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Abstract: Vitamins, as indispensable organic compounds in life activities, demonstrate a
complex and refined metabolic network in organisms. This network involves the coordination of
multiple enzymes and the integration of various metabolic pathways. Despite the achievements in
metabolic engineering and catalytic mechanism research, the lack of studies regarding detailed
enzymatic properties for a large number of key enzymes limits the enhancement of vitamin
production efficiency and hinders the in-depth understanding and optimization of vitamin
synthesis mechanisms. Such limitations not only restrict the industrial application of vitamins but
also impede the development of related bio-technologies. This study comprehensively reviews the
research progress in the enzymes involved in vitamin biosynthesis and details the current status of
research on the enzymes of 13 vitamin synthesis pathways, including their catalytic mechanisms,
kinetic properties, and applications in biology. In addition, this study compares the properties of
enzymes involved in vitamin metabolic pathways and the glycolysis pathway, and reveals the
characteristics of catalytic efficiency and substrate affinity of enzymes in vitamin synthesis
pathways. Furthermore, this study discusses the potential and prospects of applying deep learning
methods to the research on properties of enzymes associated with vitamin biosynthesis, giving
new insights into the production and optimization of vitamins.

Keywords: vitamins; kinetic properties of enzymes; metabolic pathway; enzyme function; deep
learning
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Figure 1 Overview of vitamin metabolism pathways. Different colors represent representative biosynthetic
pathways of different vitamins, and the numerical values on the lines indicate the quantity of enzymes required
for each step. Shared pathways such as EMP, TCA, and PPP are depicted by black lines, while lines without
numerical values indicate that only one enzyme is needed to complete that step. Pathway data is sourced from
the KEGG website!””. DHBP: 5-amino-6-(1-D-ribitylamino)uracil; DRL: 6,7-dimethyl-8-(D-ribityl)lumazine;
Arp: L-3,4-dihydroxybutan-2-one 4-phosphate; ABEE: 4-aminobenzoate; PRPP: 5-phospho-alpha-D-ribose
1-diphosphate; AIR: aminoimidazole ribotide; HMP-PP: 4-amino-5-hydroxymethyl-2-methylpyrimidine
diphosphate; cThz-p: 2-(2-carboxy-4-methylthiazol-5-yl)ethyl phosphate; DOXP: 1-deoxy-D-xylulose
S-phosphate; IPP: isopentenyl diphosphate; GGPP: geranylgeranyl diphosphate; 7-DHC: 7-dehydrocholesterol;
MGGBQ:  6-geranylgeranyl-2-methylbenzene-1,4-diol; DHNA: 1,4-dihydroxy-2-naphthoate;  HepPP:
all-trans-polyprenyl diphosphate; DMK-7: demethylmenaquinol; 5-ALA: 5-aminolevulinate; UDPG:
UDP-glucose; GDD: GDP-mannose; KAPA: §-amino-7-oxononanoate.
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M2 5, Belenky %P5 12 18 55 MR 1) 12 K i -
AN NAD MR, IF & BUAE B ) 41 Al
HANIN 0.005 mol/L MHFRBERSHE I 8 me/L AYARIME
BRI B BRAG S K IR, Wang 65
i CARE I K AT T B ok BAG 355K H 218K
I# J& (Rhodococcus rhodochrous) J1 1 /43 i
NEK A Bk A e R Bs (JEaltliy), LA 3-
SEMERE NI, 1ER B R BAG FPATE, 60 min
P T foff Rz A 7= A B 508 /L. RRIRAENO:
TE R W ¥ A R 60k T ok ARSI LT o

&: 010-64807509

(Chitinophaga pinensis) it X I fiie i 2 7% b 5% %
fiff(nampt), FJ5 T NMN MRS s 1s ,
R NMN TG i A2 55 pneC. ushA
VAR ATE NAD T AR nadR, T 3RiT R
R PRI = 555 60 mg/L, ZWIIH =
4.95 %, #F—AE 5 LG F 7 R AL, 7o
B iA#] 390.1 mg/L.,

HAT, ©F 9 Pl T T8 Ji2s B,
7 FPEEHEAT T HSGERSY . B, JHERA T ER R T
IR 5% #% i (nicotinate-nucleotide adenylyltransferase,
NadD) fig 9 fi# {b Ml 2 . #% 1 IR (nicotinic acid
mononucleotide, NaMN) il 4{ Bt i 5. #% 1 BR
(nicotinamide mononucleotide, NMN)-5 ATP ) )
N, BT ACIE e I T B AR T AT IR
(nicotinic acid adenosine dinucleotide, NaAD)HI
TRBERE IR RS — T IR(NADY), JR4EE R B3 A
FE AR R AR AR R . Wang 250 TR R R
FE M, X NadD #Ff7 TREMGE, (I
BT 5 NMN 254G R Rt
Pe, XPIE P CAR SR ) 2 BRI AL 8 XU A
HEATARL AN S AR RS E AR A, 3 Tl A K L 7k
e 2 % NMN AR i e AR 14, 4351
fn44 1 11B4 (Y84V/Y 118D)F1 16D8 (AS6W/Y 118N);
TEAFAE NMN BITEBLT , X P L AT RE A fif
KRR, MERIMNEME NMN, Jf BAER
SE WP A I AR B NAD(H) K 5 T X B8 B 0k
ANGEAERAXS T NMN 2305035001 100 £
600 fir; 5L LR 80 NadD H9JiE
Ve e, I EE S T BERGR R 52 NAD AR
Y& RIS, AN NAD KPR 4%
PEOE TR RIS, XA AN M C N R AR

NAD M /K it B (EC: 3.2.2.6)J&— £ I fE
fifg, WU NAD KRN, #F NAD )i
A Tk % (nicotinamide) Al iR — B M2 &% Bl

B<: cjb@im.ac.cn
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(ADP-ribose), AJ T4 i4E4 R Bs 4 &
o NTHFRA CD3S8/NAD B /K fi il AL AL
i, Kuhn 292050 i 2 M50 9, WHiE T
o B R B AT T A, AR T —
AR IE AL S AR L E218, RASREUELTE
MR TR, E138 1 D147 @ AN EL
S A FHAE A A0 o5 Bt 31 SR SR
W18 F1 W181 i SeApf Mk I iy 58 A8 Al g 2252
Mo o SO AS PR, X SEER LR R AR, & —x
FEEE F B RCR A T ;i 28 K BEXT T 2R A%
CD38 B G I i AL AL LA S DA P2 il AL
AEER L, WA, WY R B WAYE
B4R UG RER, HLRE N AH SR B IR YT I
25 R AR AR i L
1.1.4 #5%E Bs

4eAFR Bs, NFRIZMR(pantoate), S&—FA
ROATE IR OC R ERHEE A (CoA) Mt
FLARAATE H (acyl carrier protein, ACP)AYEE iH]
&, S5 NI L FlE g R+, 2%
WA, ATRETIARde iR . B E AR )R
TE MO REHHED . VBs A R E T
SN R 22 k4 Bl ARG A AL 15 2] 4 R
(valine), TEMCHEAN Famad 3 Rl 2
%, Jf4 B-alaine 75 1 FhEGAYHEALAE T F 155,
Hrp 79 & R (B-alaine) 7] DL DL 6 A4S Sk R 15
B AR UE R A T R IR AR B A
MR, TEUCHEA b —Fh g AL B Rl A5 3 5
— 2% I A2 2 8 1 K 2 TR (arginine) F il 24 IR
(proline) Ay 1L ¥ i& & M J N 15 3 K5 &
(spermine), ficJiFFead 2 Pl 1L B o] 75 21 (1]
2, EO; MEILEZ ARG,
kS . SUB1720761294457),

