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Abstract: [Objective] To systematically analyze the enzymatic properties of transglutaminase
(TGase) from Streptomyces mobaraensis CGMCC 4.1851 (strain XM4) and subsequently
develop a high-yielding strain by engineering for achieving efficient expression of TGase in
Sreptomyces with reduced fermentation duration and enhanced production efficiency.
[Methods] The pH of the fermentation broth and TGase activity were measured to assess the
fermentation characteristics of strain XM4. TGase from XM4 was purified by alcohol
precipitation combined with ion-exchange chromatography. The reaction conditions (pH,
temperature, metal ions) were optimized for the enzyme, and the enzymatic kinetics were
tested. The catalytic efficiency was evaluated by casein cross-linking experiments.
Subsequently, genetic engineering was employed to enhance the modified strain through
heterologous expression and replacement of the ribosome-binding site (RBS), followed by
measurement of TGase production. [Results] TGase from strain XM4 exhibited good activity
and stability within the range of pH 4.0-11.0, with the highest activity at 50 °C and pH 10.0.
The modification realized efficient expression of TGase in S. mobaraensis, inceasing the
production by 103.3% compared with the original strain and reducing the fermentation time to
24 h. [Conclusion] TGase from strain XM4 demonstrates excellent acid-base tolerance and
thermal stability, demonstrating broad application prospects in the food industry, especially
dairy processing. Additionally, the engineered strain enables efficient production of TGase,
providing new options for the industrial production and application of TGase.

Keywords: Sreptomyces mobaraensis; transglutaminase; casein cross-linking; enzymatic
properties; food industry

o~ E B M ¥ oA B (BC 23213 KUY U IR e-(y-43 E AL )- B 2 IR 1 )7 5X
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B 2 Ik A SE IR e I R 1 BTN 4%, 78
B AR | At R R SF SR A T
ZHR A, LHREE ST A, TGase A]
DIy PR AS I RIMEA 2 1 B s, SR THED b
JEE R B LR ER BN, TGase Al #EFFE
AT SRR L B =M EY; TR A R
BN E A A EEELA S D SRR O
R S R ) A

TGase HA T [N AT 5. HET, T4
77 TGase FERIET Y ST, S
TGase [2E 7 T E A = Y L 4B I L 2B
IR XS, AR TGase F 251 B4
KIAFFH . HAERESF U A =0, T s
KR, HAEYRIER TGase HA A4S B Tk
PE R R R HAR AR = S0, Rl A
PRI, TR H AR, SR, TGase
) ol A 7t AT A AR RS AR . VEREZE | A I SR 40
K& P, 570k TGase DL E bR ol
N PR RS TGase 77w, G AlIE
FEE AR A 1 EE A5 O ) Ll o T
S RIRE R DR TGase 427 R HA
FE AN E ., Washizu ZHF5REN, FEE
7N K /13 = Bl e N Gk S ==y NI W& ) 1 B 4rS ke |
B R T R T HE R R R TGase F== ™,
Liu S0 E a7 SO e e 7 A8y s 5 e
i (Streptomyces lividans) i) TGase 7= &, i Liu
S50 58 3 v B O b b [ BE 2 TR (Streptomyces
fradiae) 1) TGase LN KIF$ER T TGase ™~
U AN, Yin S5 REAILZE AR FNE ) B0 SR
W& T % 54 T (Streptomyces mobaraensis)
# TGase y~i!", %—7J7 1, Yokoyama %5
Wang 55318 528 R e RGL kAT 1 Is MG s iy
TGase ALK, FH4hG N L A4 e H Ak
fasE IR IR, Wang S50 A ARk,
W MRS S, SRAS T s E M B R T

TGm1 KU Rk, B TGase JEAREH Rk,
W N TRk, L TGase R IA &R
TR MR TGase A7 /KPR A RO %

PR EE R 2 TGase [ EEA = FH2Z—,
H TGase iEHEVEF N 0.28-3.40 U/mLP!, FHHRHY
P IZFZ M TGase RIAMFWHLERRZ —,
HIAEF s B s, AR H (CGMCC 4.1851)
HA B TGase FRIkAE S (7 A i B A TH IR
Ferk), aTLME R ISR e mitk, RA B 2R
AL R . I, A SCHESE 7%
TGase HYRE ST, FEXT B =R AT T RGEH 5
Mro HE—20 X HAZMEAR S, 543 1 (ribosome binding
sites, RBS)iFAT1ifk, i R ik i T B el
TGase TEHERE A N R AR A, B2 4 e R )
B, N TGase i) Tk A = AHT B 2EH

