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Construction of engineered Streptococcus zooepidemicus for
the production of hyaluronic acid ligosaccharide
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Abstract: Hyaluronic acid (HA) is widely used in many fields, such as medicine, cosmetics and food. The bioactivity of HA
depends on its molecular weight (M,,). Owing to the important physiological activities and special physiological functions, HA
oligosaccharides have important application prospects in medicine fields. Streptococcus zooepidemicus has wide applications in
commercial production of HA, due to its short fermentation cycle and strong production intensity. In order to efficiently synthesize
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HA oligosaccharides and solve the dissolved oxygen in the fermentation process, in this study, we overexpressed HA synthase
(HasA) and introduced and optimized the leech hyaluronidase LHAase in Streptococcus zooepidemicus WSH-24. As a result, HA
oligosaccharides were efficiently produced with improved dissolved oxygen. After 24 h, HA oligosaccharides production intensity
reached to 294.2 mg/(L -h), and the concentration accumulated to 0.97 g/L in flask cultures, which was 1.82 times of the wild strain.
Impressively, HA oligosaccharides were increased to 7.06 g/L in 3 L fermentor. The constructed Streptococcus zooepidemicus
strain for producing HA oligosaccharides would have broad application prospects.

Keywords. glycosaminoglycan, Sreptococcus zooepidemicus, hyaluronic acid oligosaccharide, leech hyaluronidase, molecular

weight of hyaluronic acid
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BEIR — A8 2.0, fkERES 20, fditcE 1 mL/L,
ZE K 40 mL/L, pH 7.2,

Pentose phosphate pathway

Glucose

ATP  ADP

Wall polysaccharides@@===== Glucose-1-P
UTP-.

PPi
Teichoic acid<@m==== UDP-glucose

INAD
2NADH Eash

UDP-glucuronic Acid

HasC

N-A

1 EHERUREAEARREESRBERERE

GlmS

GIucose;—%G]ucuse—&P—)Frucluse—()—P
GeK HasE
PgM

Glucosamine-6-P
GhnM

Glucosamme 1-P
HasD

HasD

UDP-N-acetyl glucosamine

Glycolysis \ )

T nisK |
Signal transduction
Gltamine

Glutamate ==
L rusR _‘

nisR nisK

Acctyl -CoA

Activated gene expression |

ccty] Glucosamme ] P
urp Pms

PP1 RBS 6xHis LHAasc

Qﬂq/“//
DN

RNA polymerase

Fig. 1 Schematic diagram of the synthesis route of hyaluronan oligosaccharide in recombinant Streptococcus

zooepidemicus.
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Tablel Plasmidsand strainsused in thisstudy

Name Description Source
Plasmids
pNZ8148 Cm', nisin promoter, Streptococcus zooepi demicus expression vector L aboratory
preservation
pAX01-hasA Amp', Em', Pyyi,-hasA [30]
pMAO05-sp-H6LHyal pMAOS derivate, sp (yweA)-H6LHyal [30]
pNZ8148-hasA pNZ8148 derivate, P,s-hasA This study
pNZ8148-H6LHyal pNZ8148 derivate, P,s-H6LHyal This study
pNZ8148-H6L Hyal-hasA pNZ8148 derivate, P,-H6LHyal-hasA This study
pNZ8148-hasA-H6LHyal pNZzZ8148 derivate, P,is-hasA-H6LHyal This study
Strains
Streptococcus Industrial production strain of Streptococcus zooepidemicus L aboratory
zooepi demicus WSH-24 preservation
E. coli MC1061 The E. coli host of the NICE expression system Laboratory
preservation
SZha Streptococcus zooepidemicus WSH-24 derivative, containing the pNZ8148-hasA  This study
plasmid
SZh6 Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6LHyal plasmid
SZh6(1)ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6LHyal-hasA plasmid
SZhah6 Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-hasA-H6LHyal plasmid
SZpnz Streptococcus zooepidemicus WSH-24 derivative, containing the pNZ814 plasmid  This study
SZh6(2)ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6L Hyal-hasA plasmid, Optimize RBS sequence of LHAasA
Szh6(3)ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6L Hyal-hasA plasmid, Optimize RBS sequence of LHAasA
SZh6(4)ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6L Hyal-hasA plasmid, Optimize RBS sequence of LHAasA
SzZh6(5)ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study
pNZ8148-H6LHyal-hasA plasmid, Optimize RBS sequence of LHAasA
SZh6ha Streptococcus zooepidemicus WSH-24 derivative, containing the This study

