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Table 1 Varied sources of CGTase and a-amylase

SWISS-MODEL

Type Bacterial source

Repository
a-CGTase Paenibacillus macerans P04830
Klebsiella pneumoniae P08704
o/B-CGTase Thermoanaerobacterium thermosulfurigenes EM1 P26827
Bacillus lichenifurmis P31797
B/a-CGTase Bacillus circulans 8 P30920
Bacillus sp. 6.6.3 P31747
B-CGTase Bacillus circulans 251 P43379
Bacillus sp. B1018 P17692
B/y-CGTase Alkalophilic Bactllus sp. N 1.1 P31746
Brevibacillus brevis CD162 030565
v-CGTase Bacillus clarkii 7364 Q8L3E0
Alkalophilic B. sp. G-825-6 Q25CB6
o-Amylase Bacillus lichenformis P06278
Bacillus subtilis 168 P00691

1.2 FHF@R RGBS

11 ClustalX 1.83 B ATH5 CGT MEAT o U247 il
R RH A B8 1 4l 5 A A SRR AT 2 TR A1 L
X, A Gap Opening ¥ & 244 15, Gap Extension
BWE S HN 6.66, Delay divergent sequence % & 2
%04 30, DNA transition Weight % &S %4 0.5.

FI i SWISS-MODEL il Chimera 1.6.1 4 {:%}
HF A=Y CGT il S H IR AR AR IR i AR S5 M) AT A2 2 5t
T
1.3 CGT BgsRT{RryHiE

JE RRAR TR M SR — 22 PCRIAM. LIk
JET P macerans ") CGT BgFEE B, Beih—*)
AN, R —2 PCR VESASAH N A A (3 2).
PCR [ VAR Z 4K TaKaRa 23 ] STAR Primer i)
UL B EEAT. RN A 10xEx Taq buffer
(Mg* Plus) 10 wl, dNTPs (% 2.5 mmol/L) 4 pl, IE
6 51 4 (10 pmol/L) 1 wl, K [ 51 4 (10 pwmol/L)
1 wl, 4 DNA 1 wl, Ex Taq HS(5U/ul) 0.5 pl,

Table 2 Mutant primers used for

site directed mutagenesis

Primer Sequence from 5' to 3' (Forward)
Asp315—Ala 5'GTCGCAATAC GCCTACATCAAC3'
Asp29—Arg 5'CTTCGCG GAC GGG CGCAGG ACGAACAATC3'
Asp29—Asn  5'C TTC GCG GAC GGG AACAGG ACG AAC AATC3'

Underlined sequences present introduction of mutants.

IMABFEIK 32.5 wl. PCR F #4444 K. 98°C AL
P 4 min; L 98°C 10s, 55C 15s, 72°C 8 min 4%
PEREAT 35 AMEHN: JeJa 72°C R 10 min.

¥ T3 PCR P22 Dpn 1 40FE 2 h J5 ek 2]
E. coli IM 109 1, FF¥RAN 2|54 100 mg/L% F
TR LB BEIRR AR, 78 37°C A h i %
72 12 h, M ki R R 25 100 mg/L
FAN TR EMN LB ks 725+, 37C . 200 r/min
BRI, FEd BEOTORE BRI 5 0 I 5 SR R
SRS e WP . R 98 OR8N 3R
k545 ¥ E. coli BL(DE 3)H.
1.4 FFHE CGT MR R TIRBIE =

W AL 208 15 34 N 50 ml LB #5557
FE 250 ml =AM, 37C. 200 r/min 355 8 h.
CL 4% 1) # Fh 2 92 Fh 2126 457 50 ml TB #5772 (1)
250 ml =3+, 25°C . 200 r/min 3% 36 h.

FREFERAL AT 100 mg/L 2% 5 4.
1.5 CGT BgINLIE H B9 E

& MR CGT B 0.1 ml, I AZA
0.9 ml 4G H 50 mmol/L i 2 £ 2% i i (pH 6.0) A
TR 1% o/ ) PTE PEVER S RE T, 72 50C R
JZ W 10 min.