R

1.1 ##§
1.1.1 EHRF AL

AR XM4 1 [ b ERE S R Y T R R
FRALL(H S . CGMCC 4.1851 T), Tl A | YT
TSP BR A FI (PR : DSM 40587 T).
pSET156 Nk fb#dAk, 1 H Addgene A H],
1.1.2 EFRE

FhF3E 522 (g/L) : T 20.0, #8E FHH 20.0,
e EERY 5.0, MgSO0,4-7H,0 2.0, K,HPO,-3H,0 2.0,
NaOH i % pH 7.0;

REER FR A (g/L): Hh 20.0, REEAMK
75.0, BERER) 5.0, T KHH 5.5, (NHL),S0, 5.5,
MgS0,-7H,0 2.0, K,HPO,-3H,0 2.0, H ¥} 10.0,
NaOH i % pH 7.0,

A A BT A 1R 3 Sk i B 4B i)
1.1.3 5|43

AHIESE i T 5 |0 35 R At s R AR R
WARAFE, Ik 1.
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x1 KHRFAASI4
Table 1 Primers used in this study

Primers name

Primer sequences (5'—3")

pSET-TGXM4-F
pSET-PtgB-R
OE-156-TGXM4-SR41-F
OE-156-TGXM4-SR41-R
SR41-TGXM4-F
SR41-TGXM4-R

AGGATCCGCGGCCGCGCGCGATGGGTGGAGGGGAGCCGGGC
GACATGATTACGAATTCGATGTTTTGGAGCCGTGGTGTT
GATCCTCTAAGTAAGGAGTAGGCTGATGCGCATACGCCGGAGAGC
TACTCCTTACTTAGAGGATCCTCGCTACGAGAAGTGATTAT
AATCACGACCCGTCCAGG

AAGATGAACGGCAGCACCC

1.2 BEkkiEFF A &

B E bR XM4 BRP T ISP2 AR SR 5 |, B
T 30 CCIEFRAFG LGSR 3 d, TEALE 1 XM4
R AR SR P I TR R I, SR E
30 °C. 250 r/min, YL &R 3 5GE
F 12%LL B, R E] S L RS, KA
By B R AT SR, 0 S R TR T 1 B
g gt
1.3 EEMANERREE

TGase {6 MHME 5 THREIRY) NOR A
RS - A - 2 e B A R (N-CBZ-
GIn-Gly)W¥tk. B, HESIRYER, Hhf
2 0.2 mol/L Tris-HCI Z& 3 (pH 6.0). 0.1 mol/L
FEME . 0.01 mol/L i =AY A bk H KA 0.15 mol/L
N-CBZ-GIn-Gly., H¥k, HU20 pL £35S R
FEROMAZ] 200 uL WIEYIER, IREIGTE

7 °CHA FFE 10 min. BEE A AR

k=R CFRIAFI(H 12%E888 . 12% =R LR
Fl 5% =S ALAERALE 0.1 mol/L ELEE H iR & i )&
1B, FEAE 10 000xg FES.L> 5 min, PLYTHE
KV AR AR, e, W B e
525 nm ALRIROEREE, DL L2 SR -y- B S PR TR
VE AR S A TR UE S R SC 1 AR (U) Y TGase
T B AL AL 1 pumol JIEYI I & .

FE RS E R Bradford 37, DIZF 1ML
18 F18E 1 (bovine serum albumin, BSA) MFrifEE
JoT o Rz AR B B M Ok S PE(U/mg)

<l actamicro@im.ac.cn, & 010-64807516

1.4 TGase HY&li{L

KW 4 °C. 5 000 r/min £5.0> 30 min B
B, R FE P ImABAR N 4 CLFE R i
LARFLHHR 50%. IREWHE 4 CT#E
30 min, fiff TGase £/ ULIE. 4 °C. 5 000 r/min
250 30 min WEEDTIEH AY TGase, Bfif57E PBS
2 0PI (50 mmol/L MBEIRELZE Mk, pH 6.0)
R, Iz 2 H PBS 2% iR Ti-F-f1 %) Capto
S BjFAcHuAt b mhkil PBS ZE miRE AR
AR AR, H M 0.1 mol/L NaCl iR i
VMR ZZ 0P (50 mmol/L FYBEEREEZZ vk, 1 mol/L
NaCl, pH 6.0), 1 mL/min B97EEPEMN TGase, fx
J R 12% 1 Aoe S PR 2R 1R 47 T P 58 g . K
(SDS-PAGE)/ 1 TGase 4l . HLIKSERMG, BER
e (75 DL A R-250) LATE M R &5 145 o
1.5 TGase WERF MR KRN HFSENE

