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Abstract: L-ascorbic acid 2-glucoside (AA-2G) is a derivative of L-ascorbic acid (L-AA). Compared
with L-AA, it has good stability and is easily decomposed by enzyme in the human body. a-Glucosidase
(AG) was the first enzyme found capable of producing AA-2G. However, researches on this enzyme is
still in infancy. We took AG derived from Aspergillus niger (AAG), Japanese rice (JtAG) and Rattus
rattus (RAG), and compared their specific enzymatic activity and transglycosidation rate, with the aim
to improve the synthesis of AA-2G by the transglycosidation of AG. The genes encoding these three
different AG were cloned and expressed in engineered yeast. The conditions for the transglycosidation
reaction of these three enzymes were optimized and the transglycosidation efficiency and yield of
AA-2G under the optimized conditions were compared. The specific activity of AAG reached 1.0 U/mg,
while the yield of AA-2G reached 153.1 mg/L with a transglycosidation rate of 0.5%. The specific
activity of RAG reached 0.4 U/mg, while the yield of AA-2G reached 861.0 mg/L with a
transglycosidation rate of 2.5%. JrAG showed the highest specific activity and transglycosidation rate.
The enzyme specific activity of JrAG reached 1.9 U/mg, while the yield of AA-2G reached 2 577.2 mg/L
with a transglycosidation rate of 7.6%, much higher than that of the other two glucosidases. JTAG may
thus have potential to improve the synthesis of AA-2G.

Keywords: a-glucosidase; L-ascorbic acid 2-glucoside; enzymatic synthesis; maltose; japonica rice
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1.1.1  [REFAE K

EEAREERE GS115, MALRERA; K
FFRESZ S0, W BT NS AR HOR 23]
pGAP-ss1-aag-ppic3.5k M1 pGAP-ss1-jrag-ppic3.5k
kL R bV B AR TR R A Al AR
pGAP-ss1-rag-ppic3.5k JERL i 48 K IR 1 A5
R EA G
1.1.2 FERFIFIEHRE

PR G VERZIR N VIEE (EcoR 1-HF . Sac I-HF ,
Sal 1-HF) . By fi o0 358 e |0 it 3% 4 25 35 1 A
NEB A Fl; RBABEZS PrimeSTAR ) H TaKaRa
ovwl; kiR &W A TIANGEN A ] ;
Quick Start Bradford & H W & {57 & W H
Bio-Rad /A 1l; SDS-PAGE 5 It il i 77 &5 F i
BERLN A $R IO &l A A TA Y T (B
B A BRA R L-PidR MR (o fral) A
Sigma A Fl; AA-2G (%4 W H Macklin 2
A R A (Bakal) W H Macklin A
85%MWElR (i) W A RHZ MK F

LB WG EL: MR 5.0 g, M
HEME 10.0 g, FAAbEN 10.0 g LB [E1AEE IR
HomEEAE Ry 15.0 g,

MD [ {RRFE3E: N =8 10.0 g, Jo&FERE
BERVR 13.4 g, £WEK 0.4 mg/L, HURH 15.0 g,
YPG WA BB 10.0 g, KE &
Pk 20.0 g, N = 10.0 g
1.1.3 UES5HM

ECM399 H1%%{¢, BTX /3 #); Mini Spin &
&L, Eppendorf; Sigma 4K-15 &#i? Uk
2041, BECKMAN /4 F); Mini £ 715 LKA,
Bio-Rad /A #]; UV-2600 24 0] W66,
s \) AKTA pure 4646 1% , GE Healthcare 7y
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Hl; ZUREREAR L, EB TG (Rl A
PR3 ] 5 Ultimate 3000 =5 800 AH 2.3 1% , Thermo
Scientific,
1.2 7%
1.2.1 BHYEFRAYIREL

ABFFEIEICT 3 PO ERIER AG, 735K
THRMER AAG (aag FIEIRIFSY, GenBank %57
5. XM 001402016.2) . FIETFHERER IrAG (jrag
HIRZIRIT 1), GenBank %555 : XM_ 015787634.2)
FRIET KRS RAG (rag WZRF5Y, GenBank
5 XM 032912099.1), ¥f H LR R T
ERPRBERRERS UM, ZRERHA B S P
§1, 75 B B9 EE s i b ss7 ZEPK 51 S8 0 i)
SrEIRIE, 1EH YIRS N bR
B RSE FArEaith. aag M jrag B FIEHE
T A ) TR BRA R AT R NG L, rag HAER
LB AT BRSO T4 R IR il
122 AG IEEMEE

