TR SRR Dec. 20, 2024, 51(12): 5090—5104
Microbiology China DOI: 10.13344/j.microbiol.china.240257
http://journals.im.ac.cn/wswxtbcn Copyright ©2024 Microbiology China All Rights Reserved

—iFT ARt RN ARE. . BBEMR
M E K R RIA

mAML FTR BE, FEE RERY, EAED

1 RERHE RS AW TRYRE, K 300457
2 PEBEEEHAEY ST, dEE 100101
3 VLA —M A R ], VLI 2824 225400

WERL, 2Pk, Bk, 2EZ, BER, TAE. —MaaBiie /A L0 . difh . BRI e K EA R[] Mk
Y125 4R, 2024, 51(12): 5090-5104.

YANG Keke, LI Zilong, XIU Han, LI Guoying, QIN Huimin, WANG Weishan. Discovery, purification, enzymatic
characterization, and recombinant expression of a novel transglutaminase[J]. Microbiology China, 2024, 51(12): 5090-5104.

B E: [H%] 5 A Bt kis /8 (transglutaminase, EC 2.3.2.13)# #& TG B, #&9% M5 R BLIZ 7%
Ho - A A A B R BRI e- RN A ZNE RIL, HmsrikiE, AmE T &G RMH
YA htt, BRI TGEECZ 2B %, AMEH. . KEmIEFHR. [B6] ARA
RBHEZE TR AT TG B, R L ETLREAR T TARAEURG 2. [HE]14A
EEBEM E T —HROR R4 E F (Streptomyces mobaraensis) CGMCC 4.266 49 TG Ba4 = &8 /. 1& /4
Capto S BB F I EATAEATZ TG B (TGe)#tAT4540, @ iT M Z TGe #95iE pH A= pH A M. &
EREAREREMARRIKEBE RO Ry LB R, F T LRAEATA AR tg AR
ATEHMBRAIE Atg, REF tge A A £ Atg ¥ 4843 [4 R 1TGe 5Ri& pH1EH 5.0, £ pH 4.0-10.0
SR ARFRSOER., REREBEN 50°C, 5B mibBetl s, £ 4-40 °C5LE N TGe #4E H
BAF, JE 40-65°CSLE A TGe & Wb T dulbbl, BE O IKEW A, £ 50°CHEMH T, TGe
RIKEE ) B BT A oufbBe. tge £ Atg F 4L, TGe 2R FRFTA 6.3 U/mL, HEKF A
HARIRZ 162.5%, JFEH TGe HALFH AL Hm, [£] S RARBEER T4 TG ﬂﬁ& mba‘ﬁa
FAE, RIRBOEGE E A F TG Beog A 285 N. 4R TG B e R T L f AR P Ry R ik W
HEW TG Bt = T RET H R %
KRR SRBLIEAE R B, BRF M dhqt; EARE
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Discovery, purification, enzymatic characterization, and
recombinant expression of a novel transglutaminase

YANG Keke!, LI Zilong?, XIU Han!, LI Guoying?, QIN Huimin*!, WANG Weishan?

1 College of Biotechnology, Tianjin University of Science and Technology, Tianjin 300457, China
2 Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China
3 Jiangsu Yiming Biological Technology Co., Ltd., Taixing 225400, Jiangsu, China

Abstract: [Background] Transglutaminase EC 2.3.2.13 (TGase) catalyzes cross-linking between
the y-carboxamido group of glutamine residues and the g-amino group of lysine residues. This
process leads to the formation of an isopeptide bond, which modulates the conformation and
functions of proteins. TGases play a crucial role in food, pharmaceutical, textile, and leather
processing industries. [Objective] To mine a high-performance TGase from natural Sreptomyces
mobaraensis and enhance the titer of this enzyme by recombinant expression in the industrial
chassis. [Methods] The TGase production potential of S mobaraensis (CGMCC 4.266) was
evaluated by shake-flask fermentation. The TGase (TGe) was purified by Capto S cation exchange
chromatography. The enzymatic properties including optimal pH, pH stability, optimal temperature,
thermal stability, and cross-linking ability with casein were evaluated. We knocked out tg from
industrial S mobaraensis and obtained Atg, in which tge was introduced and expressed. [Results]
TGe showcased the optimal pH 5.0, with high activity within the range of pH 4.0-10.0. This
enzyme achieved the highest activity at approximately 50 °C, which was comparable to that of
commercially available TGases. TGe exhibited good stability within 440 °C, and its activity
surpassed those of commercial TGases at 40—-65 °C. In addition, TGe demonstrated higher
cross-linking ability with casein at 50 °C than commercial TGases. The recombinant expression of
tge in Atg increased the TGe titer (6.3 U/mL) by 162.5% compared with the wild-type strain,
without compromising the catalytic activity of TGe. [Conclusion] High-performance TGases can
be mined from natural S mobaraensis. The heterologous expression of TGases in mature industrial
strains gives a novel insight into enhancing the TGase titer of S mobaraensis.

