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Improving maltodextrin  specificity by site-saturation
engineering of subsite +1 in cyclodextrin glycosyltransferase
from Paenibacillus macerans

Qiaoyan Xu*?, Ruizhi Han'?, Jianghua Li*? Guocheng Du'? Long Liu*?, and Jian Chen®

1 Key Laboratory of Carbohydrate Chemistry and Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, Jiangsu,
China

2 Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, Jiangsu, China

3 National Engineering of Laboratory for Cereal Fermentation Technology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: By engineering the subsite +1 of cyclodextrin glycosyltransferase (CGTase) from Paenibacillus macerans, we
improved its maltodextrin specificity for 2-O-D-glucopyranosyl-L-ascorbic acid (AA-2G) synthesis. Specifically, we
conducted site-saturation mutagenesis on Leul94, Ala230, and His233 in subsite +1 separately and gained 3 mutants
L194N (leucine —asparagine), A230D (alanine —aspartic acid), and H233E (histidine — glutamic acid) produced higher
AA-2G yield than the wild-type and the other mutant CGTases. Therefore, the 3 mutants L194N, A230D, and H233E were
further used to construct the double and triple mutations. Among the 7 obtained combinational mutants, the triple mutant
L194N/A230D/H233E produced the highest AA-2G titer of 1.95 g/L, which was increased by 62.5% compared with that
produced by the wild-type CGTase. Then, we modeled the reaction kinetics of all the mutants and found a substrate
inhibition by high titer of L-AA for the mutants. The optimal temperature, pH, and reaction time of all the mutants were
also determined. The structure modeling indicated that the enhanced maltodextrin specificity may be related with the
changes of hydrogen bonding interactions between the side chain of residue at the three positions (194, 230 and 233) and
the substrate sugars.

Keywords: cyclodextrin glycosyltransferase, L-ascorbic acid, maltodextrin, 2-O-D-glucopyranosyl-L-ascorbic acid,
site-saturation mutagenesis
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Table 1 Primers used for site-directed mutagenesis

Primer Template Oligonucleotide sequence (5'-3")

TTTACAAGAACNNNTACGACCTGGC
L194X Wild-type
TACCGTCTTCAATCGTGGAAAAATC
TTTTGACNNNGTGAAGCATATGCC
A230X Wild-type
CGAATCCCGTCCACACCCAT
GACGCGGTGAAGNNNATGCC
H233X Wild-type
AAAACGAATCCCGTCCACACC
TTTTGACGACGTGAAGCATATGCC
CGAATCCCGTCCACACCCAT
L194N/ GACGCGGTGAAGGAAATGCC
L194N
H233E AAAACGAATCCCGTCCACACC
AD30D/ GACGCGGTGAAGGAAATGCC
A230D
H233E AAAACGAATCCCGTCCACACC
L194N/ GACGCGGTGAAGGAAATGCC

A230p) LIOAN/
H233E A230D AAAACGAATCCCGTCCACACC

L194N/
A230D L194N

Underlined and bold sequences denote the coding sequence of
the mutated amino acid.

NNN (corresponding to Leul94, Ala230 and His233) was
separately replaced by the following amino acid codons

Phe(TTC), Leu(CGT), Ile(ATC), Met(ATG), Val(GTT),
Ser(TCT), Pro(CCG), Thr(ACC), Ala(GCG), Tyr(TAC),
His(CAC), GIn(CAG), Asp(AAC), Glu(GAA), Cys(TGC),
Trp(TGG), Arg(CGT), Gly(GGT), Asn(AAC) and Lys(AAA).

