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Paenibacillus puldeungensis LK18 L2 ZEgE [E|HY
wEFRIAKEEFE M RSN

HE, EER
(@B T RFAEMRFE AR, 7 A7 M 510006)

WBE: AFRARIE R FT0AFE 09L& LB P 0917 F Rk 3R F5 14, AN Paenibacillus puldeungensis LK18 & 3738 th4+-& 2 A o
(puld), ¥EZE3EZ pET-28a() MR L, b F40 R K HAK pET-28a(+)-puld, A3 Escherichia coli BL21(DE3)¥, mIhibk
AT EWEE 2EE R R LS LEARAK 1968 bp, %D 655 MRGLEL. @it Ni B FEf Bkl THEG, N Lk
&4 5088 Umg, 4T &K 76.95ku. Z TR RERIRELA 45 C, 35 T~40 CTHRIE 120 min &5 £ BEE X 60%A L;
FAEAVEA pH 4 6.0, f£ pH 6.0~8.0 &M B A 5056944721, 10 mmol/L 49 K e Mg? 2% E240-5-& 2 A a4 A, @ Zn®". Mn?".
Ni*'\ Fe*'. Cu™'. Co™'. Ca”" %t tA FRRARZ IR . AR MR —RT HRERLEE LB TARK, L&—TH
Tk g A,

K3#IR): Paenibacillus puldeungensis; =% 28, F MRk, MR
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Gene Cloning, Expression and Characterization of a Pullulanase from

Paenibacillus puldeungensis LK18 Strain
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Abstract: In this study, the pullulanase gene (pulA4) was amplified from Paenibacillus puldeungensis LK18 strain based on the design and
primer of its conserved region, and linked to the expression vector pET-28a (+). The recombinant plasmid pET-28a (+)-puld was transformed
into Escherichia coli BL21 (DE3) leading to the successful expression of the recombinant pullulanase. The results showed that the pul4 gene
had a full length of 1968bp encoded 655 amino acids. The recombinant pullulanase was purified by Ni affinity chromatography and had a
specific activity of 508.8 U/mg and molecular weight of 76.95 ku. The optimal temperature of the recombinant enzyme was 45 ‘C and 60% of
its enzyme activity was retained after an incubation at 35~40 “C for 120 min. This enzyme had an optimal pH of 6.0 and high stability at a pH
in the range of 6.0~8.0. The enzyme was activated by K™ and Mg”" at a concentration of 10 mmol/L, but inhibited by Zn>*, Mn*", Ni**, Fe*',
Cu*, Co*, and Ca®" to different extents. In this study, a recombinant strain with efficiently expressed pullulanase was constructed, which had a
potential in industrial applications.
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&4 (pullulanase, EC 3.2.1.41) s&—Fiek:
AL, Ree L MR TS 22 SCREER
IR 1) o1, 6 BEERE, VI NEEAME, TERE
s SE N MBI R R, SCREER I

A 70%~95%", T SCHEVER H I 4%~5%1 a-1,
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TR S R DR T AR B R BT IA AR S Tl 7R U,
AT e PR TR R S & 22 B s AR T e i &
BT ST E T A o

AHIT FURRE 2 FUAT BRI & =2 B R 7 471
i OR 57 X BT A IR 51 ¥, SEER = A I W AR
Paenibacillus puldeungensis 1LK18 H 7 H M6 = i
SR, ¥z e 2 BN TE Escherichia coli BL21(DE3)
T IR, RN AERISEAR P 5] N 6xHis-Tag
b2, I Ni AESRAENT 2 AL A, FFROTA
HAHREE AN . HATE A SN HH Paenibacillus
puldeungensis FUR & 2% i S OB R (R E
ASHIT T 2 il Rl A 2 T AR A 7 B 1 3
fitlio

1 MRERE

L1 AR5 O

L1l AHE 4

Paenibacillus puldeungensis LK18, 52562 H JiiHf
" Escherichia coil BL21(DE3)E3Z 44000, Jbi4s
XEEVEARERAT; IM110 2400, F i

HAEYH ARG IR AT pEASY-Blunt Cloning vector, 1t
HEXESEVHAARAF; pET-28a(+), Invitrogen
HEWAFE]
1.12 KA 5NE

