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K2R BTG RE (Feruloyl esterase, FAE, EC 3.1.1.73) , 45 A% /K fift il 1 % F ik
A6 SRWE K BRI 16 A1 22 W B BRI G P (e, K BTBRER (Ferulic Acid, FA) JiF 29
ok — Mg, EReDITanEE b 2 -2 0 2R R AR, AR T
2 i BE A7) 0T v 20 10 B AR AN R 5 2 (RRE G, RLAE B T RLRTIE 4R Lol BT
I RE S AT S DAACSEEG 2 AR5 A - B TSR R AE (AtFAE) Jnfid i [
(KA TR pMD-rAtFAE JyE:fil, 598 B B EAREREEE (rNpXYL, GenBank:
MK138894.1) 4wt PR #EAT Rl G 5 R IE (rINpXYL-rAtFAE) . DA E
‘HEZRE GS115/rAtFAE 43 HA ) rAtFAE X, RGcEhE: T rAtFAE 5 rNpXYL
STk P Fk B ] AR IR ) 4 A R B IS 2 AR I T 2 o IR AR,
rAtFAE 768 F 5T HE T HAR SIS 08 . Sl rAtFAE (RN, AR
WK rAtFAE 34T 1 A4 A2 M B 78, % rNpXY L ST T 07, )
B o Rl A 2 1) B A B SR B REEAT T ORISR AR AL, EEBE A RN T

(1) o3 ven ol R RS Mg 1 S B 1k, BF 7T 0B AtFAE 2 i 3L R 5 rNpX YL
ML IE R AT RL &, 52 E AR rNpXYL-rAtFAE . fil 43K rNpXYL-rAtFAE 5
PPICOK Jii k& #z 5 5 N LT B R RF GS115, 152|E 4w GS115/rNpXYL-
rAtFAE. ¥4 54 % GS115/fNpXYL-rAtFAE 7 15 L KEFRET KB, 455K,
rAtFAE # & HIEEIE 779 17.38+0.34 U/mL, rNpXYL Fgi% 7729 952.014+20.7 U/
mL. BJEAH R AFAE B§i% /1 (0.5 U/mL) , rAtFAE B§i% i3 T4 34 f%.
RIEKZ SDS-PAGE %, rAtFAE 7 F 54174 39kDa, rNpXYL 73 F&E%14 25
kDa. rAtFAE Z4fifl J5 HEATEE YR 7T, 45 RE7R rAtFAE 7£ 50°CI, i AH
SHE A1 IR T S0°CH, EEIIVE 118 R B 7E 35-50°C A R AT
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B, BEMTE UG T F%, 75 40-55°C PR AE AT B (AL 175 50%-80% < [A]; pH
4.5-8.5 i [l A AL ), Bl pH A 7.5, BAARON) 21 pH PERITEEL

(2) AfkmEEEARNREE, FFTH o 8RR R BAER 15 L K I i#
IR BRI R T 5 % J A o R e 1) T 25 AT 7 AL o SRS R e B 33 7 4 4y
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0.15 U/mL. di#: T R AR AL AT 2.0340.08 U/mL, 14k 5 BEiS 13 e 729 2.13 1% .
i R R S FR A AE 15 L R EHREREAT RIS A RAL, 255 RR1E 30°C. pH
6.0 VA MRSEIRE (5 FHNA M AR IETE 10%-40%[X [8]) %4+ T, 3k7F rAtFAE 1)
e RKIBEBAAT Ry 17.38£0.34 U/mL, rNpXYL (K5 & K I BAr )y 952.01420.7 U/
mL.

(3) NI A ILRIETAGH rNpXYL-rAtFAE 755k B i 21 2 1) 4% i o
R, 2RIWFR TiRE . pH. BHREE=ANE XS EALEE rAtFAE A1 rNpXYL-
rAtFAE BEER K 1 FA (52, 45 IR rAtFAE (50 Ulg %) 5 XYL (il

SEWERG, 300U/ ZkH) BEGER R T FA Bt s&M4: R 50.0C. pH5.0. K
WL 19/35 mL, FERLSFAF THEIT 5 UCPATIRE, 193] FA SRR 1876.45
+30.05 pug/g £k . INpXYL-rAtFAE (rAtFAE 50 U/g %k 52, rNpXYL 2750.12 U/g
R FERA G FIER %4 GIRFE 50.0°C. pH A 6.5. BHEEE A 1 g/35 mL)
15 FA B KRR 1917.62+28.39 pglg Bk . 45 5 BoRAERL 2 FA i £ 18
H, FIH rNpXYL-rAtFAE 584 1] LLUE B rAtFAE 5 XYL 5 i 4L & B /s 2 A
FARCR, e WIZER T INpXY L-rAtFAE il % %k Bz FA IS AS FFEAS MR I XYL 75
fif .

(4) MR ERL A IERIEFAZH rAtFAE A1 rNpXYL BN FHVERE, AR R
GUVTAl T LA EEHI N S A SR B B F) RSN B 2 MR SR BRI R
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NH rAtFAE F1 rNpXYL-rAtFAE 40358 5k« 78 iR [ BiAE 22 HH s 0 rAtFAE (5
U . £F4EREF (100 U) . & (5U) « XYL Ml (100 U J&FE 2 HER
HUR A 16.16%40.25% (I 14 14 22 i 6.34%0.12%, A 1] ¥4 14 2 15 9.82%40.18% ) .
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CRAVIMNANINA SR VERE) » SR FIFE R PR R E NpXYL-rAtFAE (rAtFAE 7%
7110 U, rNpXYL %77 553.9 U) FL&4F4E%EE (200 U) 5ElE (5U) B, £
PEIF2 N 16.69%40.27% . 45 Won s i MR BUS FEH, FIH rNpXYL-rAtFAE
SEAF UL F] rAtFAE 5 XYL 5 S EFA A TR B0 R AU, REER A
NpXYL-rAtFAE il &%k K2 FA BAS B BUAMNA D XYL 7 i -
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Fusion expression, enzymatic properties, and applications of

ferulic acid esterase from Aspergillus terreus

ABSTRACT

Feruloyl esterase (FAE, EC 3.1.1.73) refers to an enzyme that can
hydrolyze the ester bonds in methyl ferulate, oligosaccharide ferulate and
polysaccharide ferulic acid ester, and free ferulic acid (FA). It can cut off
the cross-links between polysaccharides and polysaccharides and lignin in
the cell wall, which is conducive to the degradation of polysaccharides and
the release of lignin in cell wall substances, so it has a broad application
prospect in the food, feed and paper industries. Based on the recombinant
plasmid pMD-rAtFAE containing the gene encoding Aspergillus
feruloesterase (AtFAE) in our laboratory, it was co-expressed with the
gene encoding rumen fungus xylanase (rNpXYL, GenBank: MK138894.1)
after fusion (rNpXYL-rAtFAE). The synergistic effects of rAtFAE and
rNpXYL co-expression products on the preparation efficiency of bran
ferulic acid and the extraction process of Astragalus polysaccharides were
systematically compared with the constructed recombinant yeast

GS115/rAtFAE secreted rAtFAE as the control, which provided technical
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and theoretical support for the application of rAtFAE. In order to realize
the efficient application of rAtFAE, the purification and enzymatic
properties of rAtFAE, the properties of rNpXYL were studied, and the
fermentation conditions of recombinant Pichia pastoris fused and
expressed were optimized, and the main results are as follows:

