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Biosynthesis of fat-soluble vitamins
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Abstract: Vitamins are the essential organic substances to ensure the normal life activities of the
human body. At present, vitamins are widely used in the pharmaceutical, food, animal farming,
beauty and other industries, appearing in increasing application scenarios. Accordingly, the global
demand for vitamins has also increased greatly. The current methods of vitamin production
mainly include chemical synthesis and biosynthesis, with the latter being greener, more
environmentally friendly, safer, and lower in energy consumption. Establishing the method for the
biosynthesis of vitamins is of great scientific significance for achieving the goals of low carbon,
energy saving, and emission reduction, as well as carbon emission peak and carbon neutrality in
China. This paper reviews the research progress in the biosynthesis of vitamins, especially
fat-soluble vitamins (vitamins A, D, E, and K), in recent years.

Keywords: fat-soluble vitamins; biosynthesis; biological fermentation; metabolic engineering;

synthetic biology; new quality productive forces
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Fat-soluble vitamins and classical synthetic biotechnology. EMP: Embden-Meyerhof pathway; Glc:

Glucose; G6P: Glucose-6-phosphate; F6P: Fructose-6-phosphate; GAP: 3-phosphate-glyceraldehyde; 3-PG:
3-phosphate-glycerate; PEP: Phosphate-enolpyruvate; PYR: Pyruvate; TCA: Tricarboxylic acid cycle; AcCoA:
Acetyl-CoA; CIT: Citrate; ICTC: Isocitrate; a-KG: a-Ketoglutarate; SUC: Succinate; FUM: Fumarate; MAL:

Malate; OAA: Oxaloacetate.
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Figure 2 Categories of vitamin A.
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Figure 3 Metabolic pathways of vitamin A. MEP pathway: Methylerythritol-4-phosphate pathway; MVA
pathway: Mevalonate pathway; mvaS: HMG-CoA synthase; mvaA: HMG-CoA reductase; crtE: GGPP
synthase; crtB: Phytoene synthase; crtY: Lycopene cyclase; crtl: Phytoene desaturase; BCMO: B-carotene
15,15'-mono-ordioxygenase; GAP: GTPase-activating protein; PEP: Phosphoenolpyruvate; DXP:
1-deoxy-D-xyluose-5-phosphate; MEP: 2-C-methyl-D-erythritol-4-phosphate; CDP-ME: 4-diphosphocytidyl-2-
methyl-D-erythritol synthase; ME-cPP: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBPP: 4-hydroxy-3-
methyl-but-2-enyl diphosphate; DMAPP: Dimethylallyl diphosphate; IPP: Isopentenyl diphosphate; FPP:
Farnesyl diphosphate; GGPP: Geranylgeranyl diphosphate.
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Figure 7 Metabolic pathways of vitamin E. HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; MVA: Mevalonic
acid; IPP: Isopentenyl diphosphate; DMAPP: Dimethylallyl diphosphate; GPP: Geranyl diphosphate; FPP:
Farnesyl diphosphate; DAHP: 3-deoxy-arabino-heptulonate 7-phosphate; 4-HPP: 4-hydroxyphenylpyruvate;
HGA: Homogentisic acid; GGPP: Geranyl geranyl pyrophosphate; MGGBQ: 2-methyl-6-geranylgeranyl
benzoquinol; DMGGBQ: 2,3-dimethyl-5-geranylgeranyl-benzoquinone; HPPD: 4-hydroxyphenylpyruvate
dioxygenase; SyHPT: Homogentisate phytyltransferase; MPBQMT: 2-methyl-6-phytylbenzoquinol-
methyltransferase; TC: Tocopherol cyclase; y-TMT: y-tocopherol methyltransferase.
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Water-soluble vitamins

il B 2 AT TR RE 6% 7 A2 A MK -4 FI]| MK-8 (1) MK
[F) 229, T EAT R 3227 A4 MK-4 Fl MK-6, —
SElg A AR, FREFLIRTE , WFLERE . F
FRAFER . BHERER . B R R MBEER TR, ik
PLAERS P A2 B T2 9 MK-n, £ 4% MK-7 MK-8
MK-9 Fl MK-10", Hrr MK-7 #A b 244
F Ky PGSR ZERAT R VK,
18 T2 A 7 TR R R B A A T R I TR TE TR AR