TransStart KD Plus DNA Polymerase. 2xFEasyTaq
PCR SuperMix i, Jbi @ {&AEMHAREGIR AR R
FIMENIEE (BamHI A1 HindIID). T4 DNA &40,
FAEVTIE CKi%E) HRAF; DL5000 DNA Marker,
DL 15000 DNA Marker. 14> ¥ & 1 Marker.
6xLoading buffer, FAY) T (K% HRAA; 4
PR 28 R B UG B ekt DNA [RIsh&,
FARENWEEIRAF]; HE22H, XHE Sigma A+

PCR 1%, Thermo Fisher Scientific; DYY-6C ZH
WA AEFAN—AEE s 4 A 3 8 4%, BIO-RAD
AHE]; M200 ZIReMEFR X, 8E TECAN; JY92-1IN
AN L, 9 E SONICS A 7]; Eppendorf
5810R, FSIEARE AL, 8 Eppendorf A F]; SK
YB211C-JK F&IR, J7IMEM LIS R AR R & AR AR .
1.1.3 314kt

AHF AT B 51 40 BRI e AR e 33
EVEARBIR AT TER, BAAEFIIWER 1R,

®1 AHARERBIS4

Table 1 Primers used in this study

HEZEZ:S g (5-37)
PF1 GCTTTCATYACKGCSTATTGCAAAGT
PR1 TAATTCTTCGGATCDTASCCCCAGTT
PF2 TGGAACGAGGCCGCCGAYCCNTAYGC
PR2 AGGCCCATCAGGTCGAACCKRAANCCRTC
PF3 GACGTGTAYAACCAYGTNTATGACGG
PR3 TACCCYAGWATGAAKAGACCCGC

Pul-F (BamHI)
Pul-R (HindIII)

CGCGGATCCTTGTCAGTACAGAAGGAAAGCAATG
CCCAAGCTTCTACTCCGCGATGCTCAGCAC

12 L2 LEsdn X EN %

1.2.1 55 L8350 B ) L%

HEHE NCBI U i AT 128 AT BRI &
WL A, AdFH ClustalX #1522 26 9134 T EL
X, B HARSEX, SR mirtE, Bt =xd e
5% (PF1. PR1; PF2. PR2; PF3. PR3), LA
Paenibacillus puldeungensis LK 18 4=3E K20 At5AR, iH
1T Touchdown PCR 4 ##8 H & = Wi o0 JE R, [ W5k
fFR: 94 CTiIAN: 5 min; 94 CARME30s; 65 CiB
K 30s, 68 CHEfH CZEHISIE] 1 kb/min), EEAMEH
BRI 0.5 C, 3530 AMEHE; SR)5 94 CAEME
30s;50 ‘CiBK 30s; 68 “CHEfH (ZEMHIRE] 1 kb/min);
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10 MIE; B)a 68 CHRIR 10 min. 714 1%
BT REE I FRICRS, 4 H 2% IR TS 328 28 8 ]
MR

122 L& 2 FeHHER L%

VA 5 22 PSR (R e 5 SR DNAMAN gk
ITHO R AIPHE, IR 7513228 % NCBI L
(*) ORF Finder #EAT504T, #3815 puld BRI K.
FRHE puld 751 K pET-28a(+)HAAR I 2 Fi AL kT Hiy
HEFYIAL S 518 (Pul-Ey Pul-R), {6 &R Bl
W PR A . RNVIRAF R 94 CTIARME S
min; 94 CA1E305;59 CiEk305s;68 CZEfH 2 min,
30 MER; fda 68 CHRE 10 min. §H87=42%0
1%Z5 TE b eI r kA, 4 B0 2 I [l i s e 4
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PEASY-Blunt ~V- AR iA, 149 7d e & ikl pEASY-Blunt-
puld, FFEN IM110 B2, 208 ABEIEPE
ZAHRVE TR TE PCR IGAIE, K50 0E IERA 1 B A
KIGFR R IEZ AT -

