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Directed Evolution, High—Level Expression and Application of the
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Abstract: The B-galactosidase (AoBgal35A) from Aspergillus oryzae was modified by directed
evolution to improve its hydrolysis efficiency of lactose. A mutation library of AoBgal35A was
constructed by error-prone PCR. The mutants with high hydrolysis efficiency of lactose were
screened by high-throughput screening and efficiently expressed in Pichia pastoris to prepare
lactose-free milk. A positive mutant (mAoBgal35A) was selected and its enzyme activity reached
4 760 U/mL after high cell density fermentation. Purified mAoBgal35A showed the highest activity
at pH 5.0 and 55 C. The optimum pH and temperature of mAoBgal35A were increased by 0.5 and
decreased by 5 C compared with the wild-type AoBgal35A, respectively. The mAoBgal35A could
effectively hydrolyze the lactose in milk in 72 h at room temperature with the enzyme dosage of 2
U/mL, and the content of lactose in milk was 0.38 g/dL, which was within the standard range of
lactose-free milk. However, for the wild-type enzyme, the content of lactose in milk was 0.6 g/dL
with the enzyme dosage of 20 U/mL under the same conditions. The results showed that directed
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evolution significantly improved the hydrolysis efficiency of AoBgal35A, and the positive mutant

mAoBgal35A showed great application potential in lactose-free milk.
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hydrolysis
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WAH 3% (high performance liquid chromatography,
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Khas (v A R A B b
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SR PR A 77 BORL pPICOK : 3E [ Invitrogen
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I A BC 5 SR 12)48 1R
1.3 ZWH*
131 B-¥s5LipF s TR Re sl
FHE AL 41 DNA #2 HGC 0 & s RNA 2 B0
& B BOK fh 82 L 41 DNA F1LEL RNA, R
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& RNA hafifb mRNA, 4 W cDNA 45 —4
MR H5 AoBgal35A 2 A J¥ %1l (GenBank % 5% 5
KF857462), #1154 AoBgal35AF .5 ~ATGAAGCT
CCTCTCTGTTGCT-3'H1 AoBgal35AR:5'- TTAGTATG
CTCCCTTCCGCT-3", VIK i 8 FE 4] cDNA b 15
B, 9 1 5L K, PCR N AR % - 5xFast Pfu Buffer 10
wL,2.5 mmol/L ANTPs 4 pL,10 wmol/L I F 5|4
% 1 pL, A 1 WL, Fast Pfu DNA 458 1 pl, 4
ddH,0 % 50 pL., PCR Jz b 454 .95 °C,3 min;95
°C,20 5,55 °C,20 5,72 °C,3 min; S AGER 34 K
72 °C,5 min, BN PCR F=#11E J 5 45 PCR #iAR .
Wt S 51 % Ao-F:5 -GTCATTAC GTAGCTT
CCATCAAGCATCGTCTC-3' Al Ao-R:5'-CTCAGCC
TAGGTTAGTATGCTCCCTTCCGCTG=-3", K HAIA]
W BE (1) M HT Mn® %) K #h 25 B— 1 ZL 0 1 iy 5L
(AoBgal35A ) YEAT 504 PCR ¥4 . b4 PCR W44
ZUTF .0.1 mmol/L. Mn**8% 0.2 mmol/L. Mn?** 1 wl,
5 mmol/L Mg?*5% 7 mmol/L. Mg?* 1 pL,0.2 mmol/L
dGTP F1 dATP 4% 1 wL,1.0 mmol/L dCTP #I dTTP
% 1 uL,0.2 pmol/L Ao-F/R %5 1 uL,1.25 U rTaq
DNA R A8 1 pL, B 1 wL,5xTaq Buffer 10 wL,
FHEEK AN % 50 pL. %8 PCR KW 4544 :95 C,