pNZ8148-H6LHyal-hasA plasmid, Optimize RBS sequence of LHAasA

MEICER (glL): A5 2.0, HILEE 0.046,
FKA TR 0.019,

ZEvhil (g/L): BEERE 4N 36.76, iR A
B 15.98, Bz = 4N 12.5,

REERE AL (g/L): Bebkky 20, @ERRE 4
6.2, BLERPH 1.3, HiAGHE (FEHE) 80, L/KGHIRR
B 2.0, iEIOCE 1mL/L, B&RNE 2.0, pH 7.2,
1.2.2 BHEIE

FlFH55%: K RHEFh D 2564 50 mL Fh
FIEFRIER 500 mL =AM, AR RN ALK
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WeBs k5 ug/mL AEZ, 37 C. 200 r/min #5355
14-16 h,

R : R T 520 109 P i i 4
ZHA 50 mL ARG SRR 500 mL =S, AR
PTFEMALME R 5 png/mL 25 ZE 1 40 ng/mL
FLERBEBRE £, 37 °C. 200 r/min }%3% 24 h,

3L KEERERTE : 15 100 R B R PR A
135 L KBER AL 3 L R EERE, AR
ANZLHRIE N 5 pg/mL #7555 Fl 40 ng/mL FLEREEBRTA
Z, PidkEE i 300 r/imin, #E 1.0 v/(v-min), #EE
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Table2  Primersused in thisstudy
Primer name Primer sequence (5'-3') Size (bp)
hasA-F AAATTATAAGGAGGCACTCACTGCAGATGAGAACATTAAAAAACCTCATAACTG 54
hasA-R CTTGAGCTCTCTAGAACTAGTGGTACCTTATAATAATTTTTTACGTGTTCCCC 53
H6(1)LHyal-F AGGAACTACAAAATAAATTATAAGAGAGGAATGTACACATGCACCACCACCACCACCAC 59
H6(1)LHya-R CTTGAGCTCTCTAGAACTAGTGGTACCTTATTTTTTGCAGGCTTCAACGTTAGC 54
PNZ-F GGTACCACTAGTTCTAGAGAGCTCAAG 27
PNZ-R CTGCAGTGAGTGCCTCCTTATAATTT 26
H6(1)-ha-F CAAAAAATAAGGTACCAAGGAGGCACTCACCATGAGAACATTAAAAAACCTCATAACTG 59
H6(1)-ha-R GTGCCTCCTTGGTACCTTATTTTTTGCAGGCTTCAACGTTAGC 43
Ha-h6(1)-F AAAAAATTATTATAAGGTACCAAGAGAGGAATGTACACATGCACCACCACCACCACCAC 59
Ha-h6(1)-R CCTCCTTGGTACCTTATAATAATTTTTTACGTGTTCCCC 39
H6(2)-ha-F AGGAACTACAAAATAAATTATAAGAAGAGAGTGGTACCATGCACCACCACCACCACCAC 59
H6(2)-ha-R GTGGTGGTGGTGGTGGTGCATGGTACCACTCTCTTCTTATAATTTATTTTGTAGTTCCT 59
H6(3)-ha-F AGGAACTACAAAATAAATTATAGGAGGAAAGTGTTACCATGCACCACCACCACCACCAC 59
H6(3)-haR GTGGTGGTGGTGGTGGTGCATGGTAACACTTTCCTCCTATAATTTATTTTGTAGTTCCT 59
H6(4)-ha-F AGGAACTACAAAATAAATTATAGGAAGAGAGTGTACACATGCACCACCACCACCACCAC 59
H6(4)-ha-R GTGGTGGTGGTGGTGGTGCATGTGTACACTCTCTTCCTATAATTTATTTTGTAGTTCCT 59
H6(5)-ha-F AGGAACTACAAAATAAATTATAAGAAGGAGATGGTACCATGCACCACCACCACCACCAC 59
H6(5)-ha-R GTGGTGGTGGTGGTGGTGCATGGTACCATCTCCTTCTTATAATTTATTTTGTAGTTCCT 59
H6-ha-F AGGAACTACAAAATAAATTATAAGGAGGCACTCACTGCATGCACCACCACCACCACCAC 59
H6-ha-R GTGGTGGTGGTGGTGGTGCATGCAGTGAGTGCCTCCTTATAATTTATTTTGTAGTTCCT 59

