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Abstract

Abstract

L-aspartate a-decarboxylase (PanD) specifically catalyzes the decarboxylation of L-
aspartate to produce -alanine and is a key enzyme in the biosynthesis of -alanine, pantothenic
acid, carnosine and other compounds. Among them, -alanine is an important building block
for the synthesis of a variety of pharmaceuticals, and also has a wide range of applications in
food, feed and cosmetics, and is one of the 12 most promising three-carbon compounds.
Enzymatic synthesis of -alanine is currently the mainstream method for -alanine synthesis
due to its greener, more efficient and sustainable nature. PanD enzymes of Corynebacterium
glutamicum and Bacillus subtilis]168 origin are commonly used, but the bottleneck for the
synthesis of B-alanine or its downstream products by these two sources is the lower enzyme
activity. To solve this problem, this study carried out gene mining and molecular modification
of PanD, and enhanced the catalytic performance of the new enzyme through semi-rational
design to establish a whole-cell catalytic synthesis of f-alanine, with the following results:

(1) In this study, a new L-aspartic acid a-decarboxylase was discovered, whose enzymatic
properties were superior to those of existing enzymes. Combined with the available sequence
information of L-aspartate a-decarboxylase (PanD), L-aspartate a-decarboxylase from B.
subtilis 168 and C. glutamicum origins, which are capable of forming acetonyl groups, were
selected as probes, and six L-aspartate a-decarboxylase genes from different sources were
identified by BLAST analysis based on the Uniprot protein database. Whole-cell catalytic
activity comparison, pure enzyme activity and enzymatic properties were performed,
respectively. L-aspartate a-decarboxylase (PanD) derived from Corynebacterium jeikeium was
mined and the wild enzyme enzyme catalytic activity was higher than that of the other sources
being used.The activity of PanD enzyme from C. jeikeium was 9.8 U-mg’!, which was the
highest among the 6 PanDs, and its affinity for substrate was the best, Km value was 3.6+0.8
mmol-L"!. The catalytic efficiency of PanD enzymes derived from C. jeikeium was further
improved by molecular modification.

(2) In this study, the function evolution of L-aspartate a-decarboxylase derived from C.
Jjeikeium was successfully achieved by structure-based semi-rational design, and the activity
and stability of the enzyme were improved. AlphaFold2 was used to predict the protein structure
of L-aspartate a-decarboxylase derived from C. jeikeium and perform molecular docking with
the substrate. Amino acid residues in the binding pocket 5 A range were virtual mutated by
sequence conservation analysis and binding free energy module in Rosetta, and non-conserved

sites with reduced free energy (AAG) after mutation were selected for CAST saturation
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mutation. After preliminary screening by whole cell catalytic system and re-screening after
enzyme purification, four mutants with improved activity were obtained, namely R3K, C26V,
I88M and Y90F. The enzyme activity of the combined mutant IS8M-Y90F-C26V-R3K was 25.5
U-mg’!, which was 2.6 times higher than that of the wild type (9.8 U-mg™). Kinetic analysis
showed that the K value of the mutant was 2.3 mmol-L!, which was significantly lower than
that of the wild type (3.6 mmol-L), indicating that the mutant had a stronger affinity for the
substrate. The 7m value of the mutant was 82°C, and its stability was improved compared with
that of the wild type.

(3) In this study, molecular dynamics simulation (MD) was used to analyze the the three
dimensional structural changes before and after the mutation. The results showed that the
RMSD value of the mutant was slightly lower than that of the wild type, and the mutant had
higher stability than the wild type. By analyzing the conformation of the substrate pocket before
and after the enzyme mutation, it was found that isoleucine at 88 was changed to methionine,
and the orientation of the terminal methyl group changed from Lys9 orientation to laterally
orientation. After the mutation of tyrosine at position 90 to phenylalanine, there is no hydroxyl
substitution on the benzene ring para-site, and the relative position of Gly24 and Lys9 is closer
to the substrate L-aspartic acid. The distance between the amino group of Lys9 and the a-
carboxylic group of L-aspartic acid is shortened from 2.8 A to 2.2 A, and the binding with the
a-carboxylic group of L-aspartic acid is closer. It is beneficial to catalyze decarboxylation. The
mutation of site 26 to valine is beneficial to the correct folding of enzyme. There is a strong
dynamic coupling between site 3 and the active center, and the disturbance at site 3 will be
transmitted to the active center.

(4) In this study, a high-density fermentation and whole-cell catalytic process of mutants
in E. coli was established. The I88M-Y90F-C26V-R3K mutant was fermented in a 5 L fermenter,
and the inducer IPTG was added at an interval of two hours after the bacterial density reached
ODg00=60, and the final concentration of IPTG was 0.6 mmol-L!. The fermentation volume
reached ODgoo=120 at about 26 h, and the maximum enzyme activity was 2853.87 U-mL™".
Whole-cell catalysis with ODgoo=40 resulted in the complete conversion of 1 mmol-L’!
substrate in 12 h. The yield of B-alanine reached 87.6 g-L! with a molar conversion rate of
98.3%.

Key words: L-aspartate a-decarboxylase; Semi-rational design; Whole cell catalysis.
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1.1 L-RXE R o-iiREE (PanD)
1.1.1 L-RAR R o-fiiREE (PanD) KN

H ATHRIE ) PanD T EA BM, — M2 BERRIL S I (Ol AL 1Y) PanD (PLP-PanD), %
2K PanD EALISFRARA T4 1, ZRIET BREEZAEY), KR SH AN ARG
R )7 FUARRAE, BB R 53— Pl A R AR 4 (1) PanD (PYR-PanD),
T IMEA AR T, RS AE AR N AR B R A TS R ) o SRR B W3, & —+F
SR, 2 RUR TR A S EAZ Y, BT KA K12(Escherichia coli KI2)YM, 451%
s an:sl (Mycobacterium tuberculosis ) 21, w | TR e AT (Helicobacter pylori) =S
HiAF B8 (Campylobacter jejuni)~ AAZRAE M (Pseudomonas aeruginosa) B, 47 35 Hf
Pl (Francisella tularensis) UL WEINTR (Thermus thermophiles) K5I PanD LA f
PREE A S s, BTN SRR S5 A HA AR R B ARALME 38 9 [ U5 DY 2R A4

1.1.2 L-RAE R o-iiREF (PanD) K BMLH

PIERABE AR PanD M4 L-RARBRET, ToiRAMEA NG 7B R e i, X K
T HRR B AN o PanD F sk BIRSS, 1 26 LAGIE MM SR A, i n A,
b 20t B2 A TE IR E . B ATHRE ) L] A PR, 5 — A O
A FE R B ARG PanM BX PanZ S, KGRI PanD 4k f5 200 5 & Re8 hnig H
R, R —E R A TE, (R KT A I W HE RIS R AN EIR 2, XEFN
WA NFEE RS R yhhK (PanZ. PanM) Bl, BEWS(EHE PanD 74K A EE, PanD
R CARAAGA T PanZ WM&, XEBEMMW AR REMRCRS, 8K
T PanM, REfE H SRR, BRI B R 2 AU B RUE PanD #E TiX —35.
XIS AL R K A TE Gly24-Ser25 2 1], Ser25 [FRFEIH: Gly25 FREEE Ailie2E,
R, WS ERER 2, LR C bt FR R B R DL N iy 5 N B e 25 1) o W2,
i 1-1 Fros. Albert 55 AU R BT B IR MG 45 K A br &< B, PanD B H BY YN .7 5
CL R IE AR AT R P A3 2 11%) 2H 2 R M R BT DL e N8 S- i PR s e e It 2R IO P SR A AT L o)
T AL RARETERE o WEEAN BV JE R B R PR AR PR T4, S2me 2 E (A 2,
FLATC T PanM, B [ 24 A PanD EAG T4 (%) S A A8
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B, TERIEEE G M, TyrS8 BRI )M BE s A B (L5711, SO Alg-r 4 Schiff Hil
HHTALR, d5¢ S -4 Schilff B HH A1 A8 I K R T B- TN BRI R 26 (4145 AR AR, L
W ATER N 1-2 Fros. 2 RBEFEF, Gly72. Ala73. Ala74 ZE{R5FEIERN
JEVIFEHE T BRI . Tyrs8 MM R AL (i 1R o R — 8, i T Heftaifr,
B 5 R A TCIEEFIE R, X R R ATLE B P AL B R g T
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KON SN B-REBRANZ R, PanD K 52410 [ TH &R S 77 B 2L B vk A BE IE
4K 1979 4 Williamson %5 NMI5E % 1 KT B PanD R X 43 BS 44K LA K il 214 o
%5, 1ZBE I BGEIRE N 55°C, £l pH A 7.0~7.5, Km{EN 0.16. H UL FF T PanD
BRI T, Bk SRR PanD #4248 K. Dusch 558 AT A 2 R AT B K
JRI PanD HHAT T RIEFIE, BIMGIE] L-RARREMN B-NERR, ZEEHIEES A
2.073 mmol-(g-h)!, =T RKIGHFEKIH. Chopra &5 NN E5A% 7 B A B K YE 1) PanD 2
17 7 RUERIK, I O PanD #EAT 145 &0, SRAE 1 H =445 1), 148 ) S iR B2 37°C,
HIE pH N 7.0, LULEE A 126 mmol-(g-h) s [t & Kwon 25 AT i | T8 1 SR I ) PanD
BT T HIERIE, L CH3ONa NPTIE R I k4T 17 45 5

