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Abstract: Cordycepin is the key active component of medicinal fungus Cordyceps militaris, and it shows multiple functional
activities such as anti-tumor and anti-virus. Cordycepin was conventionally produced by liquid fermentation of C. militaris,
but the long production cycle and the low productivity constrained its development and application. In this study, two key
genes for cordycepin biosynthesis (SCCNS1 and ScCNS2) were introduced into Saccharomyces cerevisiae S288C, producing
67.32 mg/L cordycepin at 240 h. Analysis of gene expression profiles indicated that ZWF1, PRS4, ADE4, ScCNS1 and ScCNS2
which encode enzymes involved in pentose phosphate pathway, purine metabolism and cordycepin biosynthesis pathway, were
significantly up-regulated in the late phage of fermentation. Optimization of fermentation medium determined that 50 g/L
initial glucose followed by feeding, supplemented with 5 mmol/L Cu?* and 1.0 g/L adenine were the best condition. Fed-batch
fermentation using the engineered yeast in a 5 L stirred fermenter produced 137.27 mg/L cordycepin at 144 h, with a

productivity up to 0.95 mg/(L-h) reached, which was 240% higher than that of the control.
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Fig. 1 The possible biosynthesis pathway of cordycepin
in C. militaris™. G6P: glucose-6-phosphate; 6PG:
6-phospho-D-glucono-1,5-lactone; R5P: ribose
5-phosphate; PRPP: 5-phosphoribosyl-1-pyrophosphate;
PRA: 5-phosphoribosylamine; IMP: inosine
monophosphate; AMP: adenosine  monophosphate;
3’-AMP:  adenosine-3'-monophosphate;  2'-C-3'-dA:
2'-carbonyl-3’-deoxyadenosine; 3'-dl: 3’-deoxyinosine;
COR: cordycepin; PTN: pentostatin; ADK: adenosine
kinase; ADA: adenosine deaminase; NK: an N-terminal
nucleoside/nucleotide kinase; HisG: a C-terminal HisG
family of ATP phosphoribosyltransferases; PPP: pentose
phosphate pathway.
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Table 1 Strains and plasmids
Strains/Plasmids Descriptions Sources
Strains
S. cerevisiae S288C MATa SUC2 gal2 mal2 mel flol flo8-1 hapl ho biol bio6 Our lab
S. cerevisiae SHCO01 pYES2-Kan inserted This study
S. cerevisiae SHC16 pYES2-ScCNS inserted This study

E. coli DH5a

C. militaris CGMCC 3.14242

Plasmids
pYES2-Kan

PYES2-ScCNS

Competent cells
With the gene cluster for cordycepin biosynthesis

TaKaRa, Dalian
Donored by Prof. Chengshu

Wang from Shanghai Institute
of Plant Physiology & Ecology

URA3 replaced by KanMX4
With cassettes TDH3p-ScCNS1-CYC1t and TEF1p-ScCNS2-
ADH1 integrated into the plasmid pYES2-Kan

Our lab
This study

F2 AMRATASY

Table 2 Primers used in this study

Primers Sequences (5-3') Cassettes involved
TDH3p-F TTCGGATCTTCCAGAGATATCCAGTTCGAGTTTATCATTATCAATACTGC TDH3 promoter
TDH3p-R CGTTCTCGTTCATGGCCATTTTGTTTGTTTATGTGTGTTTATTCGA
SCCNS1-F AATGGCCATGAACGAGAACGG ScCNS1
SCcCNS1-R CATGATTATCAGGCAATGCCAACCTTA
CYC1t-F GGCATTGCCTGATAATCATGTAATTAGTTATGTCACGCTTACA CYC1 terminator
CYC1t-R CAACTGCCGTCGACGATATCGCAAATTAAAGCCTTCGAGCG
TEF1p-F TTCGGATCTTCCAGAGATATCCCTTGCCAACAGGGAGTTCTT TEF1 promoter
TEF1p-R GCTGAAGTTGGACAGGACATTTTGTAATTAAAACTTAGATTAGATTGCTATG
SCcCNS2-F ATGTCCTGTCCAACTTCAGCAGG ScCNS2
ScCNS2-R TCGCTTATCACCTATGCTGGGTCCTGG
ADH1t-F CCAGCATAGGTGATAAGCGAATTTCTTATGATTTATGATTTTTA ADH1 terminator
ADH1t-R CAACTGCCGTTCGACGATATCCATGCCGGTAGAGGTGTGGT

