesis of 4-hydroxycoumarin,
Lin et al. (2013) constructed a chorismate-boosting plasmid
pCS-APTA (overexpressing aroL, ppsA, tktd, and aroG™),
which led to the production of 283.9 mg/L 4HC, a 37%
increase compared with its original strain. Additionally,
strategies for synthesizing chorismate derivatives are often
based on the release of pyruvate competition. Therefore,
using metabolic engineering strategies involving the pyru-
vate recycling system combined with improved chorismate
supply can promote cell growth, leading to high production
and yield of chorismate derivatives.

Static metabolic engineering of polyisoprene
biosynthesis

Polyisoprene biosynthesis plays an important role in the pro-
duction of isoprenoid compounds, of which there are more
than 50,000 in nature (Wang et al. 2017; Frank and Groll
2017). Isoprenoids perform a wide variety of important bio-
logical functions, including electron transport, growth regu-
lation, antioxidation, and hormonal signaling (Tetali 2019;
Zada et al. 2018; Wang et al. 2017; Kuzuyama 2017). Path-
way engineering of polyisoprene biosynthesis is also com-
monly used to improve VK, production. The polyisoprene
tail, which forms the side chain of VK,, is produced from
two five-carbon (C5) universal precursors, IPP and DMAPP,
through the MVA or MEP pathway (Kawamukai 2018). The
five-carbon monomer IPP and its isomer DMAPP then form
long isoprene side chains, such as geranyl pyrophosphate
(GPP), farnesyl pyrophosphate (FPP), geranylgeranyl pyro-
phosphate (GGPP), and heptaprenyl diphosphate (HPP),
by consecutive condensate (Fig. 2) (Joshi et al. 2018). The
overexpression of ispD, ispF, ispH, and ispG increased the
production of MK-7 from B. subtilis BS20MEP (Chen et
al. 2020), and an 11-fold increase in MK-7 production was
realized by expressing the Py, .-MenA-DxS-Dxr-Idi cas-
sette (Ma et al. 2019b). Moreover, overexpressing hepS
encoding heptaprenyl pyrophosphate synthase led to a
greater increase than by other enzymes in Bacillus amylo-
liquefaciens Y-2. Sequentially overexpressing ispDFHG,
dxs, and dxr in the BS20 strain increased the MK-7 titer to
415+3.2 mg/L (Chen et al. 2020), providing information on
the different rate-limiting steps in different MK-7 producers.
The supply of heptaprenyl-PP was improved by engineering
the MEP pathway to overexpress dxs, dxr, ispD (yacM), and
ispF’ (vacN). However, overexpression of the other three
pathway genes ispE, ispH (ygfP), and ispA (yqiD) resulted
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in decreased production of MK-7 (Yang et al. 2019). This
indicated that ispE overexpression might lead to an imbal-
ance in the MEP pathway.

tein. @ can be a directly regulated gene pathway, or a cascade control
of repressor protein expression pathway to achieve bidirectional regu-
lation or more complex regulatory networks