(1) In order to improve the application properties of ferulic esterase,
the recombinant gene rNpXYL-rAtFAE was obtained by fusing the gene
encoding AtFAE with the gene encoding rNpXYL. The fusion gene
rNpXYL-rAtFAE was linked to the pPICOK plasmid and introduced into
Pichia pasteur pasteur GS115 to obtain the recombinant bacterium
GS115/rNpXYL-rAtFAE. The recombinant bacteria GS115/rNpXYL-
rAtFAE were fermented in 15 L fermenter, and the results showed that the
highest enzyme activity of rAtFAE was 17.3840.34 U/mL, and the activity
of rNpXYL was 952.01420.7 U/mL. Compared with the original strain
AtFAE (0.5 U/mL), the activity of rAtFAE was increased by about 34
times. The molecular weight of rAtFAE and rNpXYL was about 39 kDa
and 25 kDa. The enzymatic properties of rAtFAE were purified and the
results showed that the relative activity of rAtFAE was the highest at 50 <C.
When the temperature is higher than 50 <C, the activity of the enzyme
decreases sharply; It has good stability at 35-50 <C, and it still retains more
than 80% of its activity, and the enzyme activity begins to decline gradually

when it is higher than 50 <C. It has good thermal stability at 30-50<C, and
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more than 80% of the enzyme activity is retained after 3 h of heat
preservation. The results of enzymatic properties of rNpXYL showed that
the relative catalytic activity of rNpXYL was the highest at 65<C. When
the temperature is higher than 65<C, the activity of the enzyme begins to
decrease, and the relative catalytic activity of the enzyme in 40-55<C is
between 50%-80%. The catalytic activity was high in the range of pH 4.5-
8.5, and the optimal pH value was 7.5, which had a wide pH range.

(2) In order to improve the expression of fusion protein, the
fermentation medium composition and fermentation control process were
optimized by shake flask fermentation and 15 L fermentation tank
fermentation, respectively. The components of shake flask fermentation
medium were obtained as follows: K,SO, 25.0 g/L, CaSO, 5.0 g/L, yeast
powder 13.4 g/L, peptone 5 g/L, ammonium nitrate 20.0 g/L, PTM; 0.2%,
MgSO47H-0 7.5 g/L, biotin (500%) 0.1%, glycine 20.0 mM, threonine
20.0 mM, cysteine 20.0 mM, tryptophan 0.7 mM, glutamate 20 mM,
Aspartic acid 14.0 mM; The activity of rAtFAE enzyme was 4.3340.15
U/mL under shake flask fermentation conditions. Compared with
2.0340.08 U/mL before optimization, the enzyme activity increased by
about 2.13 times after optimization. The results showed that the highest
fermentation units for rAtFAE were 17.3840.34 U/mL, and the highest

fermentation units for rNpXYL were 952.01420.7 U/mL at 30<C, pH 6.0
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and dissolved oxygen concentration (dissolved oxygen concentration in the
range of 10%-40% at induction).

(3) In order to improve the application effect of rNpXYL-rAtFAE
obtained by fusion co-expression in the preparation of bran ferulic acid, the
effects of temperature, pH and solid-liquid ratio on the release of FA from
bran by recombinant enzymes rAtFAE and rNp XY L-rAtFAE were studied.
The results showed that the optimal conditions for the release of FA in bran
from rAtFAE (50 U/g bran) and XYL (commercial enzyme, 300 U/g bran)
were as follows: temperature 50.0<C, pH 5.0, and solid-liquid ratio of 1
g/35 mL, and the maximum release of FA was 1876.45+30.05 pg/g bran
under these conditions. The maximum release of FA was 1917.62428.39
ug/g under the optimized conditions (temperature 50.0°C, pH 6.5, solid-
liquid ratio 1 g/35 mL) of rNpXYL-rAtFAE (rAtFAE 50 U/g bran,
rNpXYL 2750.12 U/g bran). The results showed that the effect obtained
by the combination of rAtFAE and XYL commercial enzyme could be
fully achieved by using rNpXYL-rAtFAE in the preparation of bran FA,
indicating that there was no need to add XYL commercial enzyme when
using rNpXYL-rAtFAE to prepare bran FA.

(4) In order to expand the application scope of rAtFAE and rNpXYL
obtained by fusion and co-expression, the synergistic effect of co-
expression enzyme preparations, cellulase and laccase on the extraction

efficiency of Astragalus polysaccharides was systematically evaluated.
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The experimental results showed that under the optimized reaction
conditions (50<C, pH 5.5, solid-liquid ratio 1 g/15 mL), rAtFAE and
rNpXYL-rAtFAE were used to treat Astragalus powder, respectively. The
extraction rates of total polysaccharides were 16.16% =0.25% (soluble
polysaccharides 6.34% +0.12%, insoluble polysaccharides 9.82% +0.18%)
after adding rAtFAE (5 U), cellulase (100 U), laccase (5 U) and XYL
commercial enzyme (100 U). Compared with the extraction rate of total
polysaccharides obtained by water extraction (2+44% = 0.08% soluble
polysaccharides, 4.26% =0.10% of insoluble polysaccharides), the
extraction efficiency of total polysaccharides was increased by 2.41 times
by enzymatic method. In the control experiment (without the addition of
xylanase), the polysaccharide yield was 16.69% +0.27% when rNpXYL-
rAtFAE (rAtFAE activity 10 U, rNpXYL activity 553.9 U) was combined
with cellulase (200 U) and laccase (5 U) using the same reaction system.
The results showed that rNpXYL-rAtFAE could fully achieve the effect
obtained by the combination of rAtFAE and XYL commercial enzyme in
the extraction process of Astragalus membranaceus polysaccharides,
indicating that there was no need to add XYL commercial enzyme when
using rNpXYL-rAtFAE to prepare bran FA.

KEY WORDS: ferulic esterase, fusion expression, Pichia pastoris,
enzymatic  properties, fermentation optimization, ferulic acid,

polysaccharides
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H1E 4ip

1.1 PERESEREE I STliR

P L ERTEES (Feruloyl esterase, FAE, EC 3.1.1.73) J2RREREaEE 1) — LK,
RE A% MAE A4 A BE L 4 ST R R ) R R T BR R (FA) A A FR i PR R 1R
B, FAE fAETARE, HEAREY MY, B2 EWERBNAE, #lin. AR
VB S R FARL, B 54 FAE MR g e IRINE I 05 iR S, 18
AR T AP AEAR AR AT AR KT, A=) CREAE = BT REK R,
SN ERHED ETE AL, LURAE A T P AR R TG I A A S 52 e i AR5
i T HAEL
1.1.1 PAEREREREG RIS MR

20 ti42 80 44X, Mackenzie ZPIERM (L85 1 (Streptomyces olivochrom
ogenes) HRKIL T FAE, ZBEIER TR RN FA, R BEEHIA N2 JE TF
LR R RN AR o S 1T 7T b R B R 22 (1% S0 1R R4 R 48 T LA FAEDOL,
H AT E R TR FAE EESRIET RN, 0 N E FAE F4HE FAE PIFH.
T H B KT H B FAE R B %, BlanE s (Aspergillus niger) DU, >k
i (Aspergillus oryzae) 2. % (Aspergillus terreus) 81, Fy8LEhEE (A
spergillus nidulans) 41, % (Aspergillus tubingensis) SIfI#E % (Penicil
lium) WS-18I%E . ] LU= FAE 40 B 3 ZE SRR T 240 I [ i B B 0 SR s 4,
FAE (1A 70 F0 S FH A X A5 09T,
1.1.2 FAERERERESE B K 7936