Keywords: transglutaminase; enzymatic properties; purification; recombinant expression

2 2 Wk M %% % [ (Transglutaminase, EC
232.13)ffi#% TG M, J& THE A BB MEE K,
R AT Z R TE R, S B
IR A F AT EZ T H, TG HaeHE 4
22 R BE h A BTN TR R 1) y-FR T I ik 141 5
TATRIRIEN e- T BLAEH Z Al SCHK, 774 e-(y-4%
) Z R (G-L) 7 IR BE, NI sC R AR 11 5T, ik
BEARMWAZ AR, Fafh Tlkd, TG
B AR N, AT R A HEAE A I

A EEDT ) e AR R R B R . i
Mk, TG MEfEBE A =14 24D iol
T A4 S R B L N A AR TG )T
CATTET s i At AT
3l AEYIR IR TG B, WA TG BERA RS
B . A B 3R AR SRR A
P2, Hurhig b6y TG g 3222 h % s 25
I (Streptomyces mobaraensis) & A4 7=, 15 & W
I, TG B AR pro-TG I8 =7 s 2|
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M5k, RGP ERED N, 27RE
1 8 S 1 A0 A R A TS Y TG g1,
RIREE R R TG M7 A = AL
PERRAR T AR, RN REN 0 K. B
i, — R BEPE RN AL A2 2 B SR 22
PO TR S TG BERRRENE . MEILECR AT
w1 N, Wang 28U K #T # (Escherichia
coliyHiliid 2H &GRS T TG MR E
PERMEALRR . TS TG MR RIBE, W5
NG S  fle PCR. & ARG RIA
SEHARTE R IR PR T TG B &7, Liu
U D R R A I 1Y pro-TG HiEZEH
BT 50 T PsodA I PydzA 5T, 7oA B 2
LT (Bacillus subtilis) 32 T %35, pro-TG i
FIAEA[IA 87.6 U/mL F170.7 U/mL ., Ozgelik 252"
B RIEF R R 1 pro-TG i PR3 1 43
GPA 587 375 LT fE 52 AR i B (Pichia pastoris)
X33 hlIhERik, Fikfna[iAF] 37.64 UmL.

5 5 IR AE 3 vh i 2o &R R g A R RE T |
P 7 TGRgRY Rk & R Z HEEHRIA pro-TG
W, AT S EAR AN A e Y TR L R
SRR MG HAL A A TG iR, DU
JREE R TN TE kAT TG MRyt rp, 5%
YN RRZS GV Y PSSy & g & i o 1Bl
AR T TG B i, fedk 7 HAET
A o Yin SEPLE AR R A
A (atmospheric and room temperature plasma,
ARTP)EAE , DA Utk 5 T 28 722 T ok v 1 16 ]
TG Mk i m i Z2 ik, 7 & alik 19.7 U/mL,
T AHEMRE 5.5 f5. Washizu %P0 5 bk
S-8112 iy TG BSLN veke, FFAE LT s
i (Streptomyces lividans) 1 & ik, 7215 5% E 5
HR I B, LR E TG BRE L&
PG, AR R W R Rk TG RIS
Liu Z825d i )5 8l AR A i Ak ok 32

TG BRI - & . TN TG
S RS, Xue FFPLEITHIM TG BHEA 1Y
¥ DUBL 363K pro-TG ML, i /3¢ J5i e 25 1 o
TG =it 4 7 5.88 1.

