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Abstract

A putative maltogenic amylase gene (DGMA) was cloned from the Deinococcus geothermalis DSM 11300

genome using the polymerase chain reaction. The gene encoded 608 amino acids with a predicted molecular mass of
68,704 Da. The recombinant DGMA was constitutively expressed using the pHCXHD plasmid. As expected, the
recombinant DGMA hydrolyzed cyclodextrins and starch to maltose and pullulan to panose by cleaving the o~(1,4)-
glycosidic linkages, as observed for typical maltogenic amylases. Characterization of the recombinant DGMA revealed that
the highest maltogenic amylase activity occurred at 40°C and pH 6.0. The half-life of catalytic activity at 65°C and 55°C
were 8.2 min and 187.4 min, respectively. DGMA mainly hydrolyzed B-cyclodextrin, soluble starch, and pullulan and its

efficient ratio of those substrates was 9:4.5:1.
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Maltogenic amylase(MAase; EC 3.2.1.133)= neopullulanase(NPase;
EC 3.2.1.135)%} cyclomaltodextrinase(CDase; EC 3.2.1.54)¢} &7l
HAEEs] 549 a-amylase AlEe] Ea&d EFHT cyclodex-
trin(CD)YS &AH o2 JleReshs 842 484 Utk o
CD #3EAEL oAt AEe] fALEYE & HoZ A4S
ZF 40-60%°l SFele w2 AEHS Boln FERIHSEE
glycoside hydrolases(GH) family 139 &3l (B/o), 9EH +3
718 FASR 3§t 47le] FFAR] AT AEE FRD
WA MR APEEE TdE 71 Bl TRl AeR &
A AH(1,2). 53] ol G4AELS U9t g-amylaseol] EA31A]
= 1309971 opm|iAte® o] ojxl N-Z =wQls 7HAAL Q)
=d H2 AT AgolA N-ZE =ddl Foje gie] G447
] (catalytic domain)ZFE HHAOZ FHElo] §49] oligomeric
T2 Aol o] I3k Aoz BIEJTK3). Neopullulanase
8.4F Bacteroides thetaiotaomicron 95-1(4), alkalophilic Bacil-
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Ius(5), Bacillus polymyxa CECT155(6)3 752 mjAEoA w4
o™ a-p-(1,6)-glycosidic 233} o-D-(1,4)-glycosidic A=
HREete A0 3 Holste 48 YERITHT). 59
pullulang 7FREaEk] 7154 321 panose 2 glucose$} maltose
& Aiske Aoz RIFEATKR). ©l9k= tFEA cyclomaltodex-
trinase= AWHAQ] starch 2 pullulan 52 7|1AHT= F2 cyclo-
dextrin(CD)ell thallAx] =& &40z 7ieialE vk defA
TH9). Maltogenic amylase:= o-D~(1,6)-glycosidic AR} a-D-
(14)-glycosidic A& ©] 2 ®3fsi, HF24 22 CD 9 soluble
starch 7]12& FZ maltose T ZE £313}7] W9l ‘maltogenic
amylase’Z HHE ) TS o] Y%= maltogenic amylase 4~
E2 pullulang E33F panoseE BAHhE ZoE 4HAA, o-
amylase 5 amylolytic enzymeE<] 7JEs AsAZ LHZ acar-
bosex 7R & £ e 58S 7R ATH10).
Deinococcus geothermalis DSM 113002 Gram AddolH, o]
ga)o} YZ2]9] Agnano &3oA EEFAHEHALH D. geo-
thermalis= & 32 971 AEo]l RAFATK(11,12). D. geother-
malise $-2hae] AL 7HE Altoli, 55°Cehe Hlad =

2 2rolx AAsle 5498 7L JTh(12). B amylosucrase,

branching enzymes HIZ3l] theFeh A A 845 AAsiaL
ATH(13,14). & AFolXM= D. geothermalis DSM 1130025E] 7]
E9] CD B EAEH 4542 Lo CD ElELEY &
Al N-2Zek =Rle 7L = AR ERIH dgeo 0475
ARS olgale] Axd TS QYA AAste] 2 T4