Note: the underlined nucleotide sequence is the RBS sequence.

37 °C, {4/ 5 mol/L NaOH ¥ #4145 L pH
o 7.0, 7€ 8 h AR FF4a I in s A A W5 R 5 g/(L-h)
1R 37 28 K I ol
13 MXFE
131 B EERERZ AL

B BB IS A S mL THY AR RE JR 56+,
200 r/min, 37 ‘C N H53% 10-14 h, 4 1%f4 3 Fli
B AHTEERY 40 mL ) THY BUkR; 32 56d, 37 C
THiFRE ODsgo N 0.4 ZEAHHINATCH ) LHAase
Yk 10 mL (% 5x10°U/mL), 4kZ:555544 30 min

JE24 2500V (2 mm HLEEAR) . LS # 900 uL 2
THY FFRBOMA B R, IR 5T W & T B0
b, UK 30 min, 37 C#rERE3E 1.5-25 hg
WA T A ABmRYUEN THY M. 37 CH:3E
24-48 h, Pk 4k, #17 PCR Kk
R FE 455 o
133 HEEKEENE

B 1 mL & BN AGE 5 #5 HCI % fi# CaCOs,
10 000 r/min #.0> 5 min, AR, HZEBKE
B SRR RS T E 600 nm KR ARG (E

JEH LKA 10 min. 6000 r/min, 4 CE.L 10min,  (HZRIEKIEE).
Wl m e, AR ATKIAD 0.5 mol/L e 134 EUIBRMRIRR G KBl

20 mL FAE R, AWK E.OEEERE 21K,

JIA 500 uL 15% i) 0.5 mol/L A4 FERE A

HE ARG 7505

132 BEFEREMRZMAEAFHNEE
¥4 5 500 ng TR AJRZ A4 rp, RS,

VK 10 min J5 A 04 (4 B G AR LR A TR, FR
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BU5 mL RBEWR, IMAZLHKRE N 0.1% (WIV)
1)+ ke SLaR R AN (SDS), HIENR A G E I T i
# 10 min, 10 000 r/min &5..» 10 min, K41 E
THIBMA TCA 18 pH {H = 4.5, 75 C/K¥ 20 min
J&, 10 000 r/min B5.0> 10 min, FREACEER E 35T
FH NaOH ¥ pH {5 % 7.0 JGInA 7 5k 2
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e, ERENRES)EET 4 CHYE 6 h, i HA DUE.
10 000 r/min &.0» 5 min, &% Fi; A S kB
WA LB 1K, FEO g, 4 BEDOR i
BAEES 230 4B aifb s B RE S H e
HA B JEFN 53 F 1
135 ZEHFRRERSENE