I 1.0 ml 1.0 mol/L ) £k #& A1 1.0 ml
50 mmol/L B I 2% i ¥ Ic I ) 0.1 mmol/L F 3 #5
W, F U N AR 15 min, £E 505 nm R I 5
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JEE, K o FRRIRE bR vE B2 T B o FRBRS
4 A 3.5 ml 30 mmol/L NaOH A1 0.5 ml
5 mmol/L Na,CO; % ¥ L. il (1) 0.02% (w/v) My BK, =
UL R YL 15 min, #F 550 nm B GE WOGRE, Rt
N B IR ARtk th 2 vh B0 B FRRIRS & it A
50 wl 1.0 mol/L (£ M 45 1 Je v, Bt i 2 ml
0.2 mol/L ¥R ZZ MK (pH 4.2)F1 100 wl 5 mmol/L
R 28 (BCG)H i, & F AR 15 min, 7E
615 nm FMlEWOCE, XN y- RS AR e i 26 1
Sy ORGSR O TE RS
PE R BE R 1 wmol SRAIRS FIT 75 1) il 200590,
1.6 FHEE CGT By R KT AN ENE

W B A8 CGT Mg SRR ARAE 60°C F ORI, (7]
B — 2 I T PR IR I A JT A 0°C, e ik X3R4k
W71, DRI IR 714 100%.
1.7 CGTEERKENE

B TR P e R i 2E AR TR BR A
F] Modified Bradford Protein Assay Kit {f K 714
Bradford & [ P I iR 57 S0 i g5 SK3041)
BR324 3 B LV v, 2R il
H AT Sigma-Aldrich( )24 7).
1.8 CGT BRI RIES

N T A M B TR CGT B AY 52 N (1 520,
L 5% 122 ZEKE (DE 3) A W, N AR R I
ANFR FEAS B 7, R INZRE S 1 U/ml (1) ¥
4= CGT Bl A4k, BT 37C . 200 v/min $EK+
SN 12 hy A KHEE 10 min, AN 10 wl B 1L
(100 U/ml)$E1k 30 min, 3% K 10 min. A5
FEh 10 000 r/min B50 JFHL ETH W, 0.45 wm I8
5 b 91 8 v 0 € ik (HPLC) Il 2

HPLC Il % 41 4 . Waters 600 = 2 0 AH (5
WA (AL 7~ ZE T E R I 2% ), €43l 4 Lichrosorb NH,
(4.6 mmx150 mm), i3 AH K H 68% ¥ £ Jif 7K ¥
W, AR 30C, WA 1 ml/min.

2 #R5E

2.1 {EBRFEANS Cal EHHHT

CGT M2 27~ 34 M2 B 7 A A 4 Nad
PR LI 585 5 1454, B 49~ 55 L& LR 7 4
A2 ANRAEERIE ST B T4 5, X 6 NSRBIk
FEAL RIS 8 T LA Ca T, RIRFRIL A
Asp27. Asn29 5 Asp29. Asn32. Asn33. Gly51
1 Asp53. JH I 2 H A L AT ORI 3), &

FEMRHLHE Asp27. Asn32. Asn33. Gly51 1 AspS3
7t CGT B H HA B RS E, T 29 A2 LRk
BEAEANFRYE IR CGT Mgrh RHLH — e R ek 1
L7 o MRS 1 «-CGT B AT 7= 358K 1
v-CGT W35 RAZAIR(D), 1EHAnZER CGT M
HOU A RABERZ(N). 534, CGT R4S &5 1456 4
M Ca T A Z TR BRI 5 o VE K Bl X V. 1Y) 24
FEPRIR AT W] W 75 e