RS TG BERR T XA TG L T
HEESS, TR R AR BT TG Bl R AR R
PRl — A0 X AP X S mobaraensis
(CGMCC 4.266)#17 & ™ TG BIIIE , I XT 1%
TG Bl AT 27 P BT , DABIARAS R Re A 5 1Y
TG i, YE—4K51% TG BEIE R AE TOlb S 38 Btk
hE RIS, DS H R, AR B
1 TG B~ AR R A SRS, ok Rk B R 1A
PRAE R —E R 3

1 MR5r%

1.1 H&

Streptomyces mobaraensis (CGMCC 4.266),
o R A ) TR R DR B G K e 44
smE2021, Tl ¥k Streptomyces mobaraensis
DSM 40587, Fiitft TG  TGi ki TI1175—
W A= 4 0y A FR N ], Streptomyces mobar aensis
DSM 40847 . K JFF & IM109 1 ET12567/pUZ8002
Bk ARSI %, HARWR AR, 510K 1
Mk 2,
1.2 EFE

LB JEFR3E . 2xYT $53R 525 SCHk[27]0C
il ISP2 B535 5L . ISP4 1% BS54 SC k28]
il s MS 3552 B2 SCHR[29] Ll ; FhF 3G 9 56
R WS IR HE S5 SCER[30] L

PDA H;773k . D445 200.0 g/L, /KB
30 min, JTUEEAUEWK, AN 20.0 g/L #i%gHE, fin
A 20.0 g/L BifEHK o 115 °CKE 20 min,
1.3 EFERFIFNEE

BRGIVE N VIEEFI T4 DNA 450, New
England Biolabs /A F]; KOD One™ PCR Master
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F 1  ARICFTAE AR R

Table 1 Strains and plasmids used in this study
Strain/Plasmid Description Source
Strain
Atg tg deletion in Streptomyces mobaraensis DSM 40587 This study
Atg::pSET156-tge Recombinant expression of tge in Atg This study
Plasmid
pKC1132-GFP-Atg tg deletion vector based on pKC1132 This study
pSET156 Integrative Escherichia coli-Streptomyces shuttle vector (pBT1) This lab
pSET156-tge Plasmid for the recombinant expression of tge This study

*®2 KXFASIY

Table 2 Primers used in this study

Primer name  Primer sequence (5'—3")

tguf GATCGAGATCTTCCGGGACATC

tgdr CATCCTCATGTTCGAACCCAC

tg-up-F AAAACGACGGCCAGTGCCAAGCTTGGGCTGCAGGTCGACTCTAGAGGCCACGGCGTAGGC
tg-up-R CTCCCCTCCCCTCCCCGCTTATGTCGTCGACGTCATCCG

tg-down-F GCGGATGACGTCGACGACATAAGCGGGGAGGGGAGGGGAGG

tg-down-R GCATGTTGTCAAAGCAGAGACGGTTCGAATGTGAACAGATATCGTCGACGTGGGCCGAC
dtg-YZ-F GCGGGAGAACTCTCGTCTTC

dtg-YZ-R TCCTTCGACGACGTCTACAG

tge-F GATCCTCTAAGTAAGGAGTAGGCTGATGCGCATACGCCGGAGAGC

tge-R TGGAGGGGAGCCGGGCAACCGGCTCCCCTCCACCCCGCTCACATCACGGCCAGCCCTGCTTTAC
Pi-F GACATGATTACGAATTCGATGTTTTGGAGCCGTGGTGTT

Pi-R TACTCCTTACTTAGAGGATCCTCGCTACGAGAAGTGATTAT

Mix, REY(EE)EYFHCARA R 2xM5
HiPer plus Taq HiFi PCR Mix, DNA marker #l
H 1 marker, JERURGEAEVRHECARA A
Bradford #& & &l i &, Jbatisisgl
HA R o4 OG0 & . LK 24H DNA 2
Bo i &, RARA AR dbm) A BR 2w
Gel&PCR Clean Up Kit, Omega Bio-Tek 23 H] ;
SDS-PAGE & 1Tl i, b5 22 A 1R 51
FRAF .

