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Abstract: Chondroitin sulfate (CS) is a linear polysaccharide, which is widely used in medical, health
care and other fields. Compared with the traditional animal tissue extraction method, microbial synthesis
of CS has the advantages of controllability and easiness of scaling-up. In order to achieve an efficient
synthesis of chondroitin sulfate A (CSA), we constructed a recombinant Pichia pastoris GS115 strain
capable of synthesizing chondroitin (Ch) from glycerol by introducing the Ch synthase coding genes
kfoC, kfoA and UDP-glucose dehydrogenase coding gene fuaD into the P. pastoris chromosome. The
titer of Ch reached 2.6 g/L in fed-batch cultures upon optimizing the synthesis pathway of Ch. After
further expressing the chondroitin-4-O-sulfotransferase (C4ST), we developed a one-pot biosynthesis
system for CSA production by directly adding 3'-adenosine-5'-phosphoryl sulfate and C4ST into the
high-pressure homogenized recombinant P. pastoris cells. Eventually, controllable synthesis of 0—40%
CSA with different sulfation degrees were achieved by optimizing the catalytic conditions. The one-pot
biosynthesis system constructed here is easy to operate and easy to scale up for industrial production of
CSA. The idea of the present study may also facilitate the biosynthesis of other glycosaminoglycan, for

instance, heparin.

Keywords: chondroitin; chondroitin sulfate A; one-pot; 3'-adenosine-5'-phosphoryl sulfate; Pichia pastoris;
biosynthetic system

MR H ZE (chondroitin sulfate, CS) J&—
FhEE S B BB (glycosaminoglycan, GAG)!Y,
FH W P 9 4 2 BEE R (glucuronic acid, GlcA)
Il N-Z B2 L FLBE R (N-acetylgalactosamine,
GalNAc ) ZZEHM . AEE) CS flf HhE 5 ikt
e 2 H 55 % B —WEHOT R [WDR 2 |, ATTIE
AT CS ##L, i CSA. CSC. CSD A
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WA WA i CS B HLAT KB A 7= i 3401 A CSA IAHCHGE . UEY)-BEPI AP k&

WE 1 fR, SRR (Pichia pastoris) UM E SCAER B 2EAATE (Bacillus subtilis)
GS115 & IR H R A (chondroitin sulfate 5| ARBE R G HGERE, JF#E L ER R FKIE
A, CSA) THHETGIA 4 MHMEEEN kfoC. kfod . KB B SEBLT B R R AE I, B e
tuaD F c4st. H kfoC. kfoAd 1 tuaD FEH gah KWFFH# (Escherichia coli) BL21(DE3) Hi5E
T FH LAS RS A & (chondroitin, Ch), POy A FLis L Ll (aryl sulfotransferase,
B 5 1E B & 4-0- R S B B (chondroitin-  ASST IV) WA IEMERK; ASST IVA] LIfE—XE
4-O-sulfotransferase, C4ST) AUMEAL T & A it iR ZM KX SEBR R AR (p-nitrosulfate, PNPS)

B ROV A3 B CSA, )il 2 i A e A 3 3 - PR IR AT -5 - W IR (37-
% glck pgi
Glucose |l Glucose-6-P —p Fructose-6-P
pged glmS
Glucose-1-P GIcN-6-P
gall gpal
UDP-glucose GlcNAc-6-P
ATP l tuaD pagM
x&
¥ K UDP-GlcA GIcNAc-1-P
APS uagdp
AMP
A \ KL UDP-GleNAc
pap: FAES l kfod
Chondroitin o——L Chondroitin | «fsssssssss UDP-GalNAc
sulfate A c4st kfoC

