547 % 5 i Tl B Vol. 47 No. 5
2026 4 3 H Science and Technology of Food Industry Mar. 2026

W4, RZEK, 258, 2. R T G miaZs W] SR B FL T Bl B B iR e B A M T A S A4 [0, Bl TR, 2026, 47(5):
217-226. doi: 10.13386/j.issn1002-0306.2025050171

YE Ziyang, ZHU Taicheng, LI Yin, et al. Construction and Optimization of Pichia pastoris-based Cell Factory for Production of
Hyaluronic Acid and Its Oligosaccharides from Methanol[J]. Science and Technology of Food Industry, 2026, 47(5): 217-226. (in
Chinese with English abstract). doi: 10.13386/j.issn11002-0306.2025050171

CEYTEE -

L FE P 2 R 8 R LR B R
AT MR S Ak

MFiF > KRR, FE E, B
(1P EBEFRFRBAFE TRFR, BERRMLE L0 2EEEZRE, LA FE 266404;
2. EH AN, B SRS T RAFH A AR E SRR T, RAHARS
R AT E, LK 100101;
3EEHERB P CHEELEME A MR SR TRE, L AT S 266237;
AEBTRBAMBRESZET, WAFE 266404;
SYEHBILRZRAYMIEELRE, bAFH 266404)

B OEHVARA A ZATRS, Bk SUR e MEEERE. AREREE. 2F0ENRRE
FHX, RARAEFBEEA@MIL], FHETHARA—RFTESREVA ARG TITH. a4, EEFBEEPILT
HMETENRBRESRER, BIRABEERRESTATZHRTTEERTHAAN, RIET @RI 49RIH
#, At FRTRRARRGENRRESBARI F&, SR 2T, RRTERLRAGEV AR S
seHAS B A RS0 A Mk E, BEMABAHTERRR F2A5 94l mg/L, 5 FE% 1100kDa, ssb, K%
IR T &G ERERKGEN ARG MEE, FAINRRARELLNTX, METERNARLEZXEQRH B
. S REAW, 58 FhChAC fe B A FEEE T a0k ik, BSR4 R &L FhChAC At SRR R £
mipk GOk AR S AR, R LIEMAEME, MRS ERAEZHE, @A LA, RAEERKEE T RF
T 5.6 g/L Riofe 45 X9 E A RBR FEHE =4 AARA TREFBEAN —4 PEREASENRBRRET 24

Wb fa B R AFE,
KGR LSRR, B B, A AR, B U R BR M A B, 14 B R BR OBk, W BT
HhE 45 3ES:Q814 TEkFRIRAD: A XEHS:1002-0306(2026)05-0217-10

DOI: 10.13386/5.issn1002-0306.2025050171

Construction and Optimization of Pichia pastoris-based
Cell Factory for Production of Hyaluronic Acid
and Its Oligosaccharides from Methanol
YE Ziyang'>**, ZHU Taicheng>", LI Yin’, MAO Xiangzhao"**>"

(1.State Key Laboratory of Marine Food Processing and Safety Control, College of Food Science and Engineering,
Ocean University of China, Qingdao 266404, China;
2.Department of Microbial Physiological & Metabolic Engineering, State Key Laboratory of Microbial Diversity
and Innovative Utilization, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China;
3.Laboratory for Marine Drugs and Bioproducts, Qingdao Marine Science and Technology Center,
Qingdao 266237, China;

KRS EHEE: 2025-05-19

BEEWME: BRELFLHR (2021YFC2103200) ; BR A AF5 84 (32225039,32270058,31970039) .,

{EEB/N: =+ F4 (2000-) , B, MELAFR A, B F 8 R 5 £ HHE A, E-mail: ziyangye00@126.com,

*BIEIEE: REK (1980-) , B, 1L, SIBTR R, AP R 7 o) TAERABA0 R4 AW F RA M A F, E-mail: zhute@im.ac.cn.,
2483 (1981-) , B, W&, #4z, AF 077 & K= R A e T 5 S800 A RS A3 R, E-mail: xzhmao@ouc.edu.cn,,


https://doi.org/10.13386/j.issn1002-0306.2025050171
https://doi.org/10.13386/j.issn1002-0306.2025050171
https://doi.org/10.13386/j.issn1002-0306.2025050171
mailto:ziyangye00@126.com
mailto:zhutc@im.ac.cn
mailto:xzhmao@ouc.edu.cn

- 218 - £ Tl B4

4.Qingdao Key Laboratory of Food Biotechnology, Qingdao 266404, China;
5.Key Laboratory of Biological Processing of Aquatic Products, China National Light Industry, Qingdao 266404, China)