R EATEA m et RE & a i MK-7,

Hili 0 ZF AT A Oy — Bl B 2 A
(generally recognized as safe, GRAS) Y B8 1 #
FHT R0 K B 7, 2 A o v R 25 Y
YA BGERAR S 3 FhigAR . TR R G i
2 (methylerythritol-4-phosphate pathway, MEP)
A% . ZEHR (shikimate pathway, SA)&R4EAIH
ZEMR 42U Berenjian 25173 o X B A R AY
L ZF AT T 9 T2 T bR R 3R L 2H ORI K O
WATIEAL , ¥ VKL 7E 3 L & BERE 19 = w42
% 226 mg/L, Cui &P kT —ART
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Phr60-Rap60-Spo0A F AL L)) REHEAEK 1 (quorum
sensing, QS)R %L, AV Hbrr~ Y& 5
IREAE R Z RIS FR, ST Hil A 5 2F AT 1
VK, G, i VK, B R R T 40 1,
ERM PR 5N 9 mg/L #£7+% 360 mg/L, 7F
15 L A=W O #% il ik 3] 200 mg/L; Z 5 flif]
W) F R HE UL, R A YA B A
i R it VK, UM EE N R, EdtRiE
S5 S TatAD-CD 1B 5Ly 40 i €0 5 47
Tl QerA-C, Ll KBEISTE 15 L A%
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‘
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Gao FEWER I B AT VK, YA ik
ROy 3 VB, B MVA 148, 1,4- "3 HE-2-
Z5 iR H lE (1,4-dihydroxy-2-naphthoate pathway,
DHNA)i& il MK-7 i 42(&1 9), FFXf i 7T
RGAlAb, @A TR TR, AR
SEIHARTR T 129 me/L 1 VK,, St wE A
FEIGIN T 306 55 TERCRAMEY, KEES52 h)5
4% 1 350 mg/L i VK,, 773K 26 mg/(L-h),
OR# R H AR E 0 5 s 7 i

A HMG-COH MevalonatH M-5P9 M-5PP

menl

DHNA

T'm'nlj’
menk

|Chorismic acid —» Isochorismate —— Succinylbenzoyl-CoA —p-DHNA-CoA

9 HHEE K KR EE

Figure 9 Metabolic pathways of vitamin K,. The whole MK-7 biosynthetic pathway was divided into three
modules (MVA pathway, DHNA pathway and MK-7 pathway). mvaE: HMG-CoA synthase; mvaS: HMG-CoA
reductase; MVK: Mevalonate kinase; PMK: Phosphomevalonate kinase; MVD: Mevalonate pyrophosphate
decarboxylase; Idi: IPP isomerase; HepPPS: Heptaprenyl pyrophosphate synthetase; menA:
1,4-dihydroxy-2-naphthoate prenyltransferase; menB: 1,4-dihydroxy-2-naphthoyl-CoA synthase; menC:
o-succinylbenzoate  synthase; menD: 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate
synthase;  menE: o-succinylbenzoate-CoA  ligase;  menkF: Isochorismate ~ synthase;  menl:
1,4-dihydroxy-2-naphthoyl-CoA thioesterase; ubiE: Ubiq-uinone/menaquinone biosynthesis methyltransferase;
HMG-CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A; M-5P: Phosphomevalonate; M-5PP:
Diphosphomevalonate; IPP: Isopentenyl pyrophosphate; DMAPP: Dimethylallyl pyrophosphate; HepPP:
Heptaprenyl diphosphate; FPP: Farnesyl pyrophosphate; DHNA: 1,4-dihydroxy-2-naphthoate; DHNA-CoA:
1,4-dihydroxy-2-naphthoyl-coenzyme A.
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5 YLE&EERY W BEEEZRA TR G AP A BOR A T
) R BEEE PE NR EGEA R (FR 1) SRS BUI

NRVEVEAELE RO O Y N AMTAETR AT 356 JaiHEL R 6 Rk e fepe th fr g gy
B, TERN . BT SRRUUREBEFI I RFB B, BRistEgil 20 ma s AR AE

x1 RFIEE~REAMEERNHAR

Table 1 Metabolic engineering of microorganisms for the production of fat-soluble vitamins

Vitamin  Species Method Main culture substances Yield References
VA Saccharomyces Introducing a B-carotene The modified Verduyn 3 350 mg/L [15]
cerevisiae biosynthetic pathway, and a gene medium (xylose
coding for B-carotene replaces glucose as a