Fragmentl-F
Fragment1-R

Fragment2-F
Fragment2-R

gACT1-F
gACT1-R
qCNS1-F
qCNS1-R
qCNS2-F
qCNS2-R
qPRS4-F
gPRS4-R
qADE4-F
gADE4-R
qZWF1-F
qZWF1-R

ATTAAGCTTGGTACCGAGCTCCAGTTCGAGTTTATCATTATCAATACTGC
GGCAAGGGCAAATTAAAGCCTTCGAGCG

GGCTTTAATTTGCCCTTGCCAACAGGGAGTTCTT
GTTACTAGTGGATCCGAGCTCCATGCCGGTAGAGGTGTGGT

ACCATGTTCCCAGGTATTGC
TGGACCACTTTCGTCGTATTC
CGACTACTTGAGGAGACCA
GCAAGATGGTCTTAACGCC
CAGACATCGTTGCTAAGCAC
CGACCTTTTGAGCGTCTTC
CTCCCATCCTGATTTGGCTG
CTCACCTATGGTGACAGAGG
GCCCACTTGAGATATCCTACAG
GTAACTCCGAATCACTGTCC
CGGCTATTTCGACTCTATAGGC
CCTCAGATTTACCGTACTGGC

The combination
of TDH3 promoter,
ScCNS1 gene and
CYC1 terminator
The combination
of TEF1 promoter,
ScCNS2 gene and
ADH1 terminator
ACT1 for gPCR

ScCNS1 for qPCR

ScCNS2 for gPCR

PRS4 for gPCR

ADE4 for qPCR

ZWF1 for gPCR

http://journals.im.ac.cn/cjbcn
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R ZR I RV BE 437l (16.14+0.14) g/L .
(18.98+0.19) g/L 1 (23.12+0.44) g/L, "L ¥k
FE43 9k (1.88+£0.033) g/L. (1.38+0.044) g/L #il
(0.38+0.15) g/L., &8 48 h J5 S288C Fll SHCO1 ¥
e R R AR — 3, {H SHC16 AE Wik (U N
(4.08+0.13) g/L, %% S288C [#fIk 15.53%. SLIRZER

A B bp
15 000
B N 10 000
—wwp— ( PYES2 ) gggg
TDH3p ScCNS1  CYClt i SO
2 500
TEF1p ScCNS2  ADHIt PYES2-Kan
— -— — 250
PYES2-ScCNS J
C D bp
252,02 [M+H]* 10 000
ey —i 7 000
‘ \ 4000
|
135.97 \ 2 000
L . ,2_53'06 IR Cordycepin
/ \ standard 1 000
\ 500
R - wz-\_,%"______S_HC] 6
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Fig. 2 Construction and verification of the recombinant plasmid and engineered yeast. (A) Schematic diagram for the
construction of the recombinant plasmid. (B) Electrophoresis verification of the digestion product. 1. digestion of the
recombinant plasmid by EcoR53KI; 2: the recombinant plasmid; M: DL 15 000 marker. (C) LC-MS/MS analysis of
cordycepin in the supernatant during liquid fermentation by the engineered yeast SHC16. (D) Electrophoresis
verification. 1: PCR product amplified from the recombinant plasmid with primers TDH3-F/ADH1-R; M: DL 10 000
marker.
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Fig. 3 Profile of substrate consumption and cell growth
of S. cerevisiae S288C, SHCO01 and SHC16.
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Fig. 5 Effect of carbon source on cell growth and cordycepin production of S. cerevisiae SHC16. Cordycepin
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were compared.
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SRMT 50 g/ L 745 i #MEL R IR 2R 58— IR RHS
96 h MUFLZE = m ik #| T (60.76+1.83) mg/L, 4=
PR A 0.63 mg/(L-h), %% 30 gfL %k & mE
RZR 1 0.28 mg/(L-h) $&& T 124.60%. Kk, #
50 g/L WItR M A EIF 455 —UCkMNEE (FE 60 h 1ok
%25 g/L HEIAE) 0T Ry SR Ak TR R
24 BAEMNBBIEFAERRENZID
AR FHBERE TR SHC16 JFREIRIZ WA
K, 1ERBEREFRIEPEIN 5 mmol/L. 10 mmol/L
mk 15 mmol/L TTHLAEJE (NH,4),S0,4 5% NaNOs, LA
RIS R AR R (& 6).
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Fig. 6 Effect of nitrogen source on cell growth and
cordycepin production of S. cerevisiae SHC16.
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Fig. 8 Effects of metal ions on cell growth and
cordycepin production of S. cerevisiae SHC16.