Abstract: Hyaluronic acid (HA) is a high-value glycosaminoglycan that is extensively utilized in the food, pharmaceutical,
and cosmetic industries. In this study, to establish greener and more cost-effective methods for HA production, Pichia
pastoris was employed as a cell factory to evaluate the feasibility of synthesizing HA from methanol, a C1 substrate.
Initially, an HA biosynthetic pathway was designed, which was subsequently incorporated into P. pastoriscells. The
production of HA was quantified and confirmed using liquid chromatography and mass spectrometry, thereby verifying the
successful establishment of an engineered cell factory. Using this system as a basis, with a view toward enhancing HA
yield, hyaluronic acid synthases from different sources were screened. The results revealed that the hyaluronic acid synthase
seHAS, derived from Streptococcus equi subsp. zooepidemicus, was characterized by the highest efficiency. Using this
synthase, an HA titer of 941 mg/L with a molecular weight of approximately 1100 kDa was obtained under shake flask
conditions. In addition, the efficacy of selected high-activity HA depolymerases was assessed, and both exogenous addition
and co-expression approaches were employed to analyze potential bottlenecks in HA production. It was found that the
depolymerase FhChAC was highly expressed in P. pastoris, and regardless of whether it was exogenously supplied or co-
expressed, HA polysaccharides accumulated on the cell surface were efficiently released and degraded to oligosaccharides,
thereby contributing to a significant increase in overall HA yield. Based on these optimization steps, a final shake flask
fermentation yield of 5.6 g/L of unsaturated disaccharide-form HA oligosaccharides was obtained. The findings from this
study are expected to provide important theoretical insights and technical guidance for the engineering of P. pastoris to
produce HA from methanol.
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75 HH J5 1% (hyaluronic acid, HA ) J& H 5 25 W iR
1 N-Z T #i 2PN 25 B-1.3 F1 B-1.4 WE I B AT 3 i
IR —FoBEI SR . HA B R4
Ve AR K PERN B R AR B B, A5 E T Y
R T HA 045 F &g a5 v H A BN
FEEAEED, &4rTH HA(1000 kDa L F)# T
TF & IR A ) SRR Rkl i PR
FIS) 462 K43 T HA(10~1000 kDa) 1] JHVEZ 4 24%
AR HBA PSR ARV A S AR FROIRED) HA
ZEFE(10 kDa LU ) HAPLEAL . Prk . (Lt ig i fd
FEREETIRETEHED, H R 5 g AR, v R H T3
gEMEE B, L4 HA A=k R E s a2k
s B EBOR HRE ER PR R TR, (RIS AP RN
V5 G R . BRI SR LA K S e 28 4 R AR TR A,
BRI T HA 7EEE 25 & S Aisnd i H o

AR, AR TR R 1R & ' S HA 191
WA AR AL TR R B A T B . DL R KA
B . Al B ZE A FT BT 2E GRAS(generally regarded as
safe) A X R MR AL, 5] A UDP-GlcA/UDP-
GIeNA (PR i1 - 26 BT 1%/ DR 1T —WEIR-N- 2,
LA 280 b ) (AR A 0 75 W SR R S B m A 2 N, B
SEIRZY 10~100 g/L 1 HA P19 40, Hu &0
38 ik 0 FH 375 B IR 5 B S0 SR e 1 ) oy i
YU AR PR SR mESR T T R AR R e e S
Pragi Pk, fe & 7E TR A5 S R AR IR AT B P BUIS T
45~105 g/L {4 HA =it Jin 2202 0 FH s e etk i
SR 305 195 HH J0T P9 T30 55 SR WS A T R AT B 2R A B P B
BT 596~19.4 g/L () HA y=& . 2k, EIRIE 44
REBIFATIHA T A X — e geirii . AHEbZ

&, F SR SRR —A QA W ) i OB OB, S g6 |
LR ArE A Tk S (A CO, inE) siAE Y i
AT AT A 70, GRS 22 iR« 5 IR AR |
LA g fa) RO, BRI, R BRI A A M s A
VT BBAE R A 2E AR AN T 58 O HOS ARGV, LA
T FRMT B IEECRLEA T HA A2 r=Aa it — 2L BRI
P AS, IeHESh HA G021 My i 3 i r Ak ik
o BEIRIELE (Pichia pastoris )VE R ML ) FH 8 5%
e 3, B s F BRI RE 77« 15 B R R
Fesm R AR HAFRIAGE ", HATC I T HAPY
LA K FHAWSS 2R IR B BB AN iR R B 2= AR FJF
P S Ak, REER SRS R R ) . {H H Rl
FA A -6 BN SR BB OB ST i A TFRE 2B B, A= 7=
2w A, 577k Ak B drAd 2o gsiis, s t—2b
(YR =T =

AHFSR B AE L B Sy ME— B IR, 78 5B IR B rh
I HA A A%, 18 1 07 156 B 424385 BH BT iR 5 il A
iBh HA Rl KRG ERT HA A r=3eR ., izt
GE N EESR R TP A U e s I R R R 3t
THIS SRR AR S
1 #MR5RE
1.1 #RI5EE