The MVA pathway does not exist in most prokaryotes,
but a heterologous MVA pathway can be constructed in bac-
terial hosts to provide more IPP and DMAPP (Li and Wang
2016). Overexpression of the heterogeneous MVA module
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Table 2 Metab(.)lic eng‘ineer‘ing Strategies Strain Gene manipulation Type  Titer Reference
for the production of vitamin K, Static B. subtilis 168 Overexpression of dxs, dxr, idi, MK-7 50 mg/L Ma et al.
engineering and menA (2019)
regulation B. subtilis 168 Overexpression of menA, dxs, dxr, MK-7 69.5 mg/L  Yang et
yacM, yavN and glpD, and dele- al. (2019)
tion of dhbB
B. subtilis 168 Overexpression of menA, menG, MK-4 90.1 mg/L  Yuanet
crtE, dxs, dxr, ispD-ispF, mvaK1, al. (2020)
mvaK2, mvaD, mvasS, and deletion
of hepT
B. subtilis 168 Engineer a ComA quorum-sensing MK-4 1789 mg/L  Yuan et
circuit to fine-tuning ispH, menA al. (2021)
and crtE
B. subtilis BS20  Overexpression of ispD, ispF, MK-7 242 mg/L Chen et
ispH, and ispG al. (2020)
Bacillus Overexpression of mend, menC, ~ MK-7 273 mg/g Xuetal.
amyloliquefaciens menD, menE, menH and hepS DCW (2017)
E. coli Overexpression of hepPPS and MK-7 13.6 uyM Gao et al.
deletion of ubiCA or ispB (2020)
E. coli Overexpression of idi, menA, ubiE. MK-7 157 uM Gao et al.
and fine-tuning the expression of (2021)
HepPPS, MenA, and UbiE
E. coli IM109 Overexpression of menA and MK-8 290 pg/g Kong
menD, ubiCA deletion DCW and Lee
(2011)
E. coli DH5a Overexpression of fatB from MK 15.07 mg/L  Liuetal.
Umbellularia californica (2017)
Lactococcus lactis  Overexpression of mend,mvk and MK-7, 680 nmol/L Bee and
ssp. Cremoris preA MK-8 Holo
MG1363 and (2020)
MK-9
P, pastoris Expression of hsUBIADI MK-4 0.24mg/g  Sunetal
DCW (2019)
Elizabethkinggia  Site-directed mutagenesis of UbiA MK 16.8 mg/L  Liuetal.
meningoseptica (2017)
Elizabethkinggia ~ Mutagenesis of UbiA, Overex- MK 29.63 mg/g Liuetal.
meningoseptica pression of dxr, menA, ubiE, and DCW (2018)
supplementation with precursors
Dynamic B. subtilis 168 Deletion of PAS-A, kinB, spollA, MK-7 200 mg/L Cui et al.
engineering spoOIIE, dhbB, and ptsG; Overex- (2019)
regulation pression of menF, menB, menkE,
entC, ppsA, aroK, ispA, hepS/T,
kdpG, dxr, dxs, fni, menA
B. subtilis 20 Overexpression of gcrA-C and MK-7 410 mg/L Cui et al.
tatAD-CD. (2020)
B. subtilis Overexpressing the glpK, gipD, MK-7 281.4mg/L Yanget
BSMK11 aroG™, pyrG™, hepS, vgb, and al. (2020)
knockouting the mgsA, araM
B. subtilis 168 Overexpressing ispH, crtE, mend, MK-7 217 mg/L  Yuanet
and construct PhrQ-RapQ-ComA al. (2021)

quorum sensing system

genes (mvaK1, mvaK2, mvaD, mvaS, and mvaA), combined
with knocking out hepT and simultaneously overexpress-
ing dxs, dxr, and ispD-ispF in the MEP module, increased
the MK-4 yield to 90.1+1.7 mg/L, which was 11.1-fold
compared with the parental strain (Table 2) (Yuan et al.
2020). Introducing heptaprenyl pyrophosphate synthetase
(HepPPS) from B. subtilis and optimizing enzyme expres-
sion in the MVA pathway in E. coli increased the titer of

@ Springer

MK-7 to 2.3 uM, which was 22-fold higher than that of
the original strain (Gao et al. 2020). Introducing the MVA
pathway genes in E. meningoseptica sp. F2 into E. coli by
co-culturing E. meningoseptica sp. F2 and E. coli HO1 (CO,
system) finally produced 25.51 +1.25 mg/L of MK-n (Yang
et al. 2022). Because the MEP pathway requires three ATP
and three NADPH while the MVA pathway requires three
ATP and two NADPH (Partow et al. 2012; Liu et al. (2019a)
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overexpressed the gapC gene from C. acetobutylicum ATCC
824 to balance the cofactor NADPH and increased isoprene
production.