TGase HEAE pH KFa g R ELEAR pH
HZ% MW (pH 3.0-6.0, 0.2 mol/L ZFRZE MW ;
pH 6.0-10.0, 0.2 mol/L Tris-HCI Z& i ; pH
11.0-12.0, 0.2 mol/L NaOH Z& &)+ TGase 7
PEFEATINE o #F TGase 76 AN A9 2% th il T
25°CH 2h, WHE, HIEAEA pHETY
JEYIE IR A, I RS PE LLVPAS pH ARE M

TGase M HAFERE Kiae 2R fE pH
{8, TEA RN EE (4-65 °C) F MBS M & o 8 1
¥4 TGase ZEA[RIVELEE T WS & 2 bl figs
DAPPAR ARk
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S 2ESH, WK CH B(Kin) R R
(Vimax) » 38 2 7€ S N 16 A 40 4 R AS [m) o B
N-CBZ-GlIn-Gly (0-150 mmol/L)i#47 &, FIMH
Prism 9 30 Mr it . A I E H TGase i ]
WA 1 U/mL,

1.6 £BEFX TGase j& RIS

¥ TGase (1 U/mL)545Fh4: )8 B F(Ca®" .
K*, Cu*", Fe’" . Mg®" . Mn*", Na"fll Zn*"){E 37 °C
TWFE 10 min, W& EETELIEAGER B TGase
TP o AEDGE TGP DA TGS IR0 2544 T (AR i RS 1
1 100%iE1 7 L8 o
1.7 TGase EXEEE R ZEL

TE 0.2 mol/L BEFRELZZ il (pH 4.0) 1, i
E AR RLOREE N 3 mg/mL, FFIN TGase
BRAWE N 1 U/mL, WAE 40 °CHI 50 °CH4
AN 04 S5 I T o s IO TR AR 1 o T T i
F, HAE0. 5. 10, 15, 20, 25 il 30 min ]
SSERE . BRRERES, STEDEWEEESS 15 min D)
Lk . BCE B S BIAE ST SDS-PAGE 43
Br, VPGS & A SR IE L
1.8 =~ Ekk SR41 IR

RIARAS = TR A . DNA, i F &9 A
ERE XM4 B DNA . W IFEIE XM4 21
M F RS, A i N T K
TEZ IR T 240 AN RE A AN, B DNA. il
T I SRR R B - A5 - S R A TR (AR
Fbhy 25:24: DiEF TR, R EE 0S80k )E
FE ), R D ZKMIEEE M B L LB R
FB. ZJa, IABHARE JCK C B DNA
UUVE , IR 2B 8 v o 70% £ I % DNA
UUUE, RBRZT, WG THRUIE. e, BT
f) DNA #f#F TE i, @1l 1%3 IR 5E
G H Yk R 0 B D e R ARG B0, S P 4 KO
T L B Al

FIF PCR §'15 XM4 B TGase LR ¥4,
51914 pSET-TGXM4-F il pSET-PtgB-R (¥ 1).
PCR W& % (20 uL): DNA 4R 1 pL, 5xPCR
ZE 5 pL, dNTPs A (2.5 mmol/L) 1 pL,
LR IESI4(10 pmol/LY4% 0.5 pL, B £ EL DNA
BAWE(2 U/uL) 5 pL, ddH,0 7 pL. PCR J2 )i 5%
42 95 °CHIZAEYE 2 min; 95 °C7AE1E 30 s, 55 °C
1Bk 30s, 72 °CHEMF 1 min, 30 AMEFR; 72 °C
LT 10 min, 3G YL 1% BEABE R FL
VKA SR, A PR A 1l i) & 1m T i Y 257

EM pSET156 AR FRIBHUA, @l i)
PERNDEY SR ) TGase HEAHA#IA . 2
PR A B389 ol AH I A B 14 P U0 il 1 7
WY, ol FH R S IR iatR) st o 3% 422 S R
T4 DNA E#ME, 76 16 °CF Rl iifr, ™
WY s FE AL KA IM109 B2 S At 4™
B, FFER LB [ A 37 5L 00 P ol . i
132N A A SR E 2 T 75 PCR FIFR il 1 B 1) 43
Mro A B AR S E AR 1 o RS, Sl AP 56 UE
AT A HER P -