JE I AR B A, AR A ()
AMRAF; 2RRGETRAE, BEREEA
FRA ] S LAY R4, HilEACEYRHEA
BRAF]; AKTA A 4iE1L, GE HealthCare 2%
Al ZINREMEARX, AR A RA A .

14 XEHSERIEFEML

B 20 pL ARA7 9 smE2021 9 43 30446 T
MS. ISP2. ISP4 . PDA [E{AK:3%3 I, F 30 °C
g% 5d, WMESZWARTEA A TR g K 3
1.5 TG EgEFE a5 & &N FF

DL smE2021 B FEELN 4] DNA MR, 7E
TG i RS BRI XA i —XF 514 tguf,
tgdr, safEHB R BOIFHE T — M . ¥ H A
B F 4 53 T S mobaraensis DSM 40587 [
TG LR AT X404 . PCR VAR &R
(50 uL): 5% tguf/tgdr (10 pmol/L)4% 1.5 pL, &
(K20 DNA ##(100 mg/L) 0.5 uL,DMSO 2.5 L,
KOD One™ PCR Master Mix 25 uL, ddH,O 19 pL,
PCR JZ i 21F: 98 °C 3 min; 98°C 10s, 56 °C
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55, 68°C 10s, 32 MEH; 68 °C 4 min, 4 °CLR- AT
1.6 RE#EEET TG BL I

¥ S mobaraensis # I 7E PDA 1554k, F
30 CCEM T 3% 4-5 d, Bl T3 T
TA 25 mL M SRR 250 mL B,
30 °C. 220 r/min £55% 24 h, B 2 mL Fh1 I 4%
Pl F &4 25 mL K EEREFRIEAY 250 mL 2,
30 °C. 220 r/min 3557, & WSRAESEIRTAR) K& I
TEAT G I E P K2 SDS-PAGE 4347
1.7 TG BEgEg5E HRNE

ffi ] N-CBZ-GIn-Gly H1h /R 52 M /F M e
Y, KA EERNE TG BETERY. TG B
Al RIS AR A W CBZ-GIn-Gly, 4%
AR, A N5 R 0 & W AT o AR I 5
FeCl;-TCA JE 21 (A28 G 7E 525 nm WO
BEAAAE o K 20 uL TG FFAW AN 200 uL IKH%
#(30 mmol/L N-CBZ-GIn-Gly . 100 mmol/L
FEME . 10 mmol/L A+ BEH K . 200 mmol/L Tris-HCl
ZE, pH 6.0)7E 37 °CU% & 10 min J5, [
N H A 200 pL 28 1F % [3 mol/L #H R (HCI) .
12% =5 ZFR(TCA). 5% FeCls-6H,O1M & IR A
YITE 525 nm AbWOGRE . 14> TG B IG5 2
SONTE 37 °CTH4r#i it CBZ-GIn-Gly 155
Je A 1 pmol 52 5 R B it (4 il £
1.8 TG EgRy4h{t

¥ smE2021 7€ 5 L A=W R W as R R i 5%
30 h, ¥ K IR AE 4 °C .8 000 r/min Z.0» 30 min,
WCAR W o i S BETTIE T TG B TR
] b3 oI AT 2 4 °CHY 215 AR AR TR
50%. IRAYITE 4 °CHE 30 min, fff TG sy
UUUE . ARG CTEDTTE W) R S S 7E 50 mmol/L
BEIREh 2% 4R (PBS, pH 6.0)H ¥ 52 1y i 2% 51
FH PBS % vl i~ Capto S AE L. i@t
JEE VR T R B 2V R ER M B2 0.1 mol/L NacCl
el . {8 0.1 mol/L NaCl, LA 1 mL/min A%

HYEM TG B, K SDS-PAGE #:ll H ()75 A
malifbFit, {84 Bradford 25 3 & H# i E 25)
I B TR
1.9 TG EEEZMRNE