3 min;95 °C,30 s;55 °C,30 s;72 °C,3 min; V1§
7 34 ¥k ;72 °C, 10 min,

5l PCR =928 1 o/dL Byt JIg 0 5k e FiL vk 36 i
Ja AT I W, B P N DI B8 SnaB 1 Al Awr 11 43
SV VI e L™ Fn ki pPIC9k , A T4 DNA %42
fiff T 16 CiEEed i, 45" B AL K I T A
DH50 352 54000, WA T 5 2R 5 & % (100 pg/ml)
() LB “F-4R ,37 CHEIE K57 12~16 h, Bl G BEHL 5 AR
TR SCPE , 22w 9% PCR BRAIE , e B 10 4~ BHE 5% 4k 1
¥ o WOAR BE ML S 28 R SCRE T A B A T3 A LB K5 57
B F 37 CHRIKRKE IR 4~5 h, HE TR 28 BR il 4
W YITE Pme 1421k, 83 & BETTRE I, i 3 5% 1k
BB ORI RE GS115 BAZ A, 55 Ak 20 B 5 % Ko i i
B & EF-WE (Version B,053002, Invitrogen ) #24E . %
fEr= W51 A F MD SFA, F 30 CH5 R4 i 5
3% 72 h,
132 B-¥slEFEmri g TR AW L Fl
F X—gal BARIEFREEBEATHI0E , A2 HHMD V41
AT RE S BRA 20 mg/mL X—gal K MM
AR ,30 CHEFR 48 h, 7= -2 FUMET Y B R 4
W B T P WIS, AT K X—gal , AT B 1R 1 €6 BT
7% o PRICRI I B AT Bt FL 0 H G I ) 1 BBk
T BMGY 15 3% 4,30 °C .200 v/min 5537 24 h )5
T BMMY BigRdEdh, 7E 30 °C.200 r/min 3555
72 h, R 24 h AN 0.5% (AR5 %0 1 P i
PR o S TR 8 B 0 WA T YA B O R R I KL
WAL AT K i S 0 L LL S ofdL FURE M R 9, I ity
5 U/mL, 7% pH 4.5 .50 C&M4 N R 4 h )5, F ¢
A S min KE, RHMWEENE (thin layer
chromatography , TLC) & PE5r AT K g 7= 4, T
TLC 43 Hr AR b )2 2 ¥k, 2 FINIE Tl LB K
(AL Sy 5:3:2), FH I €850 58 22 1B Wk T J5 76 180
C {5, S € 7 b e i R P B (IR EE R 5:95) , A
HE R A R LR LR . FLBK R
G T ] 2 A8 A R O R B A9 IE 1) 58 A8 1K
mAoBgal35A AT EEHM Y, 5P A4 A AoBgal35A
() 55 L 62T 1 0 L X 4387, B 2F mAoBgal35A %8
AR 55,
1.3.3  B—F 5U4E 3 B X T 4K (mAoBgal35A) & %
JE R R gk EUE 128 25 & mAoBgal35A 4 1k
ERREERE GS115, HEA T #8 DU L . FHJC K MD
SR His e 461 B8 BRGS0 RIS, 20 il iR
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fii T R[] e B2 G418-YPD P-4k | ,30 “Cf & K 3%
2~5 do BREUAS[FEGAG T PR A B 3 d, e bl
(o it 0 R IR ) e e 1Y DA RR TR AT o B R
TSR 5 LA BEE AT R, I J7 v SR DG BE 7
FEC ) 2 B 5 SR e B I Tt (Version B, 053002,
Invitrogen) #24E . KW T 4 °C .12 000 r/min &L
15 min, WCHE [ W B R B O, HH Il YA A 2 b iR
(20 mmol/L BEEREAEL , pH 7.0) HiEHrid #d A A Q-
Sepharose 5[] & Fsc ikt afifb A E AT, DL 0.4
ml/min Ji i FAE, AR TUE T 10 SRR ER ) 2%
MO (20 mmol/L 85 PR &1 4R ,pH 7.0) V£ , 26 &% 0~
500 mmol/L, NaCl #J 20 mmol/L(pH 7.0 )8 iz 41 £k 2%
PR 2 PR VB W AR B A il S ) B 44y, R SDS-
PAGE M (R 46 )%, 4ifb/5 A& AR T pH 5.0
PR 2% vhvil T i AT
134 B-¥SLBHEmesE A ETaR A ERE
agml s B LB I TS O A 2 B SCHR[15)
77 AE 1.5 mL Y ELLAE P ATA 75 pl 15 mmol/L
i) oNPG F1 150 L 50 mmol/L HIF7 IR —F7 1R —
MM (pH 5.0),55 CHIF 3 min J5IA 25 pl
IE YRR B G, 55 °C Y 10 min J5 A 750 pL
) 2 mol/L. Na,CO5 Z¢ 11 521, 7 410 nm T I 22 B il
() SR FE R T (oNP) 1Y 1, B 7 B E L. 7E 3R
N AE R B AL oNPG KRR L 1 pumol 45
il 25 2 My JT 5 10 1l o Ok 1 AN AL (U
Z: [ Lowry YAUSH 72 8 11 5T 0% 0T 6 v B LA I T
#E H (bovine serum albumin, BSA)/E MR H 5,
135 B-FiliEiFsass s e ik pH
FE oK 50 mmol/L AN [R) pH %) 28 s W (7 168 TR —
PR =40, pH 3.0~6.0; B R A — A - R — &40,
pH 6.0~7.0; Tricine ,pH 7.5~8.0), % M8 Fx vf J7 1 )
SEANTE pH T IBEG F1, DAEIE 1450 2o 100%,
A3 AR pH T B AR X BERG