WL SR41 4154 OE-156-TGXM4-
SR41-F. OE-156-TGXM4-SR41-R (% 1), ¥
W B B SR41 751 (5'-tctaagtaaggagtaggetg A-3")il
i) 2B e BE A R Ik IR £ T PR ATG (S
mobaraensis DSM 40587 Hit4% tg, A{GLRTL Fy7)
AR RBS. B SIS TR R 24
KHERE . BEJS, 6000 r/min 5.0 5 min YA
Jfl, VEEAIDTIE LR 2R BRI, B
WAL 2-3 o WUEERIE R IM109 Fl
BETERATG 40t 1:1 W ELBNR A, SR ER A
MM T Apramycin HiTERY ISP4 [E{A L 77
B b, 30 °CHEFE 24-48 ho I FH A 3 IR 0 1
WA ) SR4L BUER . fe)m, #id PCR 5
TN o 075 38 G SR4T Bl B EA IR UE L #fRIAH
P IR O I 5 4 0T 5 BB R A i SRR 4

http://journals.im.ac.cn/actamicrocn
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2 BER540

2.1 Btk XM4 & EEFIE N = TGase IR
FRR XM4 A1 R 7 TGase OB HA B Bk
H—E Ik, AEEE TGase MAF“HER, T
fl PRR I R FEFRIE, XT TGase BYRBUBLAE =LA
R RO A BRI A 18 3 2 5 SR, &
PR XM4 B & RIS ARG . HIL, 75 2%
XM4 1R BEFAEFEA TR ST, G045 LT 50 h WA
PE Y pH ARfEFIA B FIEW TGase 975 40
o SR 1R, TGase 15 1 Bl 4 T st ] S
M EIHE IR BB, 75 0-10 h, K
W TGase TEPEMAR, BLRTEFE XM4 IE7ERA
TGase BIATE X (Pro-TG). M 10 h FFifR, KB
W 1Y) TGase i6PE R 2 FFH(P<0.05), & 28 h A1y
B A, s BEE A 3.97 UmL, Gk
9.93 U/mg. F#MAKME 10 h B} Pro-TG JF1f )
B TGase #1k, ffi TGase 7= R EIE I,
2834 h &4y, TGase G T 5, BlEITLGH
TR 2944 hE, FTREM T A BER 1 FRA R
SR E, il TGase WGP 2B TR, WA 1
ik —25 kB, 0-22 h ZREEIY pH I T
Ffash, TWTE 22-26 h AR pH KIEFREAL. a0
BRI, BT EE TGase VhME R HHEE, £
Pro-TG 1E R 1] i3 TGase ¥4k, 5 26 h k[

4.5 - Enzyme activity 175
—~ 40 L = Fermentation fluid pH
5 4
21&0_ 6.5
§ 25 ’ %‘
g ?2 I 1 6.0
o L
g L
E-LO— 155
m 05

0.0 5.0

0 5 10 15 20 25 30 35 40 45 50
t/h
B 1 Bk XM4TGase % E2i#i2

Figure 1 Fermentation process for
production by the XM4 Strain.

Tgase

<l actamicro@im.ac.cn, & 010-64807516

W pH JFEA I T), %5 28 h TGase T 1 ik B &
IFFER, Ui TGase WG YEM L pH 7A7E29 2 h 1Y
I

X R XM4 1 K BERHE A TIRE IS , Ak4L
YT H R =) TGase #4743 41. TGase A
Pro-TG ZrMbEIMISL, FEMLAMHATUIE ™ A B
i) TGase o ¥ B PR & AN [R] B (1] B 1) & 191 3
WA TR AR YK, R 2 Fi, KB 10 h
N, R H TG Pro-TG Y5 TGase f#7£. 1027 h
2], [FRREEE] 45 kDa 1 38 kDa & [1 5571,
BN Pro-TG 5 TGase, %8I IF7EHEFT
B TGase 19544k 29 h B, {UAFTEH— TGase
&, REER TP E LT Pro-TG f7E1E, KW KB
I Pro-TG 2 iB¥E b M B TGase.
2.2 TGase Hyzhifk

