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WRIRED . i FIRRIAE  E B A = &, 2B 38
RIRE BT b 75 I CGTase £ A 24 A 5T AT

W5 RH, CGTasefE A KA H &k
ET LA TE A, LR T S 9%
J1, REA TR EF=R . WodE™ Fd Tk
IR F Paenibacillus macerans JFB05-011Ja-CGTase
DK 1) 53 WAL R TR SR pET-20b(+)-cgt, K90 h
JE Ha5PB-CGTasel§ i Ml 1£22.5 U/ml, & HETE N
B Ko Lo aof w1 1 5 A6 Ak 15 75 4 1
$ i 1 HIAPB-CGTase i Al ERIX, [HAIABER
AT B RS oK o IR = CGTase i AT 1 3R
B ORBEREE AR B — 2 S X, A
AUAT $2 15 CGTase iy Tl FHACR, 1 B AT LAty
FERlT 5T CGTase 454 5 I REZ I SC &R o

fit (1) 03 BT LA o3 Sy PRV BT AR BE 3
B R E F RS . ZhAE . AL T SRR
B SRR e 9 B B R R AT RS BT
PAFHERE R B RETEA T A KBER 25
WS UIREZ M RN OC T, 8 i X il A D5 ) B
PLRASFEE A i B s 4R A A8 P, FRid
i AR AT B M RE R Y R AR AR . B g
PCRUAHAFRAERI B | A U0 8 B A H %
N Z AR Rz

X FCGTaseIF5E, HiilE NAMIFFTE 3224k
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T BT R AT R 3R 5 R GE b IR PR SRR R AL
RORIIIFERLD , JEHIEAECGTase 454 5 Al
PER IR IC R W [ JEAL T FE 7 I, R WA G
38

AW HE T y FEPCRIBHLIE AL J5 4] oK [
TAZF FAT T CHB 1 30 RHG ) 2 ARt Bk B 7% 1l 56 1)
cgtitAT T 0r il , A ST A A T o6 LA R il
RS, S E M L Sk, ik
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1.1 # ¥
111 BERRSTORL: WERAGEFTECHBL ., Escherichia
coli DHS50.. Escherichia coli BL21(DE3)., #ikJi
HFIpET-28a(+)-OmpA-cgt ¥ i L0 = (R A7 B 4 22
)5 FRILBARPET-28a(+)I FI Novagen/A Fl
1.1.2 AN . BREIPE N YIEE(BamH T Xho 1)
T4 DNAJE$EM . Tag DNABR AN [ TaKaRaZy
A]; DNA markerly { KARAALRHECA R A
PCRAGL IR & S ks 4l AL R0 & H g A T
TR ABRA R ; MnCl,. MgCl,. dATP,
dTTP., dCTP. dGTPI4 [ TaKaRa/A#l; Protein
Ladder¥4 H Thermo/A ] 5 HAREF 34 20 1 1135
CIER YR T
1.1.3 3E5REE: LBRiFRH(g/L): BN 10, B
BERERS, AALEN10; TR i (LBRE TR AE+3%
(WIVYR[EETERY) s FLBE A B SR RE"L).
JREFAR10 g, BRHEMS g, Na,HPO, 17.9 g,
KH,PO, 6.8 g, (NH,),S0,3.3 g, MgSO,0.5¢g,
Hh5 mL, Trace Metal 200 L.
1.2 Z4EPCRY W 55U MR

) S22 A6 i3 U 1 pET-28 a (+)-OmpA-cgt it
BN, 5 ¥)cgt-FRlcgt-Rit 1T 5 55PCRY 1
A, 7E LTSI aslinA T BamH TF1Xho 1
FRANHENVIBEREIAL A, o ml R RIZebriti o cgr-
F: 55"-CGCGGATCCAATAAGGTAAATTT
TACATCG-3'; cgt-R: 5'-CCGCTCGAGGTTTT
GCCAATTCACTATAAT-3',