1 EFRESTREBRER A EYMERER  oC: WEEEREW; kfod: UDP-2 I % W - H 1 ;
tuaD: UDP-HZJ MG 2l s cdst: BOH R-4-O-BOILF LM pgi: WAIWE-6-BRIR SFABE; glmS: HIEH,
Kol gpaT: LWEHREME; pagM: CJTRAIHEREBERR LA ME ; uagdp: UDP-N-Z W FUBE N — Wi R LB ;
pgcd: TEWEBEIRASNIMG ; galU: H%I0E-1-B5 IR IR 17 R 5% 7% i

Figure 1 Biosynthetic pathway of chondroitin sulfate A in P. pastoris. kfoC: chondroitin polymerase; kfoA:
UDP-N-acetylglucosamine 4-epimerase; tuaD: UDP-glucose dehydrogenase; c¢4st: chondroitin-4-
O-sulfotransferase; pgi: glucose-6-phosphate isomerase; g/msS: L-glutamine-D-fructose-6-phosphate
aminotransferase; gpaT: glucosamine-phosphate N-acetyltransferase; pagM: phosphoacetylglucosamine

mutase; wuagdp: UDP-N-acetylgalactosamine diphosphorylase; pgcA: phosphoglucomutase; galU:
glucose-1-phosphate uridylyltransferase.
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adenosine phosphate-5'-phosphate, PAP) [ 14 %,
3B R IR T -5'- B EAR R (3'-phosphoadenosine-
5'-phosphosulfate, PAPS), %% A P. pastoris N
5 F3RIK CAST, oty 7 —& il i ms
% . C4ST. ASST IV, PAP #1 PNPS 55 i CSA
PR SRS IR R 20 s i IR & 5 HLRI
7Y RS FE KW (p-nitrophenol, PNP) H.f #
PE, IIEASIE A T AR 7= FI s bl 2 b i n .
A W — 2 A PR AR et Be AR R, R
WA SRR R B A a (H H
BIMAP T AR AR (2.1 g/L) AR K
AR (4%) BT, BN S50
AR N A 2 3 BB A o DR by A o 2 R i
AT CSA AV A AR T B,

AW EE T JOTT B B S 0 T AR e AR
PR TR R UAE P Bl R, R 1 PR
SR b, RIH@A e, #F— PRy
RIEBUK o Fk, 38R i E AR SN R b 1
Wit ZR, HEARTREREAGRE J5 ELEEUS I CAST Fiif
BRI PAPS, fgWgSCIA Rl iR b7k -F- CSA
B RCE e BRI, ASHFE o TR b 58 R i
BEA RACE R, IEERIMY SRR R b B A R
TP . mAE L CSA, X R KE
R AN L REA RIS X,

WL

1.1 EPRA TR

A R E E. coli IM109 FHR P 2E
P. pastoris GS115 NHEH R G E . P. pastoris
GS115 FIERVEEEEE (Saccharomyces cerevisiae)
S288C NP LY HE H L, Frf itk
B A S 2 R A o AN S i i K 8 JBkE K TR
M5 T3 1.
1.2 EHRE

LB #3584k 10 g/L BEE IR, 5 g/L Bk

=: 010-64807509

¥5, 10 g/LNaCl; YPD 85555 . 10 g/L [ER#;,
20 g/L R IR, 20 o/L %4 ; 2k B % BMGY
FrFRHE: 10 o/L WEBEH, 20 g/L JEEE F11R, 40 /L
Hl, 100 mmol/L BEMRHIZE b, 13.4 g/L
YNB, 4x107* g/L tE¥ & ; KEEE; I 5 BSM:
40 g/L 1, 18 g/L K,S04,4.13 g/L KOH, 14.9 g/L
MgSO,4 7H,0, 27 mL/L H;PO,, 0.93 g/L CaSO,,
4.4 mL/L PTM1; PTMI1: 6 g/L CuSO,'5H,0,
0.09 g/L KI, 3 g/L MnSO,4-H,0, 0.02 g/L H;BO;,
0.2 g/L MoNa,042H,0, 0.92 g/L CoCl, 6H,0,
20 g/L ZnCl,, 65 g/L FeSO,47H,0, 0.2 g/L 49
%, 5.0 mL H,SO4.