pH A PR A . 2 BEOSCk[17]09 7 ik, ik
AR pH B 2% v A BRI 2 29 1 mg/ml T 50 C
PRI 30 min, 2R J5 TUHDRERE i BT UK K T A 30
min , 3% BOR A 75 06 0 2 AR ARG TG 7, LA AR 2 4 3
) 201 T R R T 1R 100915 AR X Bl % 7

SRt B DU < A M AEASTRIRLEE 2544 F (30~75 °C)
PR 7 TR — A TR — 4 2% Wil (pHL 5.0) v il 5 g S
IV Fre i I BE LA I ) e AR 100% , 43 SRR
[F) 30 B2 A A T T )

T B e MR S < 2 EOSCHR[1 7100 7 %, i v
FPETR-FP TR — N2 P (pH 5.0) WiBE R 2 1
me/mL J5 , B F AR (30~75 °C) T £/ 30 min,
SR U B T UK T2 20 30 min, W H:
FRAYHEIG 71, DASR 2 Ab B A 40 9 71O 100%

TR X Bl 77
g 1S HOE . Lh 50 mmol/L il pH 22 v

WL 1.5~5.0 mmol/L 1) oNPG R W, 2 bR fE
J5 i T HGE I R RN S min J5 G H LSy, il
i GraphPad Prism 6 # 4, #i4# Michaelis—Menten
HEATARR MG TR S AR B (1 3 J1 22 S 80

1.3.6 B—¥3U4E 385 % K 4K mAoBgal35A #9 K fif4f
B & T SLAE A KRR . R AT IR AT
BER = (pH 5.0) ZZohiRECE /Y 5 o/dL ZLHE NI
Yy, 1655 CHUNEE & 5 U/mL 89508 T K643
Ay AE 5 min 15 min 30 min,1 h.2h4h6h.8h
HORE  FE L W 5 min KA, TLC I J5 40 1.3.2
FiiR o HPLC A0 J7 3 - LA 4 0 2U8E  ZLBE R TR
BRI (AR N 1 mg/mL) 1E AR AE &, (0 3%
K BP-800Ph++ , A Wl 5 by 7 22 97 o6 K I £%
(RAD), Jii s Al Sl 2K, EFERFR Oy 10w, Ui &0
0.6 mL/min, H:3 K 80 C, /KR THH AKX N .

H=A=421009%

K H KB %5 A\ NPV EEFLRE BT BE R g/dL;
Ay R IURE B LB BT VR | g/d L

il 5 JCFLBE A= 0% . e g 4R 2L s B2 FLBE Y
fitf mAoBgal35A, 7= LA & (1.2.3.4.5
U/mL) , & B BUORE 5 AL B W 5 min KB, LLFLE R
T KoK fit RO AR AR B it HPLC 2547 % B #r
1.3.7 #4554 RH Origin 9.0 #1784
Gt g

WPl

21 K#E B-FIIEEE (AoBgal3SA ) FEHIRT
1K 3T EE W s i

i %% 5 48 PCR R & v Mg Fil M i) e Ji£ {if s
SE B ATLES C , DA 4 S B ML 28 A8 A SRS 2 Mgy
5 mmol/L Mn*% 0.1 mmol/L B}, FE AL 2 2% 4 SC JFE 1Y
HILPRRAF RN 0.26% , kb T 5 BLRAFJLE 1,
eI 10 000 A~2 281,300 N7 (R BAT B—F 3
BT B 16 M TLC 2 Hr K =4, 153 R A8 R B
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KA o S0 B A~ K A 5 ] e R T Y T 1] 58 AR
1A, £ 44 0 mAoBgal35A , 2 J7 51 He X, €78 4 955
DL IR R Thr 748 KN R Ala,
22 ZRT{E mAoBgal3SA BB EXEE K 4L

