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Rational engineering of high y-cyclodextrin specific cyclodextrin
glycosyltransferase based on molecular dynamics simulation
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Abstract: [Background] Compared with traditional genetic modification, molecular dynamics simulation
of cyclodextrin glycosyltransferase can effectively improve the transformation efficiency and reduce
blindness. [Objective] To explore the catalytic specificity mechanism of cyclodextrin glycosyltransferase,
and to provide an efficient mutation method for obtaining cyclodextrin glycosyltransferase with higher
specificity for producing y-cyclodextrin. [Methods] Through molecular docking and molecular dynamics
simulation, the docking simulation structures of three product types of CGTase and substrate were
obtained, and verified by site-specific saturation mutation experiment. [Results] The results of molecular
dynamics simulation showed that o- and B-CGTase and decarbose chains appeared closed in S1 region,
while y-CGTase and decarbose chains appeared more open in S1 region. There are seventeen
corresponding sites in the three CGTase and ten sugar chain amino acids with hydrogen bonds at the same
position, of which the amino acid types at fourteen sites are consistent. The corresponding a-CGTase sites
of the three inconsistent amino acids were Y89, D234 and Y262, respectively. This study conducted
site-directed mutagenesis and product specificity experiments on the Y262 locus. Y262L predicted by
molecular dynamics was helpful to increase the specificity of y-CD production, from 13.7% of the wild
enzyme to 39.9%, and the percentage of y-cyclodextrin products increased by three times. [Conclusion]
The results of molecular dynamics simulation have positive significance for guiding the specificity
mechanism of cyclodextrin glycosyltransferase.

Keywords: Cyclodextrin, Cyclodextrin glucosyltransferase, Molecular dynamics simulation, Product
specificity, Catalytic mechanism

IR WIRS (cyclodextrin) f2 B 4% UE #3 7€ HH 28 fd FF
7O OB MRS PR 5% B8 W (cyclodextrin
glycosyltransferase, CGTase, EC 2.4.1.19/EH T
HE B — RGN ARA R ) SR, FEBR 240 B
Hifba ot . Rl &l A Tz it &
2L CGTase fitfb™ 4, (HEFEIEM o-. B-Fl
v-CD =PI MIRE 2l TR &9, anff$2 5 CGTase
PR — PR AR P R R U PR A AT R
2 {0 2848 )5 I 5 s PCR D3k, LI R i
S5 SRR AR B R A A A T Y e AR
DA S b A 2 AR O AF 5 B 18 P A5 2828 1) i B AR
Bk B —E RCRY, ERCRII AR

G380 012 B F R R Y S e B
Gi—EATIHGN AT, o A O R A IR AR
TRAL T X o P Jo - 435 4 O 22 D S Ak B AR 4k
ESIEOST U SO 2057 NI BN Y T 7/ =
A B2 55 2 S R 2 SRR TE I 5 3 S AR
TR S, DA Scieny | Bk, 1544
i) ">l CGTase J&—2E LATENS M MK 7
FE b R 5 et A S Ny, v B A BRI
AL AR — o XEE A IR 2 3l
SERIFSE T PRRRS S A il e e e (AR
X T30 J12A4R 98 CGTase i fb & —PEHLELY
HRAZ . AT F 3 F 3 1 2# BN SL s, @it
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B L 3 USRS R BRI Bl R e R il 5 e
Py 75 =, T CGTase 1F 4SBT (1 B0 25,
FHA5 T SR ALK A T 0

1 #Me5hE
1.1 #hl
1.1.1  EHRF SRR

BEFP Bacillus sp. 602-1, T Uk pET-22b(+)-
cgt. ¥ IR A Escherichia coli BL21 Fl E. coli
DHS5o 3 FH AR 5255 %8 48 EE I 38
1.1.2 EERFINUEREFE

P e S R AR R &, RARERHE AL A
BT 519, Bok/hatEEBOAK & . DNA K IH
WO G, SR AR A R A 5 FRGIEN
VIl Xho 1. BamH 1. T4 DNA %30, Jbm 4t
SHEYHIAR AT a-CD, B-CD. y-CD Frififh, 3
WAEMEARNF . "R G, Waters A F;
PCR {¥, Biometra An]; fHIRPEIR, LiMHRILL
WREAMRAR . LB HiFei, TB Kk, dtnt
P AR AT IR H]
1.2 WRBREERRBS RN S FRESH
N FEH