15,15'-dioxygenase (BCMO) into a  carbon source)
xylose-fermenting S cerevisiae

Escherichia coli Strain ZF434gdhA knocking out znf LB 2579.1 mg/L [25]
gene, ptsHlcrr operon, yjgB gene
and overexpressing nadK gene
BL21(DE3): pET32a-gr-gfr

E. coli Using structure-oriented protein LB Abs;53/ODg0=0.29 [27]

Yarrowia lipolytica  design, combined with phylogenetic YPD media 39.5g/L [28]
information, the generation of
reduced inhibition of protein
variants; reducing the carbon flow
through the carotenoid pathway and
thus preventing inhibitory metabolite
accumulation to inhibitory levels

VD S cerevisiae Rearranging the subcellular location YPD media 360.6 mg/L [39]

of post-squalene enzymes; all the
ER-located enzymes are grouping
into four modules: ERG1/11/24,
ERG25/26/27, ERG2/3 and
DHCR24 and are individually
overexpressing on ER or in LDs

S cerevisiae Overexpressing tHMG1, IDI1, Solid synthetic 2 870 mg/L [41]
ERG1, ERG11, ADH2, ERG7 genes dropout(SSD) medium
and a transcription factor mutant
UPC2%¥4 and overexpressing |NO2

VE Y. lipolytica Optimizing the promoter of YPD medium 34 mg/g DCW [53]

OptFSLERG20, Sc-tHMG1 and IDI;
overexpressing YI-HMGR and
ERG19 genes

S cerevisiae Enhancing the MVA pathway flux, Synthetic dropout(SD), 82.68 mg/L [54]
strengthening supply of GGPP and and YPD media
NADPH and overexpressing the
endogenous transporters

S cerevisiae Modular engineering strategies to SD and YPD media 3262.2 ng/L [56]
reconstruct and optimize a de novo
d-tocotrienol biosynthesis pathway

(#5)
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E3)
Vitamin  Species Method Main culture substances Yield References
VK Bacillus subtilis Optimizing the medium, Consisting of 5% (W/V) 226 mg/L [70]
fermentation condition, stirrer yeast extract, 18.9%
speed and aeration rate (W/V) soy peptone, 5%
(W/V) glycerol, and
0.06% K,HPO,
B. subtilis (1) Developing a bifunctional and LB 200 mg/L [71]
modular Phr60-Rap60-Spo0A QS
system and constructing a library of
promoters with different capacities
to implement down-regulation and
upregulation by changing the
location, number, and sequences of
the binding sites for Spo0A-P
(2) Knocking out the biofilm-forming LB 310 mg/L [72]
genes epsA-C, tasA, sinl, yuaB and
ftsH and overexpressing the
cell membrane protein tatAD-CD
and menaquinol-cytochrome C
reductase gcrA-C
E. coli Screening and enhancing Idi, LB 1350 mg/L, [73]
overexpressing the endogenous 26 mg/(L-h)

MenA and exogenous UbIiE, and
fine-tuning the expression of
HepPPS, MenA, and UbiE
expression and enhancing DNA
synthesis pathway

LPRA P R P ARRAA A VR IR B AR

Jo, XZFREAEVRIAREARIR, S K
FAREE PRI EAL, AR E 2 T — &P b
R R S, XA SRR B R E
AP, BARE Ao L TR, H
Je KR (0 25 I i BRAR AR 2 1l T A SRR ) T
M A BRI HIK, — DN F R A
RN ELEA [ A ERIE T B RE AR Y R A
(25 M [ LA SR OGP &, IR Z I F A 2
i H A BT T 2B B D RE X TG ik i
8 PR B R RS A P A — Rk, BT A4
AR BT LR A I A Y R SR AR 2 —
SRR B A B B AR OR T, AT T H B
PR AR 5 B B AR A BT, 575 B IR
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b, A — 2P g R A R SRk IR R ) — TR OG
i, AL VD, TERCAE YDA P B N Sk
WA, HOCHAETRE A HER b 1.6 a3 S
e R SE B2 A A 7 di R R E ik
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WO S E TR mgEA R E MLA R,
(BEA AR P AR o S ™ b Ak 55
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PR RCR AN HE AR BT A & 4 E R E
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DLIR BTl AL B R 1 K, 2k —20
5T DA s MR
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