Table 3 Alignment of amino acid sequences at calcium

binding site Ca I of CGTases and a-amylases

Type SWISS_MODEL (27~34)aa  (49~55)aa
Repository

a-CGTase P04830 DGDPTNNP  YFGGDWQ

P08704 DGDNSNNP  YTGGDWQ

«/B-CGTase P26827 DGNTSNNP  YFGGDWQ

P31797 DGNTSNNP  YCGGDWQ

B/a-CGTase P30920 DGNPSNNP  YCGGDWQ

P31747 DGNPSNNP  YCGGDWQ

B-CGTase P43379 DGNPANNP  YCGGDWQ

P17692 DGNPANNP  YCGGDWQ

B/y-CGTase P31746 DGNPGNNP  YCGGDWQ

030565 DGNPANNP  YCGGDWQ

y-CGTase QSL3E0 DGDPDNNP  YCGGDWQ

Q25CB6 DGDPTNNP  YCGGDWQ

a-Amylase P06278 L----PHSAA NDGQHWK

P0O0691 G----PAAAS  TLKH------

Amino acid residues in bold represents calcium ion binding sites, -,
means deletion or misalignment of corresponding amino acids of

o-amylase.

CGT W45 25 145 5 AL i Ca T AL FER AR A
FIROYMRAWEHEN) N E, KAREZ T T RER
AT O E, B TSl I R A B AR
AR MR BEHE R ATAR R R A, (4
B 181 5 T R W Bk S R AR AR ELAE T
SitfElg A b JiAh, TSRS HT
LK 1), CGT Mgss B 1745 &7 i Ca T A LIRS
SO BERCRE . SR KPR R, XL B L I Ak
TERGAH I U BUE5K, B9 TH 2R T U 45 H
HRe, T AR A Y AR .
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Fig. 1 Models about calcium binding site Ca I
of CGTase from B. circulans
Big ball represents calcium ion, small balls represent water molecules

around calcium ion.

22 HBBETEAMS Cal EHHHH

CGT 4 85 178557 4 Call KB4 4 N
FERRIRIEA G 43002 1391 190, 199 Fi1 233 fif
LRI, XS SR R I B R SR
JopEte ) S A . Wil 2 =TS R
B, CGT B, & 745547 5 Ca Il bR IR TRIE R
B2 R PEEE 4): 5 139 (T Z LI A
RABENE(N), 5 233 47 2 3L 1R 5k 3L 3 4 AL A R
(H): 55 199 A7 2 LR FEAE v-CGT B oA 2 %1%
(S), TEILARIEM CGT M A RAAM(D); Bk
8T Klebsiella pneumoniae ] a-CGT F 5, H R
CGT B 190 7 Z LRI N o E(1). 5
4b, CGT BEEG & 785500 05 Call bR EERIRIE S
o VER PR IO PR e BE R Ak S AT B SR AR AL, 4
DR 8 145 5 A a5 o T K I 5K ] g 5 il
TEAE.

Table 4 Alignment of amino acid sequences at calcium binding site Call of CGTases and a-amylases

Type SWISS-MODEL Repository 137~ 141 188~192 197~ 201 231~235
a-CGTase P04830 APNHT DGIYK LADIN VKHMP
P08704 APNHS QVKNH LSDLN IKHMD
o/B-CGTase P26827 APNHT DGIYR LADLN VKHMP
P31797 APNHT DGIYR LADLN VKHMP
B/a-CGTase P30920 APNHT NGIYK LADFN VKHMP
P31747 APNHT NGIYK LADFN VKHIA
B-CGTase P43379 APNHT NGIYK LADLN VKHMP
P17692 APNHT NGIYK LADLN VKHMP
B/y-CGTase P31746 TPNHS DSIYR LADYD VKHMS
030565 TPNHS DSIYR LADYD VKHMS
v-CGTase Q8L3EO VPNHT NSIYR LASLN VAHMP
Q25CB6 VPNHT DGIYR LASLN VAHMP
a-Amylase P06278 VINHK NGNYD YADID VKHIK
P00691 VINHT - QN LYDWN AKHIE

Amino acid residues in bold represents calcium ion binding sites, -, means deletion or misalignment of corresponding amino acids of

a-amylase.

I i A R A A DL 2), CGT gAY
S5 R Ca Il A2 B R A [ A AT B 14
RAKPE LB R INEE, 7T R A T45 2 T4 &
CGT Mg A7 AE— DR & & M IS P o,

JECABE R 1) W AT B3 R AR AR i R .
BT A A AL Call A2 TIRXANEME L, L, #%
7 AL BRI B T BEXS CGT Wi 3G M 2 R 2
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Fig. 2 Models about calcium binding site Call

| His 233

of CGTase from B. circulans
Big ball represents calcium ion, small balls represent water molecules

around calcium ion.