FAE [ 1987 4F 7 YO 22 il 8 o 2y B 4l fL LSRR, B 5 T 1991 4R4lifh. b5
MAED) A A8 AS I 46 K I FAE, AR REIE X R : 437 £2(18.5-210 kDa)
pl (3.0-9.9) . HAEIREF (20-75°C) 1 pH (3.0-10.0) POV, JEMp#s 1% )51, FAE
FEFEPEKAR FAL TT T IREEM IR 5 AR R BRIl B, & & DRI Bk 1%
A 1 e Ay A U IR R AT PR Ak, FAE FEAHLIE R Cln R iR
FEMER, HERE S T 5 S EURER. WIS R A 4E R EE P R AL
s SEI AR AR = -IROK LS E Gk (LCC) , 1RFFZHRAHER., Hil, & T
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PRV BIOE [ A IR 7 7 2506 TR SR AR TR AL 0 M A 2% R ) A
(241, DAHES) HAE AW 5 i B R SR R LA
i FAE 55 & BRI 4R 5 R S N BRAG IR IR T FA B — SR A4 T g
73, Crepin 2EPRYE UFRRY): FIELRR B (MFA) |« WIHEER S (MCAD | X
HEIRHHE (MpCA) FIFFTER S (MSA) HIFF MRS, W L%
KA A, By C. D IURpEEARA (3 1-1) FoR, LU —FRIE 2 1R T 51
A T A — A BRI E L, Bl Ungi g RIS FAE 24926 T E L2
61, W4, BEE 7 R DR A AR B R 5 M AR AR R, R R 22 3T 1 FAE
RHLE RIS TE, — S AR R IE R 19 FAE BRI B IGVERR T |
& 5 Ff FAE 252 e,
& 1-1 B ZRRR R A I 702K

Table 1-1 Classification of ferulic esterases

e &R
FF o0 M ey W 2%
Y JEY) 5 LS
it EAY mE — & Uk
S
MpCAMSA/ _ B
A JEWilE  FaeA A. niger [28]
MFA (5-5")
CE Z %
MCA/MpcA/ & Bt K P.funiculosum/
B FaeB/Fae-1 75 [29]
MFA R bE s N. crassa
& T 1t _
MCA/MpCA/ | A.niger/
C e FaeB/FaeC 7 [30]
MFA/MSA T. stipitatus
iz ity
MCA/MpCA/ K% P.equi/ 2
D XYLD/EstA [31]
MFA/MSA iy P. fluorescens ~ (5-5")

1.1.3 FERESEREE R IR RIA
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J R ) % B T 220 R B R 1 s AR E R G, Hoh B a
(Aspergillus niger) B2, K% (Trichoderma) BIFIEHMEE (41 Thermomyces
lanuginosus) B & FAE P B bk . 1A R UG 3 vk R 4% FAE, —BERESKE
BN A5 R AP Rl, W] DU BRI S AR AR S S5 B Ikt (BR
WESRLA — MR, JEHE L UmLERILLR . Rk, FIA & A S 2 R 2 H AT st
FAE Bk RiA 1 & 10 g ez —B687, 20 g 90 4RARHI & WKIRIE T M H E
ZitLl, TMEZP 1997 FARIE 7N HEE FAE NPT, FEHEBORKIK
o, ORI A FRIS R FAE 12278 REAN R I AT B h 54T R RS . 20 Gong
Z:1380% Aspergillus usamii EO0L(AuFaeA)FE K] 7o N EE 7R RE (P, pastoris) Fidk
ITSRUELREL, FERTEE A IE AT TAFFE . Wu 25075 k5 T Aspergillus niger [
(Anfae) 3t [K 72 b N\ B2 77 RE (P. pastoris) kAT I, N 7 3 i A 1 1O I
DI HERY T REAT T TT . BUAh, 7 R A S A 77 e R BT
BB, JE s armE i — AN sR RO, E MG M 4855 . i Chin MO
H ARG B FAE RIA#(35.12U/mL), AHELESF RAMAATHI(5.51 UML),
P T4 6.4 5. WANES KE FAE 755 KA i Rl T 3KIE, 4 Taveral®!
7PEIFERE T —kk FAE PR R (EFLAT R S524) , IR H: FAE ££ KIAT i BL21

(DE3) H13k15  RIERIE.
1.1.4 PAIERBRAERE 454 R e AL AN 1
Jeon ZEVASTRE R FUAT T BLFR AR AE (LaFae) FSRIRSEMIREAT T IA, %8
IR RS 9 A o BRIER 8 AN B BE, BI A B2 BETERUR AT B-HTE, 1M
B3-P8 BELHCFATHI B4 & . B o- B ISR -9, T —MZ LA,
A — A B TR SF AL = I AFRFE (Serl06. Aspl97 il His225) 136 HEAT 25 .
aS5-F a6-URHETE BB, X LeLEMRFIER ] FAE BA A of 1. ZIT5
T2 %R (Ser) 5 RAEMR (Asp) « 4L&EE (His) FIEk T FAE (¥ =B i
A iE L (Ser106-Aspl97-His225)
ith & R VR B 2R FR RS AnFaeA B BRI A SKERLEHHFIE. McAuley
S5 E Hermoso SE1NEIE X 4R A MENT RN, %A 2 IA ST o/ KRS
ramil (B 1-1A) , HZOEMaE . d 9 prdhdAkmE p-iEE
(E 1-1B) W& 24 B T8 v ISR A MR DL 2 7 A o 188, i dh4has
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1) 5 L TR T I Pl B HAth 22 SR K el R S 35 RV R S) e I e A 0 e AR
5P Serl33-His247-Asp194 =AM, oAt Serl33 & A T4kt T Ik 2k
(GXSXG, "SEMZ™) MtZ 7 S0, His247 1F MR 75244, 1 Asp194 iEid
SEEMEFaE His247 1, [EAFERNZ, 68-80 A7 SRR AL M 56
TrAS P T O BT Rk, HEhASAT N5 MR T EE R A A T P L AR LR,
DX IR A P R SRR (0 Glu72. Asp75) KM () N-FESEALAT 54
(Asn76) JEILH RIBFRLERFMEAL O T HCIRAS, XX RV RIs 2 0 &

260

o
253

L] >
4-&1- Q=30

249 248 245

B 1-1 PBLERESHE AnFaeA FIZ5H) A: AnFaeA [ =2 454, B: AnFaeA [ 24514
Fig. 1-1 Structure of ferulic esterase AnFaeA A: Tertiary structure of AnFaeA; B: Secondary
structure of AnFaeA

FRAERIER 2 1) FAE BA248 ok, (HR ANFESRIEI FAE #3A & LM al, H
fEAHL L 22 U RR 2 1 i AH R 1S, B4k a3 b Ser-Asp-His =I5 25 44 4 il o
TEMEAL IS RE T, BRI TR & FAE B3 14 A0 A0 Bl o K [ 29 TR R R R Bk
B0, 22y e Ser-Asp-His ZEAAMEAIGRREEST T, BREEWIRL)S FA JF R
Xk, WK 1-2 fios.
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Asp9s0
| o

NH__ O
- Me o H
_:_'.‘0

\.._‘I‘O OH

_R

( ~
“HO 0-H--“N"NH—--08.0

=

Ser954 :
| His 1058 AsplO18

MEISS/ ey IYB66
~

N p
7 "H.. . .H
“Da’ /Ara

MeO. OH
|
o
HO ro—H——- N NH---02.0
Serds54 )—/ ~

His 1058 AsplOI8

P 1-2 [ 28R T e ) A AL 1

Fig.1-2 Catalytic mechanism of feruloyl esterase

1.1.5 PaERESFSEETE TN E 7%

FAE % 1l s IR 2 0, A ik, AR GIGE . B0 Ik iT
AR AR F T4k e 2 b Y, 5@ i 804023 06 6 BE TR RE TS FA TS0 SR ) 5 Tl v
T30 AR GG T B i o5 WL, (H ELE SR 27 77, 10 N A i %o i i 2 7y
BIBEIRIR S FAE 458 5 T DAFE SR A1 73 D6 v PRuas A U o) i 268 4 1y 14 2 B