AHHSE T FH A BORL S BAMRANER 1 s T
pPICH. pPICZ Fll pPICZo fi1A: 5ok 4 i ma 5t S Uik
AR A BR N B 58 B3R KA BRIUT R ZH 2% RGPS
T EZS YNk 2 s 3196 LA &% DNA il
J7 38 B AU R E R A BR S F 58 1 FCE R i
ABC. %5 B BT e AN A OB AR vE S, 25 E Sigma-
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Table 1 Plasmids and strains used in this study
JoAE K B A HXRAFE SFei

pPICH AOX1UA3F, Hyg' SEHEARAT

pPICZ AOXUaABIF, Zeo' SE BT

pPICZa AOXIE BT, & oZZ i B F15 5 IR IR 4R IE, Zeo' LU FE AT

pL3Hhis HIS4, Fi T Golden Gate Assembly ()48 /AH 42, Hyg" LI E LT
pPICZ-pmdchC pPICZAITAE, 4 Apmdcb CHH ARBFE
pPICH-pmHAS pPICHATAE, 4 ApmHASHEN ARBIFFY
pPICH-xI2HAS pPICHATA:, 4 AxI 1 HASHE NS
pPICH-x/1HAS pPICHATA:, 4 AxI2HASIHE ABIFFE
pPICH-cnHAS pPICHTITAE, 48 AcnHASHED ABIFFY
pPICH-cvHAS pPICHATAE, i AcvHASHEH NN
pPICH-seHAS pPICHATE, 4 AseHASHEH BN
pPICZa-FhChAC pPICZafii A=, i AHAREf#BEFhChACHY St S K] ABFF
pPICZa-CeChnase PPICZoAiT A=, i AHARF i CeChnaselt it JE ] ARG
pPICZa-PvChABC pPICZafii4:, 4 AHAREA#HFPvChABCIT 4ifith S K AWFIE
pL3Hhis-pmdcbC-pmHAS pL3HhisfiT2E, i A pmdcbCRlpmHASHEH AW
pL3Hhis-pmdcbC-xI2HAS pL3Hhisfii2E, 1 A pmdcbCRIxI2HASHE N AW
pL3Hhis-pmdcbC-xI1HAS pL3Hhisfii2E, 1 A pmdcbCHilxl1 HASHE R ARBFGE
pL3Hhis-pmdcbC-cnHAS pL3Hhisfii Az, #i ApmdebCHlenHASHER AW
pL3Hhis-pmdcbC-cvHAS pL3HhisfiTAz, #i ApmdebCHlevHASHER AW
pL3Hhis-pmdcbC-seHAS pL3HhisfiiE, i ApmdcbCHlseHASHER ENTIE

Btk
E. coli DH5a Tk A e g Invitrogen
P. pastoris GS115(GS) HIS4, B A= R R R e £ R Ak Invitrogen

GS-debC-xI2HAS(xI2HA ) GS#; A AL AR pL3Hhis-pmdcbC-xI2HAS ENTEN
GS-debC-pmHAS(pmHA ) GSH: Atk 3 &k pL3Hhis-pmdcb C-pmHAS ENTEN
GS-dcbC-x11HAS GSH: AL M:AL 3R K pL3Hhis-pmdcbC-xI1 HAS N
GS-dcbC-cnHAS GSH#; AL B AR pL3Hhis-pmdcbC-cnHAS AW
GS-dcbC-cvHAS GS#; AL R pL3Hhis-pmdcbC-cvHAS N
GS-dcbC-seHAS GS#E ALV # AR pL3Hhis-pmdcbC-seHAS ARHFFT
GS-sec-FhChAC GSHE ALK pPICZa-FhChAC ARHFFT
GS-sec-CeChnase GSHi NG MAL R pPICZa-CeChnase AHSE
GS-sec-PvChABC GSH AL ApPICZa-PvChABC A5
GS-debC-seHAS-sec-FhChAC GS-debC-seHASH AL M Ak #if&pPICZa-FhChAC EN I

®2 RO EZS Y

Table 2 Main primers used in this study

5149 31 (5'-3")
5'A0X GACTGGTTCCAATTGACAAGC
3'AOX GCAAATGGCATTCTGACATCC
GGCTACGGTCTCACAGAAACATCCAA
GGA-start-F AGACGAAAGGT

GGA-1-R GGCTACGGTCTCCTGTTATCTTCTGTACTCTGAAGAGG
GGA-2-F GGCTACGGTCTCCAACATCCAAAGACGAAAGG

GGCTACGGTCTCCTCCTATCTTCTGTA

GGA-endR CTCTGAAGAGG

Aldrich 2% & ; 4> T & & 1000 kDa i 5 BH JiT i#% .
Stains-All YL} 121G 22 e AR AR AL B 2 A BR 4 7l 5
DNS {5 dbat R FERHEAA IR F ; BRI AR
PRI A . Golden Gate Assembly i3] & 35 [E New
England Biolabs 2\ & ; LB 15 3= 5L: 10 g/L & I .
5 o/L BEEERY . 10 g/L NaCl( FA RS 32 5655 55 A
15 g/L BiiE#7); YPD $53a5E: 20 o/L 43k, 20 g/L