T B-NAMR G AR 225, 4i4ER Bs
AP ORI FE A AR KRR
WG T RAAmR, Wik 5 Flgnftb; 52

http://journals.im.ac.cn/cjben

WARLKE I S, W& 6 MlEMIER, 456
XWFER, 4iER Bs G ST & 7 iR
[l Tigu Ml 7E KGR P #E 6 FiAS
SRR 2 TR A, Bk B 5 E BRI
P2 TR A I T LA 5 v 1 3 ) R 45505 i 2k
T % T8 X HC L SN 0 ie ) (D-12 f BR A1 B-TH 24,
MR), 7E32h P24 97.1 g/L 1Y -2 IR, Hefk
K] 99.1%, H7RIKF] 3.0 g/L, & HAEHE
F) o e 2R PR SR . Guo S5OV o 0 e G i Ok
. MR kAR . SRR D8 miBR
VRSF LN | P NADPH A 5y pkpty it
FIEERER MR DPA171 FEPLAL I HERIE IR K 1 5%
HFPAT 41 gL ) D-ZR, XRES N ITE
ik ¥ 1% £ (Saccharomyces cerevisiae) 14 it ) %
7, Dibble SEPYR BUZ RIS 2 (PANK2)
b gEE R Bs WS — DR AL N, AR 4°-
W2 12 2 (4’ -phosphopantothenate), & CoA & ¥,
AR IE TR WEFERIT, PANK2 Y& ]
REZ AN CoA JKV-HY BB A . 40
LN CoA K-8 AL, PANK?2 Y 1] BERRAI
MM CoA B I, PANK2 8k 2
AeE R Bs B HGER I OCHER S, REAS Y
YRR AN CoA KR E .

iR Z 5446 R Bs G MW E 258 18
TR RIESE, JEEHA S5 FhEGC UEf i el
W, BN, L-RAAIR-o-Ni R (L-aspartic acid-
o-decarboxylase, ADC)JEEAEH I 1 A,
ADC 7] LK L- KA 2 i 1o 2 s 1 e Ak B-
WAL 1 B-N ARG R Bs B i 2 iy
FEATA, Pei P RN 3 FORIE R |
BRI . AR ED ADC 347 1 5050
FAE, RIATHRIER ADC FHE T H AP
SRR SR R R R PR RS, IR R
A AR B IE A ADC 38 1 A3 E B i
EIVR T —Fhmii it iy - IR YOI E ¥
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XS 4 000 FhRASARYGRLE , 2RAF T 2 Bl
SR E AR e MR AR A, RE S AR AR
VS IR T 18%—22%F1 29%—64% ; FeA: 5%
TRTE 8 h INIY L-RAZRR LA AR 1Y B-N &R L
SRR 50%, o HAE Tl b A Ak
A B-IN AR E KW T o

HerE R Bs B UM ERE— 1, ZMR B-IN
2R % W (AMP B ) Rz 1R A
(pantothenate synthetase, EC: 6.3.2.1)f{{kiZ FR FlI
NAMS ATP SN, Az . AMP MIFERE
MR g, Jonczyk Z5UHXEA 6] S J5 0 (L g T
MR ED AT T A8 22 Aot SR 3%R
B ESR BP9 EAFTE B8 AR, I HLAR
BRI, EREITRERIE T U5 A R
RS, T RIGH ERIEN LA 17 R h
THAEX—22 5, AR S E T
DXL T2 BRI 1) ST B4 42 i X sl A 7 1
A%, LLIRF| 55 sl o ke, EAN R
M —RIEER HAY; S5R LM, XA T
T AR TR R ) S A R0 S R B, T
H AR IT R IEEEEMNZ B A B R
bR, X ATRE S MRV A ML Z
T, KGR IEBFEA RIZ BRUR B kA 7
REA FBRAA A, XS R, A
At 7400 R T2 R G B R I BT B 4 fi X
B, SECTS R EAEADCH S REILA . X —
SEIRSHE T IZ BRI B AR TR AT
REFENE AN oA E At a3 i ik .
1.1.5 #4E B

AR B fAAE 6 Fh AT A B AL AL L iEfb &
Y, L5 I (pyridoxine, PN)., LI %
(pyridoxamine, PM) . M2 (pyridoxal, PL). Mt
WM 5-fMR (pyridoxine 5°-phosphate, PNP). flt
W2t 5-WHR (pyridoxamine 5°-phosphate, PMP)#I

Mk % [ 5- ®F BR (pyridoxal 5 -phosphate,

&: 010-64807509

PLP)™> Sy 2R A L D RE AT b, Hrh k24
SRR WE A C, HEER B 5
WL . BEIRAE (S M R A A %) LUK
MEFLORS ZERENE A R), Hikz g
S PEOAWERE . JR S 2R SRR 2
HER B MEZRMAIERS PN, AT RITEIAN
W AR L PLP, MITTAEAE WA 1 2 Fh
EE AR BN R . CHRiE T
Flt VBs Mk & miaste: 1-BARTRBE 5-# i
(1-deoxy-D-xylulose 5-phosphate, DXP){ i1 15
7 DXP AEMRHi 1545 . DXP AR R AR 1T A
i 1f D- IR EE W -4-1; iR (D-erythrose 4-phosphate,
E4P)Z 3t 7 FhlgRYMEALAS 5] PLP; 1 DXP EIR
P A A4S U 2 30 3 A S I I (L-glutamine) . AZ
5- 1% R (ribulose-5p, RSP) LA K 1 B 3- B iR
(glyceraldenhyde-3p, G3P)7E— 14k T 15
&1, PR BRI E A YR s
Ly, B35 SUB1720761294457),

K AT T 55 22 08 =2 TR B M v 32 25 5d
DXP iR AT E M, kI 7 M
iy, b B A YR DXP AERMR AR 5 K
PLP, ILiRARiE T RSP, G3P FIA 2 ik e 7L L —
BEEAL T A, 4ErE R Be AR ¥ K 1)
B2 BT 8 B, Tian 40716 4l A4l
AT, WEOE T SRS EEIR LA K TCA JRERRY
KR, i ERICBEER . ZILMm AR A L,
FESTHEANEL & TR 8 PN P~ iEiA 5] 1.95 /L. BRI
Z AN, Wang SECH FATFE VDT G B R 1 s R Tl
AR L B AL B D iR A2, DL PN
FEWEIREL (pyrophosphate, PPi) M IE#I4 i PLP;
TEXGHEAL T, S Ltk PLP 1™ & f s 3
T 15 gL PLE, 72554 1.02 g/(L-h), XJ&H Al
e 0 i e 2B 7 % . Hoshino 45 °'3@ i 75 B
H BE FF P A2 MR (Sinorhizobium  meliloti)
IFO14782 f 1 & 15 ® W2 Mt W B & 1l g

B<: cjb@im.ac.cn
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( pyridoxine 5-phosphate synthase, PdxJ) , 7 d
NF=AE 362 mg/L YMERZ A, Pdx] B4 75 PRI
(kea=0.07 871, JE4EE B Bo AW G R AR P A BR 33
YR, HAEAG SN AR U R ] 4-RmR R At
I3 & IR (4-phosphohydroxy-L-threonine, 4HTP)H.AG
AR, PUHBCAAEA 2R Be LEMHA U F- 2R

YR Be B URRTPEA 8 FililEse sl
FHEBESE, o 3 R C 2 T EuE T .
un, MM SRR A EF(EC: 2.6.99.2, Pdx))HEfL
1- i 4 -D- K 1 Hl -5- % B2 (1-deoxy-D-xylulose
5-phosphate)t5 3-%F&-2-4 N FEBE R (3-amino-2-
oxopropyl phosphate) I v, J& DXP {#KHi
WAL R B (PNP B )M Z Y i fe
—Nl, W2 VB B EAR ) R
—o AT IR PdxT BRI LU T
ier=dhBHESE R, Liu R 3T A 2%
RN ZEAS TS, Xt PdxJ WA T 248 pdARik
TSAE, B BRI — a5 AR 1 i i ) i
AARTE, HBN 4 RIS AR T
ZREAR, WET 200 ZNRAIIRE,
PG = H AR E104T/1218L/G194C (LL239)
AT R ik X IR TR R i 18 A5 BRUILZ AN,
AT N D 2 B i A28 v 198 JH Al ol 3 A 7 07 6 1
i, JREA AR, B L R T
FETLH] 1.4 g/L; ZWTF0E S RGNS DXP K
wie FILF A B T AT, H4EAE R Be Y
AW BT RE TR LB, o S o™ i i AR )
AR TR A TR T R