=4g Yol 39
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B Ao A3t D. geothermalis DSM 113002 TGY HA|
(0.5% tryptone, 0.3% yeast extract 2] 0.1% glucose)s ©]&-
Slod 50°CollA witalith 29 2 IS 98t Escherichia
coli DHIOB [F~ araD139 A (ara leu)7697 AlacX74 galU galK
rpsL deoR ®80lac ZAM15 endAl nupG recAl mcrA A(mrr
hsdRMS merBC)] #+FE& AH8-3t92™ Luria-Bertani(LB, BD
Diagnostic Systems, Sparks, MD, USA) A& o]&3}o] 37°Ce|
A skt

Al

T4 DNA ligase, Pfi DNA polymerase®} 7+ restriction endo-
nucleases, modifying enzymes= New England Biolabs(Beverly,
MA, USA)9} Solgent(Seoul, Korea)oll Al +43A AF&-dit). 712
Z ARE-3l soluble starch, B-cyclodextrin(B-CD):= Sigma-AldrichA}
(St. Louis, MO, USAAIZES A3 2™ pullulanS WakoA}
(Osaka, Japan) AFS FHstATh £ F £4S 98] What-
man(Kent, UK)2] silica gel KSF thin-layer chromatography(TLC)
£ ARt

X 224 Y AV|IME BY

D. geothermalis DSM 113002] 7 2}= GeneAll™ total DNA
purification kit(GeneAll Biotechnology, Seoul, Korea)S AR&-3}o]
FE313t o] A e AlE F7IMES 53 ERIg MAase
%1 2Hdgeo 0475: GenBank accession number YP_603946)S ©]-&
slod DGMA-F: 5-CAT ATG AAC ATC ATC TTT GCC GAC
C-3'9f DGMA-R: 5-TCT AGA GGC CAA CAG CAA CCG
CCC-3' primerE A1 2sl5AtE. DGMA-F primer't-$]ol= Nde 1 Al
StaA 914 H91E 7IA™ DGMA-R primeri-$1ol= Xho 1 A
Sha s 2] H9E 7KL Utk PCRE Pfu DNA polymeraseS
A28+ 3 thermal cycler(ASTEC PC-320, ASTEC Inc, Fuku-
oka, Japan)E ©]-&3}] maltogenic amylasef-AAS SZ31 T
PCRS 53] ¥4 ©¥HLE pGEM T-easy ®E(Promega, Madison,
WI, USA)9 2% ¥ E coli DHI10BY| F2Ags] 2 IS
glstsdrt.

S0 it U HE|

E. colilA E&4] @id HAS 98k AEF plasmid®] +
%2 PCRS 53l U2 maltogenic amylase+d A5 pGEM T-
easyH B0l A3lste] L2 plasmid} pHCXHD(15)5 ZH2; Nde 1
I Xho 1 AFEAZ HT|5ke] gel extraction kit(Axygen scien-
tific Inc, Union City, CA, USA)Z AA|g T} dojxl THHES
AAsl] pHC-DGMAS Azt 758 AZT plasmids &
&%) WS 98] E coli DHIOBO| 235l ampicillin
(100 pg/mLyo] Z3FE LB uwljR|ol|A] 37°CollA] 14A17F B2t wljoF
I Th wlFE 2 50 mL conical tube(SPL, Pocheon, Korea)oll
whro] ©of 4°C, 4,000 pmoll A 1582 LA sksiTh ol FAl
AR F& lysis buffer pH 7.0(50 mM NaH,PO,, 300 mM
NaCl and 10mM imidazole)?ll &1A] sonicators ARE-3te] H|EZ
S g5}t Sonication 10 7+ 0.2 308-7F output con-
trol 4 micro tip limitol]4] ZYE AL sonication®] B & 4°C,
12,000 rpmollA] A EE|sle] HFH o2 20mLe] crude extract
£ a3k

