i 2=

wm =

1,4-T ZF¢ (1,4-BDO) 1EN—F R EPEMI R Mk 22 i, RE AR DA RSB 7,
HATAHEY TN T AR BRI 5SS 1T H ATE R AE VIR IR IR G %
1,4-T ZEEMISGE . KRS T 2 MgBEI 77, MWE T —%LL p- Tl (GBL) A
A 14-T BRI p- T WERE AR B BA BERNE T, H2 X8
P S R N 45 DA A R IR DA 1,4- T I R L I AT AR A R AR SR
FEmb S HE . ZER AR Se R SN BE K IRES (ChnC) K p- T WBSAKIBEIF IR AE i 4-F2 5 TR

(GHB) , HEEMERIRILER (Car)  FEMEAR (YghD) KIERTR, # 4-BRETRRM
AR RAE R 1,4-T Z 0 [R5 N ERBERE (FDHD) % 7 NADH/NAD 4 B 5 1
BARS . WAL ER 4 Filgr)SLEEAAE R T S23 7R BRE & U 7 1,4-T —BE.
FER LR

(1) ¥kV5 T 203K % (Rhodococcus sp.TK6) HJ Rschnc. SKIE T ¥ VE > F AT B

(Mycobacterium marinum) () Mmcar DA J& Rl T K 4 1% (Escherichia coli K12 MG1655)
(] Ecyghd =8 lg LR 7> HITE E. coli BL21 HiThrafE ik . By it i 0.
ChnC H LR 0.95U mg™, Held Je S JE Fl7E 35-40°C, 7E pH 7.0-9.0 YalH 1 2 A
BE AT Car ULLERIE N 0.28 U mg?, &id SOV IR ELE 30°CHT, 7€ pH 7.0-
8.0 Ffir HAR M EMTEE; YghD WILLEEE 0.43 U mgt, & B VG 30-
37°C, 1t pH 7.0 P HA #m AL g 1

(2) P - BEME BT 77726 ChnC g A AT AR PEEUE , 1@ 5 N Zhisi 3 21
— PR B IR SRR ST, A 53 AL fN K166C Fll A197C. i RAFRTE 30-37°C
MR, MW 20h EAAERL 35 h a4, $RSE 175 £ A pH 7 Al 8 AR T B A AY
PRI T 20 h 4 o FHREN XGRS FE TR OCEERR RS Car 3HT T %t diidE, il
S RBS JPHIMRALFI 73 TR F B, SRS EITR A N1, HAEbae ) B8t m, 1EAH
F S 1F T IR BT AE R Car [ 2 fi5 A4, A A8 N A882H.

(3) etk 7 Z BRI B A= T2 £ 30°C pH 7.0v XHEBRFE /) (U-mL™D
WME BN 10 3: 2 (ChnC: Car: YqhD) , y- T WERARINE N 5 g-L ™, S [E 60 h,
14-T = gEin 8] 241 gL, BERFALE R 46.1%, 2SRV =
375.4%. TEATH AR S1 LK NL J5, R 60h, 1,4-T —REr=miss] 3.22g-L7Y, BEER
HALZN 60.1%, S EAECT B A RIS 2 133.6%.

(4O T HEIN 1,4- T B (7=, R F IR DI SR WS o CE A AT AN B L T
A ST L N1 B, 23R 15 4.36 gL 1 1,4-T 8%, P22 0BT A AL 123.9%,
JEE R AL RILF] 80.6%; (EAJRMIRINES, 14-T - EHxmEiaH 9.16 gL, #AE
B AR 145.2%, {HEBEIREEAL AV N 56.5%. fEILIERE b, kSRR SN (I A, f%
& 14T R RERET 1297 gL, PEMARTEKRN Z BT 41.6%, EER
AL MAET % 61.9 %.
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Abstract

As a bulk commodity chemical, 1,4-butanediol (1,4-BDO) is mainly used as a solvent and
a humidifier, and its derivatives are used in chemical synthesis, pharmaceutical and cosmetic
applications. No natural synthesis of 1,4-butanediol has been found in living organisms. In this
study, a pathway was constructed for the production of 1,4-butanediol using y-butyrolactone
(GBL) as a substrate based on a multi-enzyme cascade catalytic approach. Although -
butyrolactone is not directly economical as a substrate, the construction of this pathway can
provide a strong technical support for subsequent studies on the synthesis of 1,4-butanediol and
its high value-added derivatives from glucose. The pathway firstly uses caprolactone hydrolase
(ChnC) to hydrolyze y-butyrolactone to open the ring to generate 4-hydroxybutyric acid (GHB),
followed by a two-step reduction of 4-hydroxybutyric acid to generate 1,4-butanediol in the
presence of carboxylic acid reductase (Car) and alcohol dehydrogenase (YghD); meanwhile, a
NADH/NAD" coenzyme cycle regeneration system was constructed by introducing formate
dehydrogenase (FDH). Finally, the enzymatic production of 1,4-butanediol was realized with
the combined catalytic effect of the above four enzymes. The main results of the study are as
follows:

(1) The three key enzyme genes of caprolactone hydrolase from Rhodococcus sp. TK6,
carboxylic acid reductase from Mycobacterium marinum and alcohol dehydrogenase from
Escherichia coli K12 MG1655 were successfully cloned and expressed in Escherichia coli
BL21. And their enzymatic properties were preliminarily analyzed, the specific enzyme activity
of caprolactone hydrolase ChnC was 0.95 U-mg™!, with the optimum reaction temperature range
of 35-40 °C and high catalytic activity in the pH 7.0-9.0 range; the specific enzyme activity of
carboxylic acid reductase Car was 0.28 U-mg’!, with the optimum reaction temperature near
30 °C and high catalytic activity near pH 7.0-8.0; the alcohol dehydrogenase The specific
enzyme activity of alcohol dehydrogenase YqhD was 0.43 U-mg’!, with an optimum reaction
temperature range of 30-37 °C and a high catalytic activity near pH 7.0.

(2) Stability modification of the ChnC enzyme protein using a semi-rational design
approach to obtain a mutant S1 with a significantly longer half-life by introducing a disulfide
bond, with beneficial mutation sites K166C and A197C. The half-life of this mutant was
changed from about 20 h to 35 h at 30-37 °C, which is a 1.75-fold increase, and the half-life at
pH 7 and 8 was also increased by about 20 h compared with that of the wild type. Next, we
designed and modified the key rate-limiting enzyme Car in the transformation process. Firstly,
its protein expression was optimally regulated by RBS sequence. Then, we used molecular
docking to simulate the docking of the Car protein model with the substrate 4-hydroxybutyric
acid and coenzyme. Predicted modification of key residues near its substrate binding site. The
final mutant N1 was obtained. The catalytic capacity was significantly improved, and the
conversion efficiency was about twice that of wild-type Car under the same conditions, and the
beneficial mutation site was A882H.

(3) A multi-enzyme cascade reaction was optimized for the production of 1,4-butanediol
catalyzed by y-butyrolactone. The results of the optimization were as follows: the yield of 1,4-

17



Abstract

butanediol reached 2.41 g-L! with a molar conversion of 46.1% at 30 °C, pH 7.0, and 1:3:2
ratio of enzyme activity addition of key enzymes, using 5 g-L™! y-butyrolactone as substrate for
60 h. The yield was increased by 375.4% compared with that before the initial optimization.
After using mutants S1 and N1, the yield of 1,4-butanediol reached 3.22 g-L"! for 60 h, with a
molar conversion rate of 60.1% and a yield increase of 133.6% compared to the wild type.

(4) To increase the yield of 1,4-butanediol, a substrate addition strategy was used. In the
absence of substrate addition, a final yield of4.36 g L-1 of 1,4-butanediol was obtained when
using mutant S1 as well as N1, with a yield of 123.9% of the wild type and a molar conversion
rate of 80.6%; in the presence of substrate addition, the yield of 1,4-butanediol reached up to
9.16 g-L'!, which The yield of 1,4-butanediol was increased to 145.2% of the wild type, but the
molar conversion was only 56.5%. On this basis, the reaction time was extended and the final
accumulation of 1,4-butanediol reached 12.97 g-L"!, with a 41.6% increase in yield and 61.9 %
molar conversion compared with that before the extended reaction.