Ho
1.2 FERERAsEE Y N

FAE 1EN—FOCEKIRRG, 762 Tl 5 A W0H R Gt e 90 H = 22 3 Ay
Ho HOIDIREAE TR RV Wi Y g Be ch R 2R 5 2 08 (Bl fnfa AR S
B TR ER DA, RSO RSP ERER (FA) JARERNE, [FII B R~ 41 4 3 - Aok
RGN, BERTHEM DB K. EAEYIIRRL U, FAE 214k
G RIAE P TS S A T 2T 42 (B R R, AR AN S A7 (R FAL 2
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A, HEF AT A BRI SR AB FE AR Tk, FAE LB IEIFEY (o
BRED PGS FATIRIN, AU EHHUEAAE R, I F AR I R PR R
B, AR RIRI T RIS A2 e N Fn), T ThRe I wh o A8, % 24 4 U 5
FT FA BTG, FAE NS0 FA AIERAR G T-H0 . Hrbp Rt
SRR B, T ERR SRR DR LA B R ML B TR ORI R h 2
JRVERT, IbAh, FAE TE4RHOE B S5 ek n Tl i B T R oKL B E A
i, AT A 2R SRR R R L, M TR B TR (i
E R [ EA) BOR ORI T 20050, #— BT FAE MR 5F
SENE, TR R F B 5E HEA
1.2.1 7EPIEREGHI & P HYN A

TEAEYA L EE S, FA TEREDIRAR SN RE I .. et
REJE I Rl B S AR SR I IERE, JRER A Z RN, FA R A — R RE
€ FA BRI AL T 5 I BT R AR A SR AE A IC . B AR AR SENE T8y p-1,4
W AR (1 D-MEREACHE (Xylp) BB A2, & 1-3 R . FLAEE i i B 4
ARRMEHE (Araf) BUREEE, 8RR 2% 1 SR8, B R fr ki b im il o-1,3
B 01,2 BIE R B EFEARRER O-2 5L O-3 23t b, JERMIEE /> SZ . 5Pl
TARKIRPE ) C-5 3kt — bl le it FA RIFRERIEIASE &, T e 2 Ik 10 BT iz 44
ATEHERGE, B BERR AR SRAREN “ 77, I EE KA A B A AR 3R
B (RN BE A B AA R B AS I, T2 R = 4 X 24 5 #(°), FE R i B v, X b ag
e — D iE i A AR S SRR R (Lignin) R ot 45 4150, 15m 4l
PRLEE FATLBR 8 2 ANPT PR YE . FAE 45 5 14 TR0 7K AR BT oz 11 A SRR i o o 2R IR
BT A R 2 R RS (R-O-CO-FA) 171, BEJS0HT B B SRR e L — R4k . il
fJE s BATRLAG A SR R S IR PR 28 B R[]0, R e R- AR R B SR, A
P AT B L A R BT S, R BRI i B 2 0 1 v R e A 90
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ov \0\,\
\a) w0 S i 13
Ol L
HO —r 0
‘ 5
0
0 £ >
e @/\/ s
OH g g 1
<
- Feruloyl - bi
-Al se
esterases (2 L-Arabmose
WOH B, -Xylose
b‘/o BE  Ferulic acid and dehydrodimers
v

K 1-3 Balfrfa AR ZREEE 5 FA A FA Eﬁﬁ#%‘éﬁmﬁlﬂ@m% IZI AT BE B b-1,4-D-Akig —
B SR IE . BT AR RS BRI IE T a-1,3 FI/ER a-1.2 BEIERAE D-ACHEFRIE . Bl
P B e A o T 32 42 3 o A s U AR R ) C-5 AL
Fi.1-3 Schematic diagram of arabinoxylan ester attached to FA and FA dehydrodimer. Lignylan
consists of b-1,4-D-pyranodiol disaccharide residues. The arabinofuran furanosyl substituent is
linked to the D-xylose residue by A-1,3 and/or A-1.2 bonds. The ferulic residue is attached to the
C-5 position of the arabinoyloxyyl substituent by an ester bond.

1.2.2 PAERRAREREE = Y BRaE R & PRI A
TEPDAHMIRE 3 B R4 4 R AP R AR R R RO, R4z At B-14-
I ERE T UM AT 2202, SR AEhUR SR FEAN 25 M SO R AR N SCREZ B (i
W wHEERNED P, @ AR R 2, BRI ER, g
BEFEINUEH) . RBRAEAGKREMIHA TR, = H WG - R 254
1), HEREAH RIS FEHCAE b TG o 5 SRR SR AN VAT I N 47 24 32 Bl T K i
B-1A4-FEEr o, MRAUEZNEEETL PAAERN (WASNER VINEa4
B PM R B L, REORME S ENE . B SRR TR ARy S PEWT R R AT 4 R 5K
Jo B R (B R R TR B, BESRAS IR . =3 (M PRIV FH ) S A e B S5 s 450,
R AR 208, R RS nT R I R
FAE ] AR AR 4R 4E s phRLAE P2 kL OB . Alniger FaeA it 5 XYL
AR LS S U, SRR £F 2 R A A T R IR, JF BAS SO 82 10 S5
SERWAEN] T LA 1R . EREACP IR, I PR R P AL B Th R,
1 FaeA Fll XYL AbFEIZHG3RAF T AR g5 R0, BN sE b 58 KE 1)
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RIRE, MARRFEEWEABRA RN B Y, BT ARRR L4 R
5 XYL A] DK@ AP0 20 MLRE (22T 4 R IR BEHL DI B B-1,4-D-AWEE G IL 2
PRI SRR >R, RIS AR ZRNE B2 8t >R UL, TN\ FAE 7] LUKEAR R HE S
Hofh oy TS BRI BE S, A XYL AR R0 B v A P R B S A B0,
1.2.3 PAEREAEERG 72 = 17 Sus - RO R A

FAE 7E [ 7 45Utk b (1 80 FH 7 77 3 8 T ORI FA AR T, BT BB Al
LAY, FA B AR BER), TERELE 5L A6 L A 520G (1 £ s
FIEA, IR TR I, FAE 554 2 3 i 5 B A A A 2 A s T T AT
Vi D T R B, B A R S A A T R R B SR M. R I PR
T AR R I B, (HILAERE R 2990 FF &« ThBEME Lo U 18 9 T T 1 22 3%
MO B2 R, KRR TS Al LR FAE fe M KR RE R, DA
B ILAERGHE LT S BR N
1.2.4 PERESEREE RIS A Tl PRI

AT HAFHETF T E R E LT, B R R, KRS -
RNLFYER AL gE R WL h, SRR B AR R ES, R R T2 S & ik
ATAGZE AR TSR (R 5 SRR R B0, (R iE e A e AR v R A K %
SOREAR TR, X M5 b 5. 1A SR S M S R T
— R ART R, LRI R RS, W XYL FIEEY, BRI,
DAYk /b 3t 4% I it o S T R R P i ARk 1 e 24 2 T2 ). Record 25 [8LKE Alniger
FaeA 5 XYL FIEEGALBARSS &, BUE B AT DL oot 22 B AT IR S A0 3
1.3 PERERTERS S5 KR IEEE R EIVER

FAE H i 2 N T 440 M B v 1 AE P R B, DRUA B A T BB S IR A 5 4F
UEFR- P YE R AR B AZ R e, vT DO I XY L BT A R iR i i CAB)
HEEVEEEG. VPR B-AMEF A B 2= e FUAHEF R (R0 /B R P2 o AR
Yo J (Re A e Bn ] 1-4.
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K 1-4 G FAE FHARBEAL BEACRBE A R, 70 alda7m B il s AL E . Xyl AHE:
Ara: BTRIERE;: Fer, FZEEZ: GlcA, H&MEREIR; Ace, LMk, XLN: AREVERG;
AGU: HI%IFEIEIREY: AXE: ZBUREWENENE: AXH: PURAHPKAEE R, FAE: FZLRR
WiEi il .

