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TE: JIRME R —F IR S48, T TR LE RS TAWIZAMT, R, AWAEHFABHEA RS T L
RaTR. BEAR p-T G H B A4 A58 (B-CGTase), EAMR FIoh S48 7 84840 ZABLEY), TTHALA &R p- . %
B R IR B4k PCR # A3t B F Paenibacillus campinasensis 49 f-CGTase #ATZ @b, 1F5)6E 750 REAR, Hxt RERATLE
HRFRMAEBF TN, LB RAFIFT —HREIR Q280L, HEME /5 R4t /CGTase IR EH T 42.10%, 2t f-ERfk a4k,
ERZHT 7.60%, KERK pH AEAAELEHIH BT AL, KD FFNIRE 46.13%, 255 AT BRLEM AT, RIVK ZH Q280L & 2
4 p-CGTase ABb, % 280 1z RAB AT LR B SAER A T AL, LRI R AW, 2T 54 PCRH A f-CGTase A B #AT%
AL, TR ZEEE A BB, H FIL PTG Tk A AR B,
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Abstract: p-cyclodextrin is a cyclic polysaccharide that can be used to alter the physical and chemical properties of certain
macromolecular compounds. It has remarkable industrial application prospects in the fields of food, biology, and medicine. S-cyclodextrin is
obtained by converting polysaccharide compounds containing glucose groups, such as starch, by the action of S-cyclodextrin glucosyltransferase
(8-CGTase). In the present study, S-CGTase derived from Paenibacillus campinasensis was subjected to directed evolution through error-prone
PCR to obtain a mutant with potent enzymatic activity. The mutants were subjected to nickel column affinity purification and analyzed for their
enzymatic properties. Finally, the mutant Q280L was obtained. Compared with that of the wildtype s-CGTase, the enzymatic activity of Q280L
was increased by 42.10%, conversion rate of -cyclodextrin was increased by 7.6%, its optimal reaction pH and pH stability were shifted, and its
substrate affinity was increased by 46.13%. Sequence alignment and structural analysis revealed that compared with that in wildtype f-CGTase,
the amino acid residue at position 280 and the hydrogen bonding interaction between this and its surrounding residues were altered in Q280L.
These findings indicate that directed evolution of f-CGTase based on error-prone PCR could improve enzymatic activity and properties, thereby
providing a reference for the industrial production of -cyclodextrin.
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S-IRHIKS (-Cyclodextrin, -CD), & —FhHisEK
MRS BRI RS, B 7 A D-ILR
EINERITIE o-1,4 BEEESES R, RN ERAE
-2 e R PO X oSy (SR DS s a7 B
MR AP T AT, T -k AT RS
F4H§ (p-Cyclodextrin Glycosyltransferase, p-CGTase,
EC 2.4.1.19) 1EH o-iEMBEA R 13 (GH13) il 33
R —, A MERIER S Z I A YT ) o-1,4 BEE
MR CDB, TiE g-CD it
o, REE K pH EAN Rt R ] B-CD (1572, iX
BERIZ A1 B-CD HIA ™ A G i A= = R BRI
i o O A — P R SRS DL s pH A
TEERE M) CGTase X+ TolkA: 7= p-CD HA HE)
FARRNZ G Lo

I TR 50 77 vk 4 BRI e S AR R e+,
Hor, #UE TR EWHANE O 4S50, 8
WA, TSR A OERY, BRI G
RORAF, HHSZE S A5 HR 5 0 LA Y)
FARSERI I, S ZRIBREI7; )52 WA e
FESEG AL AR AR, TSR AR . B
BOLSE, HRAME S, RN AE 0 B R R 1
FRaE R, PR R . AEEE LIS T S
RETsEUS N, (Polymerase Chain Reaction, PCR).
DNA BUHAE FRAREHAR . H, 5% PCR £ 2
H HTR ) B — Rl iR oh g iR, 24N
TR EREE . 4R, TENK R SRREE. 5
# PCR IR S AE T IR M RAS JLER /N, RAZ SRR IE T
EREUR, (HHEAR T LAEAL T F 5 Hrxd b TAE, H
BRAEMERE RN

el e SR T N3RS T p-CD B
PRSI HASE 2%, ZEieim & il it 5 15 A s
T B-CD Al 22 5 7% 578 ik R81T - A5
HiEn 4k PCR 1R, LA Paenibacillus campinasensis
(1) p-CGTase & KA, MR RAS SR, Jiiik g
JISE L, PR R A RN R I A P R ) R
AR, JFIR AR TR B-CGTase B
PEFRIINL AT, A B-CGTase [HIE— 5 B ST AN R (it
Feht