PCR
E. coli IM109
E. coli BL21 (DE3)
1.2.2
E. coli BL21
(DE3) 20 mL LB 250 mL
200 r/min
37 C 8h

4% (V/V) 100 mL TB

500 mL
37 C 200 r/min
ODgoo 0.6 IPTG  0.01 mmol/L
25 C 90 h
100 pg/mL
90 h
8 000 r/min 4 C 15 min
Ni [5]
1.2.3 AA-2G

(pH 5.5) 1 mg/mL

L-AA (5%, W/V) 2mL

37 C 24h 10 U/mL
65 C pHS.S 24h
AA-2G
AA-2G

HPLC
HPLC
0.22 um Amethyst C18-H
(4.6 mmx250 mm, Sepax, America)
238 nm 0.05 mol/L
KH,PO4/H;PO, (pH 2.0) 0.6 mL/min
10 min AA-2G
AA-2G
(37 'C pHS5.5)
20°C 28°C 36C 44°TC
pH4.0 45 5.0
pH6.0 65 7.0 8.0

AA-2G

52°C) pH( -
55 6.0
/ CGT
( )CGT
(0.23.0.46.1.16 2.3 11.6
L-AA (2.83 5.67 283 56.7
AA-2G

23.2 mmol/L)
141.5 mmol/L)
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SigmaPlot (Jandel Scientific)

(Ping-Pong)
V=Vax-a-b/(Kpa-b+Kpp-ata-b) (1)

V=V ax-a-b/(Kip-a+Kma b-(14b/Kig)+a-b  (2)

v (
AA-2G mmol/(L-mg-h))
V nax (mmol/L-mg-h) a b
( ) (L-AA)
(mmol/L) Kpa Kus
L-AA Kig L-AA
124
o [23]
0.1 mL 0.9 mL
50 mmol/L (pH 6.5) 3%
40 C 10 min
1.0 mL 1.0 mol/L
1.0 mL 50 mmol/L
0.1 mmol/L 16 C 20 min
505 nm
1 umol a-
[9]
2% 50 mmol/L
(pH6.5) 50 C 10 min DNS
1 umol
¢ 6 mmol/L
4- -a-D- -4-6-O-
(EPS) 10 mmol/L
10 mmol/L (pH 6.0) 50 C
10 min 0.1 mL
0.5 min 100 puL 20 pL

1.2 mol/L HC1 (4 C) 60 C 10 min

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

CGTase 20 pL 1.2 mol/L

NaOH (pH 7.0)
60 uL (1 U) o- 37 C

60 min 1 mL 1 mol/L pH

8 401 nm
(e401=18.4 mmol/L) 1

1 umol
1.25
( ) CGT

SWISS-MODEL (http://

www.expasy.ch/swissmod/ SWISS—MODEL.htrnl[24])
B. circulans 251

CGT (PDB 1CXK)1>
68.4% 249

Accelrys Discovery Studio Client 2.5

(http:/cL.sdsc.edu/*%)
PROCHECK™"  Verify3D!?*!
ProQ*”! 95%
0.2%
(RMSD) [26]
( Ca
RMSD 0.5 A)
PDB 1CXK

Accelrys Discovery Studio Client 2.5
Amber-based

2 BERE4M
2.1 ITIKE AA-2G &R
DNA

CGT E. coli BL21 (DE3)
SDS-PAGE
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Ni- 22 ZRTIKBEEELEM AA-2G HIRIEREN &
L194N & pH
A230D H233E CGT AA-2G ( ) CGT
( AA-2G AA-2G 36 C
CGT 10% ) 3 o-CGT B- AA-2G
[18] a-CGT
L194N/A230D L194N/H233E A230D/H233E 45 C®1 20-52C
L194N/A230D/H233E CGT AA-2G
L194N/A230D/H233E 44 °C
AA-2G 1.95 g/L AA-2G 52°C
62.5%( 2) AA-2G 36 C ( 1

*2 HHER (RTH)CGT BAMEXEETEM AA-2G =2
Table 2 Comparison of the reaction activities and AA-2G yields of the wild-type and mutant CGTases
Relative activity (%)

AA-2G yield (g/L)