Keywords: 1,4-butanediol; y-butyrolactone; Multi-enzyme cascade transformation; Coenzyme

cycle regeneration; Molecular alterations
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1.1 1,4-T =B HAER
1.1.1 1,4-T B AF0 S

1,4-T —E% (1,4-butanediol, 1,4-BDO) s&—FMIERIRAIEIENAMEY, TN
C4H1002, FHXT4>F & 90.12, CAS 5% 110-63-4. 7E TANVAEF= /R N —F0 WK A 4=
i, FFARBEEME (&L T =5 Cnpuamkm) My ghat, HAa7Eian]
ATHliE—RFLHHEY, BFEEE. REAE. 24, 2. BT 8 T BT g
pptel, B DA 1,4-T R AL G i) 5 28 32 RO T A vl RS i A I A %
PR (LIRBIE T Be) FIREIR R E T2, Xk S8 T AT REVRHE B DL K R 5575 e
LR IR, Fik, RE 14T ZEA N ENRRE, @5 NG A M
R 5 B A NIR BRAN R AT T4 TR R4 N 1,4- T R N TR MRS, SEBlE &k, Al
SR 1,4-T ZEEAEY G O R A2 21 el — AN ZE PR

1,4-T /RN — P B R A e i, R ELR AR A P — S E A LR 44k T
JEkL, AFERMIE HIR T RN 4E. TR E PR R, B R T
BElE (PBT) HA RUFIOM . BHAFI B4 S 2 A MR RE AN LU I Je 82 n LIk RE, Al
ZHT . R WLELE, IR, K, ZiEiEhn TR T UERRR (THF) &
—FiE DL BTk, AT AR A LGS e R A1 2 R DU H R (PTMEG)
MR R S 20 B HE AR SR 5 2 SO R AT IS B ke L WA L F i R 5 v R
BB, A, 1,4-T SESE T AR s N R VA RIS 1,4-T SEEIAT
AT TG — RV A S EN EE LA YE, SRR, REK. 22,
RGBT 2R T ZRER AT DA R R ST, T 14T A E
JTZ WM AT, #FIN NICNAS miHE s Tl ik iE R (HVICL) Bl R
WE . BEE IR TAT W B R, 1,4- T SRR T R A 2 B /e iR K, 2023
FEF A ERE Y 2 Bk B 200 AMEC), $EHRE, 1,4-7 B HRTRER SRR
Bl 61.9 123ETT, TitH] 2025 EH¥ILF] 126 123E M, XEBIEHY], 1,4-T —FEH
o B AV FVE Bk B, DB T — 12 B R A T A U R

AR R | /AR (PBT)

PBT L% K. PBTL 4
1,4-T —EE (1,4-BDO) EEIH L.

1,4-Butanediol 855 =] }Iit
L4T=8 12% = @TH

OH 35%
HO/\/\/
DU (THF) e

oo 1 14%
R R YR
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v- TS (GBL) . E&EME (PU)
2, ey, fhlledh. ORCESES
B 7=
B 1-1 1,4- T ZEER N

Fig. 1-1 Application of 1,4-butanediol
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1.1.2 1,4- T A R B WA SR IUIR

HAr, SERUEN 1,4- 7 2B T B EF BN A RE, BT 2%
e R (Reppe v2) « PR GEiE AR vEI . Jorp,  IREFVE B L RIS,
TR, BREAC, AR A RER A, B B TR =%

A E A AR I B R IR SR A 77 1,4-T ZEERARHHEAE, BT DAILZE & 220 H
B AR AR N 5NN TR0, ki i i Se6 R ek A 1,4-
T B, 2011 4F, Yim S5 U0l TR KT ESCIL T 1L4- T ZBERAEY & 8. ]
IR AR, QG T NIRRT IR & i 1,4- T B RS, ZBaHEAD
B TCA JGF T B PR IR A N 1,4-T 8%, FEu o SMBER RIiRIL, R
FEEIAF] 0.36 g- L. 2016 4F, Burgard S5iE it X LK AR AT T EA LU AR AR TR
i, VIEIEPEARY, f 1,4-7 B 8k 3) 140 ¢ LY, I H I Tk =,

ZJa, NIRRT AR 7)) 2 KR ik £ . 2016 4F, 11dikoé Miklossy
SRR AR AE—RRIR, BN SN BSOS TR, SEI T AH
M 1,4-T ZEERA RS, P8R 0.89mg L. 2017 4F, Yi Z5E i AERERR LA %1%
WARRALERADRFENN 1,4-T 2, AFGN D-AKE. L-FIRA A D-P LRI R
A= (TCA) TEMTAEMN AL AR TR, &t T — AN E T AR R
B RV KGR LN ThREFE R, 86 1 21 4k 2K SR MR AE B AL AR i 2 [ 4K
F) TCA MR T 1,4-T M AN TAYA BgRE .. S ifEMSoE Mg Es. o
i P it PR B AT 2 B e SR, RO T RERE N D-ARKE. L-Bal i ApEAn D-2F FUBE RS IR 26 b e
A 14T SRR EER, PPES N 120g L 15.6g LY 165g L, XL
UEB T AEBERRA AR NS AR TE T = AR W& BURCR I A Wi R 1098 7). 2019 4F, Dai %5 F]
F AR BB A0 M A AR 7= 1,4- T 208, e 7 UNVE R (CERIREE. iR
FE PR RN pH AED X 1,4-T ZRE=E sz o, RIERAER M pH A% T 1,4-
TR TR 80 g L' AREEHEREN KA, A% E (ODeoo) 4 30 B, 1,4-
TR IR IR E] 34.5 mg LY, MRALE A EIE N T 5.8 fF. 2020 4F, Wang %%
I ASE AR &, fe8 MR FERR A Tolk R EE C3-C5 M, P EEE
4 15 F SRR 1Y AR o AR AR 5 A 80w B2 BRI R T g2 45 A it
Sk, [FIPRE R IR I SR B R G Y KBRS HE o-FR 0800 . 25 T IR W s B T 2R F 6 .
RIS S VEAMIE, TP Z RN LR R R, 45 1,3-8 8. 1,4-T
TEER 1SR RESE, RRRIAL T 14T SRER AT, AR LUAE] 141 g L

1.1.3 p- T WER R A

y- 1T A8 (1,4-butyrolactone, GBL) , X4 14-T Wlg, 2&—MEHHEY. oF
N C4HeO2, X7 TN 86.089, NICEIE AR, H TAZHNIE. Mg el 2
T A2 o W 4513 | I = | O 1 2 o O = =1 i S O S S BN e e R A v
PRI BEAT 2, Ui AT 0w A A W SRR B LB s Bt . T BN AR 5
R EFEEMENE, L= RBURY, WP =R G HIE S g T B



1.2 ZERERRG IR
1.2.1 ZEEFERRGHIE A

FH R 5 A P A TR A 1) 35 b A A Jse I8 28 st 2% BB R AR B AR L T R ) R PR N 2 il
T RGEI8 By L G A 2 BRI AL R G, I S 8 R
TS B Bl R CEAR SN AT B P RIS, DLSKELRY) 27 e, i 12 fos. &
HATHER R BIF=9/> B TR 5 3] 1 8 s 1200, S BEOG PR F A R G042 fc o I I 4
MAN 2B R S8 RN B A AR M R g (A SE R A, B DA 7R B — Sl (4314
FR R i S 20 A R B S OB R SEIL = 2 A B AR B IE IR B A o TEAHITE T
b, BRI SR IR AR TR L EERE (Candida boidinii) 1 W2 i 208 FDH #E47 18 B SN
HUESEHL TS NADH BJFARIAH . SHAMUMITEMLE, 2R RS EA KA
LUNNIIBGY

(1) LSRR TEER LG, B AR B A3 LU R TR () Fs o3 T B, I L 22 g B Ak
RGN RIS E Ae 5, B, HIPvER = i B RS, 4. B IE
fT B AR = A L)% R 22

(2) MHTEE, 2R R SR DL — PR AR N B 4 2 D IR I 2 b 2
R, BA AR et s PR V5 G L A PR R PR B B T R AL A e I A
A FIFBRAR Mk A 7= AR 23,

