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Enzymatic Characterization of Lactococcus lactis subsp. lactis Cyclomaltodextrinase Expressed in E. coli. Jang,
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and Tae-Jip Kim'*. "Department of Food Science and Technology, Chungbuk National University, Cheongju 361-763, Korea,
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A putative cyclomaltodextrinase (LLCD) gene was cloned from the genome of Lactococcus lactis subsp. lactis KCTC 3769
(ATCC 19435), which encodes 584 amino acids with the predicted molecular mass of 68.7 kDa. KCTC 3769 shares
approximately 40% of amino acid sequence identity with the CDase-family of enzymes. The dimeric enzyme with C-terminal
six-histidines was heterologously expressed and purified from recombinant E. coli. LLCD showed the highest activity against 3
cyclodextrin (CD) at pH 7.0 and 37°C. In particular, LLCD exhibited extremely low activity against starch and pullulan, while its
CD-hydrolyzing activity was about 80 times higher than starch. Due to its much higher activity on CD over starch, LLCD has
been identified as a member of CDases. However, LLCD can be distinguished from the other common CDases on the basis of
its extremely low hydrolyzing activity against starch, pullulan, and acarbose.
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EC 3.2.1.135) 59 t}oFst o] 202 HILEHATH19, 23]. 9]
5 B4t FEHOE of 1309 oelALe 2 FAE N.
TS 7HA A e, dimer o] YAFERE B
718 Eolo §F= mA = Aoz A2, 16]. 53
CDase A1 Ha50) BE 7ln2a) 9 o] 42 7]
A AlET 9 oFE BARE AT A StEY Agt o] &
g 4= QIoH1, 20]. wekA|, Thermoactinomyces [26], Thermus
[14], Bacillus [6, 15], Paenibacillus [12], Lactobacillus
[21] 59 e nBEERE o] A4 FARE £1
S, 1 e BAS AFeHs kelol ASHL Ytk
St fARFO A S8 starch 23 EAE2 HIREE Al
I 9= FH|Eo] Z-851H, Bacillus & 29 aaE| H
3 2 2AFE U U9, 24]. ©] A4&E52 amylose,
amylopectin, glycogen S| thajiA s S R PA T,
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pullulan®} CDoll& A3 F3l= AHF 2 o-amylase?)
S48 UERE 97k Qe Eol Ackzs]. 58 S
71570 tiet TAlo] ol WA, o] 59 %‘r% AR}
BAD BT $HA 2 B4 DAL G AT A%
Aoz 3 JqtH17]. 1Y, Lactobacillus gasseri
ATCC 3332304 G235t MAased] f3t ATL[211E A5}
W, AF7HA] FAE 39 CDase AlE maof gt A+
L o9 22 Aol

i 2 AfoA s A A
CDase A9 &4 FAAE FAFLZHE HZsta A
78 ABsAT o8 A3 FAA 2717 2, )
ol Besto] B oA BA SAT 470 mUz 9 o
2] A Lactococcus lactis subsp. lactis [7] SAA ZEE
CDase FAAE S2Y 3512, g3+ oA gdstgoen,
4 E4g TR,

o2 olg 540l B

R
Al2t % R

B Aol Aga Ay Aot 71 2 g WAk
Sigma-Aldrich (St. Louis, MO, USA)?} Duchefa Biochemie
(Haarlem, The Netherlands)ol| Al G-¢ 3} /\]'—9-’3}91‘:} -
AR AFe Y3 Agas U DNA ligase 52 Roche
Applied Science (Mannheim, Germany)ol| A} <3} o0,
Z}% PCR 9 sequencing primers Bioneer (Daejeon,
Korea)ol| 4| @H/d3sto] AHg-stGitt. Tl A Ao AHE-3F Ni-
NTAE= Qiagen (Hilden, Germany)o| A -3} th.