Fig. 1-4 llustration of xylan treated with FAE and other enzymes, indicating where the enzyme
may act. Xyl: xylose; Ara: arabinose; Fer, ferulic acid; GIcA, glucuronic acid; Ace, acetyl. XLN:
xylanase; AGU: glucuronidase; AXE: acetyl xylansterase; AXH: arabinofuranosidase; FAE:
ferulic esterase.

TR OXY LD A& — SRRp S MR /KR A TR 1 B-1, 4- W Er B (XU EF /KA g
FERE ) H L B e 7 R G B FIOL, A2 o BE b, R SRR A 4F i R 1 2
oy, B AR SR L4 G, Il (PRI 5ARFRIE
FRA T R -B KA B A (LCC) Y, ) e e gt o e o AC SROBE TG PO £ FE WL
AW AUIRGRENL D BIASENE T4, FRIRFR & B R Fe B 2 KR AL AT A1
DIMGEK B-AKEEF BEE— 0 7 W SERE A P AR, WA AT R M 2 S5 4 o e
FEAHIS5ACRRE B S BB, IR R bR O AR IR, B3E R
THAYE R AT B R e A, AR SR % L5 ] A1 1k P R Al D o] L i
(FAE) WrFIFE - B 25 Bl S i (0 o DA e 2, i 2 /K PR o 0 1 i B L,
BRI ER AR, T 2 i R AR RBOREA. FLAR HYRR 2 Jee sme vE: Cannd
O ) Rom, /5 i il TR AL SR 45 5 30 51 N B K AL & W) 45 A Ak
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(CBM) 353 8 V). ML AT A AR = L ThRe PEAR IR BT R S 4
R L 2HRAE T BRSO, HEBA R 41 4 5 BEUR ¥ = B0

I ZE e 10 ] FaeA (56 U) M1 XYL11 (300U) JREII M 0.59 =k
%k (DSWB) HRi T 1.5 mg FA. Fu ZEP7§ ] BpFae (60 U) 1 XYLA (300
U) JEAH M 0.5 g DSWB HUBJiE 1 1.58 mg FA. FHELE T Gong 21361 i 24
— reAuXYL11A (300-1200 U) 7£ 0.5g DSWB H FA & KB &~ 0.77 mg, Liu
209814 Ff| Xylanase (200 U) 7£ 0.5 g DSWB 1 FA 5 KBTS N 0.64 mg. 13 [F]
TEF T H FA BEBCGEAH LI T — 2% F N8 T — A1k, 45 331 XYL 7T LA
B B AR AN MR, TN FAE AT DUAR K 385 07K AP 470 400 B F R0

IS FAE A0 A 2 18] (B )4 P, 7T DA SO A P 200 b B v A 0 o 17 e e
R o By )l AL 3 S T DA AR B IAE R =40, 3w BT A K A = (e
90, itk — B4R % FAE FIRN FITE 33558 T IR SERIHERT, FAE Tk Ak B I RER i
Kl 1-5 Fios .

fY 2 e Bk

AT B B A

TR ER . AR TR,
RIGE VeREs, TR FAE

-
! ! l l

BRORHENER RS RAE BEAZR B4 1L IR 22 Hr
(BRAEHATIE) (BT GEAUTIE  CEWA R T
1-5 FAE TV 7R = B R
Fig.1-5 Overview of FAE industrial applications

1.4 MBKIE. EEMRABRIIARELZ
1.4.1 MK
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H AR T A0 e b A KB AT YRR L LA R, IMNEF 4 KRR 4F
YEZIG AT DASSINBE AR ROR, TR BE 2 100 . 4R — KRR R AR
UERIRZNE, AR FC A5 M A7 A 1K) S B R AT 43 100 10U IR B R AT £ 4t
RS R R E R AT AE R o LR T A RO B AR5 2T 4E R AR SR T
RIMR DNV T Z B85, MR 2 (0T 008 31 O LKA A 1 R SO0 ey AR
Yk B INE A HE ) SR W B R D 2 B g R [0, 1031,

RAUERAE NG EAE R I EEARAE A, AR A4 3= AV Cn RS AT
AMIN LA W% 5, FomBOR B AP 5 e U5 T R A s e e
YiE 3 e A 1 P T2 IR T R, 29 3006 LA 27 4 31 1 2k 17 T 41 Mo B 5 g 1104l
FI BB TERE (FAE) S5ARBERG I RIBEMIA R, ARG ST i AR BHR AL
R IE =Y CARRARE . By &%) , TESCILA B E 1 R 2 Ak
PR 789 0 B IEAG R TS, TV SRR B, FERIZRIEAR L 2 51\ FAE {4
F, TR R RBCE, el A S A g R SRR S
JE, B T B AR 0 B 08, S R A -k 2 s [R) A B SRS AX FAR T
PR, A R R TG 2R S ge . R, FAE fEVF 2 AT
FErpe s B E B MR, DRI e 2 TR B 24 5 b B AR . SR TG, R
A FAE I B A OM Tl R R 28 0GB . i FAE K40 J5E 46 B R R RS
R, EFART 1 UMLBSR KBRS 7 XYL T4 R h MR A /. Rk 7 2m
T THOE . RERA ST B 4R FAE BE 1, MR FAE 16400 K F29
HH R R FH BB T o
142 EEMREAR

(1) SRy e ] R s il 1) S R s R S FH S, 4 e ol o 2 R T Pty

RPN 5 598 1 L T A SRR Bl o 0 5k DRI E BRI BE GS115 AT Rl & 3RIE, (A
I} S L 2 A T 0 A FD B e E SSRE A

(2) NPt mE AT KB, 43 AIAEREIAN 15 L e oo 5 20 B 1) 9%
B IR AN R T ) T 2 AT AL

(3) LT AR SR ot 1, B FU Rl & I8 rNpXY L-rAtFAE ££%k 5z fi]
BRIR ) £ A BB 2 AR U R AOR . BLYEA BIF S b I 45 Al S R Ak
NpXYL-rAtFAE 7E1E AR BT 2T 4E 3R 28 S50 #% H 870 48 F 250R
1.4.3 FAREREL
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iRE R EE (1 ihSdspergillus terreus,
B4R AIpMD-FAES Y = # R

PCR 1

ARBBER (BEAR

Neoecallimastix patriciarum,
GenBank: MK138894.1)

TR AEEAY N A

- BB E
T B % ]
5 — B 2R R T B
Rl 7 FR R R
i E)E R

i3 B — F2 15 i i pPICOK -+ AtFAE

¥

| mmenen
&R

GS115/pPICOK-rAtFAE

GS115/pPICOK-rNpXYN-rAtFAE

g RE & 1% TR pPICOK -+ NpXYN-r AtFAE,

REEALIL

r

R AT B M 4y 2R T
VE- BT, BT 2iE

KW &

EA L

WA, oH, &REE T RMEEE
il RIS R T RE

—| BG5BT |

K 1-6

PR

Fig.1-6 Technical route
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FE THEMIMEAEERELRIE . AU REEE MR
g_-'t

