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Oligomerization triggered by foldon to enhance the catalytic
efficiency of feruloyl esterase

Lei Zhang, Linchao Lei, Guangya Zhang, and Xialan Li

College of Chemical Engineering, Huagiao University, Xiamen 361021, Fujian, China

Abstract: A new method to express oligomerized feruloy! esterase (FAE) in Pichia pastoris GS115 to improve the catalytic
efficiency was developed. It was realized by fusing the foldon domain at the C-terminus of FAE, and the fusion protein was
purified by histidine tag. Fusion of the feruloy! esterase with the foldon domain resulted spontaneously forming a trimer FAE
to improve the catalytic performance. The oligomerized FAE and monomeric FAE were obtained by purification. The
apparent molecular weight of the oligomerized FAE was about 110 kDa, while the monomeric FAE about 40 kDa, and the
optimum temperature of the oligomerized FAE was 50 °C, which is the same as the monomeric one. The optimal pH of the
oligomerized FAE is 5.0, while the optimal pH of the monomer FAE is 6.0. When compared with the monomeric ones, the
catalytic efficiency (kea/Knm) Of the oligomerized FAE increased 7.57-folds. The catalytic constant (k.y) of the oligomerized
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FAE increased 3.42-folds. The oligomerized FAE induced by foldon have advantages in the catalytic performances, which
represents a simple and effective enzyme-engineering tool. The method proposed here for improving the catalytic efficiency of
FAE would have great potentials for improving the catalytic efficiency of other enzymes.
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CBS120.49 H/y B35 iM . #4 FAEO42807 f1)
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i 3 RIB S WA A E R A TN, 4 C.
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EE TR, SDS-PAGE 43 Hr4lifb 5 i .

(a) mon-FAE B fae A
(b) pre-olig-FAE  punfaen < v |
n
(c) olig-FAE 3« o) —> < (s
A
v
(d) multi-FAE < o+ &
o 4
Gene BHis Jae B foldon
Protein  <@His fac @ foldon

1 ER58ARTEHE

Fig. 1 A schematic of gene and corresponding protein
structures. Olig-FAE is a trimer structure formed by the
monomer pre-olig-FAE while protein is expressed;
multi-FAE contains both mon-FAE and olig-FAE.
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I 250 pl f§#E T 50 CRI 5 min )&, JA
250 pL my B BH R YR A W (0.2 mol/L 1Y
NapH PO, 715 iR 2% M7 W ) 15 pH {E#E 3.0-8.0 2
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Na,HPO,- #7152 22 i, 50 CLRIE 2 h, HL
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PO MUEABEC HUHA 173°, HeNe #OtH
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W B S E A R B T RRUE B ming REAR /N AR
UKL /N 1A
17 =i FAE EFHEFERESHN

HF 5 WL I VA R AR TR T 0 N e S
R 200 H 4 A% - IF T 5 min, i A9
F SRR i FH I8 40004 T ER 5 . A% FH 1~ 20 pL
IKPEBIFEC T, 25 uL 2% BR4AH LN 30 s,
EC T4 5 i FH OB 3 7 B 7E 100 kv U
FEREND , IR CCD FEARMLIC S F B I8 o
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21 EH FAE ®H{LFBI PCR EESHIE
4y 51LL pPIC9K/His-fae Fl pPICOK/His-fae-

foldon MYFEH4 AEiH, H 5’AOX1 il 3AOX1
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519 E T PCR IGAE, PCR =4 1% BRI H vk
R, S5RaE 2 s, BL pPICIK/His-fae #44k
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F|— 4% 800 bp (1 His-fae F B, Wk H MR
His-fae O £ A Bl S (b F 3L R4, LA
pPICIK/His-fae-foldon %% b J& K 241 S A A #E 1 7
PCR, kif 11, 15-18 15%|—4<%y 900 bp ¥
His-fae-foldon H B, W7~ HFEA His-fae-foldon
C 4 B G B Le R Al RL R A