Dy PCRELGEAL 5 0AL . il PCRY™ 4 14
Z (50 pL) H10xTaKaRa Tag Buffer, dNTPs
Mixture, 514J450.2 pmol/L, itz DNA 200 ng,
Taqg DNA B4 Wi2.5 U, PCREW &: 95 °C
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5min; 94 °C 1 min, 55°C 1 min, 72 °C 2 min,
35AMEHR; 72 °C 10 min, 5 5 PCREUZE AR SAAN
RAIF . (1) Mn™ &1L S AEPCRIAR HE 4
PEARZAE , Mo”3 BIEINZE0, 0.25, 0.50, 0.75,
1.00, 1.25 mmol/L; (2) Mg* %4tk : 5%
PCRIK R H B AEARAE, Mg/ ilik#ke. 7. 8.
9. 10, 11 mmol/L. MR4ELL L A5 BIA R 548
RLER HE 54 PCRIK R 20 43 A U 4 A
AN, BERRIE R RARR

PCRY 3 7 ) 28 J5t 5 53 H0Ch 1 % IR B IR W 6 FG
HYKE , VIERAifb I H 0 &t . glifb s 0 7=
FIpET-28a(+)-OmpAZk A& #2: BamH 1H1Xho DL
VI3 hJa e, D™ P e v B - #kdk=3 : 1
FE IR A 5 N A T4 DNAFERERHI %, AL RFT
WBL21(DE)EZA5 410, R4 T FEARLBY-H
(100 pg/mL Kan), kit rffs
A LI ARR S . BEALPRE 104> FAPE R b+
e AR TN . THRLE PRDRG 1 A0 S
(CGTase) FEH M-I /0038 A4 TR, It
1.3 RABERMRERME

MLB V-l bk A~ e e 7 vk H i T 5 A
300 pL LBRFFE (N 50 ng/mL Kan)#96+4L 1,
FRALXS N — e b T o R 96FLAR 7] oy 422 i
AR iR, YEMPHPEXTR, 37 °C. 200 r/mindki%
Bigf12 ho ERWAMHT, MO6FLAR H HH
20 uLEW, XN A 1000 LB 5 S5 5%
He) I —96TR LMk, JF#4737 °C. 200 r/min 4%
PERE SR . 4 °Cllm B ¥ At 96 IR fLk . 25 °C.
200 r/min{RFES; FEH A48 hfm, PhBEfL——Xt
N A JEI, B0 uL VAL i 28 E A
FFL90 pLIER M [5% (W V)] HI96FLPCR W A
H, 60 °CAM T Mi10 min, ATA100 pL
1 mol/LAYERMR, JNA100 pLH Eef8 Wik, T
P LD RE ODsos HARFEEI . THE R s b1 il

T, DASAYEXT R 2%, 445 51 & T PR v B Y
selERk I T 0
1.4 RAEMKEF= 5414k

P 7R 3% O Bl A R R AR
50 mL LB FE K250 mL =P, HEARHE
180 r/min, H5FRIRIE K37 °C, HiF#8 h,

RBERE SR B B R R B SR W2 %
VIV, BeFh 25644 50 mLELBE A 75 355
FRIEM250 mL =M rh TR 5, RERRE N
25°C, PEIRFEH 180 r/min, 5590 h,

ARSI TR IN100 pg/mLKIREE

R R AR IR90 hg & B W AE
10000 r/min, 4 °C F&.010 min, BREFEK, 15
-V RICH BRI . T A 98 AR A RH R 9 2 A 4R
Nitt—2 Bz
1.5 BEETEHERIE

AWK W A e o, B-Fly-PRETE J7,
Z M Lejeune"” " Jrik, LI3% (WIV) Al LR
IR HEA T IR R A R - . By
IMETE TR o 1A BRI T BT 78 SR A SR S
SR A AR 1 pmol ERRIPRG I B i
1.6 RAKHISDS-PAGEHIK M AEHFES®
g

B A 70 R A RN 28 A AR ep-9 TR A3 B RN T &
MR R IER ) 25 °CiES90 h, & FEW 10000 r/min
Bl IEAT RIS, R E R TR
e i) S 2 v VKA OB TR, 10000 r/min
B0 B LIS MPLTE, SDS-PAGE MK ik ™
Yo DIBFAERVER A AR R BR O B R
15% 1) SDS-PAGEHLyk kil H 1% 8 11 Al ¥ PR3k
0L, 8 % Bandscan 5.043 47 SDS-PAGE HL. Ik
FIE h 8 A T B R, D & vkGE T H
()RR 12838 EL 3R BEAE , THR T S R T o
EHEP A, A& &Rk Bradfordik it 17
D5E
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70 ok B AU NG ] 4 R B A% Tl 1) R0 S
pHHIpHE E M : LL0.9 mLA[EpH Bt & 3%
(WIVYRTEVETER BRI, DN RETS , e g
ARt S pH o K B B T A W] pHAELAY 2 P T
Z RCE 30 min, TERGS pHAAE T I E R AR BTG
71, 15FpHEEN:

AL R PRI R ) 46 W e R ol 1) e i 2 O ik
JERIAFEEME . LARGE pHACE 3% (W/V) ATV
TERPEBONIRYY , e [R) il BE A B2 0 5 S
i 5 I %) o i S IR 5 A D T A R AR E Y
pH i, o BITEA IR RS T R IE60 min,
TR SN RE A T e B AR )

1.8 RAFEFIIHT R SRR AR
vigin

T BT 9 728 DA R P C R B JBR X il B1) 36 3iF 1E 1
Jrik B TN, RS R AT RS LR, H
H 5 A BHE A7 R BE PR A 5, o Tl ARy T
] 5 A R B SWISS-MODEL (http://www.
swissmodel.expasy.org) fithe Yang Zhang Lab web
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2 HERAAH

2.1 BEEPCREMHIHE

HTMg™ AR Y 8 (4 TR 55 B 1) 25
45 Mn” FERERE MK Tag DNAZR A X RA A4 157 52
PE, TS0 E YL PR BB L A 2 A3 2l A w7 )
RIS, MR B TR, Tl
ARAFAS (R 5 A8 W0 Z 10 2 B SO o AR SL B0 ik 4
Mg” WJE N6, 7. 8. 9, 10, 11 mmol/L, Mn®*
W0, 0.25, 0.50, 0.75. 1.00, 1.25 mmol/L
VE N B BE AT S 45 PCR S0 . ARTE B A &5 1
PR M, RO PCR A EMn™ Wk JE N
0.5 mmol/L, Mg ¥ #7.0 mmol/L, ¥ H41553F
RIS A S R W S D B 2100 bp 24 B9
W, PCREFUNENTR

B bp M 1 2 3 4 5 6

2000 <—2100 bp

1(7)(5J0
508

250
100

1. FREIBFRETHZEPCR
Figure 1. Error-prone PCR conducted with different ion concentration. (A) M: DNA marker; lane 1-6: 6, 7, 8, 9, 10,
11 mmol/L, Mg”’, no Mn”". (B) M: DNA marker; lane 1-6: 0, 0.25, 0.50, 0.75, 1.00, 1.25 mmol/L Mn®’, 7 mmol/L

2+

Mg .

2.2 RARSCERMIEE K AR R X
TEARALTEE S FEPCR A T I 4 PRI RS 78 7%
WAL N, PRy 2 ali AL SR I 7 B 3 2
[l RERF D) 1) 22 35 2K pET-28 a (+)-OmpA I, 41k
E. coli BL21 (DE3)4Ifl, AR KN R
(50 mg/L)FUHE T-HAL 28 AR AR . 42 BRSO
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o) R i 98 75 X CGTasedb 47 135k fk, 5%
210" BRESAS PRI, A5 TE P AR B i A
GEARPR100 ko BfJG X IX 1008k S AR R AT T &
i, RO S S R AN B A BIC G Tase Ak
BCRAT R IBIE O o AR SCR RN T
VPR IR R M2 AR ds-6Fllep-9. Fl)E,
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X R AR AT ARG, BURs G R e
100%, A FRBIEEA AR (&2), HrhzeAs
Fkep-9, KWE90 hj5H a-FR1LI% 11 424.9 U/mL,
2 WY A TR BRORDORG 2 W S 5 B I Y o- PR TR )
(11.4 U/mL)AY2.184% . WZR1FT/R, KA Kkep-9F
SR IR AR A CG TR R IR 1t o TR AR S 2 1 2 9 L A7)
MR T75.8%, RaliEME Rk EE AR
CGTHFR2. 145, mliEtEE A &S BHARE E A LL s
PR 1 94.6%, KL kep-942m T CGTasell
AR,
2.3 RAFEFEKFIHT
RAFFER P AN AT 2, ds-6Fllep-95 7L {4
FEERAT 3Bl T2 IR R R A T R AR, Bk
3 Extracellular expression

Intracellular expression
&= Extracellular enzyme activity

WT DS-6 EP-9
Enzymes

Percent of CGTase soluable expression/%
O
T
L]
O
Extracellular enzyme activity/(U/mL)

2. JRIECGTaseFIRERBI MR FNEIN AT A 14 I
15>

Figure 2. Extracellular and intracellular soluble
expreession of the wild-type CGTase and mutants. The
values are means+standard errors of three independent
experiments.