23 EETHEENS CallEH D
BB T4 5 A Ca A AFAE T/ % CGT 1
i S, SRIET B. circulans 1 CGT B AR
M, ZA7 S Ala315 F Asp577 PR IE IR LA
BB 3). Sidh, %A S 1 4G A s CGT g Al
a VERM MG R 2. RIET B. lichenformis
(1 o VE K B AR A7 AT AT AL, H d1 Aspd07.
Asp430 F1 Gly300 =AM 2 FEIR R I B, 1 Ky 1
Bacillus subtilis 168 1] o JER BEMIATEAEAZAT A
BT EA 0 A Call fAE S Bl B S 8L 1 45 &
PR T IIRE A —E KA.
24 CGT RSB FHEERLRThEES
241 PETEEALAS CGT BEIFMETE ).
HHEr, CAHPINER o WER S S 145460

°

Ala31s @

— :
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Fig. 3 Models about calcium binding site Calll
of CGTase from B. circulans
Big ball represents calcium ion, small balls represent water molecules

around calcium ion.

W5 FLAK R 1A — i ORERET. X T CGT Wi i
T JCRTI TR N S S A AR
FEMR IR IE 1 AR e — e B L2 CGT B (1975
1., SRIET Bacillus sp. G1 1) CGT [45 5 145
B Ca Tl A FEMR TR FE N132R(H Y. B. circulans
CGT M1 55 139 fir) ARSI LS J) K T B
TMA5 251 45 A7 A1 Ca T A0 AH WY 2 56 R 7% 55 N28R
(XN B.circulans CGT W15 29 A7) 58 AR 1L B 31
HiE 1 ETF 66.2%M. 3X 3R A 57 45 A A A
CGT BMLIE ).

KGR P macerans CGT M85 25 145 &7 15
Ca [ Kb ZFEMR 7R I Asp29 58748 Sy R 4 Ik Ji (N) Al
KRB R), 45% 55, D29N M1 D29R 5848 4
o IMBIE I, T B IR J1 4 i BT 23%
35%(% 5). b0 W B 14 5 0 AU S R
BRHEE CGT BERIIMETE ) 3 DIAH K.

Table 5 Cyclization activities of the wild type and mutant CGTases from P. macerans

Mutant a-Cyclization B-Cyclization v-Cyclization Total
(protein) (U/mg) (U/mg) (U/mg) (U/mg)
Wild type 184.2 33.1 5.4 222.7

D29N 167.2 40.6 5.9 213.7

D29R 158.7 44.7 7.9 2113

Each value represents the means of three independent measurements.

242 PSETEEA Y COT B#EENE.
B 18 T A5 LR AU CGT B AL /1,
W5 M LG E PE. Goh SR TR I, SRR T

Bacillus sp. G1 1] CGT Bg#5 & 145 & A7 1 Call &b
NI132R 5845 g i 2 42 i L s gse vk
KWFFE P macerans CGT EEAS 85 145547 15
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Ca [ 4 Asp29 Hl Calll &b Asp315 BEATRAE, Z5 R (Kl 4). XUil] CGT B4 & 145 & Ar AU 2L IR Tk
WoR, JARAK D29R I D315A 76 60°C RPN FEReRgmapg i Age e k. AL REE: 58 145
WS E. 7€ 60C R 30 min 5, BFAEM A7 A EIEIRRIL ARG R T S8 5 1 A
CGT Bk R AN 1.3%, MRASA D2OR  GIEMIRIEIIMH EAE], A B0 1455 145 & 00 25 1)
I D315A FIRIALIE 10 D200 142%H1 12.3%  Foe Pk, AT S e i i Bk

