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Abstract: Cytidine-5'-diphosphate choline (CDP-choline) plays a crucial role in the formation of
the phospholipid bilamolecular layer in cell membranes and the stabilization of the
neurotransmitter system, acting as a precursor to phosphatidylcholine and acetylcholine.
CDP-choline has been found effective in treating functional and consciousness disorders resulting
from brain injury, Parkinson’s disease, depression and glaucoma, and other conditions. As such,
CDP-choline is widely utilized in clinical medicine and health care products. The conventional
chemical synthesis process of CDP-choline is gradually being replaced by biosynthesis due to the
expensive and toxic reagents involved, the production of various by-products, and the high cost of
industrial production. Biosynthesis of CDP-choline offers two strategies: microbial fermentation
and biocatalysis. Microbial fermentation utilizes inexpensive raw materials but results in a
relatively low conversion rate and requires a complex separation and purification process.
Biocatalysis, on the other hand, involves two stages: the growth of a living “catalyst” and the
conversion of the substrate. Although the synthetic process in biocatalysis is more complex, it
offers a higher conversion ratio, and the downstream processing technique for extraction is
relatively less costly. Consequently, biocatalysis is currently the primary strategy for the
industrial production of CDP-choline. This review aims to summarize the progress made in both
chemical synthesis and biosynthesis of CDP-choline, with particular focus on the metabolic
pathway and the synthetic processes involved in biocatalysis, in order to provide insights for the
industrial production of CDP-choline.
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Figure 1 The structure of CDP-choline.
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Figure 2 The clinical applications of CDP-choline.
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Figure 3 Chemical synthesis of CDP-choline using different substrates. The following are key substances:
Oxaloyl chloride (C,Cl,0;); Pyridine (CsHsN); Tetrahydrofuran (THF); Phosphorus oxychloride pyridine
(POCl3); Triethyl phosphate ((C,Hs);POy4); Triethylamine (Cg¢H;sN); Ethylene glycol ((CH,OH),);
Tributylamine (C;;Hy7N); Acetonitrile (CH3;CN); Methanol (CH3;0H); Ethyl alcohol (C,HsOH);
Dimethylformamide (DMF); Zinc chloride (ZnCl,); Sodium hydroxide (NaOH).
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PR AR, WA LIHEE . CMP FITFLIE R .
b, BRI AT 53R 2 Fl
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Pi(E 4A (4B); T — P LABERR IH DR (AL I )
FFLIE R I OIRPI (K 4A L C)o T TS S Ml
BN, ## K CCT, HFFEIEN] CCT ikt
BRSS!, $EE CCT MMM TG 2 Xt 2 T
it 1l HEL B 2 5 AU i L
311 EYMEE—E RS CCT BiFiE R
i

CCT J2 M AH AR5 s S I, Y DG B, i
HEEAE B R CCT 4R i L3R i —Fif
W . W R e LB TR IE [ £ (Saccharomyces
cerevisiae S288c). H- 1% 12 #T 14 (Fusobacterium

nucleatum) F1 fili & HF Ek (Streptococcus
pneumoniae) K IR i) CCT 7£ KT i iY S 5 1k
THML, 450K, F. nucleatum 5 S pneumoniae
KR CCT fEBCRMIE, JFHZEMLT S
cerevisiae K H) CCT HIMALBCRPY, Jubess
HE—H5% K B F. nucleatum ATCC 25586 K
CCT Y LU G & S cerevisiae S288¢ ki CCT 1Y
3.12 /5,

Comparison of CDP-choline production using various chemical methods

Substrates Time Conversion (%) Steps References
CMP, choline phosphate 1956 46 1 [34]
CMP, choline phosphate 1971 60 1 [35]
CMP, choline phosphate 1971 54 1 [36]
CMP, choline phosphate 1975/2007 35-40 1 [37-38]
CMP, calcium phosphorylcholine chloride 2014 NA 2 [39]
CMP, calcium phosphorylcholine chloride 2014 74 5 [47]
Nucleoside phosphoryl piperidine, choline phosphate 2015 82 1 [40-41]
CMP, calcium phosphorylcholine chloride 2016 NA 4 [48]
CMP, morpholinophosphonic dichloride 2016 78 3 [43]
CMP, calcium phosphorylcholine chloride 2017 34 2 [46]
Cytidine, POCIs, choline phosphate 2021 80 2 [42]
CMP, choline chloride phosphate 2021 93.7 3 [49]