21 AW E N A IR 7 PanD, 2006 4, 815 AU ik )\ S Bk B A7 K 75
ARG T REE G A B-TN R M RAR IR, RIRAE” B-TNREIR = :N 0.649 g- L' 2007 15
MR AEE5E NISIZRIE T KIGAT R IE G PanD H3E(T 1 ik, K18 7 mFIAR PanD Hik,
KRBT MM, & B-NERT RN 4.7gL ", BEREAER 32%; 2013 FEiEHEE
2 NUOTTE R 1 K AT B 25 R 41 1 PanD 2[RI 76 KA AT B DE3 it AT 73Rk, KL%
BE/E pH 6.0~9.0, I 15~37°CF, BEEREWIRFFFE, X L-RERARMFELERN 12
pumol-pgt.

BT PanD BB 5T IR T KIGAT R RIE, (H21% KR PanD RELL 50°CHFE
12~24 h A BAEMEIEHEHK. ez, NEE AR, BT —m, mas
AR 42400 % 2 oA RUE ) PanD 2[R, AR BIMEREIL R A TN J111)
PanD J& K. 2008 47, 3 55 AN POE R B Hh e IR R IE 1 5 A B R JE Y PanD,
2ty B AL G B & B-TN AR I BN 76.47 mg-L; BOEE LS NPUSZHL T A @ BREAT
B R IE PanD 76 KT B P R IRRIE, B T ERCR OB ik, it R E
Y, HALZRIEF] 97.8%. XSRS NP2 pw e [ AN B ZE AT B ORIE ) PanD BE[R, R
SR E . DR EARIRAT ERIEN PanD #EAT T EbAE, Ah R ZEAUAF BRI PanD &1k
W, FaE R, HWERE N 84U-mg . 8hp-NAMR ™ &N 223 gL' FRE S A2
YTET 44 PSRRI PanD FEPR], b BRI AF 2R HRr oA AN IOHR AT B4 >RV PanD H
B IEEE, 4758 8.9 Umg! A1 11.8 U'mg', 7E 30~50°CHA K = EM, 24 h
AR TTIE 67.7%F1 82.2%. 71555 ¥ 5 NPT 1T WM 1338 v 23 B 15 21 (1) R 4 2 AT B
S PanD #EAT /> HLAMNEL R B, BEISTTIA 1109.8 U-mg”', 10 h HALEATIA 99.2%.

H AT T B A% A4 DL BRI ) PanD #7882, 1X2K PanD 75 Z4#E PLP A4 fE
% RAFEMEALBE JJ . Graham Richardson 28 ANPIE KJAAT i A IR ERAE T 158 R AR ISCRIR
PanD [, 1ZERRERF B L-RAER, (HABEBEUAZEL; Irina Borodina %5 A\ [2¢)
WA REEA R ML AR 3-F3 0 R, BT PanD FEFUZH ARSI, KRS E.
KIGAT o8 AN S BR A RAT 1 KU1 PanD JE (R 384 B BRI B2 BEEE R 4, RILAFIIA 1
KR PanD LRI AEETE & 3-FR L NIRI &, HE— DN, FRPLA ORVE PanD fE4LAE
72 B-T BRSBTS NPT IR R 1 T A TR R e BR R SR R (1Y) PanD BE K] 5
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T HEEEVE R, SRRSO 6.87 Umg™!, HIEIEEF&HIE pH 47 754 80°CHI 8.0,
WA T 220K A B R VR AN B HUCRVR T PanD AT 3L, Wang 6 NP0 AL &
AT SR IE AT AU 5 RYR ) PanD HHAT T HERIA, @it AgEAEL RS, B-INER
&P~ 271.5 gL, #ALEHK 92.4%.

1.1.5 L-RLA R o-fiiFREE (PanD) TG At

$FF PanD [ 14248 H A e MR A EoCE LTS PEAG. RRE EERI R, ok
TR 22 [ 25 3 T UG8 70 T SO B LA A R ) SR P TR SR APIDL B R IR AT 1K
U5 PanD AR, MR CARIE B b AR 5 A O DL ST A RIE LE XS, 3@ Id Discovery Studio
AR AT R, SRR R TleSMet. Lys9Ser DA K BRI HEAE AG65 sk
TGP 11e86Trp $Em T B 5IKMAISEA 1, Km B 73.7 pmol-L! FEfKE] 59.4 pmol-L';
Aspl9Asn #/E T EEIFIEEFa e, LysOArg o038 T iZEE ML INRE, iRtk L-R&
g, HRMEAR o RN B K. Pei 25 A\PILLE: T KIGAFE . B BREEF 5 L
T FE 2R R B SRUR K] PanD JE PR (1) LB TS FI AR E I, B0 T USSR
F5) 2 st 1 (PR B 2 A R SRR PanD DARAR, K 25T PCR X HHAT 70 7 i0&, @57
BT UL B IR IE L, L AR PE BRI S I SR Rk V6ST Rl 188M, LI TR T
18%~22%, ML PEFR T 29%~64% , e T AF 4 188M 8h AT 444k 50% (1) L- R A2 K -
gk s 2 N BUEREE B T ARG B 2 AT B R IE 1) PanD FE K, 383 [V ERARE LA K FE 51 ARABL
PO AT HEAT R B, RIS T A O B ) TyrS8. 11e60. GluS6. Asn4l F Lys63 34T
SERRAR, RAFGIRLEIR: B56S MALIE IR 1.55 5, bR tda — e i,
28 5L RIEERS 7% it B-TN AR N B A r= 88 2153 g L, BEIRFAL RN 94%.
SO NP e A FUOCE, B IREEAT R RIER) PanD, @ EAIRAS, HT
FL R 7, I B 94K A74G I R3K, FasE M RS T 22%A1 66%.

A o 0 EALE DD RIR I PanD #E4T7r T2, Liu S8 AP IRUA 7K IE
[¥) PanD #EAT8E, ARAEE B IELE S, M8 T 23 NRRAE, ML RALE G369A,
R AAE SR ENE, @Mt B-NERM R E R AN 162 gL' BRIT
G NBUFEIFE LA 5 RYR PanD DN, J8Id 58 PCR ik 2|40 & 5% & R38H-
K305S, FLEgiETRS 2.45 1%, DI HAMEH 7 i L-R &SR, &4 B-INER I - &
N 170.53 gL', BEIRFEALER N 95.45%; 5K B 48NPSR 7 41 3R RAS N ffT & 3 thse
R4k, it Consensus Finder A1 PoOPMuSiC K FHfE 1 28 NUMEILAL &, 78 pTRAR
Fehib ERATIEIB AN RAS, fE AR R8TP-V105L-S278A-A452E £ 45°C )3
A RIPRE 4 4% . JET ISRIER) PanD, Wang 25 APOHg 2 1 9848 1K K221R, Ye %5 AP
T g 7 RAGR K49R, (AL TE R R GG R 7 5 = 1 20.3%. 80%.

