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Abstract

Abstract

D-tagatose, as a rare sugar, not only has the characteristics of low calorie and good taste,
but also has physiological functions such as zero glycemic index and prebiotic effect, which
has become a research hotspot. At present, D-tagatose is mainly synthesized by chemical and
biological methods. However, the existing biological methods have the disadvantages of high
substrate cost and limited conversion rate. Therefore, it is of great research significance and
application value to find an efficient alternative way to synthesize D-tagatose. D-fructose is the
differential isomer of C-4 of D-tagatose, which is low in price and is an ideal substrate for the
production of D-tagatose. Therefore, finding new enzymes that can catalyze the synthesis of D-
tagatose becomes the key to break down the barriers to the synthesis of D-tagatose.

After molecular modification of Tagaturonate 3-epimerase from Thermotoga petrophila,
D-tagatose can be synthesized from D-fructose. The mutant was named Tagatose 4-epimerase
(T4E). In this study, T4E was taken as the research object to explore its recombinant expression
and whole-cell immobilization. Then, it was modified for thermal stability through rational
design and directional evolution strategy, and the obtained dominant mutants were qualitative
and applied in enzymology, which laid a certain foundation for the industrial application of
T4E. The main research contents of this study are as follows:

(1) Recombinant expression, enzymatic properties and whole cell immobilization of T4E
in Escherichia coli. The recombinant expression of T4E in E. coli was successfully achieved
by fusion of T7 tag on the N-terminal of T4E, and the enzymatic properties of T4E were
determined, and the whole cell immobilization of T4E was explored. Results show that the
optimum pH of T4E is 8.5, the optimum temperature is 70 °C, the half-life of 2.9 h. The optimal
immobilization conditions were as follows: sodium alginate concentration (1%, w-v''), cell
embedding amount (75 g-L™!), CaCl, concentration (2%, w-v'!"), diatomite concentration (1.5%,
w-v'1). Under these conditions, the enzyme recovery rate of immobilized cells was 66.7%.

(2) Rational design improves thermal stability of T4E. Through software analysis and
prediction, T4E structure analysis and combination of B-factor, free energy (AG) and other
parameters for mutation prediction, according to disulfide bond strategy to construct mutants,
1120C/G157C, A93C/L117C and T276C/L300C, according to B-factor strategy to construct
mutants, D213E, D250V, E322H and E334G. The thermal stability and specific activity of the
mutant were measured respectively. The thermal stability of the mutant E322H was
significantly improved, but its specific activity decreased to a certain extent. The conversion
rate of the mutant was lower than that of the wild-type T4E. The results show that it is still
difficult to carry out thermal stability transformation of T4E through rational design strategy,
and other means should be found to carry out thermal stability transformation of T4E.

(3) Directed evolution improves the thermal stability of T4E. A novel T4E high-throughput
screening method was constructed and used for high-throughput screening of T4E mutation
libraries. A mutant [430P with significantly improved thermal stability was obtained through
screening. The mutant G90S/T272A/1430P with significantly increased specific activity was
obtained through the second round of screening using this mutant as the parent. Enzymatic
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properties and application effects of the mutant were also studied. The half-life (¢12) of the
mutant [430P was 1.83 times that of the wild type, and the unfolding temperature (7m) was
5.1°C higher than that of the wild type. The specific activity of the mutant G90S/T272A/1430P
was 21.4% higher than that of the wild type, and the half-life (#12) was 1.69 times higher than
that of the wild type. The decompression temperature (7m) was 3.4°C higher than that of wild
type T4E. The enzyme conversion and immobilization effects of the mutant I430P,
G90S/T272A/1430P were better than those of the wild type.

Keywords: Tagatose 4-epimerase; recombinant expression of E. coli; whole cell
immobilization; thermostability; molecular modification
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Fig. 1-1 Synthesis of D-tagatose
(a) Chemical synthesis; (b) Double enzymatic synthesis
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Fig. 1-2 Schematic diagram of T4E catalyzed synthesis of D-tagatose from D-fructose and its molecular
docking with D-fructose
(a) T4E catalyzed isomerization reaction between D-fructose and D-tagatose; (b) Molecular Docking of
T4E with D-fructose(yellow: D-fructose, blue: key amino acid)
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RAZAMO2A L BT AU L IAE K T 30 min; MaoZ OV A\ X p-Bil & BBl 3-22 ) 5744

Fad
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B SR X AT B- I T iH 5, X B-IR TR M R B IR AT RS, RAZIKL144F 43
WSEK T 50.4 min. JRIM, 1%J59R32BRTEE> T IOEEH . B S R INE I 7 5Bl R AL
LA,

1.3.3 & MR mBE TR ke

SE Ak AY R AE FE DR /K B g B BRI SRRSO, I A3 B ik e 1 3iAS
REAR R RASAAL 5 gk fb v] DA% BR 7R X W AT i, BB B AR AEAE
IETBE 7, ZEARSTBE T B 45 805 A R S B0 AN s, G e ML AR
BUEE R A SR R AR BE R S, HET R4S RAZ R H S .