WA A H BB Bk (390102 pgap-ssi-
aag-ppic3.5k . pgap-ssl-jrag-ppic3.5k 1 pgap-
ss1-rag-ppic3.5k) WIRFFIE, $EBOUTRL. HIR
il NI Sal DO BURLHEATEAEAL, I 1%
TN B I v DK A I 5 B I el H i B,
W B0 b Boor v i e A\ BR R ERE GS115 852
SAEE, BRI E A e U S
ARG R SC L i FI R ik o KL a1

Fz1 FHRERBSIY

EZ SR AT MD BRI, BT
28 CHEIRIFFRAA TG, HFRIBPAEE . P
SR B o R B 2 T ) i R 2 AT PRV
ERE (BETIIE 1),

123 [AMELARERNY KIEFMENERLAL

V4 56 1E B ) 1Y BH 4 EE 41 T 4 BT YPG
B3t 28 °C | 200 r/min }55% 72 h.

FWE AT IR ETIRE (100 mL & R
P 56.1 g BYBRER B, 75 W O 1R e 1 0 32 36
F 80%) AbFHJ5#E1T Ni Sepharose 6 Fast Flow
PRAE R AR, MR > F# R 50 kDa R
VB S RT R I 0 WA AR R R AT W 4 . FH 2% il
(PBS %% /i s A7 16 iR -Na, HPOy) B 6 Yk i 5%
MR, OB 3 OTHRAE 2 2-3 mL, W45 1Y
VRIS AW I B Ik B2, 51T SDS-PAGE 41
B, FRMERAGE AR E T 4 CHRAES .
124 AG BgEHNE

pNPG 2= # AG 41 fif Jy XF 6 2 2R
(p-nitrophenol, pNP), pNP 7Eff 4 7 % b i 2545
8 HAE 405-420 nm A0 FRAER I, 75— 1)
0 FE WG E AN pNP Ao B S 2R A 6

WIS 715 X 1€ pH 7 5.0, 40 ‘CHISMFT,
LL'5 mmol/L pNPG MK, H4534P7 4 1 pmol
) pNP Jr 75 () W it o 1 A IS ) B A
(U/mL). B LU 1€ S K B 22 v 2 11 5 i
M EL, E SCH TS T (U/mg).

Table 1  Primers used in this study

Primers name Sequences (5'—3") Size (bp)
aag primerl CCGGAATTCCGGTCCGCTCAATTGATTGCTAAC 33

aag primer 2 ATTTCGCCGGCGTTTATCAATGATGATGATGATG 34

jrag primer 1 GGATACAACGTTGCTTCCGTTGCTGGTTCT 30

jrag primer 2 TTAATGATGATGATGATGATGGTAAGT 27

rag primer 1 ATGCTGAACAATTGAGAGCTGTTCCAACT 29

rag primer 2 TTTCACCCATCAACAAGGAAACTGGAAT 28

http://journals.im.ac.cn/cjben



THHK Z/=HREREN o SETEAR LRRINE 2 EBTI e

Wil S E . B pNPG 2 0Pk 400 pL,
JnA 10 mmol/L () pNPG ¥k 380 pL, [ 5.0
BB 20 uL, LLR G B B RAE b Xt BE A,
T 3 ANERE . 40 TR 15 min, RN ZEH G
IIATRYE 4 1 mol/L Na,COs K 200 plL 2% 1F )2
I o ZE R EHE 5 min, FEAR O E OD4os WOGAES
MPEARE M 2R pNP M, PRI 12
USRS 7 R LTS T
1.2.5 AG BHEHEREZHRMTIL

ARSI AR B — AR R I, RIS AG
G AA-2G FEBETT IO A il i . Bl pH
DA SR 3 I e B

(1) WFFTIREXT AG N AR . 43 5 7E
30, 35, 40, 45, 50, 55 F1 60 c)im“ﬂﬁﬂf,
FOfh S S5 AR GIRBE R 50 °C L 22 2R Hk s
4 200 mmol/L, L-AA ¥} 100 mmol/L), #f
TP, RS T RE T ) e PG S 0L I B

(2) WF5E pH X} AG N 52 . 8 il Ho A
SAMEARAE, 435K 3 Al AG (AAG. JrAG. RAG)
BEWEF RN AR Y pH (EBE R 3.0, 3.5, 4.0,
4.5, 5.0, 5.5 F16.0, RS TREHGH e
pH.