21 5|8

XYL LL/K AR 40 M B v 27 3, [l — @ B FAE T B S 2
AN 2 5T 45 PR S B AN 2 I FARBORE TR LE R, TN AN FAE AT LK i FASE B
PR REREE, DA B IVR A B A vT DA B B — B e R AR . TR, R
2K T ¥ FAE PR 3 15 280 A0 e R A 7 B A 107 1081 1 il 28 (Aspergillus
terreus) fEN—FPLRILE, HAP WA NEE RIEA A 4E R AR PRI, (A4
X HFAER) 2 Gt TATIE A IR o % G R BV R B R SR ] 240 I i il A7 67 g ) 4
Koo ARS8, 17 R R B A AR i AR IR 2 R T B4, ©
AR TR IO, @ RIRERIE RGE (KT B . HEAREERE) AT SELFAE ) Bk
AP BN A 0 BT 7S R R SR AR I I B AT TR IR NAR 2R k4, FAE
(RIS T o TR 1 S A B0 70 R P D v B DA O

AHF ST A2 A 5K L it B B R R (AtFAED [ E41RIE 5 ThREMR T,
PUE I DL HEmE S BERANIN: 15, JE T DA K AtFAE S [R5 rNpX Y L2 [H]
L pPICOK i ki # AR 4, MR R RGSIbEHRIA RS, KHEHNF
(GS115/pPICOK-rNpXYL-rAtFAE) JHid15 LA B i 2 i R B4 LA i3 v i
Ve R R, 6 RIS R R ER SR UTUE . His Trap HPSEANZ T sk
HUBE & (0w R zlith, IRl SDS-PAGE S Ji itk % s He oy T IJE, RS0
P AFAE BT [ A (pH SR R ik K &R B T RN . ARHIEFEAS
U AFAE S XY LIREL & RIS IR AR S %, KNI R @ ZUE R H#ES)
ARMIE T IR AR R SR L8 S A
2.2 SEqumtet
2.2.1 WS ERN

KA E IM109, LR ki RE GS115, HZAEER; GS115/rAtFAE, F4]
JF AL pMD-ALFAE, JFURE pPICOK 4556 2 ARy, 25 A il A 22 K 1) B 45 Ji R pUC57-
rNpXYL-rAtFAE Ze4E 1 58 < W fin A VIR IR 2wl F 2t .
222 FEMNFEE
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AT FUAE ) 32 B A8 B % R 2-1 s

2 2-1 SLIRAE A EEAGER S %
Table 2-1 The main instruments and equipment used in the experiment

& B

L.C-2030 = S50 URH (2 1A% PRI By A
LDZX-50KBS = K 1 it R BT A
15 L R P R 15 L AN R
SW-CJ-2D i TIEG TR SV AT BR A
DHG-9070 8 i T~/ R AR AR A A
BHS-2 fHIR/K¥ SR X PHIH E A A

L3 A WL e e i LA TR A A
HZK-FA110S HLFKF HERTREHRA A

H1650-W & 2550l W R A S AR T R PR ]

RE-52AA Jied% 728 R AX bR AAA AR
SHzZ-D (1) fEMKKXZHATE VRS IR A 7]
GHP-9080N [ 7k e L 55 75 48 EigEREAA A IR A
ZQZY-78BN XUJZ & 4 74t FREAE AR A A
UV-5500PC 4641 m] W40 vt FiETCHT A A IR AT
FE-20 pH it R -2 R ZH IR A
1-14 Sigma &L HL BB AR IR 2 A
FA1004 K% H 1K F KR D R AR IR A ]

2.2.3 FERF

AHIFEAE F ) 3 TR R 2-2 PR
% 2-2 LW EAREZERF

Table 2-2 The main reagents used in the experiment

%l G gl
GikaL I 2455 [tk 2 lGh A R A 7 AR
E4E i/ [H 25 4 B A 2l A PR 4w AR
W RER [ 2454 [tk 2 lh A R A AR

14
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B3 2-2

%l CRIIE gl

AL [ 2454 b 2 sln A R A AR

REHE ferprifpl (lbst) FEERHEAA A A 98%

BIBEEE (FA) R T AR A PR 2 7] AR
FIZEIR Il (MFA) BB T AR AT PR 23 7] AR
DNHERS FH S (MCAD R T AR A PR 2 7] AR
A ERHEE (MpCA) BB T A REBAR AT PR 22 7] AR
TFTIRHEE (MSA) R T AR AR A PR A 7] AR
H FE R MR IR A 98%

PR IR S — 4 [H 25 5L B A 2l A R A F AR

R — &4 [ 25 SR A1 AL 2 AT R A W AR

B [H 25 5L B A 2l A R A F AR

224 FEEFE

YPD £5770k: 1%FEER, 2% E R, 2% &AM, B8 pH.

MD #57#3E: 0.34% YNB (BEBRFEIL) , 1% WilRék, 2% WHibENE, 4%
4x10°%, HZR pH.

MM fifi 5 72k 0.34% YNB (B EFEIL) , 1% filR%%, 0.5% (viv) HIEE,
0.5 MM BRERHR, AW 4x10°%, 1.5% PFiBERR 2 B8 (3 FH — H I HRIA R IC B 10%
WED HIR pH.

BSM K77k BRI RE i 2 B R I 37 B 4% SCHRIC B 1Y, pH 6.0, 121°CK

20 min.

2.3 LA
2.3.1 MERBRERE S K REEEERL S RA R IT R ELHEME

PREW | %% B4 kL pUCS7-rNpXYL-rAtFAE 3+F|FH EcoR 1 Al Not 1 W] 5
5 RIFENEG U AL B pPICIK Jit KL $2, 345 5 2H iRL pPICIK-rNpXYL-rAtFAE,
HI Sac | &AL 5 FIH Fo ATV N R R BF GS115 H, FIIFH MD -~ i it 4%

15
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HEMHE, HAH MM g RESHAA FAE JF MR A 1 = 4B 5
GS115/rNpXYL-rAtFAE.
2.3.2 GS115/rNpXYL-rAtFAE 5 GS115/rAtFAE % %
o} 5 20 e 7R RE (GS115/rNpXY L-rAtFAE ) Al 5 2 ¥ 7k % £ (GS115/fAtFAE)
18 AR R 1 792220 ) F MD P& 1L 3-5 K JEMEE I VA T2 Bhide IR T v s e 1
% T 30 mL/250 mL YPD ¥ A&RE 7R3 H N 30°C . 200 rpm fEIRFEIRH M. %
R 1% EHE N 50 mL/250 mL MD R k#5734 T 30°C . 200 rpm fE G #E AR H
P57 & ODeoo=2-6 [X [H], %M 10%8:F P &H2 N 9 L/15 L KIEfEH T M %
KWE, REEREPAEN BSM HlEhEs o 4% 2.2.3 Mol . KRR A4S
N: iR 30°C. pH6.0. #SE (1: 1.66v/v) . 500 rpm Jf:3%H] DO-start %110
P ] PR RN LR VA L (DO IR JFEFEHIAE 10%-400% 75 N, 1217 96 h Ja 45
HOREE, WWEERBERHT rAtFAE (17 B alifh, R E R B Y rAtFAE 5
rNpXYL 3 77 547
2.3.3 EHMERAREEERRY B AR
W EEREERE (GSL15/rAtFAE) & FLER (I R BERE = .26 F B0

