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i EcEMRERM A LS 2 KMEE TK-PUL £ EHTTRAKMBED A ZHIE, ECRUBR—FE R
MBI LFREAERGE AR AFHTMARHERSEEXR S (polymerase chain reaction, PCR) # K42
& TK-PUL #9 e iEte, &I m4e 54 PCR A il & ik, KA THEAEMRRZHG R LI L538D, 5 TK-PUL 48
P, L538D AT PEIR & A R A IEEE N RE T 50%, AE& 2 540 KA ILEEE & T 21%; L538D WL
TR EE L 5N R kK, AP HRE T 4%, 27%. BF L538D 49 a-1,4-#53F 4 K & A= o-1,6-
PEHEKBRERPIRS, FLE a4 BFERBERORIWERZ K. AREZFINNEARS>TEHMRE
T, F TK-PUL *F Leu538 %% Asp, THB I HEALMAEMBYREFRBALRKREIGR KT, BRST
YA E M4 & GluS38 AT /& loop M8y bk, AR ZHEEMMEALFN ., AT RLLERXEY, TK-PUL F LeusS38 £ #
i) LAEAL E A F 2 AR,

KRR I R 28 2§ WK B, & @ uti, 4R M X R ( 545 PCR) , il ¥ ki
AR, RALTE L
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Research on Improving the Catalytic Activity of Thermoacidophilic
Type III Pullulan Hydrolase TK-PUL by Error-prone PCR

ZENG Jing, GUO Jianjun, YUAN Lin”

(Institute of Microbiology, Jiangxi Academy of Sciences, Nanchang 330096, China)

Abstract: Thermoacidophilic type III pullulan hydrolase TK-PUL can completely hydrolyze starch to starch sugar under
liquefaction condition. It has great application potential in the "one step liquefaction-saccharification" starch syrup
production process. In this study, error-prone PCR technology was used to improve the catalytic activity of TK-PUL. After
two sequential error-prone PCR and high-throughput screening, the mutant L538D with improved catalytic activity was
obtained. Compared with TK-PUL, the specific activity of L538D with soluble starch as substrate increased by 50%, the
specific activity of L538D toward pullulan increased by 21%. And the k_, /K value of L538D for soluble starch, pullulan
increased by 44% and 27%, respectively. In other words, the hydrolytic activity of L538D toward a-1,4-glycosidic bond and
a-1,6-glycosidic bond were significantly improved, and the hydrolytic activity of L538D toward a-1,4-glycosidic bond
increased to a greater degree. Homology modeling showed that replacing Leu538 with Asp in TK-PUL may improve the
flexibility of the loop structure including the catalytic site Glu538 by shortening the length of the side chain of amino acid

residues and reducing the hydrophobicity of amino acid residues, thus improving the catalytic activity of the enzyme. The
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results demonstrated that Leu538 in TK-PUL is vital for its catalytic activity.

Key words: type III pullulan hydrolase; directed evolution; error-prone polymerase chain reaction (PCR); high-throughput

screening technology; catalytic activity

AL T TER R T2 AR CFSEXT 3R El e
BriihE Tk A9 & e B S ZE R R I 55 & L,
AT Tl vER Y T 2 AR AR AR
WAL BRFNE A2 BR 0 S B IRRE . pH YA, I H
TEMYHIBE T2 v FH T 2 Fh T8 K S g (N a-3E
AT . B-TERIT . o 2L il LA R AR A R TE A A ), 3X
U R 2R S BGEAS HE Tolk A9 A 7= sAS g . A= 7= 54
ERHIG, B, AR ARSI — P iR AL T
X UEA IR ] B A TR AL AR e AR FH T, DU PT %5
BEARA 7 AR, AR 2R