2.2 FELH FAE By RisFa4{k

PRI EIRFAYER AL, f%B] 1.3 TR R AN
Wik, M LEETE 7, Phik 505 g7 B
o WA o B R B W Al AR S 2T
SDS-PAGE 4-#fr. X}F pPCI9K/His-fae, 4& 3A
7R, pPCI9K/His-fae %1% FIEWZtAL)E, 40 kDa
O B ST S = D NS B S/ S )|
A Ui mon-FAE 132 th &k, B 3A B/R
mon-FAE i F WAH XT 43 it B B K T H LS (E
(29.97 kDa), FZJH[H & FAE & /748 N v A
— WAL, TR R RE R R AN AR I,
3% H AT B A B A, DT B AR X S BT A
#2103 pPCI9K/His-fae-foldon, 1l 3B
7, pPCI9K/His-fae-foldon & I ik 4tk )5 .
SDS-PAGE 455 i /R 1) pre-olig-FAE FMAHN 21
BT HBE(E (33.04 kDa); olig-FAE #

SIJYLILLlFD

bp <NVMEH A%
3000

1 000
750

2 E FAE #1LF89 PCR mKk[E

Fig. 2 Electrophoress map of the PCR andyss of
recombinant FAE. Lane M: marker; lane 1-8: pPIC9K/His-fae
transformants as template; lane 9: pPIC9K/His-fae
plasmid as template; lane 10: sterile water as control;
lane 11-18: pPIC9K/His-fae-foldon transformants as
template; lane 19: pPIC9K/His-fae-foldon plasmid as
template.
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olig-FAE

| pre-olig-FAE

Bl 3 SDS-PAGE ##fiF=#¥I%&ki&
Fig. 3 SDS-PAGE analysis of the recombinant FAE. (A)
pPCI9K/Hisfae. (B) pPCI9K/His-fae-foldon.

WEART 73F B B g KT H A 99.12 kDa, H
JRE S mon-FAE W53 it i R F S (E 5
FAHE . HIFEis |, pPCI9K/His-fae-foldon I i
K BERN AN TE = RN RP 110 kDa kb i Bl— 2%
445, T pPCI9K -/His-fae-foldon % % I 3% Wi 75 5.
& (pre-olig-FAE) 45 kDa 4t fl =%k (olig-FAE)
110 kDa Ab¥ 45T, e AT B2 TS [l
BHRCR, SFEGH > pre-olig-FAE RFEERAL, 151U
pre-olig-FAE FRTFTE,

Ft# T mon-FAE il multi-FAE B EES /1 & He
W (1), B multi-FAE B SRS
HHEE mon-FAE A /IR FE#E & . X e45 3R
foldon 7E FAE iy C-oR Il &5 A FI TH#2 % FAE 1Y
WG 1 S B iE T
23 FAEERUIEMNHR

SCHRkHGE , foldon Z5HR 5 & kTRl & 3%
ke, FERAMEAR S ZIRENEN, e
40 CHIRREDRME, YMilE FFH%E 60 CLL
B, FERASHEACASME, HIRENT
HZIEE, FERE DGR, WRE A R
FEPA | AR A T AE R ARSI

%1 HAMREEEMENE
Tablel Enzyme activity of the recombinant FAE

Recombinant  Activity  Total protein Specific
protein (U/L) (mg/L) activity (U/mg)
Mon-FAE 251+7.61 698+12.8 0.36+0.011
Multi-FAE  441+12.7 271+8.83 1.63+0.045
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i, %S olig-FAE FEARRITEEAM N ARG
B, 3R HinE A S8 FREZRE 5 - 1 (VIV)
RAEIF#E25 C, 40 C, 55 C, 60 C, 65 C,
70 C. 100 C &M T 45kt 5 min J5 AT
SDS-PAGE 71, Z5HRUNEl 4 iR . S5 R IR
LR 25 CHY, 45 kDakh i 2 (1 4&41 Sk i 145 (]
ALBEAE FHRTE 3R B AL 45 1Y pre-olig-FAE, H
AW 110 kDa b TE 38 B Ak 45 4 1y
olig-FAE, ZIRE T, oligFAE WARKAEME. X4
TELE A 40 CHY, 45 kDakbfyZE 25417 pre-olig-FAE
AT 25 CHF A2 1 450 B0, B0 olig-FAE JF
AR, HREEREE TR, 45 kDa kb
1 [ 4545 pre-olig-FAE Z kL, i1 olig-FAE
R AW, 7€ 60 C &L FIEEER 110 kDa
W 260 olig-FAE E5E4iiJe, SDS-PAGE
R — %% 45 kDa 4%, Ui SERIL 78 4
fife IR . A BRI, fi#R IR AE 45 kDa H
WALEA 2 FAEF RN (B4, Bk, ¥s
PR AL S B R 1 mo/mL S IR A RE R i
BT A i 2R R RS W 4T MOTIF/ TOF Jit
AT, G5 ERIUTE 425 174.0 HBL—AME, S
JE ] 4 PR B T AR SR I 2R S (R — I
i sh 68U (DLS) A [a] iR B i 8 40
FAE MRS T TIE , 25 R BI/RTE 25 CHf 4y
BIFE 6.57 d.nm &bPA K 52.74 d.nm b 2 5,