FTX A Ol4E

Lactococcus lactis subsp. lactts KCTC 3769 (ATCC
19435) wt5=9] G4 DNAE = F 3+ A+d &
ZEF AT o 2 e AFAdth i<t W A EE
2 93t ZetAu|=E HEE pHCEI/Ndel (BioLeaders Co.,
Daejeon, Korea)S ® @ A]7] pHCXHD [11]5 AH&-3}1% T
T2 229 9 FES AT %52 E. coli MC10615

g8t

RURe| 5= # 224

L. lactis @A DNAE Fg o2 3}1, LLCD-N (5'-
TTTTGGATCCCATATGAACAAAGCTGCAATTTATC-3")
92 LLCD-C (5-TTTTCTCGAGTTTATAGATTACAAAAC
CATATTG-3) primerE ARE3te] FHAAE FEHstgth
PC
Px2 thermal cycler (Thermo Hybaid, Middlesex, UK)E
AE3Ee] 94°Col A 18, 55°CollA] 30z, 72°Col|A] 18 30%
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2 303 ¥hEsta, HFH o2 72°Co|A 5ETE VIR FE
SHATH ALY 714 E B2ALS AESdse FAAA Y
A E oAl 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA, USA)E ©o|&3to] 353t

= SA FERIL| W U Hy|

AQz% E. coli MC1061E LBA (1% bacto-tryptone,
0.5% yeast extract, 1% NaCl, 0.1 g/ml ampicillin) <434}
Aol JFsto] 37°CollA 12A17F F<t v st ict. Y&
2 343 #AHE ultrasonicator (VCX750, Sonics &
Materials, Inc., Newtown, CT, USA)Z 1}+2|$t &, HisTrap-
FF column (GE Healthcare, Uppsala, Sweden)Z} AKTA
Prime system< ©]-&3}o] AA|StH . HE£F O Z elution
buffer [20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 500 mM
imidazole] & 1 ml/min® 2 8 T4 & 341909, &
A" G425 2 T HF buffers E4510] Aol A3}
k.

EHIE B2 2 EXR 2N

AAE Az Ful 2 o] AA == Mini-protean II (Bio-
Rad, Hercules, CA, USAYE ©]&3t 12% SDS-PAGEZ &
o5ttt Tl A o] Bx}EF2 gel permeation chromatography
(GPC)Z Z A3} 21, Superdex 200 column (10 X 300 mm,
GE Healthcare) ¥ 0.5 ml/min 549 50 mM sodium
phosphate buffer (pH 7.0)5 ©]-&3te] A3 a4 &
WA =u =49 BCA™ protein assay kit (Pierce
Biotechnology Inc., Rockford, IL, USA)E o] &3} 4t}

CEA— o

LLCD2] 84S &A3517] 9l 1% B-CD, pullulan, 3=
L4 AEE 247 50 mM sodium phosphate buffer (pH
7.0)9] =91 &, AFFY asE H7Fste FF 100 w= Bt
St 37°C°ﬂ/\‘] 102 5% 54832 53 4=
maltose?] %<& DNS (dinitrosalicylic acid) FH o2 =3
3}t 11]. Maltotriose?} acarbosed 7|AZ ot AL, a4
Hkg- o 2 AAIE glucose?] %2 AceChem Glucose kit (YD
Diagnostics Co., Yongin, Korea)Z &73}4tt. LLCD9 &
A 1 uniteE 18 9 1 umol® maltose = glucoseS YA
s m29 oz Aolasr.