ot 195271 I} 500bp  1000bp 1500bp 2000 bp T4l
| | | | |

PF1 PR1

PF2——PR2

PF3 PR3
B 1 ZEZmMEEFTIHE
Fig.1 Fragment assembly of pullulanase gene

123 EHFAeME

I 7 TR A R BE 1 SO R AT R 3R S S BUTURL
PEASY-Blunt-puld, F] BamH1 A1 HindII X )5 iz 5]
W, F T4 DNA EBRPEH 5 pET-28a(+) X )5 11
JE= T 16 CoMF P& ISR
02 E.coli BL 21(DE3)/&Z540uH, WA T4 50
ng/mL FAFERM TR L, 37 CRbmsiss. P
FEFAT 7 PCR W0iF, F-9 KEEFRGIRITRL, TR
W B BEEYIIAE . SO UE IERR I B PR R A B R BL
21(DE3)-pET-28a(+)-pulA .

13 EALEZBmHNFeRE

B D N R IE PURLIY A Bk BL 21(DE3)-
pET-28a(+)-puld FEFhF] 20 mL &4 EIBE RPN
LB WitkRE33Edr, 37 °C. 200 v/min #RF%H5%E 12 h
Ja, A 1%1EF A E] 50 mL/250 mL LB ¥RAsS
IR (5 50 pg/mL RIAFF ) +, hSARGEFREH
ODgoo 15 E] 0.6, IIAZEHKREEA 0.5 mmol/L 1) IPTG 75
S/, F22 ‘C. 200 r/min 24 FE:5% 12 h #4755
FKik, BESRIEEMERT 4 C. 8000 r/min | &
L 10 min WEEFR, FEH 0.1 mol/L BERRZEM (pH
8.0) VRURER 3 UG, ARG N IE & 1S MR e
FREARAEE 50 mg/mL~100 mg/mL 7 Py i) 21 &
W, UK BB EE 20 min 5, T4 C. 12000 r/min
B 30 min WEE G, RUORBER, RAFT
80 C.

1.4 = g a4 L % SDS-PAGE 2

¥ GE /~ ] FIE8R A HisTrap HP X #5201 & = i
BEATAI, BES RS kRSN ik R ik
B, B Buffer B Yt 2z (50 mmol/L PBS
ZEML 0.5 mol/L BKME, 0.5 mol/L NaCl, pH7.4) pf
e B BEHILF, i Buffer A 45822 (50
mmol/L PBS 221, 20 mmol/L KM, 0.5 mol/L NaCl,

pH 7.4) Mk A REIHLT, REHE 0.45 um JEE
BEYE S ORHBEREAT BRE, RN 4G 2
R, [FIRN R FIR IR TR, IR &
¢ J5i FH Buffer B BHTRAEEDEML, RS ABEE TR
FI| H VR VR, LAAR IS 2 (1 BSA IR bR
ik, S Bradford "™ H R (& B MIE .. B
40 pL BEBLVE TURCEMAE S, T 10 uL 1
5xSDS-PAGE Loading Buffer, %5155/ m#kk
H 5 min R AN, DL S%IKRGER, 10%115 B Kk
AT H KA .

1.5 EgvE A

A BB 0052 27 RS0 25K DNS
771, B 100 L T& 4808 5 IIBREOIN A2 100 uL 1%
W 22 PEPOR (100 mmol/L PBS 2RI E , pH 6.0)
W, 45 CIEIRM 30 min 5, 1A 300 uL DNS 25
Sk, SRJEE T I S mine BURAH
Ja R Z KB E A E 2.5 mL, T 540 nm A0 E W)
el LA 10 min K AHE 5 (BRI AT R . 3
BRGS0 SR AR, R o
S PEAE R 1 pmol AT A T 5 IOIBE R E SN 1AM
FIHLL (U

1.6 & 4 By b9 By o7 M AT

1.6.1 REXTEEE /) 0GR Bom EAS A

WIS MR S B S A 43 7 B T 25, 30, 35,
40, 45, 50, 55. 60 ‘C F/<M. 30 min, L
MRS 77, VARSI =i A 100%% R, LA
PRITIZHE & 2 W il S SR B o SRR R 73l
BT 35, 40, 45, 50 CZHM FRIE 15, 30, 45, 60,
75+ 90, 105, 120 min, ZREIIAZRIEYH E T Hod
TRE N R 30 min,  IE HIIRERE 77, DRIRRAL
PR BRI BERETE A 100%5F 18, R A% & 2
TEANFRRE N RR .
1.62 pH xtBaEE 5 e % em & pH #4520