TIT B35 22 22K A it (EC 3.2.1.1/41) J& 8%
TR ARFZSIIEE 13 % (GH13_20), J& Ao ifig
VEAD KA, [RIAT LA o- 8 My Bl Vi 126 R 3 24 g
PR, REIRIR T 11T U5 2% 2 W /K A i AT A DE By
HE TV FOALSRAT T 5SS/ KIBTERY R TER I, A2
SCER CMRABE AL — 2B TE R B A IR T . e AR
P TI BY265- 22 Z2 WK i it TK-PUL e YT B i
Pty 4= B Thermococcus kodakarensis KOD1, B A&
P B #Ee e A e iR s e, I LR T R =i
PR T Ca?, B TK-PUL (Y2 PR 5 58 4
G TERY B THDRE TOlk FF KU, Rk TK-PUL
TEVEA BRI Tolk H HA B RN HIE ). (B2
TK-PUL PRSI 1 AN BB L TE R BRI Tk
PR SR, MELALE GEAS B2 DR ol v i 2k R 427K i
YEH, iX PRI T TK-PUL 7 384 B tilbBE Tl i
N AU B R AR TN TK-PUL #1782 =i e
WP 43 D50 T LA R A SE R B i e Tl i
B FHEBE g JLA, Ry il Tl A5 g it AT B2
B AN, AR M AR R AL AL ST
] Ay EL A A A T LA, FH A S 1m0 4 45T A B A3
SRR AN TR

T 5t B8 6 B 8% 2 )52 W (polymerase chain reac-
tion, PCR)#LE H Bk S Z 10 —Fh 2R U BTIAR S Mg 1)
AL, LEBG T A LR G T i R FEE A
FAUO, G4 PCR R B4 A T 32 FHUE K /K it
fifg . HEVTHG . RN g SRNENG . BRSO S . £
e F BRGNS 7, FEXFTE 5 M B A 0T ) G B2
FERFRFLR S| T EEE A", ARl

Syl PCR $RXF TK-PUL #E4 ARG ) LT,

DISPZRAT BTG 1P s B 578 A . it — 2L ik Pegs o
ARR Y TK-PUL BYRfFA R ME IR U500 74544, 13
7RSSR 1B s T RESr L . ASUFSEAA B
TR TK-PUL Ay XL REAETEAILE], o n] S HoAth pE
A3 I A T LA IS Ay 5 1] P4 31 A B R S AR 4
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1 MRI5RE
1.1 MRI5{ER

TK-PUL 3 ik #k & pBE-S-Atkp. RKIGFT B Es-
cherichia coli IM109 X i AR S 56 22 R 4713, DNA
Marker, 5 9 )it Marker. ik DNA /)N & 21k a5
&5 . Bacillus subtilis Secretory Protein Expression Sy-
stem, DNA Ligation Kit Ver.2.1, [RFIHANUIEE H
7K TaKaRa 2 #l; StarMut FEFLIAZ G & LAt
O AR A BRA ] Ni-NTA S22 8
Fl QIAGEN 2\ H]; #8220k | nIiTETERy . 2200,
A=l 2 DUNE . R bl IR
BHEA BRZS F]s Bradford v2585 F5UE sG] £
PEE R RAEVFARAIRAH]; LB Righigedt 4
TA T AR B A R ] HAwAGR 22
PR AL

S1000 PCR {¥(Mastercycler gradient) 3£[E Bio-
Rad 2\ w5 4= [H 3 E0 BE e KR 53 M1 2 4t (Tanon-

4100) G REERHYA PR H; 24T W66
i1 (760CRT) A HTIE A R Fl; CMax

Plus fif#br{%  HAS Hitachi 23],

1.2 EWHE

1.2.1 %% PCR I R¥E StarMut BEHLZEAE
SULEHBAN TK-PUL IS FE T, 11545 PCR 5|
Y. TESIHIEAR B 5 I ARR TN DI Nde 1 F
Xba 1 BIBFYINL S (U R RIZEPTR): BS54 F 2l 5'-
CGCATATGAGCGGATGTATCTCGGAGAGC-3';
FH514% R N 5'-TGTCTAGAACCCCGCTCAAGG
ATGATTATC-3'. 4% PCR W 1IFEH >y pBE-S-
Atkp. PCR W ARZF N 50 uL: Bifk DNA 1 pL., 2x
StarMut Random system 25 pL. PG I# F 1 ulL. T
#5104 F 1 pL. StarMut Enhancer 0~20 pL. ddH,O
*MEEE 50 uL, PCR P #45444: 94 °C 5min; 94 °C 30,
55 °C 1 min, 72 °C 1 min, 25 MME¥; 72 °C 7 min.
18 31 I ¥ % PCR W4 £/ StarMut Enhancer 19 %
NG AR FLTE AR 3R