HS S 24

Ao 2 AHHE 7teEa4HE Y B4 thin layer
chromatography (TLC)E ©]-&3}$it}. Silica gel 60Fg54
TLC plate (Merck, Darmstadt, Germany)o] 1 ule] A 2&

spottingd}il, isopropanol, ethylacetate, &2 3:1:19 &
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gu)z Eaket SR 2elstch TLC plateS A
9F(3 g N-(1-naphthyl)-ethylene-diamine, 50 ml HySOy,
950 ml methanol)ol] B2 &, A3} 110°Co A 1087t
wraato] B4 aH
2 g ay
LLCD RZXIe| 22 A U

CDase A€ B42EL Bacillus £& Z3H3F th
ESEREH HaHg ey, 53] 4% nAEY &
0§84 A% 478 5
A FEZsAL QlFol A ATH22]. SHAIT FArE F-
CDase®| EAT Al f H&of gt A= ofF 24 7
Z3 Al o[t} watA] E Lo A= National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.
nih.gov)®] GenBank H|o|EH|o]A AME E3) L. lactis
subsp. lactis SAA[3]2EE CDaseE dAHE= &HA
(Accession No. NC_002662)E &2ttt E3F BLAST
(Basic Local Alignment Search Tool) 42 £3 tt2 n|
AE %9 CDase AY HaSTe] vlTA £ AEHE o
18kt

PCRS %8| 223 o 1.7 kbe] LLCD S84 TH e
Nde I3} Xho 122 A 2|3t &, pHCXHD dHa ¥ g of 4+¢]
sto] pHCXLLCDZ "st3itt. o] f482= & 584719 of
DieAbS BB 1,752 bpel 9712 FAE 0 e,
H7IME &4 23, 7] dolgHol L 44 Aax FE9]
959k ZeAn = pHCXLLCDE E. coli MC10619]

M 1 2
kDa
225 —
150 —
100 —
75—
el

<LLCD

Fig. 1. Gene expression and purification of LLCD.
SDS-PAGE analysis showed the expression level and the purity
of recombinant LLCD. Lane M, protein molecular weight markers;
lane 1, crude extract from E. coli harboring pHCXLLCD; lane 2,
LLCD purified by HisTrap-FF column chromatography.

U.V. (mAU)

Elution volume (mL)

Fig. 2. Determination of oligomeric state of LLCD.

Molecular weight of LLCD was estimated by comparing the ratio
of Ve/Vp (Ve, the elution volume; Vy, the void volume) using Super-
dex-200 gel permeation chromatography. The purified LLCD was
drawn as a solid line, and the molecular weight markers (a dashed
line) were used as the mixture of six proteins: a, thyroglobulin
(669 kDa); b, apoferritin (443 kDa); c, a-amylase (200 kDa); d,
alcohol dehydrogenase (150 kDa);, e, bovine serum albumin
(66 kDa); f, carbonic anhydrase (29 kDa).

ol

tol A2 WS dlen, ol & wjesto] A
aag AT AAE 245 SDS-PAGE
I, A7V EREE odgt viet 2ol ¢F 69 kDa
& d3ith(Fig. 1). ¢t GPC &4 =28
a7} oF 175 kDaf] #AE 7HA= ALeE U
Epyton, o]= LLCD7} =84 Aol A homo-dimer®] FEj
2 245 2JulatchFig. 2). 7129 CDase AL 5AE %
tetramer 725 7}FX&= Lactobacillus gasseri MAase (LGMA)
[21]4} dodecamer FE)Ql S ¢ZE] A Bacillus sp. CDase
[19] 52 A&5Hd 2E homo-dimer [8, 10, 13]2] FEHHES
THle Aoz 4t 53], ol aadA F5282 &
Aet= NI =H Qo] oligomer T2 Ao F23 HF
& o= 2o® gEA 9ew[16], LLCD E3F 0|9} f-ALs)
A N-Z9] opn| At 27 & 74X 3L Qle B g, o] & 53
dimer +2& FAst= A2 945ttt

=
[l
aQ

i )