MERe i S'-BEi A LBEF(EC: 1.4.3.5)f1bnkrs
WE S-BRRR S AR O, A G A SR
WoRE S-BERR, E4EE R Be (PLP ER) A AL A2
R —2 . Gu ORI T # 2R S
KRIGFFRALS R 5'-BER A AL 1 (EcPNPOX) T
AR, A B HOR G 1 1 R AT IR 2R
PSR CBEA B, JF485E Hh CBEBRY EcPNPOX

http://journals.im.ac.cn/cjben

F R A 2 BR AR A, IR TE L SE A o
PR TR K72 - 47 SU 28500, BF9EiE]
L TEAY, 13 2 TR ke 56 7 A 11 5 1 I 0 12 R g =
et EEAER ; AN, 0 R AR IRSN S
T, EcPNPOx 1] LI#k Z Bk fRIEM2E 2 Wifk,
M CobB J&—FE M E LML, WAL
Pk S R, B AR R B KRR A B s
BEIAE M RIVER , FERT IR CobB M WEFT 2
LA 2RI A T A 2 2k fE
f) EcCPNPOx (IEIGIE, 4550 B/ 2Btk &S5
HEEE T AIRRAG, 1 CobB K 2 Z k&
AT AR S Lt e

ML I 5'-BEIR A I (e FL A 2 I I /K it 2
fiE, EC: 4.3.3.6), +& DXP JEIKHEA7 T i 2 i
i, fUFE Pdx1 il Pdx2 PAPEFE, Pdx2 A9 F- %L
e R A A e 7 A= i B 24 5 . Pdx1 HL
BAWIRE, ATLAFIA RSP Al G3P LUK Pdx2
PRI, HEA W44 R Bs (PLP EX).
Moccand Z& SV 2 PR 5 ¥, @ okl
TEOE B3l ) 22 M A AR o R B, e
H R Be WA RGE RS, Pdx] IV IES =K
iGNNGSy, XA TR
A M REREIRES S, JERUETER PLP, T#
R AN B PR P2 (il JFiEd
AL TG E AT IE R T P2 37 45 %) PLP & il Ao i
Ve, FRBIERT G3P MygsamEfl; [RImHaF
GEI R ™ ) R TG i ER AR Mk P T g T
B f % 5 BEAMAUEB] T F Pdx1 C %fihY
— K R R B I (R288) 78 1] 19 1% &2 2% B 1 ML
H P FE R i 3 B AR 5 S B T
DXP SRR BRI A FR B 2EW A B 2L
i, RRA PRI — i BRI T uEE , X 4EA:
R B WAEYAG B R EAREE L, [FN AT
R X AR I A A5 P s S AR 1) 2 B T T A
PRI LG o
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1.1.6 #HEEB,

ek R By, WHRNEMER, 1EAKFRL
it 0 R W A I, TEZ R A Ak S RE R
HRBAEN, WiSmoKkIbGY . DRI Az bk
BRI AR Wk, AYREREHEAER
REZNET o A=W 2 MR 5 A4 I 200 DAY T
R AL (pyruvate carboxylase, PC)., 3-H LM &
Mt 4 ¥ A (3-methylcrotonyl-coA carboxylase,
MCC) 1 A it % fiF A ¥R 1k i (propionyl-coA
carboxylase, PCC) I FENG 5 1& M AN A iy i
WA K0 VB, YA T BN TS A
23t 4 DEEE R BEBE AL AR ACP, R4
i PG A A4S B 8- &k -7- | T R IR
[(8S)-8-amino-7-oxononanoic acid, KAPA], iXH
8- 54 Kk -7- A A T BR Wi a8 W] LA E Al B TR
(pimelate)# P FIEEHAL TS 3], ffeged 3 Fp
B AR VB, (B 1, 3R t, EZRMEYRY
i, BatS5 . SUB1720761294457),

AR By A A AT EL LIS 4 Fh 32
ARSI, —Rh 2 H BioF R IRHIELE,
IRAETT B 5 T ; 25 AR 1R BioU MR,
T 4 PPg; 55 AR Biol 1R, WEE S AP
SEPURPH BioW 48, FREE 5 P, X ELikiR
W RIS A 9 F, FL7E 1995 4F Masuda
A VOTIS 3o A R b B A A R LA R R B 3R 2%
S A = 7 5 2] 600 mg/L. Clack
SFOE AL AE AR S, BRI T B A A B
(Pseudomonas mutabilis) H A& 4 2 () 7 i 15t 1
5, I 5 IR IR AL K WA R 1
AR &, BJE 7 EIAT] 15 g/L, RE
LR R IE R R, HEZ R 25T . 1E
B. subtilis ', ZE ¥ % & i (BioC . BioB ., BioA
BioK)3Z 2| S-J 11 -L- H i Z W2 (SAM) Rl ™ 1y 1) 5
ZUIMA]I), X BT SAM f SRR AR g, Jud
J& BioB, H: K fHAH 0.12 min 7Y,

&: 010-64807509

QAR B G R , f 5 Mhilic 58
BB 2R 9, 2 RIS T o s i 55 19
an, R H A 2 R - 8- 2 k- 7- AU T R I A il S
Fr 7.8- — 4 Fk T 1R 4 i (7,8-diaminopelargonic
acid (DAPA) synthase, EC: 2.6.1.62), @itf#fk
VEFRNS S-MR 1 -L-F i R 1) — 2 L L 1A
B 8- -7 TR, UL S-HRTTSL-4-H fii-
2-fili T P& (S-adenosyl-4-methylthio-2-oxobutanoate)
M 7,8-ZHT-MR(DAPA), & VB, &5 MuEAE A
B 3 N, b T IRFEILIE M O iR R
HEALMLEI, Sandmark Z5EU7'5E 31 2 84 X 5 1
R RSTFEREE, IR T RIS 2R R, 5
A RIEEA L, RASAK YIT7F Fil Y144F 5IRY)
DAPA 1 J i 3 22 3 S BEAIR T 29 99.92% il
99.97%, {H &5 A5 1A 1) il AR 25 4 v 1 AV A Ak
FEWAT R 0 AR A 5 X A 2 SRR R L T e e
P DAPA IR FIMEAL SN b & AR AR 3%
254, SRR, DI4IN KA S I
WA R B AL IE T, IF FLIE YA S 25 &
AT B, KUNZIRE LM P
MYER ; ERFGEM 4 ADNEFEmsksEd, HA
Y144 Fil R253 7£ DAPA A 89 & FE R ¥ 51 b ™
FEARSTE, UEB A 0 72 o XA A ] 2 e F 2
(R PR S5 B IR IR A — e RS, R BRIk
fead fi v, [R]— T AR 2 AN [ 1) v Ak A A
(25 T

i B A4 W) K A T (DTBS, EC: 6.3.3.3)4 4k
ATP | 7.8- 4 5k T MR (DAPA) fil CO,, 4 i
ADP . #FBMAY R, XEAEWRSG M
7 EREIECE 2 . Salaemae SEUPHEGE LR,
MtDTBS (451 53 B AT 1 >k I8 AS AL AT LA
ATP, CTP. GTP. ITP, TTP = UTP, HHEA
AL K (EAT ke fEL, 5 A DTBS [6) A
T 3 ek R A el 5 R O B TR A 2 TR 1Y) R i Tk i
WS 2 [B] ) 2 AL e 4 & ATP IR LA

B<: cjb@im.ac.cn
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[, BTHRFEED 2SR, EE BT
DTBS *1#y D175 #EA7 7 2FREBH, KRBT
175 WA, HEBR T BR ATP Sha0IAh
B IR =R 45 & . XI5 MIDTBS A
A AT IR S RS AL TR, ol ATP
HYRE SRS SR A TR

1.1.7 %#5%ZEB

4irE R By, IR, JB T/KETE B 4k
ARV R R DR AR e, HA
WG T SO DU SRR T, e R B R R
F) 4 B 53 R AR o AR R E AR . MR
B — P e e A BT 5 IR LAY A #E A1
MARRGEME . 5HA B 44 =AML, 0t
B B AR kR N RE R A A2 B, VBy B
B T B A R R i A2 A i PRPP, i 1o
3 PhEEELIR R GTP, SR Z RS
F AT 7,8- S MR (dihydropteroate) (JHbAb
A AL AT A 20 43 SR FR PR AR AL 15K
SR T8 Ak — Tl il AR R R ) MR 2 S R
(1, B B L I R A iRk 5 s o,
o5 SUB1720761294457).

