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Figure 1 Structure of menaquinone, and structures of menaquinone-4,
menaquinone-7 and menaquinone-8
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Figure 2 The biosynthetic pathway of menaquinone. (a) Substrate uptake pathway. GlpK, glycerol kinase; GlpD, glycerol-3-phosphate
dehydrogenase; TpiA, triosephosphate isomerase; PstG, phosphotransferase system (PTS) glucose-specific enzyme; GlcK, glucokinase; Pgi, glucose-
6-phosphate isomerase; Tkt, transketolase; PkfA, 6-phosphofructokinase; FbaA, fructose-bisphosphate aldolase; TktA, transaldolase; Pyk, pyruvate
kinase; E4P, D-erythrose 4-phosphate; PEP, Phosphoenolpyruvate; G3P, Glyceraldehyde 3-phosphate; PYR, Pyruvate. (b) Shikimate pathway. AroA, 3-
deoxy-7-phosphoheptulonate synthase; AroB, 3-dehydroquinate synthase; AroC, 3-dehydroquinate dehydratase; AroD, shikimate dehydrogenase;
AroK, shikimate kinase; AroE, 3-phosphoshikimate 1-carboxyvinyltransferase; AroF, chorismate synthase; CHA, Chorismate. (c) Terpenoid backbone
pathway. Dxs, 1-deoxy-D-xylulose-5-phosphate synthase; Dxr, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; IspD, 2-D-methyl-D-erythritol 4-
phosphate cytidylyltransferase; IspE, 4-diphosphocytidyl-2C-methyl-D-erythritol kinase; IspF, 2-D-methyl-D-erythritol 2, 4-cyclodiphosphate synthase;
IspG, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase; IspH, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; Fni, isopentenyl-
diphosphate delta-isomerase; IspA, farnesyl diphosphate synthase; HepS-HepT, heptaprenyl diphosphate synthase component I and Il ; FPP, Farnesyl
diphosphate; GGPP, Geranylgeranyl diphosphate; HDP, all-trans-Heptaprenyl diphosphate; OctPP, all-trans-Octaprenyl diphosphate. (d) Menaquinone
pathway. MenF, isochorismate synthase; MenD, 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase; MenH, 2-succinyl-6-
hydroxy-2, 4-cyclohexadiene-1-carboxylate synthase; MenC, o-succinylbenzoate synthase; MenE, o-succinylbenzoic acid-CoA ligase; MenB, 1,4-
dihydroxy-2-naphthoyl-CoA synthase; Menl; 1,4-dihydroxy-2-naphthoyl-CoA hydrolase; MenA, 1,4-dihydroxy-2-naphthoate heptaprenyltransferase;
MenG, demethylmenaquinone methyltransferase; DHNA, 1,4-Dihydroxy-2-naphthoate
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Figure 3 Mevalonate pathway. PYR, pyruvate; ERG10, acetyl-CoA
acetyltransferase; ERG13, hydroxymethylglutaryl-CoA synthase;
HMGI1/HMG2, hydroxymethylglutaryl-CoA reductase; ERG12, meva-
lonate kinase; ERGS, phosphomevalonate kinase; MVDI1, diphospho-
mevalonate decarboxylase; IDII1, isopentenyl-diphosphate delta-
isomerase; ERG20, farnesyl diphosphate synthase
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Figure 4 Futalosine pathway of Streptomyces coelicolo™*). CHA,
chorismate; DHNA, 1,4-dihydroxy-6-naphthoate; OctPP, all-trans-octa-
prenyl diphosphate; MgnA, chorismate dehydratase; MgnE, aminodeox-
yfutalosine synthase; MgnF, aminodeoxyfutalosine deaminase; MqnB,
futalosine hydrolase; MqnC, cyclic dehypoxanthinyl futalosine synthase;
MqnD, 1,4-dihydroxy-6-naphthoate synthase
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A 5 2 FUAT o B PP R 2R R 0 Qi TR SR s 5 T 5
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TE R AT RMEPR AR Fl 28 ik 42 A Qi T el i

o, WA TR AT KA. RIEMVARRE D
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[, nfidh F SRR A= W5 B R A I JE 1N, R
1 R B men A5 H FEZSER-8 W = Pt 5 T 24%. LAk,
I CHAR FZ B & R %, KongHlLee ke T
BRI B ubiCAHISUbICHIUbIA, mfEILCHAA: B
IR, [ EEZEEE -8 & A L T X IR T
30%. HHHEA T BRI - 7R KIGAT B, GaoZE ALY
FLiu% AP e 243t 3k T BsHepPPS (K [ M 22 2f
fOFTF R Y HepS-HepT, HihepS-hepT4ifh), FHHifk T
JEMVAIZ 145 i F1BsHepPPSHY AT, I T
B R FEZEER-T A T, St — A AR R Y 2R -7
M, Gao%E NPT ik T 2R 2 B T
menFDHBEC. menA. ubiE%:. AL, dTH RZEHRY
REAEAE T IR IR IA 25 (8], Gao%F NIA R TR T2
TEME: o FAR1,2- R T3 - R LA R (1,2 dia-
cylglycerol 3-glucosyltransferase, HalmgsZitid, 71575
25 i N A R nipI (G lipoprotein, BEE A, RS T