MR, 10 g/L BERRPR (AR FRILTT S5 15 g/L
BHEHR) s BMGY B53%3: 20 o/L AR, 10 g/L
By, 13.4 g/L Jo2d FEEE B AUE . 100 mmol/L pH6.0
B . 0.4 mg/L /LW E . 10 /L H s
BMMY #5352 5E: 20 gL R, 10 g/L BB 8 .
13.4 o/L L& ILEERE AR . 100 mmol/L pH6.0 B2
FPZZ PR . 0.4 mg/L 492K, 10 g/L HIEE,

ZQZY-CR8 ¥&IK g FFEAL IR A R 7l 5
ETC811 PCR X Zi A OB A A R
Eporator H3,#54% | Centrifuge 5420 & X &.00HL
[E Eppendorf 2\ F]; 3-18KS FE S ROl SEE
Sigma 4\ 7 ; Infinite M200 Fig#R4Y  Hi -1 Tecan 4%
H); 1260 Infinity ¥ AH (A 351X S E Agilent 23 H];
ACQUITY UPLC I-Class PLUS R& B4 Xevo G2-
XS Tof MW AH o335 -5 i e FHAY. 22 [E Waters 24
H]; Optilab 7R ZEPTIEKIZET . DAWN SGHUH A2

FE Wyatt 2AHF] o
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1.2 LWHE
1.2.1 BUR SRR EE  ASWF5R T H pL3Hhis it
A B EE 40 BTk 438 i Golden Gate Assembly J7 74
AT RS, BAR R 51 GGA-start-F/GGA-
1-R 3" ¥4 FL K pmdcebC FiRkHE, FE N DNA R B 15
J 5% GGA-2-F/GGA-end-R ¥ 3% 4% 175 HH Jii IR &
Jifg 5 R FE TR AE, /E 0 DNA Jr B 2. HIR WA R .
1 uL Golden Gate Assembly Mix(Bsal-HFv2) . 2 uL
T4 DNA %2 L% P . 2 uL pL3Hhis Fiki, 1 pL
DNA F Bt 1. 1 pL DNA K Bt 2 1 13 pL ddH,O.
Golden Gate Assembly Y W #2)F A: 37 °C, 1 min;
16 °C, 1 min; J§#¥ 30 ¥X; 37 °C, 5 min; 60 °C, 5 min;
4 C, B-AF o B IT AR B4 Bk £ I 5L 2 E.
coli DHS5a J& i 53R A5 BH4E 52 % JH F pL3Hhis fi74:
FH TR REL . KBRS L BURL A pL3Hhis 177
Az SR 43 50) FH BR i A R N VI Pme 1 A1 Sal 1 2k
PEAL, SRIE R 1 FRiE T B AR E% A AN Y BE IR
P B I SZ A5 M b, T SE RIS I B Ak F . LA
5'AOX/3'AOX X HALFHEATIA PCR 8%, 4P 1%
PR AR RIS I B pmdebC R385 B 5 1R -4 T 56 PR 1)
BHME AT, BIA B EAa i S 2H PAT Ak o
1.2.2 He Rieb TR IR ANE T2 B
YRR RIZ T YPD “FHR, £E 30 °C 5537 48 h Ji5, PkHL
PARHVE R TR YPD #53E35E, F 30 °C, 200 r/min
AR P FEF T 48 ho HU 5 mL A TR T
45 mL 1Y BMGY #5335 4422 7E 30 °C, 200 r/min
FERHHEEFE 24 he 7E 4 °C LA 5000xg #.0> 10 min I
&£ BMGY B3R A I+ EE T 50 mL /Y BMMY
BrgedErh, IF7E 30 °C, 200 r/min %R B FE 96 h,
76 H B 5 S 1 1a], 45 12 h #0838 625 pl By JG/K F B,
24 h U T2 & MR AR5 5 OD 0 FRTHIES
RS
1.2.3 KRR AL B 5155
1.2.3.1 j7afs B R 58 on B TR A 19 R B VRRE
EEAE 1.2.2 RS ERER, 75 4 °C LI 5000xg
B0 10 min S54SR AR IR R il o INAGE
i ddH,0 TR LIKE 2 B & FEIRAARFR, 4R
JEHAARFIEL 1:1:2 8 4% 0.1 f1 0.5 mm Ay 1L
BEIUR 5 RIS, L 120 Hz YR % 120 s, Bl
J& LA 10000xg B0 15 min WCEEBEVEWR FiE . &
P 7 S LS E T 65 CIEH 2 h s kA
10000xg E5.0> 15 min EERULHE, 53545 2 Mg sk IR
FIEEAACTE A P = RE i
1.2.3.2  FRikis W] o iR 4 A g e 2Rl B T AR R &
BERE S, BUGE R 1.2.2 7S 0 A B, 78
4 °C LA 10000xg B5.0> 15 min U4E R B FISHK, SR)5
25 0.22 pm PERET U8 S R AR B I P B 40 M, ZRASRE
TR o
1.2.4 755 R0 AE B35 v o AU A B BT R