RAKL: G418-YPD V- i 5% , #7218 1 1
F1Ee N 48 Ulml, 485 L & B vy 2 5 &, W
V55 168 h Ja , KB T B—F ZLWE 17 G 1 7 24 i v
TV I BB R v 430 A 4 760 UL A1 22 mg/mL,
AR v 5 O 390 o/L(WLI 1(a)), SDS-PAGE
SRR (WL 1(b)), Bl A I I [) 9 22E 4 AH X
43 F N 110 000 &b 14 2 15 45 Bl A8 HL, 5
HF 1 Y AoBgal35A 1Y AH X 43 it i — 3, Al L
W B- LA MY T EZRHIN 2, 4 Q-
Sepharose 5 [ 25 3¢ # 44 4 4. 75 21 H Pk 9 2 il (U
Kl 1(c)), tbifi J1H 216 U/mg #2552 250 U/mg, 46
A% 1.2, BIRCR 57.3%
2.3 ZIE{K mAoBgal35A BIEEZ 14 R

mAoBgal35A ¥zl pH o~ 5.0, [LEFA A (pH
4.5) 1 0.5( WK 2(a)), 7F pH 4.0~7.0 £ 15 80%
DL BB ), LB AR B (pH 4.5~5.5) BT Z 1Y)
TE N R R R (WL 2(b)) . mAoBgal35A ik
IREZH 55 °C, AR (60 °C) KRS COULK 2
(¢)),mAoBgal35A 7£ 60 CLL T PR EE 80% LA L 11 fiff
T R AR AL (<S5 CH) R EER A R (WA 2
(d))., mAoBgal35A Xf oNPG (1 K,, N (2.89+0.18)
mmol/L, A& F B 4= # ((4.51+0.30) mmol/L), 5 B %
AR BA T R AL ) . [, mAoBgal35A
X} oNPG BIHEAL R (koK) N 246.98 mmol/(L-s),
AR (191.61 mmol/(L-s)) W) 1.3 4%, £MH
mAoBgal35A HA T & AL 80%
2.4 R mAoBgal35A KRS MR HI F LI HE
440

mAoBgal35A 7K fiff FL 19 45 R an &l 3 fioR , LA
5 o/dL LB AR, 1€ pH 5.0 Al 55 CH &4 T 2
N 4 h, KRR 84.2%4 F 7 95.2% .,

mAoBgal35A 7K fiff 24 7 v ZUME (1 45 R an 18] 4 B
N, FEERIEEWRAM T R K mAoBgal35A 7K
it A= 2 v R LR A R R e AL, R BB
TN A 3G 0, KA R [ A 0 LB T Y B ]
AR SN A 2 UlmlL B, KA 72 h, 2105
o B FUBE B A 1 58 K i, FLBEOK i %2 90.0% , 4

5000 425 400

3 4000 /.7§ 202
é £ 4350 3
S} g 2
= 30001 {15 5 B
% 1300 %
2 000} J100H s
000 gy |5 50

" —e— WEVIUIILRIE 17

—— BRI
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TASHAT AL A B
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Fig. 1 Time-course of mAoBgal35A produced by Pichia
pastoris,SDS -PAGE and purification of the

extracellular fermentation

W b UM R R R 0.38 go/dL, AR IR (B s
FrAR % B PRI ) A G (R Al 8 3R OIS 37 L
43 DI RE 75 BRI (TR (20071300 5 ), 58] T
TCFURE A Wb o (FLAE R VR E < 0.5 @/dL) 458
FEFLA L WA MRAR , TR BB
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30 L Fig. 3 TLC and HPLC of hydrolysis lactose in milk by
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=60
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= —_ / o—9 /l
m e X = — " 180
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—o- P/ AoBgal3SA 2 —" —=—1U/mL
e —0—2U/mL1{60 ¢
0 L L L *—9 & —a—3 U/mL B
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B 2 AoBgal35A 1225k mAoBgal35A & & pH.pH 0 8 16 24 ;;\EJ PR
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Fig. 2 Optimal pH, pH stability ,optimal temperature and 4 mAoBgal35A K4 E #EH TLC F1 =R T NEs
thermostability of AoBgal35A and mAoBgal35A EUA HPLC & R

Fig. 4 TLC and HPLC of hydrolysis lactose in milk with
different enzyme dosage at room temperature by
mAoBgal35A
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