WEAT S /N FRERI A AutDock B4t
Tr RN 15 B ) (O R S AR S48  FE R
B A2 30 XA IR, Pt R R Ar A
AT, ATRESM S TFohh¥nbr. A
AMBER 14 A58 T e sy, #ANE
1A R E R gaff 1 ff14SB 1137, LI A O,
1o A ST K&, i Na ik R Sk,
TRAFAHAN AR SO, SR HEAT R, s e R
il 2 AR R UMK R K o FRE i IME o SR FHEB

Rz1 FETIRY262L 5149i% 1t
Table 1 Primers of Y262L mutant

2 TR N4 1] [R] 4 i Berendsen 355 & 5 545 Bl 3k
Sy A 22 T L R AN T P AR B Je SR FH G
B B ALY B 7 8l Jy 2B, i e s il o ik
A —#— 3k, JE AR RE A AR R BB AR T I o0
10 A, R Particle mesh ewald (PME) /i 15 K
FEFRHLRE
1.3 ETERBHERNESRT

ot PR S a5 AR R S AT S, R
SIPMEEIE 1, PCR W AIKZR (S50 pl): 5xFast
Alteration Buffer 10 pL, Fast Alteration DNA
Polymerase (1 U/uL) 1 pL, IE. 15 4(10 pmol/L)
4% 2 uL, Template DNA 1 L, #4li7K#h 2 & 50 pL.
PCR W %4 95 °C 2 min; 94 °C 20 s, 55 °C
10s, 68°C2.5min, 30 MEH; 68 °C 5 min, it
1778 M RAR 2 2 J ¥ PCR UM P25 inA 1 ul Y
Dpn1, 37°C i#F47IHLSE5: 1.5 he fiILA 350 mL (1)
LB Bi##3ETF 37 °C. 150 r/min #R¥% 5% 1 h, i
KEI, SRIFHARS] E. coli DH50 B2 S 4
FrmvE R e, ST 9848 FERE T i .
1.4 RTAHREBHIFSRIE

MR EHRBCR 53 A 5 mL LB B3R 5LH
(% 100 pL/mL 2 FH% %), 37 °C. 200 r/min #%
IREESR 12 ho BEREFRIF RN R L I 1% (1K
TR R FE A 50 mL TB }5 9735 (7% 100 pL/mL
ANERR)TIFT AR, 76 37 °C. 200 r/min
Wi d2 3 ODgoo 4 0.6—0.8 BFEVK ¥4 10 min, %%
T IPTG BAWEEH 0.01 mmol/L, # % 16 °C,
200 r/min FRIREEFE, 24 h JEIMAGALEFH Z iR
ZAURAE 4> 51 20 mmol/L F1 150 mmol/L, 4k4E
WFHFE 72 he

Primer Primers sequence (5'—3") Size (bp) (G+C)mol% i Gene T
Y262L-Forward GGAATGGCTCCTTGGCGCGGATCAAACC 28 61 73.3 62.0
Y262L-Reverse ~CCAAGGAGCCATTCCCCGAACGTAAATACCG 31 55 71.7 63.6

T Al N RIZA P91 3R RS R SEIR 1 4 7 1.

Note: Underlined sequences denote the coding sequence of the mutated amino acid.
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1.5 ET{IRESROER TR E
PR T 40 °C /KIBER P AT TN, 43 300k
BIA 0.4 mL ) 0.25% (JF S AARFH H)TE R IR TR TE