TGase 47 &5 alifb 2 52 B Tl b A= = A
IR R BR L, ARBFSE s T R B
TGase R4k i, 24 TGase A5 25 =ik AT,
WBE R I, SRBUEREDURLEE , J5 s 155k
)5 e alifk XM4 1# TGase, i#jd SDS-PAGE 43
Mrifi e SEI S50, 15, BN RIVK EE 2 e R
DURCR, 45K 3 pR, M TGase 94T
4 38 kDa, FIHH 50%Z FEUTIEFILE 50%2 %
DUERLR R AT 70%ZBE0TEE, Harigs)
KM TGase, 2 WKL BETUTE AW IR B H 2
) TGase (3, Jkif 5), 1H5 50%Z FEFARIT
VE(E 3, VKiE 3L, ZRECAIERRD . I,
ZIRB LA, ARUFREH 50% AR R
XM4 #H TGase HIHEBUK .

kDa M 4h 6h 10h27h29h32h34h36h

45 38 kDa
35

2 Btk XM4 25 E B HY SDS-PAGE 734
Figure 2 SDS-PAGE analysis of the extracellular
proteins of XM4 strain. M: Marker.
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kDa M 1 2 3 4 5

180
135

100
75

65

45
38 kDa
35

25

15
10

B3 #HEEIE4E SDS-PAGE  M: FRifEE[; 1
KB 2: S0%LBEILHE EIFW; 30 50%ZBEIL
VEEF T 4: S0%LMEEIUHE ST FHAHEDT 70% L1
UUVE LI 5 50%LBEGLTE e PG T 70%2
BELVEHE

Figure 3 SDS-PAGE of crude enzyme purification.
M: Protein marker; 1: Fermentation broth stock; 2:
50% (VIV) ethanol precipitated supernatant; 3: 50%
(VIV) ethanolprecipitated protein; 4: 50% (VIV)
ethanol precipitated protein and then 70% (V/V)
ethanol precipitated supernatant was used; 5: 50%

(VIV) ethanol precipitated protein and then 70%
(VIV) ethanol precipitated protein was used.

[0 = (Y S 3 - Al s e = DYy &8l
HRNRZ —, M HEF et f s, Hep
Capto S 5 SP70, mumBHE F22#eft; Capto
MMC, hyi$h-55BH 7 Ac 4t BHit, A5
DO = A O o I & U N 1 - /S Ul [ 7S
XM4TGase MPEMACR , Dhit—204lifk TGase.

#+ 2 Btk XM4 B TGase @il =
Table 2 Purification yield of TGase from XM4 strain

WE 4 s, Capto S 4lifb@ Ry, FI/AH
0.1 mol/L NaCl B B AT 58 2P TGase, Lt
% 7174 25.05 U/mg., Capto MMC SR BHAT T
B2 {HFEZY 0.6 mol/L NaCl #¢J¥ A fiE5e
SEME, TS S0k 8.26 U/mg,  HEW oy Eh vk
A BEfH TGase J<i%!'%, SP70 4K [F] M5 BH S 1
e, (HAE 0.1 mol/L NaCl ¥ T FH-ASREFS 2]
4l TGase, 7 2EiF4T 2 I 24207,
BRIGHT . A5 R Capto S B 128t
XA il i — 2P Al

K2 RT 3 et alift TGase B
Ko RIMCTETIIESS G B SCHZ MRS, 1

kDa

180
135

100
75

65
45

M S3 S4 S5 MI9M20M21 P4 P5

35 38 kDa

25

15
10

4 AEBFRBERRIEE  M: trfEEM;
S3. S4 #11S5: Capto S; M19, M20 Fl M21: Capto
MMC; P4 HlP5: SP70

Figure 4 Comparison of the effect of different ion
exchange columns. M: Protein marker; S3, S4, and
S5: Capto S; M19, M20, and M21: Capto MMC; P4
and P5: SP70.