#1. [RIACGTaseMREAHRMALAMRIEER
Table 1. Soluble expreession of the wild-type CGTase
and mutants

Enzymes Soluble /%zpression Total e;(ozression r?iiiTo
Wild-type 11.2 60.5 18.5
ds-6 18.5 62.7 29.5
ep-9 239 66.3 36.0

HIRASE IR, 3 AN R B ; ds-6Fllep-
ORAPR LR AR A AEA . GZIH)(FR2),
24 NS EHERERBENERRENSE
gtk

Vg T 2 1) 14 9% 78 R iR R TRT AR 43 ) 15 R 3Rk
Je . WCEETEMR, (R R, B0 E R
H, INi-IDAKE, UL, SDS-PAGE (&13)
ST BN SRR Al AL 5 R 2l IR F95% LA
b, EHCGTase XS 73 F Bt 775 kDalff it
AT HMWEA RN, WKL, SRR IR
IO T LTS T L IR R B 5 T 34%, Hoh A
IR B-IOWIRG B LIS ) 02 D 1 1 1Y
2.444%,

®2. REMFHNFE
Table 2. Sequencing results of the mutants

Mutated nucleotide
bases

ds-6 G1741A/G1770A/A175  Gly581 Ser /Asp590
2G Asn/Same sense mutation

Mutants Mutated amino acids

ep-9  G2005A/A2037G/T2081 Gly669 Arg/Same sense
p G mutation /Val694 Gly
kDa M 1 2
200
150
120
100 —=—w

SS—H
- e <—75kDa

70_—-
60 ———

50 ——
4() ———

3() —— —
25 — -

15 — -

10 ———

3. [RIACGTEEFIZRZEARISDS-PAGE 3 #fT

Figure 3. SDS-PAGE analysis of the wild-type
CGTase and mutants. M: protein Marker; lane 1: wild-
type CGTase; lane 2: mutant ep-9.
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R3. RIBETIEABER AT ECHBI £ FIR TR CGTEEM I MG, AR ELTE
Table 3. Cyclodextrin forming specific activities of the wild-type and mutant CGTases from Geobacillus sp.B1

Enzyme Wild-type ep-9 G2005A T2081G
a-cyclodextrin forming specific activity/(U/mg) 166.80+1.70 167.70+1.54 166.90+1.50 165.90+1.48
B-cyclodextrin forming specific activity/(U/mg) 72.90+0.29 178.50+1.20 177.30+1.35 83.50+0.22
v-cyclodextrin forming specific activity/(U/mg) 26.600+0.005 10.800+0.001 15.300+0.003 20.000+0.002
Total/(U/mg) 266.3 357 359.5 269.4

Each value represents the mean of three independent measurements, and the deviation from the mean was below 5%.

2.5 EEEMERRAT IERET 7, 45RANES-AFTR, AR E 2N
251 BEREARERENE. WE4-AR, & RERNpHRABRA N, KA ep-Or i N
A fiffep-9f FLiGE IR BE 50 °C, SIFIAEIAHLL, 2€  pHN7.0, PSR, JRAAHEN SN P R ) TR
75 i 1) B0 R FRAR T 10 °C, El4-BRI UL, R Pk, HRALSICGTEEEPH 5.0-9.07 I N K HA 54
Pt 11 2 7 T ) TR, BEE R RE PRI A A, AESS °CALEE RINERG ), pHYGEA AR, ARSI A B
60 min J5, BEEJSRREMSIRFFAESO% LA, RE  pHEEMHA 2, 7EpH 5.0-10.0Z[H], ALPE60 min

TRE TS —E Fi@%%%ESO%uL(IZIS-B) TE bk KRR A5
252 BifpHEpHEREME: 7FpH 3.0-10.07E[F 4 AR5 BRUGEEAA L, R A
(\i&)IOO [ — wild-type CGTase (E)IOO [ — wild-type CGTase
% 80 F - ep-9 % 80 + —l—ep-()
£ Z
S 60 | S 60 F
< [
£ 40t 2 40}
= =
2 20 2 201
0 1 1 1 1 1 1 1 I} 0 1 1 1 1 '}
10 20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90
7/°C 7/°C

4. [RIGCGTaseHep-9H) & i& iR E (A)FLRERE M (B)
Figure 4. Analysis of optimum temperature (A) and stability (B) of the wild-type CGTase and ep-9.