kba M 1 2 3 4 5 6 7
130
100
70
55
40
35

olig-FAE

mon-FAE

4 olig-FAE BERE T REHER SDS-PAGE 417
Fig.4 SDS-PAGE of olig-FAE aggregation as temperature
change. M: protein molecular weight marker; lane 1:
25 °C; lane 2: 40 °C; lane 3: 55 °C; lane 4: 60 °C; lane 5:
65 °C; lane 6: 70 °C; lane 7: 100 °C.
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HHERE TS 6.57 d.nm 4 RIS H A 75 Ak,
AR, JLHEAE 6.5-8.5d.nm Z [a] , 1fi 52.74 d.nm
Qb A REAR Y AL 2 it o YL ) 728 AR 228 28 /)N
HF SR AL 245 foldon Bl i 1Y TH 8 1M o8 7 i
R, VEHRARZ AL /N, Bt LA WiZAL S olig-FAE
AL , olig-FAE Bl 3228 b i ki 45 R WL 5,
ME AT LUE , KA RE TS, olig-FAE 1Y
FEHPRAR WA N, B TR R 65 CHE,
olig-FAE [k 2 i 25 ‘CHIAY 52.74 d.nm
FA% 4 10.62 d.nm, 5 mon-FAE JIF il 15 i - 247k
12 (9.54+2.12) d.nm AHifr, UEH] 65 ‘CHY olig-FAE
L A Pl 2R B 25 1

AR S i SR 38 9 H - 0 R R R — AP R
JE1E 25 ‘CHI olig-FAE My &5 i, o 78
TWEE olig-FAE BYE FI45#, FFEm M ER
0.15mg/mL, HEZRWE 6 iR, K 6 iEr
T 71 % 00 T A 390 ] P oA 50 BROE TE 285 1 S0RE 2R
B, TEREERE
24 EA FAE MBEFIERR
241 HIEREXIRERE I E

PRITAE 4065 °C Hif Jifg S I Y Feeddi W B2, 45
e 7 Fros . | 7 9], mon-FAE 5 multi-FAE
TR EY R 50 'C, H 50 ‘CZHi, P& KIS
60
50 t ]
ol

30 -

Size (d.nm)

20 -

10 +

0 s 1 i 1 L L i 1 L |
20 30 40 50 60 70

Temperature (°C)

5 REX olig-FAE fIE 8IS
Fig. 5 Effect of temperature on the particle size of
olig-FAE.
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200—nm

¢

200 nm 200 nm

6 Olig-FAE B9 TEM Bl
Fig. 6 TEM image of olig-FAE.
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ool < Multi-FAE
90
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50 |
40 |
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Relative activity (%)

40 45 50 55 60 65
Temperature (°C)
7 EFYHFAEWIRIERE

Fig. 7 Effect of temperature on the activity of
recombinant FAE.
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il 12 h J5, BEIEJIA PTG EG 70%4A 4, H
multi-FAE 5 mon-FAE [ 1% )M F i — 88, 1E
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B8 EiFAERIEETREM
Fig. 8 Effect of temperature on the stability of
recombinant FAE. (A) mon-FAE. (B) multi-FAE.