S

s

Tolo fu BN oot
2 e
1z
r‘
oy O

[

o
ot

LLCDQ| 1x} 1= &M

LLCD & AAZEE FA3 ofu] =4t A F (Protein ID,
NP267838)2 th2 | &E 3 CDasesd ti=F 40% X
9] A=AS Uguglth E35] §AHESl Lactobacillus
gasseri MAase (LGMA) [21]2+= 45.6%2] A5AS UEH
o, o] Qo|x Bacillus halodurans CDase (BHCD)
[11]%} 46.5%, B. stearothermophilus NPase (BSNP) [18]
9} 46.0%, B. stearothermophilus MAase (BSMA) [5]<}
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BSNP DAVFNH
ThMA DAVEFNH
LGMA DAVFNH EWRLDVANE
BHCD DAVEFNH
LLCD DAVFNH EWRLDVARE

N-domain | Iniu v

Fig. 3. Comparison of conserved amino acid sequences
among CDase-family enzymes.

Abbreviations of LLCD, Lactococcus lactis CDase; BHCD, Bacillus
halodurans CDase; LGMA, Lactobacillus gasseri MAase; BSNP,
B. stearothermophilus NPase; ThMA, Thermus MAase. Catalytic
amino acid residues are shown in gray boxes.

45.2%, B. subtilis MAase (BBMA) [6]<} 44.4%, &7
A Bacillus CDase (BCD) [15]9} 37.4%9] A5 EHT).
StH Thermus MAase (ThMA) [14]9} 46.5%, T4z A
Paenibacillus CDase (PCD) [12]2} 41.9%, Thermoactinomyces
vulgaris amylase II (TVAII) [26]9} 39.1%9] A <¥ AFsA
2 7He s

LLCDE fiH& CD 7|9 figt =& T4 S Hol=
CDase Alg ZAE1 50% 7|ghe] &=2] k2 ofn|il A
FEE 7Y, 8 24 179 71E AR E Z3e)
E AR ot it AEE Y HE Tt AeE

ERSth(Fig. 3). £3], CDase AE S459] 13 x4 4
w02 ZAsHE A N-UT o] o AE 29T
(DAVFNH), I (GWRLDVANE), IIT (EIWH), IV (LLGSHD)%}
o §AHY EE uS i,

LLCDO| 54 E4
w40 A4 Me2AE A7) 99 Lwe} pHO| ot
o o KN
=

50 mM sodium phosphate buffer (pH 7.0)ol| 4 7} =
2 B-CD 7h=E3 E4& BA o U(Fig. 4A), HH 279
pH 7.0 ]9 A E= F7|4 2 M= vnd E&
A& Uedigith &9, 9714 2dA = 549 Aol
A = o] pH 9.091 4= 80% o449 & a4g4dS Ue
Welo, pH 5.0 0|39 4 2ANA = F4% €4 7
27} WA th(Fig. 4B). LLCDY] & A4RHs 2=+
37"C‘3&2%(Fig 5A), 40°Co| A= BetAsle] oF 1389 &

o 4 WS i AoE nof Baol debgge
UH O X2 Ho|Aoh(Fig. 5B). SAHE 3 &4 ¢ LGMA
[21]7} 55°C, pH 5.00 4 22 A4S Yetd Ao ]
AdFez e Uk 229 WEdS TS € 5+ A
ot 2y, R F24 vBE F3 CDase AE &
9 23 A x70] 40~60°Ce} pH 5.5~8.0 H S A

ik
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Fig. 4. Effects of reaction pH on the enzymatic activity (A) and
stability (B) of LLCD.

(A) Optimal reaction pH of LLCD was determined on the basis of
its hydrolyzing activity on 3-CD. A variety of reaction buffers were
tested as follows: sodium acetate (pH 4.0-6.0); sodium phosphate
(pH 6.0-7.5); Tris-HCI (pH 7.5-8.0); borate-NaOH (pH 8.0-9.0). (B)
The pH stability was determined by measuring the residual activi-
ties after incubation for 12 h at 4°C in various pH ranges.