1 MR5RE

1.1 RIAT R

111 AfrHmAk
EE4H 5Ok pET28a-cgt-his HIASLIG Sk A7,
2 FE K TR B RJE T Paenibacillus campinasensis.

26

2SI Escherichia coli BL21 (DE3), LT
e e A .

1.1.2 BsF=XF

EasyTag® DNA Polymerase, b4 & 4EMA T,
BRFIPEAZER M VB (Nco | A1 Xho 1D, T4 DNA Ligase,
Takara A F]; FURHEAAE, RRAENRHEARA R
JiE F ik 77 &, OMEGA (Omega Bio-Tek) A #];
MgCl, 6H,0. MnCl, 4H,0, [EZjERFNAATFIERAF]
113 ¥EHRAE

LB }573E: AN 10.00 g/L, F#REE 5.00 g/L,
A4 10.00 g/L (FEAEEFRAE NI 15.00~20.00 g/L B
JE¥D).

WITfiRE AL 16 LB AR FREH, A 20.00 g/iL
AT TRy, T HEFRIEBER FIRAT 100 pL KEN
1 mol/L 1] IPTG.

1.1.4 EE2ERRS

25 mmol/L MgCl, ¥ ¥ . #E s #X HL 0.505 g
MgCl, 6H,0 EZ % 100 mL, il 0.22 pm /K R JERRLE
R TAE G IERRE, 22 0RA7T-20 C.

5 mmol/lL MnCl, ¥ W : #E i #x B 0.10 ¢
MnCl, 4H,0 EZ 2% 100 mL, it 0.22 pm 7K R JERALE
TR G IERR I, 20/ 17 T-20 C.

12 RIFE

121 54 PCRY 3

PLE 5k pET28a-cgt-his AR, it Neo
BEEDIA A5 ) N 3 357514 CGTase-N: TAACCATGGC
TGCCCCGGATACCTCGGTATCC; LLA A4 Xho | il
YIBL AR C 3 Fi514 CGTase-C-His: CCACTCGAG
AGGCTGCCAGTTCACATTCAC. 7Ei# PCR M1k
A —EIRE R Mg®H 5 Mn?* 8E47 54 PCR.

54 PCR [ MAK £ (50 pL): 10xEasyTaq® Buffer:
S5uL, dNTPs (2.50 mmol/L): 4 L, #5tk 10 ng, 1F/x
A 514 (10 umol/L): 1 uL, EasyTag® DNA Polymerase:
0.50 uL, ZHAIAARFIKE Mg® (9K 2. 4. 6. 8
#1120 mmol/L) A1 Mn* (£9£FF 0. 0.10. 0.30. 0.50.
0.70 A1 0.90 mmol/L), &5 INATCI# ddHO &k &,
RS FA L 2 T MgP* A MnZ ok B T J 45
S

PCR §" 1%k F: 94 ‘CH#HJaZh 4 min; A1 (94 C,
30s) —iRk (58°C, 30s) —ZEf# (72°C, 3.5 min),
35 MiEH; 72 CHRIXAEH 5 min; 4 ‘CLRAT .
122 MERELE

R4 55 PCR 245, fH1H DNA BRG]
& H 1 DNA . {81 Neo | #1 Xho 1 43 51%t B
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(1) DNA F Bt pET28a ik 4T 37 'C AT 4 h,
VKIS XU D) 2% FEIN, A3 T4 DNA ligase 4 H
(1) DNA % S8R R BT 16 Cl s, K=
WDiE It P2 N KA BL21 (DE3) JBAZ 54,
N 50 pg/mL RIBEFZHA LB AR, 37 CHiFF 12 h,
RIS T A EL N 500 MBI T B R AR
1.23 REILFE ik