AR By MAYG L F Lt =iz
AT MR ETF GTP, ¥ 10 FiF;
5 Rt ribA R trpF SERIA S, W K 9 Bl
55 URh R AR B IR A% M £E W IR 5 I (PTPS)
S, W7 R, SIS 14 FCR R R, H
Hh i £F T (Ascoidea gossypii )& —F 2R ELR, H
ARG AT A A 40 pg/L AINTAR, 2o/ Qi TR 4b
FRJF AL 6 595 pg/L, S YmHRiE R,
AN, Schmitz 2870 % Pi—AN 44 “h“Power-to-Protein”
SN T NI % 5 N7 1 25 I e 2 Y= A e =1
At te A A M A I R [T BsE RT LAAE 7™ 6.7 mg/
100 g AW R, SCBL T Z B0 0 R HE L
Blancquaert 250771 3 3o 2 1 B 10 it 2 5 i S04
H 712 & A% (aminodeoxychorismate  synthase,

http://journals.im.ac.cn/cjben

ADCS)Fl GTP M kK fi#fili 1 (GTPCHI), Bt
KRG B R S AR T 150 £, FFdGsE T AR
it A7 30 ) A e e 2k

Har, b 10 Fgc 58 mish Jr 2= Fe ek
5%, 4 FhBGEA T el o ol A R A
(EC: 1.5.1.3, dihydrofolate reductase, DHFR), %
fit F1] ] NADPH 44k 7,8-— & M- B2 (DHF) (1) v/ 44
MR, BN 5,6,7,8- DU A M iR
(THF), 24E4EER By &l B s — 1N
N T IRFE KA A DHFR HOR[RIPRZEHE (loops) Z
[ A EL AR, DA S A5 4 v ke 2 %) I B3 %o i
shFRaE PEAMEAL TE MRS . Horiuchi 2517
TR RPERIF T, BT 4R RN
hy AE A AL v LA E R /R A SR 3k RS2
(aC-BC ¥F). G67 (BC-BD). GI21 (BF-BG)F
A145 (BG-BH), 478 MHIBR AR IR 5 K&
LBR aC-BC FRH 52 5 58 AR IR e AT B AT iy
AT E A R AESL, AR AR BB R S AR A R
HH B RS R R e, LB 2 AR R g tF
W aC-pC 5 BF-BG Al pG-PH FRTEFAE
PR AR RS s X aC-BC ¥ BC-BD
IR AT BN i R 25 T RO TS 1k 0 2 A, TED]
XA PEA 5 BT A AR I 22 [ AAFE R A B
ZUE I X DU IR TE TN 6 AR EAR RS, A PR
FR B AL ML B AR AL T S0 R

7,8- & M onE B 45 B (EC: 4.1.2.25,
7,8-dihydropteridine aldehyde dehydratase, DHNP
aldolase), %M1 7,8- — & M IE (DHNP) Ky
6-(F2 /1 3k)-7,8- " A MERE(HP), 44 R By A
P EE R EEYR . Wang 25N PR
TR, Xk B B4 7 (Methanocal dococcus
jannaschii)f) DHNP aldolase #F17 T #1597 ; 45
278, M. jannaschii ) DHNP aldolase 7£ 70 °C |
BA E#ELRE ) (Kea/ K TR T 105 L/(mol's)),
(AT T AL 0.07 L/(mol-s) 5 241 11
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DHNP aldolase #H>4; HBFFEIRHEN T A ES S
e SR AL, fUFE E25. H35. Q61
Y78, Jf i A AR B IR T X Bk B N Ak T
PR M IS 4R S, TRk = AL B i AT
RAMRMTEOLT , Ko rlReAE ISR, ™%
TR H35 1 Q61 FR I T8 35 7K 737~ B w4 5
AL, Y78 Bk B fb i BAR B 22, Y78F 1Y
GG Ko/ K EFEAR T 2 DB T351,
E25 TEJRI4S G b R E SR, E25Q M7
K, IR 25 55 R T AR
DHNP aldolase JU4R¢ 25 R AL AL, AL
& T X DHNP aldolase #EAL 3138 IR, o Ry 4
HE By BB SRR T 5%

1.1.8 #4%= By,

4erE R B, WARIEEIIGER, SME—SA &
JBITRMYEE R, JB T RN E Gk
A9, EHEE AR K AW RE AN
e Ry HEER B k= v S ECEBERS 4 55
WHDHEESIE, FRE R PR BB 4 240 ML 1
Z B0 DL RCEAER L . e TR | R iDL AR
W . VB DG T e 2-oxoglutarate
R, EE 7 A EER AL, A5 3 R AN ek 5 I
(urogenlll), 7E 1 P Y i Ak T 15 2 A ml bk -2
(precorin2), ARG 10 Fhak 11 FhEGAOMHE LIS
F A (D) &k 1M 210 & a,c Bk I [Cob(IT)yrimate
a,c-diamide], P38 1F 22 i A% A T 15 2 IR 11 5L
4% F%Z R -GDP  (adenosylcobinamide-GDP), % &
5 VB, M"Y o BB R OB
(alpha-ribazole)7E— iR fiE{L T H32] VB, (K
1, B BRI EZ MR e, &
£S5 SUB1720761294457),

At R B A G AT LA A S A
REGERFIE R, WAER N FEXHIET
Cob(ID)yrinate diamide FI{A )& B FE FH G 0 75
KR, REEEW I 13 FhlE, A g say

&: 010-64807509

Ko 11 Mg, PIRP R AT S S5 B B Wy 8 A
fitf, EAKE, diAE By ARG & 31
A . Lin %R 16S rRNA 1425 H 4
ARG R E WM A S B R W] —PE T8
BN T ® " VB M9 S305 T k4 Ensifer
adhaerens; i % ALY Al KEGG oA
WSS, KT S305 Wtk 24
H 2 IEE R, REJE cobA T cobT 2[4 )
WFRIKE VB BN, #5 cobA FiI cobT
BN F] S305 Wk )R, H VB R
176.6 mg/L $25 5] 245.6 mg/L., Kang %! 1
B B R A R cysG 3 R e A AN [R] i K T
B RRE, DA NIRRT s T4 4
N, HBA2 THFR(AcysG)H L HBAT B KR Rl
CysG)E T il HBA I 7 it B i )™ 4, IX 3R]
WD CysG BERIEYE, LIRS 4E4ER B
H R HBA A R