o 54 4 B4

ke wh[23], ALol A AL fAEY B4
FHo| e 2EdA HAstE Aoz st

LLCDS] 7|&E0lA

Yukz o 2 CDase A€ &4E2 B-CD, pullulan, starch
Sl thebat 7180] o3 Thiel THE ME Ao o
S Stk T, 7120 F%0l ek BATH 2R
o] Aolst, 712 ATAneke] YAl ¥t of2le A
o Este], B d7Eo] ¥.93 ThMA [14]9} BHCD [11]
Ea8 gEFE U 24010 7 AB0I4E A4S v
23} th(Table 1). LLCDE dj£&9 7]& 9 tjs] ThMA
5! BHCDe] w|gto] @2 7hp3sf 24L& Yediln, 53
pullulan 9 starch®} -2 11522} 7|2 50| tfsf| 53] ¥
24& BT 22U, starch djv] oF 80u) o4 o =
< B-CD 23 &4< 2 %20, ThMAL BHCDS| $-CD9

|
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Fig. 5. Effect of temperature on the enzymatic activity and sta-
bility of LLCD.

(A) Optimal reaction temperature of LLCD was determined on the
basis of its hydrolyzing activity on 8-CD. (B) Its thermal stability
was also examined by measuring the residual activities after pre-
incubation for 30 min at 35°C (closed circles) and 40°C (open cir-
cles), respectively.

et @70l starcho] wlsh 2z 14.88) B 4.78) £ +F
dg 1A 0, ¢ SAH AR BT Eat
starch &3l &AJo| H]3] maltotriosed] g LA 40u) o]
A 5ten], eh LLCDE T84 7] dseh 2552 7]

G1 .y » » G1
G2 . .

G3 . . R e
G4 B

AC
cs4 '
G6 »
- . . L . * . *
S = = g = + — + AC S’

CD PL SS G3

Fig. 6. Hydrolysis patterns of LLCD on various substrates.
LLCD was reacted with 1% of each substrate. CD, -CD; PL, pul-
lulan; SS, soluble starch; G3, maltotriose; AC, acarbose; AG,
acarviosine-glucose; S and S’, standards for oligosaccharides and
acarbose derivatives, respectively; reaction products with (+) or
without (—) LLCD.

Hoj tigt &40l 53] == Felstsitt. o3t 7“3’—}5
Foll A 718 it A3 =& vEld BHCDSF &4
Ao AHstE S & 4 AuH11]. T3, o-glucosidase A ?SH
A= 2Hgste] Gy X EAZ AMEE= acarboses= ThMA
¢} BHCD 59 CDase A€ 740 93} glucose®} acarviosine-
glucoseZ £ & 1}[14], LLCD2] 7% acarboseo] o3t H]
2742 ThMASL BHCD| Hl8] oF 0.3% R 33% &l &
stk 23, acarbose HH] maltotrioseo] tidt 7H48
3 249 vl&L& LLCDoA A & A& Yyt &
At &3 LGMA E3F 23] Y2 acarbose 7F5E3)] &4

< 7 AL 2 g FH21]. B3 APAFoA thEH
°J CDase A€ f4¢l ThMA?Q 7| Ao ot 7]
2 Val329~Glu3329] gt S dHo|E 53 7|2 Eo| W
acarbose 753 HElo] M3tElE Ao 2 HuE g TH21].
wtetA o] ET|& CDase Ald &4 7H2] &4 ofu] Al
7)1 v|istaL, o] § ¥t 549 7] FolAdS W}
A7l A7t 7He 8 Aoz 7dggttt

Table 1. Multi-substrate specificity of LLCD in comparison with other CDase-family enzymes.