(8000 r/min, 10min) WA B LiG, HX 0.5 L _EISBOIF I [ A6 itk =1
FE N 20%, 4CHEE 2 h )5, T 8000 r/min B.» 30 min, FE4%H ¥ L&,
Fraksem LIS i BRI R B, [ MIAI SIS 2] 80%, 4CHFE 2 h )G, T
8000 r/min &0 30 min. 7+ EiF, 1 A NaoHPO4-FTIE R ZZ MR (25 mM, pH6.0)
BIFEAVUE, BANENTE MD44 G/ Fi: 35000 HIEFIH 10 AR
Na;HPOs- ¥R ZE P (25 mM, pH 6.0) T 4°CiEHT 24 h, WIA]4ERE 8 h F i
— UGBTI . BTSSR B0 (8000 r/min, 10min) HY i H 0.45 um
TALIE AL E . SBHTRAE T His Trap HP SEAEER I T4tk 4lifb 21F N P
#% (0.5MNaCl. 25 mM imidazole) , ¥#iE A ImL/min, ¥k (B4 SN

(0.5 M NaCl. 25 mM imidazole) , ¥/t 2z /7% v (0.5 M NaCl. 250 mM imidazole)
ST B e L U J2EAT rAtFAE JE JJAl L 2 )5 e 5 138H0 SDS-PAGE 73+ #T . 4lifk i
VLB 5 A 2 A TR 3R AT B
2.3.4 EEMRRASEEEEZ M RS
2.3.4.1 dpeid e S P Al FE R e 1

16
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B3 SR FE I E = B rAtFAE V& 7305 26 P (R IRLBE 23 0l B g - 30
35. 40. 45. 50. 55. 60. 65 f170°C, 7F pH6.0 (Na;HPOs-FFi5EZEM; 25
mM) A T IE rAtFAE 35 13 rH AR X B, DAAS [FRELEE € 25140 T FskAs
(V) B MBS 779 1000%,  F S HARIREE R MARXNTBEVE /1, LAFSE rAtFAE B0
L .

T RS SE VR 2 = 1 NagHPOs-F AR TR 22 MW (25 mM, pH 6.0) ¥& filt g ,
FC B R (100 U/mL) 50 HI4E 40, 45, 50, 55. 60, 65, 70°C 4 HI{#iE 0.5, 1
1.5, 2. 2.5, 3h Jo 3L EPECHY 5 B TUKoKF s E 30 min 48 A AR [ 22 i (50°C
FiFk 5 min) FRE 10 15500 E R AREEE T, DURZIRIR TG EEE y 100%1H 5
FEXTBEE, VF AR ORR T AR BEE /7, LAIE rAtFAE 72 [FE 2610 R 1
A ENE. BERVRIEREI () PR AR te=In2/kd t15, Hrd kd H—2%3)
Ty A
2.3.4.2 FO&E RS pH K pH F20E

g B pH M E : £ 50°C 264, 73 74E pH 575 4.0, 4.5, 5.0, 5.5. 6.0,
6.5. 7.0 il 7.5 ) NagHPO4-FT 45 BRZZ i (25 mM) Hill & Bty /7, DL e i v
718 100%115E, LARfE rAtFAE 5 0E B. pH.

pH (B AR EPERME . A NaHPO#-#TAR IR 22 M (25 mM, pH 6.0) i
Bk HEC BB (100 U/mL) , £ 50°C 4l fRifR 0.5, 1. 1.5, 2. 2.5, 3hJ5ir
EDER . 7E9K FRCE 30 min FHAE A RS20 (50°C, Ti#k 5 min) Fikk 10 £
J5 DN E AR BETE J7, DAR AR I AE By 100% T SAH X B S, DLE E
rAtFAE 1) pH fasE k.
2.3.4.3 KIKHEHW E

3 AR EE (0.2-15 mMD) FIANFEA (MFA, MCA, MpCA, MSA),
TERRAERGIE J100 58 264 R SE rAtFAE 35 77, FRKHE Lineweaver-Burk XUEI % {f
2 T SRS AN TR JEC A PR K R K T Vimaeo
2.3.4.4 EJmE T EEHEATE BRI

¥ 0.9 mL NapHPOs-FF G IRZE MR (25 mM, pH6.0) 7355 1mL &4 85
T (5mM) JB%], F 50°C ik 5min S0 0.1 mL Rk (EER, TR A1 R 15

17
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min, DLARTRINS BB T IBHE 119 100%, UUARXTEEE /18R &8 B 7 X BE L
LWL
2.3.4.5 FTHE M TR B TS I 2

f# F NaoHPO,-FT IR P (25 mM, pH6.0) 7r HIFC B FE N 5. 10, 20
mM EDTA, 0.01%-. 0.02%-. 0.04% Tween-80 UL}z 5. 10. 20 mM Triton X-100.

3 AEC 1 mL R EVEVERNE RS 0.9 mL ) NaxHPO-Fr IR 22 rhill (25 mM, pH

6.0) ¥B%], T 50°CTi# 5min JEIIA 0.1 mL BRI ST RN 15 min, LRI
TV V) R i IS 709 100%, UK B 3% 7~ 2R T M 0T Bl R A4 T35 0 RS2
235 EEARRERFEMRMAR

¥ HZHB# BE GS115/rNpXY L-rAtFAE K J5 & A rNpXYL-rAtFAE fHEH K
FAIAE SR 26 R 5.0 (8000 r/min, 10 min) ISR B L&, BL05L LiE
TFE IO [ AR R4 MR 20%, 4°CHRE 2h 2 )5, T 8000 r/min &.0» 30
min, FEBEE BIETR, JFAREE ) B O ION AR R B, A LA BE Ik 3]
80%, 4°CH#+E 2hJ5, T 8000 r/min &.0» 30 min. ¥ bif, M LMK- L%
M (100 MM, pH5.5) BVFEAVIE, FEANZENE MD44 (BT &:
3500) HIFHIA 10 fHAAFR ) L R- 2BV ZZ v (100 mM, pH5.5) T 4CiZ&
Hr 24 h, WIFEERS 8 h B —UGENT 2. &N 45 R )5 2.0 (8000 r/min, 10
min) H_EIEFFAEH 0.45 pm SALIEIEL UE, 735 rNpXYL-rAtFAE Rl & 520 5
Flo K rNpXYL-rAtFAE i F EFRERIHELT rNpXY L Bl M TR 2
2.3.5.1 A SN Bl dpdiieh B Bl B A e 1

B3 SR FE PRI A€ < 4 rNpXY L 3 3058 2% A I FE 43 ) ¥ 5E 35 40
45, 50. 55. 60. 65. 70 1 75°C, £ pH5.5 (ZFR-ZBENZEMR: 100mM) %%
FERIE rNPXYL 36 3 SARBEE,  LAAS [R5 24 T BTk A 1) de e
BT 719 100%, TR H AR IR BE TN BOAR X B 77, BARAE rNpXY L Bl S BT E

IR AR EVEN 2 . (L MR- LRI GZ M (100 mM, pH 5.5) W& AREER ,
Fic B BF (100 U/mL) 4 AHITE 40, 45, 50, 55. 60. 65. 70°C /il friE 0.5, 1.
1.5, 2. 2.5, 3h JE a2 RIEUH 5 B Tk dsCE 30 min H48 FAH 22 (37°C,
Tk 5 min) FEE 10 155 00E R REGEE T, LURZRIR VI EEE y 100%1H 5

18
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FERT T, THELH AR ORISR AR B 77, BARE rNpXY L ZEAN R BE 26 T I
2.3.5.2 REEHEFHRIE pH & pH f2 g It