LM RS BIR R UL LA A, (B — SR AR ) 8. B, H Ty
5E B % AN TR Bl S AR () Rk K A s IR E R, FEBURMEERE AL, AR
KRN VAR ER AL, T RS R R SO R B R, BT R A AR R,
AR N R T B, MG B4k S:, & FEG R T SR, X )
REFR G T Z MG R GG ) 2N, 75 B A — L e 1) o F Bos o i
PR B AT AR AL SR MR U 1224 R B 11 A7 1 1) L8l

7Y

k1
J&Y)
1-2 ZERIRR G L

Fig. 1-2 The catalytic process of a multi-enzyme cascade system
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%M R, AR Ak KR S5 547 4 (Ribosome binding sequence, RBS) [0 261, 1
IR DU, SRR RIS B TR kT, (E RN R DU SR kL, B ik
[F) S0 P81 7y 2 H R FH iR % v

(1) RBS [FHIEH A AL HAREERI B HiiF RBS 7212 8200 21 8 1 B f3E 1)
AR, BRI H B8 B RIE T DO B A i RBS JRAIRIHEAN, AT E ek
AT I RICAL o

(2) FERFE DA 3G . 8% R E, B O 3Rk B o 52 3 AL R DL s,
T AT LA T 1 i R s A TR £ % DL HIOR A2 1 22 Bl Bk R 4 IR S I8 P S S JEE o SR T
16 4 M 2H B I FRIA A R 2 B DU sg e, I A TF 2 R DL E B A
SRR

(3) BEHAFRMP R T T ZEEHRIE I WS AL R — 2k
RKIEZAER . FFH ARG 307 BT 380 o (H 2 1 BB 1) 22 R B 2 I i
BRI R IE K2 HILEARHIIL R . H AT FH g Ik AR R B R R R I — >
MESN T, AEREAS LR — AL S 37 B 6] N TR IA .

(4) A AN [F 8 DB e ks B 22 A R AL SRR W T [A]—#dA b, {HIE AT
DI 2 3k R AT L 3R0E o IR B R R S0 5 B AN R TR A [5) 52 ES Vs 1R kL ik
ITIERE, FHAER—AME EAM b AT Rk o AH A I — AN SR A7 AE AT BE 23 520
F—ANBURLIHE DU, B — POk BB A ARR K RRAR . [FII, ARSI TR
16 5 20 LK 52 1) e B A AR, A IR A 2 5 i 380 40 i A K R

(5) B [m] S —FRORUL, B0 1P 2 6 1 32 4 i 1) M 225 DR e ik /K-
T FEE M o A5G0 — L SRS AR LB RS o DR A — S [ SO X S e
BRl P B3R AT A 2 12 v U 20 DR E 1 = 48 i R R 3R KT

1.3 BT R B T SRR
1.3.1 FEEE T HIFEN

TERN—FRET 2 Rtk A RCR M B AP A Bl a] UL 5 R 38 7
JRNIEZE, [ A R R, RSB A B A S AR R AR, B AE
H AR TR I TR S FCN 52 B BAR AL AR BESRONIN. H 2 1A A7 AR 5 22 5% € TRV ik
POl TR OB A € ] H AR AL« AR AN 23 TR PR IR B 1 SR 0L, (R R ST
VBT R DL, IR NE T RE S AFAE — L, PO RIE R B E0E T A I E 5
SO, ATER R RE X125 8 1 B ) K 91 22 (RS EAT SR o SIEIR T ¥ A O 22 A R 3 A%
Ry g PR e — 2B R 1 SRR . W WEFEN AT UG S 3085, Al 1A
A 3 S N KPR S B 2 PR TR 00 ROR A e 1), T R 1 A e i SC IR SE R EEAE
SRABBLUE — B /N L 5T B e (0 ST SRR e L3R (] R o 3K 8 75 3 e R g B R

B 5 IR EAVE BT R R AR R OB IE T . =R A5 MBI AR AL
BAEAE A — e BRI AL L, i DA SELR R B, Xk o B T AR A IR
FERRIEAT 5 MRS . MARAR . A RARBY, %05 A T AR B B AN B vk 2 ],



BoE R

SOl TP IR, BRI T BORT R N R B R RAR I, R 5 B ik
Jiik, AP SRS H AR RARR . PR BEAS R T2 A LAREHL R A . Fr BrEE A
[R5 RAE ARG ecids B B LA, Ay d e K P SR A A S P2 AN 0 32 B 1k A AR (1 A B i
T S T AR EE T o> T 7 Tl il BT AT REUOR N R
MBI Bt R, e ah & T HRTRIL R, RBUERN &)z, RIFA R
D aEIES VRS EFE R s 7N

1.3.2 FEE R FREE

AP > 2 1 T 32 B AR BT A R S I B LIS T 4 A R Tl &
s RN, e 1) 3 B RNE A LR =

(1) BEFXE A SRR ZERE B TR v 200 B bnkE L4k, W Santoro A
Schultz {3 F$E [ BEHLACAE T BE B & P1 1 Cre DNA S BGRB8, X i
) S g0, R SN e B P D B PR B I 4 ko B ) s B A ) S AN B MUK D B
Bk FH A B RAR . AT BRI Al BetE 2 By, [R5 AN R B LSS A L,
s B D IR R I A AR

(2) FEALRAR f5 B0 TR e S LA AR AR, 41 Geddie A1 Matsumura F1]
M DNA shuffling i AR FF 3R 105 S, BRI UAS “Hs” SHATHE MR RA, 1Bk
T RKIGAT T p- %0 FERE TR 1) R4 S0, (VAR T 70 f5H935 KBS, Zou Z5f# H
T HURN AR AN A B 2 A SR AR S R A A K A B R Y L BT

(3) FETIFENABIMA AR, W Hayes K T —MA AEARKITHIIM
(PDA) PR BYSC T 8 SR B8, -F F0 mT AR FH B 75 4 8 1 B (P 51 Dwyer
ST BB T L B 5 1k F T B 0 MR A e S R,

AHR R SO TR I TV B AR T B R R e TR A 1
i, I GRS SRR E AL B AT RENLRAR, BRI T IRIE SRR AN, RN SR
AT SR A T 5 K T A 8 S 14

1.4 HEEAEERSR

PR — FESERR M A 7 N A o EAR e i — 2R, AU BB AE Tk 2B (AL A5t
A G EEM RN A ME . H X — AT FE R HS 4y #5275 2 4H S NADPH/NADP”,
NADH/NAD 25, {HZHEEA S & 5 % DLRANR S TR E 1 AEEAL S B4R &
IR B A V)& SERRAL P 0, 03X 0 A 3 B B2 Tl A 7 B e gk — 2 A
M2 BRI R E . B, ME—B R @SRRI A RS RA 2
i

YR ARG R A R A S Tl SR A R S 3 ) A LA 1 A S22 7
R 2, SRR IN/> BE RGNS, ORAIEAE SN 28 i T DL DL — 58 AL IR KT
TEIMEA, SIS T BRI R A 0 H 1. B RTEBE IR A A R B R
e etesEk. AR . H PR SR A U 2 B T R .
LRGBS R P A BN A A A S H R AU AR

=



ANEE N2 N A TR = VA7 9

il V2 AT O A S 3= A BB DR A I AR IV P A, FLrh B AR DGV s BN
2 VA, Z TR IE G A R G X BT IR, 1% RGE— M R [F S
A58 FH PR Bh A8 300 il e AL AN [B) 7 T BRSO, — > Bl AR AL SR VD R4S 740, T 53— Tl e
T 55— [R) 1R s I SEEIU A B DB 3R F-2E o X PP AR R A N O 20 B AR VR B AR R
U EAFSE PRI LRI B 25 190 SN 25 AT 25 5 48 1 S5 R