1.2.2 SEARSCEMME SR DNA K RIS &
X Zy 4 PCR =i T VI Rl . K B 4H 2844 pBE-
S-Atkp FalifbJE 4 55 4% PCR 745351 FH R 14 Y
Yl Nde 1 Rl Xba 1 WY J5 47542, FLPEFUI
R AR R ) N 32 B S UL kA T KRR
T AKIGHFIE E. coli IM109 B2 25401, 541k
FEYITF 37 CWFE 1 h 54 T8 100 ng/mL &%
TEEZENM LB AR, 37 °C 535 16 h, $2BUIr G 14k
FHEH R, SRAHMGEER Spizizen 75 H T3k
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TR TRIEE AL B. subtilis RIK1285 B2 A 4T fifd,
M & Bacillus subtilis Secretory Protein Expression
System UtHH 45, AL R A T% 10 pg/mL -RJIB
BRI LB A [, T 37 °C B53% 24 h, {IZRAG 5848
SCHE

1.2.3 SBSCER B R R MR A L A

SR v 8 85 5 R v 8 ST 2 BE SRR [13] ik
AT AR Z ERl R RS, A5 BRI R
W EIEHT a-VEB BN PE R EEE EAI o a-DER
TP 1A v T ARG IO X 1 FI R AL ) R/ NSO S AEAA
PR TR I RS /0, i 32 ) IR O'G AL e R 11 5 78 A4 FHARCERS

2 ¥ 55 %E PCR AR sl E4 7 5L PR 20 A o

1.2.4 HAMFSE SRIMAiE  EHAHMNTE SR

IR G A S ROSCER [13] T, SRRV I EE R
H, 7k ( Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis, SDS-PAGE ) *! 6 0 2 21 fiff 114) 4ili i,
>R Bradford 7285 [ BTE BRI G0l 2 B 20
[L15385P7 19528

1.2.5 FEAREHIEEES JJIE  5351PA 1% (m/V) AT
PHEVE R B 22 20 ), 2 HECSCHR [13] 0
LHIEHY o PERI B PRI 2 G . WG 0 B
(U) P 5 X AE— R VSR, B0 it f ™ A

1 pmol ISR il e A — i I B2 (U)o

1.2.6 FHEAHAMFAIREFAMERME 35 LL 1% Al iEdE
DERY B 24 220 S IR AY O o o 2 T ) e S

pH. pH FasE M | feidfi SOV il BE MR Ea et . B2 g
PR 2P B0 o 2 R OSCHR [26] AT B ZH i e i
S pH L Kz pH Fg 5 1 59 52 91 A pH3.0~9.0;
T 40~110 °C T i 5 = 2H g 1) Aol S W IR R, I T
100 °C "F e BZH PR AT e . I B2 RS B
T SN, pH B i S IR B, B T A fr) e v P
FE SR 100%, HAAS B -5 e B 09 FU{EE X
SARX B o I E EEZH Y pH FRUE MBS E T
Fsf, A Ab B 11 BRI A2 SR 100%, Ab PR B

PTG 55 AL SRR P RS 1) LUARLE SR TR o

1.2.7 HHFGSI A EENE o3 AT TE

Aoy B A 22 Z2 W N W), I e HZH R Bl ) S E R

LA Bl )25 H RO E 2 SR [26] HEAT. AT
P TE M3 14 U BE A BE R E O 5.01 10.0, 15.0. 20.0,
30.0. 35.0 mg/mL; 365 % ZZ0H (M BE AR 5 58 N

1.6,.3.2,.64,12.8,16.0, 20.0 mg/mL.