(a) 1201 (b) 120k
e 100 < 100
2 o} £ 8ot
5 5
; 60+ ; 601
= k=TI
& &
20+ 20+
0 . . 0 . .
10 20 30 40 50 60 10 20 30 40 50 60
t/min t/min
Fig. 4 The thermostability of wild type and mutants CGTase from P. macerans
(a) m—m: Wild type; e—e: D29R. (b) m—m: Wild type; e—e: D315A.
243 P TEEALEY CGT B ks 51k (£ 6), B DHEREARNIATH] 9 h 5 AER

¥ CGT BFES & 7 &5 600 5 Calll b5 315 A2 K CGT il S S8AS AR A = SR0URS 115 o, A EE T 852k
X B RD)RENNAIR(A), FABRARATHH B CGT M, 5414 D31SA 7= g Fl vy HH
K RE DB, AHLL THPA 7Y CGT W, D31SA 5 Kidr s =# ity 7t 28.5%(&l 5). ik B4 25+
A0 B ATy FRALTE J7 00 W B TE 31.3% M1 285.7% G4 NS CGT g~ ek AT A G k.

Table 6 Cyclization activities of the wild type and mutant CGTases from P. macerans

Mutant a-Cyclization B-Cyclization v-Cyclization Total
(protein) (U/mg) (U/mg) (U/mg) (U/mg)
Wild type 187.7 33.6 0.7 222.0

D315A 164.3 44.1 2.7 211.1

Each value represents the means of three independent measurements.

121 wild type ~12r p315A
2 3
2 &0
= 8 e}
z 2
(5] [}
3 2
o 4r B
g 9
% QU
0 L 1
2 4 6 8 10 10
t/h

Fig. 5 Production of cyclodextrins by wild type and mutant CGTase enzymes from P. macerans
M o- cyclodextrin; @: B-cyclodextrin; A : y- cyclodextrin.
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Fig. 6 The effect of calcium ion on cycling

products of CGTase from P. macerans

[0 : a-cyclization; [@: B-cyclization; [l :y-cyclization.
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Structure and Function Analysis of Calcium Binding Sites
in Cyclodextrin Glucanotransferase”

BAN Xiao-Feng", LI Cai-Ming", BAO Chun-Hui", GU Zheng-Biao"?, LI Zhao-Feng"?"
(" School of Food Science and Technology, Jiangnan University, Wuxi 214122, China;
? State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi 214122, China)

Abstract Cyclodextrin glucanotransferase (CGTase, EC 2.4.1.19) is an extracellular enzyme capable of
producing cyclodextrins through an intramolecular transglycosylation reaction. With the application of
cyclodextrins expanding in the industries related to food, pharmaceuticals, cosmetic, etc, CGTase has become the
focus of scientific research nowadays. Calcium binding sites widely exit in a-amylase family. Previous studies
indicated that these sites had very important roles for a-amylase. It was known that CGTases also possess two or
three calcium binding sites. However, their structure and function are not very clear. In the present study, structure
and function of calcium binding sites in CGTases were analyzed. Sequence comparisons were performed using the
ClustalX 1.8 sequence alignment program. Based on the results and crystal structure analysis, it was found that
calcium binding sites Ca [ and Ca Il exist commonly in CGTase. Most amino acids at these two calcium binding
sites are highly conserved, but the residue 29 at Ca [ and residue 199 at Ca Il have significant differences between
different types of CGTases. The residue 29 in a-CGTase primarily producing o -cyclodextrin or y-CGTase
primarily producing y-cyclodextrin is Asp, while others are Asn. The residue 199 in y-CGTase is Ser, while others
are Asp. Calcium binding site Ca [ll only exists in few CGTases. The site consists of residues 315 and 577. In
addition, site-directed mutagenesis was used to investigate the functions of calcium binding sites in CGTases. The
replacement of Asp29 by Asn and Arg resulted in 23% and 35% increase in B-cyclization activity, respectively.
Mutant D29R and D315A showed higher stability than wild-type CGTase at 60°C . Moreover, the mutant D315A
had higher B- and y-cyclodextrin specificity. These results suggested that calcium binding sites might be related to
cycling activity, thermal stability, and product specificity of CGTases, which provided the directions for further
revealing biological functions of calcium binding sites of CGTases.
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