AR, E T Z R TR T SoE S, SunfF O hdd e gkt xt 2 iR
1 5 14 H 55 B I B (Polyphosphate-dependent glucomannokinase, PPGMK)i 17 4 T B4
i, AN RAERAAHI2K/EIIOR, HELIE /1 RE AR 2 %5, 50°C T =N
243 4GP, RETAERIN 5.4 F%; BB AECE I E R gkt D) SRR AT s, 3R
190 BB R AR BEE 77 /2 B AR ALY 3.6 % Kotzia®SF IR L- R A BEIZBE V55 133 fra
PRIFAT AN RAS, J5 2 Hak T iiiL, RIGHIRAADIZ3VAE 50°C T K3 A5
157 ho E MBI FENLRA S5 € W imiEAgs &, e SEEwrots, EFMTRS
Bl o A TR PR RE, & T TR E 70 7250

1.4 SLEAKHE KRR X

M SE AR BB [ R T I ANWA g, AT — 12 g s A AR 1) 14 110 55 BB K i
AN, AT B e R L o LB S5 (R R0 A AN TG, i — S0 AN T R
FIARRAT i LR . = SURERE A5 W AAAE — R 22 4 JROOL, PRIk, I A R SR A R A 20
PR R E R R ST VRS ORGT), O TSR i R . fEH
A AL R AR T, D-EE RO R A BRI 30%,  TTEH LN RERE R 92%, It
bk, D-EERCBEILRENE D IERE . BCERERRE. JUELD 1O 79l 2001 £, D-FEARBERL
FDAIL#E NGRASZ A H & S INGR, 2014 48, oh Ak HED- S M B v & dh k), WA
FIAERR B4 )L i AN & it b o H T D-BEag B AR B A2 B DD B AVE SR8, L84
KB A 245 A0 DR S5 st L 7 SRAS W n, s FL RO AR 5 4 0 I A0 W i 2

D-FE M BE AL B AR F TP B A AR, HERU AR M R, EEGEE N TR Bt T &
Ji, T BRAT AR % 5 R UAE A 5 BB, RN A2 PR Ik, H OATER S 4KD-
PEARRE S TR Ae, M B HES L TN . T4BRE LABRAY BID-SRBE v i il %
7] A A S N B - EE AR R, AR AT . AT L OB AR
PR R IERA B BRAREEILS, BB IN AT . E32RTT4ER
RGBS ST, 2k B AR DAL, BRI, S TAER Az g PEAT L% 77,
il L RE % T 2 VAL R SR AE H AR 7 A R ) 1), b A 4 20 i [ e AL BOR 3R THT4E
FE Rl 21T SO R AT B R A P IO B AR L FH A B AT B X
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1.5 AR X EEHAAE

KREFFMTAEH K, @I 7E NG @A T taghe T+ I AE KA B o (1 21 4 3Rk /K
ot FL A AT S, B 5 6 TAE R 4 40 A s AL AT 0 9T R A B A s 1)
B E ARG TAEBEAT 7 7 2508 LASRE i FL AR e M RN LU 27 R0 8 1 9 A8 Ak Fr i 2 P I
PRI TR AT AR AT SR BOR IR T . F BTN E W T

(1) TAEFE R AT B v I B 20 3608 J 4B [ e AL 7. BAT7 tagh FHTA4ELE K
B EHRIEKT, R0 B A AT I, X TAB ) 4 20 B 8 8 A AT 2% A A
15 R R .

(2) BEME VTR M TR AR e P o 38 0 78 28 3 A T30 DA e X TAE I 45 40 Z B34 T
YT, VTR B S AR AR B - IR 7 R AB A DABE T+ TAE I AR i 1 25 52 S A4 (1
FARCR,  FEXIL A AR AT G50 0 A S ML RS

(3) JE ML IR S TAER) e P o @I B AR M @ TAE TR AR SCE, FI A
WU TAR R @ R IR IE 7775, W IRk IR s e v B R | ) SR IR, XA SRR 1)
B2 TR AT I 2, S5 SR FLE AT G5 0 N 2R R 7 A R A 20 P ] e AL 9
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BEMHERE

2.1 SEIHE
2.1.1 WA E AL

LTS FE. coli IM109, FikfE FE. coli BL21 (DE3VE T ARSI = H A E, T4EH
481 NRAFEFRA R, FiLs> T8N 584 kDa, NCBIE %5 : ABQ46504, Jii KipET-
24a(+)-tde H 75 M B MR PR A 56 o

2.1.2 BFEE

LB 73 (g LY. A 10, BEEER 5, NaCl 10,
TBE: FR¥E(g LY. |AM 12, BEEEE 24, Hl 10, KoHPOs3H20 16.43, KHyPO4
23,

2.1.3 &F

(1) HEPPSZZ ¥ (mmol L ™). 20, {8 FIESEALINIATIpHZE 8.5,

(2) A AT

L2 A(mmol-L™Y): Tris-HC1 25, NaCl 500, {#HSEEALNIATpHE 7.2-7.4.