40 °C KB #E 10 min; 7EXTREZH om A
1.5 mL 1 0.1 mol/L EhFREWR ; SEH0H AN BRZH ¥4

A 0.1 mL & ZM FEARE, 40 °C & 10 min;
B R ) S 4 oA 1.5 mL 89 0.1 mol/L R iR
TR AL SO o SER AL A B[R in A 3 mL
1 mmol/L 1) I,-KI DL J%z 5 mL 848K, #45). ki
FE 700 nm K56 ERE T T I E O EE(E, Xt
HEZRIRK IS, THOA RS o WS k=[O B 452
B 20 )/%F B 2H 1< 1 00<Fi B 5L
1.6 RELKEH~E—1ENE

e i R A B 1% Al s R TE R, A
400 U/g 2872/, 1E 40 °C K h#efk 24 h )5,
FEFESL WS 10 min JFZQE N, £ 12 000 r/min
TEL 10 mine K BRI 0.22 pm AY3E
Mt ug, A S RORAR ARl . A% . Supersil
NH2 (250 mmx4.6 mmx5 pm); WzhtH: ZME/K
(65/35, AR ); HETL . 40 °C; BESLEIRE . 4 °C;
JiER : 1.0 mL/min; #EFEARFR: 20 pL; S3Hrisf(a] .

20 min,
2 HRE4W

2.1 SFHNFER

SR a- | B y- OIS L — 1 e i O ER
WIPRE SR R BEAS A AR o 3 Ry ol 283
AT AbHE: o-FRWIKG () PDB 528 3WMS, TEFhY
Paenibacillus macerans , | Pymol 1727254 Y167
RN 3R ; B-PRBIRS 9 PDB 5 1DTU,
W~ Bacillus circulans, F Pymol #F17575 %%
P146 75y S146 . KA Y89 i siZEHy F89; y-Ff
WIKS ) PDB 52k 4JICM, R F K Bacillus clarkii.

W b R 5E Y PORIRG e R Bl S T WE BE AT 4y
TRHE LIRSy Fah 12, 1 BoR T 3 A
Z% i 14 2] 5 MR 22 (root mean square deviation,

RMSD (&)
— [\ ) w AN W

t (ns)

1 SFEHHNFEUNIETE 6 ns AEY RMSD fH
Figure 1 The RMSD values obtained during 6 ns of
molecular dynamic simulation for complex

. #5if: a-CGTase; £L{0: B-CGTase; £ . y-CGTase.
Note: Blue: a-CGTase; Red: B-CGTase; Black: y-CGTase.

RMSD)/E Fifi ][] F) 722 Ak 238 3o 43+ 3l ) B4 3R AR
(Mo TEZHT 2 ns MALRIE A, X 3 FRECE 00
G5kt ER), KBS, RS YR
RMSD P sh{H4 0 3.0, 3.5 f1 3.5 A, HTmA
() 6 ns MDs $lLilk, MIZ AR LT ¥ 45k 1 i
1 ns B3 AP R BCEEN 2 2S5 R 1000 Sl . fx
JE B ZE R 2 Fis, HophE 2A filE 2B
) FRORHRG W ik 5 R il A0 T B AE AR S1 X S #H
Closed IIEZ, Il 2C (PRI E SE 5 B il A1 10
HELE S1 XIRZE I 5 T A B y- PG Open JE
o BHIEH a-CGTase, P-CGTase Fl y-CGTase
5 WEEE X R R B A T B B RS 5 —14.26
—12.13 F1-15.36 kcal/mol, FH y-CGTase-#i{k {4
RIYEEE RERE

25330 MT a-CGTase ZFEHR Al -1 BB 0] A HAE
FH . BT PORIRE B A4 i ) 2 BE R 5 W e 1] 9 &
SRASI SR, BT EEE O 3 AR A T A0, DAfE
ST R R A A AR SR T, B S10-S8 IX.
1. S7-S4 X1 S3-S1, 4nE 3 FroR. lid s dr
13, 77 a-CD = Z (IR RE L R 1 5 b ek
(5] T ZEAE 1) ) 2d BERR 43 ] & R146 . D147 \H168
D145, N195. G182, Y89, W101, D374, H140,
Y197, H235, K234, W261. Q267. Y262, E260.
D331, H330, D374 fil R378 %,
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A N
/Q a-CGTase

B2 Z#IMBEREBIES THEENS FHEND T3 N FEMUERRIHE

Figure 2 Molecular docking and molecular dynamics simulation of three cyclodextrin glycosyltransferases with

decasaccharide chains
Note: A: a-CGTase; B: B-CGTase; C: y-CGTase.