WIf: (1) ¥ERdimdkss: WiEss=imid #4i
AN SRS, AT LB i b, T-37 C
B2 12 h, SAEHOE TR IR T A e b R
W, 37 CHEFE 24 h, FARYERAAN-FAR 4 1~2 min,
AR T4 T e € P T 25 Pkade e B e 9500, (2)
96 LA KEFEACHREUT B BV E T 96 FLARFREFR,
FFLIIAN 50 uL 9 4% (mND ATIEVETER TR, HHT
PRI SN J A58 FH 22 Dh e AR SR I s, DAET AR
TR, JEIE RO G E RN I LR TG 1, IR R IE R %R
Ap A0,

S IR R O BH PR T RAT YO K
BRFR, X R R RER P REORY J BB R T, e g
WM, JEPRIEME TR GG B-CGTase L FHEHUT R
FHT -

1.24 B-CGTase ¢4 BaE M 7

Y 400 pL 1 0.1 mol/L Tris-HCI 22+ (pH 1& 7.00)
BLil) 4% (M) JERNAR, 55 CrKIBTIEN 1 min Ji5fn
N 40 pL B, 55 C /K% 10 min, I 1400 pl 0.5 mol/L
Na,COy/NaHCO; Z2iik (pH 1 10) &b, i
A 200 uL H1 5 mmol/L Na,CO5 Etiilf1 0.02% (m/V) Ty
BkiR7, #2247, 10 000 r/min 250> 3 min, B i, 7E
550 nm KA ACREE . — ARG SR A S 25 PF T
474 1 pmoL B-CD s g,

125 REREHAL

(1) FARPRBERIIRT TR HGI0AE IE A AR Az
AT 5mL LB £33 (% 50 ug/mLKana), 37 Cidf
K7, DL 2% B EREA T4 50 ng/mL Kana [f) LB
Regedtrh, 37 CH;F% ODgyo 2 0.60~0.90 i, ININZIK
¥ 0.50 mmol/L i IPTG, 30 CiF5:%%: 5h.

(2) FHEEE S R itk: B 100 mL i 55597
(BT 4 °C, 10000 r/min 250> 10 min, 3£ L&, 0
ATEH ddH,0 H PR AR X I\ 8 mL i b 22 i
ORI, {8 PR A A A (75% )%, T
£ 3s, 1515 6s) 30 min 52 (4°C, 12000 r/min,
20min) I, BRI

Ni-NTA Agarose SEFIZATALACKABRA, SR 1EH
Millipore FEJEES OB AT S MBIV B ARG, 1531

IR AR A, Fdid SDS-PAGE HLIKIRIE
BRI b5 R LLEGTE Sy 205.7 U/mg.
126 REREF TR

(1) Feid =87 pH E I E

435l pH {E 4.00~7.00 [¥) Na,HPO,-F7 45 R 2% 1t
. pH {8 7.00~8.50 f Tris-HCI 2y f1 pH 18
4.00~11.00 f1 HZHR-NaOH Z2 e B AN R pH {8
R, IIAFRBEZ) 30 EHI2EEE, T 55 CRM I
SEBES, DA RS 11 100%, SRR R 1 .

(2) pH F2E M E

{1 0.10 mol/L 3R pH EIZHR (pH A
4.00~11.00) K2tk 5 FIBGHRAREZ) 30 f%, T 55 CiX
B 1h, MEREEHS, LL4 CLRAZIFREIF N
(R LEAL B ICITE 7108 100%, 1S AF X g s o

(3) HRoiE e I B

WAL G IR L) 30 £, 0 TR E
(35. 40. 45. 50. 55. 60. 65. 70. 75. 80. 85.
90 C) N HHT R NI E BT , LA =il /179 100%,
THE AT

(4) #FasE e

WAl 5 FIBRRARREZ) 30 £i%, FF1E 55, 65, 75 C
SAIRER 1. 20 34 4. 5h, FEABINE LRI RS A7,
PA 4 “CORAFH R RIAH RS AL B 1)3% 719 100%, Tt
SRR RIS 77 o