22 M B(mmol-L): Tris-HC1 25, NaCl 500, BKM: 300, i S A48 HTipHE
7.2-7.4.

4-(2-F2 £ F5)-1-WR 98 14 T B2 (HEPPS). D-RHE W T 22 Sk A AL BHE IR A 7] (L
W), TR 2K I B R R PR A W (B, b RO S S DNAK [HR
S H BN AE R A R A S AR, TR E R A PR A F (E
i), Ni*'FEHFUBE H GE Healthcarex 7] (AE50), D-RWH. D-BEA% B b dh g B 4E AL 241
FIEBR AR (R, HAhw O350 T E 28 W 2R G BR A R db ), 7k
GG B T % HEAMHE ARG IR AT AR 5190, FEFE A BT TAES et
BB AT BRA R (TR TE B

2.1.4 FELIHNEE
A5 T S BR A3 WIER 2-1 Fis
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R 2-1 EELBAA
Table 2-1 Main experimental instrument

& E:
Agilent 1200 HPLC 3¢ [ Agilent Technology /A ]
Agilentt HPlex Caff 4t 3 [E Agilent Technology /A ]
R 75 2 A L T Z AR AR G PR A F)
ZE AR X (Nano-DSC) £ [ETA Instruments 2 &
e R 21 E KHFIGEA Niro Soavi/A A
ProFlex 4 PCRAY 3¢ [E Thermo Fisher Scientific /A F]
AR B OHL 2% [EBeckman Coulter/A &]
Fig bR A S R IR o B Be R 2 F
KRR 2% AR A R A F
IRKF 5 iR
AN WA R A6 3 b A S A ]
Z Uine st BBt R4t R AR AT
PN RS AR A
Bias. Bl 1 [E Eppendorf/A ]
2.2 5T ERAE
2.2.1 PCRy 1

PCR: UIpET-24a(+)-t4e N, T7-F/RA LT 51 %GR 2-2), #EATPCRY 1.
PCRAK Z(50 uL): 50 ng#¥ifx, 25 pL 2xPhanta Max Master Mix®§, 1 pL B RNF5[42(10
umoL-L"), ddH,O%h5F. PCRJTiE$# Vazymelit W11 E, H, 1B KEE NI Tnil
I 5°C, ZEHI RN 60 skb!, PCREE W5 HPCRA” )T 10°C FAR-4F .

2.2.2 B RARA

ERRAR: RMWAKZR 1 (25 ul): 25 nghiibi, 12.5 pLE§ 2xPhanta Max Master Mix,

0.5 uL_E3#5149(10 pmoL-L™), ddH2O%MF. SMNAKR 2 (25 uL): 25 nghitRk, 12.5 pLig
2xPhanta Max Master Mix, 0.5 pLF¥iF 51 #(10 pmoL-L"), ddH,O%h 5. PCRIJ7 ¥ 4%
Vazymelii B 5% &, Hr, B KEENSIPTEIK 5°C, EAECN 60 ssmin’!, PCRE,
WIEKPCR&MT 10°C T IRfF. EIRPCREATRG, kR 1 MK R 2 IPCR™HIS)TR
& JG FRBEATPCR M, PCRJTVEF4 Vazymelt W &, b, 1B KIRE A5 TWE
% 5°C, IS AN 60 s-kb!, PCRZAWNEHPCR&™HT 10°C FRAF. HL 10 uL PCR;™
Y1, W 1 uL Dpn IB§AT 1 pL buffer, 37°C/KI& 2 h, BEATHHRWEAL.

2.2.3 Z4PCR

PApET-24a(+)-t4e At5AR , EP-F/RAGIY), ¥ HrdedkKl. PCRIKFR(50 pL): 50 ngt¥
#%, 5 pL 10xPCR buffer, 0.5 pL rTagl, 1 pL b FiF51%0(10 pmoL-L"), 4 uL dNTP
mix, ZWEEN 0.15 mmoL-L"' FMn>", ddH0%M5%. PCRJT %% Vazymeiii W ik &,
Horp, BB NGIYI THEIE 5°C, 5% 60 s'min!, PCREEH 54 PCR™“#F 10°C
NRAE . ZJEHPCRWIHATIZBR HLIK, BN R/NERR S, 3T U R

1M
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CLIEI ) B B F1Y), AMEGAWHOPU WA TPCRUAY 1 4 i ki . PCRIE %
5 222 R ZAHE, B EREELIYE B R EWOT B, PCRITE L Vazyme it B X &
Hr, 1BKEE NG TEI 5°C, ZEME AN 60 s-kb!, PCRZEH 5 KPCR™4) T
10°C FRAF . Z 5 ¥ PCRI=AIFEAT IH AR AL 3 F 4 A0 & B ARBR R N o

* 22 5175
Table 2-2 Primer sequence

EIRZE S S A(S-3Y)
TTTAAGAAGGAGATATACATATGGCTAGCATGACTGGTGGACAGCA

Tr-F AATGGGTCGCGGATCCATGGTTCTGAAA
T7-R TTTCAGAACCATGGATCCGCGACCCATTTGCTGTCCACCAGTCATGC
TAGCCATATGTATATCTCCTTCTTAAA
EP-F ATATTTTCCGGATCTGAAACCGGTTAGA
EP-R TCATTTTGTTCCAGTGTTTTAAACAGTCTTTCTTT
A93C-F TTAGAGCGGGCCTGAGATGTTCATTTGGCACGGG
A93C-R CCCGTGCCAAATGAACATCTCAGGCCCGCTCTAA
L117C-F CTGAAAGATAGCGGCTGTTTTCCGTGTTTTGCA
L117C-R TGCAAAACACGGAAAACAGCCGCTATCTTTCAG
1120C-F AGCGGCTGTTTTCCGTGTTTTGCACAACAAGAT
1120C-R ATCTTGTTGTGCAAAACACGGAAAACAGCCGCT
G157C-F TATTCAGAAGGCTTTTGTGCAGATGCAGATCAT
G157C-R ATGATCTGCATCTGCACAAAAGCCTTCTGAATA
T276C-F GAAACAGAAACACCGTGTTCACCGCTGTTTCAT
T276C-R ATGAAACAGCGGTGAACACGGTGTTTCTGTTTC
L300C-F TTTACAAATCTGGCATGTAGATTTATTGGCGAA
L300C-R TTCGCCAATAAATCTACATGCCAGATTTGTAAA
D213E-F GAGAAAAGAAAGAATTGAGAGAATTTATCTGGGC
D213E-R GCCCAGATAAATTCTCTCAATTCTTTCTTTTCTC
D250V-F TGCAATTGCACATGTTGTTATGATGTATCAA
D250V-R TTGATACATCATAACAACATGTGCAATTGCA
E322H-F GCACAATTTGAAAGACACATTAAAATGCATGCA
E322H-R TGCATGCATTTTAATGTGTCTTTCAAATTGTGC
E334G-F GCAAGAATGTTTGGAGGCTATAAAATTTCACTGC
E334G-R GCAGTGAAATTTTATAGCCTCCAAACATTCTTGC
2.2.4 K E RS & 554