YEER B YA G R 28 Bl i
TPl S e, 11 FhE LS o oE . 1l
mn, JERR-AZ T IR - — W BT Kk il R A W L e
# M (nicotinate-nucleotide-dimethylbenzimidazole
phosphoribosyltransferase, CobT), 1% i id 5
JIEY) NaMN HiffAs NAD KA S, FE By 1)
BOfAKLHT 1,4-— H 4 H2E(5,6-dimethylbenzimidazole,
DMB) i 1t o- #% BF 5 2K Jf oK Wk BE R
(a-ribazole-phosphate, a-RP)a¥ a-5,6-— H FLHK I
KR ARETR —AZ 1 R(a-DMB adenine dinucleotide,
a-DAD), XSG Y 24N By, tEWE ik
R B B TR R R . S T IRAT i
CobT FSFE VB WA IIRE, Claas 51
Wt RAB M R IR T — TR AR L R N B AR S
TR VB WA UK CobT RAZAFR N M
2%); MEHT M 28 CobT AR S EINRE AR MY
JEEH, VRS A B A CobT M A 25 F 58, 1
SET 34 M 2K CobT 2781k, FFilEAT T IRNHI
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VRGN T RE ST T 5 Z5A8 5 | T A 2 s A8 SR 25 2R
W, G257D I G171D AN} 5,6-— H L4
FFPKH(DMB)RYERIIREAR, 2% DMB #EATE
PEA AR ESZ BB ; C160A AR {HERAYfHEL
ORI T 80%, IZIEMIHGEA R M 28 CobT %
AT DR P B S 3 H G R A i R AT g
KR A AT, B MARAER CobT M
FOE R, M0 R TRRIETEIEREIL. %
AP FIF R BT 258 DL S R Tl A 7
1) VB A& G AR AL T H S SE A RIS S
WL 4 A2 lifi(corrinoid adenosyltransferase,
CobA)MEAL /R 3 208K (1) HFEAR T i
F— R TR AT AT Co(IIDid I
H Co(Il)e TEAFTE S Z A% H IR 3L 5 i v
REANEOT, XA LB AT LR 1k
A5 (2) Co(IDBE AL MR TT L BB g4 G, DA i
FEB T AR DY BRI 5 A S
WIAALE, PUECALAY Co(IT)H [A){A ik Ji v o7 42
B 729250 mV, HHGARAEMVER. K5, N
H B S RO 8 R A R b
A R TR RS, R LR RN Co(D); (3)
Co(I)X} ATP WIRRTF LA TR T, SR
BT EE R R, R R Al R 1446 D Co(TID)
o RN 2 A4~ ATP., 2 A NN R 2 3 H
Mt % [Cob(Il)yrinate a,c diamide] 1 it Jii %Y
NADPH- Il 4L & & 11 & J& [ (reduced
NADPH-hemoprotein reductase), & W4Ed &R
B, (M EZHIE . Moore Pl XV TR FE
J%#F 5 (Salmonella enterica) ' CobA fifi 5 ATP .
PURL{ cobalamin 1 H. it {7 cobalamin & i) &
GY R ARG AT T, BT
cob(Il)alamin £77E T CobA &M 5 ) Sl A2~ IE
5 AR T — AU, iR A S
W%, JFHMAZEERE I Fo1 1 W93 5
cobalamin [ FIRAC/E DMB MHEAEH, M
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A R B RO DU B, cobalamin, X Xt F adoCbl
Co—C HMIEINEREZE; WiLXt FO1 F1 W93
8 A N AR SD 58 3 A B IE 13 P o A AR
B 7K AU i e R A AR o 3k SR 5 Sy B it
HEAL Y cobalamin A= ¥)45 BUFIAH SCACH R AR 1Y I
I AL A T LA
119 #ERC

R C, WFA L-PUIAILER (L-ascorbic
acid, LAA), A A 2 il il S 17 14 B 2 4 1 [N
F R R PR AR 4B R C W
= 2 BRI A, T 5 32 B
Joa R, EE 2 ] BE 2 5 BUIK I s A5 T 1Y)
IR, Ui R C MG LT AR 5
— 25 N] AT o A B -6- 1R (glucose-6p), 7E 4 Fii
BEAEARAE T 42 B UDP-425 8 (UDP-glucose),
FETEIC A Famat 7 Fhmg A f AR Az sl A=
K C; 2 A2 o S PE-6-BE R (fructose-6p)
16 3 FhEGAAE AL T Az 0SS T ZBERR -D- T #20
(GDP-D- mannose, GDD), #/57E 5 FilignfiEfk
TARYEAER C (K1, Bkt FHELEZ A
YIRlEEdE L, B S SUB1720761294457).

YR C MEYE BRI CSE Y I3 )
WAR, A I s FhEn 7 RS, ST 12 FOR [
O Tl e S LAY RS2 R E. coli
PR AR Sk e 3K T BB 1 L BROR /1L B R I
IEARAL THEAR A5 F, DL 2 3% 36 ik gt s Ik ik
(pyrroloquinoline quinone, PQQ), {1 R 4
G B i Ak 1k 2R ) 2- 1 I8 — R (2-ketoglutaric
acid, 2-KGA), VL L-IWZBERIEY), Foeiks T
724 gL, JRMHEALE T T1.2%, 7R
1.57 g/(L-h). Sauer %38 1 1 & 1k B i £ v
() D-BATHAFTHE I S D-BT R A bR R P9 6 Ak
i, BRI THELER C

TE4ErE R C G T, 2 10 FigHy
AR AR B TR AN TS, 6 FhiZe s Btk
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DA AR s M RE . Flln, UDP-#%H 6-i
S (UDP-glucose 6-dehydrogenase, UGDH), %
RipfEfL UDP-# %4 5 7K 701 LA & 2 73 NAD”
KA, A UDP-# & MR . 2 71
NADH 1 2 p 7281, REMgeAR C ik
R EEHIAYI . B TIRA Tf# UGDH 45
M5 INEEZ AR R, FFRERA A G0 g
PEFNAHMI I RE A RSN, Hyde 25190 i 2 PR %
TR LG T A, A T BR KRR IK
T 2 9 R AK(T325D) FI/N SRR (T325A) K I
X, IFXFHTEPEFI AN AT BEHEA T T VP4 s AR Kk
B, HASIAR UGDH /NRIKEENS S F:F41 Y
IERhfe, M RMIEAR UGDH TEIRSMFIA
NG PEARRRA . A, BRR R LB, it
& UGDH W78 RARGE R AT DL SR, X A]
RE Ay i i AN LA AR T BRI TR A R
XEEHFTRERIRA T i UGDH 15 G IE X ik
T AR LA

LU g i S (EC: 1.3.2.3, galactose
dehydrogenase, GALDH), xRk L-2F 2L -
LA-NBRAVEACR L, HHFEAE R L-BUdRIng
EEYIH, XERFAERCENMERE—H. AT
5% GALDH [HEALALH], Leferink 551 i
RO R SRSy, BT T P P S
KR IR IR EEAE N, R 1 %l fiE kAl
i, M THEAE R C YA R EIEYE;
BT R B, R388 Xt FAD i [N +H B & +IE
KAREOCHE, Bk & 388 & R KB
GALDH 5 Wil IE UG Mee s, £
52 R 388 FEIT FAD 1SRN AT £ 5E FAD 1Y
FEs | bR IR esh, E386 S HIRWIM
A FIESR AL RN . R A Z R B A &
M2 386 J&i, GALDH X L-2fZLUHl-y- N lg i & — 1k
REAR, X5 - i b-y-IN R AL ORI . 1%
5478 T GALDH b AL b R 24 ZE R 5k
FEMEZAEN, AR CHAYG U St
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TR, XA B FRfg A R C R4
PR RERPL AL R G EEAEH
1.2 BERMHEER
121 HEERA

MR A B —PERENREEAEER, B
PR LB I . EAE AR R 2R R
AFRIhRE. diAER A AR FEEIE: midgis
R AN B-EAE hRE)RNEHIE AN ER AL
B, 4EE R A X AR YR T s
2, EfFEmd R, giER A BRI
SFRWSE: —REEN, XEgNTEA
L AT A A i e LR AR T 2, s T DA
N BRI N5 YR,
JEHORE BRI D RMK R MG SR, XLk
B D RTER N AT AL IS YR U 4 A R
Ao HEAER A G Bt REE e S SR
K. N ER R (pyruvate) A1 D- 5 45 W -3- B R
(D-glyceraldehyde-3-phosphate), 7 1-ii%-D-AK
W -5- B FR 5 [ (1-deoxy-D-xylulose 5-phosphate
synthase, DOXP synthase) (JF/EFH T, X447
TR AR G BSIE B E] ) 1- 0 AR -D- AR -
5-f MR (1-deoxy-D-xylulose 5-phosphate, DOXP),
e, DOXP Zih— 29| SON A K BE 5 M
TBERR, PRl 10 FREERIMEAL RN, RS
AR B-IAE MR 1, L MR E R A
YRR L, B SkS : SUB1720761294457).
EHARTEEWE, p-HE M REAWHFHIE
K R $HE N RF A,
B4 S =R 43 e S A A, e AT AT DA 2 [
— il —B-5H % N 2K 5l (B-carotene synthase)
AL SE R B-EAE | 25 il A Aok 4 1Y S L
il ¥ = B WS W B8 (geranylgeranyl
diphosphate, GGPP) I filk #if & #7 4 K I JE B XL
e, NG B-IAE MRS . TEX A5 A
R, B D RGMIEA B AR
TERG, TR ok SN 451 IR B AR 5 A
FEERIAT SR AR H P,
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AR AWEYA Y S 6 il . Larroude
LY R HR FC B2 £ (Yarrowia lipolytica) 5 3
INFIEE P RGM, WSS B E
h&R; Sl ik s AT S S FAH AR TR R
TEREEEREP I E N 1.5 g/L; it & sk
. IR EEE TS, B RET
B-iHE R R, iK% 6.5 g/L. Yoon 5 1t
FEN R ZEF | WG A . AR . i
JE UMY SEBGUER T CrtE, CrtB Al Crtl A2k
S N R A PR, LTS AR R K
BRI TS IR AR A AR L Y
Fea, ik CrtE. CrtB Fl Crtl 325 FIzh
AE, AIDAR SIS N R B AR .