=

g49] HAE= Ni-NTA affinity chromatographyS ©]-8-3}%th.
WA chromatography column(0.8-4 cm, Bio-Rad, Hercules, CA,
USA)°l Ni-NTA Superflow(Qiagen, Valencia, CA, USA) 1 mL&
gtk AAe % 374 buffer’t AFEENSH o]& lysis
buffer, washing buffer pH 7.0(50 mM NaH,PO,, 300 mM NaCl
and 20 mM imidazole), elution buffer pH 7.0(50 mM NaH,PO,,
300mM NaCl and 250 mM imidazole)”} AF& = AT} 1 mLo
crude extract® columnoll € F SmL¥ F W washing buffer
£ ©|&3}9] washing® "IX|BROZ elution buffer 3mLS & ¢
sl TAThS BS F QIQATh o]FA| EolR eluted enzyme
< vivaspin(30,000 MWCO, Sartorius stedim, Goettingen, Ger-
many)S ©]&3sle] a9 FF bufferd] 40mM sodium acetate
buffer(pH 6.0)5 ©1-83l 1 mLE 5533t

sS4 EX

Tho 4 24 WL YT S 34 st DNS(dini-
trosalicylic acidy¥'™H<S AME-3IATH(16). &4 SN2 4o
A buffer?! sodium acetate(pH 6.0) 100 uL, DDW 100 uL, 1%
pullulan 250 uLE ARE-81e] 450 ple] G488 FA5HS
o} 2A4E A3 reaction mixtureES 1.5 mL tubeol] ¥ FHZH
Z(@40°C)N M 5E7F pre-heating® F 50 uLe] enzyme € 10
& ARSI, WSS DNS &9 500 uLs ¥old FEAIZTH
HEz7F= 98 T enzyme Al HHTE H7ISE AOE ALE-
SISt} ©]/d9] reaction mixture= DNSE %31 100°Co|A] 5E7F
22 F WYAAFA, §F == spectrophotometer(UV 1201, Shi-
madzu, Kyoto, Japan)S AM8-314] 575 nmellA] S 31 Th.

i HH SA4L Jeplle 248 37 918 30-55°C WS
o] &9} 3.09.0 ¥ pHEZNA B4S SAsITE WA
A pH 271& 37] 918 40°CollA pH 3.0-9.07H4] A3kt
(40mM sodium citrate buffer pH 3.0, 4.0, 5.0, and 6.0; 40
mM sodium acetate buffer pH 4.0, 5.0, and 6.0; 40 mM
sodium phosphate pH 6.0, 7.0, and 8.0; 40mM Tris-HCI pH
7.0, 80, and 9.0). B4L YEPNE EFH 25E 40mM
sodium acetate pH 6.0014] 30-55°C7}A] A3t DGMAL] &
982 45, 55, 65°CollA] HFIATE BASF2 Flol AFg
DNS o= st $Yst zdstolA S8 =3

gtat 3 20LE J2m)

B4 7RSS AHES ERIsk] 913t Silica gel KSF
thin layer chromatography plate(Whatman, Kent, UK)E ©]-8-5}¢]
TLCEA S AAISIITE A7l 8ul= 2-propanol:ethyl acetate:water
=3:L1(vivivyS AHESERe ™ HA & AZAZ e dipping
solution(methanol 950 mL, sulfuric acid 50 mL, l-naphtol 3 g)<
ol g3t WAAA 110°CoIM Azt B8k
2n g
Maltogenic amylase F&Xte| 224

D. geothermalis DSM 11300F5Z5E] maltogenic amylase -
AAE 224937 flste] o] W3l dgeo 047574 F71A
& (GenBank accession number YP 603946)2 BIEHO 2 primers
AASIAL PCR WS 53l maltogenic amylase® ol’d== #3
A2 Aoldet. PCR 8-S pGEM-T-casy WEIS} Agsle] 1
AlE2=E gRIg A3} o] A= 1,827 bpel Zol= 60871
oprishs e slelal Qlom o g AR <F 68,704 Daol
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Table 1. Comparison of biochemical properties of DGMA and those of other CD-degrading enzymes
. . Optimal ~ Optimal Identity
Enzyme Microorganism Temp. pH Substrate preference (%) Reference
Maltogenic amylse Deinococcus geothermalis 40.0 6.0 CD>SS>PL 100 In this study
Maltogenic amylse Lactobacillus gasseri 55.0 5.0 CD>PL>SS 22 21
Maltogenic amylse Thermus sp. IM6501 60.0 6.0 CD>PL>SS 27 (19)
Neopullulanase Bacillus stearothermophilus 55.0 6.0 PL>SS 26 22)
CDase Bacillus sp. 1-5 45.0 6.5 CD>PL >SS 26 ©)
CDase Anoxybacillus flavithermus 57.5 6.5 CD>SS>PL 25 25)
Amylase I Thermoactinomyces vulgaris R-47 40.0 5.5 SSS>PL>CD 25 a7
Amylase 11 Thermoactinomyces vulgaris R-47 40.0 6.0 PL >SS>CD 27 17