R S B (Formate dehydrogenase, FDH, EC 5: 1.2.1.2) wJH T H RN &L
BT R AL, RIERERE% NAD' M) NADH FOIEJE, BT PAZE Tk B3 WA HiEE NADH
(R AR . o I RIE T 1R TR 22 B (Candida boidinii) 1) R i (%,
'E H AT S R A A A A SR BRI, H T2 MR PR DAL TR S50 s
AV ITAE D R A P b, TR ™= 5 T2 B T8t B2 S & Fhids n 7
H, Iz SRR AE AL ) FDH A77E ) i) SR B AR, R A~ il
Hr 25 25 LI 1) R B NADH A 2 T BUR 2= M AL R AN m el R A 5t
S5 38 I FH AN RIS R o S P 2 AT X, 3BRA5 T 0B IR B e i, RN
FHEAT BUKYE R BSOS 73 A, R 3R I SRARAR HEAT Bl M BRI 70 Bl 80 ) 7 S5t 7, i
ZR1G T BRI TUBTS R AL S8R 35 B i a2 AR

1.5 AR SCHISLE DA KRR
1.5.1 @R CHISLEKSE

1L4-T 2 —MEENE RS, A TER., REEMALa4Er4Er-. K
SEFRRELIANJLVE ST AM . SR, 1,4-T ZEEARRTEARA CAIAED F B4 . B
e TReE T @SS A v B AR A A A JFoRLE A 22 iE , ARG G50
PR, i HEIE T A BT B ) R T AT PR A BEYR A B H 2R
BY)TREF R — M dusss, AR 1,4-T R e A2
WAEDER & 1,4-T ZBERIE T2 F R RN AT 2 RER A, A 2011 58
— RN IE R TRE R # SEBL T 1,4- T “EERAEMERLIKE, B4fBokBRE K
ANTAR 1,4-T ZEEMEHF B SR arHuet 7 — &R B 1,4-T ZERE
R AR (B 1-3) , AZBRARARN T B AT S R s 20 Sk 1,4- T st A K
AP BR AR SRR L SR, IR AR BT S ) B A S 4-2 5 TR (GHB) # 1,4-T
TR SR R N . DRI, AR SCHE R AT R 4-FR AR TR B 1,4-T REA RN
IR . (HAZ T 4525 TROVESIZ) 5, RESE B & 5t, Bk, Ak
SCAELAR T 4-F2 4k T IR B RTAAY) B BRI IR - 8% (700 Jo/mg) LA »-T A (0.02 JG/mg)
s 2 J5 P e A B BRI B - T WBRTE NIRRT W T, AR ST R A R R4 e 2
DL BN R TG R 1,4- T R ARBREA LG i 1,4-T RS EATAY) (g Xk
TR RIET ) $RftIent=d, dah, 14-T R4k — il il p- 7
WESA TS 1,4-T 8, Z L ZFERHAESBMHEMAFE (Ru) H5BE%EAE. TsDPEN,
MsDPEN 7EEHIMEH T A RET BB &, % E-aWEY HCL A2 J5, 75 EAE
T 20%B0 T EEAT (+-BuOKO) Y 2- BRI 2t - T WER SN Hz (5.0 MPa. 60°C)



BoE R

SN 48 h Ja e AR 1,4-T . BRI KB min m R R, &7 2 5 5w
WA, BT REERE S RS SR SRR AR LA B G AR S
H, RWGRE K2 BEPURELL T WEE S R 1,4- T R BB LS, 5, A%

254 3 4 l
s AT B AR
Glucose
[ TCAfEH \
o Q
AN vty on  Stieg 0 0 YqhD
S~ = YqhD Car ~ © q OH
a-fHR OV\)LOH -_— ,OMOH _— HMOH —_— HO/\/\/
a-ketoglutaric acid PUTE R T 4-EETER AR TE 14-T %
Succinic-semialdehyde 4-Hydroxybutyrate 4-Hydroxybutyraldehyde 1,4-Butanediol

1-3 R EE AR 1,4-T R B 2 it

Fig. 1-3 Route design of 1,4-butanediol production from glucose

1.5.2 XX EEHTAR

ARG F B X RIE T ZLEREE  (Rhodococcus sp. TK6) HIE W BE/KRRFIEA. oK
BT WE D HAFE (Mycobacterium marinum) 12 BRI Ji7 B % 5] UL SRR T R IG A B
(Escherichia coli K12 MG1655) )l il S B2 [K] 73 G 4E Kt i BL21 b7 3Rk, 58
B E DL - T NERAEYE R 1,4-T R EA R N B (E 1-4) , ZsRE ol
i N R /K fE R ChnC ¥ p- T WEE /KN 4-F2 58 T IR, B2 (E AR B )5 B Car AEF R,
W 452 T BRIG R 4-F2 35 T % (4HB) , B 5 A BB YqhD ¥ 4-5238 Tl —
DICIRA R 1,4-T 8, [FINHEE 50N R B =8 FDH & 7 NADH/NAD" il g3
ARG Ja e B 1 3o e OB B 1 kAT 0, DU —Fh e
M. AT HBRERS 1,4-T ZEER 2 AIMEIE R PRARFEZAFRET LA
J7 T :

(D EXRAE BL21 w7l v R IE RG4S TP I =M R . O N BE/K AR
ChnC. BRIREJFHE Cary FEMEEY YqhD, 2 5@ SREFFME AL, HATHE,
EC I DL A Bl 2 M S5 ) 20 # 5

(2) MR g0 i o< B iy B 20 R PR EAT RIS 3 B 9%, RTSOCHEBE R BRI, =ik
AT Z2 BRI S N, I BB e SIS AR A A rh TR DL S 27 A U 43 A
BN A A v 1) O i PR

(3) &#X%FT ChnC HIBGAMER 08T KIVZES > FRIEERE Rz, Rk H
SWISS-MODEL #kf: #1 UniProt #t#fs Fe %t H =4 1) 8 3 45 M k47 fll, 2 f5 @ik
Disulfide by Design2 (®3fi: http://cptweb.cpt.wayne.edu/DbD2/) BE4T —Hit Hill i) FE 4B 7 55
PRI, —FEFH0I AR A A B e A FOLDX #E4T RASTHE ML 4k, 5k
T EHER I AG>0 BIRASAT A, AR5 SEIR I UE T R TRATAL i, s AR B — 45
I ] 2 3 JE R R RAB AL A, 1 DASR i b e

(4) & THRALI R e [ R 73 M. &I Car Bigoy 5] Be N AR BT g A2

-
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H OGS B A, PRIERI ] AutoDock  BfFxs He =4k B S5 M BEAT AR, 2 JE it gy
TR T BB A 4- 5 T IR BB RS2 AR 7y T B Car IS &, TRINHL4S
SN E T, e FHRHRY S & DR s AN 1 R BEAT RAZ TN, B Jm AEIX
SEFIN 5 P AT SIS BIE . — RTINS RARNT s f i A Y e A S B 3 ik B 2R R AN
RAMIIMEACRE J19855, B DA T B AR W BARTH RS . BRI
ZAk, BT RBS FRAILALSKISAS Car BEE A IR EREAT 73— Iite, Bt
AR

(5) AL Z BRI AL AT, IR PRI . pH. YIRS DL R
JIAINE LB AT 1AL R 5L\ BRI A8 FDH #2214 A AR R 4.

(6) N T AEMRIRIR 26 F N IR T i i~ B, R RN sk iz M T 2 Big 40k
AR 1,4- T ZRE A =2

7= T PIEE 4-BHTH BT 14-T=FF
1,4-Butyrolactone 4-Hydroxybutyrate 4-Hydroxybutyraldehyde 1,4-Butanediol
(o] -0
ChnC Car YqhD /\/\/OH
O&O —’-OJJ\/\/OH PN : HMOH ——~_ HO
NADH NAD" NADH NAD*
NADH NAD*
HCOOH v O B ER A
+ -— ).k Sodium formate
NaCl, H: FDH H” “ONa

1-4 RSN 1,4-T Bl & 7%
Fig. 1-4 The preparation process of 1,4-butanediol designed in this study
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2.1 XEMB
2.1.1 Bk, BRLAESI