1.2 B-AER
1.2.1 p-AE BRI/



BoE i

B-NEME, X 3-HENR. p AN, LHARFFME—(AEN B BEEK. 7
TN GHINO,, 5 L-NAR B NFE 7 Ftfs . HA 737 iiE o 89.09, ot dik,
Gyt Tk, TEKFEMRER 552100 mL, AT HEEM 8, ANETHAAEHLEF, 3%
HUN 202°C, 723 R T BONRASE « S E 1972 4F, B Rose 28 A\ BSIZEMEAr FRIBIE (Uracil)
FIE AR R

1.2.2 B-INERER I EE N A

B FARE AR, BRI LSRR, (REAGEENE,
PAAET ISR (£, BiERR BT & AL, WU AT A s
WU ik, BABLRBRELI . FRIEDI, B R R HAT B, &
S LR T R

(LU, B-PT R I A AR 3 BS (2R DULEROS. 14 R 2
G A LUK A NI 0K, 652 SHLART ORI &4, IR, B EUR SR
W IR S SHEA R, TR LTI R REEATE. I %%
o), T RRUR IR KRBT, AT RE A, (OFRR. ppIam T
AU L B AL ), WU RESS IR . R SR,
POMRE ARSI P, A R0 MO R, AESESRLATATY, WS SRS 1,
T332 BT A e, R * BUBEAC B, JE8h, DR LK T DKt 3
GeE ST, REBRRAEIESEL, CUERTLLA TR . TSR S SRR 2, AR
BRI — R RO I P, B T P T MK B — 80, 2R T
BRI, K T T v BB BAAS) . TG R BB RS DL IR B0 T -
PR T AL, KT P A R I P,

CE R TR, B PR T SURR O RERNR LR R R, BT B
ET S I T S SN e LGS I e e S
RN, A0 B R RS R SR R B ORI S TV B-PT R
Bt T L 0 5 8L, 36 P T3040 0 B T R, TR S 0,
AL R, 2 FVAT O 0 FUDHEKE, i B-PIABOR R —FORL T R, I
AL IR 1.2 £, (RSSIERRT . BRI, FRILDISh, B-piEt T LU
SN RITEFAFH, 175 B-PI BT, HLAPAUIRIET-S, o SRR IR SR
SR AOBLII R, ST S0,

CEALTAR, BT TINS5 KO, B AR KRR, IS
STRALE A PRI, B R A AR TR - B KR S M T
B L 05 CVORHSY, A, PR B 2 T WU BB SRR TR, e
RS pPI AT L.

123 AR A RITER L
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H A& B-TH 2R 32 B 2 B OB A& s o6 O =2 d 6 il B- T2
M E A%, RS R R ECRIANE], S0 9 BLR LA

(1) PEIRYE, Wida B, DIRIRIR . RMIRER YRR, 8 5 20K AT 240 ) B
133 B-NAIR, (HZTTVER BT BN Z], B mi . 202 B RiHE i) e m
WZT 96%Y,  4EFEN 99.61%.

(2) WIENEE, ZIEAWMARIPESE, —MEEdNEBErEs -k,
AL E min s 2, A— Mgt il &K i, s S 20K AE R B-2
BN, B-2 AN A KA K B-IN R . %35 H AT OB i s 3N 95%, 46
FE9 99.5%0%¢,

(3) BRIAME i, %I VEJERHR BRI E , Tl b — AR AMER, 2] T & bt
I ERA . BRMER T2 A& & sk

SIE 2, BARMEEEE R B-N R A Z UL AR R ik 2] 95% UL |, (H 2%k
TN SN SR A )L SR AT LR ™ # 75 E mie m R EE iRER R, FERE R, X 54k
IR AR JER B S E M. M, EVERIERBAAHRAM, R, HEBUML 5K
%o

WG BGE R H AT RIS, RIER A ARG, SR, FEFMAEY R
AR AT

(D) WA KBRS, Sk E RPN AW T2 & e =% TEAF B E 1 E
BT BRGSO EA AR, SRR B 2 IR R A R H B B-I AR E T 1)
ZITERAAE T IR BONE R, B2 &R Hab, EIRENEY), BA
BRI ME HER IR, AR IZE SR KR WG, B2 ik,
Me CLER Al (1) 1) o i3k R R TR AN KT E E.coil PR ZBEE C
glutamicum™" . ZIFARIE R G TFHEE R, o NIFEARIE R PR . O
PGSR 7 =R AR B B A 73 30840 A S CEERR R A A, i TS URARAE, TR
W ACHGE, ARBHR, R, HRRBERAAEONE R, T2 . Miao 25 NIRRT
FRAERL, W T OETR-TCA B G B-NAMR, M 49 h, &1k 72.05 gL', @
IREARH! B R = RRIEIA L R 0 3 &%, Zi@aRiisiam, B an, HEx
AR K.

(2) BRfEfLEE, MRIRMEET BRI, 235 X NIE KA O KRER AL ) |
RAZIRBHE UL PanD ¥ (L-RAZIR o-BiRBEHEND . ONFKBELL B-2 N IE N
JERADRBEAT KM S S AR B B-T R o [ A B R I 0T AT T, e 1 R 4%
FIH Adyrhizobium japonicum USDA 110 JRIF i KB B-2 LN, 1 h 1k 1%
B-HIAENEARK 3.6 gL' B B-NEMR. BN HIERISRE Bradyrhizobium japonicum
USDA110 K /K it Bl AT e O AL, O 76% 0 120772 T BAFAE Y ) R i s Y i
v, AR R Z, AT RS RRA., @ RARAREE: DINEIR N
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I, ZOKAE MR AR, W R R AT AN, 1R H AT A B-INE R
FEI77%, H Wu NPT YMSS-1 REAZREE KL, BHHE %M Re 814
AN BOIMESEAR MR, B IXIBUEFEMEIE 99%, (HAZIEABATAE R A 2 IR B S AR )
. @PanD %, %L L-RAARAEY), 8T PanD Bl L-RAZEME o
FENMA R -2 R, WE 1-3. PanD 2 MG G i N BT EE, T K B2
W [F 52 il T PanD B o 1B 5 F-7E 1975 4 H Manuel 55 A\ U3VR I 3K H Ay 444 PanD;
2007 A [E 4 38 m I iE S5 NIRRT K kIE ) PanD FF33E47 1 R EE, B2 B-TNE
fRr= &8N 4.7 gL

0 e
i 9. HO NH
HO ‘é 3 :
tmﬁ;
Panly co.

0
0 NH;

B 1-3 PanD FRIfEAL LR S B
Fig. 1-3 Catalytic decarboxylation of PanD
AT R BE, SCR XURINE . =B RENE, 230700l % LA oK |
B SRR, RS ORIR EEE . L-RARIREE, T A E K B-NERR, %IEE
SRBENS BRAR R R A, (EAFAE Z R AR P Lo B Al A i )

1.3 BRI T ROE

g2 G UM 7 AEZRBA . BTG e A, O REVRRIE B T ARCR IR P, i
TERNRIRBIEDEACTT], B RFARRA . @ —, W AEYIB RS, Tz
HF&ih kL &R, 9788 MRk RAfesA S 2 MTk, RAEPIRNE L«
7o AR, BRI R R L R R A VAR VR i E R Y,
U I 7S R G S AR S AT DS PP ) S8 ez ], AT Ll B ) R S, AR
—ANRFAL AR AT REXS TV AT & BN BAT RG] J. SR, AR BEREaSE Tl By Hee
T BRI BRI R RN e VEZE . HEALRE 122 . TR 1 1 22 56 1 i
HIZE RN, T AR AT BOE, REfe s R iR, EBERE NS B4 IR 4E
DMV IAEE N RSN o MRS FRARR SR BRI 7k, i 1 250G BT DL T SR = 3
i e AEEPERTE) . REAT RPN R, BARSOE SRS A 1-4.
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Fig. 1-4 Molecular modification strategies for enzymes

1.3.1 Mk

JE [ HEAGRIAE B v, oy “A0E BRI Bar 2 T, & A TR R E R S5
SR T RIS O, 8 78 S50 = Hh R B AR I I R, 0 B b i R AT SR AN I
MIBEAL AR, TR RE I (8] P 58 i B AR HEAL PT B8 75 22 T AR I TR It A, AT JfF 8
HA R E £ R E hRENIEE, %0 S 7E 1978 4E i1 Michael Smith B2 HI0?, T4
ANRIERRH AT LA 19 NS, & —AN A B SO R 78 55 5 A B 1A AR (Al AN B
Sz, BEALIRAE AT LA IR R PP S AT i EERR R A, AR E 5 P 75 B R M UIAH
RIS ML TR B REE e v, el TR s B G e . STk
PESE . WA ik E G DU R =20 BEAL AR B0 DR B 2H AL SRR o s 0 RS A g
BEATRE, SRIFINReIR M A DLRA R mUdk A TR A Mt . B e ik
AT g R B 2 A DA LR v
(1) 5% PCR