(3) WEIT IR 2 MR X AG S 52
Wi, 43I 7E 22 2B A 50, 100 | 200, 300,
400, 500, 600 mmol/L S 5514, Hfth 51
FUEARAE, AT 3 FORERRIER AG WA R
AA-2G ) f“ KA T RERHRAR 0 22 205 B
W

(4) TERIRY) L-AA WRIEXT AG LW 5
M, 43 7E L-AA W 10, 20, 30, 40, 50,
100, 150, 200, 250 mmol/L L &4, H
s g A5 ANAE 64T 3 FORTERIER) AG 1Y
G AA-2G [, RES TR ILE L-AA
P A7
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126 & AG ERERNEHTEREETE
AA-2G ﬁﬁjj Ay EE B
5 T REBRAE Bl OV SRR i T R i e, X

H7 ) AA-2G P it iEAT HPLC Kaill, 60 5%
42 BESCk ARG kU Ak 5 61T, ke
FAR: mRORAR A% {L: Ultimate 3 000; 435
. Acclaim 120 C18 (5 um, 4.6 mmx250 mm);
R : 25 °C; Bk : 238/243 nm; A&
10 uL; FBhAI4 M. KH,PO, (0.075 mol/L, pH
2.0). A H LKA SN AA-2G 7 i, §
W22 RN B 7

FEWERNTEREEH SO L-AA 5Bkl
AL AA-2G HIE 43 H o

v e _ CEFNAA - 2GIIPI B R
e = JIAL - AARIWJ5 1) 5

2 X504

2.1 BRIEFEAIIRE
AT H AL A Hh T, IRk,
X i ki pgap-ss1-aag-ppic3.5k . pgap-ssi-

x100%

jrag-ppic3.5k. pgap-ssl-rag-ppic3.5k, FH 1%3
RPHBERC R T HL UK, SELIRANIE 1 Frs. #
KR/ H 8 200 bp, HMYEERE pgap-ssi-aag F
B K/NR 3 660 bp, pgap-ssi-jrag KR/ R
3 340 bp, pgap-ssi-rag FrBERK/NA 3 440 bp.
BIRHLIKZE R 1 R, 455 BoR BT YY)
BRI T

22 = AG EHAMERETE

PR B O RE R LN 2, SR 1 51

X B v B 1 B K 4 64T PCR 973, PCR 7 Witk
Fr o NEBEBERE Ik o B, A AR AEY Y H
AOSELAL, 10 I BT R B B e B A PR P E 2 R
KELR A 2 FR
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bp

15000  ppic 3.5k —|
8 000
5000 pgap-ssl-jrag—

3000

ppic 3.5k
pgap-ssi-aag —

Bl 1 FHF B WY Y2 Ik S EE
Figure 1

C

bp bp

12 000 12 000
£ 000 ppiC‘ 3.5k 8 000
4 000 4 000

3 000 P8ap-ssl-rag 3000

Restriction enzyme digestion products of recombinant plasmid. Lane 1-2: the product of selected

plasmid digested with double enzyme; lane M: DNA marker DL2504; double-enzyme digestion products of
recombinant plasmid pgap-ssI-aag-ppic3.5k (A), pgap-ssl-jrag-ppic3.5k (B), and pgap-ssi-rag-ppic3.5k (C).

A B
1 2 M bp 1

Jjrag —
3000
2500

2 HHEHMPCRETEHZR

2 3 45 6 M bp

C
2 M bp

3000
2500

Figure 2 Single-colony PCR analysis of recombinant Pichia pastoris. Lane 1-6: the selected single-clonal
recombinants; lane M: DNA marker DL2504 and the arrow indicates the target band. (A) aag. (B) jrag. (C) rag.

23 ERERBI4EL

BN AAG 1 JrAG HIE IR/ K
150 kDa, RAG JK/INHy 120 kDa, HHE5E 1)
BT i 25 DEM I 4 Wk 4 Je . SDS-PAGE %578
ERANE 3 PN, VR 2 AR KR H
MR, LB R A2 AT AR M sk slifb B i &
PR BB 24 M. JRSE e e il 2 JE1 TS0
2 TR AAG PWEEN 091 mg/mL, T.
TilE JrAG O E N 0.34 mg/mL, T RAG
I A 0.70 mg/mL.
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24 FIEMETEHHNE
PNP WREEMRERZ TR y=8.600 8x—
0.005 1 (R*=0.999 7). Z&11% AAG. JrAG FIRAG
Feid J1 RN 53R 1.010 U/mg. 1.945 U/mg .
0.367 U/mg, JrAG B Hi& 1 o
25 BIEMEREETRNEZHHML
ANFRY IR 4T (30 °C, 35°C. 40 C,
45°C, 50 °C., 55°CHI60 C), 3Fh AG B+
P AA-2G R INE 4 iR, AAG. RAG TE
50 C%AMFT AA-2G By i, JrAG 7E 40 C
T AA-2G WP R iR .
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B
kDa
250 150
150