1.2.8 YGRS KIS 1 S8 A%
AT A T AR ) e AT BRAS WA 3L 03, I
MR FE DR BRIE 7 9 2 S LR P 91, 43 Mk A 24
FERR IS A8 . LA TK-PUL(PDB ID: 50T1) &
H BT 43 4548 AR, SR SWISS-MODEL (http://
swissmodel.expasy.org) 7 [RIYFAS L ZE AR A 1Y 35 1 5T
Iy T4k, IR = 4E MR B PyMOL v2.5.2 i
7~ TK-PUL K SEARAI =Lt .
1.3 HIEAIE

PRI AT 3 IR, IS R - E bR v
2R, i SigmaPlot 14.0 XHXIGEEHATSE
AT I EREL
2 GBR5SH
2.1 5% PCR &MHEROHAT

ARYE StarMut BEHLZEAZ A EUAHA P, J8%% PCR
JZ WA Z H StarMut Enhancer BT A DL B A8
FegeArA o R FRAT AR P SE 3 25K, 7E PCR AR
E PN AR FMARFL A StarMut Enhancer, 3547 5 4
PCR [, AR GE AL AR S o PR H S AR AR SR v
FEAILBHRER 10 AR B 2547 358 DR e LA 28 AR %%,
%< 1 fros, Hofp StarMut Enhancer PSS INE N 1 uL
s ARSFERA 98 AR 3k 0.26%, $230T H BT AN &k 9828
0.25%, PIAIFSE 5 45 PCR WA = b Star-
Mut Enhancer FJ#SIMEA 1 pl.
22 LB ENHESSBEEFE

LLE 20 0Ok pBE-S-Athkp AR AT 1§85
4% PCR, I PCR 779, W I AU AP f5 i H2 48
[T RS D) Ak B4 2R AR, 3% 12 P ) B AL R W A TR
E. coli IM109 Bz 4 g, $RBUITA AL 7 0T & &
UL, BRSBTSt B. subtilis RIK 1285
JERAZ A, ARG ZEEL 2N 2500 BREGAL TR AE
SCPE . AR FH v 38 e T 3 325 077 15 28 AR AR SO P G
FTHEE AL T, AT 10 BRIUAE a-TERSBETE J4
AT CEOE AR R ) o FRRCRH il i 0 e )y
BXFLA L 10 BRFG A7 CGE SR T 1~5516TF 10)
LA K% A1, 2 B 2H BTk pBE-S-Artkp TIEALT GE X M%E%
T CIHEATHIAL a-TERBIE T, 45 R ansk 2
PN, T S5 2 MRIMAN a-GERs BETS 7 42w i R e
KA F AT 2 Fifib T 7). 236X 2 #RE
A B TR, I DA R R 2H SR A AR A
55 2 52 50 45 PCR, #ZBRIGIFE I T i gk IR A 2 h

%1 PCR WA Z T StarMut Enhancer ¥ /Il %5 1Y PCR 2845 %

Table 1 PCR mutation rates corresponding to the supplemental level of StarMut Enhancer in the PCR reaction system
5 A (uL) RATER(%)
1 0 0.12
2 1 0.26
3 2 0.53
4 4 0.95
5 6 1.23
6 8 1.35




4346 A 18 1) i, 45 St PCR RS EMERARME 1T A% 65 2K Al TK-PUL AEALTR AT 133 -
T2 HALTIYEE R BEAS M TK-PUL L538D
Table 2 High throughput screening results of the transformants My (kDa)
BAFITS Ao
C 0.459+0.018 97.4 —
1 0.501+0.023
2 0.742+0.030 66.2 —
3 0.513+0.019
4 0.563+0.025 07—
5 0.608+0.032
6 0.601+0.029
7 0.750+0.033 3=
8 0.625+0.031
9 0.634+0.037 1 TK-PUL FIZRASA L538D 1) SDS-PAGE #5:il[&]
10 0.654+0.031 Fig.1 SDS-PAGE analysis of TK-PUL and the mutant L538D