3 a-CGTase @ EELFI+HEGE B A B 1 = 4E L (K [E
Figure 3 Three dimensional diagram of interaction between a-CGTase and decasaccharide chain

e A THEBER a-CGTase ZFEMR 2[RI E K ; B: Mi5EH 1Y S10-S8 5 0-CGTase ZILFR 2 [A] ) A i KKl ; C: S7-S4; D:

S3-S1.
Note: A: Hydrogen bond diagram between decasaccharide chain and a-CGTase amino acids; B: Enlarged diagram of hydrogen bond

between S10—S8 and a-CGTase amino acids in sugar chain; C: S7-S4; D: S3—S1.
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2233 AT B-CGTase 24 JE 18 A1 -4 1] AH BLAE
FH, BT IR WL RS I 1Y) 24 5L R S5 A (] 1) &
SRESH SR, BT REEE S OIS A3 HEA A3 b, DAE
TPt — IR SE/ER, B S10-S7
XA S6-S1 X3k, 4nfEl 4 Fios . it s,
77 B-CD e 22 I PR MRS B D i B il 55 1 e () | 222
Y 1 L BR 43 ) & H177 . S146 . N178 ., Y167,
N193. G180, Y195, H140. D196, H233, K232,
F259. D328, H327. R375, D371, H98. N94,
F89 4%,

2833 3BT y-CGTase 28 FE 8 AN - W 6% [B) AH H 1
FH, T FORORS 5L B I 1) 2 SE 1R 5 W B 1 1
LR 2%, BT WEEE S R Ay AT AT
DB i R — D @ AR S e, B
S10-S6 X A1 S5-S1 X, & 5 ffn. @il
BrAs5n, 7= y-CD I 2 i FOMDRG Bl SL 7% RS g 5 1 b

A

4 PB-CGTase REBLAN+#EEEHH E/ER =4S IR E

% 0] B 2E R O A LR 4 & G166, G168,
D169, Y182, W94, H83. D138, HI33. F170.
S171. H220. A219. F246. E244. H313, R361,
H91. D357 &,

DR 3 FIORIE R LI BT A SR
THA, YEHL 3 F CGTase @ LR 5+ Wik 16 A 7]
B AR 2R, E 6 Fn . &ad 7 fr
154 3 A CGTase 5 THisEEA WA EILA 17 1
B, Ho 14 A0S R ERFIZE—2, 3 4>
LS E IR AP A — 3, XN IR —
14457 S50 a-CGTase 7 42 H98 . Y100 . W101 .
H140., H169. G182, N195, Y197. D198, D231,
H235. E260. H330 F1 R378, XJh 44 HLmA—2L
B 3 AMLEXT a-CGTase i 54 Y89, D234 #l
Y262, AJLLEAEE 2 EALE 3 FPERRIR B
oz A IR B G R

H233_Y195 4.2
ws2 4

S1 A 7:1?‘"'—2 J

\ 7 Q f
F259 © p3og¥y
H327

3 R375

Figure 4 Three dimensional diagram of interaction between p-CGTase and decasaccharide chain
TE: A: TMEEER B-CGTase Z AR Z (M5 A ; B: MiET 1Y S10-S7 5 B-CGTase 2 FEMR 2 8] (&K E s C: S6-S1.
Note: A: Hydrogen bond diagram between decasaccharide chain and f-CGTase amino acids; B: Enlarged diagram of hydrogen bond

between S10—S7 and B-CGTase amino acids in sugar chain; C: S6—S1.
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G168 D169 Y182

AV f

3 A ‘tx?
A219 A
™ Coug H313

5 v-CGTase S EERF+HESEEMEEIER =4 k&

Figure 5 Three dimensional diagram of interaction between y-CGTase and decasaccharide chain

e A: PHEBERT y-CGTase AAEMRZ A GEIE; B: BT S10-S6 55 y-CGTase AR Z A E BRI ; C: Mk
S5-S1 5 y-CGTase & IEMR =[] () 4.