1.3 EHRNAAE

Jit K. pGAPZB-kfoC-T2A-kfoA-T2A2-tuaD
FI pPIC3.5KHy-c4st WA LB = A7 R Al &
PCR #f c4st FH ¥ 5155 3] pGAPZB-kfoC-T2A-
kfoA-T2A2-tuaD JFRIH o 51 AAE R A i % 42
YER R RIRR P2A, FE TR pGAPZB-c4st-P2A-
kfoC-T2A-kfoA-T2A2-tuaD .

SREEARURAY 2A IKFHN TAEREE . 7R
AP 2 T B T, 2R
FRICTE B — 30N HE, BRI 2R &
YT A IE], NIAS 2 2 A7 8 1. T2A
Z 415 ¥4 EGRGSLLTCGDVESNPGP, P2A
ZHHE R4 ATNFSLLKQAGDVEENPGP,

P 1 pGAPZB JRAKLH) Poap Jii 87 T 8 i
pPAOBLS UKL Paoxi Jii 1, A4 ZH B2 Bk
pGAP815 VYEN I RKILEAK ., gimS. gpaT.
pagM . galU Fl tuaD FEH 535 T2A6 Fl
T2A8 #ifkBrik#E 2k pGAP8LS |, AL[H
pglmS . pgpaT. ppagM F pgalU M 575 HEH) 5L
R H P 361531, sgimS | sgpaT. spagM Fl sgalU
TR BE AR L R A ) 515 8], uaD P JSTRE
pGAPZB-kfoC-T2A-kfoA-T2A2-tuaD 4 35 15
2, Frf BRI
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&1 ARICER A BRI E R
Table I Plasmids and strains used in this study
Name Description Sources
Plasmids
pAOS815 P. pastoris expression vector, AOX1 promoter, Amp" Lab stock
pPIC3.5KHy P. pastoris expression vector, AOX1 promoter, Hyg' Lab stock
pGAPZB P. pastoris expression vector, GAP promoter, Zeo" Lab stock
pPIC3.5KHy-c4st pPIC3.5KHy plasmid carrying the c4st gene Lab stock
PGAPZB-kfoC-T2A-kfoA-T2A2-tuaD P. pastoris expression vector, carrying the kfoC, kfoA and tuaD gene Lab stock
which were connected by T2A and T2A2 peptides
PGAPZB-c4st-P2A-kfoC-T2A-kfoA-T2A2-tuaD c4st gene from pPIC3.5KHy-c4st cloned into pPGAPZB-kfoC-T2A- This work
kfoA- T2 A2-tuaD plasmid
pGAP815 P. pastoris expression vector, GAP promoter, Amp" This work
pGAP815-ppagM ppagM gene from P. pastoris GS115 cloned into pGAP815 plasmid This work
pGAPS815-pgimS pglmsS gene from P. pastoris GS115 cloned into pGAP815 plasmid This work
pGAP815-pgpaT pgpaT gene from P. pastoris GS115 cloned into pGAP815 plasmid This work
pGAP815-pgalU pgalU gene from P. pastoris GS115 cloned into pGAP815 plasmid This work
pGAP815-spagM spagM gene from S. cerevisiae S288C cloned into pGAP815 plasmid This work
pGAP815-tuaD tuaD gene from pGAPZB-kfoC-T2A-kfoA-T2A2-tuaD cloned into This work
pGAPS815 plasmid
pGAP815-sgimS sgimsS gene from S. cerevisiae S288C cloned into pGAP815 plasmid This work
pGAP815-sgpaT sgpaT gene from S. cerevisiae S288C cloned into pGAP815 plasmid This work
pGAP815-sgalU sgalU gene from S. cerevisiae S288C cloned into pGAP815 plasmid This work
pGAP815-pgalU-T2A8-sgimS sgimS linked to pGAP815-pgalU with T2A8 peptide This work
pGAP815-pgal U-T2A8-spagM spagM linked to pGAP815-pgalU with T2AS8 peptide This work