FF Bitter-Muir [ 3 & B IE HA & #19,
1.3.6 BHARREEN > TE

SR FH o B0ROH €6 1% - AR B HERH €3 (HPSEC-
MALLS-RI) W& 37 W 5 R 5 W 1) Jo 7 29 40+
i (M) BRI 8 (M) FZ2oraiE 28
Iy (1,=My/M)B%
1.3.7  7KuE % B R BR B I 7 W 58 O vk

FK 0537 P R R I A TG 1 B SR . 7E pH 5.5
38 CF, /NI IZE B B BRI 1 pg 4
WA J50 204 1 ) SR T 7 i 0. LHABse 19
I F1I0 5 7 % A DNS 3£9,
1.3.8 LHAase Witk B RiGHm LHAase /K f#
WHH HA 6

LHAase 1) N st 47 61> Hishr4s, 4lifk LHAase
A NI-NTA SERIRE & 5 1 5 e 4 & T b
W H HBLHyal ™ LI K I ) HEL Hyal 4lifbifi st i,
1£ 38 'C . pH 5.5 BUAFIEmRRERSE vk, i HELHyal
SRR AR B HA ZlifbRedh 15 h, KRB &
ESl & 1Jf Cig#t: (150 mmx2.0 mm; Shimadzu,
Kyoto, Japan) (B3I, Rkl kK iz,
%, PEERE 0.2 mL/min, i LGB PR
YEAT, FAHTE R 300-1 500 (MVz), 10 s/scan.

2 ER5AM

21 RIERGESEHALEHEKELE
PUFOR. pAX01-hasA FlI pMAO5-sp-H6LHyal
MR, 43 H1LL 514 hasA-F/hasA-R . H6(1)LHyal-
F/H6(1)LHyal-R #4T PCR #"1, #4155 hasA,
H6LHyal B2kt DNA F Btoriill 5548 pNZ8148
(LAJBURL pNZ8148 AR , f FH 514 PNZ-FIPNZ-R
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) AT RRTT E A BB pNZ8148-hasA Fl
pNZ8148-H6LHyal . VL5|#) H6(1)-ha-F/hasA-R X}
JEki pAXO01-hasA #17 PCR §™ 34, K45 51 i hasA
2k DNA H BoFIB 22 pNZ8148-H6LHyal (L ik
PNZ8148-H6LHyal Stsiti, {154 PNZ-F/H6(1)-
ha-R §3%) HE47T41 %6315 E ATk pNZ8148-
H6LHyal-hasA. 454 Ha-h6(1)-F/hasA-R X Jii ki
PMAO5-sp-H6LHyal #17 PCR 3, 14455/
H6LHyal £k DNA J Bt 5 #2428 pNZ8148-hasA (LA
Jiki pNZ8148-hasA JFytbiti , fii 5|4 PNZ-F/Ha-
h6(1)-R ¥"34) #EAT4LE RS B4l ik pNZ8148-
hasA-H6LHyal . ¥ Jfi ki pNZ8148 . pNZ8148-hasA
pNZ8148-H6LHyal , pNZ8148-H6LHyal-hasA .

PNZ8148-hasA-H6LHyal 43l i i A g ik BR 18]
JEEZ AU, 753 20 B BE R SZpnz. SZha.
Szh6. Szh6(1)ha. SZhah6 (T 41 & 1 7% PCR %
IEWLIE 2), H6LHyal RBS JE4IiAk L5 20 ki

A C
bp
5000
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E 2 Z=HERE% PCRIE