Specific activity (U/mg)®

Activity ratio®

Enzyme? -

B-CD Pullulan Starch Maltotriose ~ Acarbose C/S P/S M/S M/A
ThMA  65.2+0.9 50+0.1 44+01 489+03 273403 14.8 1.1 11.1 1.8
BHCD 529+03 228+05 11.2+01 17.9+0.1 3.0+0.1 47 2.0 1.6 6.0
LLCD 16.5+0.9 0.8+0.0 0.2+0.0 85+0.1 0.1+0.0 82.5 4.0 425 85.0

@Abbreviations: ThMA, Thermus MAase; BHCD, alkalophilic Bacillus CDase; LLCD, Lactococcus lactis CDase

PEach hydrolyzing activity on B-CD, pullulan, or starch was determined by DNS reducing sugar assay, whereas the activity
against maltotriose or acarbose was measured by GOD-POD method

“The abbreviations for the activity ratios between substrates were used as follows: C, -CD; P, pullulan; S, soluble starch; M,

maltotriose; A, acarbose
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Z+7k ol 7|1 2 HE AAAHE BHeAHE £4& S35 LLCD
9] 788 S B w3 ch(Fig. 6). LLCD= B-CDY) 12
g +25 ddsto] 77H4 glucose2 ;Lxm AHF o] &3
1% P2 Agkd &, 7leE3) 2H8-E 53 T2 maltose
g JF AER JYAStHh wH pullulamﬂL starcho] o
gt 7t EAdo] v Wol FUE v oA = S
A2 ER1sH7] of 2 it Maltotriosed] &afj4AhE-2 BH3

71 A o] 4A B B o] 2E ALE R glucose?}t maltoseS
XA ELE T Acarbose?) Aol F& aAaTA 0 Z QT

71Z o] oA Bajxo] 4% glucose?} acarviosine-
glucoseE F|F AHEE AAJstAT HRHEQl 7h=Eaf e
2 7]&0] &2 CDase A9 a4ET} ¢ A S,
Z+ 718 o gt &4 9 ztolo whet B =] ZfolE e
Wtk

ZAIZ 0 Z LLCDE CDase AlE &40 &3, pullulan
9 starch®t 22  Exg9 oA 712 E‘:]' B-CD,
maltotriose$} ZHe AYEE 7|2 AT, AEE &
29| A3 A Q1 acarbosed] gt &3l EAJo] 53] F& &
A& Uehdth H|E LLCD= HHE9 ©3E 7|4 o
3 IO H|EA L JIXE= fho|BE FAo AMYA &8 v}
A& tha FEHAN, AEFAA At &8 7Hsd frakdt
FHe A2 AHL 7HAY. B3 7|E CDase A€ &
_/;\_;q- o E] = 718.9] 712 Eo]A W AHE H 9] 717
=9 Ao FHE5to] a4 72 D 7|5y A o
t FAZH A7t o|FoAXITHH, fAE W BrdhE A
of HHH o]F 849 9% 7Y E&= ©@43E a4 EY

o N
l‘l

I

ln

o)

4 AHS 9T 98 FoE A7o] FS YR BE
2 4 92 o= s,

2 o

2 ATl A 584719 ofn|lAik(68.7 kDa)o 2 FAH
cyclomaltodextrinase (LLCD)9] -3 AX}E Lactococcus lactis
subsp. lactis KCTC 3769 (ATCC 19435)2H¥ E2J3}4
t}. LLCDE Y429l CDase Alg E4E7 oF 40% A% 9
obH| it M E AFAHS UEt it C-2etol 6719 3]~
Hd 271E 7H2 23 B4 dimer] FEE cf ol
A @& E 3 AA = LLCDE pH 7.0 @ 37°Co) A Hdj
9] B-CD 7h&3 E4S Ugudit. 53], o] aas
starch ¥ pullulanol i3] 3] ¥ &AS By o}, 5
o CDJ| thgt 7h=Eaf &2 starcholl H]sf oF 80uf o] 4
Edth o]AY =& CDY tid E4& <A E LLCD+=
CDase Al¥ 842 BE2E & 9}9.1»]- starch, pullulan, 71
2|3l acarboseo] TRl W9 W B4 TE AR A} H|

wate] AEste s Sgolet.
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