VK, has various subtypes with different numbers of iso-
prene units called MK-n (Mahdinia et al. 2017). The number
of isoprene units produced differs in different microorgan-
isms (Tables 1 and 2). For example, bacteria such as B.
subtilis synthesize MK-7, E. coli synthesize ubiquinone
(UQ)-8 and MK-8, while yeasts such as Saccharomyces
cerevisiae and Schizosaccharomyces pombe produce UQ-6
and UQ-10, respectively (Kawamukai 2018). Researchers
have explored which enzymes and motifs are responsible
for the chain length. Two common DDXXD motifs are
found in the amino acid sequence of trans-prenyltransfer-
ases in different VK,-producing strains. The first motif is
responsible for binding with farnesyl diphosphate (FPP),
while the second is responsible for binding with IPP (Guo et
al. 2004; Koyama et al. 1996; Marrero et al. 1992). More-
over, the amino acid located in the fifth position before the
first DDXXD is alanine in H. influenzae OPPS, E. meningo-
septica OPPS (EmOPPS), B. subtilis HepPPS, and E. coli
OPPS and is important in determining the side chain length
(Han et al. 2015). Pentaisoprene and hexameric isoprene
diphosphate are the products of EmOPPS with IPP and FPP
as substrates, while octaprenyl diphosphate is generated by
catalyzing consecutive condensation reactions of FPP with
five molecules of IPP (Guo et al. 2004; Tonhosolo et al.
2005). To verify that the trans-prenyltransferases in differ-
ent microorganisms are critical for deciding the number of
isoprene units, heterogencous heptaprenyl pyrophosphate
synthetase (HepPPS) of B. subtilis was transferred into
E. coli. Because E. coli contains octaprenyl diphosphate
(OctPP) synthase (IspB) and does not contain HepPPS, it
synthesizes mainly MK-8 under micro-anaerobic conditions
(Kong and Lee 2011). Interestingly, MK-7 production was
first achieved in engineered E. coli by the overexpression of
B. subtilis-derived HepPPS (BsHepPPS) (Gao et al. 2020).

Static metabolic engineering of MK biosynthesis

MK biosynthesis refers to the biosynthetic process from
CHA to VK,. In B. subtilis, MK biosynthesis proceeds via
nine enzymatic reactions that are encoded by the menFDH-
BEC operon, the hepS-menG-hepT operon, menA, menl, and
menG/ubiG genes. The above cistrons have been overex-
pressed in B. subtilis 168 using strong promoters to increase
the copy number. Only the step reaction by MenA (the pre-
nylation of DHNA and polyisoprene to DMK) increased the
titer of MK-7 by 42 mg/L compared with the original strain
(Cui et al. 2021; Yang et al. 2019). A similar increase has
also been observed by overexpressing only menA in B. sub-
tilis 168 (Xu et al. 2017). Although the futalosine-dependent

pathway has been widely investigated as a target for the
development of new herbicides and antibiotics (Zhi et al.
2014), there have been no studies on the metabolic engi-
neering of the FL pathway to increase VK, production.
Therefore, combining these two MK biosynthesis pathways
may be a promising strategy for the biosynthesis of VK,.

Combination of static metabolic engineering
techniques for the entire metabolic module

Enhancing the precursor supply and eliminating byproduct
synthesis pathways are commonly used to improve strain
performance. UQ is an important membrane component
and shares the same isoprene metabolic pathway with VK,.
Inactivating 4-hydroxybenzoate octaprenyl transferase (the
prenylation of 4-hydroxybenzoate and polyisoprene to
3-polyprenly-4-hydroxybenzoate) by site-directed muta-
genesis increased the VK, content in E. meningoseptica by
130% (Liu et al. 2017). Furthermore, co-expressing dxr and
menA and supplementing the medium with substrate precur-
sors such as sodium pyruvate and SA resulted in an 11-times
increase in VK, content (Liu et al. 2018).

Modular pathway engineering is another effective method
for improving the biosynthesis of VK,. Using B. subtilis 168
as the chassis, a 2.1-fold and 82% increase was obtained
by overexpressing menA in the MK pathway and overex-
pressing dxs, dxr, yacM, yavN, and glpD and deleting dhbB
in the MEP pathway. However, enhancing the SA pathway
affected VK, biosynthesis negatively because of feedback
inhibition by CHA. MK-7 production reached 69.5 mg/L in
the final mutant, representing a more than 20-fold increase
compared with the starting strain (Yang et al. 2019).

A power imbalance hindered the redox metabolism to
facilitate the accumulation of the desired MK-7 produc-
tion in B. subtilis. After overexpressing the rate-limiting
enzymes DXS, Fni, DXR, MenF, AroA, and MenA during
MK-7 synthesis, the redox metabolism could be rebalanced
by expressing Pos5P (the key enzyme for NADPH regen-
eration), which aided the conversion of NADH to NADPH
(Ding et al. 2022). Recently, comparative transcriptomics
revealed that cell membranes and electron transfer are
important factors in promoting MK-7 synthesis. Overex-
pressing the cell membrane proteins tatAD-CD and mena-
quinol-cytochrome C reductase gcrA-C increased the titer
of MK-7 significantly from 200 to 310 mg/L in a 15-L bio-
reactor (Cui et al. 2020).