1.2.3.1 i8Ikt il mAs e fe S4B 0.05 U/
mL B ZE W ABC T 37 °C 1% 3655 2 i {5 it
FIK 95% LU I, 28 0.22 um JENRI U85 15-3 SN K,
A7 FH 25 2ORAH 2,33 (HPLC) I 5 Hirp HA A gl —
PSR DARAE HA SR =R i HA &%
TN ARG HA AR RS B SR A B
BB, RS R 3% 4+ . BioRad Aminex
HPX-87H Column, 7.8 mmx=300 mm; #i34H: 8 mmol/
L H,SO, /K ; #iik: 0.6 mL/min; #Hi: 55 °C; 48
SRS 232 nm; R 10 pl.
1.2.5 WAHCOTE- BTS2 e i85 BH BRI = 09 6
INESZE A SCHR [21], i WA @3- RSB
(LC-MS) A& 1.2.4 J7ik IR S B HA AL FI
bR A R, PRI T E B 378.1036 Da. LC-
MS £ FnF . %4 ACQUITY UPLC HSS T3
column, 2.1 mmx100 mm; &6 EEBEAL: WA A N
0.1% W HER /KW, mshH B S Z0E, LA 0.4 mL/min
MY LB IZ AT 10 min, JsIAH B N O THZ 5%; +EIR:
L EREEE: 2 pLo B SR H 5B AL 100~
800 m/z HEATHAFH, FHHHMIE M 20 points/s, HEFLHLE
Shy 40 V, WEHEBER N 20 eV, B HRIEN 2 kV, JE
WA 100 °C, BAEFIRE N 450 °C.
1.2.6 HEBH LRI E i H e ) =
LA 7~ ZE T PRGN 28 A SR ARG I 28 A HEREL (2 35 70
A 1.2.3.1 Skt HA - FE. HiES%0
A CHk [24]. OIS ST i 4E: Shodex SB-
806M OHpak, 8.0 mmx*600 mm; i s 4H: 0.1 mol/L
NaCl /KW ; Tiiid: 0.5 mL/min; AE1E: 25716 ; K 2.
IRZEPTICATIN 5 5 GRS 2% #EAF5: 50 pL.
1.2.7 IIEHHEERE UK IR ST B R 4 F i 1
1.2.3.2 IS M R 5% T 50 mmol/L BEFRENLE nhis
(pH6.0) & H&)E 7 1 mg/mL 1 HA (431 1000 kDa)
TE 30 °C W% E 15 min 5372 BB /KB 5 min 261k
R, FRASF N R o A 2 AR P PR S A RE R
AT RONAE X AR . HLUK T 1525 B A SCHk [25].
JH 1xTAE 2P ECH] 0.5% HUIUIEHEEE RS, HUS WY
WFE S 6xDNA _EREZZrhiiR A1 3F EAE)S, TE SR
LA 80 VfHEHLYK 1 h, HLIKLE #h A 1<TAE 22 nf
W SE NG R EE I FH £ 0.005% Stains-All B 50%
VN NS B R LR i el S
1.2.8 375 HH Jo 19 A A g V1A s 0 s 7 i U v
225 O SCHK [26]. TE 1.2.7 H U455 AR A Hh
INASEARFLR) DNS A FHIRS, Fib R iEsE
5 min J&, 37 BIVKARIA LR SN o FH RS 52
SN IRAE 530 nm B S'GREE(E, FH LA IR A
SN2 AR vE N 2R T BB RG o PR BTG 2 L
SHAE 30 °C, pH6.0 IS4, B /AT RS 1 pg 46
BRSO FERE T AT B . A 1.2.7 H %t
WS N A A E SR R 7 5%
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Mg, A AR A G I SR S SRR SR RN T A S Atk - 221 -

1.2.9 ARG IS HH 0T 1A 4 Fir i o) 25 BH O 198 = i 1Y)
MR $% 1.2.2 AT T AER pmHA, 7EA T 36 h
Bsf, BRI A S 0. 400, 10000 U/mL HY T F2 5
GS-sec-FhChAC A& 7 T A A Bk (342 1.2.3.2 743K
19) o SRIFAkEEIE 1.2.2 ik kB T K pmHA 2
96 h, it 1.2.4 FFMEI HA 77 .
1.3 #HuEatiE

SRR MassLynx /44038, HEBH (154
P Astra 03, FLAYSCYGEAR M Excel K
EAC B, R2H SC B A 3 IRk, H -test ZEit43HT,
P<0.05 PR HEA WS, T Veusz F4LE.
2 HER57h
2.1 FHERRREREEIREF AR T A0, 1S
FIFN