TEBOE SRR, W U HRe 5 R il
pH 3.0, 4.0. 5.0. 6.0, 7.0, 8.05 9.0. 10.0 &AL
BT 1% 20 S N 30 min, 05 AH R FRBERS
71, VARGEIE F1Eemn e 100%%F 18, B 58 M ol
YEH pHo EAHBRA 7> BB T pH 3.0, 4.0 5.05 6.0+
7.0~ 8.0+ 9.0, 10.0 ZEpPHH E=IRIRAT 1 h 5, THi&
TEAEE pH TR, e HFIREE 7T, LARIE
ACER IR I BS JIVE AT R, BRI Z B 2
TEANA pH T IfesE M.
1.63 &85 5B TaIBaE /16970
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TERAIH o AIIINZHE N 10 mmol/L ) K
Zn’'. Mt Mg¥L Nit'. Fe*'. Cu™'. Co™'. Ca™,
FEBGE IR EREAE pH RN 30 min J&7, 5 HAHR
IREIE 7, DAARIIANATAT )8 2 7 B, BRFUANTH
&R T AINZE S 2 EE SRR .

1.7 #4EA 3

ARSI T B AT = UCTAT SRR AT
BERT

2 ZR51Me
2.1 puld ZERWY R 5 77047

abp M 1 bbpM2

5000 5000
3000 3000
2000
2000
1500 }(5)88
1000 750
750
500 500
250
250 100
100
C
bp bp
5000 5000
3000 3000
2000 2000
1500 1500
1000 1000
750 750
500 500
250 250
100 100

E 2 EE=mmoEERES K E
Fig.2 PCR amplification products of the fragment and
full-length pulluanase gene

7Z: a: 5140 PF1 A= PR1 494738 = 4h; b: 714 PF2 4= PR2
WY 3G = e 314h PE3 A= PR3 #9738 = 4%; d: 5|4 Pul-F
Fu Pul-R ¥ 38 4954 £ 8 3L ) 4K; M: DL 5000 DNA Marker.

I A5 PF1 A1 PR1. PF2 Al PR2. PF3 fll
PR3 54 HE K 996 bp (& 2a). 734 bp (&
2b). 1157 bp (¥ 20) M E =R 2R 7 51,
DNAMAN LR HES X, TR0, B
(17 51$222 42 NCBI L[] ORF Finder #E175347, &
ZEERE —A 1968 bp MIFFIFEEHE, K Har sl
pulde VA puld FEHVRERR G514, MOy gt 17 B
R (B 2d). MFPEEREIR: % & 2 RRE R 4

110

K 1968 bp, it 655 N FHEMR . T Clustal Omega
TELRH AT (http://www.ebi.ac.uk/Tools/msa/clustalo/) Lt
MHBARRRTFY, KIMILE Paenibacillus barengoltzii
CAU904 (GenBank X3%5: KP714732.1) {541
PWYEN 73%, 5 Paenibacillus durus ATCC 35681
(GenBank #3%%5: CPO11114.1) [¥1F 51 R84k
66%, 5 Paenibacillus graminis DSM 15220 (GenBank
kT CP009287.1) [AHIEN 65%, TiHISEEF{
R BRI 6], & =R F 512 R BoK.

22 EARKRWAE

f$FH BamHI F1 Hind11 Y] pEASY-Blunt-pulA
55 pET-28a(+H) kL, 73 IR BG4, 16 C
WERE, ¥ E.coliBL21(DE3)JG, J4 7 PCR ¥
UEIERA A BE R D fE 1 RIS IR IR UL, AT X))
BOE, 2 1%BIEPEEEIR kil . &5 R aEl 3 Frn:
7% PCR K/NEZR N 1968 bp, 5 puld FK KT
2t BamH1 1 HindlI1 X V) 5 () pET-28a(+)-puld 23
(IR 255 50 995 puld 2R v B ) pET-28a(+) 4 PEK
ANHRAE, BB AL RL pET-28a(+)-puld FIEE ST .