2800 PRI TN SRRSO o SRR BT I AR AR S
J2E AT v 38 T e R REARAS TG 7 — A g i 28
AR, XTEES 1 5548 PCR I W 3RS0 2 4
JECRLHEA TN, MP 45 R R X 2 S E A TR AL A
PR ZEABA 5 — 5k, JLES 1612 (it C =45k G.
551613 e T 58480 A, RIEERgRS)T 5] CTC
52745k GAC, EFEMRITHH Leus538 2845k Asp538.
BIASAAF 7830 13 ) 4% PCR $ AR % TK-PUL #4744k
RE [ Ak, AT T BG4 58454 L538D.
2.3 TK-PUL FIZRZT{K L538D WYKL, Ak K L
SEME

Al ZE AT B A AR Ge ) Tl A = sk, B
SYILRESIOE . BRSNS DR E R B . R T 2R

ER . A TA R ZEAT R RIS RGP XA TK-
PUL FI5 28 & L538D, 40 ¥ TK-PUL Hi %8 25 &
L538D ¥Rk, SKH Ni* 2B ZHEXT &
H B FT4l4k, 3R A SDS-PAGE Kol 4% 55 2H B 1)
i, A 1 o, TK-PUL FIZE748{K L538D 3R
WL 53F- 5T 43 B 249 Jg 84 kDa, K/NH 5 B (E AH
o AR SDS-PAGE A6l & Hh 2 1 Bt 5517 I K B 4y
Hred S, E4HEF TK-PUL FIZ828{AR L.538D fy4lijEy
iAF] 95% LU L.

% Bradford 3£ TK-PUL FIZE4A5A L538D
FAER SR BE, 000 H - LA AT s e oy A 2
ZBE R Y B0 EL NG T, a5 AN 3 R . TK-
PUL 1Y o-7ENM B LLEFTS 1A 54.08 U/mg, 1.538D 11
o-TE N5 Wi L TS J1 M 81.14 U/mg. 5 TK-PUL #H
b, L538D 1% a-VE Wy b RS J138 & T 50%. TK-
PUL f35-E >4 Eff LUERG 74 110.39 U/mg, 1L538D K
e 2 i LS 70 133.18 U/mg. 5 TK-PUL #H
b, L538D (& 24 il LAV 132 T 21%. TK-

s M: HH 44 85 H 3 marker

PUL 1Y o-UE A3 Bl 1% 14 5 385 6 =2 Wl 0 P 10 LU (B
0.49, L538D 11 a-UE M3 B 1% 14 5 36 2% Bl Vs 14 04 Ll
> 0.61. DL 455 3R, 5 TK-PUL #HLk, 584
{4 L538D 11 o-TE A5 Bl i 1B A3 4 Bilg 1 R 24 BH ik
$EiE, I HIHL o-TER I 1 H i 0 T
2.4 TK-PUL FAZEEE{K L538D HUBGZE 5

AWM E T pH FiG X TK-PUL A 28484
L538D Fg=#PE Bty . B &l 2(A) AT AT, LA 1%
AT TEA B 22 2 IR IET, TK-PUL K 5848
& L538D HUfi@E I pH 200 4.5, I H R # AE
XGRS pH AR a3 IEAAEFE . 5540, B 2(B)
7N, 7E pH 2~ 3.0~9.0 FYFE I N, TK-PUL A %48
A 1L538D 119 pH FE Pt LoP—3. X3RH] TK-PUL
1 L538D 7 s AR AL AN S i Ho il )2 W pH Al pHL &
EPES

TK-PUL M %2R 1L538D Fidneiet SO #a B &
L5 ANE 2(C) s . TK-PUL K 282844 L538D (1)
il I W iR IS 2492k 100 °C, 7E 40~110 °C 1V
PRIV 5 P8 A X T i I 10 32 1) AR b A At S AR AH ]
[0, B & 2(D) Al 41, TK-PUL M 22844 1L.538D T
100 °C #FRGE M IEAS—3%, F 100 °C 192321
#2494 2 ho B TK-PUL H* L538D v/ S AR Lt AN 72
i A S B AR e Tk o
2.5 TK-PUL % L538D HIsh & #ONE

AT E I LU T TK-PUL K 5874844 L538D
T 100 °C 143 J7 2% 58, MRk 3 &2 TK-PUL
L538D {37 s AR AT HIR W45 A 5E 71 AU W M4 e
FUREIR . FHER 4 AT, ARt pe gy ol 36 2% 2k
RIRYEL, 5 TK-PUL A Lk, 28284k L538D i K,
{HIEARAAS, k, (HIWH @S oA R ve k)
MR, 287484 L538D 19 k /K, (HEE R T 44%;