BT TR A A BUT s 1%
R A R, o 3 Figi sh e
BeSY, A1 APl T BGE R ST . BN, G
# N E LA EE (BC: 1356, Crt) i fk
7,9,9-tricis-neurosporene FJ i & 2 b, b T HE R
I N RAEVS gL R R Crtl B2
B ML, Stickforth 254 % I 7E BRI AR B
(Rubrivivax gelatinosus)% £ (41 & H, % Rk
% [ ) A A =25 RN DU 25 AR RN R B, 7 A
HURAFE AL R, NMTERAE b REG R
HOE BOMCE 43 52 5 F9E N DL AR BRI BT
A EE T P [F) A 98 A8 R T e 2 AR AR, B
J& KB L208 2 FEIR i AR X R 0 T Be . RS
PR S APERT, 208 i 2 MR T 85
JR DX ) e BE SR R K AR H, AR topological i
AU, R IXEAT RE SRR IS L, SR
PR SEIK AR B 5 X 208 3 2 TR 1A [
e (NATR RN TR ) FE Crtl X2 AR 1
RN R BB, X5 ) 0 A ) el —
o XIWHFFEE B L TR E I Crtl %8
A NE RS N I DN S i1 R B
BT AR BEIR AT Y T B 98708 o il A A0 1
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BUR IR, RIS NRMLEER A AEY)
B BRI T 5%
122 #4% %D

AiA R D R—FIREELEAE R, R
PRES B W S R B2, A B T4
R 0095 R 10 B35 09 1E 5 A, A B TR BT
MEH . di42%E D S 5 EH8% 8 sty
A, AR ERSCE AR TE B, B B
W, o, JEESALEE(YEAE R Ds) M M5
WE(EEF D)JRZEER D WA = Z R,
iR Dy FEAEFDCRER T ENMER k&
B, MidEAER D, WIFEE 584 DA, 4iA:
D3 BRI e Zead 7R R R R D48 260 4 - 3- W IR
il DOXP & Wi fb & A 46 G T i, TE I
DOXP. #%#, %id 6 FEgAMEfL N, B
(S)-2,3-epoxysqualene. #RJ5, @it 5 oh 12 Fhii
HITERT, M 7-F S H [ B (7-dehydrocholesterol,
T-DHOAE A Dyo MUAh, MM il
RECAERO, ¥ 7-DHC @it 3 FhligrEs1L,
e E Dy K, 4R D; gz 2N
fIE, 1 CYP2RI Rfifbitibly 25-F254i4: 3% D3
[25(OH)D3], X/E4tER Ds WFEEHIEL, If
B — 232 i 5 B I S A A 2 AR P
Y2 D, A TSR MR, 54E4:%K D,
— T B Hh[E]{A(S)-2,3-epoxysqualene, Pifi 5
Zexd 15 FPEGAE AL, X — i RS T 2 p ) A
7-DHC (&I 1, & s Bt 0 B e R
g, Bat5 . SUB1720761294457).

e R D EY S IO WA R Dy FldEA:
R D WAIE, Sralvs I 18 AR 16 R, H
I AT R LU AL O IR IR 2, At F v
e K 23 MORFEIAYEE . Tan ZP0E 1L % £
SR A RS R, Kk B R A AT AR A sk
BERMBE I R T4 i S50 Y R A s A
(12+1)%HF, Rk, 22/ SRy Bk
FA35 1160 mg/L.
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YR D FRGREY, OF 7 Mg s
J12E R RS S8 B, RIS 2 Fh RS 7 et
5. lan, HiEE 24-C-H R BEHEC: 2.1.1.41,
24-SMT) 4 16 S- B¢ 1 H B 2 B8 (S-adenosyl-L-
methionine, SAM)FI £k {i§ fE (zymosterol) 22 [1]
B RO . FEX AR, SAM R I ARt
T, B W R AR RS 4 R S I, B S-ARH
L- [A] 1 ¢ Bt % B2 (S-adenosyl-L-homocysteine,
SAH)F1AH £ [ % (fecosterol), Liu MO} A5 X
HE 1 (Trypanosoma brucei) K5 SMT (TbSMT)
AT TR, IfHEoR T HAE AL A 5 H A
B C-24-F B RY 22 5 5l 0TI E AL )
ZRE MR G A Bt , If R
ARSI A TR S T OCHER 2 FR TR 5L (Y 66)
TEMEAL RN P EIPE R, ISR R, XS
oA 2N R 24- FEFE RS Tl ELA S [R] A 3 0 o
SEAANT R BRSO R, JFHEN ToSMT [l
A BB —Fh R AR A 24-H FLEERLEE . % 0F5T
NI AR HURE SRR R 29 TR, WA
JE T X C-24-H AR R A

Yt R Dy FALEHEC: 1.14.14.24, Vdh)fifb 4k
H: % Ds AR 25-F3 4k &K D3 (calcidiol, ZEA:
% D3 WIEMIEY), XOE—Fhim i3 s n4E
HEZDIER, Fujii ZY i i (Pseudonocardia
autotrophica) H1 43 25 4k 15 — Fh Al LUK fig 4 4= &=
D BTG ——4ELE 5K Dy FAb Mg, JFx A At
FiHAT TS SR 5L B e e 1 I Y
BRIy 90 I el 1 dn b iz ) 5L vdh, I RAE
T Vdh WEHEHESE, KIHX4EER Dy 1Y
25 7 FR AR I P T 2 A 2 i ) A A e
&K P450 fiff ; b5 i1 AR B S A0 i (BRI S
AR ARG T 4 AR SRR R AR
(T70R. V156S. E216A # E384R), FuEf74H
BV AR, RA55] Vdh-K1 8784
(T70R/V156L/E216M/E384R); Vdh-K1 S4B
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AIEPEIRRIEFAE TR 21.6 15, Vau (HIEE 6 5L
., E#|(19 823+307) mmol/(min-mol), K, A I
FF%(32.3£1.5) umol/L. %WFFT M4 R D itk
U AR P A5 R Bt T R LA
123 HEERE

4R E AL 8 MR+, SiA:E
AR AW, HDEE A IEY S S
RN iR B Bz AT HE T AR B 41
GIEINREDY . A F WA 4 AR S Y,
SYRIFRR oL By oy IS AEFBM, BEAMAAR
REA A, B Haema kg K b, B
EHEY 4R E DA T BNR G YIE AT,
B a4 F 1 PILE AR N HA S 0/ B 5341 Y
Rk, R R A s ok F A
B-AE B AR UL 1t D-IREFIE-4-BE IR (B4P) FIE
PR 4 1 =X P9 Bl R (phosphoenolpyruvate, PEP)7EZ
AT AL S AR 093 SR (chorismate) , il 5 i
i 5 AR AELE AR AR PR — W (homogentisate),
B W GGPP IL[A A Al 6- 7 I Jk-2- T Ak
7K -1,4- — Ji¥ (2-methyl-3-gallol-1,4-benzoquinone,
MGGBQ), )i oL BB E LT 3 FhlEfT
GRG0 OB-AEF B HEREE 2 APl AR AT A
WMo MeAh, oA F Bk A 51— K6 g,
Homogentisate 7+4F-5 GGPP LR A4k, M5
GGPP [}~ — 2 B A B 1R B H i — w2
(phytyl-pp). phytyl-pp SHABEWALFAR 2-F
F-6- IR B F TG R (2-methyl-6-phytylquimol) ,  Ff:
iy 2 #hak 3 AR AL E R AL o-tEF
(1, B ERMEYRSEEdRTD G, B
5. SUB1720761294457),