1 M 2 3 M 4

1000

250

& 3 BESEIIER pET-28a (+) —pu/A B XNESLIEE K E
Fig.3 The electrophoretogram of single colony verification and
the double digestion identification of plasmid pET-28a(+)-pulA

7E: M 4 DNA Marker; #kif 1 34 pET-28a(+) B = 44;
VKi8 2 A FLR ik pET-28a(+)-puld % BamH1 Fa Hindl1l 3By
M, kiE 3 b pET-28a(+)-puld % BamHI #3864 =4, %k
i 4 JyFabE LT # & PCR i,

23 EHEE2@mAERRERDE AN

K 22 % I = 4H B Ak BL21(DE3)-pET-28a(+)-
puld VAEIRE D 0.5 mmol/L /) IPTG A% ST
Sk, A EFE L BL21(DE3)-pET-28a(+) M AN
IPTG 53 B A R RAE XS IR, 5 5308 5 1w A
R EIEW0ER SDS-PAGE 34T . HRIEAELE
%A Protparam Chttp://web.expasy.org/protparam/) il
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MZH B A7 FRARNA 7341 ku, B H R
C %iif?) 6xHis-Tag A28 41, TRINGE 20 B
AR I F 5 T8 R /INZIR 76.95 ku, Z5HL 5 pl N 5.47.
SERNE 4 Fros: 5XTRRERARLL, BEARERLE 76.95
ku JA BT, 5 B B AHEN T =R, U
pulAFERITE E.coli BL21(DE3) R IS El 7 SRk

VERHBER AT Ni AL SR AT, WSCE &AM T AR
B IR B, H2EAT SDS-PAGE il 2 B
J3E . Wl s Fos, 5E AR R LIS
b, 28 Ni AR EHT 4040 5 R 2R O e — . B

MY &2 aiteas RIWE 2, HELEEIEA 508.8
U/mg, 2lif T 2.36 %, RIEIE 41.89%. 5 C4RiE
FIFHEL, a0 Wu S NWRIET Thermus thermophilus
(1930 6 2= B RE DR EE KA B rhdk AT s, FLLLg
W N 280 U/mg?™ ; Bertoldo 25 A ¥ Sk U5 T
Anaerobranca gottschalkii (135 & 2= BECE AT i 3R
%, HEEEEIS 56 U/mg: Liu 2K Paenibacillus
barengoltzii K5 (1) & = BB R 7E K7 ik T30,

ARG LRI IA 68.3 U/mg™, AWFFURTRIA M E
22 Wl ) LR Ry, B 2 I R A

*2 EHEE=/MEKL
Table 2 Purification of the recombinant pullulanase

o %& 8 /mg BEHIU FeBE/(U/mg) EHCE /% shAAE 5k
FABE 57.7 12426.05 215.36 100 1
PP 10.23 5205.02 508.8 41.89 2.36
ku M 1 2 3
972 2.4 E 4T W B AT R
24.1 REATEEE DGR BOREAS T
100
443 < 80 -
W60+
i
290 B 4ol
=
201 20
4 FREE =g SDS-PAGE 1&NIE % 25 30 35 40 45 50 55 60 65
Fig.4 SDS-PAGE analysis of expression of the recombinant HRE T
pullulanase b 100
7E: M: %@ Marker; 1: THREMHSBFS L 20 5K
EEABARSIE L 3 A AAN TR, < 801
Ku M 1 2 3 ﬁg ol
e
97.2 E 4 o
2 - m r =357T
--40C
66.4 W '- 20 -a45°C
350 C
0 0 20 40 60 80 100 120
443 = B8] / min
6 SREXMEGE NI EREREM
29.0 Fig.6 Effect of temperature on the recombinant enzyme activity
20.1 and its thermal stability

-

143 ‘g S
5 4l fER)EE=Hg SDS-PAGE /)47
Fig.5 SDS-PAGE analysis of the purified recombinant
pullulanase
E: M: &8 Marker; 1: THREMEELF; 2. Kebtb
WELES L 3 B H TG LA,