FE MR5ERF%E

ARV S AP AR AR S 1 TR AR AT SO LR 2-1
R 2-1 AL rh A ML) 2 P B R AN TR

Table 2-1 Strains and plasmids used and constructed in this study

JFRE S B PR Y AR KUs
Escherichia coli BL21 (DE3) FikfE £ BfF 72 % R
E. coli BL21/pET28a-Chfdh.c & FURL pET28a-Chfdh.ioc B 2 K T 58 2= AR
pET28a FikFkL, T7REEF, RIBERMHE Tt 72 2 AR
pETDuet] TR, T7 HBT, A RHEHERIUE W72 2 AR
E. coli BL21/pET28a-Rschnc AL pET28a-Rschne 1 4K AAT i ENTI
E. coli BL21/pET28a- Mmcar kL pET28a- Mmcar W E 4 K7 AT B ZNTF
E. coli BL21/pET28a- Bssfp & JFoki pET28a- Bssfp ) H 240 K AT i EN IS
E. coli BL21/pET28a-Ecyqhd & kL pET28a-Ecyqhd W =4 KT B ENTIS
E. coli BL21/pETDuetl- Mmcar & JFRL pETDuetl- Mmcar {154 KA B ENTI
E. coli BL21/ pETDuetl-Rschnc & Uk pETDuetl-Rschne )2 2H K7 #T # EN TS
E. coli BL21/pETDuetl- & UKL pETDuet1- Mmcar-Bssfp (B4 KIGAT EN IS
Mmcar-Bssfp
E. coli BL21/ pETDuet1- & JFkL E. coli BL21/ pETDuetl-Rschncisse ENTIS
Rschnckisse B H KA E
E. coli BL21/ pETDuet1- & 7KL E. coli BL21/ pETDuetl1-Rschncaiorc EN TS
Rschncaiorc K EH KT
E. coli BL21/ pETDuet - £ UKL E. coli BL21/ pETDuetl-Rschncxissc-aonc AHFTT
Rschnckisscrarorc FNERAE N7 e R
E. coli BL21/pET28a- Mmcarssu & KL E. coli BL21/pET28a- Mmcarass ENGIS
B 5 2H K T T A
E. coli BL21/pET28a-R1-Mmcar & JFkL E. coli BL21/pET28a-R1-Mmcar EN T
(1) 5 2H K S T A
E. coli BL21/pET28a-R5-Mmcar UKL E. coli BL21/pET28a-R5-Mmcar KR
(1) 5 2H K S T A
E. coli BL21/pET28a-R10-Mmcar FFRL E. coli BL21/pET28a-R10-Mmcar ZN OIS
{1 5 2H K A e
E. coli BL21/pET28a-R10- & UKL E. coli BL21/pET28a-R10-Mmcarassmu EN TS
Mmcarassan I EH KT
E. coli BL21/pETDuet1-R1- T FURL E. coli BL21/pETDuet1-R1- EN T
Mmcar-Bssfp Mmcar-Bssfp HIEH KT EE
E. coli BL21/pETDuet1-R5- & ki E. coli BL21/pETDuet1-R5- EN IS
Mmcar-Bssfp Mmcar-Bssfp [ EHH Kt #
E. coli BL21/pETDuet1-R10- & JFUkL E. coli BL21/pETDuet1-R10- ENTI
Mmcar-Bssfp Mmcar-Bssfp B KT EE
E. coli BL21/pETDuet1-R10- kL E. coli BL21/pETDuet1-R10- EN IS
Mmcarass:-Bssfp Mmcarass:u-Bssfp 1 H Kkt
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ARV S I ASE T RIAA S 1) 51 0 L 242

R 2-2 AW T AR ) 51 )
Table 2-2 Primers used and constructed in this study

EIE BIMIFE] (5-3%)
ChnCa-F AGCAAATGGGTCGCGGATCCCATGACCAACAGCGTTCGTAG
ChnCa-R TGTCGACGGAGCTCGAATTCTTATTTCTGATACCACGCCGCC
ChnCd-F CATCACCACAGCCAGGATCCCATGACCAACAGCQAOTTCGTAG
ChnCd-R GGCGCGCCGAGCTCGAATTCTTACTTCTGGTACCAGGCGGC

Cara-F GCGGCAGCCATATGGCTAGCATGAGCCCGATCACCCG
Cara-R TGGTGGTGGTGGTGCTCGAGTTACAGCAGGCCCAGCAG
Card-F ATAAGAAGGAGATATACATATGAGCCCGATCACCCG
Card-R GTTTCTTTACCAGACTCGAGTTACAGCAGGCCCAGCAGAC
YghD-F TGGGTCGCGGATCCGAATTCATGAACAACTTTAATCTGCACACCC
YghD-R TCGAGTGCGGCCGCAAGCTTTTAGCGGGCGGCTTCG
Stp-F TGGGTCGCGGATCCGAATTCATGAAGATTTACGGAATTTATATGGACCG
Sfp-R GGTGGTGGTGGTGCTCGAGTTATAAAAGCTCTTCGTACGAGACCATTG
S-C-F CTGCTGGGCCTGCTGTAAATGAAGATTTACGGAATTTATATGGACCG
C-S-R CGGTCCATATAAATTCCGTAAATCTTCATTTACAGCAGGCCCAGCAG
K166C-F AGGGCGCTGATGAATCTUGUGTTCTGCTGTACACCCACGG
K166C-R TGGGTGTACAGCAGAACACAAGATTCATCAGCGCCCTGCGG
A197C-F TGGCTAAAGCTCTGGGTUGCGTTTCTTTCGTTCTGGATTACCGCC
A197C-R TCCAGAACGAAAGAAACGCAACCCAGAGCTTTAGCCACG
A&82H-F TGATTGTCGATCCGGCGCACCTCGTTAACCACGTTCTGCCG
A882H-R AGAACGTGGTTAACGAGGTGCGCCGGATCGACAATCAGG

R1-F AGAAAGAGGAGAAATACTAGCCATGGGCAGCAGCCAT

RI-R CTAGTATTTCTCCTCTTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAA

R5-F TAAGCTTATCGGAAAACTTCTACTAGCCATGGGCAGCAGC

R5-R AGTAGAAGTTTTCCGATAAGCTTAAAGTTAAACAAAATTATTTCTAGA

GGGGAATTGT
R10-F GCTTCGTTAAGGAGGTTTCCTACTAGCCATGGGCAGCAGC
R10-R TAGGAAACCTCCTTAACGAAGCTTAAAGTTAAACAAAATTATTTCTAG
AGGGGAATTGT
VE: RN ARG RO A, IR Ry SR A g
2.1.2 FEEH]

Primer STAR® Max DNA Z& & i . FR 1l N ] . 2x Taq DNA ZE 5 : 24))6 T TaKaRa
Al (Ki%E) ;3 ClonExpress I One Step Cloning Kit 177 e A& Bk
B & A 2xPhanta® Max Master Mix S48 : YT 55 mT iM% A 7); Bradford 155
A B 5T R RN R (Kan) & RHEH R (Amp) : WTAT (L)
EMTIEAR AR BRI, REEM: 1T OXOID (FED ; »-THEE. 14-T
R T Bl AR PR A R At X o o b 4k
2.1.3 FEALH

A S BT BB AL A= T K LR 2-3.

1N
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& 2-3 A T BIRIAGE B AR TR
Table 2-3 Instruments used in this study

2L 44 7R PRI R
1% TAE S BBS Vi ok S ST B PR A A
BB AR S BT AX Mg R B ARl R A
PCR # 41X 4 KRR AR A A
1% HLEKAX P B E A R PR A A
B 1 KA P B A R PR A A
UVP B A% 5 B X Mg R B ARl R A
PR 5 AR A RS AN PR A )
TR i FE B B PR A )
T I K T 4 g B AR B
5 R R R B B A B A 7
SE AR S R T g R R PR A A
FERAX P U4k DeTie S206 14 1 BR 2 7]
MR T MG TS A PR A
pH it A A PR
2 PR 7 BB REAX M2 S R A
AKTA % F4iibix Feskged bl (i) BIRAF

IRIR AR OHL

H 4~ HITACHI A &)

2.1.4 FERFE

LB WA FR 5L FREL S g TERHERY), 10 g E AR, 10g FfdH (NaCD , i
BEFKBRARGEAR L 1L, 115°CKE 20 min.