E. coli BL21 (DE3)/E&32 25 K1 4«

(1) B ORAFHIE. coli BL21 (DE3) W AR R Ze#et, JF T 37°CTI W B I~ M N i B BE 7% 10-
12 h;

(2) IEHCFAR B R/ANETE B VR PR R 2 5 mLIRARLBR: =& h, 37°C, 200
rmin’! NE% 7% 8-10 h;

(3) B % 58 A B 100 pL i A 50 mLAYLBRE =%, F£T 37°C, 200 r-min’!
NEGRFR 3 hA A, A E B AR E R 1IEODesoo 4 0.6 /it

(4) BB ECE TUKE N UKIE 30 min, 7840420, KA 58 50UG I B R 7
ERFHAKEDR 50 mLE-OEF, T 4°C. 4000 r-min™ B0 15 min, YA,

(5) ¥ B0 JE I AR H 20 mL 0.1 moL-L! fJCaCl IE MKk B2, 25l E TikE

11
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MUK 30 min, T 4°C. 4000 r-min™ B0 15 min, YSCHE 14,

(6) EE IR 5;

(7) HEABEFEERELEHNIA 1.5 mL 0.1 moL-L" fJCaCL VWAl 0.5 mLIKE A
60% (w/v)[FH W, WREEIRAT .

(8) 733, KHEEBMTRHE 1.5 mL KTHIEOEN, 100 L2, FHT-80°CT Ik
&

E. coli BL21 (DE3) 4k :

(1) 21T 5 mint4E. colilfsZ 740 M AN e J5 IPCR M T UK & N 4 H s

(2) ¥ 10 uLEJPCR=WIIMN 2 B2 S AN FFRPEIR S, 2 E 5IKENIKE 30
min;

(3) B UK TE A0 L T~ 42°C F 7K #4390 s

(4) Fs BB B B2 S A T UK £ UK 5 min;

(5) MEOEF A 800-900 uLEIRGFRAEE, FH 5T 37°C, 200 rmin! FEHRH
45-60 min;

(6) B EFE S BT 3000 r-min”' N &0 4 min, BAH 200 uLif) &0 B, K2
RIOFEE, EERKIBIRS G, W 8B SR AR B EAR B, F 37°CR RN E
R:9% 10-12 he

2.2.5 EHERNRIERE

BARFEMIE. coli BL21 (DE3)/pET-24a(+)-t4e# W LA 2%o = I\ BILB1; 77 3 (R A8 57
% 30 pg'mLN)IET 37°C. 200 rmin! FREHRTFE 10-hE 4. B 7R 5 S B L 5%
EIABITBREFRIE(REFK 30 pgmLHd, FHTF 37°C. 200 rmin! FEHEF 2 h,
%0De00 N 0.6 /i ty, BHEHCAEEFRIEEE, T 25°C. 200 rrmin’ F355% 24 h, #HTiER
Rk,

2.3 e

2.3.1 RiBEET IR

Sy AECH] 25 g L' ID-FBER 25 o L MID-BEA VAW, IR0 3% 11IRG, TCH)
B 12.5 g L BID-FHE 5 12.5 g- L' B D-BE A BE IR IA R

PEREASELS: 2 BIE 10 mL RS RTHEEA, FRrdLamA 50 mgiig e+
BERE, T 30°C, 200 rmin' NEHEEFE 24 h, SRR 2 hORE,  IRIERE GBS
10 min?’Ki%, 2ZJ5T 12000 rmin” F &0 10 min, #4 F3G3ET AR

RALRIH A SEES: 20 B 200 pL PSR T ¥ FLAR A, FHEm L A 20 pLi)+ 5
BHE R (TEEEFRRBORE R 50 g- L), %E 5T 30°C, 750 rmin' FREH TR 24 he Kidf
SRR, BHIERALECT 4000 rrmin FEC 15 min, BX 100 pLAE O LIS TR, I
[ LN A I 100 pLE)Seliwanoffisk7l, %53 f5 T WK R HE R B 10 min, KIS
AN 5B 150 pL I S S T L, A8 B AR G E 400 nmALW O FE

L Ea)
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Seliwanoffil 7l (BLECHLHD RO LA . AREC— € S AR ZBA T 12%1 FiR R EE 1R
Mike = %), AR "2k )y 2 gL

2.3.2 RANFERIHE

(1) #% 2.2.3 PR a0 T TAERI RASSCIE, PR E B 3 K/ E G
J& . BRI B I AT

(2) A TEEE 96 IR AL BEFLINA 200 pLI LB AR 236 (R A & 30 ug'mL ), fH
KB G I 20 AR ) B B VR PO & A LB AR 3G F2 B iR FLIR B AL, FF 2 ik
B 25 ) AN A R

(3) % 96 IR FEH G, F 37°C, 700 rmin! FEHRIE 10 WA .