CD, Cyclodextrin; SS, Soluble starch; PL, Pullulan.

CRI
DGMA 249 254 330
ThMA 242 247 324
LGMA 188 193 277
AFCDase 242 247 324
I-5CDase 242 247 324
BSNP 242 247 324
TVA-I 291 296 381
TVA-II 239 244 321

337 371 374
331 357 360
284 310 313
331 357 360
331 357 360
331 357 360
388 425 = 428
328 354 357

Fig. 1. Comparison of amino acid residues in the conserved region (I-IV) of D. geothermalis maltogenic amylase and various CD-
degrading enzymes. Highly conserved amino acids are shade black. ThAMA, Thermus sp. maltogenic amylase; LGMA, Lactobacillus gasseri
maltogenic amylase; AFCDase, Anoxybacillus flavithermus CDase; 1-5 CDase, Bacillus sp. 1-5 CDase; BSNP, Bacillus stearothermophilus
neopullulanase; TVA-I, Thermoactinomyces vulgaris R-47 amylase 1; TVA-II, Thermoactinomyces vulgaris R-47 amylase II.

Atk o= ¥ER 7|Ee] CD #alahe} H|sgh BAlgs Ko
F3 9oy @wd M E-S NCBIC BLAST Z =13 (http:/
www.ncbi.nlm.nih.gov)} alignmenti-A-& S A3 Thermoactino-
myces vulgaris R-472] amylase 119} 27%, Thermus sp. IM6501
maltogenic amylase(ThMA)$} 27%, Geobacillus  stearothermophi-
lus neopullulanase®} 26%°] 2 FsdS 7L e A=
YERLTH(Table 1)(17-19). 3FA]¥F DGMAE ©+2 CD E3la4E
I 7ol o-amylase®] FF2A FE5H59 conserved region(CR) I-
IV7F EAsa 91or] D R EAES] FEA S N
@ =relS 7R AATR). 53] FEAQ sl (CR)
LIV e B Aol E7atal o8 CD wsiaaet v
G AR BoFA 9le d 2 F CR I 7292 T o
B} CD &8sst tE 715 7EL ATkFig. 1). 74
CD #ala49] CR Il &2 24 79 5 3R] glutamic acid
< x3ele ‘E/V/S)WH'E ©o]F0izl §Fd DGMAE ‘ERFFZ
EA)3IAL A% TE Maltogenic amylase % neopullulanase®] +Z<1
7ol W= CR Ml 22 712 2 Al +1 790 &2 F
T XoE dHA e 3elth3,18).

E. coldM maltogenic amylaseo| & 2 FX|

DGMA?] wtae A u 2 RES 7k 3 9 pHCXHD
HEE o] g3t BHS $I8] Nde 13 Xho 1 AFEALE ©]
£-3to] pHCXHD WE$} dema +AAF E010E pGEM-Teeasy
WEjel] 747} AE|ste] TS dof WAWEQ] pHC-DGMAE A
zofoem 8AaudS 9% %52 E coli DHIOBE ARE-3I
thFig. 2A). Plasmid pHC-DGMA7} ¥ &3 E coli DH10B

37°CAlA 14A17F vieFst 5, v e MEE sonicator= T2
Fo] Ni-NTA affinity chromatographyS F3ll T8 FA| 51

gAE e SDS-PAGES Fall Blstiar o At of
H=AE oA ARk B dX|skE oF 68kDa 2] 9
ol =5 £2]¥ DGMAS] @Y bandS 1T 4= AUSITHFig.
2B).