100

Bl 3 SDS-PAGE #&il 18 B iR FN SR AT 40 1L S AR IE U &R 7R

Figure 3 SDS-PAGE analysis of crude enzyme solution and elution peak collection solution for nickel
column purification. Lane M: the standard protein; (A) Lane 1: the collection solution of AAG elution peak 2;
lane 2: the crude enzyme solution of AAG; lane 3: the collection solution of AAG elution peak 1; lane 4: the
collection solution of AAG elution peak 2. (B) Lane 1: the crude enzyme solution of JrAG; lane 2: the
collection solution of JrAG elution peak 1; lane 3: the collection solution of JrAG elution peak 2. (C) Lane 1:
the crude enzyme solution of RAG; lane 2: the collection solution of JrAG sample peak; lane 3: the collection
solution of RAG elution peak 1; lane 4: the collection solution of RAG elution peak 2. The arrow-indicated
band is the target protein.
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[ R Y B = S |
(==}
(=}

4 TREIRESEMGT 37 AG HHEHTE AA-2G HE
Figure 4 Yield of AA-2G catalyzed by different a-glucosidases under different temperature.

ARl pH 414 F (3.0, 3.5, 4.0, 4.5, 5.0, 3 Fh AG BERETF P A AA-2G RN 6 s .
5.5 1 6.0), 3 Fl' AG ¥EBEF =4 AA-2G IR AAG 1E 4 2EH 4 200 mmol/L i 77 it B i, JrAG
Kl 5 Frn. AAG. JrAG. RAG ¥J7E pH 5.0 B} 7EZ ZEMiN 400-500 mmol/L By & f5z i (J £
J R IR SIS 500 mmol/L 22 ZF M IE) . RAG fE3 %
TEA R 22 2Rk )E (0600 mmol/L) T, Bk 80 mmol/L K= e i o
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500 -
450 - AAG ®JrAG ®RAG
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300 =
250

200 _
150 b
100 b I
3.0 3.5 4.0 4.5 5.0 5.5 6.0
H

P

The concentration of AA-2G (mg/L)

wn
(=]
T

=)

5 AF pHT 3% AG #HEHTE AA-2G IE
Figure 5 Yield of AA-2G catalyzed by different a-glucosidases under different pH.

120 ¢ WA, AA-2G A B PR X R
ZHIPMHE R, AfriE—205R.
26 ZIEMERESEHTER AA2G
FEEEMERER

3 Fl AG 9 BRI SO 2% (A T I

—_
o) [
< (=]

Relative AA-2G yield (%)
E

40} W RN AR ARSI AA-2G =i 45 R N
20 R 2R, WERIL IIAG & AA-2G 7 it
R o
0 100 200 300 400 500
Concentration of maltose (mmol/L)
120
E6 SIRMETSFEFERETHAA2GE £ 10 haG
= % 80 - AAG
Figure 6 Yield of AA-2G catalyzed by different 5‘
a-glucosidases under different maltose Z 60
concentration. < %0
B
=
TEAT L-AA YREE (0-300 mmol/L) T, 2 20

3 ﬁl] AG %%ﬁfzﬁz AA2G E"J@ﬁﬂ@ 7 FEZRO 0 50 100 150 200 250 300 350 400
AAG 7E L-AA 24 80 mmol/L Iy~ & fig i . JrAG, Concentration of L-ascorbic acid (mmol/L)
RAG 7E L-AA 4 100 mmol/L = &t i . il
S Pt v 2 \ & 7 &IiE “[E L-AA KE TH AA-2G
W RONEE A R, D STREERR LAA RETR
=

e N > =X A
SRR L-AA WRBEIS B —TE RS, AG LA Figure 7 Yield of AA-2G catalyzed by different
B AA-2G FERIFA RIS, 2R L-AA a-glucosidases under different L-AA concentration.
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AA-2G 2 L-AA —FIZEATAE 0, AR
T L-AA, AA-2G WPERTCE NS E, SS9,
[T L-AA WS SIRE. HET Dk Eff PR
WK B RBE 4 (cyclodextrin glucan
transferase, CGTase) & i AA-2G, HF|H a-FRl
FEVENEYIN, ARENERECE, HIEA
e AN ZA S . CGTase FFHHAMKY)
i, 77H AA-2G RCRRIRE T P2, mARTF
J& TV 22 26 T IO MIRG i SRMEFE 2l 0+ 2L 1Y