(A)100 - , (B)100 _
—— wild-type CGTase

X 80t -=-¢p-9 x 80t
g E
2 60 Z 60 L
s 3
S 40t © 40 f —— wild-type CGTase
§ R= = ¢p-9
&2 20 2 20

O ] 0 1 L 1 1 L L 1 1 1

2 3 4 5 6 7 8 9 10 11 2 3 4 5 6 7 8 9 10 11
pH pH

5. [RIECGTaseFlep-9Hy 5 i&EpH (A) FpHIZE M (B)
Figure 5. Analysis of optimum pH (A) and stability (B) of the wild-type CGTase and ep-9.
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2.5.3 BEESI ST Dl tEEs Y,
S S A AR G ) 2 W L RS R 28 A (AR ep -9 il
1SR B RICGTase FI5 7 R ep-9Fi K, (.
G4 3F3.74, RAMKBIK L BEIK T 13%, 1
Viax K T 183.4%(K4). FiR RV EAK
CGTaseX KPR FE AT 350, ALROR H R U
PER T 16%;
2.6 FEHRIBRT AT RIS AR R
LERTRI AN AR AT

PEPEE CGTase[FVRYE N 97% 1 RE G i 25 My
F# CGTaselE M AIEEAR (pdb: 1 CYG), Z[FKE
FHI LX), K Hswiss-model repository X 58 25 fif

ep-9EA T4 HA TN AL Y = R 25 MR (116). FH A
A1, G669R FIV694G 24> AR s # o A T
CGTase £ [153T 9210, T H AR 2 i i fi
O (Asp 229 FIGlu 257) N—HEEE, 24005
AL TR IR P 5 A C-di o X BB o5 A 28 AR 7R 4
e AR ATV PR R A B R AR 23 4552 i CG Tase Y
HEEALTI AR, 33X I 10 i A — L ST 2
RaE—20 . WA T, G69RFE A A
BT BTG Z MR — D, TIVE%sG
W T ICHAE IR B-HT & Z Rl — i f
W7 N, RAEKRG2005A (G669R) 4 [i%
90 hif M AMNAEIE P 422.9 U/mL, HCRHEIT T9878

R4, RETFREAEHFBETECHBINEF £ MRECCTENHNESH
Table 4. Kinetic parameters of wild-type and mutated enzymes

Enzyme Wild-type ep-9 G2005A T2081G
Vnax/[mMmol/(mL-min)] 0.0130+0.005 0.0369+0.011 0.0362+0.009 0.0190-+0.002
K/(g/L) 4.3040.15 3.74+0.16 3.80+0.10 4.0140.11
keg/min”' 8.21 9.48 9.62 8.86
keatk/[€/(min-L)] 131.5 152.0 151.9 132.6

The values are means+tstandard errors of three independent experiments.

Aep-91124.9 U/mL, 157K T2081G (V694G)H
Mo ANEETE PE HAA 12,7 U/mL, Jf H N3 ME4R]
L, SAEIRG2005 AR B-FR AL LIS 4 e LA SAH B 1)
K B AR B R 2SR ep-9AHMLL, S5 RIS
2005 B FE ) AR A T AR, AL FRGly R AR
IATg R AR IR —E R, UL 2R
6691 Z HER X4 i P VA P IR B K AR

WESs-A, BARUCHEF A RICGT B 6691
HRR B R 2R (G669R), ] LI
ZRARGO69R HIMIEELSHE A= 1o, #EIG1 &
T BT ) 2 S R AR S KRS R S5 R AR Ak, X
A REFE— R R T AR I, BT
R IR

[E] 6. 2 {Kep-9 IS B PEE L B EBAVIEIN = R 451
Figure 6. 3D structure of simulated mutant ep-9
CGTase. A: V694G; B: G669R.
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7. [RIGCGTase ST AR BRINERIE 1B R

Figure 7. Extracellular enzyme activity of wild-type
CGTase and mutants. The values are means+standard
errors of three independent experiments.