The intermediate metabolites in the VK, biosynthesis
pathway also participate in the biosynthesis of various other
chemicals, including some well-studied terpenoids and aro-
matic acids (Ikeda et al. 2006).

@ Springer
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Dynamic metabolic engineering regulation

The static metabolic engineering regulation based on gene
knockout and overexpression in metabolic pathways has
been good for constructing cell factories. However, gene
overexpression in metabolic pathways generally leads to
the accumulation of toxic intermediate metabolites, while
the downregulation and knockout of genes can lead to a lack
of important metabolites required for cell growth. There-
fore, static metabolic engineering regulation may ultimately
overload or destroy the normal metabolic network and cause
metabolic imbalances. For VK, synthesis, the accumulation
of the toxic metabolic intermediate 1-hydroxy-2-methyl-
2-(E)-butenyl-4-diphosphate (HMBPP) presumably inhibits
cell growth (Li et al. 2017). Moreover, the synthesis of VK,
requires more than 30 steps of enzymatic catalysis, mak-
ing it difficult to increase the total yield by regulating the
expression of only a few genes (Fig. 2). Therefore, dynamic
regulation was introduced to improve VK, synthesis.
Dynamic regulation refers to the use of specific biologi-
cal recognition elements to regulate the expression levels of
downstream genes in response to changes in the internal or
external environment of cells. The result is that the expres-
sion levels of downstream genes change with changes in
the environment (Fig. 3B). With the capability of adapting
to complicated extracellular or intracellular environments,
engineered dynamic regulation systems are valuable for
fine-tuning metabolic flux (Anesiadis et al. 2018; Xu 2018).
The quorum-sensing (QS) system can regulate gene expres-
sion according to changes in cell density (Lv et al. 2019).

The QS system is not dependent on inducers, interventions,
or metabolic pathways but rewires the control processes to
depend on cell density (Lyon et al. 2004). For instance, to
avoid the toxicity of heterogeneous pathways on cells, an
Esa QS circuit with activation and inhibition functions was
put forward to produce metabolites without inducers. With
activation of the QS system and dynamic regulation of the
biosynthetic pathway by Esa-PesaR, the titer of 4-hydroxy-
phenylacetic acid increased by 46.4% compared with the
static control pathway in E. coli (Shen et al. 2019). Recently,
some dynamic pathway regulation strategies have been suc-
cessfully applied to improve the synthesis of VK, (Fig. 4).
Using site-directed mutagenesis of SinR, a constitutively
expressed transcriptional regulator identified as a master
regulator of biofilm formation, Wu et al. (2021) maximized
the yield of MK-7 to 102.56 +2.84 mg/L while achieving
a balance between product synthesis and cell growth. Cui
et al. (2019) designed a bifunctional and modular Phr60-
Rap60-Spo0A QS system. In this system, the transcription
factor SpoOA is regulated by the population response sig-
naling molecule Phr and Rap. Rap60 can be inhibited by
the signaling molecule Phr60 that responds to cell density.
Rap60 not only inhibits the phosphorylation level of SpoOA
but also inhibits the activity of histidine kinase KinA.
Through the action of KinA-E and two phosphate transfer
proteins SpoOF and SpoOB, SpoOA is phosphorylated and
then regulates the expression of related target genes. Based
on the above principle, researchers constructed a population
response regulation system for the dynamic regulation of the
MK-7 pathway that led to a 40-fold improvement in MK-7
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Fig. 4 Schematic design for dynamic fine-tuning of VK, synthesis.
(A) PhrQ-RapQ-X system based dynamic regulation of critical genes
in the MK synthesis pathway, X represented transcription factor. (B)
Analysis of the promoter intensities. (C) Mutation screening of pro-
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moters. (D) PhrQ-RapQ effects on X-P regulation system in B. subtilis.
(E) PhrQ-RapQ-X system based dynamic regulation of critical genes
in the MK synthesis pathway
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production from 9 to 360 mg/L. Yuan et al. (2021) devel-
oped a modular PhrQ-RapQ-ComA QS system based on
the promoter P,;,, which is upregulated by phosphorylated
ComA (ComA-P). P,;; was employed as a promoter, and
with the expression of the three genes ispH, crtE, and menA
in the strain, the highest yields for MK-4 were obtained. The
dynamic adjustment approach increased the yield of MK-4
in a shake flask from 120.1+0.6 to 178.9+2.8 mg/L and
reached 217+4.1 mg/L in a 3-L bioreactor, verifying the
effectiveness of the dynamic pathway regulation strategy.