(5) W§gsh 15 S50

Iy BN [EREE (0.30%. 0.40%. 0.50%. 0.60%-.
0.70%) (MR HEyERy (FH pH {8 8.00. 0.10 mol/L
Tris-HCI 2 BC D, 78 pH 1# 8.00 A1 65 'C K Kb fia
W5 AR (B EE .
1.2.7 REAREEALBCD 49 HPLC HA47

TERAR RN 2 uL fI2iAL)5 1) f-CGTase
1 mL pH {# 8.00 1] 4% (m/V) JEMVEW . 65 C/M
12 h, 7K 20 min. 12 000 r/min &0 15 min, LA 50%
LG 10 FEARRMRERE L, {8 0.22 pm HHLRIE
JEL e S, 4 HPLC 43#T. HPLC Jishti N 2K
=65:35; Jif: 1 mbL/min; A0 25 'C; bFfE: 10 uL.
1.2.8  RIARG |6 AT FntE M 69 TR

i NCBI TE£R A%, WHNF 57k A Ak
FTRFHIEERS, FEFIH] SWISS-MODEL [FIE % 5848 {4
HHATLERITN, 5558 PyMol o4 ST T p 2,
129 FIEMHT

ASEIG RIS IR bR 1B = 4147, LL Microsoft
Excel 2016 XA HEATSEUE P IME S AniE 22, FeZ%
AN FIME, DLRZELRACRARHETT 2.
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2 #R5i1TR

21 %% PCR & A1reh#1 5 #t7

ARIABET AT Mg™  Mn® KT 545 PCR 45
ST o, $RE Mo YRR T LA AR FL M
RO PE,  TOE SOSAA ZR I — BRI Min®*
A LAREAIC DNA JEAT BT ARAR (1045 57k, AR DNA
S22 R, ST R4 FR b Mg Mn?*
B H IR AR PIE LS, mT USRS AN [ R AR

b M 12 3 4

56 7

8000

5000
3 000

2000

1000
750
500

250
100

8 9 10 11 12 13 1415

IRAS S . N T R ) Mg™ 4 B A Mn®* 289
BE, S HIIMAARFREE R Mg® Fl Mn®, %§H: PCR %
REAAE AT AL, AR F KIS AR R Mg Al
Mn* WREERRE, Wl 1 Fis: B PCR P4k iso s
W Mo 1 Bk FEVE N 2~6 mmol/L, Mn* iy fidik
FEVEHE A 0.10~0.50 mmol/L, # ik EETEE A PCR
Fr BCHEAT I I, RIS P e e, %
UGARHIE N 1~5 A, W RAFEFILBAHON 1~2 4
MR AR, WIELERSH, Mo BEIRE N
4,00 mmol/L, Mn*fI5E&EHE /9 0.30 mmol/L.

16 17 18 19 20 21 22 23.24 25 26 27 28 29 30M bp

8 000
5000
3000

2 000

1 000
750
500

250
100

&1 55 PR ZHMHER
Fig.1 Optimized results for error-prone PCR conditions
7E: M % marker; #kid 1~5 % 0 mmol/L Mn%; ki 6~10 4 0.10 mmol/L Mn%; ki 11~15 4 0.30 mmol/L Mn?"; #ki& 16~20
4 0.50 mmol/L Mn?*; ki# 21~25 4 0.70 mmol/L Mn®"; #ki8 26~30 4 0.90 mmol/L Mn?*; 7ki# 1. 6. 11. 16. 21. 26 % 2 mmol/L Mg?*;
W 2. 7. 12, 17, 22. 27 5 4mmol/L Mg?*; #kid 3. 8. 13. 18. 23. 28 4 6 mmol/L Mg?"; #kif 4. 9. 14. 19. 24. 29 4 8 mmol/L

Mg?"; ki 5. 10. 15. 20. 25. 30 3 10 mmol/L Mg*.
2.2 BB XJEW AR KR

TEALIE I 535 PCR RSEZRAT N, MR SRAR L
4 PCR PN A% IR HE K SOAIE FF3304 T i [ Se Fn 2 20 2 A
Ik, ARG N KA E BL21 (DE3) Jia2 541,
HRRAE (Wl 2). RExHERETIRE, 15
BINHEE R I RARA, SRR, SR, @
TP ER, RIS 7B TE LR A R 42,1001 584
£ Q280L.