# 3 TK-PUL KZZE{K L538D F 100 °C (LG /1
Table 3  Specific activities of TK-PUL and the mutant L538D at 100 °C

TR (ng/ul) a-JE KB ELETG 77 (U/mg)

- 22 LU 71 (U/mg) o= VNS R P 22 I 14

TK-PUL
L538D

3.48+0.26
5.06+0.27

54.08+1.85
81.14+2.33

110.39+3.46 0.49
133.18+3.41 0.61




- 134 - 5 Tk BB 2022 4E 9 f
100 1
100 { (A) 00 | (B)
~ 80 < 801
s s
2 NN = 2 60 U
= 40 —e— TK-PUL- T TER) & —e— TK-PUL- AT ETE RS
= —o— L538D-A A TER %50 - —o— L538D-Al I TERS
20 —v- TK-PUL-¥£5 22 Zf 40l 77 TK-PUL-Ef 22k
—a- L538D-44 24 i —a- L538D-45 2= Zfk
—_——— e ———————— Npt+—T—r—7—""r————————
pH pH
100 { (©) 100 2 (D) —e— TK-PUL- I HEGER}
L —o— L538D- A ETEH
S 80 1 < 80 1 \e v TK-PUL-E&~ZH
S < Ry < L538D-E & L Ll
5260 1 /7 ¥ 60 4
B 401 A ;7 —— TK-PUL-AI iR % 40 1
o —— LS3D- N )
201 "= —v- TK-PUL-¥ £ 2= Z i 201
—a- 1538D-145 >4 L Hk

40 50 60 70 80 90 100 110
HE (°C)

0 05 1.0 15 20 25 3.0 3.5 4.0
1) ()

&2 TK-PUL FIZEAS{AK L538D M1 i
Fig.2 Enzymatic properties of TK-PUL and the mutant L538D
7E: (A) TK-PUL 1% 45 & L538D 1§t i& )2 W pH; (B) TK-PUL 128 45 & L538D 19 pH 4 5 15 (C) TK-PUL H1%8 45 4
L538D Ky FUM I ; (D) TK-PUL FIZEZ25{AK L538D T 100 °C Ay#Ea E vk,

# 4 TK-PUL BRAEH L538D (8 22 1 4L
Table 4 Kinetic parameters of TK-PUL and the mutant L538D

17| it K,,(mg/mL) Koo (/5) Keo/K,n(mL/(mg-s)) AHATK /K (%)
N TK-PUL 1.86+0.18 80.91%3.05 43.49 100.00
FTHETER) L538D 1.90+0.19 118.99+4.12 62.63 144.01
W TK-PUL 2.07+0.19 157.85+5.16 76.23 100.00
L538D 1.96+0.17 189.68+5.48 96.78 126.96

DL 22 2B IS IT, SEARK L538D 1Y k /K, 1H
BT 27%. LA EZEHREW], TK-PUL 1 L538D 13/
SR AS R TK-PUL XHEMI LSS RE T, 34 R
TR HH R M B AFRE T, R AT e AT
T PEVER HIRERRRE T
2.6 KREALEDTE N FLEFINEH

L) TK-PUL(PDB ID: 50T1) f4%& I B4 F45#4a12%
Ak, SR B Swiss-Model [F] YR AL @ 22 284 L538D
IR Ao T a5 . SR = 48 BHZ 4 PyMOL
v2.5.2 i/’ TK-PUL f 2872544 L538D B — 2454 o
FHIEl 3(A ) AT, TK-PUL H A4 W /KBRS 13 K
TR T 5P AL L] _L Ay RIREAE, an =1 2514
B DU i EE LRSI ARSTF LT RS R TE P o
(Asp503. Glu534. Asp601)%Z5 ., AR T 454
HATRBRMFR T, PR IR IL N 52
AR TR T4 B = 4R 25 AU, T L2 AR L538D
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