Fig. 2 Colony PCR validation of recombinant strains.
N: negative control; 1, 2: positive clone PCR
amplification band (The size of hasA DNA fragment:
1 254 bp; the size of H6LHyal DNA fragment: 1 491 bp).
(A) Recombinant strain SZha. (B) Recombinant strain
SZh6. (C) Recombinant strain SZh6ha. (D) Recombinant
strain SZhahe.
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pPNZ8148-H6LHyal-hasA & 5 # , fif H 5| ¥
H6(2)-ha-F/H6(2)-ha-R . H6(3)-ha-F/H6(3)-ha-R .
H6(4)-ha-F/H6(4)-ha-R . H6(5)-ha-F/H6(5)-ha-R .
H6-ha-F/H6-ha-R 735l #1742 Jikz PCR, H] Dpnl
1L )5 3845 54> H6LHyal X RBS i J& A [H] i) &
40 Jii ki pNZ8148-H6LHyal-hasA, Fif4ix 5~ 4
JoTA L e AR BRI A A L, A5 B EE A
JZ4E BRI SZh6(2)ha. Szh6(3)ha. Szh6(4)ha.
Szh6(5)ha il SZh6ha.

2.2 i#3Rik hasA EEXT HA =285

W T2 B BE IR SZha 16N W) FLIRBE BRI
R TR, 450 0AE 3, fEFLMREEER
2R B /N T 40 ng/mL B, FLEREEER 1E Z ik S
I #IK HasA fiff HA j=idtm, Wi ZLmR st ek
VAN T AR A R R B S B TR R, TR R
FESX R (FLIREEBR A R LW 0) HAHZEA
Ko FLRREERK DA R LM KT 40 ng/mL B, F5(
RS HA P E#fi T, X 0T RE 2 = 7L
TR R 2R R B X A A B A X 4 R A A
YERMZE R . PR BEEKR B 2 2k % 40 ng/mL
BF, HA ik Bl K, X B4 64.9%. 1iH
FEIS G LR BEBR A 2R N 1k ik HasA BB
FEE HA 77 i HasA I MR B IIEY) (UDP-GICA
Fil UDP-GIcNAC) A A% HA, J2& HA Az 7= ) S

1.6 10.7
~ L4 106 5
E 12+ 50
10.5 =
@ 1.0+ -
= £0.4 5
g 0.84 B
=) 103 5
5 0.6+ g
= 04 -=-0D,,, = HA concentration {02 8
v . -
O <
02+ 0.1
0.0

0 10 20 30 40 50 60 700
Add the final concentration of nisin (ng/mL)

3 AMHKERFAMEMNEAZE. ERRE~

==4:0EA )

Fig. 3 Effects of nisin addition on strain density and

hyaluronan production.
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%, Chen 2 (e 24k BRI Hhid 35 HA 4 Ui