E:oan BEMEALELBIGE N Ya; b e85
ZEGREALE M,

DAAGAL J5 BIBERBRCRI TR 5, i B ZH i A o
SRR . SR U 6a s, fELL 1% & 224 (pH
6.0) RIS, % ELH B 2 Wl R SR IR Y

5 °C, fEREEMLT 35 ClmT 50 CH#AMF, HEA
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P TAIAE PTG MBI o 2 0 D P e i S SR
6b FiR, ZWELHEE 35 C~40 C RENEEE,
PR3 120 min JEFRIREFEIE 60% LA by RS &
T 45 CHF, SRS ITERI ] A SR N R, TE
50 “C FRIGR 30 min JERIREFECH 43.65%.
242 pH xBEE 7698590 A pH A8

W 7a fon, BEAMSEZEENRIE RN pH &
6.0, 7E pH ik 5.0 ST 8.0 41T, B/ SIE T
K. H AT CARIE A 3 R T & = B 50E pH
AT 5.0~7.0 Z 1812, % AR pH FaoE P Seit g
Rk 70 Fron, ZEEE pH 6.0~8.0 247F TR 1 h,
B T4 4% 60%LA E, 7E pH 9.0 264 NERIE 1 h,
BERE 1T 45.32% o ASHIT TP 1 B 25 22 iS5 HAth
R PRI T 2R LA B R 1 S 2 B B0E pH B
¥R, 0 Chen S5 NIRIEHIFIKIE T Paenibacillus
lautus 1135 & =T 50E/EH pH A2 7.0, 7E pH 6.5~9.0
TR 1 h S, AHREEEE 60% L EPY; DRI
HIEIRIET Paenibacillus polymyxa 1135 = B 5
pH 4 6.0, 7E pH 5.5~8.0 ¥t [l Py Fa et i),

a
100
80

60 -

HART BT / %

40t

20 -

0

[\S]
w
~
w
=
-
0
=]
_
=]

o

100 -

80

60 -

HART BT / %

[\S]
w
~
w
=
-
0
=]
_
=]

(& 7 pH XIEEESIRISZNTFN pH FREM
Fig.7 Effect of pH on the recombinant enzyme activity and its
pH stability

E: ar pH st &AL LEEET /1 e) %R, b LS
2 B4y pH A2 M,
243 &8 & TAEEE R 6

17 S NEAAR ZR HOIMAN KA 10 mmol/L FR<5J 29
To KIGLEFIE 8 Fa: 10 mmol/L ) KA Mg™

112

P ZE AR A BSOS ER, M ILEEE ) oS &
119.36%#1 123.68%:; 10 mmol/L [¥] Zn**. Mn*", Ni**,
Fe*'s Cu®*. Co™"\ Ca™ i s 20 BT AN [FIRE A sk
FI, o Cu® X2 & 2 B RO 1 Bt A Ll
TE TR 16.73%.

140
120 F
100 -

80|
60 H '
=11 |

0
XTE K* Zn* Mn?* Mg* Ni#* Fe** Cu?* Co** Ca*
SEEF

& 8 &EXIEGE NI

Fig.8 Effect of metal ions on the recombinant enzyme activity
3 &g

3.1 AT Paenibacillus puldeungensis LK18 H14~
3 At 22 R AL, A7t L AH R pET-28a(+H)-puld
# N Escherichia coli BL21(DE3)H1, 7E IPTG ¥ 5 N5k
LT B R ) IR AR A B I Ni HE 2
My 28 el e e i) B 8 14, SDS-PAGE 62 7 s
BEHAEAND TELN 76.95 ku. ZEAHE LHFHT)
BOE MR EA 45 °C, 1E 35 C~40 C R 120
min 5, AHXTEEIEIE 60%LL s HaEfEA pH N 6.0,
7€ pH 6.0~8.0 T 1 h, FEEE 554 60%LA L,
10 mmol/L f¥] K'Al Mg® %% B 4L B s 1, 1
Zn*'. Mn*'. Ni?*. Fe?'. Cu*'. Co®'Mil Ca® &xf Hify
ANTRIFRFE R E F o

3.2 ARHFFE ST HIAL HE H — Ak v AR A =2
EAHEM, HELEEE A 508.8 Umg, B&—2EHL
WAF=ME. JaBTrE & AR TR A S =
FEATIR R T8 e R, B InFEm #AE, s
T SERRAE=, DR AR AU TR

A BETE / %
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