5% PCR 5 - H1 Leung 6 NS, AR & HIAINENRAE 7. Gt
PCR == Zdl ot 75 52 i) H AR BE PR 1) [R5 N B AT B i SRR Z I B ML R AS (RFS bp 1074k
FEHLE SR A AE AN 58 5 1) DNA SRR . i Rl Id 2048 PCR MR RSEE, §ir
P BC s, AT RENLR A R Mk ey, G0 SR AE RS HE AR A T A AR OR L
DNA R&H (41 Taq MIRAFEER AR 78 PCR ¥4 fEdh AL i o848 . ik &
Mg IR JE . *hF8 Mn?*. 81 AT 1K) ANTP 3 BUEK: PCR & 315 AT PGB 2L BT % )
REE, MITFEAEANF ) S R L AR . 5 1R M S T RN AR AR L 12 B HE
I FE 1 BLARH T il & v 4 HER I I 7 V. W 2T 44 PCR HiR, CliThifit
TR . AR MRS B . Su & NI 5 A PCR B M 2 ifg 3 bl & il
RAGAEE, AP kA 5 5 PCR, i UG IR &1 2.4 5 RAE1AE; Feng 58 \16%)
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o A

FIHH %% PCR RN D-Bui& BbE 3-22 1) e dd Bk AT A fese thlus, & ke ifig, 3%
1F I RAZARAE 60°CIHH) -3 W2 B A Y11 9.47 £ .
(2) DNA 4

DNA 20 5% 5t Stemme 55 N ), FH TAARSMNRAZ SCE IR 3 o %07 0] F T[]
AR B, WnT TR R R E A . JEFYRE A AR DNA 7514
AR, BEAGEREA RIS TTARE, mRVFEHPHEAEREH, %k
M RPERIEAT B A R0 R ) 988 k. [RIVS B 20 A o2 )b A 35 QB E A, fEE A
A i R E I LB ERAE, EARRIVRE L AT LR AR 2 BE LR AR T L A 1 41,
Bt TeThRe Z RN, A BT m e RS AR R, HAE YT T FR kA
HEHB P Z R REPET, X2 4 PCR SRR HARME LLSCHLR, (H2 55T
TESEANEE 5 Gy B SO SCPE ZFEVEAR M A . Lin 8 AUVMEH DNA St xt GHI1 K
SRVEBAEAT 2 A, BRAT T SRR AR IR S AR . A K 5 PCR
5 DNA 454, Luo 55 NV X Rl VESCIL 7 SRR = BRE S 14 25 59
(3) %:T CRISPR HiE M H#{t (CDE)

AN GRAR JE g R 1), (H AT ARk e AT AN 7 B IR AX B 2 AR FE 7
(1) o 0 B 4 i 1 SR AR AT DA 4 B A ) S R AN AL A G b B, I HLAT DLTR] I RAR 2 A
H iR o QR f5 R AL Re 8 5 40 i AR KAH D6 R Bl DL sl =2 0 07 U T i, e |,
A PN ZRAR A] DAAE 5256 = A inasE [ ARk . CRISPR/Cas AR T B AN & Midktk, &
PRI Z . SRR, SO R B4 . IR A B dte, R T ILEIR KR T — R 5
A E A TR . SRIFE TR BEER B Y CRISPR/Cas9 & 417 1)1 PAM 771,
CRIT7 AT AR 1 B8 [ (R 67 1P XEAS RIS BT E AN [F] ) sgRNAFY, K sgRNA 55 Cas9 4H
BEIFLE A FIEL A 3 4L PAM T4, sgRNA 5|5 Cas &A% DNA 77 A XUEW L,
i DNA PIEEHLE], REBSEIINT H AR FI R4 . fik#is CRISPR/Cas9 R JHEE, H
R R 7 V244 dCas9 8L nCas9 L5 i e i i 2 g BV 5 10t 22 B 5 POk ik g . T2 2L,
Z L EAE RN A 272 A S W, BilA B E7E sgRNA 5] 5 F 456 25465 DNA _FiET
Bl 22 1 5 670, e B e g 4R 4 (CBE) AEH5 LI C-G BIEXT B T-A BT 1 5 3,
PRSI L R as (ABE) T DASZEL T-A BN 2] C-G WX & #:. CDE CLECHE
A3 1T H, BF5E & Eid EviovR77), CRISPR-X8], CasPERIC sl 1 £ Ff
FR P E M. Lin 26 NBOR T 141 4% sgRNA, BB Yn R G0t /KRE N T 2
kARG A FRACBRIEAT G, DRI T B BRERIPUIE 1) R A4
1.3.2 EPR

S8 1) HE AV S0 T8 A 57 B A SR AL, o Il B R B2 ) T AR ST PR B E AT &
PR BT AT RAYR/> PR RN I i A SR B ik, P AR AR 2 € [ EAG S B BT 4 5
ST 5 BN R 2B BT AR O AT R B 1 A5 0 5 D R el A FH AR 18 B T A
THENUSSL TN & A S JPH S5 DhReA —& TR OLR, XGRS GE T
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HUOAL R RS G A 0 EAT MO SR A% Bk BURR 18 25 A1 AR B BRI, AT A1) 5
/IMELEE AT R ST LA/ o sl 6 0775 346 7 V2 PR AR - 1 I 3RS et S AR AR (T R, B
AR 2B, RS AE G BRI E TR NET FARTE TR, T4
it B TR TR 0THE R 200 B & B LR E BT 2 7 51 O R B S AE 1
W, ZTENFETHEREANTIELE, HERAMN B, FOLDEF®I,
PANTHERBY, PoPMuSiC 2.1B355 85T siil . BT 25T 5 TR, 41 CAVER 3.006),
CASTP®", FTEHNE AN 3D 4. XU T H@E /07 i 7 a8, RIFHIE. i
VAR EAE AT 2 AW BV BORIEEAT IO o R 0 ) A7 i 5 e gtk i F B S5,
IEABAIRAE ASMD . HAETEHEFOEAIRAE (CAST) =E TR (TCSM),
e B0 = AR SR H AR AR R . Wang 58 NS T 17 51 5 S5 M 06 R SR BE G XynLC9 i
T2 FRME VLT, SR NDT %585 7%} TyrS Al GIn7 #HATiEARMAI AR, X Trp6. Asn8 i
ITHL AN AR, X IE M SRR AT A A & 5, Tk BIR0S RAA,  DIBEA SRME IR
YIRS, (LRI S 47%. Huang 5 N BOVE S 6 SR P2-D12 5 JERA0 I & 4 45 K0 bt
f2Em b, SEHOEYEAL ST 10 NEIERR, W HRANR B IR, AT =405
53 7 RERE HE 0T ik B I AR A

1.3.3 #Et

I EE B2 LRI 8 R I 254 5 Thag vk, Gead tF St s vR L
21, B E BRI RURAR I R B B AR, AT sl — 5 e Aese ik
M2 PED HIRE. Yang 55 NPOXT o B HEAT EALTEVE s, 8 Id 45 M R4S 5 A R a1k
Zir e, AR T30 715 (QMD filf i il 2 5 B (AR LR L K& AL A P RE R A AR AL
T2l ) ROdE S A AT B T, R Rosetta X IRYIEMEH O 4 A N HRBE R 2R
FRARIEEAT REAURAE, LA Rosetta HE A EPPG LR G 0 8. R SIS TEAL RUAI2R
MIVENRHE, iE T 14 AN S, L SER I IES e THETE, Hrh R E R K
kea/Kn $2 1581 1 1660 ff5. BEEXSEEATUT S 5445 DIRe 2 [0 B0k RAWTANT, FPER
THIEB AR I RIAR, Skt s filiE i B 2R A AR, (B AR
IR AP BT, £ ERF RSO EE )8 BT RS TN LR
B2, XKW EAT TSRS N CRE SR ¥, David Baker 55 AP iR
FEEE S SRBL T R SO AL L g ARSI ST B TR, LT H PR R A BAT e P A
FETERI R B . BEOREPE BT AT X PR o, RARM TAR R, (HBAAAEE 1 2 ok
J BN R TR B S5 A S A S SR A2 8 1, T OR AR AT (10 Bl S 2 S A
B Hedhi by, HIRHS e M BEVE BT MR AR A TR A VE PR O AN AL AR I, AL T2
fbR] BERZ M S5 A4 A FR AL o X T MK BETE, H IR BEANIE X IS5 2 T AN,
BRIV 2 BRE TR AR, VR Bl 7o 4 gest — B N T Tl A= 7.