AT 5 NIRRT AR YR BEXT HA 77 i oy
i, HFR A R R HasA it ik &

BOHA o 0 5 R4 TR A R AR P

2.3 LHAase 95 iRk MK

KR RLE I R (LHAase; EC.3.2.1.36) &
—{EFT HA 1Y B-1,3 BEHF6H, 77 AR 10 i %
PEIERR (Y PUBE kbl . @4 DNS el LHyal
K HA 7= A A SO T AT B A RS
ST N-3FE 6 1 His #R2%F LHyal ZEE7EH;
ELZEHIFF DA 168 H 43I FRIEAT I 25 R 1 B )
2, 18 LHyal 9 N-St e 7 6 4 Hisbrs,
A SzZpnz it BB R, 4 ELLR SZh6. SZh6(1)ha
Fl SzZhah6 HFATHEIA . hyilk S5 b id JropE
PIAELEXS SEBRAE R S T 2, R R R 7R S i
e 58 P AT S TR, T 24 h B R R
iR A4S DNS U N, S5 LK 4A, B
WM T SZh6, SZhah6. Szh6(1)ha & Bk ik A
WIS A: 7, F T HELHyal 1F St sk i rh e 4y
WA, FFRETEARSIMiE A 175 W 5T R 7K At 7 A 38 Dt
Wi I E LS RANE 4B TR, SZh6 RYBHE L N
5 859.3 U/mL, SZhah6, SzZh6(1)ha [FfifiG t SZh6
9 9%, 37.96%. SDS-PAGE 4)Hr &4 i 1Y
LHAase KikfENL, 45HR LK 4C, FILIE HEHRE
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Fig. 4 Secretory expression and optimization of LHAase. (A) The LHAase activity of the recombinant strain by DNS
method in the fermentation broth. (B) Recombinant LHAase activity detection. (C) SDS-PAGE analysis of LHAase by
recombinant strains. 1: SZpnz; 2: SZh6; 3: SZh6(1)ha; 4: SZhah6; M: protein marker. (D) SDS-PAGE analysis of
purified H6LHyal. 1: SZh6(1)ha; 2: SZh6; 3. Szhah6. (E) Mass spectrometric analysis of H6LHyal (inactivated)
hydrolysate. (F) Mass spectrometry analysis of H6LHyal hydrolysate. { The anion m/z of 396.11 [M'H] (HA2), 775.22
[MH] (HA4), 1154.33 [M'H] (HA6), 576.66 [MH]*(HAB), 766.22 [M'H]*(HA8)#1 955.77 [M'H]*(HA10)}. (G) The
enzyme activity analysis of LHAase by RBS sequence optimization.
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KPR M a5 AT IE S5 RBS ¥ B
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Y Rk B R, BEE R BRI
SO ARRAR R R A0 A I AR HA
Pl R E Y T LHAase (43I 1k 15 4
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Fig. 5 The comparison of shake flask cultures of
recombinant Sreptococcus zooepidemicus and the
wild-type strain.
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7.25 1%, MHLCTFEARDY 3 L KBRS T
112.4%; k7= 3Ry 294.2 mg/(L-h), HEHRIE M
LR B2 AT R PO A R R HA M, 20
7.22x10* Da (% 3), X TEA R HA My, H
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SZh6ha T & [ B B 4F b 47 1 AR G4 v Y 43 F
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Fig. 6 The comparison of batch fermentation of

recombinant Sreptococcus zooepidemicus and the
wild-type strain.
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Table 3 The analysis of hyaluronan molecular
weights of recombinant Streptococcus zooepidemicus
strains

Mw (x10°'Da) M, (x10°Da) |,
WT (shake flask) 174.91+1.25 80.46+0.94 2.17+0.06
SZh6ha (shake flask) 7.52+0.94 3.83+0.91 1.97+0.08
WT (3L fermentor) 163.48+1.17 94.27+0.83 1.73+0.10
SZh6ha (3L fermentor)  7.22+1.24 550+0.65 1.31+0.11

3 &%

75 W I R S AR A s 2l 4 LA S A g P
S, R R A R R T e T I B T R A
HABEEE L B e Btk WSH-24 it
35 nisA Ja s FHEH T 19 HasA |, R4k 7€ 80 g/L
BT TSR ARG RR M R =, #E sl
FRAEBR T R AU EE 40 ng/mL I}, FLER G BRI & 4}
AR R AR, [FRF HA BLRER R EIR K,
FXT R 7 64.9%, @it LHAase () N-Sfl & 6 4
His Fr&sF1 RBS JP4IHL AL HE , SEBE LHAase 7654
FERERRTA Th b ik, ALY LHAase i G
ik 11 113.2 U/mb, 38 3[Rl ik 33k HasA Fif
fh ek K ig R P 1 LHAase, itk 1 R Bl FL iy v
SR ST 7 WY Jo R S ) 1R SR IR
FARMIER AR 24h, HATRE SR 097 ¢g/L, It
PPAE P HE R T 182.0% 1 3L & BEREH & B 24 h,
HA BLER % 7.06 g/L, HLEFAERMEE AT T
112.4%; A= 7=58 % Ky 294.2 mg/(L-h), 5 E B
AU BE AT A HLCY, AR R i 2
PP R BR TR AT ORI AR PSR . AR I N 3 B
JRR SEWEAE Y& AR L T RS, 7E HA SEREA:
77O A T R A N P
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