Steps Total protein (mg)  Total activity (U) Specific activity (U/mg) Purification (fold)  Yield (%)
Culture filtrate 4743.75 11913 2.51 1.00 100.0
Ethanol precipitate 1364.34 10 359 7.59 3.02 87.0
Capto S 113.81 2 851 25.05 9.98 23.9
SP70 90.31 1427 15.80 2.08 12.0
Capto MMC 194.25 1 605 8.26 0.33 13.5

http://journals.im.ac.cn/actamicrocn
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Sifb AR AT 1 R RE B RS Al Y
TGase, WAL HAfbRI AR . etk
itk XM4 #1568 TGase HiE J128 25.05 U/mg, IF:
H 2 BEHE & T 3 W DR =ik 87.0% .
Wk FiR— RO, A RTDIEE 50%
LS G Capto S B T3CH 20T, LUK & B2 I
THW P TGase glifk, ISR ATIR 23.9%,
2.3 TGase B51&E pH & pH f2E 14
pH 2B AN T rp A DG 25 2 — . TGase
() pH 3 A L SR v, XA e i T A
I EA P PR B, BT Xl i A5 2
AY AR XM4 19 TGase fIE B W, pH #1743 87 o

& SA AlH1, BERE XM4 F T FE RS TGase
i pH 43510 10.0 #1 6.0, —FHAERRIE S0P

LI N (pH 4.0-10.0) 24 A = 16 M (>80%) o 1% —
S5 2 Fh TGase 7ER[R) pH 2544 B33 1 1
FE5 A I T RN A R P ) S AR T
R SHR

HE— R H bR XM4 (8 TGase F1 Tl &
TGase [ pH Fa e 1, 455 WL 5B, 7€ pH 6.0-9.0
iif, 2 Ff' TGase FCE 2 h J5 R (80% L )
HEYE. ZEMYE RSN, B pH A 4.0, 5.0 1 10.0
HTE%&%%#FF Pk XM4 () TGase 7EM 7 2 h

JEER A IE A Il 74.60% . 78.18% . 96.59%,
oI '
30 40 50 60 70 80 90 100110120

pH

5 TGase B&iE pH (A)F0 pH F2E M (B)

H Tl R TGase HA W =89 pH RE M, AHXTE
PEE H 20%-40%.

BN, pH RZ N £ 58 B 1T
BEICTE WU RE 1 e 27 S i St . R, @J";%ﬁﬂ
an AN 2 A% 40 pH {H. P E RERE
HEE R S (pH 5.5-6.0)EE M deak . LA 45 SR
7~, M T TV TGase, Hikk XM4 [ TGase
FE]{Z 1) pH Y0 FEI N ELA B S AT M . TRAR XM4
() TGase 7EFBE B hb i 1 HF HAT B AR I FIVE S
2.4 TGase WEEREMEEREM

B pH A, Lt 2 1 g o] O e
1., TGase [P0 I VE F S e ok T 1
FEA AN T A R FE . D, A SR [ AR TR
¥k XM4 1 TGase i B W il #r . i
6A Fion, T XM4 1TV # A TGase i
R BLIREE YA 50 °C, #E 37-50 °C, KIET i
¥k XM4 1 TGase H A L Tl B TGase B /5 TS
PE, FHARAE 37 °CHI1 40 °CRY, H T TGase
FITEPE R 2 20%. YIRS 50 °CR, JETF
¥k XM4 (1 TGase F1 TV # A9 TGase {5 PEH) 2 5]
TR, Ekk XM4 1 TGase 1£ 37—50 °Ci il 4 EL
A RAFIE N, AR IS T R &
e N Tl A AN v TAT AT A e 3 R e PR o i 1)

I‘ 1 1 1 1 1 1 ?
3.0 4.0 5.0 6.0 70 80 9.0 10.011.012.0
pH

Figure 5 Optimal pH (A) and pH stability (B) of TGase. Is: Industrial strain.
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Figure 6 Optimal temperature (A) and temperature stability (B) of TGase.

— R A TGase FIFFREN: ., WK
6B fli7~, £ 440 °CYElE N, Pk XM4 Fl Tl
FERIY TGase ¥R, & 2 hWFF R T
80%LL FATEYE . £ 30 °CHI 37 °CHFH 2 h ),
Pk XM4 1) TGase TEPE/ TR E T 100.00%F1
93.49%, FHXTF TV BRI TGase 14375
H 11.34%F1 7.19%. R XM4 19 TGase [KH R
G AEeENE, TR TGase BT HZEF
FCAEARIE T, DR IE ™ S BT BRI T A%
2.5 £RBBEFI TGase sEMRIZ N