Note: A: Hydrogen bond diagram between decasaccharide chain and y-CGTase amino acids; B: Enlarged diagram of hydrogen bond
between S10—S6 and y-CGTase amino acids in sugar chain; C: Enlarged diagram of hydrogen bond between S5—S1 and y-CGTase amino
acids in sugar chain.

6 =MREARSTHHEEUEESHERIER

Figure 6 Hydrogen bond amino acids of three mutants overlapped with decasaccharide chain

T A AR E SRS e Z WA SRR A G R , AR a-CGTase, KIS (4R B-CGTase, Wil (A4 y-CGTase;
B: BAHCHAEEFERRTE o-CGTase W EARZFERR A FRAINL 08, BOETRFIR AR RR RN, ROTFERFRARERE
IR,

Note: A: Amino acid positional relationship between the amino acid at the same position and the decasaccharide chain. White indicates
a-CGTase, light blue indicates B-CGTase, and dark blue indicates y-CGTase. B: The key hydrogen-bonding amino acids that overlap are
in a-CGTase. The specific amino acid name and position, the black font indicates that the amino acid types are the same, and the purple
font indicates that the amino acid types are different.

e
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R2 ZHITMBREEEBEBSTHEGENESNEES
SRASL A X K AR

Table 2 Correspondence of important hydrogen bonding
sites between three cyclodextrin glycosyltransferases and
decasaccharide chains

No. a-CGTase B-CGTase v-CGTase
1 Y89 F89 H83
2 H98 H98 H91
3 Y100 Y100 Y93
4 W101 w101 W4
5 H140 H140 H133
6 H169 Y167 Y154
7 G182 G180 G167
8 N195 N193 N180
9 Y197 Y195 Y182
10 D198 D196 D183
11 D231 D229 D216
12 K234 K232 A219
13 H235 H233 H220
14 E260 E257 E244
15 Y262 F259 F246
16  H330 H327 H313
17 R378 R375 R361

I X} a-CGTase 5 y-CGTase SEHi/KA/EH 7
FIAIEFE A B0, FE DX 38 1 FNIX 3k 2 843 1R 2 110 22 1) ¢
K. a-CGTase AHX}F y-CGTase X3k —K i, A
— T KA TR B JUAE IR N T — TR
KR WKL 7 Nk 2 s tris i, XA B

7 CGTase

SRR A BN I Y K234 1 Y262, 7E# 2 H,
0-CGTase 1) K234 Fl Y262 535X} ) y-CGTase
75 A219 Fl F246., 234 i 5 7E 0-CGTase H Y
RIER NI ETR, & T R K5, #
y-CGTase %N B 7% A i KR 1 T 2R 5 262 i s 7E
0-CGTase HZIEIR NI ARR, B THKEH
Mz, #£ y-CGTase A0 B A8 Mg K 1R N 2
T LA SZIG R AN SRl 262 37 s M SR K Al i 4
MR B K PR 2 LR, W RESS AT CGTase 1774
J7 A K ek As
22 EREMMEYME—M

A S5 RAE LG ) Paenibacillus macerans sp.
602-1 fEMHIRR, HF 262 £ 5 7K M: 1 T 22 R 58 A8
RGO PER S AR, AR RNE Y2621 5 HFA: il
PG T OB (3R 3), RIR Y2621 AHXF FHFAE TR
11 7 B PERRAR . 280 /80 50RO £ 1 75 58 A5 il
Y262L AH# TR AE WS i A b HodgT e
o-CD B HLIA B R REAR, AR Y 51.5%F% A
16.7%, SARKEMLT 2/3; $FAETH Paenibacillus
macerans sp. 602-1 =41 y-CD /5 & CD ;=& kb
B 13.7% (FEhtbh), et Y2621 RAE A
FPHE ) y-CD (& CD P it ik 5] 39.9% (i
by, RARAAEXT TEA R y-CD Y H g n T
3 f5(ER 4)0 SR T EHXT K234 5 E A