ol i

o

Xi=8} maltogenic amylase gtSe| & =
A E DGMAS] 48742 s SAR<
g3leo] sk HY o= 2
2% W99 pH 3.0-9.00 BN a4 &
DGMAE 40°Ce] koA il @45 Bom o] W 34 pH
= pH 6.022 VERATHFig. 3). pH 5.0 ©]ate] A A =
TAo] o] 80% o TASIRS™ pH 8.0 o)A % 50%
ol Eae o] A FoE YERAITE pH 6.0 3 7.0
AtolollAl &4 B9 70% oldo]l FAEIULE ol HA9
2 pH ¥9e A7 SER dF29 Bacillus%2] CD
| &A7F pH 6.0-7.0 AlolollA] Hi B4E HAFE A FAE
SIS tH(Table 1)(8,20). H=3F G40 HPYAL 65°Ce} 55°C ol|A]
W77} Zbzb 8283 1874807 HZ 2% o] Atollx] AFA|7E
gAYl FRES HAFAT(Fig 3C). DGMAL] 7% &4
o] HHLEI}L 40°CE JHFH R T20fA Z JFsle Flo=
LH 7 D. geothermalis T2 AL ERT} Yt} o= D. geo-
thermaliso| A A2EE T2 AEFAHITLAHE Ueh= 54
© 2 amylosucrase®] 7A-$ FHZ = 45°C, glycogen branching
enzyme?| 7395 HHLE7) 34°CE dEA Ark13,14).
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(A) HCEpromoter (B)
Ndel (224) 250kD
150 kD
100 kD
75 kD

dgma f—
pHC-DGMA
5568 bp 50 kD
Amp
37kD
Xbal (2047)

M 1

Fig. 2. Vector map of expression vector, pHC-DGMA (A) and
SDS-PAGE analysis of recombinant DGMA (B). Lane M, protein
size marker; Lane 1, elute from Ni-NTA chromatography.

=g maltogenic amylase2| 7k+=sl 54

CD 3 EAEL aamylase’t 7HRE 712 EolAdz= o2
E£4& 7KL Ytk o] E4ES stachE M| E3ke] D9}
pullulan 5 TS 71D S i iR 24

oL

7HAE starch 27t o2} pullulan®} B-CDE 7H-Esliste £4
< 7T e Aoz YERthFig 4). TLC & S3l 7I-&3)
AHES ERlsle] B A3t B-CDF WSSk glucose®t maltoseS
S99 pullulan B3 W& 2 B3)3lo] glucose 2 maltose
9} A u|Fe] panoseE AYAFSITE 712 UhE maltogenic
amylase= o-D-(1,4)-glycosidic 23S 7F23ll 3t panoseE I
2 AAse Aeg dEA oy DGMAL] 7$-olE pullulan
< VR Ee] %] panosetHS AAT tHEE glucosest
maltoseS A4/d3th. o= 7129 a-p-(1,4)-glycosidic ZFET o-
D-(1,6)-glycosidic 23S WA 715E35151] maltotrioseE WA AY
A7) wlEe g RolH 7|9 Lactobacillus gasseri®] maltogenic
amylase”} o-D-(1,6)-glycosidic 22| 7S a-D-(1,4)-glyco-
sidic 2FHT O Msshke 2= BAE vb Ath2l).

Soluble starchE 7F#3l & 73-F panose®t T7 maltotet-
raose(G4)9} maltohexaose(G6)7} FolA o} thFfEe] Ea) 4t
EE2 glucose ¥ maltose= 1= U TH(Fig. 4). Cyclodextrinase,
maltogenic amylase, 2] neopullulanase®} 7+ TiF-&<] CD

Gl -
G2

G3(®
G4 | =&
G5
G6
G7

- R
B .

S -+ - o+ - +

CD Pul SS

Fig. 4. Hydrolysis pattern of recombinant DGMA on f-
cyclodextrin, pullulan and soluble starch. Lane S, G1-G7
standard; CD, B-cyclodextrin; Pul, pullulan; SS, soluble starch.