LB [E A5 F7 5N 1E LB RS 7R B BE A AN 1.6%-1.8% K A Z TG K7 o

TB Kiedt: FREL 24 ¢ BERHSRIUY), 12 g BRER IR, 4mL Hil, SRJE 058 T/KiE
fEEZE A 900 mL, 115°CKTH 20 min; “4iFRA A4 60°CLLNIN, A 100 mL K
[¥) 17 mmol-L" KH,PO4 F1 0.72 mol-L"! KoHPO4 AT GZIBERINECE /LA 231 g
KH>PO4 1 12.54 g KoHPO4 VA E /2 B (7K, HZAAF N 100mL. = KA 0.22 pm
IRt JERR D -

2.1.5 EEZIGHR

PrAEZF B : MECE R RIS 20 RS T LB /KPR HINZIRE 100 mgmL!
MRBER N —EBNEFTEERMRIET ZE TFRKPEH ALK E 50 mg-mL! )
BRNETEFHER, FHALEERZEA 0.22 um R T EA S T IERE, R T
OV AT %%, BT -40°CUKAE HH AR R -

WAL AT (TPG) BEHE: #REL IPTG ¥y RECHINZMKEE 1 mol- L B}
W, AT ICE RS 0.22 pm (UERAE TR M S I JERRE, W TR OE i
17530, BT -40°CUKAE T A VR AR o

DNA BRI S et : K TSI SOXTAE BEfH A 25 B8 /K Bk 50 5, BDARRE Ak

11
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IXTAE ¥, 1< TAE B I B IK 2  - SR8 )5 A 10 g L VR BEXS B IR BE VA R TE 1XTAE
W . FEUAEE 10 mL BRI 2 pL AR IR e 055 () LL A9 il 46 AR BRI VAV, 5
e[ 5 77 AT S

SDS-PAGE HLUKZE M : £ 500 mL 2247 L BT /KH N 94 ¢ HE R 15.1 g Tris
5 g+ LRy (SDS) EH IR F it =i, (FHEBT/KEERIL, ¥
T B AORAT o AF I £ BT KFRE 5 15

F AT MoikFl: H 800 mL 7545 2% &5 T /K ¥ fift 2.422 g Tris F129.22 ¢ &AL
W, MR pH 2 74 £, &EEET/KESEZE 1L; Mseoidil: 7£ 800 mL At 2%
BRI R 2.422 g Triss 29.22 ¢ @A 34.04 g kM, WRERFR M pH & 7.4 K44,
WEHEETKERSE 1 L Mo idkifll: F 800 mL & 7 /KIEfA 2.422 g Tris. 29.22 g
FALEN . 47.88 g kML, [RIFEFIRESERE pH 2 7.4 K47, WIGEEFKERFE1L; =
Pl W8 5 AT AE 0.22 pm FIKAHBERE e . B G T .

F O = G-250 W177: 0.1 g G-250. 85% 100 mL BEMRVAW . 90% 50 mL Z.F¥ A
W, MEBFKEMAEERE 1L, SRAGHEH.

2.2 LW
2.2.1 ZHAT 18 PLK TR HREX

FRHE AT B 0 4 A B % NCBI 578 NCBI Wil Fp RS 256 B (R L R 1), 4R i e 3R 1
UINL A, Wk SIS RE BRI kL b, 5I9FFI IR 2-2, DASEE = (R H K
WA B E. coli K12 MG1655 (M2 RIHBE A T (Rilg) A TREABRA & A iR s
BT B BB AT SRS 1S o AHOC PCR R AR 2R AR T, #1441 PrimeSTAR® Max DNA
REHR AP EE . £F PCR RS )G, [BIY PCR Y43 2N I H B £ K. PCR
7 1R FERR A O Ut B AT 454

B S A B BRI W ARAE LB Bl P BT RIZR, IS M, RS PRI
AP TR TR RIS TR A P AT R IR, H B WA B A PR B ik
AT BORLIER I, ME ML, &I I BRI B T-20°C 4 H

2.2.2 E. coli BL21 (DE3) RRZAM LK TR #64k

2SN WD E. coli BL21 (DE3) BFAERITHARE W, 7£ LB KPR BRI
WA, ARG TR SRR IR, AR 1% A B S S0 mL BRI T, EW
ODeoo N 0.4-0.6 IS5 15497, (IR E 20-30 min, 8 RS2 25 20 o 1) 25 R 75 B b 47 TR
AL 2%

R A A& LF R =B H BIR RN R E. coli BL21 (DE3) B2 254 i
W, UK 30 min 25 37 42°CHAH 90 s, AIEGEEEZ G BT UK 10 min, UK
S50 N 800 uL LB AR IE FR 3 AT IR 15 9%, 85 9R4 % 37°C, 180 rmin', 1h. #
JE AR AR AT AR IR AT, 37°CHIE R 5+ .

19
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2.2.3 REENHIEE DL KBRS R

% P TR 7K A Pl ) Bl i M) FH SR T e AT I g o T S S PR FRVR VR 3 A TR B
0.1 mol-L! p- T WEEIEM (HIKE N 0.05 mol-L!, pH 7.4 HIBERR th &2 BCHD o A
50 pL & EMBERIAFIIRE S, TR IR R A RS, RS — /NI — A . DAAS[ERBE 1) 9-
T HBR AR 2R, TH RN TE R R R . B E SO B/NYEFE 1 umol p- TN
Be P 5 BB A 1 NI T AL (WD

AT I D5 T ) B ) 5 SR R A e BV E . ROBEAR RALFE: 0.1 mol L' R-3-
AT TR (HTEARRY) 4-2 0 TIRE TE B 255, 1EH R-3-2E T RRAE N
BEATEEEID) . 0.05 mol' L', pH 7.4 BIBEFRELE (PBS) Z&iif. 30 mmol-L' NADH.
5 mmol-L™! 4-T 7z Bk 353 2. % (pantetheine 4'-phosphate) F1 50 uL i &= FiRE HBE L,
Horp Sfp FRIX AR WESi Ik L Ne L LR g, 41 STl I R R 12 R SR Bt U i B i 72 31 i
HAMRTIRE L, NI BUR R IR IEJFEBEE . 75 340 nm T, PAAFEKER NADH
TERRE M2k, TH SR8 BTIHFER NADH & . BEvE e SCN: B8P H#E | pmol NADH
B MBS 28 1 MRS 1A (0D .

T it St %) il 3% 0 i R AE 58 A0 2 e G BE R E o OB I TRUIR VR R 3 A BE N
0.1 mol- L 4-¥2 3L T ¥ 0.05 mol-L™', pH 7.4 IR £ 2% 4 A K2 30 mmol-L"' NADH.
BN 50 pL & BB IBRA, 76 340 nm NEE— 240 st— kOB . DA ERE
ff) NADH fibrviE fh 28, 552> B4 #E NADH f & . B8 E ON: &0 8EFE 1 pmol
NADH Frs I &8 1 ANBEE 13460 (U)

ANEI DR & T B 53 ) o) s U E A R I 1 mmol L AN R 2R 6 R
BT, HA A, WSS AN 4 a8 25 1A 28 P B R AR A I 00

BRI 0 7 iE bR el 2R 2. VERRECH 0.1 g L'NADH ¥, FiBE= 0.02.
0.04. 0.06+ 0.08 0.1 gL', 7E Assonm N HEEFRSGEATIIGAE RN E . LA 340 nm AL
WO AR, NADH HIIKIE (g L) Jylashts, 2l &l 2-1 H1%) NADH WK JZ bR
HEZE .

y=5.136x+ 0.1062
R>=0.9998

I
%0

340 nmikiE G
o =]
4 (=1

=
o

<

0 0.02 0.04 0.06 0.08 0.1 0.12
NADHE (gL

Kl 2-1 NADH Frifk th 2%
Fig. 2-1 The standard curve of NADH

BOEIREE: £ pH 50N, REE R AN N B RN, AR5 R SRR &

12
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BT 257 304 37, 40, 50, 60°C NEHAT AL, 4 Hil4% I8 2.2.3 H 5 ikl e %o B (1) il
W, RN AT SEE . W S B R SRR TE Y 100% 0] iR, 5 e B BT AL iR
FE RN AR BOEIRE ,  FIRSEOR R N A BEE 77

IOE pH: K@ R AR AN I BIANE pH ERIZ AR+ (pH 4.0-6.0, WREN
0.05 mol L™ FIBSFRZE M s pH 6.0-7.4, WA 0.05 mol- L HIBEER Eh 2% ; pH 7.4-9.0,
WPZ N 0.05 mol-L! f¥) Tris-HCl Z21: pH 9.0-10.0, ¥ 0.05 mol-L! i H & -4
WGP, THROEIREE TN, RANER =20 AT 5850 . e DN 2459 31 1) 5t i B
9 100% X R, 5t =i B BT Ak pHL BRI BG 0 Bl OB pH, - RIS 154N ) pHL B T 1)
FEXT G 77 o