TG B ()15 pH: A E TG B A9 ik pH,
FAASIE pH {H(3.0-11.0, [EIf% 1.0)A9 Tris-HCI
WikE TG M2 —EWE, 78 37 °Ci# & 10 min
Je s LT o SR AU TR L 1 A il R R
AT HEA TR T I o BT T S R B R
() pH 1B R A2 i 1) i3 pH FFK 1% 100%,
DLy A Ay pH R O AH XTS5

pH g M TG BEfEATR pH 4514
Tt , HHARE pH KM R
WE 1 he WHEHEARA pH E T S5IKWE
WIRAG, W g, MAXEEUAH pH T
TG i e KT Mo R HE (R 100%) R 115

TG Bl i i B - o T IR EEXT TG i
TR, KRR TE pH 5.0 Z2F T, FA
[l EE (4. 25, 37, 40, 50, 60, 65 °C)4> 5
B 10 min, FFIE BEEPE . AEXTEEE PE DAFE 45
AL SIS B RS PR 100% K1 22

T FEARE IR M BAE S Al pH R1F T,
TARIREE4, 25, 37, 40, 50, 60, 65 °C)HHisk:
WEE 1 h, BESS ST 20008 BHE PR PEAS . AR
PELAINAS: 4 5 e S R A R (B 100%)

TG M58 ASCH: H Tris-HCl 220l
(0.2 mol/L,pH 7.0)¥ B-Mi& & F ## B¢ 2 3 mg/mL,
¥ TG R§IE IFFEN 1 U/mL., 1E 50 °C&A4 T,
] 1.5 mL EP & A 100 pL B-EEEEH . FhN
5uL B9 TG B 7588k . FFAE 0. 5. 10,
15, 20 F1 25 min SHATHOE, 8 S0 J5 A i 57 B
AR TG  BUCE B S5 A L iE 1T SDS-PAGE 43T,
PIVFSE TG MY SR RE ] o
1.10 HEER

W T 2 YT WAR 1Y% i i 25 BT B A 1 5
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ET12567/pUZ8002 K JIi #1 T4 40 M 4% — =& LL A3 1R
A, RIGTELHE A 60 mmol/L CaCl,. 60 mmol/L
MgCL 1) ISP4 Biflg i F 5t 3557, T 30 °C&AF:
THEFE 6-10d, FIZMREEH 60 pg/mL /4% 55
F I 50 pg/mL (Y ZE0E A R I e 4 A T
1.11 TG EgEFEGRARRTHRIAE

o H TG WL Bk Ok 5 AR RR L L
S mobaraensis DSM 40587 J:[RZH MR, F5 149
tg-up-F/tg-up-R 4% tg FU#FIEE 3 000 bp; 514
tg-down-F/tg-down-R ¥4 tg N ii#[a] I 3 000 bp,
¥ bR R 2t alifl, SRIE SRR HIME AR
- B 2 R pKC1132-GFP (Xba I/Hind I1I-HF
ity )i 2o [R5 T A ) O iR T e b =
KIGFFHE IM109 H, ZR¥% PCR. P E4R
PHIERI R B 24k pKC1132-GFP-Atg. 4 £
Ui pKC1132-GFP-Atg Jivhr e A 21 Y B Ab Bk 5
IR JAFFEE ET12567/pUZ8002 H, 4K J P 1) 45
BB TEHZE S mobaraensis DSM 40587
W, G OEE FIME N Marker Tt B3 G
A, RIGTES AL LT E N PDA Ak 35
I MR & A2 55— W R 8 52 e - 3% A 31 5L
H b, FEATIAERD PDA Ki3R 3t Finih ks
% 5 d, VUUPRIEHE R A S R IR ACH .
PCR i 3% & A= 55 — Wk [R) I Ac 4 i AR (R JE2
BATERE), AN IR FIIRACH A, T tg LS
S e ok pKC1132-GFP 22—t 2k . PCR
RV ZR (10 uL): 514 dtg-YZ-F/R (10 umol/L)
£ 0.25 uL, FEK 4] DNA 47 (50 mg/L) 0.5 pL,
DMSO 0.5 uL, 2xMS5 HiPer plus Taq HiFi PCR
Mix 5 uL, ddH,O 3.5 uL. PCR FZ W 4544 : 95 °C
3 min; 94°C25s, 58°C25s, 72°C30s, 324
PEFR; 72 °C 5 min, 4 °CIRAE
1.12 TG EREFEEEHAR TG BEEHRE
vNELy 3Ok AEES