FHELES T 71- Bls) CDoll Wigh #/do] starch L}
pullulan®l] VI3l =2 Ao=2 AHA UTh. Bacillus sp. 1-5 €]
cyclodextrinase®] 7 starch®.t} B-CDE 13vf U] - Rsjjsta
pullulan®th= 33v) o 2 Ea&jsicty ByE vl 9lom(©9), B
stearothermophilus® EA3F+= neopullulanase®] 7-$- starch <}
pullulan 2T} B-CDS 108] A= ¢ & Btz g4 Ut
(22). T3+ maltogenic amylase™ VFRFZFRZ B, subtilis F2 S4
9l 7% starch ¥ pullulan®t} B-CDol| thst 71==a) €4do] 30
vl Y= =OmW b gasseri®] maltogenic amylase= B-CD, solu-
ble starch, pullulan®l] thet &4 H]&o] 9:1:1.92 R Hw} JTh
(21,23). o]° ®ksl DGMAE B-CDoll i3l 7ris]sE o] b
7140 wjs] &7 SUA T soluble starchol]l B1&te] 28, pullu-
lan o A= Ml =2 Ao=Z Yeht 7]E9] CD &8sl
HIsl| z}o]7b IATH(Table 2). ¥+ o2} amylopecting} glycogen
TS pullulan®}t WSS §&2 7RRES|SIH. dRbE o2 CD

25

(A) ®

Relative Activity (%)
2
Relative Activity (%)

—+— smiunCitae (B)
- SoiumAcae

Sodum Progptte A & . &
TrisHO! 2D = S

-
Log(A/A,*100)

7 * 45C
o 8C
05 Y (&L

Temp (°C)

23 @D B 40 45 1] % €0 2 3 4 5

T T T 00 T T T T
7 8 9 10 0 10 20 @D 40 Q0

pH Time (min)

Fig. 3. Enzyme properties of recombinant DGMA. (A) temperature profile; (B) pH profile and (C) thermostability.
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Table 2. Substrate specificity of maltogenic amylase from
Deinococcus geothermalis

Substrate Relative activity (%)
B-Cyclodextrin 100
Soluble starch 50.8
Amylopectin 11.9
Pullulan 9.4
Glycogen 2.6

walEae] B4 e camylased) B4 Reiuch ArHos

F1 4L WS /XL 7] w2 sarch} pullulans) 2L
2 7)ARd pCpsh ol AL =719 7)ol HA Fael &
4 B9leh ARY 5 Urka LA UThE). W DGMAS] 7

A3

7]%9,] q__‘Ej CD T':EHEJ—S”]' )\}E)\h: \A—otq 0‘7(]-—_[’—7\7} CD

vulgaris R-47 a-amylase 19} Ao 2 FA}
Qi u|fo] ojuls FRAFOZ AARS] RiE
o] CD w3l&Eaet xpol7k & AoR o Erh24). =
3k DGMA ti32] 7]2L glucose?} maltoseZ -3l 3l= 733t
7R 23S BoFa e, ol 94 ‘ﬂl}sﬂﬂ +1 2%
2o ZR3H= CR Il &9 o] & ZAo=w = =
3] DGMAS] 73 soluble starch, pullulans-2] TFE-+ 7]7‘%% o
5 glucose$} maltoseZ 7135 548 HAF d=H
ol AT A 8T F UL A= 01]*}5 o},

o
)
i

o OF
el =

}\E

D. geothermalis®] dgeo 0475 FFRAAZFE] WERA=

AAst] 1 BAS ERISIATE DGMAE #A+4o] <F 68 kDa
A7]1¢] §4FX4 B-CD, soluble starch & pullulang 7133}
£ CD #al a49s st 849 H34 25+ 40°C F
A pH &= 6.0°]H dlF#9 71ZEE glucose®t maltoseZ 715~
3] 393 pullulan 2 soluble starchZ23-E] 1]ZFe] panoseE AY

g8kt B-CDE 7P & 7ieEalishv 7127 oA 2443k

olE T (D Ea|&aiol Hlste] =A] kgt
HAle| 2
2 ArE 20089 A3ttt wddd AdEAE
20080030)0. 2 Fa¥ AUt}
2 3
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