40 ‘CLLJA , multi-FAE 2 mon-FAE & J13F
e, HAE 50 CLRME 3h )5, JEAEREHE .
242 Bi& pH K pH REEHE

FABGA RIS pH 25K 9 s, MK 9
A1, mon-FAE Hii& pH {0 6.0; multi-FAE
)5 pH {E8 5.0, FAMEH) pH (AR E P4 R
WE 10 i~ & 10 AT%0, pH R 3.0-6.0 I},
Bi% pH K, mon-FAE HyFaE TR 4k, pH
{H°~ 6.0, mon-FAE iy pH etk s, pH
KT 6.0 F, mon-FAE FaEMEiZ#i FFE; pHAE N
3.0-5.0 i}, Fi#E pH 1k, multi-FAE 54 & PERE
Z 3K, pH {E R 5.0 i}, multi-FAE i) pH &% 1
e, pH EKTF 5.0 B, multi-FAE e R
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100 | { e Multi-FAE
S 90t
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=
S 80
[s5]
< g
5 — 1 3
Z 70t N
|
o
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9 E4A FAE BIEIE pH
Fig. 9 Effect of pH value on the activity of recombinant
FAE.
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. T 1
S 90t / T
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2 /
o 80 <
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E 70+
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El 10 ZHFAERIpHIRREM
Fig. 10 Effect of pH value on the stability of
recombinant FAE.
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*2 EEBFMELHFAEE

£33 EFHEFAEFHFEHBNE

Table 2 Influences of metal ions chemicals on the Table 3 Determination of Kkinetic parameters of
activity of the FAE recombinant FAE
Metal ion Mon-FAE relatively Multi-FAE relatively Mon-FAE Multi-FAE
(10 mmol/L) activity (%) activity (%) Vi (MMol/(ML-9))  3.45+0.14 5.79+0.37
Control 100+1.73 100£0.91 Ko (mg/mL) 4.55+0.07 1.03£0.02
Mn2+ 103£1.22 105£0.51 Keat (57%) 2.28+2.14 4.35+0.97
Mg 103+3.27 107+2.96
7n2* 77 6+1.76 107+4.21 Keat/ K (mg/(mL -s)) 0.46+0.63 3.94+1.12
K* 95.1+1.47 94.5+0.42
ca* 91.7+2.31 103+1.98 o A 5 R PO R A S AR R, ORI FE LR K
Fe’ 924:5.13 e R TR B, TR LA IR
cu® 90.1%5.14 105+1.71

244 FIIEEBAINE

BT olig-FAE Bl B2 T <3 8 Wi i 2R
pre-olig-FAE, H7E 25 ‘CIMEsh 2= w8, W3k 3.
Hrp multi-FAE 89 K (1.03£0.02) 5 mon-FAE
(4.55£0.07) AHELA /N, VLB multi-FAE BYJEY)
1% mon-FAE A i, Higmfigch 3.42 f%;
multi-FAE A9 Kea/Km (3.94+1.12) 5 mon-FAE
(0.46+0.063) #H ALK, Ui B multi-FAE (4 k2L
i mon-FAE AR, HARMMTECH 7.57 1%
[FIEF, multi-FAE B9 Kearw Vimax B8 mon-FAE Y7 fit
P o HAMAE I DL 4R 18 WA 7RSS I 25
i, Yang PN SR SR TE ARG N-A
A, AmyK-pl B9 LLTE P FEAL B 20 (Kear) 53901
W 4.1 5 3.5 4%, AT AR S AL SR A
T e P = 2 D DAL AR R4 35 30 67 ) T 15 e K
M RIEE, (R SE R AT 5 0 SR80

T4 HFIEMEN FAE MR

3 ik

BT 20 R T T T AE Tl A . 2
SRR EE REA . B TR A, ©A1R
Z AL FAE B AL RE R HRIE , 54 ORISR 45
AL, 4550 4,

SCHR 2514 18 137 F DNA 24 2H 566 s 1 1] 58728
o, HEARRCRIE R 12.8 5. SCHR[26] 3
POPMUSIC 4332 19l 2 56 i AR (1 47 8 A 1 BB AR
fb, Wi SEE R 4 DNEER, WRARK
D93G/S187F /1% HY Keal Ky BE T T 9 15, SCHR[28]
B AT P AE B AL AR AT AR e 28 iR M6,
M6 (1) Kea!Kim AR 1.9 5. SCHK[20]4 1 i
MODIP F1 DbD P55 T 54 i & 11 5 Hr o]
REAF7E 1 T B0 M s 19 i, 51 ABiSh
W) AT FAE SCiticka , IR0 4> F3 12
B LR B AN 0 B AT, 1R — A 5k