iR E WAEMERELED N o-EFH
(alpha-tocopherol)Fll -4 & M (beta-tocopherol A
B, H oA B MR 4 FEETA R, B-
BT E 3 R A . Shen S 1K
K HIEA YN SRR S NI R R
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MR RBRE AL S, WE T AT
TRSE P TRTPY T ) 5 22 el TR R B A 39034 in
FIARHERE , FFE T T — A~ s fioh & ik 2 42 1l
ARG, ARCHEEE] T I B AR, AT
320 mg/L AT —MmlE. 78 7 FIFHOCEEZE T, 4
5N EC: 2.5.1.116, EC: 2.1.1.95 F1 EC: 2.5.1.115
S ST % WA o vy A /N T TR S RE TR
WA FgHEA T 8 Sy v Bkt . X Rl RE S H A
bR B myA " X E A A i i
W hFE, BAEYERREE#REEAE. H
S, dEE XA PR T LA DA, R AR
AR TTR L BB O af TERER, W
S A S U AT YA R E 1Y
Az pUOS100 R, ROR 5 A T AR A A A A
it K T 4E R R E AR, I HAE X B4R
s K ks b, AR R B4R T A5 ]
124 #HHEZK

bR K st giE =, ek g
HEAEERE I A A R A K it R [ 5 A 3L
Foe@m BN iR K A 3 MY
X, Horp 2R R R IR I 4EA 3R Ky (i
SRR /FE R R ) 4E A R OK, (BRI,
MK5), 7—FuEh s G R Ky (F
2. AR K AWAIEE R YR IR
UEPERIR . 2R R4 R K W EEREEk
VR, AT Fr A e G f g dp U010 B 2 25
F2 BB 7 1B TR W R A EAE RS TR 20 TR G o
NIAREEH R dEA £ K 294 50% 05 T N TR
PEA . BFFR . FoRER . BEREE . Mass
FF A A AT R A B MK 4 322l 4t
HR 4l 55 L ZR R A 34 2 1 28 |/ IR s SR T Y 2K
ST S O 1 1 L = W L S B
(menaquinone-7, MK,)J2 A A 4EA R K I
B, PRSP HARK AT, A, MK,
A=, i 08, HRA 4
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RAFKABAEYEM. F4ER K (VKB
& M SAE E4P F1 PEP 752 M IAL T 28 %,
chorismate., PfiJ5, chorismate %4k 7 PP
TAE A L 1,4- —F25E-2-25/R (1,4-dihydroxy-2-
naphthoate, DHNA), #Ji, DHNA 5H-E2H.H
fif — W B2 (phytyl-pp) 7E 3 Fi A fiE AL & AL
VKo VK BERS VK A o B2, HTE
A DHNA ZJ5, sl 2 Mg mib e
# DHNA 5 RF I _I&GBEMR (polyprenyl-PP) &
FERMERL VK, (B 1, W56 BB E e
BB L, B a5 SUB1720761294457),

etk R K WAV R 4EE R K fgedE
R KRB, 0 nleh K 11 FhF o B, St
13 AN, Xu 250 2h 1 oo S 0 AR
I (isopentenyl diphosphate, IPPYUii4E, FH0
FH a5t 4% 2 15 09 X% A £ % Y (tunable  input
multi-output, TIMO)igtf% [l % g 2845 A4 i
i, UL TE A FLAT I (Bacillus subtilis) i
TSR EWEY G BACE, T8 50 L AEY
#r, MK-7 B9y mikE] 1 549.6 mg/L. Kong
L=UBIe It 63k E. coli Hf MenA. MenB.,
MenC ., MenD. MenE . MenF 8% UbiE PR 13 i,
MK-8 & A 2 56 1Y 2 i

YR K A BGatE, 6 il sh 112745
PEC AR RIS, 5 AT el . mlan, 2-
B FATE -5 -0 I 79 R 19 -6- R L -3-BR U - 1- R TR
A BFEC: 2.2.1.9, MenD)2— R 7 e & — s
fi% (thiamine diphosphate, ThDP){JMi, f#E4t a-f
IR AN R R AR 2-BR 3 AL - 500
i 75 & -6- 72 3k -3- 34 ) 45 - 1- FR 2 (2-succinyl-5-
enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic
acid, SEPHCHC), 24i/E R K, & asE h i
2. AT B MenD B AR R H AN i
PR BRE A PR FEHE(R395 1 R413)AUAE FALIE,
i AT B AT R 2 AR A B e IR v TR AA
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FRFA G2 RS R PR 5 TR 43 ML, Qin 45144
PRI T, R E R AR L WS )
SO FVER 10T i A 25 55 T BOW R AT TR R 1Y
MenD BT TR ABEGY; 45 RRD], X ELfRsy
B i ) g - R SRR T v TR Hh B B 3
PESEE , DT LG A 52 5 2 F A B
FAAEE BE I S50, 77 AR i AR B AT HA 4
T, (BT EAMESE A 5 072 v 1] 44 A a] LUEX
FRIE PR BARTE PER G2 5 XY 31X Fh VA EAT 4o
ZUHI 55 B, 3T I A X AR R R s
T 180°, SEU H L WISEARAL 2R R AR
NI R ZAAEA TG 1 B IR A B T MenD iX
ZHi A ThDP MR HEILHLE], T kL
PR BEE T ISR, A, B MenD £ 2
FIEURE AR K AW AT Bk, X
RIS A R I R R B A R AR TR AR A
[, M54 BT A% ThDP (KRG i1k
MU, I ARG T AN RIS S .
<8 5% F1ME R W2 R -CoA i % B (EC:
6.2.1.26, MenE) , i i Wi & fit fL ¥ o-
succinylbenzoyl (OSB)#Efb i, OSB-CoA. 7E%
— S IMRTERIL N ., OSB IR¥IS ATP L
T RUIR R ) 1A OSB-AMP; Bif5, 1645 2
PIBRER AL SN, Z BT IR T AR SR A
RE K OSB-CoA, X E4i4 2% K At b &
SRR O T IRFE IR R AL 2R R R
FRALTE VAL TR B, RS R A EAG B 26 AT
R H OSB-CoA ATFIHVEHIMLEI, Chen 25" i i)
Xif W TR 55 W (P-loop) X 35 11 22 2 IR / 9 2 IR Bk ik
(T152, T155, T156)#E 47 N & R & 4%, %
OSB-CoA M) shiRZE i Tt 5E, KB ATP
55 R AT BR AL =2 18] (4 AH B4 R B BFSE A 5L iR
XF AR SR AT RS, FHrh AR
ST H R R 5k L (G154, G157) 85 %5 # i 24
i, W5 I AT SLARAI XS P-loop %544 1T 14
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FRISEIN , 324 > 5 AL SR P G 22 R R 5k R382 Y
B sl N AR S AR, W 5% 45 M S R R AE
5 ATP MIEAEFIXHE R TTlk . 25 R%H,
R 53 7 I R X TG R R R AN, BB
(4 ST AT BELUH I S AN R, s T ) U
YERIZ M P-loop #1784k ; P-loop X HIIRZ
MR NNAIRIT ) Kea [EFER 2 DR, Ky
EAFRET R, BHXERILRN S ATP
it WML ; R382 HYZRAS RENT
ATP FI OSB #A M Keae I Keae/ Ko [ B,
{HX} CoA-SH 1Y K (EFFE W] R, 10 ]335 5k
S A5 BRI A 5 30 26 T IR S R 1 T
TR AL ML A K6 4k 2E R K AR A s fE
ARG EEZE X" %0 IR bR
R, JCIHRE XK AR R K R P A
IR RIR T BRAE TV E ) BRI .