(4) K J5 1 96 TRFLAREEFLINAN 1 mLITBEE R (RIBE K 30 ug'mL™"), K%L
BRI R B 5% Fh B i i RIRFLIR N, BIRFLIRE R 2 Mm% S 5 T 37°C. 750
rmin’ FIRGEEFE 2 h, G UEEE TR AN 25°CHE 7% 24 ho )3k FLAR T J) 42 (0 TR A
I\ 50 uL KB 5 I H 60%, wev), 58S RAELE-80°CUKAE N 45 -

(5) IR RS A G, B FHT 4°C. 4000 r-min™ F &0 15 min, $4 505 1)K B
EEEF, BIREERIRAELE-20°CUKFE N % H .

2.3.3 FAERYIRS R

RAG S T 7

(1) 1) B A IR LR FL Y NN 300 pL I HEPPS 2243 (2 50 moL-L-! D- L4 A1l
1.5 mmoL-L fANi)RE), ZJE¥HT 60°C R THE M, I EM 2 he

(2) RMNEEFR G, BRIBGEATE ., ZJFH 200 pLE O 5 1 BiE TR L, If
TN 20 uL T EERHA R (T EERHR B 50 g LYREEIR A% E 5T 30°C. 750 r-min T %
I 24 h, HEATIEREHAGALEE

(3) K iHAL 5 B FLAR T 4000 rmin T &0 15 min, B 100 pLEO EiE TIRFLIR
H, FFrREESLA I 100 pLif)SeliwanoffidF], & E 5 T WK FEHER L 10 min, K
LS5 RGO AR, BEJGEL 150 pLT3FLIR A8 ARG E 400 nmAb TR FE .

(4) IO A T B AR B ) SR AR R EAT 96 FLARE I, R IR ik SRR A — 2L,
AR E AT, BEUEMESE. 2 EBAREMNT AR IR, it
TR, HR RASRIEAT Lo i Jy A Fa e e vl e

2.4 HELKBRIE

2.4.1 BHAEENE

(1) BARE: B AR R BT 12000 r'min” N0 10 min, WERFE, #
FH G2 K AR BB I T 12000 romin”' R G 10 min, 2 )5 R 5 Hk T i &
T2 B R R AR E

(2) BEARIRIE(ODeoo): H4 B BHAT & B M B FF S BT T 0 Yo e B h 00 FHO v KR

s}
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2600 nm, R MEBET$ 5 M AN L8 7 KBATR S, B85 MR i R
I EE B M AT, ODgoo="B O GAE < Fi B £ -

2.4.2 BRARFERRR YK & H 1 BB

FREL 0.3 ghI3sIERE, I inANT 30 mLIZERBuffer N HGA MR, 15 H 58 4157
JaMA 1.5 uLiGold View, JB51ERHEBIAZRIRKA, 30 minfg, FRIEHIIA
HLUKRE N, R R Marker FIRE 5 73 I IDANAZBR IR N, 90 V NEEATAX R HLVK . HL UK &5
G, FER—m H KNS HER -SRI, % EDNA RS & Ui P
AT I BT AC B o

2.4.3 HHBEIKDHT

IR B TA D BRI R E R, R AL B (A b A ER F Marker 73 5 INAE
BAL 8 pL, ZJaT 200V NEATERARIK, HIKFERIEIATRIR. Jeti. Bt MK

244 FR4ML

(1) f FpH 8.5 MJHEPPSLE MR B PR B2 VRE), $ERTHT T i R I SR LEAT T4 I
BEETE, HEEENEBIMARE S HAE 800-900 bar X4 B AT I EE, &AL
T BEWT (] 3 min.

(2) K BEEJE BT 4°C. 8000 r-min™ N &0 20 mindKEE_ LG, BB R L
TEBAEH 0.22 pmiESkidt 47 i 38 LARR 2 4% .

(3) ZcHH 100 mLI 25 B 7 /KM Be AL BR 22 B I O, R)5 F 100 mLI 2 M A M
DR g AT AR T4, B S R B v CE AR T A, B =X

(4) F 100 mLIZE PR AXT B AR AT P e LR 45 G R R ss cse E,  Bl S 23 )
A 60 mL 30 mmol-L-" BJBKMEE R . 60 mL 60 mmol L™ FBKMEVEREE 2 AR5
A 60 mL 90 mmol-L!. 60 mL 150 mmol-L-" BB e H B8 A -

(5) $ERTI 10 kDa K/NERBIEE NN BT /KT 4°C. 3500 r'min™ FEL 20
miniE AT EBIETE Ve, SRS EE B R E E eI B IR AT IR, IR
J& s TR NN — AR AR T HEPPS 22 ph i b AT M 8 L B e 2 v, BRI SE K
P B ER PRAF 25 o

2.4.5 BEIREN 2
(1) R AbR S B 428 R R I s A7) S I P TR 1) 2R A
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#* 2-3 E A bR AR
Table 2-3 Formula for protein standard
oo K EEPEA H K
(uL) (uL) (mg'mL"")
A 70 30 BSA 1.5
B 30 60 A 1
C 20 60 B 0.75
D 30 60 C 0.5
E 60 60D 0.25
F 60 60 E 0.125
G 60 60 F 0.0625
H 60 0 0

¥: BSAbRMEEWREN Sme- L', FrAMEmISHEBE T /KIEITHRE.