kg TG BRSER G R, 5%t

tge-F. tge-R ¥ tge LA sef T ok, AR5 il
& PCRFZANG VERER) tge I B 5 P 3 8 T M &
1L FRE715 3] tge FikHE, i Gibson ZH2EH:
AR B2 1% F K HE TE e 2 pSET156 1) EcoR V iz
B, A RUECRL pSET156-tge.

JREE TG BEEARIB R, W bkt
U1 J5ikE pSET156-tge 5% % ET12567/pUZ8002
BZA, FEdEAGHB AR Atg TAk%
JE A OBk AR B TG M E 4 Kk Wk
Atg::pSET156-tge bk, #iZE kY smE2021
FRE 1.6 RO R, B N S ] SRR S A T
SDS-PAGE J3 M7 FI 1% 70l 7€ o

2 HZRE50M

2.1 [E¥k smE2021 7= TG B X B2IIFL4E R

FHRFE A F AR smE2021 YRR &1, ¥
PR smE2021 73 B 7E 5 5 3 ) MS | ISP2 .,
PDA fil ISP4 ¥ 3& B RE 5%, #EfrEE Rk
(Kl 1A). 455 BORIZFRTE ISP4. MS BifiRH:
IR PR 2, ThifE PDA 5 ISP2 g
REFR 3 L= s R ity , IF FLAE PDA B33k ss
FRORLEA T 1SP2 555, JR2ui il PDA
BRI T IR S 5Y . MO MR S TG
Wi, YPZEARHEATT TG W& BEIRIE, 455 4n
Kl 1B Fin. KEEGERFEWX A TG |, 46 h
HA fe G 2.4 U/mL, SDS-PAGE %5 3 i
T TG BEAGEFE(E 10), LB TG i
2 B 5E o WL I A W B AL, IR I E
ek SRR TG B B BN T8 1k R i
(T . A K TR TR S, 4 0 300 L A 1 i
TE 36 h 2o A7 B 48 58 5 AL 0 B
2.2 TGe B4tk

W5 TRIAR smE2021 £ 5 L A=W R v g 4 Kb
3%, FEKIMEE 30 h i} TGe F=Enl ik 2 563 U/L. 1k
H Capto S 3 FH &5 124kt 7)2 487, LA 0.1 mol/L
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Ti h
& ime (h)
smE2021
Time (h)
36 42 44 46 M kDa
45.0
35.0

PDA

ISP4

1 smE2021 %XE /= TG B§IGIE
SDS-PAGE KiiF

A:

Figure 1

smE2021 A K SRIEALAL; B: BHEIE; C: ABE™ TG [

Validation of TGase production by fermentation of smE2021. A: Optimization of smE2021

growth medium; B: TGase activity measurement; C: SDS-PAGE analysis of TGase produced by

fermentation.

NaCl % TG Fg#EATUEME, WA VR IBAE o i 4T
SDS-PAGE 4 #7 (FE 2), I ULZE [ 4%H7 i B H.2a.
—, K/NJy 38.0 kDa, H5HISHMIA . 4ifkis
#4305 U ) TGe, HILi% Ik 15.64 U/mg.
2.3 &i& pH & pHRREM

RWESE TGe FEA R FREE g fifbPEgE, T8
T FHRT S Ak TGi 55 TGe XF HeWF5E Hifkid pH
K pH FasE k. fE 3A AT, TGe Fl TGi 435
TE pH 5.0 A1 pH 6.0 B AHXS G i 5, TGe I
TGi fiei& pH 15120 5.0 F1 6.0, /1 & 3B ] A1,
16 pH 4.0-10.0 2 [8] TGe i 4 0] ik foe iy 175 1)
80%LA I, AHXIHRE . 7E pH 6.0-10.0 JE [N,
TGi G PE ] PRIF i RS ) 80%L) . 78 pH
3.0-6.0 Z ] TGe FHXJEfTE 2 0 2 & F TGi. W
il i A pH {H—MEAE 5.5-6.5 Z 0], Futm] i,
TGe 3 47 T AR e P .