Enzyme Cychza.uon . Hydrolysis . . . Maltodextrinas
(a-cyclodextrin-forming . .. Disproportionation 1 1 d

s (starch-degrading activity) glycosyl donor
Wild-type 100 100 100 1.20+0.04
L194N 54.5+2.0 81.8+1.0 115.6+0.3 1.39+0.05
A230D 38.3+1.5 148.5+5.0 125.8+0.5 1.51+0.06
H233E 44.7+£2.0 142.4£5.0 127.5+0.6 1.53+0.06
L194N/A230D 50.24+2.2 106.1+4.0 140.2+0.8 1.68+0.05
L194N/H233E 52.1+£2.5 112.1+3.0 147.5£1.0 1.77+0.07
A230D/H233E 47.5+1.3 93.9+1.0 158.3+£0.9 1.91+0.05
L194N/A230D/H233E 452+1.2 124.2+4.0 162.5+1.0 1.95+0.07

*: The cyclization, hydrolysis and disproportionation reaction activity for the wild-type CGTase were 165+5, 8.3+0.1 and 806+8
U/mg, respectively, and were defined as 100% in the relative activity; Each value represents the mean of three independent

measurements, and the deviation from the mean was below 5%.

A B
. 22 - —=Wild-type —&—1,194N/H233E
—o— Wild-type —e—1,194N/A230D —v— A230D/H233E
1.6 —e—L194N 20 —4— L194N/A230D/H233E
—a—A230D
= g4l —v—H233E o 18F
3 - a3
E E 1.6 -
= =
12+ 14+
& g
b < 12}
< 1ol <
1.0 F
08 1 L 1 1 1 1 1 ] 08 L 1 1 1 1 1 1 |
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45 50 55

Fig. 1
glycosyl donor.

Temperature (C)

Temperature (C)
1 RERENTFER(RER)CCT UL FHMBEAREEMRIKAS M AA-2G BT

Effect of reaction temperature on AA-2G synthesis by the wild-type and mutant CGTases with maltodextrin as the
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2 pH ( )
CGT AA-2G pKa
pH pH
L194N L194N/A230D 3 pH
AA-2G pH 6.5 CGT AA-2G
A230D H233E L194N/H233E AA-2G
A230D/H233E L194N/A230D/H233E 24 h
pH 7.0 AA-2G AA-2G ( 2)
A B
1.6 201
=) 1.6+
@ 12F B!
ol =]
= S 12+¢
>~ O 8 B >
Q- <@ 08 h —o—Wild-type
$ —o—Wild-type = < —e—L194N/A230D
04k —e—L194N < —a—L194N/H233E
—&—A230D 04r —v— A230D/H233E
—v—H233E —i—L194N/A230D/H233E
OO 1 1 1 Il 1 OO Il Il Il Il 1
4 5 6 7 8 4 5 6 7 8
pH pH

2 IRz pHMEAER (REE) CCT BLUEFMBAREMESHR AA-2G M
Fig. 2 Effect of reaction pH on AA-2G synthesis by the wild-type and mutant CGTases with maltodextrin as the
glycosyl donor.

A B
16 L 20
o 16
=12} )
B B 12t
= o0s >
g O . g o —o—Wild-type
P ——Wild-type & —+—L194N/A230D
< o —e—L194N < —2—L194N/H233E
—£—A230D 0.4 —¥»—A230D/H233E
—v—H233E y —+—L1194N/A230D/H233E
00 1 1 1 1 1 1 00 1 1 1 |
5 10 15 20 25 30 5 10 15 20 25 30
t(h) t(h)

3 FFAR (RTE) CGT Bl L-AA FIZFHME AR E X AA-2G Ry BT 8] 7= = fh 2%
Fig. 3 Time profiles of AA-2G synthesis by the wild-type and mutant CGTases with L-AA and maltodextrin as the

substrates.
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100

80%

60

40/
20%

1/v (h'mg(enzyme)-L/mmol(AA-2G)

0 1 2 3 4 5

1/maltodextrin (L/mmol)