1.4 REALT k%

BENLZRAR P2 AR I RAS R, &IE 60~T0%1) 2848 & Al [, 30~40% 2 i, W
A AR 5% 1E [0 SRR, 58 [a) HEAV 7 A2 I RASAR SCEE AR B, SR Z il B R L TV
o T KGR & B S5 M EERE A BT =& LA AlphaFold2 & H M =oks B2, KA
E WIS 5o DL B RGBT SN IR RERS 7 A2 “ /a8 MRARREE, 1Nk
FRIE PR T TRAS AR ] REPEDC), R RE” 1) RS P A BRI B AR A IS ) RS AT
gt giit, RAAHGRE G NI T FIIMAA, BFEEZ DT A IR s H AR
HArE F PR A FERIAL S (CoD) ALk fhikit, DLREETE ARG, A
FEIEVEAL SRS . R TE N, f . RN A STE O A I i A A

1.4.1 fRFEAFRPIA A (CbD)

H i UniProt £ H B8 b I P81 D8l 1.77 42 5%, SXAE1G R EHIFF 1 HES AR
NATRE . BEAT [FIVR 2 Fy 21 LU BEAS TROAIAE 13 51128 b DR ~F (LR F AR 3R 1 P 91 R AN TR A A
Rz R RANM AR SF R R . WRAFEDIREA A, (B 1k S 4y (10 (RIS, AT BL
P25 3 o i 10 A DX T PR TR AR IO i, AR R A7 B H B e vy (1) 2k IR LA [R5
) HAth SR B ER I DD RER TTHRSE Ko LA CbD NRASAL AL, TRGTISEIN | BE L AesE vk
X BIEEEVE 32T . Gomez-Fernandez 55 NPTl £ P41 LU #EAT 3L Bet, $em 1
g (1 PR E T

1.4.2 FLaefb kR

BT FE A, TE = GRS R R AR L (BRI A SR R A DL R L A . Y — A
AR RS IE HL BRI, 5 — AN BT A7 L R B ik o IR SERR BL IR KR | R L 1 D R e B
A BERE O 2 T I Th e, ELFEMEALTEPE . A B PR R 578 R 25 A (T 52 1
IXEEHR FERR A LR AL . LA RN B B AR e AT SRR . DL
FAE B SOE A G TR R D Re S I NEE AR, BrEARE M T T R AR AR A . Wang SE
NSRS EAEAE (ECSMD A8 & 2 Wi AT s, 18 v AR o 7 2
KRNI GRAR TR I o R T 7 WFRIEAE N TR R, IR LR B AN T BRI
PEAT R, 28 IR NGRS 20 1 14 B8 e 1 1 DU 2R AE 4R K631V-Q597K-D5411-D473E [ keat
keat/ Kt 73 A ELEF A RUBEER &0 T 3.0 5 A1 6.3 %, Ui B4k 204 mT LATR 0 52 0 Bl i 1 7
L A=Y
1.4.3 JEHEAL RS

VRN, RO RN L, SRS, SSRGS RO s
7 T B 25 5 TR Y B IR P AL JER ) S N (R R 2 R o O AT i B 1Y) R A AT
E WA A BRI PE . BIRKZ BRI FH M RIE . (BAN, RS S
TEACTE PR UK T4 € AT, R0V, SO SL RS e DO Bk . Xk
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P L FAES 2 EEE . Wang 25 N\ OOl o U R F A0 G 1 1 481 6 AN R IEHEAT MO A R AR,
SRARTE R & 4.16 f5 TR E .,
1.4.4 JRYNBIEN =

FEAT Ll (Pl 08D, WA, OB IR IR B A BT O X T I KR, R
5 AR BERATEVEAL 5. BT I A O N TR VR OB — e AN iliE S
JRARHERON, R TR A PN R, BRSO IR S R . IR
PIA 5 2 S s O B AR AME, R 25 EREE WA — € B HAME
FUAT, X SR I8 A s O SE il 7 s PR ARE P XY REFEEISE T . Prakinee
K A5 N O30} 3 ZAORT o A0 B b AT IR T8 TR S, 3R 1 s LAl H AL R

1.4.5 AR

AR PEAL S AL TR 1 loop 3 Fo SRIELL RAENS e BE H R ThRE, W& A -
HEFAHEAN . ARG R AESE S VXS AR SR 1 3% il
FARTARL D, SRAEX I BRI T e 2 (6 82 s (1 /K A% Lo 28 i /KRBT, AT
AR, TRIES R RRE R e S M AR E Ik . BLRs SRV X O H AR X35, Li
S NUOTy S i B RIS A SRR R AT i, e 1 AR e Tk

1.4.6 SiEHE A OBERRIT AL R

H AR S TR S/ SIS A SR R A B GRS S A4 R e S D e = 14
. WinRARGINEEMK, —LRARR G | AFUETEE A RERIE, M5 lbEe
AT ) R SRS A BB A 45 5 2% A0 0 AT B8 et E AL 0% - Maaria-Solano 5 A 4T3 5
M e MD AU ELAH SC VAN (2 MR A B i b AT TH LT, 19 1R s

1.5 ARBRISLEMEERRANE
1.5.1 ELE

AR A L- R AR R o- iR E (PanD) REB6L — MMM L-RARR, LI
PBaEN T, AT TSR DY L RRAZAIRIESY), We] T EEERE N B-A
B, WMAEVIRKEEENK S B-H R .

L-RAZMR o-li FREEAEAL S MO R SRR AT, TR 058 st RBk B 5 1
B HAERZ EMEG L B-NEIRINE, R BRI —Mlg. L2 IRE
RIRANEYIAT o BiFR, R TREMLE K B-NEK, HFE L-RELEAR o
BiRMEZ 5, B L-REER o- R EE T ZAA RS P AR IS, KRR
THMNH . L-REZRIR a-BREEN T B-TH 2R S Tl iz ik (4E43R B5). LK
FRIC R . H A2 BR A A R IEAE R S B AR RO R R e, EE AR TR &,
TiEMIE L-REARIR o- AR ERAE 2R, CAVtEd RRER I L-REER
a- R BRI, (ESRTPECRANIIE, - IRMIAETE R = LR AR o- RN, X it



BoE i

T 7 HeEHE— DIRTHETE, B L-RE AR a-BiREHEL L- R R G K B-H AR
[RIEEST, X THREZIRSE B-NEMR T B R A ERNE L.

1.5.2 BREEEHRANE

BEXF PanD BEE AR 8, AW FIZH0 A FRIAR) L- RS 2R o- B R0, TERCLAE
W L-RAZR SN, T FEAT B SR A KRR RO L-REEIR o SR
MEATEVE RO, A, Y AR T K R AR A 4 LA B- N IR B RR, BAAN AT

(1D L-RAZI o- R B RT298 UL AT B 1 LA 3 /0 52 B R4

(2) BEXRMEALTEEARGE ML, XA FROBRAT ORI L-R AR o- i AR B kAT B
Beihs X RARRHEAT B AV B R AL, A3 Bl S MVl BE SR BE AR 2 1 . il pH X pH
FasEE JERRIREE . SRR L LA Ko AT Kears

(3) 3HIL I T8 7 BL R SAZ T Ji Filg- JeR ) 52 5 435 F ) AR A G0 A i A 42 e ) A
EN

(4) 052 ey 8 R I T AR AL L- R AR AL R DL R - R I 7
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L YESESYSY:
2.1 SEIEMEL
2.1.1 HRE R

A A A F ) 2 AR A ORI AN SR 2-1 AR o

*2-1 FERKRS AL

Table 2-1 Strains and plasmids used in this experiment

T k-5 R &4 FS/

E.coil IM109 SeFETE S = AR

E.coil BL21(DE3) ikt E SEI6 = SR
pET-24a(+)%3 #; % Kana Jitk. His-Tag SIS % LR
pET-28a(+) & #; % Kana Jitt. His-Tag S 2 LR
pET-28a-CorGlu Kana $iP£. C ¥ His-Tag S 3 PR
pET-28a-BacSub Kana $itt. C %fi His-Tag A SEG R
pET-28a-CorlJei Kana $iit4. C ¥ His-Tag NS g (AR
pET-28a-LisMon Kana $iit4. C ¥ His-Tag ARSI AL 3
pET-28a-StaAur Kana $iit4. C ¥ His-Tag ARSI AL 3
pET-28a-BacThe Kana $iit4. C ¥ His-Tag NS g (AR
pET-28a-Corlei Kana $i14. Strep-Tag ARSI 0 el
pET-28a-CorJei-IS8M-Y90F Kana $iitE. C % His-Tag ARSI B
pET-28a-CorJei-I88M-Y90F-C26V Kana 1% C % His-Tag A S B K 7
pET-28a-CorJei-I88M-Y90F-R3K Kana 1% C % His-Tag ENS g A