%‘\'m ;_;:-f;f”
& 2 RECERIE

Fig.2 Construction of mutant library
2.3 Rk Q280L 45 4L,
W RAER Q280L WitkIG 7R M T RIB )G, 1l

28

RS RHEER, 4 Ni-NTA Agarose SEATEMT &
Millipore FEUEE O IRYE G, SRR, 76
SDS-PAGE Hijik &k I H KN R T4 ku, 5874
o TR —5,
M 1 2
ku
120

100
80

60
50

p-CGTase

40

& 3 Q280L £k /SRR KE
Fig.3 Electrophoresis of purified Q280L
7E: M 2y marker; Jkif 1 % Q280L Bk, kid 2 Ak
1)z i Q280L.

24 RAAK Q280L % 1k A& = B-CD Hy ik A8 A

2 HPLC 43#, 28454k Q280L LARTVAEMEIEH MK
Y, 1£ 65 CHIpH {H 8.0 %M FIFE 12 hjG, F4A
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a-CD.A-CD Fll y-CD(HE 4), #e4b R iy T 15 21 39.40%,
SR AERFE DS, 48T 7.60%. T =R R E
151 1925 /(T 1) a-CD:5-CD:y-CD=23:47:30 24 T a-CD:
B-CD:y-CD=5:62:33, #iPAH Leu A& Q280 fiff) GIn
REAE 12 =1 ) B AL 2R B[Rt R ARG i g-CD

y-CD HIFs Ak
400 000 - _
Frifk il
300 000 |
2
200000 |
Elé
= 100000 | a-CD  f-CD »-CD
b
0
-100 000 L L ] ]
0 10 20 30 40
Hi VI ] / min
400 000 -
AR
300 000 |
2
200000 |
Elé
= 100000 - B-CD
b
= a-CD y-CD
(5 lv\_/\ 7\
-100 000 L L ] ]
0 10 20 30 40
Hi VI ] / min
400 000 -
B Y
300 000 |
2
200000 |
Elé
= 100000 |
& a-cD AP D
0k —~ N
-100 000 L L ] ]
0 10 20 30 40

H W] / min
(& 4 54K Q280L F{LFIAMEEM AR 4-CD
Fig.4 The mutant Q280L transforms soluble starchs to produce

p-cyclodextrin
25 R Q280L B = M it iy o #T

(1) HEE N pH B pH EfEEHE: 78 pH 14
4.00~11.00 I, 55 CE&MF TR, il e HAH
XIS S5 5 FoR: 58k Q280L 7E pH 1H 8.0
MR, BEE S . 7F pH {f 7.50~11.00 I, ZRARfA
Q280L 7E 55 ‘C 2644 MR 1 h J5 HA R 70.00%LL L
(AN I 1B AR R ) fi& pH BN 7.00, 7E pH {H

5.00~10.00 I, AEfRE 95.00%LA b HIAERTEER, %
A 545 K Q280L [tids pH 5 EFAERUAH EL R 4E T 284k,
ELEFAER) pH FROE MG o (BAERRIE 254 R, RAR
A& Q280L frAz e MR s T HP AR
(2) BofiRE Mddaett: ki 6a nfAl, 7E pH
18 8.00 &4 F, RASHGLE 65 CINERE /15, SEE
T BT T — B0, B AR H R il ) B I
FEF=A g . TP TR E MR T H . (Bl 6b) ik
TIAE 55 CHY, FRREANET A= R PAde e A —2R, T
MR TR A 65 CHSRARHF G B Tk T B A A
(3) AR Q280L 13l /12255 Hr: LART ik
VERYNIRHD, E stk Q280L B 1S K, Hi,
Km 4 2.02 mg/mL, Ve ¥ 71.63 pmol/min. 5EFAE7Y
(Km 4 3.75 mg/mL) #HEEM, H Km EAFEC, B
IR Q280L ISR g TP AR A
q 110
90+