(2) ¥ 5 pLAEIVRE I 8 A FRAE A AR S 20l N 96 AL, Z S 1L N
A 250 pLIIG250 B, RAHEE =117,

(3) THEFR OIS 595 nm T RIWROGEE, AR RO AR AT B 3k B 2t 3 R P vk
&It B E R .

2.4.6 TAERE§1E /79 22

RIS T 5E K 200 pLEGVUINAE] 800 pL & A 50 mmol-L™' p-ALHE FIHEPPS 22!
Wi(50 mmol-L', pHB.5, 1.5mmol- LN, Zfiiial iz, RASET 70°CF
SN 30 min, 2 JE KIS 10 mindE AT K

T 75 S 4B A 1 umol DI KR A Iy — /Bl HL0L(U).

2.4.7 TAEEg M F{ €

FpOE i LI E . BXTAEBE 200 L A #| 800 uL& A 50 mmol L' D-2RHEHY
HEPPSZE 7% (50 mmol-L', pH 8.5, 1.5 mmol-L"! Ni?")"d, 435l T A A (60-85°C)
SN 30 min, 2GR 10 mindE AT KEE. AR EEEIE Y 100%, THE &R T M
Xof T o

BOEpHIIME : BUE 2 M TAEREE 200 uL I A F] 800 uL 3 50 mmol-L! D-HRAE (1)
22 (50 mmol-L, pH 7.5-9.5, 1.5 mmol-L™! NiZH)d1, 435F 70°CF [ 30 min, 2
JE 7K 10 mindb 47 K. DL BN 100%, THE & SpH T A X BEE .

/1S H N e . FHHEPPSZE M (50 mmol-L', pH 7.5-9.5, 1.5 mmol-L"!
N2 AS B R FE BD- A AR (104 20, 40, 100, 200, 400. 800. 1200 mmol-L™1),
S3 A 800 pL T B0 N, FERTTIEY, M AN 200 pLETAERRE, FF T HRIGIERE T
KB 30 min, MZEHRJEHKA 10 mindE AT KB, #5805 3T AR HE A
[F I S TAERI LLTE /0, AR B s U5 i 19 B K X VinadE s FF U B kcaddB -

TREARENE: B BN TAEMRE B T R&im e N T e, (AR — & I AR,
12l 2.4.5 W PR 7008 BORBES ,  5€ XS 0 hiN BV 9 100%,  THEASFIRE an R AH
X B o
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AT B R B (T) BN 2« A 22 s A 1 #4 (X (Nano-DSC)Mll & i 73+ M iR 4T &
B (Tm)o T JCHRE S 5 R AT ISR B, R St B Ak TS B e, L
PN G2 PR i S WA L 70 AR i, 2 55 3 IR R #1544k,
HAR AL . BEJGHEFE St N BB s, ) R IR IR B 2 IR, RS
TG E B 7> T I . iS4 K8 3 NMRAE, BEJEEDN 30°C-
110°C, FHE#EA 1°C-min.

2.4.8 D- B BEIEYI A R

HEEEARAL: DL 300 g L' D-RHEAEY), IiEEEN 4.5 mgmL', 1.5 mmol- L' Ni**,
S FANERLE (60-85°C) T /M. 5 h, HEB&E 1 hEUEEFRE W 10 min KR, FE 5 A3 5 f#
FH = BGRAE E 1% (HPLC )X = b AT Rl He v H S AL R

g ENAL: BL 300 gL' p-RAE Y, InEgES AN 4.5, 9. 18 mgmL!, T
70°C R 5 h, FEBE 1 hEUREFEZ I 10 min KB, Ff 5 ACH S FHHPLCX =43t 47K
WIFE AR

JEYIREMAL: LAIREEA 100-800 g L' fiip-SbE NIEY), INEEEAN 4.5 mg-mL!,
F 70°C RN 5h, FERE 1 hECREIE & Wh 10 minKEE, FE 5 AL F 5 48 FHHPLCK = AT
R IF R AL

2.4.9 HPLCH

e KB TR ST 12000 r'min! N 2.0 5 min, ¥ FENHIFHRBEE —EWRE, 2
JEREREA 022 pum P BERE L BE . iS5 F: Agilent 1200 HPLC A1 {%, Agilent Hi-Plex
Ca, 300x7.7 mmEEtE, Agilentr ZREMIAS, AgilentH ShBEFERS, VishtH gk,
14 80°C, ¥ii# A 0.5 mL-min'.