LSRR L PR Y 583 HA & BGRAEnE 1
FRN o R BB a3 o AR R B PR i A (XuMP ) 3
TR, IR TEITAE S 6-BEIR IS, A S5 44 4351
G HA G I s B P AR ORE 2L A UDP-GIcA Fil
UDP-GlcNAc, Bifi J5 7 185 BH B R & i AV E T &
HA W%k . RTERCIREERE A EE HA S laRAs, 7551
AFMNIER UDP-Gle JIj & iy 3L B8 s BH 5T iR & fifg 23k
o AT AMFFEH, Jeong 5P 3 i3 5| A dE YN &
(Xenopus laevis) SRR T #3758 R IL 5 T dm i L R
XI2HAS, FEXEIREE B IS T HA & asiEm
FaEE, (HIZ AR HA PR, KRG HA =
R EHEAT R A B (Pasteurella multocida type A)K
VA pmHAS SJME— U HE i T AY35 BH TR A i,
B MR E . Ao £ 2 2% L
FEEE R IR Y UDP-Gle &L N pmdcbC, 5355
CHRE R 1 B35 W TR & il m it B 5] xI2HAS FE
BARFRE R 1T 7575 B 5T iR & B g fih 2L I8 pmHAS i
T A, AT HA GRG0 . ra 55
FE R iR ¥ R B R RS BT Paox SX30.
pmdcbC FERFIRMEST RS xI2HAS 1 pmHAS FEH
F2IXMEIE 1 Golden Gate Assembly FEHEHE 1.2.1 75
VLA B[Rl — 3, SRIG AL EEF AL AU P pastoris
GS115(GS) P, -7 PCR KliE, fieZ3Kk459 T .72
AR xI2HA (GS-decbC-x12HAS) Al pmHA (GS-dcbC-
pmHAS) . SHWRIE VPSS L I BE SRR AR T LA
FA A 7= HA BB T, AP AERE I A5 T X T 3%

W xI2HA il pmHA #1717 96 h iy FH B2 355 52k %,

FEXF K 96 h TS =t i i HA #Ef T PRI =
53T

TE 375 B 1R 1Y) R R 8RR I 7 5 b, HPLC
12512328 39 LA 22 R SR T L HA 2204 AN
TR OB SR AT 2 B, i B e S 0 B TR v s S
HPLC RGuryttie A shibkIlGe 71, vl KRR
PRI A N LA, & 5 78 TR S R e b A 7
HA ¥z TV . Fi, AAUT9REEC HPLC L5047

Methanol

Plasma
|
Y Gln

Glycolysis <——  Fru-6-P \L<Glu
A;i GImS

Pentose phosphate
pathway ~—— Glc-6-P GIcN-6-P

Ac-CoA
Pgm GpaT
CoA
Gle-1-P GlcNAc-6-P
UTP
) GalU Pagm
Cell wall PPi
Gl ~<—— UDP-Glc GlcNAc-1-P
J n
YOS NAD UTP Cell wall
Ugd Uagdp .
NADH PPi
UDP-GIcA UDP-GlcNAc
+&

Type I HAS HA
\

>

_— Pla
Type | HAS --> e

HA

B 1 el R g T A s A R & R 1R K
NEE
Fig.1 Schematic diagram of the hyaluronic acid biosynthesis
pathway in P. pastoris-based cell factories

T Fru-6-P: 6-B IR T 45 Gle-6-P: 6-Bi R 45 1; Gle-1-P: 1-8
TR %5 %5 4 ; UDP-Gle: JRH - BifR -1 294 ; UDP-GlcA: JRH —
AR - A1 A W TR TR 3 GION-6-P: 6-ATR A 45 Ml s GIcNAc-6-P: 6-
B2 2, 9k 7 %9 B e ; GIcNAc-1-P: 1-B R N- 2, 5 7 25 W5 iz ;
UDP-GleNAc: JR1T W HR-N- £ I A A M ; Pgi: B2 14 5
Vo tig; Pam: BERR RIS AL B ; GalU: JRTF B AR - 40 b A2
R AL ; Ugd: FRT W2 - 26 4 B0 S0 ; GlmS: B R 4 e
& i ; GpaT: BEFRBIWE I L B3 B4 1 ; Pagm: WL £ BE a5 A
J1i A% i B ; Uagdp: PR 8% R -N- 2. Tk 7 0 e £ 1l 92 £k 1
Type | HAS: | B4 FiliR & l; Type I HAS: I FUi% BT
Fi Ay s UTP: JRAT = WEHR; PPi: FEBERR; NAD': S AL R L
JIR VR S A AT R s NADH: 340 5% 70 A8 1 e Jg W v — A% 11 R 5
Gln: A& BENE; Glu: %R ; Ac-CoA: Z BEHIEF A; CoA.: Ml
A; HA: B BRR .

TR HA 7 i, (35 Hr g R aniE 2A s,
TREHAE S TAETE S HA AR 8RS AR B8 I []
(7.8 min) —3Ay =0k, R, BB (GS) R
SEARAT FEEWE Y B, SR B W s sk,
Ui BH T HPLC 74 76 I 2 5e I W B & I R & b
HA WS HTE. HA F=EPras R R2H (F 2B), T /%
PH xI2HA 1) HA F= i B AR, 1 TR pmHA 147
i, AlGk 260 mg/L .