2.1.2 FENBREHRE

AT FE E A Y A 2 5 WA IR 2-2 BT

# 22 FEBS KA

Table 2-2 The main instruments and equipment used in this experiment

IR

DNE IR

RIS VR UK AR
SW-CJ-1D (1G) #LIT/ER
BXP-65 HLAH IR 55 T2 46
YXQ-LB-75SII 37 30E /1 2875 K B 2%
ZQZY-CS8ES M A XA S 3G 7248

American New Brunswick Scientific /A ]
TRPHFAL B A PR A F
S R T
S R T
R A TR A A
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Bk 2.2 FEAB S

Table 2-2 The main instruments and equipment used in this experiment

DE RS D INE
PSR (FRE. KAD SONICS A7) MATERIALS A ]
Purifier AKTA avant 2 [ 401k 1% [ 38 H o SR T A A

pH it METTLER TOLEDO  [E 4 fR A 7]

XPR204S/AC HLFKF METTLER TOLEDO H [E R A 7]

VARV R EERAH

GBRE O SO Hitachi H 374 ]

T R T B X Hitachi H 7.2 7]

TU-100C 18 iff 4 J& ¥ g —ER AR A IR A

T100™ PCR 1% Bio-Rad /A ]

Gel Doc XR+EEZ AR 1% Bio-Rad 2 7]
Winpact Catalogue 5L & B Major Science
UV-18000PC 284k 1] WG T R ARG IR A ]
DiKMA Diamonsil C18(2) % k% 1t T R BR A W

% DIeBEbRX  [E A SR ATBR A
Nano DSC IREFHE: (B HIRAHA

2.1.3 EERF KB
A 5T 3= EAE FH R A R ik 2-3 B o

& 2-3 FEAF LA R

Table 2-3 The reagents and manufacturers used in this experiment

AR AR
L-RA RN ATAEWTRE (R BHaHRA
B-IN AR Sigma-Aldrich /A 7]
i RESE ) OXOID A 7
HHE MR OXOID A ]
2x MultiF Seamless Assembly Mix 2 2% F IR A HAR A ]
Quick Cut DpnlI FHEAYHEAR i) HRAH
PrimeSTAR Max DNA Polymerase FHEAYHEHA dbr) HRAF
DL10,000 DNA Marker FHEEDEAR dbx) ARAF
TureColor X4 Tl 4425 [ Marker AETAYTRE (R BhERA A
SxEE A EREGEMR ATAEWTRE (R BHaHRAHE

SN HE-B-D-FACEILBER (IPTG) ATAEYTRE (B Bma WA
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gk 2-3 FEERAFLAEFE] R

Table 2-3 The reagents and manufacturers used in this experiment

L willE2pN A7
TR R AR ATAMITR (L) KA RAR

Takara Bradford Protein Assay Kit
SR AR (PITC)

e AR UKL N R
HE DNA P aif k7 &
PRI BB DNA [RI 0] &
Goldview %R Lk}
et SRR 52 2 2 M ) 2 1R
O (s
Il (%4
TeIK ZHR5A
1ECkE
=g (ikan)

Bt A b
FEE R T AR
Tris-HCI/SDS 223 (pH 8.8)+ (pH 6.8)
30%Arc-Bis (29:1)

FHEAYEAR ) BRAR
BB T AR AT BR 22 7]
Rt B R e A7 R 2 ]
Rt B R e A7 R 2
Rt B R B A7 R 2 ]
FEAEYRS (L BRAHRAF
ATAEYTRE (L BhaRAF

H 25 5L B A 2l A IR A w

[H 25 5L B 2l A IR A w

[H 25 5L B A 2l A IR A w

IR AT R A 7

BB AT R A T

AEE PHERHEA R A A

[ 255 B 2 G A PR A 7
ATAEYTRE (B BhaRA
ATAEYTRE (B BhaRAF

2.1.4 L-RAER o RE (PanD) EFHIIREX

AHIEFE AT AE A ) PanD 32 [K] DA (6] 5 W3R 2-4 AT

< 2-4 PanD RV KX 465
Table 2-4 The PanD gene and its origin used in this experiment
NCBI gene ID H AR AT T A 46 S
69620590 Corynebacterium glutamicum CorGlu
939033 Bacillus subtilis168 BacSub
3432856 Corynebacterium jeikeium CorlJei
985787 Listeria Monocytogenes LisMon
69589099 Bacteroides thetaiotaomicron BacThe
56749215 Staphylococcus aureus StaAur

i@t NCBI &) H B H8IET7 51) J5 58 H 2B AR A R A5 G i, HEH 5
23 Kt i &SIk 5 & BUAE 34k pUC-GW-Amp L.

2.1.5 FEEFENEE
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(1) LB WifkR: 785 FRELS g RN, 10g AN, 10 g &ML, &2 1L,
(2) LB [BfARE 7R 75 LB ARE: 2L R BB fg R, WSimEN 0.2gL .

2.1.6 FEFHWEE

(1) 50xTAE: FRHU 242 g =FHAZFILF LT (Tris), 37.2 ¢ & &Y 4R
(EDTA-Nap), HIAZ) 500 mL % & 77K, F0d i E i 57.1 mL UKBSIRIETR, &%

£ 1L,

(2) IRIZ: 50xTAE #if A 1xTAE, I 0.8%MIBEahl, InFAAa s

(3) 10%I IR : PRI 1 g Wil&%, H 10 mL 25 &1 /K¥EfE, 4°CIRAT-

(4) SDS-PAGE H A : 15%7&k: LS mL A, AN 1.2 mL 2&E 7K, 1.5
mL 30%Arc-Bis (29:1), 1.25 mL Tris-HCI/SDS 2% (pH 8.8), 0.05 mL 10%id #i {254 ,
0.003 mL TEMED, #/riRAJEMARBEKMH, Fimbd 2 em A IIAIKRGEIL; 5% 4
e BL2 mL A, AIAN 1.17 mL & F7K, 0.33 mL 30%Arc-Bis (29:1), 0.5 mL Tris-
HCI/SDS ZZH (pH 6.8), 0.02mL 10%id#ilREL, 0.002 mL TEMED, 78431827 J5 Inis
FARH, STHEIFEN 10 FLAR T, S5

(5) HERGOMR: PREL2.5 g % DiliE R250, #H 550 mL HFEE, 100 mL UK
BERR VAW, LK ERE 1L,

(6) ARG I 100 mL FEE, 100 mL KESER, BAKERE 1 L.

(D RIBEZREFE (50 mgmL™): FREURIR R R 5Sg, HERE/KEARSE 100mL,
23 To B RN 2% )5 B T -20°CUKAR AR AT

(8) IPTG £ (100 mmol-L™"): FRHL 2.4 g P FE-p-D-BRAC LI MELE, HLHE
IKEZZE 100 mL, 23 To MR 7> %E 5 B T-20°CORFE R AT

(9) JEIFH: FREL 30 g + —he e (SDS), = 81 mL A& F/K, 173 mL
IETEE, 303mL iECkE, BEERSEMR.

(10> BE5F): FREC1 g i =, /KO ESRZ 100 mL.

A fiARA: =2%-2 8. B 192 mL Gigai 20, 28 mL (itali = Z.J% iR
5); PITC-Z i : B 166 mL (i ali £ fiF, A i 2 mL RalEmRAals, R4 H.

(12) L-REAZRMEHR (100 mmol-L™): FREL 1.73 g L-RARBRAE AR, FH %
BF/KERZR 100 mL, £ o IEIE 7335 5 B T-20°CUKFE H IR A7 -

(13) B-NEIRAW (100 mmol-L™"): FREX 0.89 g p-ARIRE A, 1 LB T/KE
%100 mL, Zid TG IR 2% 5 B T -20°CUKAE T ORAF -

(14) EAMIT TR TR : FREL 26.28 g NiSO4 6H0, i LB T /KEH
21 L; 8 MR EE: FRHL 28.57 ¢ Z/KGHERR — &N, 233.8 ¢ T /KEHERA M,
12.52 ¢ EALEA, S 800 mL #B4E/K, (THEAEMPNITT pH 2 7.4, HEMKERZE
1L; 2mmol-L' BKME: FREX 136.16 g DKME, e 800 mL #H4ZE/K, 8 FH# LR AT pH
274, HENMKERE L. SHEMM . VoM SZmEH 8 56 LA 2 mmol-L!
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DKM ELBIRCE, BCE S R A 0.22 pm /K RIEMEHhIE . BARELEIR 2-5 .