2.4.10 7> FB1 1R

{4 F AlphaFold2U2 X 4 FINT4ER) 3DZ544, LAT14SBYE A& AR /1347, TIP3PAE
NIKAYF 713, {E 343 K N FIAMBERN TAESF A= 4 [ SR AS AR 3E4T 4> 150 112 (Molecular
dynamics, MD)ALL, B 100 ns, £ FIMMPBSAIXFHUEIEAT 5347, I 115 1 e
RERIAE1L

2.4.11 53 TN

187 F AlphaFold2U"2 B A FIUI T4E ) 3DZE#4, {3 F Autodock 4.2 5K {1347 43 % 4%,
W TAES H RN NZAR RS, VAD-RWE AN, mBEEERES G N8, ST
F, AEPymol AT il AAL 73 #7

2.4.12 TAES 20 R E 2tk

[ R A 4 L PR 1) 5 ARER— i o B AR I R R AN O R RIS E R R B K,
INAAHEREAE AR S, Ar R AR I — @ AR B 2, FRE— 5 i B e i
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IO AR IR REIR ST, A 7 S IR S 284 L G218 35 S0 15\ — i IR FE ) CaCly 1
o, PRUEREAN [ E AGTOR I RN EEAR — 3, KB T 4°Cokfrh st B 3 hib AT B0 A
L, BEAES IUE R CaCly VR ARG B 25 B TR R G Aok, R =k, ZJE M
Horo N — E AR AR B 2R K FEARAFAE 4°CUKFR % H

Ui B A R S 0 B E . PRI 8 E B AR IO 5 mL D-SRHEHRE Y 50 mmol- L [#)
HEPPSZZ#1(50 mmol-L!, pHS8.5, 1.5mmol-L!Ni*)H, F 75°CF M 30 min, M
S5 G K 10 mingdk AT K

[#5] 7 A4 Y Py 0 R . PRI — 5 B ] AR, N 5 mL p-SRBEHEE Dy 50
mmol-L! FJHEPPSZE k(50 mmol-L!, pH 8.5, 1.5 mmol-L! Ni?"H)H, F 75°CF [
30 min, SRPEEH G /KIS 10 minidf 47 K .

[ 5 A1 200 L T v [ WAL (%) [ A 00 L ) il 9 7 -5 P 3 [ A 1 e 8 400 L ) Bl v
FIHI AR

[t 5 10 40 A4 J LAk -

(1) RN AL R E . CaCl WFE . REEELIREEARAS, 4l
FEERANIRFE 7 N 0.5%. 1%+ 2% 3% 4% 4 [ e b di i, K il 4% 5 i ) [ 2 1k
2T A5 [R5 A A R P U0 9 A B 4 24110 BT D V2 AT BTG 00 I 5 vk SR RIS

() ARl (RIFRFERPNRE . CaCl Ik, REfEE HIREARA, g1
Mo AL BE 4> . 30 g- L' 50 g-L'. 75 g-L'. 100 gL' 150 g-L'. 200 gL #i4%
[ SE A AR, 0 1) 8 5 1 T ] 7 1 4 B 5 RIS S S R0 5 A L A 2.4, 11 BT ik 7 ki
A7 Bl 3% 7 BN E I SRR R

(3) CaClr IR EMLAL : (REFHFFERRANIRE . MR, B TIREAD, HRIE
CaCl WK N: 0.5% 1% 1.5% 2.0%- 2.5%- 3.0% K& E e, K& ¢ ik
P ] 5 P 4 5 T B T S R P 5 A P 4% 2,411 BT i g 90 EA T BRI 70 100 5 1 S
Iz s

(4) HEFEE IR AL (R ERPNRE . diiREE. CaCl IRFEAAS, 43HilfE
FEBELIRIEN: 0. 0.5%. 1% 1.5%. 2.0%- 2.5%- 3.0% il & B e b aife, &
6 RG] 5 A 20 B 5 TR T 4 2 Y U0 B A 4 2.4 10 PR D vk EAT Bl s 0 B0 5 FF 115
[LEARH g s

WEBERR BNV B . A IR E . CaCly WK . FEWEE IR EXIN R ERE WV
L %)

2.4.13 [E] 52 A28 MO B < 1k TR W <2

12 2.4.10 AL 5 BI 261 2% [ e A AN P, 4% 2.4.10 B J7 ¥R 5 Uit 25 40 B A ] 52 1k
I B P B

[#] 58 LA S &G pH I €« ECHID-SREAEIRE N 50 mmol- L 223 (pH 7.0-9.5,
1.5 mmol-L™! Ni*"), FREL 2 glils@thfiBR, Hl e A M Eg s 7 i e 77 3% T A RlpH
PR R A I [ A 4 ML RS T DA i B 7108 100%, T SEAS [FIpH ™ AR AF X il



NEEDNE 2 Tl e VA7 9'E

W AL G pH

[l AN R O . 7R ROEpH A PR T, FREX 2 gl fak, #4001
G 7 19 52 77 7 9 50T AR IR FE F (60-85°C) L 52 1 i AL AMMB FRGG A 77 DA Bk i
WM 100%, R ENIR R AOARKT B, 5t I (A BOE

2.4.14 [B] 5E 40 40 B A B FH

W — 5 L R B A S R A AR (IR ZKR DN 75 g L)l 2% 10 [ 78 A6 ik b
A 10 mL D-SEHERE A 100 gL F = BiAR RN (pH 8.5, 1.5 mmol-L! Ni*), 437F 200
rmin”, 70°C. 75°CN XM 4 h, JRE5 A BUREFET0H7KIE 10 minidf47 KB, 25 H
2B AT E AR =R, ml [ 2 A ik sk b BB I A 5 4k 23R4T TR — kiR
RN, SEEEHAT Z IR N B 2R TG A
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E=EF HFR5HL