pGAP815-tuaD-T2A8-sglmS sgimS linked to pGAP815-tuaD with T2A8 peptide This work
pGAP815-tuaD-T2A8-spagM spagM linked to pGAP815-tuaD with T2A8 peptide This work
pGAP815-tuaD-T2A8-pgpaT pgpaT linked to pGAP815-tuaD with T2AS8 peptide This work
PGAP815-pgalU-T2A8-spagM-T2A6-sgimS  sglmS linked to pGAP815-pgalU-T2A8-spagM with T2A6 peptide This work
pGAPS815-tuaD-T2A6-pgalU-T2 A8-spagM tuaD linked to pGAP815-pgalU-T2A8-spagM with T2A6 peptide This work
pGAP815-tuaD-T2A8-sglmS-T2A6-spagM spagM linked to pGAP815-tuaD-T2A8-sglmS with T2A6 peptide This work
PGAPS815-tuaD-T2A8-sgimS-T2A6-pgalU pgalU linked to pGAP815-tuaD-T2A8-sglmS with T2A6 peptide This work
pGAP815-tuaD-T2A8-sglmS-T2A6-pgpaT pgpaT linked to pGAP815-tuaD-T2A8-sglmS with T2A6 peptide This work
Strains
Pp00 P. pastoris harboring pGAPZB-kfoC-T2A-kfoA-T2A2-tuaD This work
PpCO00 P. pastoris harboring pGAPZB-c4st-P2 A-kfoC-T2A-kfoA-T2A2-tuaD  This work
Pp00-pgalU Pp00 harboring pGAP815-pgalU This work
Pp00-sgalU Pp00 harboring pGAP815-sgalU This work
Pp00-pgpaT Pp00 harboring pGAP815-pgpaT This work
Pp00-sgpaT Pp00 harboring pGAP815-sgpaT This work
Pp00-pglmS Pp00 harboring pGAP815-pglmS This work
Pp00-sglmS Pp00 harboring pGAP815-sglmS This work
Pp00-ppagM Pp00 harboring pGAP815-ppagh This work
Pp00-spagM Pp00 harboring pGAP815-spagM This work
Pp00-DT Pp00 harboring pGAP815-tuaD-T2A8-pgpaT This work
Pp00-DM Pp00 harboring pGAP815-tuaD-T2A8-spagh This work
Pp00-DS Pp00 harboring pGAP815-tuaD-T2A8-sglmS This work
Pp00-UM Pp00 harboring pGAP815-pgalU-T2A8-spagM This work
Pp00-US Pp00 harboring pGAP815-pgalU-T2A8-sglmS This work
Pp00-DST Pp00 harboring pGAP815-tuaD-T2A8-sglmS-T2A6-pgpaT This work
Pp00-DSU Pp00 harboring pGAP815-tuaD-T2A8-sglmS-T2A6-pgalU This work
Pp00-DSM Pp00 harboring pGAP815-tuaD-T2A8-sglmS-T2A6-spagM This work
Pp00-DUM Pp00 harboring pGAP815-tuaD-T2A6-pgal U-T2A8-spaghM This work
Pp00-UMS Pp00 harboring pGAP815-pgalU-T2A8-spagM-T2 A6-sgimS This work
PpC00-DSM PpCO00 harboring pGAP815-tuaD-T2A8-sglmS-T2A6-spagM This work

http://journals.im.ac.cn/cjben
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14 BEMBABEEH
1.4.1 $EREEF

480 C LRI Y 56 7R I B TR A AE YPD
bR RIS BT 30 CREFENEAL 60 hy PRELR
WY& T YPD WiiAR FR I, F 30 °C | 220 r/min
LA F IR 16-20 h; DL 10% %R 61T
500 mL =i, F 30 °C. 220 t/min Z51F5;
FEEARUR E ODgoo 2171 60,
1.42 3L ZREFESHEAMR & B2

W15 ARG B R PRI FPAE 5 50 mL YPD #5
FRHEAY 500 mL #E)iH, # T 30 'C. 220 r/min
PIREIR TP 53R 24 h, WRHRIE ODgo 2970 20,
Fi 10%4EFh B4 YPD 353725 100 mL K &
A 900 mL BSM 557360 3 L KB .