1/v (h'mg(enzyme)-L/mmol(AA-2G)

1 J T ; T ; T ; T
1 2 3 4 5
I/maltodextrin (L/mmol)

4 FFHE CGT B(a)FAZS TR L194N/A230D/H233E (b)& A AA-2G R FZ#9 Lineweaver-Burk f 4
Fig. 4 Lineweaver-Burk plots of the AA-2G synthesis by the wild-type CGTase (A) and the mutant
L194N/A230D/H233E (B). L-AA concentrations (mmol/L): m: 2.83; e: 5.67; A: 28.3; ®: 56.7; %: 141.5. Linear

regression of the experimental data is represented by black dotted lines, and the calculated values from Equation (1) and

(2) are represented by red solid lines.

L194N/A230D/H233E
1.6
23 RTEKBREHHFRIERINES R
( ) CGT
L-AA
AA-2G
CGT L194N/A230D/H233E
Lineweaver-Burk 4 4A
CGT
(6]
L194N/A230D/H233E 2)
L-AA  AA-2G
( 4B)
2) 3

(Vimax)

K ( ) KK ( )
Km (L-AA)  Kea/Km
(L-AA) L-AA
Ki (L-AA)
L-AA K47L/Y89F/N94P/D196Y
CGT  o-
2
CGT a-
L194N  A23D/H233E
182%  6.1%
CGT
L194N A230D H233E
L194N/A230D L194N/H233E A230D/H233E

L194N/A230D/H233E
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CGT 15.6% 25.8% 27.5% 40.2% ( )
47.5% 58.3% 62.5% AA-2G AA-2G
H233E A230D
AA-2G ( 5D) K ( )
5A-D CGT 94 Kear/ K ( )
230 233
CGT
Alagine 230 ~ Alanine 230
5B CGT 194 Leucine 194: : Asparagiﬁe ]();1-. .v >
Histidine 233 Histidiﬁc 233
CGT ASspartic acid 230
AA-2G ‘ e "~ Alanine 230
Leucine Leucine 194. =
SC CGT 230 cucine 194 X\
Histidine 233 Glutamic acid 2
5 B4R (RTE) CCTEHSEFABEMFIFE
230 +1 L= E1ER BRI E
Fig. 5 Close-up the wild-type and mutant CGTases
theoretical structure with a maltononaose substrate at
A230D

A230D

subsite +1 (PDB accession code 1CXK). (A) Wild-type

*3 HAER (RED) CCTHMAMNFESH
Table 3 Kinetic parameters of the wild-type and mutant CGTases

CGTase. (B) L194N. (C) A230D. (D) H233E.

Kcathm L\* Kcal/Km Ki
Enzyme Vinax N L VO G L ———— Y
(mmol/(L'mg-h)) (h") (mmol/L) (mmol/(L-h)) (mmol/L) (mmol/(L-h)) (mmol/L)
Wild-type 0.17+0.01 12.75 34.10+0.20 0.37 0.55+0.05 23.18 ND
L194N 0.19+0.01 14.25 38.80+0.17 0.37 0.52+0.04 27.40 354
A230D 0.21+0.01 15.75 37.524+0.24 0.42 0.49+0.02 32.14 368
H233E 0.21+0.01 15.75 42.71+0.15 0.37 0.45+0.01 35.00 359
L194N/A230D 0.23£0.02 17.25 46.31+0.16 0.37 0.40+0.01 43.12 264
L194N/H233E 0.24+0.02 18.00 42.07+0.35 0.43 0.44+0.03 40.91 321
A230D/H233E 0.26+0.02 19.50 43.25+0.17 0.45 0.45+0.02 43.33 335
L194N/A230D/H233E 0.26+0.02 19.50 46.44+0.34 0.42 0.41£0.02 47.56 286

*: Here the average molecular weight of maltodextrin was 2 150.68 Da; ND: not detectable; Each value represents the
mean of three independent measurements, and the deviation from the mean was below 5%.
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