TR e BE B AR BT 254 304 37, 40, 50, 60°C NS HE, &HE—&E
FRY B TR IEAT BUORE o TE B 2% 1F T M BVE , AN = 21 P A7 5258, DIWIAARRTE A 100%
XPRE, T BBCE AN RN (8] 5 3 ANFRE S PR BETE 77, B SRR T AR

pH FasE k. Wil B 2iEE B N3] pH 4-10 fgeriEmit (Hidh pH 4.0-6.0, WK
N 0.05 mol-L™! MBS ERZE MK ; pH 6.0-7.4, N 0.05 mol-L AR £h 52 i if; pH 7.4-
9.0, BN 0.05 mol-L' [ Tris-HCI Z2#1¥%; pH 9.0-10.0, KN 0.05 mol-L! I HZ
FR-F AN D T 4°C T E , IR o SR 12 B Id S5 A T I 5E 25 5 il 1) 36 AR il
o LAVIGRRRIE N 100%, HE&BEAEANE pH {E N K pH o e 1t .

2.2.4 KRR THFE R EE

=HESE K EARAR PR BB AE — B SR T R B, et R, i
FEHE E S5 R TP 5L\ RHB I AE 2 [A) 45 A SO SR () R R BR (Cys) B EELIE RO T
P A, T DA AR e 1 RS e M DL A o DR DR B e A e i PG B 1 I A
T2 GBS E T B B AR E M. BT, 2618 B AL B M B B Re e 2 = g 1Y)
My #% . Disulfide by Design2 3% [TH 10 8 BB EAT — B i) il S0 45, 1
AR i R AR A R B E, BB B, Cp-Sy-Sy 1]
[R5 RZ) N 104, 15 B2 T A% i 84 (Disulfide by Design2) 1 LLFI (5 &
Gy HT B 5 PR 45 ) I S S R R IR T RE s T R o, T O AE R R A B T
AR m R A R AR E . @iz R TR 2 5, BRI A FOLDX 3K
TR HHEEAG WTHE, HERE R 2 5 E Hee AR —247 53, R i
SEES F AT IR, S AR T RN UL T BoA 256 (1) SE B e UE 1S 275 I FEs e R AR
(N

SWISS-MODEL Chttps://swissmodel. expasy. org/) R] F T4 T a4, Rl Th
B2 J5 AT Pymol % H bR H ) = 4ERBE R EAT 8500 40 o B2 B S5 AR B By 40 B Pt
k2 5, FIH AutoDock XJ 733 i85 A BB HEAT NG KK A K rLfar ab B, IR
PRZE R NE N Chem3D £l A L =4E458) . H AutoDock 2B f5, 8 H R4+ HIHC
/NGy REAT AU B, SRS AT DUR AT BUr A R A -6 T R0 A7 O B ke 2k A
Jo—BET] DL SRAR S () mA, BRI EE TN A s, i DASIE B4 Bh ik, AT A
12 AR F5 I R AR

1A
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2.2.5 &R PCR B ZRA b

Sl PCR J5i% I HBE A )8 iR AL . A PRIZ IR 2-2 I RAR 51 Wit AT
PCR #34)5, $#REL—B5> PCR F“#IH T DNA B IR . 571 K/ NG E IR 2 )5
£ 37°C NI Dpn TEEBEAT BN VAL, JHALIN 18] 30 min. VHAL5E M2 Ja 14 TR A4 40
RIJEREAT SRASR IR I F% o B4 TR 58 B2 BEAT JFORL IR SR B P 38 k2 75 SR AR RS2 o
2.2.6 EARKRKITERRE T

AR R AT RIS, RSP R VR R T 10mL SR FHE R
R IBERPUER LB B R PR 9% 120 2GR LL 1% B4 2 50 mL TB 55773
WAk EEIEATRE R, 37°C, 180 rrmin™ 251 FE5FE 2h Z s IIAZIKIEDY 0.8 mmol-L [#)
IPTG #4755, BS54 N 16°C. 160 rmin, HSMEN 16 he B OEMM, H
0.05 mol-L™! [BFER EhE PRIV 2 RGBT SR 15 FH 200 At 75 I8 s e 00t 40 A gt 47
BwE, WREEFEHILE 4°C. KR RERAE 4°Cy 12000 r-min 444 N B0 30 min 2% B 40 ik
AR, HTEBE4.

2.2.7 REERGE B R4 DR IR B

B TR AR B A v LS R (His) FRBEEATEE &, AR IX — 45 mT DU 441 i il
W TSGR AT AL, 15 3O B A A . AKTA S E 40O 1 mL S5 A
BB 7R (His Trap FF) #7424k, FALS RN ATA:

A EIEWA 0.22 pm BIERREEATIENE, BRABORBIAE, A5 Mo ik
FIPF A AR IR, KAFEMPE 10-15 mL. FHFRE TR S LERENE ERERZ
] ARAT R PRI B SR B B . R JS AEE ] Misoo B Moo FRIBEAT BE I e, AR HEIR
AT e PR TR AR /NI Beir %) 8 T R H DA B, R AT WO . R e HE 2 J5 Y SDS-PAGE i
TR, A K RKANER, A UE A S BT, TN 10% H i I & T--40°CrK
A AT ORAF o

HESERNE ST

BAWREIMERLZ: HmBEEIARKE (0.02. 0.04. 0.06. 0.08. 0.1 mgmL™")
[¥) BSA bRt V. WL 50 uL AN R B2 (AR RO N BB AR AR 1, IO\ 250 pL 2%
L= G-250 W7, EFIR NN 5 min, £ HEEFRE 595 nm T HEATROGAE )
5E. LLBSA EAFEE (mgmL™) AREAAKR, Asosnm G AMASR, LHIEA
W pR At i 2 an ] 2-2,

1K



ANEE N2 N A TR = VA7 9

210
= y=6.079x+0.747
R?=0.999
0.8
l).(‘l " 1 " L A L M 1 " L " J
0.00 0.02 0.04 0.06 0.08 0.10 0.12

H 1k (mg mL )
Kl 2-2 BRI AR i £
Fig. 2-2 Standard curve of protein concentration
HERESIREERIE . AR 50 uL B ARSI 250 pL (975 S i G-250
WA, M5 min, f#FEEARCELE 595 nm R HHATIOERE I E . DLARAE il 28 AR,
TR EAE S BB o 5 R A AR T v T BEAT I MR
2.2.8 T RBS FIMb e c@iEORER

RBS 751l 158 5 K /IN e R Wi R I8 7K T, T A3 3 KT v (It 2 TR 2 5 v 21 il
/1. PTUARTLMER] RBS HRAL R SIS OR IR R L8 B (1 RS . B Se Al AR 2T S gt
B Car (9145 RBS 92, PRJERIEIXHI4AK RBS 582 AU 21T AR 53 5 RBS 7751
RITHSLAR I o FIF T5000 K () RBS 7 51k AT SI W0 it BARSIVIR S W3R 2-2. 48
Ja R B 4 RBS P91 2 e M RASHRBEAT 5 3808, AT ARILER L.

2.2.9 ZEREEIE 1,4-T ZBHIZARIL

R FR IR A IR, B0 WUEREAR . R4 M I alith 2 f5 T 2 g g Bk
AL SRR . AR FR N 100 mL, £4E p- T ABE. NADH. HEREN. JCHENGRR A %
FRELZZ P (pH 7.0, 100 mmol-L™) .