AR R B IAE 30 °C, 2K
il pH 24 5.0, Ry T ¥ 6% R 48 TE 20%0A |, i@
JRU S 56 R0 58 P 0 Gl i B AE 25 vvm I
200-900 r/min JEFE N . 428 24 h 5, LA 7 mL/(L-h)
HY B BE TSN 70% 89 Hl (% 12 mL/L PTM1).
B 12 h BUORE—3R BT EAR T AR R 7 &
1.5 7%
1.5.1 {RIMEERLIE

TR oh e R AL A i AR R A 20 mmol/L
Tris-HCl fE RN Z W, pH B 7.4, BBk
B R R 1 e WSS O AN I 8 PR,
FEY SR RE | B0 5 1 S AR AL R
PAPS J/2H1 E. coli BL21(DE3) T FEE#E (A 52
W ERAT) KB40 ASAK® 5 ATP JZ )
AR, CAST & AR S 56 2= AR A7 HE R I B TR
BRI AR 2 e I 3R A I A e 138 ™ C4ST G 3
fiE . —7E M P, PNP Fifi 5 v & A9 34 TN 7E 400 nm
Ab W SEAE S LRSI . C4ST RiEE E . fEf
BN (37 'CL pH 7.4) T, 1 min P
A B 1 pmol PNP JIT 75 L 1 il & 4 — AT )
B

=: 010-64807509

RERSENE
W20 B AR A B B3, TR 2.5%
NaCl f 41 M il 3 Fhon A 4 5 AR oK
LFE, 4 CHUE 12 ho TP L, BT 65 °C
BEAR T R BR R OB, FRRER DL E AL RIS N
A GE R

B - IR 3 00 A 2R e I D
FEN 3R 2R b I A B R A R AR T A
S AR TS 76 R VAV P SR AT 5 #E 530 nm K
A0 5 W D' B, ek ) A v AR 2
PRV FE , SR 5 4 a0 F A XI5 il 2 & it
B RO i (mg/L)="H) 2 B T BR VR BE < B A
$x2.067,
153 TMERIE R A RREBRILK TN E

Wil 5 RRE SR T (2l 22 B [A) ik Fk
HBEM4i ), A pH & 7.4, 20 mmol/L
Tris-HCl 22 0l RA fff o I 25 BB IR BB 2
Z4fH ABC, 737 CTIFH 12 h, fHEESH
PIERCE R CSA SE2ff 2R o >R FH R SS0RH £ 1% -
JE A (HPLC-MS) 52 Bt R AL /K- e
WA F BN 10 mmol/L ZREMZ N,
1 pL #EFEHR:, 0.2 mL/min VEBEH S, 0-65%7%
AR, 10 min PEMERSA] . 7667 B TR,
MEFE 100-600 m/z Ju[H N A GBS B, il
FHWI L B35 E Iduron /A & A Di-4S il Di-0S br
HES, B (0L 100 50, 100, 200 mg/L) A
WY Di-4S Al Di-0S 7EAMA &4 R, 42
B Di-4S (m/z 458.01) #1 Di-0S (m/z 378.02) 5
F- U 1 L T R A MR i VR E 22 o B o it
2, I bR 2T R R R AL KO-