&8 B T IR EY) TGase 1ML
% 2 — . 48 2 1T LU 5 [ 0 16 4 oc
HIRYILE A, USRS AP R DT 5% i oA
mm = 3 frzn, AR (1 mmol/L) Zn?*,
Cu?*, Mn>#l1 Fe*B] B4 T XM4 [# TGase {5
PE, Sl EOLEERER T 38.76%. 10.05%.
19.62%F1 67.20%, 1M 4%~ 5 mmol/L B, B
Pk XM4 19 TGase &M 5L T 91.50%.
9.95%. 53.64%F 83.98%. TV TGase %1
[FAEZF] Zn2+, Cu?t, Mn> il Fe> UM . Bt
Z4h, TolLk TGase 32 5] Mg™" . K'. Ca*' il
il , 1 mmol/L ¥ B i FLTE M43 HIFEAIR T 33.02%
11.32%7F1 28.47%, T 5 mmol/L ¥ I 43 1] A%

T 29.86%. 12.08%F 22.12%., tHIL=ZF, #H[H
WRERY Mg™ . K. Ca™" X} Hitk XM4 (1) TGase i
PERSZ /N o AH AR BE Y Nat %k PR 6 1)
TGase (G PEARMAMEHIER, Nav] G5 T i
MR R A s, b e RS YR AT, A
MAEEE 1 H S IR 455 -

#*3 EREBETX TGase SEMHAIFNT
Table 3 The effect of metal ions on TGase activity

Metal ion Relative activity (%)
XM4 Is
None 100.00 100.00
1 mmol/L ZnCl, 61.24 82.72
5 mmol/L ZnCl, 8.50 53.39
1 mmol/L MgCl, 96.65 66.98
5 mmol/L MgCl, 90.05 70.14
1 mmol/L CuCl, 89.95 90.61
5 mmol/L CuCl, 291 7.30
1 mmol/L KC1 99.04 88.68
5 mmol/L KC1 97.09 87.92
1 mmol/L CaCl, 94.98 71.53
5 mmol/L CacCl, 92.57 77.88
1 mmol/L NaCl 98.56 104.23
5 mmol/L NaCl 103.40 106.67
1 mmol/L MnCl, 80.38 56.19
5 mmol/L MnCl, 46.36 47.57
1 mmol/L FeCl, 32.80 21.39
5 mmol/L FeCl; 16.02 2.71
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2.6 TGase BEEI HF S BN E
SRR XM4 1 TGase i 5h 112450 70

LRI 4. 3R 4 ATAL, TR XM4 /) TGase
) K N 56.62 mmol/L, i TMlF TGase [
K fE°% 21.80 mmol/L, A T TLE TGase
T3 B I R T o Vi (L S/ T PR XM4
19 TGase e K #% 4 0.182 pmol/(mL-min),
T TV ) Vinax A 0.044 umol/(mL-min), 2HH
PR XM4 19 TGase #EACRCRE S . HLis M H 4L
(Kead/ Ken) &5 6 T Tl 565 AL B (Kea) R AT (K ), A2
e BEASCR AR bR o TR XM4dTGase £ 507 i
1) PN B Ak B A7 R B2 RGOl T

F A B[] 24 20 min, O TGase 75 40 min
RESE22CHK . 7E 50 °CIRE R, XM4 [ TGase
LR EEB B A 15 min, TOLE TGase 4
20 min, X—&5HR K XM4 [ TGase AL
PIMEALSLCR, JLHIEAE 40 °CHAEE T, A RIE4E
8 Tk A= 7 (]
2.8 ETEME SR41 MERFRIX
W5 E R Y] XM4 & TGase B F 4L T T
VTR TGaseo ¥F2E kR TGase 9™ 32 FR T15
F AR FRIE K, [ TE 5L bR Ak 7™ A 7 R T
FAR IR, PR, S 1 4i s R IR R, B85
HE PR IEREAIG TGase A=A, A LA

TGase,
2.7 TGase EXEEERRRE

TGase k% 8 (15 /E FHBE ST A B T
FL AN T H AR BT, [tk B SRk 27435k

*4 Bk XM4 I NESH

Table 4 Enzyme kinetic parameters of XM4 strain
Strain K, Vinax Keat/ Kin
[L/(mol-s)]

(mmol/L) [umol/(mL-min)]

WA BTSRRI A A PR AL S AR . Rl 7 XM4 5662 0.182 431
Fﬁﬂ? , T'T: 40 OC%%‘F’ XM4 TGase iﬁ%ﬁ%% Is 21.80 0.044 174