1,4- R BE-2-Z5Wh i A 5 (EC: 4.1.3.36,
MenB)fifk. OSB-CoA K443 TN Ta3kRR 46 &I
N, TR 14- - 2-Z5T 4 A (1,4-dihydroxy-2-
naphthoyl-CoA). Li ZE!ON¥a0 ik T H §ixf
MenB S ALl B g vh AE7E A IR 2, A 45 o+
PR 5 L B %) T S LA B W T A v ] A g A
8 S 2R 7T H AT MenB Sh{RZ5 11
TEPETROLEE IR AL, OIS W A A
VEF s A T @D AT, AF9E AN B BEHA T
—~ OSB-NCoA IRy, Horf i e sk
GABEIUA, S N 3 R4S TR A -4l B X — 2
B IS 25 A AE A F S R B, XA IR
AEfl MenB MIGMFAILSHSEEA Y, A
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Table 1

PR AEA R A B, IR il i
FHAA N F Bt — B e X e 5 A5
R AR, AN VR X I 4 ik A4 o A il 2 2 S i
1107 — R 5V B A e AR BLA
FLSLBOY B 9 — 2542 4 A e ot A9 TR i o~
SRS T AT A T BO R 0 A, B AU H A
5 7 i 5 B A H 108 R A R S R g R A AL 22
PRUL L AR 7 i 1] Wl =P T A 22 e 55 R
it — A A TR ANG AR o i SR
o dE I R YR A R AR AR SC R B ) e 2R
(A Keag F1 Ko) GAGHR AR R FR, HBIHL
AR A b O UG, 4R T 3k B el
P, NIRRT & Hk, s 2 80h
I R REN iR RO TN = O S TR A A 2
G a] = P B R MMl s R, WA
212 SR B T AR = BRYIZE AL

Research on representative high-yield strains of vitamins currently

Vitamins Species Method Yield References
VB, E. coli AthiL, AthiN, AykoD and AyuaJ 1.27 mg/L [22]
(extracellular) and
0.12 mg/L (intracellular)
VB, B. subtilis Random mutations 24.30 g/L [31]
VB; E. cali Expression of high-molecular-weight nitrile hydratase from 508.00 g/L [39]
Rhodococcus rhodochrous J1
VB; E. cali Expression of six PS coding genes 97.10 g/L [48]
VB E. cali StAPase and EcPNPO were used as pathway enzymes, and 15.00 g/L [60]
pyridoxine (PN) and pyrophosphate (PPi) were used as
substrates to synthesize PLP
VB, Pseudomonas Expression vectors were introduced and fermentation 15.00 g/L [68]
mutabilis conditions were optimized
VB, Ascoidea gossypii - Metabolic engineering 6.60 mg/L [75]
VB,,  Ensfer adhaerens cobA°t and cobT%E 245.60 mg/L [82]
VC E. coli Overexpression of functional sorbitose/sorbitone 72.40 g/L [87]
dehydrogenase
VA Yarrowia lipolytica Overexpression of heterocarotene synthetase 6.50 g/L [92]
VD Ergosterol Optimization of fermentation parameters 1.16 g/L [99]
VE Saccharomyces  Metabolic optimization, design of temperature control 0.32 g/L [104]
cerevisiae system
VK B. subtilis A genetically encoded dual-input, multiple-output (TIMO) 1.55 g/L [112]

genetic circuit is applied to dynamically control metabolic flux

OE: Represents gene overexpression.
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Table 2 Modification of certain enzymes in vitamin products

Vitamins Total R num M num EC number Species

Method Domain

Objectives References

VB, 16 9 4 1.43.19 B. subtilis
1.4.3.19  B. subtilis
2.7.6.2 Human

VB, 11 6 4 3.5.4.25 B. subtilis
2.5.1.78  B. subtilis
2.7.1.26  Corynebacterium
2.7.7.2 ammoniagenes

VB; 10 9 7 2.7.7.18 E.coli
3226 Cow

VB; 7 7 5 4.1.1.11  B. subtilis
6.3.2.1

and E. coli

VB4 8 8 3 2.6.99.2 E.coli
1.43.5 E. coli
43.3.6 B. subtilis

VB, 9 5 2 2.6.1.62 E. coli
6.3.3.3 E. coli

VB, 10 10 4 1.5.1.3 E. coli
4.1.2.25 Archaea

VB, 31 28 11 2.42.21 M. jannaschii
2.5.1.17 S enterica

vC 12 10 6 1.1.1.22  Human
1.3.2.3 A. thaliana

VA 6 3 1 1.3.5.6 R. gelatinosus

VD 13 7 2 2.1.1.41 T. brucei
1.14.14.24 P. autotrophica

VK 13 6 5 2.2.1.9 E. coli
6.2.1.26  B. subtilis
4.1.3.36 E.coli

ArabidopsisthalianaSequence comparison

Saturation mutation Active center

Mutant screening Active center
Site-directed mutagenesisActive center
Random screening
Site-directed mutagenesisActive center
Site-directed mutagenesisActive center
Saturation mutation Active center
Site-directed mutagenesisActive center

Error-prone PCR

Subunit

contact area
Computational design ~ Active center
Site-directed

mutagenesis

Active center

Site-directed mutagenesisActive center
Sequence comparison ~ Active center
Site-directed mutagenesisActive center

Site-directed mutagenesisDistal residue

Site-directed mutagenesisActive center
Site-directed mutagenesisActive center
Site-directed mutagenesisActive center
Site-directed mutagenesisActive center
Site-directed mutagenesisActive center

Whole protein activity

Whole protein activity/

specificity [24]
[25]
mechanism [26]
[34]
[35]

mechanism [36]

stability

activity

activity [41]
mechanism [42]
[51]
stability

mechanism [52]

activity/yield[16]
mechanism [62]

mechanism [63]
mechanism [71]
[72]
[78]

specificity
activity/

stability

mechanism [79]
mechanism [83]
mechanism [84]
mechanism [89]
mechanism [90]

Random screening Whole protein mechanism/ [94]
specificity

Site-directed mutagenesisActive center mechanism [100]

Random mutation/ Whole protein activity [101]

saturation mutation

Site-directed mutagenesisActive center mechanism [114]

Site-directed mutagenesisActive center mechanism [115]

Site-directed mutagenesisActive center mechanism [116]

Total: The total number of enzymes in all synthetic pathways of a product, referencing pathway information from the KEGG
database. R_num: The number of enzymes within the pathway that have been studied for their kinetics. M_num: The number of
enzymes that have been subject to research on the modification of enzymatic parameters. The statistical data on enzyme kinetics

studies are sourced from the BRENDA database.

TR A, T 3 e v Ak B A I B T

TS, BT KEGG £ de A R A ik
FEf 185 Rt i, M BRENDA ¥ e Irflig
BT HTR A B B R (A Keas K

&: 010-64807509

T Kead/ Kin) o AL B 98 AE RIS [ 5258 S5 140 1) B
59175, Hf k. 164045, K3 321 4%,
Keat/ Ken i 956 25 (H R E YRI5 b0, 5
S5 SUB1720761294457), K T HEBR S8 A5 S5
FEANTR = P i 22 SR, SR IR AR Tl K AR
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Figure 2 Comparison of reported wild-type data for enzymes in the vitamin pathway and the EMP pathway.
A: Gaussian distribution graphs of real wild-type data for all enzymes in the vitamin pathway in terms of Ky,
Km, and K../Ky. B: Gaussian distribution graphs of real wild-type data for all enzymes in the EMP pathway in
terms of K.y, Ky, and k.,/Ky,. The X-axis represents the log values of the real data, and the y-axis represents the

density values of the Gaussian distribution.
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Figure 3 Comparison of reported wild-type data among enzymes in different vitamin production pathways. A:
Gaussian distribution graph of reported wild-type K., data among enzymes in 13 vitamin synthesis pathways. B:
Gaussian distribution graph of reported wild-type K, data among enzymes in 13 vitamin synthesis pathways.
The x-axis represents the log values of the real data, and the y-axis represents the count values of the Gaussian
distribution. The top right corner of each subplot indicates the total number of data points in the pathway, the

number of species involved, and the number of enzymes.
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Figure 4 Empirical Cumulative Distribution Function (ECDF) graphs of enzyme kinetics data in different
vitamin product metabolic pathways. A, B, C represent the ECDF graphs for reported log values across species of
wild-type data for K, Ky, and k../Kpy, respectively. D, E, F represent the ECDF graphs for predicted log values
from Bacillus subtilis for K., K, and K.,/Kn, respectively. G, H, 1 represent the ECDF graphs for predicted log
values from Escherichia coli for k., Ky, and k../Ky, respectively. J, K, L represent the ECDF graphs for
predicted log values not sourced from Bacillus subtilis or Escherichia coli for K.y, Ky, and K../Ky,, respectively.
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