2 ZREM
21 REBRARBEMME

Sy T 3 5 Y AR A 2 T 7 9 0 9%
B A ST A R T B

1.5.2
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FI AL A B o H R E , 41 RS BhFH B Poap
B FEARMTFREAMIRED, AT
F Poar Jo B FHOER“Z I 72k &Y, 7ET
I FE 3R 1, B iR pGAPZB-kfo C-T2A-
kfoA-T2A2-tuaD 8 W5 AL 138 A Be IR R
R4, ARA% A e AR B TR AR Pp00., B #E Ppo0
ARG RN - s iaifh s, FmR
WE R BN ABC T4aiHfk, #id LC-MS &
WE, Z55AnE 2 FroR. o] LA WA B AR AR
ol PR ] HE m/z=378.02, iX 3 W 5 4 Ko AR e B
PR BB )& R 2, 3 B R - R IR T
W, BERETEHN 105 mg/L,
22 RBHRERERHMK
AT 2 TR R R A R R I )
e Pp00 P EA B R I RE T . 434
Sk B B8 AR B AR R B SR glmS (ke
RAIFHRE) . gpaT (HEAL LR IEREHE) . pagM (fiE
1t GIcNAc-6-P #5404 GleNAc-1-P) F galU (ff
fIE B UDP-Gle) JE[H, HEEE]FAk pGAPS1S
I, S B R AR A AR Pp00 B AR A SE R 4]

—_
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Figure 2 Disaccharides analyzed by high

iLEBEA (HPLC-MS) &

W, BLUIA A 8 AREE AL AR LR AR . SRR
AR, RlACE RS 3 R, X
HAH, 13K pgalU. pgpaT. pgimS F sglmS
FEHREAE A A RE FE MR BB R A, b 3R
ik spagM Fl ppagM & R 2 JE 35 2R G AL
A XA J5 SL T SR L L B, RIS i Pp00
PR A1 o 8] 7~ 4 UDP-glucose . GIecN-6-P .
GIcNAc-6-P #l GlcNAc-1-P & il & . 124
1o FEIR R R UR 1Y sgalU Fl sgpaT FEH I

AR PR, X5 Rk REEEN
i) pgalU 1 pgpaT FER 45 5 M . 41
D DR AT i AR 3 TR A 5 ) A 1 HE R g £
A% Bf 2 TRHE R T AN 4 25 W - 1 -BE R R 1 R % A5 il
P FRTEE, TP ECE R K. R,

T%ZH@‘%@L BeREEREINYR pealU FEH G, 4R

37 — Rk E 778 170 mg/L (5 IR &
ﬁﬂlilffﬂi Pp00-pgalU.
KT AR S ECE R, AR gke:

BEAT T A& AR B ROE R 4] A5tk . AR 22 A
FY4R1E , UDP-#j % b5 S AL tuaD 25200
B RrmRmemEE R [k, sl
¥ pgalU Fl tuaD R4 2| ,UFJ pGAPS815 [,
My Bk, pGAP815-pgalU Fl pGAP815-tuaD.,
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\OD,, == Chondroitin titer (mg/L) 1200
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sot Wl L B[ ‘B0

oD, 600
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performance liquid chromatography-mass spectrometry
(HPLC-MYS).

Figure 3 Growth and chondroitin titers of

recombinant strains.
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BT SEFTEAEFBS—REANREBREE A

A — TR s, ¥ sgimS. spagM F FETHEE, MTTRZNA T LKA IE W T AR,
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Microorganism (enzymes added) Process Sulfation degree (%) References
Microbial-enzymatic process

B. subtilis (Ch), E. coli BL21 (ASST IV), P. pastoris (C4ST) Two steps 98.0 [7]

E. coli BL21 (AST IVgy3), P. pastoris (C4STppz) Two steps 98.0 [8]

E. coli MG1655 (Ch, PAPS), E. coli BL21 (C4ST) Two steps 36.9 [22]

P. pastoris (Ch, C4ST) One-pot 40.0 This study
Fermentation

E. coli K4 De novo 97.0 (0.027 mg/g DCW) [23]

P. pastoris De novo 4.0 (13.9 mg/g DCW) [9]
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