Rt —E N TR B pmHA 72418 HA, i@
i LC-MS X 4% F FE WA 5 1 =R it 74y
Bro g RanE 3 frax, K 5] 5 bR ofE & 4R 8 B 1a]
(0.840 min) —E =4 g L K sifar U R > 378.1031
R TIE, HE3H 5HA(E (378.1029) IFHXT IR 2EAE
AL KT 5x107%) , X—&5RES TR b
TEE HA ANFn—pk, #t—2E0EB T HA &%, 3=
B 77325 B SO PR PR S oiR IR R AN T A5 2 i ol 2t .
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Fig.2 Determination of hyaluronic acid produced by the
engineered strains xI2HA and pmHA after a 96-hour
fermentation in shake flasks

E: A: HPLC A4 T2 18 x12HA F1 pmHA $2 )i &% % 96 h
P ] R =00 3 21 B: TR xI2HA il pmHA $EH
I 96 h 1)ZE W SR 5 [ v+ s AT A L 22 5
% (P<0.05), 51 4. 41 6 [A]..

0.840 HA R AR b
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0 1 2 3 4
e fmi
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100 200 300 400 500
m/z
0.840
pmHA
TIC
0 1 2 3 4
P
F{TE] (min) 378.1031
100 200 300 400 500
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K3 TR pmHA & RUGEWI TR LC-MS %7E
Fig.3 Confirmation of hyaluronic acid synthesis by the
engineered strain pmHA using LC-MS
TE: Ac B WA A —HEARAh; B: TR B pmHA F3 UK
96 h 7= W) AR F i ABC AL BRI B9 S b P B
T A TEE (TIC), T & A 4 B IR E] 0.840 min 45 AiF e F J5i

A
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M F LA xI2HA 5 pmHA A9 356 PR Y 22 541
T35 I TR A R Rl AN ), ST AN [RISI IR 385
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SR AIRGEA [R5 75 W] 0T R - I X BE aR B HA
G BRI SN, AT — 8% T 2SRRI
M) 325 W T 1R £ Tl R T, 4 o =2 [ B P P e A R
& (Streptococcus equi subsp. zooepidemicus ) 5 Y
seHAS . B EHT A B3R (Cryprococcus neoformans)
KR cnHAS .. /NER 39K B (Paramecium bursaria
chlorella virus) K1Y cvHAS FIVEHESI D) AE P TOIE

A 1500 P
= F AR
1250 | 3 ik
% 1000 3
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I
me JUl
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125 W SR W ORI 3
Fig.4 Screening of hyaluronic acid synthases and analysis
of hyaluronic acid produced by the engineered
strain GS-dcbC-seHAS

TE: Ax AN IR]IE W] 2 T DR ) TR TR R A 18 96 h 1Y
7 W R ™ ks B: TRETH GS-debC-seHAS A i W B R 11
LC-MS &, LA BB 7 (i &1 (TIC), T A £ B i)
4 0.840 min FFAE A BT 1AT; C: TR GS-debC-seHAS 17
JE W RFR 73§ R E
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VR xI1HAS, FT HA & R R, BRI
g SRR 1.2.1, £d 96 h BRI A I, 458
Bos, TR GS-debC-seHAS [ HA 77 & B 5, 15
#] 941 mg/L(¥ 4A), R ZEEEBRTASRIRNY seHAS
TR R R P A e i 19 HA SORECR . Ry, Ho™
Pyzs LC-MS #4538 T S5hrdksn (8 3A) —2mr™
P SREES T, ILERE T HA P26 (& 4B) .
i 3 HERH 3% I 5 7= 4 HA /945> F/ 8 1131 kDa,
LA EREC 1.03(18 4C), B T FE W GS-dcbC-
seHAS ] 4= p= &4 F 13 HA(K T 1000 kDa), H4»
T MBI —,

HeHh, TFRH GS-debC-seHAS 1 HA 74 AE
PRI il HR ARG I 2, 1] A2 19 LTS TP AR REAS:
M) HA. gh& T S BH BT A 1 < 216 B 43
B4 FRILAN O30, AT AR, B4R HA B4 8 b
HHREASE RS M, {H AT B B8 T AR S i R An e 2
LRk K Z [R] P 18] B PN s AL ZE AE 4 L 4, 5230 HA TG
Pt — Y BE A R, [FIEH BRG] T H A RA 5
WAFIE (& 5) o il s —HED, 38 5F #JE E i
HA [ fit T 5 57 BEL 3 09 HA 2285, W) B 46 I Jifg &
HA RS U5 X HA BT =552 .
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HA synthase
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Fig.5 Schematic representation of the presumed location

Cell
wall

of synthesized hyaluronic acid in engineered P. pastoris
:: HA oligosaccharide: %5 B JJi ik Z£ #%; HA depolymerase: i
W1 o 7R I fif Tt 5 Exctracellular: it M PR 5 Cell wall: 4H it B ;
Mannoprotein: H # 8 & [1)2; Glucan: # F 42 ; Chitin: JLT
J51)23; Plasma membrane: 4liJiffi; Cytosol: il 5i; HA: 7B it
#i%; HA synthase: % B [ R S