Table4 The effect of molecular engineering on the properties of FAE

Molecular engineering methods K Keat/ Kin References
DNA shuffling and site-directed mutagenesis = Increase 12.8-folds [25]
Site-directed mutagenesis Decrease 0.62-folds Increase 10-folds [26]
Directed evolution Decrease 0.39-folds Increase 1.9-folds [27]
Random mutagenesis Decrease 0.73-folds Increase 1.05-folds [28]
Introduce an extra disulfide bridge Increase 1.65-folds Increase 0.58-folds [29]
Immobilization Similarly Decrease 10-folds (Kea) (SiOy) [30-31]

Increase 1.23-folds (Keg) (Fe3s04)

Protein oligomerization Decrease 3.42-folds Increase 7.57-folds This paper
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A126-N152 RAZ LA . RAT AuFaeA 1y
HIERERR T 6 C, F3EWITE 55 ‘CHI 60 C4y
R 125 5 10 %5, MR (KalKm) 55
A= %1 AuFaeA AHBL . SCHR[30] 4 18 1 F A £L — %A 4k
READRME Jy [ 2 SR, 8 Py B K FAE
EEN LA ALRE b, IR s S R LR
TEGZ R pH SRALAG I E S5, SRR 3k
R RIEE, 78 10 BRI Im , R T H:
20%L)_ERTENE, K A2 EERRE M, (A2 Ko
W T 1045 (AR —HR B R A SCHGE Y AL T foldon
SIS BRI FAE 25 CEEEW4E R 55.5%, K
WM T 3.42 £, HEAHCRIEE T 7.57 f5 . SCHK
Hox ey vk B AR ON R R LR T B E, (H
JEE R AL T SN R AS A FI D BE Z A OC R A
WEAE TR, i Al T R AT A 2L
{1 e 308 7 0 7 9 5% b A A T R o el
T PR AL T B T P AL G B T B R T 5 R il
P 1y 3 A stz 5 B4

ARSCHY SRR, BRAERIR, JFPAT
M ZE A SCE i % H AR . 5 mon-FAE AH LE
multi-FAE JEE4 55 1T DL R A AR 003 5 48 i, X
A fig 2 T 3 R AL S5 R 3 foldon ELAT & [ 22 vk
TR R A B, B T i flsgeRk 1, Bst
ARG o1 Jey v BE B, sk 7 3 7 A
FIRE 2 o (AR b, R R 23 [ 37 BLAE
H, pre-olig-FAE K52 ¥ Wi 5 B 1k, pre-olig-FAE
5 olig-FAE Hh# & A Hiskr%s, HMH B9M x4
TR A 221UV 66 kDa, FikEWARR, ALK
%= HATR G olig-FAE 4lifk, {H multi-FAE
S ERALI olig-FAE, 5 mon-FAE ML, M
U & S SN DR 7 X = N TR
foldon Z5 A4/ 43t /)N HL 25 46) 187 5 A SR
it b A 2 W 53 I FE IR A RS R TR G 3R
W, W kel K 28R ES T 4.2 f5H0 3.0 5%,
R, ALK foldon 45 M8, 54> TR K B

http://journals.im.ac.cn/cjbcn

LERARXT A 20 FAE FE I RIB R ARG Rk,
SRR, AbriiE bR AR R R, B2
FMWIZTT A BN — A e B AL 1k B 1 1
Hormsmyrik, FARMEf 8, O S eiran 1 i
R 3D Z5tl, HAT RAFAINITRTS, EHFRA
WH5E.

4 %

mon-FAE Ll J pre-olig-FAE £ P. pastoris
GS115 ik, H%A | foldon 51 % ZE R AL
FAE 1) multi-FAE % mon-FAE [ HLiE . SIS 5 AN
TSR B E S . 5 mon-FAE AL,
multi-FAE A freis it BE R il S i MR 32 31 R K
o, 25 FArA, foldon 25 #438, i) #8755 FAE fiifk
PERE, J&— bk i 00 1 B R 8O T
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