T2 HEFXFHTEIIEEEM AA-2G FEMEEEX

WY, (HECRIKIBEAREAE , BR T CGTase #b, H:
LB BT LS AA-2G . (8 FH R 1 22 2
YEMHERAUAR) AG J2— 1 HA Tk i
itf o AHHSE TAERIER TR, REEA T Rl
BEAG LA R K BRI TR ) AG (936 T LA S B R O
PEUE— - 43 FOE A AG TRk RE

TE AA-2G A RN, . pH K&K
Wy BE S B SN B8 L-AA TR B 5 il
TS 5 o, SiErREM pH AT
L-AA PR E UL S S i &R, A Id IR
W B AT LA S IR SN 38 i e KAk, N3 3 7T

Table 2 Yield and transglycosidation rate of AA-2G catalyzed by different a-glucosidases under optimal conditions

Engineered enzymes AAG IrAG RAG

Temperature (C) 50.0 40.0 50.0
pH 5.0 5.0 5.0
Concentration of L-ascorbic (mmol/L) 80.0 100.0 100.0
Concentration of maltose (mmol/L) 200.0 500.0 80.0
Specific activity (U/mg) 1.0 1.9 0.4
Concentration of produced AA-2G (mg/L) 153.1+1.2 2 577.24£32.1 861.045.0
Transglycosidation rate (%)* 0.5+0.0 7.6=0.1 2.5+0.1

*: the ratio of the amount of added L-ascorbic acid to the amount of AA-2G produced.

T3 BAEKIEAGEEEFYE AA-2G B8 TRV EEER

Table 3 Production of AA-2G by different a-glucosidases

Source Reaction conditions Yield of AA-2G (umol)  Transglycosidation rate®*  Reference

A. niger 178 mmol maltose, 178 mmol L-AA. Na, pH 1.35° - [17]
53,50 C,5h°

Rice seed 178 mmol maltose, 178 mmol L-AA. Na, pH 1.09° - [17]
53,50 C,5h°

Rat 178 mmol maltose, 178 mmol L-AA. Na, pH 0.30° - [17]

inteaine 53,50 C,5h°

A. niger 355 umol maltose, 355 umol AA. Na, pH 5.3, — 7.4% [18]
50 °C,5h°

Rat kidney 355 pwmol maltose, 355 umol AA. Na, pH 5.3, — 2.6% [18]
50 C,5h°

A. niger 200 wmol maltose, 80 pumol L-AA, pH 5.0, 0.09¢ 0.5% This
50 °C, 16 h¢ work

Rice seed 500 umol maltose, 100 umol L-AA, pH 5.0, 1.52¢ 7.6% This
40 'C, 16 h* work

Rat 80 umol maltose, 100 pmol L-AA, pH 5.0, 0.51° 2.5% This
50 °C, 16 h¢ work

% transglycosidation rate: the amount of AA-2G (mol)/the amount of L-AA (mol)*x100%; ®: total reaction mixture volume is

200 uL; ©: total reaction mixture volume is 2 mL; 4. total reaction

: 010-64807509

mixture volume is 1 mL; —: not mentioned.
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F i, SCERIE 3 Fh AG U4 IOV SRR e
Hi A Yamamoto %51 HfE T8 A% 28 il 25 A0 K B
KR AG $& S5 AT 4 S g S
ALE, RSN T AAG. JrAG Hl RAG 5%
AA-2G S TR ESE, R IrAG &
B AA-2G 77 B TG BER R IR, N AA-2G
P AT, TERGE 251 R JrAG Fl RAG &%
AA-2G U JES3 520 2 577.2 mg/L F1 861.0 mg/L,
£ 1 mL MRVARR T, AA-2G 197 & 4) 5k
F| 1.52 umol Al 0.51 pmol, HHER4 5k 3
7.6%F1 2.5%-

JTAG  DLRRANY (% 22 ZF WA il R i
AA-2G, BIRFGHEFRR SRR # R B 1l
A B AA-2G BRI 10, P00 2 1
i, ARSRATLALL JrAG Ryt &R, 38 3 B i
T ARFRVEBO R B R AR ST B, XX
HEAT 0 000 35 A 7K AR T A D 58 I B 1 2
A, TR R AA-2G PR, T L
AL AE R o AHFFEH AT AG 7EA L AA-2G
PRI T H B XS5,
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