2.3 BERRELFEARERAYIFIE

HEl, CAEEEIREE R P 3238100 HA REfEAEER D,
Hoin B B A i s o S ik — 2 32 T B IR I REAE
HA A&Y)& b R S 1, AP T BA &
IR FLRBAE SE ARl B v S R IA 1 HA P . 35
18 AR FE AT I (Proteus vulgaris) A 5 1) PvChABCE!
FAT 2 W AT B (Flavobacterium heparinum) > 5 Y
FhChACP? ¥ 0L i i B #5058 1 HA I i iE 1k, (H
A FE B AR R P S B RGN . 55 N BRUAT 2R

( Caenorhabditis elegans) 5 Y] CeChnase! 9 #z
I8 A R R MR, H WL H A — 2 19 HA KR 0%
e I, B iR = HA Bt LR 4 255
IR AR pPICZa F5E ABFATE (GS) H, 3R15 T
TR EE IR i B GS-sec-CeChnase. GS-sec-FhChAC F
GS-sec-PvChABC. il 96 h H i T 32 )i & %,
ISR S5 HA (1000 kDa) 2 5 |1 DNS 754
M HA BEMEEGEM: . 2551 AaNE 6A iR, TR GS-
sec-FhChAC 7= A= i) HA A im PEt i T HAh P
Al ik 7.37x10° U/mL. T. 72 GS-sec-CeChnase %4
T T ASREL T R P B T 341K, 24 1290 U/mL, T GS-
sec-PvChABC 7721 1 HA [ A 15 PEARAIG, 12 130 U/
mL. [FIA, {56 PSSR IS Ha UK ST T3 S R R
HA W4T &, 452 UE 6B s, £ TR GS-sec-
CeChnase HEFRALPRE, HA ZAF IR #2, FeA X
HAT— ) HA FEfrRe 71, (R RE SO B BR .
MK FH T2 B GS-sec-PvChABC FEF AN 5, HA
ST B S5 X REAH EEJC 35 25 57, U HOGR A S0

>

106 ¢
8x10° 1 *
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Fig.6 Hyaluronic acid depolymerizing activity in a crude
enzyme solution from engineered strains after a 96-hour
fermentation in shake flasks and its effects
on hyaluronic acid molecular weight
TE: A: TRRR 22 96 h F7I0 K B AT A MLV rh HA [ At B
715 B: SUIRME B i Uk 23 B AN () T A A I i A KL 5
HA(1000 kDa) JZ W7 Ji B9 7 91 73 585 Ce: ¥8 B Bk GS-sec-
CeChnase & [ T 15 FH B W& 28 17 5 B ; Fh: 7RI B AR GS-sec-
FhChAC & I JIT 45 HL W0 1247 IO 5 Py 8 I Bk GS-sec-
PvChABC & J¥ FIT A AL BRI A T S5 NC: TR e s Ak 3
S B BEBHEA T SOBEAE R X R
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Ik HA 4 FH . ML= F, TR GS-sec-FhChAC
B N S A B i) HA Bfns 1k, FO N =44+
UL S AR WEEE RS L VK S0 AT T B (29 10 kDal?™),
SELWA I, DL EEERR, TR GS-sec-
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BE 18555, 1 TFE5 GS-sec-FhChAC REFIL =T
PERY HA REfEIE, R0 Resm e 0 . BRI, %
PEAE R MR GS-debC-seHAS 1Y & Bt 12 b s in T2
PH GS-sec-FhChAC & B TS ML, 25 8 H %) HA
TR~ HE 52 .
2.4 HNER NS RIAIE B R EL P #RES FhChAC Xf
1B AR FRER R ASAN = = OS2

SRZZELHNIRGS I HA PR HA 40 E v F1
A FERCR SR, USINAHLA e B 2. R
S i i 0 R A B, AN B A PR 40 i R 2R R
HA Z Ay b R8s W 726 & e BAEs i, Wl wr g8 Kl
fEAL B )R 2 52 HA WIEIR 84 . A, 4%
TE L FEH GS-dcbC-seHAS 3B &2 B 1 (36 h),
TN W A 0. 400 8% 10000 U/mL i kE GS-sec-
FhChAC & W% it A9 ¥ B W% , 190 2 & B% 96 h B 1)
HA =ik, g5RANEl 7 Ui, B HA BEAREGES I
BT, HA B97= i DA S A NI HA B9 Eb 3320 4T
ThE . 4Eshne A 10000 U/mL B, HA F=i ik 3|2y
2.4 g/L, HMIAMEIE HA 2915 50%. X—45 R
SNIEEIING HA REAR A nT A3 U HI A BT T AR R
PRI T A HA I HS R = R e o

3000 1 gy AR TR

2500 | T2 MK —i—
=)
S, 2000 |
g
& 1500
= i
= 1000
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Fig.7 Effects of FhChAC addition on hyaluronic acid release
and production

T B R 7 B iR i S A A A H 2 5 B (P<0.05) .
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M AT BB HA 22057 2000 533 Kl R, L
EREf R BR A AR HA R 8, NIeAIE
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Fig.8 Analysis of the product of the engineered strain GS-
dcbC-seHAS-sec-FhChAC and its productivity following
a 96-hour fermentation in shake flasks
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T T 25 117%. ik, HA 22740 M 5% 10 14 3 BE 2
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