BOE pH: $8H ONIRE N 37°C, p- T WBE 10 gL, FH [FIBEE 770 0 & 1 % B B i
AT 2 BE R B o T pH 2647300 B 6.04 7.04 8.04 9.0, KAt
KA 1,4-T ZFE 425 T K »- T W& &

BOEIREE: ¥ SN pH EAHF], p- T WEE 10 gL, FH R BEE 717 0 & 1 % B e i
WHEATEA, SONTEEE XA 204 254 304 354 37, 40°C, SAH O REEA AL T+ 1,4-
TR 4RI TR - T BRI & &

BT IR ¥ S SR AT pH B AR R, W B AN FIREENT »- T A EE: 5. 104 15,
20 L, AT ZEGHIAELL, SAHERNEAIAL AT 1,4-T 282, 4R TR §-
T B & &

2.2.10 ETRYIFINRUE AT £ BEFBRH] % 1,4-T %
y- T NBERVE N — A ML, SR Bt v 2 KOS 22 g 2B A0 B W 4k 2 56

1
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BB, FTUAERIIR R YIR ERRAE N, AT HREEEIRER 1,4-7 8, K
WF I e 5 SR FH A N SR MG SR 34T Z BB BE I a4k, IURaIN 5 g- L y- T AR, &M
12 h AN —IRZE &) p- T W, 0B —IR PIRA =R, PAAEEAT IR InAE J st
MR, XHEE 1,4-T B r7 5 DA BE IR AL R (AR 1k o

2.2.11 1,4-T ZEES A B Il e ik

22 BRI AMEAL S B R Hh g INFEURE , KA i 2 id 4R LR A LA S Te /K B B B ok
K PR EERR R, it S L AT 1,4- T /. p- T INERAN 4-F038 T 1 A6 o1,
AL 5 4 HP-Innowax (60 mx0.25 mmx0.5 um) ik, A& 8 N VIiaH:
I 70°C, fR%F 1 min, LA 20°C-min™ (EEFARE 220°C, {R¥F 5 min. AR
230°C. #HA: A (415>99.999%) , il 1 mL-min'e BEFET 3 B IR S
BERERKAE 7. 30 psi; AFTA]: 0.5 min; #EFEE: 1 pL. BARSHESCHEREY,

17
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=8 BRI

3.1 REFERKEERE
3.1.1 B4R E

CLN EE/K MBS ChnC (EC 3.1.1.83) CUHRE T T 2 1 2 JuikBs 3R K g2, R ik
HEHE 7RI TAEKE (Rhodococcus sp. TK6) LN BE/K AR, 7£ NCBI Hd8 FEH KR
FiZ Rschne =R FIF 5, KEN 1179bp, GenBank F3x5: AY486161.1. ZJ5RItAE
TCEEOAEY TIEARA B HAT 13K A B LA BamH IR EcoR IV 557 %) A1 Rschne
BLR BT T B EEER B RESIY (GR 2-2) o R R R ST B
ST 1, Rschne HFEEZAINE 3-1 fizr, By #0 PCR P2¥07E 1179 bp /44,
HAH R BRI d 3 H 2] Rschne.

FIRE, HRPE SCRRIRE ik R IR IE R RS, ME R R X B FRIEMEIRE, ©F
BB R T2 WS A O i R R Y (ME N Al b 8 B B KT B R L3R 78 T 453
PRI 57 22 R R L AL HEAT B 5 (B IRIZ. 24 A O, 171 K 22 Bk R 1 2 R 5 L I e 470 (v
AR E SO, WA FRE. 07 EEMIENIE (C2 & C18) KRR, LALIHBERIR
(2R BER. SARMEER « DIRRRANEY, A RIS EBEN C3-C16 ik
YO0 3 R R BTG PE, X6 C4-C12 B BAT S KIS P B R BT SRR TR o
FFFE (Mycobacterium marinum) WIRERIE JREEES, 78 NCBI %4 6 & 2% L [
Mmcar PT35I E A 3525 bp, GenBank 3% %5 : NZ CP058277.1. HZHEAE T (i)
AV TIEA R A TN HITE . BEJ5, LA Nhe VR Xho TBFVIAL S 5IF1 Mmcar 25
IR T T B EE R ETRHSIY (& 2-2) o FIF TSRS 20k47 B R
P18, Mmcar B EIFER S A0E 3-1 BT, 1 3525 bp A A AR BORLA H 3£ A
Mmcar 2677

AR A SCHRIRIEIE B, K2 B 2R I RE LA B A 40-50% 0 5 FIARULPE, 42
it S P T A0 P  J  B JE I R I A — S T R AN B0, DR T R AR A B
I JR S PR B I SR, MR DG SCHR RO , AW AR E T oRIE T KRIGAT I (E.
coli K12 MG1655) BB A HF) (YghD, GenBank Z3%5: AP009048.1) , 4f%H%%E
BEAE AR ADIEAT AR, B R AN HH SR AT A AT DS Fr) Bl (e AL MY A, e R
PSR BoR T A BERS (I8 RS T, RS SR B SR S . X e S0 S A A
E T EA LA 4-F 3 TEERIIEE . PL EcoR VR Hind TIES VI 25 7 ZI AT Ecyqhd R 5]
BRI T BRI IRI R 2-2 AT, R BT S kAT B R Y, 2
Rl 3-1 fos, AIWRHRALE S BAREEA S, f£ 1164 bp ik

FilE 2.2.1 PA R 2.2.2 7144315 T KL pETDuet] FH IR #1448 A V1§ BamH 1A EcoR 1
XUEFY), 7 37°C/KHT 1 h EATEGY), BEV) 2 54T BB N ps sk, K15 20 i XU o) =
YA H B Rschne (1) PCR =4 RIS DA 34T [ 305 8 20 e AN ks (R % 4k . i)
tEBIUEEH E. coli BL21/ pETDuet1-Rschne 540 KMt w4 i3 %
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HEE R

K 3-1 SR8 H AR D R 9 e e
Fig. 3-1 Cloning and amplification of key genes
M: DNA Marker; 1-2: JE[K Rschne; 3: &K Mmcar; 4-5: %:[H Ecyqhd

¥ Tk pETDuetl FHRHIYE N VIBE Nhe TRI Xho THEAT XOUBE U AR IR B e ik, XU
D= A Mmcar B:PR () PCR P4 [FIREEAT RR BRI ()R B 2H 3 DA R R4k . 58
B E. coli BL21/pETDuet1-Mmcar B4 KT B R 2 .

P BRI N VIS EcoR I Hind IILRE J5URL pET28a FEATXUMEY], £E 37°C/Ki#E 1 h BEAT
BED), ARIGEHAT B B IRRE YK, X PCR ¥ #4432 H (LK Ecyqhd )R BANGUED 7=
PIEAT IR [R]R 25 ZH B A BRI #54k . #3E E. coli BL21/pET28a-Ecyghd T4 K
B -

3.1.2 EAMKRAEER DT

£ 50 mg L Z R EHEREFRIHFERPUEN LB PR T A BRI RIS,

AL G A TS AT RN 9%, T 37°C. 160-180 romin” (45 FE3% 12h, BEFhT
s KR TR CL 1% MR EE N 50 mL ) TB R8s, 4k4:659% 2 h & ODeoo N
0.8, BEIKEEN: KESHAINLIKE N 0.5 mmol-L! ) IPTG J5 T 16°CiF T 12-14h.
KEEFEERZ G, £ 4°C, 8000 r'min” HIZAF T B0 10 min YR EA; K EAH pH 7.4
(T IR 8 22 BB e PR UG IR e 2585 700k s o TR R T B T A B AR RS e, £
W2 J5, 4°C. 12000 rmin™ 254 T B0 30 min JRIFAMRBRE FIER. HIGE &
EIEWALE S SDS-PAGE 7 #fr i HIFRIA T 0L, 45 Rl 3-2 Fros, HpEAR E
coli BL21/ pETDuetl-Rschne WIAMIAERT FIGTRAEL) 43 KDa A B AN W] 21 8 E 2571
Ui W 5 4H FURL pETDuetl-Rschne A RIIHIFAE] E. coli BL21 g 34, FFSEIL R
i5; BEUE E. coli BL21/pETDuetl-Mmcar B4R MAEE FIiHRAEL) 129 KDa {7 B A B
SR AT, Ui B A iR pETDuetl-Mmcar .4 IS AN 16 £, BIEHEE E. coli
BL21/pETDuetl-Mmcar FINHE%E; BEHRE E. coli BL21/pET28a-Ecyqhd WA AR i ik
W H K AI(E 42 KDa A B Ab, W EHAKGATE E. coli BL21/pET28a- Ecyghd Y]
Rt
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