NA: Not available.
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MR A 7= A . Liv §JF % T CAE (CMP-
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ATP TEA RS, A E. coli 2RI CMK.,
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FEAL AR B B AR AR, R, T CMP
VI JEE 1R B 2 it g R R DR g e 1% AT £
CMP WFALR TR, W58 EE N CMP £
R TRARE L BRI R R, SN
Aol X il T 52 e BE /N KOH A48 NaOH i
W opH, 24 h S5, JBEH B R = 7 R Ok F
(124.142.7) mmol/L (63.6 g/L)*, 5 4h, WALk
ATP FIZREERREL, W07 R A0 1 hy Wl UL
&, BXH £ B0 R % B (polyphosphate  kinase,
PPK)f) ATP JEFF 245172631

CMP 1y F R A By 5, JUHE
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AL R A R CMPIOl JER ST . &
ARIEGHAT ATP S e, FI SR T 2 BRET 20 14
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IR AN
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I 2 [ (orotidine-5'-phosphate decarboxylase,
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BL21(DE3). pET24a h T7 j2 sh T F17= B FLIRFL
FF i (Lactobacillus lactis)it CTPs 1P AL,
I E#ERIfR BL21(DE3) (pET24a-llpyrG)fE it
P, ZERFRIRE CTPs 167 4(98.1+4.27) Ulg
IR E ; XF CCT F1 CKI W iEfT T2 MUR H
i, mABEPEE R BL21(DE3) (pET28a-CCT)
#1 Rosetta (DE3) (pET28a-CKI), CCT HI CKI
i PE 2y 9 A (204+5.17) Ulg 40 A 3 & R0
(208.9+9.15) U/g 4HIIR & . ULk, AREART
PREEFRI RO AL, FEhilfitfbiAR pH 8.5, X
N 24 h 5, mERRsE " e £)(37.6+1.1) mmol/L
(19.2 g/L)B*%¢1,

PRPP JZ& A CTP Hycsdd Ak, @it
S5-WElR 7Z M (ribose S5-phosphate, R-5-P)7E iR %%
Wi £ B B2 4 B (phosphoribosyl pyrophosphate
synthetase, PRPPs)i#E1L T & M. OGCE T.25
Hr, R-5-P 2 LI A IR}, i W L omh ik
BTAERM . BRIt Z 4, R-5-P AT D-#%
(D-ribose) 7E /2 Wi i fiff (ribokinase, RIK)FJEAL T
B (& 4D). Zheng FBITIFALAL T —4HHY
P w8 IR B AA S 22 g A 7 1.2 ——ORAE, % 1.
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7@t RIK, PRPPs il OPRT 3% 3 FiiRK: p-1%
WEEAL OMP, SRIGINAZLIE K OMP Fif
& UMP; FRLL UMP . & ALIEGR N K, 76
UMPK ., NDK. CTPs. CKIFl CCT Hyfifk ¥
FLAC ]y OB AR, 5 T 8 A 2 TR
MBS RAN R ATP FRAERER , fe i i
= N 6 g/LI, Bk T OGCE #il ORAE .25
LI OMP WA SG K UMP 4b, HASHMHIE BT
ik et DR WERE S IS, TR IR W5 1R f i
(uridine phosphorylase, UDP)#l UDK f# L 4=
AL UMP, P38 i — 22 91 i Ak SO0 ] £ el iR
BR(E 4B, WEEFk), il 12.1 /L7,