Future studies

Besides static and dynamic metabolic engineering regula-
tion, more advanced metabolic engineering biotechnologies
will be tried to enhance production, accelerate industrializa-
tion, and reduce the cost of VK, production.

First, some advanced metabolic engineering strategies,
such as the combination of lipid and systemic metabolic
engineering methods, will be tried in the future. Terpenes,
a class of hydrophobic substances, often subject significant
pressure on cells due to their lipotoxicity when synthesized
through cell factories. As special organelles, lipid droplets
can store lipophilic substances, which could solve this prob-
lem. Hong et al. (2019) first utilized this strategy to effi-
ciently synthesize lycopene. By increasing the number and
size of the yeast lipid droplets storing lycopene, the yeast
metabolite lycopene accumulated. The high density fermen-
tation yield of lycopene reached 2.37 g/L. In addition, the
yield of a-amyrin, a triterpenoid, increased by 11-fold when
lipid engineering and metabolic engineering were used with
Saccharomyces cerevisiae (Yu et al. 2020). Therefore, as
VK, is a terpene, combining lipid and systemic metabolic
engineering could be used in static and dynamic metabolic
engineering regulation strategies.

Second, with the development of synthetic biology,
genetic modification tools have been developed for non-
model microorganisms for reconstructing the biosynthetic
pathway. This would also be interesting for VK, produc-
tion. Plasmid introduction or homologous recombination
using antibiotic-resistance and counter-selectable markers
was commonly used to modify the VK, metabolic pathway
(Ma et al. 2019a; Yang et al. 2019). However, there were
many problems, including the instability of the plasmid, low
transformation efficiency, and metabolic burden on the host
cell. Therefore, advanced gene editing should be explored
in further studies.

In recent years, CRISPR kits have become suitable for B.
subtilis gene editing. For example, after inserting the gRNA
cassette into multiple gRNA delivery vectors, linearizing
all gRNA delivery vectors, and transforming B. subtilis,
the efficiency of single gene mutations was 100%, and the

efficiency of double gene mutations was 85% (Westbrook
et al. 2016). A CRISPR-Cas9 vector was used to introduce
two large deletions in the B. subtilis 168 chromosome. The
problems of the counterselection methods were overcome
by this single-plasmid system (Altenbuchner et al. 2016).
Furthermore, Garcia-Moyano et al. (2020) designed a vec-
tor compatible with high-throughput fragment exchange
cloning for the heterologous expression in Bacillus and E.
coli.

In addition, gene-editing technology has been further
developed based on CRISPR-Cas9 technology. A CRISPR-
Cpfl-based toolkit employing a type V Cas protein has been
designed. Genes and gene clusters, such as sacA, gand,
ligD, ligV, and bac operon, can be precisely deleted with
high editing efficiency using this platform (Hao et al. 2020).
Based on CRISPR gene editing technology, the produc-
tion of plipastatins, riboflavin, and amorphadiene has been
successfully increased in B. subtilis (Ahmed-Hocine et al.
2020; Zou et al. 2020; Song et al. 2021). Thus, we believe
that the CRISPR-Cas9 system will emerge as one of the
most efficient gene-editing tools for VK, biosynthesis and
production.

Conclusions

This review aimed to provide an overview of the metabolic
engineering strategies for the microbial production of VK,
based on the engineering of static biosynthesis and dynamic
regulation. More importantly, we explored some advanced
synthesis methods of other terpenes similar to VK,, which
gives us more insight into the available strain engineer-
ing strategies. Using more biotechnological methods, such
as lipid engineering, systemic metabolic engineering, and
CRISPR gene editing technology, will increase productivity
and reduce the cost of microbial VK, fermentation to realize
its industrial production.
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