Figure 7 Hydrophilic and hydrophobic effects on the surface of CGTase
H: A: o-CGTase WZEH/KIEM; B: y-CGTase (U35 /K/EH ; Regionl fl Region2 /R~ a-CGTase 5 y-CGTase Fbi/KAEH 122

BRI B DX S

Note: A: the hydrophilic and hydrophobic effects of a-CGTase; B: The hydrophobic and hydrophobic effects of y-CGTase; The Regionl
and Region2 show the regions with different affinity forces between a-CGTase and y-CGTase.
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£ 3 Y262L R {KREEF0EF A BEAVER SR 1T

Table 3 Enzyme activities of Y262L mutant enzyme and
wild enzyme

Mutants Enzymatic  Protein Specific
activity concentration activity
(U/mL) (mg/mL) (U/mg)

Wild 4 856+24 0.547+0.014 8 289+43

Y262L 2922413 0.667+0.011 4381=19"

T T P<0.01, SEFAEMPTXL, n=3.
Note: : P<0.01, compared with the wild group, n=3.

® 4 SHRERIEENT Y262L REKESFIEF LR
HLEMER

Table 4 HPLC analysis of Y262L mutant enzyme and
wild enzyme conversion starch

24h Mutants Product percentage (%) Yield (g)
o p Y

1 wild 51.5£1.2 34.8+1.4 13.7+0.3 3.64+0.11

2 Y262L  16.7+1.4° 43.5+3.1 39.9+0.9° 2.10+0.06"

H: "o P<0.01, SEPAEMIITHL, n=3.
Note: *: P<0.01, compared with the wild group, n=3.

RAS, RAKHEE K234A 1Y a-, B-Fl y-CD F=¥ytL
H 64:25:9 (Fuitbt), MRS B AR R AH L AR fAS
Ko Y89 i 5 1 e AE il £ A ek ™' B
[F] () 2 IR 25 S B W& — PR BB .
3 WikE4R

Sonnendecker 252 % Bacillus sp. G-825-6
WY Y183 5 1 D358 i s 5 7 A= ) CD8-CD12
(R 77 R ORI, SR 1 Sonnendecker 2120
Y183 1 D358 Xf i (YA SCH 4JCM 9432 i 0 Y182
M D357, XPIANREERY S TS A e S EH
Fio Gl 1 AR B, Y182 57 s AR el it
f) a-CGTase I B-CGTase ¥ i & Y197 Fl Y195,
Chen Z:U7VE 51 Mc¥E  Paenibacillus macerans 1
Y195 (gl AU Z K y-CD. YT a-. B-Fil
y-CGTase kUi, ZEMHELRIEAME, Jit 2
Sonnendecker 25210 1 Y183 {37 4.4 2 Chen 257
Uit Y195 fsi, ERIEAL TRRIZEAL CGTase Y]]
— RN X —Z5REY], R EEE T —F
CGTase, HZIAXS N i (Y AL RR AL T W] — G 5
PiE, H45EAFE CGTase BG4 —PEr=4:

FHIE A A5 1L

ARFFEE IS LB 3 Flh CGTase HASMHT 5EW)
FEAE A M 2 SR, IOk S0 S S IR %o il ™
Yy —VEA EEAE, Li R IR AR K Y89R
AR TH o-CD 7= NEF AR 1Y 41.8% 46 5
58.2%; Kim 2P % A5 (A Y89F 1 Y100F 43 F
F 774 B-CD; Leemhuis 252X &5 Y167F .
G179L. GI80L. N193G. N193L Fl G179L/G180L
WTBFSE, RIEE G180 1 2 [ EMb I v il
IR S, X7 s AR 528 1 Hr ARG SR I
4 G180 F1 N193 XJ ))& a-CGTase #Y G182 Fil
N195 a5 ARHEARSLIG ) A AT A5 Hh X422 1 AR i
{18 33X L DG B R X PRI A B 2 % il 110 it A o
B, AR AT R 2 e s B S R R A T B
Uxs, AT RE SRR B S R . ARBFIE N
Y262 i s A TR AR — S, 2R
BIRG T 12T Y2621 A BTt ™
y-CD &—¥E, MEFAERFR 13.7%32 53] 39.9%,
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