IR YA A 7 MO AR AR S, 32
IR A g . PR As = T S A T
IME R DA B 205 10 OS2 5 T B, kR
A= A | B = AL AR B T A Wik
25, WA W) ke T e 3 57 A L %) (W] R 264 e gl A
BRAA L, IS AR RRS AW A WA ATP,
A7 AR A A s R A, Rt A2
K
3.2 WEVMLEEE

T e D A 4 N Sk 2 I RN Jon iy A
YIRS . TBEARGRT &, — M LSRRG |
CMP s M1 AR, H 8505 1 LSRR IR G,
HIEIEN W , )RR 00 A0 L P 1 e e DA Sk B
BEARPEHE CTP. HILF SCHbe Sl 2 W & i
PR AT R TS . KA B A1 e SR e £ (Pichia
pastoris)VE b A s i i AR A 1) 2 35 18 32 2 — A
BB, (HARBEFE R . X TR B AT Rk DA
PAFE TR, RATRAELA R E S, &
BALFELUR LA SRS . (1) Gk Rk 5001k
LB IE AR A ROCHERE CCT. CKI; (2) i #KiAMH
Wi ia B, WMRBITE R BetT sEELER
ScHnm1, 4 hnsMEHMEE ") (3) @ik
TR I BRI R AR R S PR inas CTP LR,
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%y@@(CCT); JEL O (CK) 5 M — BRI (CMK) 5 M — W IR A (NDK) ;7L T IR A 1 I R i
(ODC); WRMENERZHFRIMA(UMPK); A1 —#RRIEEE(UDPK); CTP 4 iUlE(CTPS); FLIHMRBRR LN
# Wi (OPRT) ;  JR ¥ ¥ Mg (UDK) 5 bR 11 4 IR 1 WiE (UDP) 5 ] %5 Bt 95 B (GK) 5 ] 765 it -6- B R Il = iy
(G6PD); WM A% AL WML UL A (PRPPs); XM T IE(RIK); S-BERRAA M AU B (RpiA) 5  BA TR BT It S
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TF-5-=BEIR(UTP); S-WEMRAZVEFEBEIR (PRPP); 6-BRIR AT A (G-6-P); S-WEMRIZME(R-5-P); S-WEMRAZ I
BERUSP); —ERIRTE(ATP); —BEMR L1 (ADP); BEMR L1 (AMP)

Figure 4 The biosynthetic pathway of CDP-choline using different substrates. The following are key enzymes
and substances: Choline kinase (CKI); Choline phosphate cytidylyltransferase (CCT); Cytidine kinase (CK);
CMP kinase (CMK); CDP kinase (NDK); Orotidine-5'-phosphate decarboxylase (ODC); UMP kinase (UMPK);
UDP kinase (UDPK); CTP synthetase (CTPs); Orotate phosphoribosyltransferase (OPRT); Uridine kinase
(UDK); Uridine phosphorylase (UDP); Glucokinase (GK); Glucose-6-phosphate dehydrogenase (G6PD);
Phosphoribosyl pyrophosphate synthetase (PRPPs); Ribokinase (RIK); Ribose 5-phosphate isomerase A (RpiA);
Phosphogluconate dehydrogenase (PGD); 6-phosphogluconolactonase (PGLS); Cytidine-5'-diphosphate choline
(CDP-choline); Cytidine 5'-monophosphate (CMP); Cytidine-5'-diphosphocholine (CDP); Cytidine
5'-triphosphate (CTP); Orotidylic acid (OMP); Uridine 5'-monophosphate (UMP); Uridine 5'-diphosphate
(UDP); Uridine 5-triphosphate (UTP); S-phosphoribosyl-1-pyrophosphate (PRPP); D-glucose 6-phosphate
(G-6-P); Ribose 5-phosphate (R-5-P); Ribulose 5-phosphate (RU5P); Adenosine triphosphate (ATP); Adenosine
diphosphate (ADP); Adenosine monophosphate (AMP).
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% CTP SZEKACHE; (4) BHITIEY) CMP.
MR ARG . 7 Y M A R A s (5) AT RE R
R, AR ATP KF; (6) fifbocts
IR IE . REFR 41T