12345678910 12345678910 12345678910 12345678910

7 TGase #ELZBEEE B HR

Figure 7 The effect of TGase catalysis on the crosslinking of casein. A: Cross-linking of TGase with casein at
50 °C. 1: Standard protein; 2: Casein (3 mg/mL); 3: XM4 strain TGase (1 U/mL); 4—10: XM4 strain TGase
cross-linked with casein 0, 5, 10, 15, 20, 25, 30 min. B: Cross-linking of TGase with casein at 40 °C. 1:
Standard protein; 2: XM4 strain TGase (1 U/mL); 3: Casein (3 mg/mL); 4—-10: XM4 strain TGase cross-linked
with casein 0, 5, 10, 15, 20, 25, 30 min. C: Cross-linking of TGase with casein at 50 °C. 1: Standard protein; 2:
Industrial strain TGase (1 U/mL); 3: Casein (3 mg/mL); 4—10: Industrial strain TGase cross-linked with casein
0, 5, 10, 20, 30, 40, 50 min. D: Cross-linking of TGase with casein at 40 °C. 1: Standard protein; 2: Industrial
strain TGase (1 U/mL); 3: Casein (3 mg/mL); 4—10: Industrial strain TGase cross-linked with casein 0, 5, 10,
20, 30, 40, 50 min.
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TREFBT XM4 Wit et il 8 fros, #
@7 TGase # ik ikl pSET156-TGXM4-RBS
(SR41), iHid ¥ RBS K i5H TGase 7E4EE
W FRIRRCE K B = e 0 Y RBS J¥ 41 SR41,
Beie s A TGXM4 FE[H FIiFAY RBS X, ##
SERLG . B 23K kL pSET156-TGXM4-RBS
(SRA1HEAATG HER W #fTE b, A A& mE
T 4T TGase FyFihs fA: =,

RE MY RS M) TGase A r=®EE %+ 1.
A HAA BB AN E. W 9 PR, Eid

X} SR41 P HHA TSI s, IR K
AR, TGase BITETEARE] T B & F+(P<0.05).
HARTM 5, SR41 FKik RGAE KW %"Jt“b'%i_
IRFIFHEER IS, mik 8.07 U/mL, Hilh

PR XM4 % T i e BE MR = T 103.3%,
PRI it J 38 R GE 1 R Ak

i 10 Pros, i#iid SDS-PAGE #t—543#r
JRIRTRPE XM4 5 UGE bR SR41 Y EE 1R IAK
V25, SE 9 HhiEEN e g5 R 8, S Rk
SR41 i % T 5T TGase 25 (I EE A WA,

8 ¥ TGase FRiAFKI pSET156-TGXM4-RBS (SR41)
Figure 8 Construction of TGase expression plasmid pSET156-TGXM4-RBS (SR41).
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r—e— XM4
| —=— SR41

Relative activity (%)

S = N W A U O I3 ®©
1 T° 1 T 7T

9 SR41 5 XM4 Etk TGase FEMEXTEE
Figure 9 Comparison of TGase activity between
SR41 and XM4 strains.

XM4 SR41
20h 24h

kDa M 27h
65 —

28h 29h

45 — 45 kDa

kD
35 38 kDa

10 SDS-PAGE ##7 SR41 5 XM4 EHHY
TGase

Figure 10 SDS-PAGE analysis of TGase in SR41
and XM4. M: Protein marker; XM4: TGXM4; SR41:
pSET156-TGXM4-RBS.

HAEFIMESH 0.5 mg/mL, 7 HEikF] 16.14 U/mg,
S F A H bR XM4 i TGase MRS T 1.6 15,
W SRA1 LALJE I RIX R SE, Pro-TG MY A %%
AT 24 ho DA EEHERD], Wuis RBS $&m5E
W TGase = m HA T4,

3 WwE5E®h

IR HAE N TGase B FEZA =, H
TGase JfPEE F R 0.28-3.40 U/mLP, AR 5% i
o R BEREE B SY R I — bR D T ]
TGase, H: TGase ififh&ik 3.97 U/mL, HItE
IR, R XM4, AL Tl
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1, XERE XM4 72 A ) TGase 47— Z 51 il
SERREHT, RS TR TGase MUBG# 15T
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Pk XM4 k51 TGase RE4ESRF 80% LA TG, Jf
TE pH 4.0 F1 5.0 PR TG TOL 7 TGase
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TGase I P4 Hb I 4 B #K (3.97 U/mL) & & T
103.3%, 5% 8.07 U/mL. SR41 A& kAN AT
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