Glycine 669 |
o\ ~
s

FETT VRIS Tl A 7= o 18 O B A7 2 i B 2N
DA HE B PE B o DT i o X —J7 ik N TR
i H A H R R IR, A LRI R IA AR
e, MHEHE B A5 REi A T4 5 IR0k
I Reey 8

PR #1 20 H JE F AS A D 27 PRI 19 2
NG, T RIRRBIE MR KRR
i, S0 T HAE TV A B . S
RN, HERRIE WAL RAR R N 52
RPN . ARG PE RN . SR
LA A A A B DT DGR RS R
Fr 7L EX— g, [RINHE R 5 B PCRECA ]
THE TR AE RIS EA —ERRCR . WA
MR G PE SRR PRI AE AL 08T, 669hLIIGHRAL N

B 8. FERSRTRICCTEFIE669L = L HILEHIE
Figure 8. Structure map of the wild-type and mutant CGTases in 669 sites. A: wild-type CGTase; B: G669R.

3w

R wRIR RGP RIS EHE A ZH0H
TR A IR EEAN REAE IR A0 O B ORGSR, I3
RIT B MLALIRAR . P8 8 LA A AT B iy vl
RS, ERCSR () A E R A S e
W Q) BRI SIS NE MR 3) 4
FHAR . AvEE A mrER s, @) HA
S TRy U B SRR A SR
AR, @R BRI IR T LR G LA
P AERRCR . B, AR TR A 5T
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RA694NL VR NG, # R ILIR 1B K PE
b [P B e R SR < 3 VAN L S B S
K 1 2 B TR A 7K AP ) 2 R PR ke S T
RERSINEE (1T bE" " IS & B, CGTaser]
20 HH AT RIS E A G, HhG6e69HI
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Improving soluble expression of Geobacillus sp. B1 CGTase by
errorprone PCR

Yonghua Guol’z, Jichen Chenl, Xianbo J ial’z, Longjun Chenl, Haisong Cail, Xinjian Lin"*"

' Soil and Fertilizer Institute, Fujian Academy of Agricultural Sciences, Fuzhou 350003, Fujian Province, China

? College of Life Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, Fujian Province, China

Abstract: [Objective] This study was aimed to enhance the extracellular enzymes activities and soluble expression of
CGTase from Geobacillus sp. B1 by directed evolution. [Methods] A library of CGTase mutants was constructed by
introducing random mutagenesis using error-prone PCR to screen mutant enzymes with improved extracellular
enzyme activities and soluble expression. After induction, expression and purification, the mutant enzyme was
characterized. [Results] After screening, two optimum mutants ds-6 and ep-9 with extracellular alpha - cyclization
activity are respectively 1.72 times and 2.18 times of the original enzyme. The sequence of ep-9 cgt gene showed that
three nucleotides substitution, G2005A, A2037G and T2081G were observed, and two of them caused amino acid
changes. According to the 3D structure of Geobacillus sp. Bl cyclodextrin glucosetransferase mimicked by SWISS-
MODEL Repository, two amino acid mutations were in rotating angle between beta angle and the random coil. The
wild-type CGTase or ep-9 genes was ligated with pET-28 (a)-OmpA vector, and expressed in E. coli BL21 (DE3).
After induced by lactose, CGTases were purified and characterized. The results showed that the specific B-cyclization
activity of the evolved CGTase was 1.31-fold than that of the wild-type CGTase, and the K, decreased from 4.3 to
3.74 g/L. The pH stability of the evolved CGTase was better than wild-type CGTase. Site-directed mutagenesis
demonstrated the key to improve the soluble expression level and extracellular enzyme activity was G2005A.
[Conclusion] Directed evolution by error-prone PCR of Geobacillus sp. Bl CGTase gene is effective to improve

extracellular enzyme activities and soluble expression, in particular mutation occurred in the G2005A.

Keywords: thermophilic cyclodextrin glucosetransferase, soluble expression, directed evolution, errorprone PCR
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