70

FEATREES / %
3

o

110

70

50+

FEATREES / %

pH{E
&5 HiERM pHE (a) R pHEREMN b)
Fig.5 Optimal reaction pH (a) and pH stability (b)
a 100

80
60 -

40}

FEATREES / %

o B

20

% 40 50 60 70 80 90
W/ C
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b 100

80

4 ;\_\j

60
& RS T - BERSS C

FHATEE / %

aor o TGS T v BHAEKGS C
. - TS T BAETTS C
% 1 2 3 4 5 6

ST /h
E 6 RERMRE (a) RFFEEM (b)
Fig.6 Optimal reaction temperature (a) and thermal stability (b)
R BNFSROT

Table 1 Analysis of kinetic parameters

st Kmi(mg/mL) Vi (umol/min)
AR 37540.11° 79.47+1.23°
R 2.0240.07° 71.63+1.06"
Z: R3E R AR 6B FE AT EA 2F £ (P<0.05).

26 Rk Q280L Yy J7 7 /-t A £ A TN

B NCBI B/ 751X Ebas FRnr s, RAZA Q280L )
A B AERMEL, 55 839 ALAARIEN (A) 2845 MY
JigmanE (), AHX R ERR T H e 280 A A2
Wil (Q) ANk (L),

f#H] SWISS-MODEL ##5 R Gtilk 1T — 451
A, EPSkIE T Bacillus sp. 1011 f¥) CGTase (PDB:
V3K FE R, FLARALLEE RS fE 1 E A5 43 31y 98.98%
F110.99. {81 PyMol Xt H RAGAL gidbAT 73 4R
7, RAGIREE 280 fizd BER RS tH GLN Z224 LEU,
MBEA S . RASHTIY Q280 7 i HEFEmFREE Y269
HEEER: RS, L1280 fir A 5otz ikIt Y269
HIEBEIE I il 2. EREmAES 1B 0, S
TR & USR5 R4 A4 AR 1, Nt
CGTase HIFMUAE =2 50 . Xie 520N 48 ik
B, UTEPEAL SR SR R M R K B i At iy, AT LA
KRS A NG B VR FH 25 18], A AT A 8 K1
CD 74, Ut HAIEE K /NFI CGTase (KIFRMb T 2 8]
BT o LTS I 7 2 SR W P e e
(1 B TR 5 VS T AT 11 ) 2 K R R R L e AT K
P& p-CD 5 p-CD MifttbR. RN, AN AL
280 frhkIESEIT S5 iE T S OC 1) Y258, F259. F283,
TX A PR AT A2 I T A G IR R AT 1 R PR 1)
FEFPER, SRR RN, SRR 5
SEREMEA BT, BrLl Q280L Hh 1280 5 Y269 X |
(1 —ANEUEEAE 0 03 R AR AT e e S 8058 & Q280L
e T B A B IR A

30

a

SER-Z79/”\
\\

GLN-320

LEU-281

VAL-321

b

SER-279

GLN-320 EU-280

&
L4
LEU-281
VAL-321

7 BFHERE (a) FIREEG (b) 7£ 280 m ESREEERK
B RAE A IR ZER
Fig.7 Hydrogen bonding interaction of the amino acid residue
280 of Wild g-CGTase (a) and mutant g-CGTase (b) with

surrounding amino acid residues
3 &g

AWFiE L 54 PCR B ARBAT T RIE T
Paenibacillus campinasensis ] f-CGTase [J#A4he it
b, FEXHEAR IR AR Q280L (1IRFEME T T4
ForHT, SRR EEICESCER SR, RN
PRZHRIN M2 R Mn? BRI EE 435119 4.00 mmol/L 5
0.30 mmol/L I, FIERIG iR m ORI IERAL AR, KA TAE
IR MO 1A, T56 S PCR MR SN
BOR, MIXHTEER, Q280L HATHH R AR LA
MHREE 7T, HO AL e PR i

AHIFFURE R PRI 58 R 1 AR S e B i Ik
TAE, FRAS T INB. BRSS9 AR Q280L, N
B-CGTase TMVALRI ML 7#r 71

B Ik
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