AN REB B4 32 T BE 2 A A0 B 1)
— AR A UV, Ak A A0 1 AR R B R
FhzEA", KAFFE A & & A s &
[ BetT, BJLIMAMEBIREARGR, WA i
B RELBEAE 7 (R T A R . 5 JR T AR A TR R g A
P K12 MG1655 M & wtk, 7EHILH %
4T S pneumoniae K JHAY CKI Al CCT, [A]HE
1384 T. thermophil es>fe 5 114 A s g A% 1 B S
MR udk, Ak L ZE AT (Bacillus subtilis)>k
VR A T BRI A A L R ek AN B RR A% T I
Rt JE R ndk, Jnas 7T E] CTP A9,
DL K B0 T AR T MG6 LU 510 IR0 e
Yy, ¥ERLLEE 32 bl £ MEREIRGE 41.3 mg/g
MR E R, BRad Fak R CCT. CKI 4b, W
R A USVR R B p AR VORI FRAS [W) 11 R s %o K
FRIRHEAT T o R o 5 76 0 4 A B T TRl JIELK
REAE . BEERAEGK . CTP F1 UMP [&ff &4 i
TF-5'- R - TR S H T A5 ol TR T 1) Gt A L A
cah . M 5 -5'- — @ R S K MR G 00 ga B S R
ushA . JR 1F -5'- 50 B B2 W 2 5 1Y gw 19 2k A
umpH/umpG %5, 13 %3k BetT, ikBHIE 5 1 4
PR SELE purR, argR &5 LU BR WS BEAZ 15 Y
Bl A B BH g, fe& S LR EERE™ 20 g/L
DU HE@ERnag . sk ESBLAEMBR T CTP MREAR
FFIFRFEA, 4235 dCTP AL ded. e
AT P L ndk . AOREAZ T — B R A Ji iy 5L
nrdD 1 = B fR A% 1 £5 B IR /K i i 3k 1A
mazG, it kY& LG Rt Ay, FF
¥ S cerevisiae VI ScCCT il 111 {371 Val 4,
SEMRIRIL AR Ala, HERMS N EH KT
R LA S AR, | 4 26 0 R JEC 4 A e A 7 1 gl
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Bl ik 28.3 g/L, EASE &P, CDPC-01
PR AR (R R R AU TR Se g 2 $R ) 76 &
WS, Ry CU2ssemm 4l M5 g, 3k =
RIRVEIN . WAL AR, h T IHBR CIRT AT
JIfsZ, X A R AR R A T T AL,
RISRFH A201 st B B 7St ig i by i
FINRGIAW, P P AR ] 25 BRI
25 L fEH Mg ik 17 32.2 g/, AH
7 L PN R I 7 M AR P e e 7 P00,

145 M Ik, WG LR R R IS 3G
T R N2 SRR,
Ren ZFUSTIIF ST 48 H HE IR I BF 06 20 M2 & T
BB T A7 1 3, 1 RIK MR IR 2
M ScHnml R b4 = T BB ) 1) F
2, fEEAEN ATP KF-REfE e F M IR
G s, o ROk BB B 6 5 B
ScHnm1 A1 ifil 22 ™ °T] LA el 38 RH A RS 47 ) iz
. Ren ZEUHER FH CMP FIBERR H i (AL AEA)
VR I %k MLl R 5 ol i A2 kA 7 AR TR 2k
TERT, L R R IR 2 8 1 ScHnm1 |
WA IR R | 1 RIREAAR N ATP & 1
(mitochondrial ATP synthase small subunit, SATP6)
LK SR IC A8 75 2 A AT IR A2 AL, I
24 UM AR, 6 g/LUY FEMEERE |, 2021 4E,
Ren ZEU7L@ ol pik By 5'-4% 17 BRI (5’ -nucleotidase,
5'-N'T) 1 1% g 42 1 i 2 i (cytidine  deaminase,
CDA)Z5 1 Ji it BE R BH T CMP Hl UMP 153 3¢
WP, FFARIRYIREE , R AT L™ 42 29.7 g/L
ARG, AT TAER S T 400%; [A]H),
CMP X i B35 AEL B ) 8 2% 7™ 38t DA 40% Fi 15 2]
84.7% (3% 2); 5 T A (138 75 AL B BE 20 L AR L,
TR P B 200 B A S vy %) B B A A A
SR L AE