F 1 KEIHTE AP EZRN S TRFBRANT TR
Table 1 Metabolic engineering strategies and research advances for the synthesis of menaquinone in Escherichia coli
FH L 2R A R T AR R s SCHk
. if Rk 1% WispA- L fini; ZBLIRAT A ; - N A b s
Pt L AOSMEPE] Ef"””%l@fgj C-Af’”’ SIERR Imends 500\ 1g/e WOW (i AT TG00 mLAHHEN)  [34]
. T T .
13 2607 SEIRMVARZ 3R] ﬂfﬁﬁ;%?ﬁﬂ:m HhepS- hepT; 8.8 m/L(s LAREH) (351
A BRubiCA
FIEMVARAZ DMA]; 18 FREHG R ZF I 18 (W hepS hepT,
P BE 2R -7 i KGR AZ I menFDHBEC mend. UbIE; JiT 1% 129 mg/L(250 mLEEH); 1.35 g/L(1 LA ) [36]
Al 1 Fikalmgs Frk¥Enipl
F2 HEFATHAKFEZSRHRAG IREBSHRER
Table 2 Metabolic engineering strategies and research advances for the synthesis of menaquinone in Bacillus subtilis
FH 25 R R TR SR s SCHk
L Z50R-7 i #ikmend. dxs. dxrv yacM-yacN. gipD, FilEdhbB 69.5 + 2.8 mg/L(2 L PIHEEIR) [26]
FH L2507 it FEiEdxs. drs idiflmend 50 mg/L(250 mLiEHH) [29]
FHELZRIR-7 SRR FIRRR M, W BE S+ K Phr60-Rap60-Spo0A 360 mg/L (250 mL¥%HH); 200 mg/L(15 LA BERE) [28]
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FH 250 -4 i FKEME, PhrQ-RapQ-ComA R4 178.9 + 2.8 mg/L(250 mIFER); 217 + 4.1 mg/L(3 L A B [33]
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Figure 5 Dynamic regulation strategies. (a) Phr60-Rap60-Spo0A
systemm]. Activated genes: ispH, hepS-hepT; inhibited genes: uppsS,
pyk. (b) PhrQ-RapQ-ComA systemm]. Activated genes: ispH, crtE

LR ispH~ crtE(ZmtHgeranylgeranyl pyrophosphate
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Menaquinone, also known as vitamin K, is an essential vitamin. It contains a series of compounds; it has a 2-methyl-1,4-
naphthoquinone ring as the parent ring, and different numbers of isoprene unit side chains at its C3 position. The common
forms of K, are menaquinone-4, menaquinone-7 and menaquinone-§8. Menaquinone can effectively prevent and treat
vitamin K, deficiency-associated bleeding disorders, osteoporosis, cardiovascular disease and chronic kidney disease.
Therefore, it has important applications in the fields of food and medicine. And the market demand for menaquinone is
growing year by year with increased research on its function, and it is expected to reach a hundred-billion-dollar market.
There are two production methods of menaquinone: Chemical synthesis and biosynthesis. The large-scale application of
chemical synthesis is limited for the disadvantages of low yield and complicated separation process. And biosynthesis uses
microorganisms that can naturally synthesize menaquinone to produce menaquinone, whichhas the advantages of simple
operation and easy product separation. Therefore, biosynthesis has a better application prospect. In this review, we first
summarise the biosynthetic process and metabolic pathways of menaquinone, including the research progress of the
substrate uptake, shikimate, terpenoid backbone and menaquinone pathways. Then, metabolic engineering strategies,
which have been applied in cell factories, such as Escherichia coli and Bacillus subtilis, are summarised, including
overexpression, heterologous MVA synergy, knockdown and dynamic regulation. Additionally, we have introduced the
yield of menaquinone from constructed microbial cell factories. Finally, we discuss the value of the two types of cell
factories for industrial applications. E. coli has achieved a yield of 1.35 g/ menaquinone-7, the highest yield known for
constructed cell factories. However, the application permission of menaquinone passed in China requires that its source is
from B. subtilis, and the maximum yield of menaquinone-7 is only 310 mg/L in B. subtilis, which is of limited value for
industrial application. Therefore, there is a need to further improve the menaquinone synthesis capacity of B. subtilis.
Based on the results of applying metabolic engineering strategies, future research on metabolic engineering of cell factories
should focus on the following points. Firstly, to find new metabolic bottlenecks in modified cell factories and enhance the
metabolic flux of rate-limiting reactions.Classic overexpression solves the problem of insufficient metabolic flux in the
rate-limiting step, but also causes other reactions to become new bottlenecks that limit product synthesis. Secondly, to
expand the product storage space of menaquinone, the cell membrane of B. subtilis could be modified, or the intracellular
lipid-soluble space could be expanded. Fat-soluble menaquinone-7 can only exist in the fat-soluble space of cell factories,
and membrane modification in E. coli has proved that expanding the fat-soluble space can promote the synthesis of
menaquinone-7. Thirdly, to find new targets to promote menaquinone synthesis at the global regulatory level to maximise
the production performance of cell factories. The biosynthesis of menaquinone is complex, involving metabolic
engineering of many pathways. And these metabolic engineering strategies often cause metabolic imbalance of cell
factories. Therefore, it is a good way to look for regulators that promote the synthesis of menaquinone-from the global
metabolic level of cell factories.

menaquinone, metabolic pathways, metabolic strategies, microbial cell factories
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