3.1 TAEFE RIS T K E RS K240 e BT i

KA e fE i I EAE A IR, BAERZIY, KA TS
B TAELE K At i Hh b AT EALARX, #Xﬂ‘ﬁﬁ%@“T&B’ilﬁﬁmm'ﬁ@ﬁ?%ﬁi?ﬁt% %T
T4EMI LI B, A B, a4 e (L REVS £ — ERE L _E3RTTHRg ) T AR

EVE EHE e A2 IRERAA, BENEH L TR, HARREE iR
HABARR R Baif . sAMRE S . i a0 it AT e, LT
TAEAE i I SN IR E VEAN 22 HE IR S NLRE AT o AT TR FH B B 5 (e v - M B R
) AT 4 0 B ] A 0 ] A S P REAT DAL GRS BRANIR L . AR . CaCl 9K
JE . RS EIRIT), ERCR AR IO I E AN A R RCR AT IR AT

3.1.1 T4ELRE 54k

B R AT R B, 181 SDS-PAGE/ HTTAENI R ik 1B L. SDS-PAGE4S S in
K 3-1 (a)fs, TEmiEE BiE 'ﬁﬁﬂzﬂ%nﬁtlﬂiﬁﬂw%ﬂ%ﬁﬁEEI’J%EI/T\ , RITIER
AR IIRIA

@) (b) ©

kDa M 1 2 kba M 1 2 Kba M 1 2 3 4 5 6 7

7.2 - 97.2 ;

9 - - - 072 W

- -
66.4 - 66.4 - R
<+— 58.4kDa <«—— 58.4KkDa 66.4 == — -.. u —— 58.4KkDa

La—

43 - “43 - -

— 44.3 -
200 W 20.0 W= o8 29.0

3-1 T4ERRIE 54t
(a) TAE[#IE; (b) A TT tagfT4ERI KL (b) TAERI 4L
(a) VKIEM: SHE 7 7 HEbRE: TR 1: B8E B, UKIE 2: BEEDTIE
(b) VKIEM: T T EbriE; VKIE 1 BEE B3, WKIE 2 BRBEDTE
(c) VKIEM: HH 7> TRARME; JKIE 1-7: AR DKM e B
Fig. 3-1 The expression and purification of T4E
(a) The expression of T4E; (b) The expression of T4E fused with T7 tag ; (c) Purification of T4E
(a): Lane M: standard protein marker; lanel: Cell lysate; lane2: Cell pellet;
(b): Lane M: standard protein marker; lanel: Cell lysate; lane2: Cell pellet ;
(c): Lane M: standard protein marker; Lane 1-7: eluents of different imidazole concentrations

T7 tagHT7 Wb AR AT T 7 209w Ag it 11 DNRERA L, J&—FhE 2 s
%, HAFERF SN : MASMTGGQQMG. 737 AT7-F/RJy bR il 51 %), LApET-
24a(+)-tdeTR BN, K TT taghis I ZET4E Nifig, #% FE 4 5 kipET-24a(+)-17-tde, H0E
3-2 i, WFPESUE IR G, KB PR AL 2R IET5 EE. coli BL21 (DE3), #ATHEZA
PR R . TAERINGGRLATT taghs, HREERWME 3-1 (b)Fw, (EMEE FiGHn]



AN U e ATES'S

ML E B W H B A&, EREEIUE PR W R B ME A&, HEW RS
TAERIBR 7§ 8(58.4 kDa)dt A —3, Z5REKH, T7 taglfh & ISl | TABE KW
1R R

t7 tag

ori

3-2 pET-24a-17-tde ) ¥ 7
Fig. 3-2 The construction of pET-24a-¢7-t4e
{5 FIRNAfoldXf TAE FUNEGmRNA L5 FEAT T, 45 R A1 3-3 Pro, M4ET4E
HINS RS T7 taghs, HmRNAK ARG R, SN AT gL 8t 1 PR fEmRNA LK)
#ah, B 7 mRNAREI R P, (2 [ TAEM EAHLIX
(@) (b)

paeTA GAaag.
/ o Cag
\ﬁ

x>
T, e
TAaag E -

%
K 3-3 FHAFTRImRNA — 2 451
(a) Jli KipET-24a-t7-tde; (b) Jii KipET-24a-tde
Fig. 3-3 Secondary structure of recombinant plasmid mRNA
(a) The plasmid pET-24a-¢7-t4e; (b) The plasmid pET-24a-t4e
W B FRIL G N TAEM B AT Alifk, AP, A, W Vel DLAGEIESE

SWRIG, SRAFAMLINTIE. K2k J5 M T4ERE41TSDS-PAGE /M T, H 4R WK 3-1 (o)ft
7N, Z4BKMER EE Sy 300 mmol LI (UKIE: 7), 4ifb & aiiE e — HoK/N S T4EF 8 5 1
(58.4 kDa)— 3, Ut AT4ELIML T H AL O R BT, A ETAERI HIE )0y 0.14
U-mgl,

3.1.2 TAEEEZM: R E

3.1.3.1 T4EM G pHS FRiG iR E
AR5 pH X TAEREVE JJ R 1520, W5 1 B A2 R TAETEAN[FpH (7.0-9.5)IZE R R T
IS 71. 5K 3-4 (a)ffia~, TABTE 952055 A ) B v v TP 30 5%, 7fEpH A

'aTaY
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