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

SRBEBEE PRV T, A AT RE R A R AR Ah
JE BT R ML SR LI, R I 47 R R R AR
A I N R IA

27 BEIRERMINIOMARBEFHER

WX . AR AR BT TR
oAk, W1 e BEEE TRE B SHCL6 Wik & Bed: 7~
ME R IR IA N . 50 g/l ¥R AR A
—WAMEL, JFFEREFREE TN 1 o/l BRVERS I
5 mmol/L Cu*", HAt 55 YPD B9 5—3. K
HE— L E i R R R, ARTFSE 5 L Bt
%R WERE A A B TR SHC16 JFJE T 4
Syt mE, #E 48 h HEATAMEL (RMRHE Bk R
25 g/L), Y. BB, OFE. MEREKESES
BanE 9 fs .

WK 9 firn, K24 h IEYE SEAFER, %b
RHUE AR R E, SR HUR 7 B B
hin, 144 h R ZE = EIRF] 137.27 mg/L, A5
JZik%] 0.95 mg/(L-h), BARILALEEIRILRIFRIRAL
PRI R 2 5 239.85%, L EEURBEAE 96 h Jm i Wil
ik, 144 h ZEEH LRSS 5.07 g/L, 5 UL[RE d AL
FRU RSB T M R I b T G
FEIS, BRIEHENIAL , ARH™ ) AR Ry 5 ik
AGHMLAS, CEEAEA B TR E a g v, AR
i B R A

_ 12 60 140
S10F 50 /-/. {120 5
£ gla40f \ -— T100 2
£ ) — =
:g 6 _: 30 -/W\“b 180 E’
2 8 —e—Ethanol™ 1 60 &
S 4rz 207 \ Biomass 2
S —a—Glucose 140 &
£ 25 10§ \—l—Cordyccpin_| 20 ©
m . A

0
0 20 40 60 80 100 120 140 160
¢ (h)

9 BETIIEHE SHCI6 it RBEF-HER
Fig. 9 Fed-batch fermentation of S. cerevisiae SHC16
for cordycepin production.



BEI S/FRERRERSTREEKRNERIREMK 3345

3 ik

HEREN R TR R, HAREHE
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Table 3 Comparisons of cordycepin fermentation systems between the engineered S. cerevisiae and C. militaris

. . . Cordycepin
Fe;r;str;t:]t;m Strains Strategies ticigrr;j%r;egef) Pe(ré())ds productivity References
(mg/(L-h))
Static liquid C. militaris NBRC Supplementation with 6.75 g/L 6 200 24 10.76 [20]
fermentation ~ 10352-3 adenosine
C. militaris CICC  Supplementation with 20 g/L 5290 20 11.02 [23]
14014 of peanut oil
C. militaris NBRC Optimization of 640 27 0.99 [24]
9787 carbon/nitrogen sources
Submerged C. militaris Supplementation with 1 g/L 596.59 20 1.24 [22]
liquid FeSO,
fermentation  C. militaris Optimization of 345.40 21 0.68 [25]
carbon/nitrogen sources
C. militaris Two-stage dissolved oxygen 201.10 18 0.47 [26]
control
S. cerevisiae Heterologous expression of 137.27 6 0.95 This study
SHC16 ScCNS1 and ScCCNS2
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