*2-5 AN

Table 2-5 Protein purification buffer

1L 8 fE IR £h 2 mol-L-1 Bk Mk
45522 (Binding buffer) 125 mL 10 mL
Vel 22 (Washing buffer) 125 mL 250 mL

(15) HEAAEAHAERTTRRR: PB BRE: FH 95 mL 0.2 mmol- L™ IR —
SUANVAME, 405 mL 0.2 mmol- L MBI A —ANAW, PIZ RS G A PB BiiREh; 24
R EHL 100 mL PB BEERER VAW, TN 29.2 g &A4k4N, 14.6 g EDTA, ffHiB4iKE
A% 1L; 1 mol L ASAAN: FREL 40 g EAAAGANE{A, MO 500 mL EBAKIEAE, fF
BRAHEZERG, RS 1L; HAEBKRIE: K PB ISR 10 580 9 A B Shin
Mo FREWIITF MR 0.22 um /K R JEMEIHIE G e

2.2 pET28a-PanD JFRLHIH4 8
2.2.1 519t

511t K A SnapGene ¥4, ¥ H IFE K46 A 2 pET28a #ifk RBS J5 H1E C Uit @l
& His-Tag. Wit 51950 F% pET28a #ifAk L M pUC #ifk BT H FIZER, WEk 2-6 Fiis.

% 2-6 HIHER TSI

Table 2-6 Primers used in target gene cloning

ElEYEARN SIS (5°—3%)
pET28a-V-F GGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAG
pET28a-V-R CACCACCACCACCACCACTGAG
CorGlu-i-F CTTTAAGAAGGAGATATACCATGCTGCGTACCATCCTG
CorGlu-i-R GTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGAATACTACG
BacSub-i-F CTCAGTGGTGGTGGTGGTGGTGCAAAATTGTACGGGCTGGTTCG
BacSub-i-R GTTTAACTTTAAGAAGGAGATATACCATGTATCGAACAATGATGA
CorlJei-i-F GTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCGCTTCCG
CorJei-i-R TTAACTTTAAGAAGGAGATATACCATGCTGCGCACCATGCTGAAA
LisMon-i-F ATCTCAGTGGTGGTGGTGGTGGTGCAGGGTGGTATGCGCTTTTTC
LisMon-i-R ACTTTAAGAAGGAGATATACCATGTTTCGCACCATGATGAACGGC
BacThe-i-F TCAGTGGTGGTGGTGGTGGTGCTTCACTACGCTATTCGTCGCAG
BacThe-i-R GTTTAACTTTAAGAAGGAGATATACCATGATGATTGAAGTGTTGA
StaAur-i-F TCAGTGGTGGTGGTGGTGGTGTAACACTATCGTATTTTCTTTTTCA
StaAur-i-R GTTTAACTTTAAGAAGGAGATATACCATGATGAATGCTAAAATTCA
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PCR [ MNAR RN 50 pl, FEEFRIEAR 1 pl, L3519 1 ul, FHF5IY% 1 ul,
PrimeSTAR Max E R EL# 25 uL, JCH/K 22 uL #. Bk PCR SN 4644 S AG A B
% 2-7 s

% 2-7 PCR N 44

Table 2-7 PCR reaction condition

T I 8] R
98°C 1 min

98°C 10s

55°C 15s 30 Ik
72°C HEERE: 30s, H4: 1.5min

72°C 5 min

222 BWERSBAFERNERE

H BB DL BUA B SR 40 0.8% M B IaHE e L IKSRIE S, I 5 pL Quick Cut
Buffer, 1puLDpnl, 42°C¥HfL 1h. JEAERUE, M HPIE DNA P aiih {55 Stk 47 4l
o AL H B R 5 B E JE %R In-Fusion Jog%m i, 1288 H AR 20k
HHN 1:3 784, SN MultiF Seamless Assembly Mix ZH2% 8, 50°C/% ¥ 30 min, BI7]%%
X TESUNI 7L P
2.2.3 KGR I & AL E AL

RS2 25 M 1) 1) % 7 152 v U2 A A M R A5 R & BB R . B ORAFAE-80°C
UKFEH E. coli IM109 2SI E T k&, A0 10 uL 2441 PCR =3
RAL, BT UKETIEE 30 min, BEJE N 42°C4 816 L 1.5 min B 5 46 820K 3~5
min, JIA 800 uL LB %53%3&, 37°C. 200 r-min™! & 75 30~45 min J5, 3000 r-min” 5.0 2
min, #Z% EE 700 pL 85355, &F 100 pL WITH5), @A 75 50 pgmL”! RIRER
MR b, BN 37°CIEIR B F# A5 77 12 ho
2.2.4 FHEEALTFHIEE

PRECEAR e b, R T8 50 pgmL! RAVEZRARE S+, A 37°C. 200 r'min’!
IFEIR 5% 10~12 h, WREX 2 mL BRSO, BURL B3 HUS 5 Ry th 20 ey 40 B iR
ANFERF VL] T30 AN 10 pL FURLIE 28 22k A R TIN5 25 5L b i i B
BT
2.3 pET28a-PanD K RIRRE R 4ith
2.3.1 L-RAEAR o-iiREE (PanD) HBEIRIZE

KRR TR AL R IR G £ E. coil BL21 (DE3), HiEURERFM T 5 mL LB 12
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FHEE (A 50 pgmL! RAFEZR) 1, BT 37°C. 200 rmin’! R TR 12 h B,
VERF W 1% 1% (RS ED R EEMT5H 50 pg'mL! RIFEZHM 100 mL LB
Brgedkrh, 37°C. 200 rmin 5577 % ODeoo A 0.6~0.8 I, SIAZHKEEN 0.3 mmol- L [
IPTG, 25°Ci55#Ki5 16~18 h fitis

2.3.2 L-REZE R o-iiREE (PanD) H4fifk

PanD 26402 3R U0 -

(1) fd I S7AE BOHLEE 4°C 12000 r-min (I461F FICEE 2.3.1 &5 S %A
) 2

(2) A 10 mL Binding Buffer B840, 145385 K4HMEINBEN, B TIK L
WHE 20 min, % 3s, 1% 7s, HEME, KBHER 4°C. 12000 rrmin” .0 30 min, &0
Ja ) EiEH 0.45 um JEFRILSE & s

(3) %} 1 mL His Trap HP 2Bkt f7 e, @EFealifitt, {1 Binding Buffer 1k
10 mL “FfikE ¥

(4 Kt IE)E s H LA 1 mL-min' BRI 2404, F Binding Buffer {155 B
HREAEMEE, HER UV 2P

(5) f# [ Washing Buffer #1742’ fi/f'ﬁﬂﬁﬁ, WM 0~100%, ME 17 MEARFR,
[EALEE 2] UV fiZkthad EAwy, Fahiisks

(6) KUl &E 21 H FTHON 50 mmol- Llﬁ;ﬁ@é{%ﬁ (pH7.0) Gz, 4°Cid BOEMT R
FUNL
2.3.3 EHRERNE

FJH Brandford £ & AiFGEA B, FRERE AT Takara, HAERHEAE N 2 mg'mL',
FiRER 1 mg-mL™! 2, FRAEFE S IR 2-8 Fran. Rralifh o i 8 E Mo 2 hn ik th
ANEVEE N, FHBEEFR G E ODsos N HIWOGAE « AWOCAE AT ARAR , W BN ALTR,
HATIE, ARG I 2R RD o] oF 5t A R S
* 2-8 HEHREEbRAEM 2

Table 2-8 Standard curve of protein concentration

WERRE (pg-mL1) 0 20 40 60 80 100
1 mg'mL"! brfh (ul) 0 20 40 60 80 100
ddH,O (pL) 100 80 60 40 20 0
2.3.4 SDS-PAGE FEHE#E R KI5 &

WY EL 100 L o 25 g it i ) 4 o B Ree o DA S 24k S5 O 268, InN 25 L S8R H
i EREEHRIES), 100°C 4 B & 15 min, RAFAE-20°CUKFE & .
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2.4 L-RAER o-iRME (PanD) BEEMER NN E
2.4.1 L-REAZRA p-HE R B

T L-REARM B-Wa BRI A KM, FTEFIRFERAR (PITC) fiiEEA
REfE ] HPLC 8 A/Ma il S5 #E TRl . ROiEE Rl (PITC) A5 L-RAZIRA B-
RR I S AE BT RN PTC-2 B FRATAES, AATAEYI I AE UV A 254 nm ALK 2]

HARRTAETTEAGEAF )y B 500 pL & 408 5 S NIT 2 mL S0 H, [ O
EHMA 250 pL 1 mol-L! ) = Zf&- ZBEH LA 22 0.1 mol-L! 1) PITC-Z G, R¥
RGN 50 min, RMNEERE, TIA 700 pL IECked T4k, R EBiR .
FELERERSEE, A 1 mL ENSRECT ZEW, 4 0.22 pm AHLIEL IS UE
ZAR/ N %

HARKE 2648 (4~ DIKMA Diamonsil C18(2) (5 pm 4.6 mmx250 mm); it
A A N 97% (IKFR3%0), pH 7.0 [ 0.1 mol L' BEEREN- £ JEVAW, WBIAH B ¥WN
80% (AFRHD /KR, WM 0.45 um G HLIER T E 347 A H; M
R ZEAE R BB 254 nm, AR 40°C. BAEEGEAR T N: 0~30min, A R 95%
TR 70%; 35~40 min, A EWRH 70% 2 95%; 40~42 min, A JERIKEREEA
2.4.2 ZiFEREIE I B 7k

Al RN AR ZR A 1 mL, {FH pH 7.0 FUBEER Sh &2 MU Il L- R A2 IR RERGIEAT
B, FMRERZOKEN 100 mmol-L!, 37°C& @B A 10 min, JOA 0.1 mg [NEilE, &M
10 min J&, 7E 100°C4&: )& i 4 KiGALEE 15 min.