WA KRB, SBUTRRAIR, &K
RIS, Ak, RO — Pl 2
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Table 2 Comparison of CDP-choline production using various biosynthesis methods

Substrates Time CDP-choline production (g/L) References

Biological catalysis

Choline chloride, orotic acid, glucose 2021 19.2 [54]

Choline chloride, CMP, glucose 2017 63.6 [56]
(conversion=83.8%)

Choline phosphate, CMP 2018 82.2 [58]
(conversion=_84.2%)

Choline phosphate, CTP, glucose 2015 NA [60]

Choline phosphate, CMP 2019 77.1 [61]
(conversion=85.3%)

Choline chloride, orotic acid, glucose 1997 11.0 [67]

Choline chloride, D-ribose, orotic acid 2021 6.0 [69]

Precursor fermentation

Choline chloride, cytidine, glucose 2021 41.3 mg/g [52]

Choline chloride, cytidine, glucose 2020 14.0 [53]
(conversion=91.5%)

Choline phosphate, CMP, glucose 2020 6.0 [76]

Choline chloride, glucose 2017 20.0 [78]

Choline chloride, glucose 2023 28.3 [79]

Choline chloride, glucose 2023 322 [80]

Choline phosphate, CMP, glucose 2021 29.7 [87]

NA: Not available.
MALG, ZHERRBAFTEERE . a8
G, MERG . B R G0 H A B &

7% (EATHE B, LEVIEAL LA T e ) it
FrfEtl, L—rham Hmal, FATRiE i s &

9 [1E 2R 1k & Gt (cleaning-in-place, CIP & %4¢)F
T2k K1 2 i (sterilization in-place, SIP & %4t)],
AR YRHE FR ) 1] 5 U i B, KA ) R I
PR AN A B R o T U AR SR AE MU R G
TR A, SEETIESEE RN, R
Pem T ReAT R, A BT i sE 4
FIR s 25

A B DRI AE X BRE , ELY 20 B PT DA E
ZLye A N ATP, AR EE A B T2 M5 4R
17, TS0 A 200 i A O A R ol A 0 AR 2
PG R L, MR RE K 7™ B A AL R AR
ik, BRTENHRE RO 32.2 /L™,
A= AR R A 252 ) A L R, RO A
VAT A A SOV R, SeiF AT ARG 5,
XoF 24 A R sl s AL, IR T ZE BN E

&: 010-64807509

Ak 82.2 g/L, bR Ny 84.2%%. BRItz AL,
AR A DA A B AIR T 2 77 A, ik
RKZH ATP ¥R 2 G0 B9 F 2 LU KT A2 i 5|
Ao BZ, A, Y6l i
BEARGI AT L, (HAE it . FfboR | A
Tl RIS 2200 o B PR S AF 1, KRR TR Btk — 2
R

4 HpEREZE

el RE B RT L2 Bl A ZE A 387 I
01 A&l (S SN X7 N sl YA P2
| THORBZ O, 2022 4E, MREZR =
ARSI, Tt I A s 24 10 2 ] X 4 4
T 20 4256, TR R 2 ik A 2 e R B o
ZaE ™ HAT, SRk Tolk Ak A 0K
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i R BN AE YR, BARE AT R T Z A
R R AR ik AR, (AL S 54
REA P RTINS ], Rk, Bl M wi e
Bl A= 5 AR P TR ARSI | 45 LG i
W5 ) Y T e AT L TG BRI B 5 E R
ML T e VL S G T 2 g de, ks
TR FAEL R 18 MRS A A 7= SR AR B T o 1 JE 3
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