2 smE2021 3K TG EB(TGe)ly4:it M: &
F1 marker; E1-E2: 0.1 mol/L NaCl JEi &

Figure 2 Purification of smE2021-derived TGase
(TGe). M: Protein marker; E1-E2: 0.1 mol/L NaCl
elution fluid.
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24 mBREMREREM

TG B/ b i P A1 36 SRR, e

SEAE R AR S 2R P B TG B
JrZ A, WHRR RS T EREER, N
BE— L1 E I AT TGe HIREI, TEA R IREE 4%
P I ARG 1, S5 ILE 4A. TGe 5
ik TGi #£ 50 °CHEFIH T 5 K AL
PR, 3k 3% B L R 3 i AR 2 50 °CL, TR
4-50 °CYL RN, TGe 5 TGi BTG S 4RI 1Y

o TGi
100 - e
i ‘\\i A TGe
< 801 / :
- f’.‘
S 60 \l :
b5 A &
& S
2 40 é\x

| | | 1 | | | | 1

|
20 3.0 40 50 6.0 7.0 8.0 9.0 10.011.012.0

pH

B3 TGe 5 TGi &i& pH (A)X% pH 2 E M B)MNE

WAk TG i

FhEs s hn . e, TGe BYREIS J1 76 1% L Fl
BT TGi. MRS 50 °CHF, Wi TG
Jit 115 3 R B A T (%) T T T R Dyt — 2P
WEFEIRE R ENE, 76 pH 5.5 244 °F , ¥ TG BE7E
ANEELE TWCEE 1 h, SRJ5 T e K.

TGe 5 TGi £ 4-40 °Cya N Fa e i hy, ¥mT
A BTG 1Y 80% (& 4B). £ 40—50 °CYE N
A 3K I i S 1Y 50%—80%. 1 H. TGe Fa i P %

&AL F TGi, e RARXT B R BB = 15%
B
100 - e =N
- sl 4
§ 80 - ] \\
o ﬂ \
Z 60 A
g | "
[#]
E 40 +
OI_ 1 1 L 1 | 1 | L |
20 3.0 40 50 6.0 7.0 8.0 9.0 10.011.012.0
pH

TGe: F#k smE2021 & B4k r i TG i ; TGi:

Figure 3 Determination of the optimal pH (A) and pH stability (B) for TGe and TGi. TGe: TGase purified
from fermentation of strain smE2021; TGi: Commercial TGase.
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Figure 4 Determination of the optimal temperature (A) and thermal stability (B) for TGe and TGi.
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25 EAXRKENXR

DA 25 R R A T AR SO0, B 0E TGe
FIET AL TGi AR [T RE T o 7 50 °C &1
T, B AR 3 mg/mL MEEEAMEE
1 U/mL TG B7E Tris-HCI 28 vpi v -1 758 B i
N, HE S Rkl 3-8 nlA, e N R
s A BT G, HIFZEAA
WIER AL B i BB EEEAZM ML
B, A FRAS K. AR 15 min B, TGe #Efk
fR SN P R 1 S B T O, R4y B g%
AR SRS (B SA) AHTE TGi ALY R,
FE R 20 min BTSSR BB SIAR I BT 1) 18 2R 1 4%
1 (B 5B)o LA EZERFEM, TGe X i 8 (1A Bk RE
JIEAL TR Ak TGio

2.6 TG ERERENE R F5IEL 3t

JE— 5 smE2021 i TG FgHE [N
G, SHZEARIEAT T 342 B(E 6A), FFR
PEA S 2 5421 S mobaraensis DSM 40847 it
KI2H TG R E ROy XI5 1046 tguf
tgdr, DIZERIE R 79 35 (E 6B),
5% 2 069 bp K (¥ PCR P24, B9 B ) H 1
A B T — T, 3R —AHH TG B4
B, R HIEHE NMDCNO003ABT it 7E
R A Y Rk2E 50 TP O (NMDC)  (https:/nmde.
cn/resource/genomics/sequence/detail/NMDCNOO
03AB)). ¥# TG H§(TGe)5 Tl TG ff(TGi)
AT E LR P 5 X (B 6C), & B & [F) I 1
ik 87.8%, HMUARIAH 21 NEIEBRA