Pl S € ;7 37°C, pH 7.0 KM, B4 LK) L-R ARV 1 pmol
B-TN R It 7 2 ) g 12 0 SUN— MIE B4 U (umol - min) 6
2.4.3 BEIRERW e

# 0.1 mg EAHFFHE T 30, 37, 40, 45. 55, 60. 65, 70. 80°C& @A TiH 5
min, 285 5 FIREFHEHGE 5 min 1 pH 7.0 [ 100 mmol- L JEA) L- K & & B 4N S M. 10 min,
D BT 73 BT I P 0 S S
2.4.4 BEREENE

# 0.1 mg BB E T 30, 37. 40. 50. 55. 60. 70. 80°CH## & 30min 5, BT
UK VAT 5 mine IAZEKEE 100 mmol L Y L-REAZEBREN, T 37°C, pH7.0 %4~
SR 10 min W8 TR RS o K 5 B E N 100%, 70 B il B B Ae e PR 520 .
2.45 B3& pH WE

¥ 0.1 mg EAFFE T 37°CE BB T 5 min, HHJS 2 HIINZE pH 3.0, 4.0, 4.5,
5.0, 5.5, 6.0, 7.0, 7.5+ 8.0 9.0 M, ZZrPlH & 100 mmol L &Y L- K4
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RSN, M 10 min, WEEEEM, BRI HIE MM pH.
2.4.6 pH #& 2 19 52

# 0.1 mg BAMKET pH 3.0, 4.0. 5.0, 6.0. 7.0. 8.0. 9.0 LM+, BH S
h &, MAZIRE 100 mmol L&A L-RAZ IR, T 37°C, pH 7.0 21F N XM 10 min
D52 TR ARG o K B B S 5 SN 100%, 34T pH X i RR e M RZ I
2.4.7 JEYHII 2

TEAWRE 0.1 mgmL ! 2FE F, 2NN ZRE (1. 2. 54 10, 20+ 50, 80. 100

200, 400. 600 mmol-L'") L-RAZEEN, T 37°C, pH7.0 %M T, &I 10 min, Mz
AN IR FE e T RIS TR 224k

2.4.8 B EEHN €

TEZREE 0.1 mgmL! 2EE8H, 2 BIMAZOKE (1. 2. 5. 105 20, 50, 80, 100
mmol- L) L-RAZRH, T 37°C, pH7.0 %MK, &M Smin, Ffif5 100°C. 15 min %
1B, $08 2.4.1 BT 35Aail B-T8 2088 = &, IIE W46 I B IE 28 . SR A GraphPad Prism9
BAEH AR LA AR Michaelis-Menten Xf B35 3170 &, 1532] Km Al Vinax 8, HET
T ket A1 hecar/ K 18 o

24.9 BREE (Tm) HINE
A [T TR K PanD 1] Tm B85t Nano DSC Ml 2 . E AR E IR -

(D) Rk aiK SEHTIBHAT B A2, Je R 207K I BE 2 LU A R: St PR &
WEEVEIF 78 S LU AT i, BCEIREHMXE 30~130°C, k77 3 atm, JHEHE
1 °C-min!, FEE 3 IKk;

(2) g R 4K IEPERE ahtl, R Al in AR ath, & EIREHEREXE 30~130°C,
J£77 3 atm, FHRIEE 1 °Cmin'', HEE 3 X;

(3) ffiH Nano H 77 Hr b FEE MR, {8 Two-State Scaled BRI A, RIT[13
2 Tm 8.

2.5 L-RAER o-IiREE (PanD) HI4F s
2.5.1 L-RZE R o-iiREE (PanD) FIBUEREE

i AlphaFold2 7 FRFE AT B SRR PanD HEAT &5 R FL, T A4 7 38 i Maestro
A AT MR 8E, A Rosetta ddg X7 M 10148 J8) B ) 28 25 R 24T Rz 400V A 58
A, BRSNS A EE NG B HEe IR R CR AL s AT AR
2.5.2 RAMKSCPE RN R J5 1

RAF G| WK NNK & HZ 1, 519003k 2-9 Fox, @ id SR B R A 1§ PrimeSTAR
Max DNA Polymerase #1742 ik PCR, HAKKMNFHFZHE 2.2.1. % H Dpnl T 37°C
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Xt PCR P=9) i3t A7 B ) DAVH AL B A AR MR, B fo 364k 7a B T8 £ B E. coli IM109, 1347 TF
M b, Frri B ETR S, BB NP BRI E TR, $REBUR S TR, BN RARA

R 2-9 AR PFERER 514

Table 2-9 Primers for mutant library construction

ElEEZR i sl (5°—37)
26-i-F CTGCATTATGTGGGCAGCNNKACCATTGATGCGGATCTG
26-i-R GCTGCCCACATAATGCAG
49-i-F AACAGATTGATATTGTGGATNNKGATAACGGCAACCGCCTGACC
49-i-R ATCCACAATATCAATCTGTTCGCCTTCC
55-56-1-F ATATTGATAACGGCAACCGCNNKNNKACCTATGCGATTACCGGCG
55-56-i-R GCGGTTGCCGTTATCAATATCCAC
88-90-i-F GGGCGATCTGGTGATTATCNNKGGCNNKGCGCAGTATAGCGAAGAAG
88-90-1-R GATAATCACCAGATCGCCCGGGCTAATC

2.5.3 R E RIS Rk

RHE & FURL S ANRIETE £ (DE3), IR TP L. SRHCP AR R R, T
96 fLAR P, FiFE—BURAS, FEES— 96 JLBP, £ 2~3 h 5, IANZIKEN 0.3
mmol-L™! {{) IPTG #F, 4kELHIF 12 h U, B0 BiBJE, B 500 uL, ¥Ry 100
mmol- L™ [ L-RAZ RN, TN 37°CREPR M 30 min J& B, FHAEG, EIEE
VEE K IVSANAT B

M J7 ik FRALARHIAITHR R Z 0T, AR LR AR B- A ZU IR AT [ A A AR
SRR AR, IR MR AR, ATE R B H K, %R I ke
VEARS 8. AEBREMAR FImid% 1.5 cm ALRIZ, FEMEIRG 1 em, mifE 1 pL, Jomilb
JRW) L-R A IRARI =) B-IN R, FARUCR LA A, BT EHTL T, e
JE, FETFRIBOL AR Foil % 1 om A7, JRHTZ) 3he BUREEC  FIWOXHLRCT K
)T 711 i 320 S st B = - £ RO AT €, PSP R XTI 2 HH B R L B
BURTHEAT WS o 45 BT TE 1R OR A RIS 22 L THEE AR A TN, #5E RAZ
(NEVSE=E-1 8

SR RIHA LR BCRAAL AT A4, T E SRR
2.6 TR IIFRBUITIE

ABIEITA 735 31 12BN Charmm 36 force field fl NAMD 3.0.0 #fF. 28K
FEFT B RUE PanD BT AR LL S AR (I88M-Y90F-C26V-R3K) {45143 AlphaFold2

AR, ([ Charmm 36 JJip AU EF A BRI RAZRLE 300 K. 50 ns N7 TR,
HH VMD #AtE75Ar B A2 B DL R RARAR H)IE BPIRES -



PLEAB AR SRR TS, AW RSB —FEHNE.
BERREE4A, BiH: https://d. book118. com/24700615000
3006046
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