5 50 °CHMHT TG EES5EEARBELI  A: TGe 7£ 50 “CHAMFF HBEILEIL. M: &
marker; 1: 3 mg/mL &8 ; 2: 1 U/mL TGe; 3-8: 4 3t#E TGe SHEEHZCHE 0, 5. 10, 15, 20,
25 min. B: & ik TGi 7£ 50 °CAA4E T 56 R A HC LT, M2 25 11 marker; 1: 3 mg/mL &1 2: 1 U/mL
TGi; 3-8: 75K TG HEsEHSCH 0. 5. 10, 15, 20, 25 min

Figure 5 TGase cross-linking experiment with casein at 50 °C. A: TGe cross-linking experiment with casein
at 50 °C. M: Protein marker; 1: 3 mg/mL casein; 2: 1 U/mL TGe; 3—8: represent TGe cross-linking with
casein for 0, 5, 10, 15, 20, 25 min, respectively. B: Commercialized TGi cross-linking experiment with casein

at 50 °C. M: Protein marker; 1: 3 mg/mL casein; 2: 1 U/mL TGi; 3—8: Represent TGi crosslinked with casein
for 0, 5, 10, 15, 20, 25 min, respectively.
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Figure 6 Sequences determination and alignment of tge. A: smE2021 genome extraction. 1: Positive control; 2:
smE2021 genome. B: Cloning of target fragments with conserved region primers of tguf and tgdr. C: Amino acid

sequences comparison of TGe and TGi.
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TR, AH A X R Tl R A T
HARGFMERIE TG BEEETT, AT RAA K
PEREIL 510 TG W, FoATR AL 50 ™ TG WY T

M % J5U5E B 1 (S, mobaraensis DSM 40587)#E1 7
TG P By sl 2k LLBT IE N TR TG B T40, #4
TG il L K e R IC B T bR Atg, A4 2 PR B2
EIULE 7A). ARSI B, DL sfGFP %¢
T AN A A B 0 28 Marker DA K& AU
A 1) SO Marker o 782638 5T 9 PDA B3R5
EREFRER ORI R AR SR — R sSH . ARISTECHLY
PDA B3k st bs 35, Pk UG B ve
FEEfT PCR KE, PCR ¥714 H Y4545 574 bp,
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KANFERELHAFHE(K] TB). i1t SDS-PAGE 43
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Figure 7 Construction and validation of tg deletion mutant strain Atg. A: Schematic diagram of the
construction principle of TGase gene deletion mutant strain. B: Colony PCR validation. M: DNA marker; 1-7:
Represent the selected conjugants. C: SDS-PAGE analysis of fermentation of WT and Atg mutants. D:
Determination of fermentation TGase activity of WT and Atg mutant strains. ND: No TGase activity was

detected in Atg at 36, 42, and 44 h. E: Biomass assay.
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A smE2021 Atg::pSET156-tge
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8 T REZEH Atg PFRIE TGe KEEIGIE  A: TGe HHFEIAFML &L smE2021 % B SDS-PAGE
8. B: TG BEEEHSGIE. C: 7F Atg P FRIK TGe T 50 °CA4M T 5 138 H 2. M Protein marker;
1: 3mg/mL f&#E; 2: 1 U/mL TGe; 3-8: Zp7lfCK TGe SEEHEMAZLE 0. 5. 10, 15, 20, 25 min

Figure 8 Fermentation validation of TGe expression in industrial chassis strain Atg. A: SDS-PAGE analysis
of TGe recombinant expression strain and smE2021 fermentation. B: TGase activity measurement. C: The
TGe expressed in Atg was subjected to cross-linking experiments with casein under 50 °C conditions. M:
Protein marker; 1: 3 mg/mL casein; 2: 1 U/mL TGe; 3—8: Represent TGe cross-linking with casein for 0, 5, 10,

15, 20, 25 min, respectively.
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