B N pH JI5E : 7E 37°C&AF R, 23 AI7E pH {84 3.5, 45, 5.5, 6.5, 7.5,
8.5. 9.5 MLl I E BEIE 715 pH 3-7 ] L MR- LERENGE PP (100 mMD
pH 7-10 1 f Gly-NaOH (100 mM) ZZ3k . ElEE 718 100%iH 5, DARESE
rNpXYL ) 5i&E 2 B pH.

pH RS & P (R 5 = 5 FH X I pH 30 B P 2 i 7 A T o T L BB (100
U/mL) , 7E 50°C - HI{#iR 0.5. 1. 1.5, 2. 2.5, 3h 5 RIEUH, 7EUK B 30
min Ff-AE AR R 22 (37°C, FiFA 5 min) Bl 10 15 )5 & R RBHE 11, LK
2RI IV AE RS /9 1000 1T FARXT B, DA E rNpXYL [ pH FesE k.
2.3.6 FIERBREEEGEESE JIAOMIE
2.3.6.1 [l ZE IR e g Byt /0 E 20 0%

¥ 0.9 mL NaHPOs-F7 52 (25 mM, pH 6.0) ZZiii5 1 mL 2 mM Bl 2R R
FERIRY) (i 25 mM, pH 6.0 NaHPO4-ZZ/ iR AL E ) T 50°CHi# 5 min J&
A 0.1 mL &3& 7 BRI BEL, VRIS 15 min J5 A0 2 mL 30% £ R 2% 1t B
SRR FA SR HPLC &M, ik 24 . DOC-18 it Al K
254 nm. FHif 35°C, WAIMHAHEE K D VKLER=70:29 11 (VIV) , &
mL/min, &Y 10 pl.
2.3.6.2 PR bR E th 25

55 FH 431 KPR 25 FRER 5.0 mg FA bRt i, CEEVE R 5 2 BlE 25 % 25
mL, 33| 200 mg/LFA A, 1 H LRSS 5] 5 pug/Ly 10 pg/L. 20 pg/L.
50 pug/L+ 100 pug/L HIBREERE S, i 0.22um . W RS AAFR, WETHIAR A HR
2 bR UE 25

2.3.6.3 ByiE 1t H A
€ x0.004 x 1000 X n
19419 xt Xm

A U N FAE BfiE 71, UlmL; C Al br vl th 28 5151 FA IRJE, mgl/L;
0.004 N PLEARFE, Ly 10000 A mg 5 g FIEE# 250 n AFER IRREREEL
194.19 2~ FA HIEE /R 52450, g/mol; t 9Bl A], mins m NFESL D&, mL.
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2.3.6.4 Mgt 71 5E X

P2 FIR KRBT, 1 min FEARRTELRR FF 6 2E i 1 umol FiTERRR (FA) @R
BIERERTERE (FAE) BE&EE SN 1ANBRE /1840 (W) .
2.3.7 ARERHEEEEGIE NI E

Z MR E AR GBIT 23874-2009 (RPRHZS IIA SEREBEE 7T HOME 73 66D -
238 ERAREENE

AR S & E K Bardford v, HARSRANE .

(1) AFH AT R FRE B RRES D B Gaso 100 mg FE 0 50 mL 95% £ ¥
i FC MRS NN 100 mL 85%WERR, EAZE 1 L A TER b G ORAF

(2) HEEWKREPRETZ: FREXA4IMiESEE (BSA) 100mg, f# ] 0.9% NaCl
EARZE 100mL, FikfEa M ERE N Sug/L. 10pg/L. 20 pg/L. 40 ug/L. 80
ng/L BAFEREA

(3) HEAPEENE: B 1mL B 4RGSR FA, A S5mL %5
Wre W Goso VAW, 3 FHIE IR 5 3% (X IR 2T 3-5 s Ja T 595 nm AL TS MmO fE
YAsbR, B TR R A bR s b A it 26
2.4 ER511L
2.4.1 FrAEHRZE
2.4.1.1 BUERRARAE it 25

FIFH HPLC e FEEIR & &, PSP BRI ARoe R aniE 2-1 A
N, A R R?=0.9997, RIAIMA RS, WTLLHAME FA & ME &5
FITHEAL

12 4 y=19521x - 43971
R?=0.9997

x10%)

WETHIA (

t T r T T
0 10 20 30 40 50 60 70 80
FA#KE (ug/ml)

l 2-1 WIBRRRRRIE LR Cug/mD)
20
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Fig.2-1 Standard curve of ferulic acid (ug/ml)

2.4.1.2 HEHEMERZ

FH G R e E S &, FrfsE A BIREE S BOGE R R 2-2 B
s HPIG R R=0.9994, KRG FERLF, W UUREE AR S #ITE E9
PN SAE A

0.6 y = 0.0079x + 0.0408
R®=0.9994

Abs(595 nm)
=)
=N

t T T T T T T
10 20 30 40 50 60 70 80
& P (ng/mL)

2-2 HEMAEZ (pg/mL)
Fig.2-2 Protein standard curve (ug/mL)

242 +HHEIRELEREE (AFAE) BEO

M 45 REY, AFAE ZwiBFER K 846 bp, F:4gmhl 281 N FEE LA, H N-
s 21 DNRFEIRIRFE NG IR IR S 260 L iRikIE, S5 AL (pD
N 438, FIHE M NetNGlye 1.0 73 #r R B A B3 — A N-BEREAL AL 51 (58 79 f
FIERRFL) o Wi AE L E¥E E Blast/blastp Chttp://www.ncbi.nlm.nih.gov/Blast) it
AtFAE 52375 (BEE S BT, EPEFRVEH R RIF51ET Clustalw
Z Lo (R ETHE 1000 0, Hdk— 28 MEGA 6.0 #4382 Neighbor-Joining
(NDVEMERGR AR, a5 KK 2-3 s, KILAFAE 53R iHh4 (A niger) .
FAHEFEME (Aspergillus usamii) Al % 25 (Aspergillus welwitschiae) %5 #h %
JEARIRH) A T FAE FON—RCH P B ARLLA>06% ), H Kk 577 35 75 % (Penicillium
chrysogenum) . WA 7% (Penicillium subrubescens) . il % (Penicillium
daleae) 557 &% J& KU T A 71 FAE tH 5 A7 B AR BA 3 (A T EE XS LA >T5%)
LAk, GBI X R AtFAE 5K hE& (A oryzae) .« [A.0F & (Penicillium

concentricum) . &% % (Penicillium fimorum) 2535 i gl (Lipase class 3)
21
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HAB ML (>80%) . Kk, R EikE AR FAE AR BER A = AR
BT S5 R, BT RLK AFAE JH2854 A B4 FAER®,

39

100

97 faeA-Aspergillus niger (XP 001393337.1)

type A feruloyl esterase-Aspergillus usamii (AHB63528.1)

69

100

75 faeA-Aspergillus welwitschiae (XP 026625318.1)

feruloyl esterase A-dspergillus niger (APY24104.1)
AtFAE

feruloyl esterase A-Aspergillus piperis CBS 112811 (XP 025512241)

feruloyl esterase A-dspergillus tubingensis (XP 035362480.1)

feruloyl esterase A-Penicillium argentinense (XP 056479177.1)

40

Lipase class 3-Penicillium vulpinum (XP 057113031.1)

99

67

Lipase class 3-Penicillium cf. griseofulvum (KAJ5210438.1)

" | Lipase class 3-Penicillium griseofulvum (XP 040644350.1)

89
| feruloyl esterase A-Asperegillus vadensis CBS 113365 (XP 025559605.1)
100
Lipase class 3-Penicillium fimorum (KAJ5520466.1)
36

Lipase class 3-Penicillium robsamsonii (XP 057082784.1)

| Lipase class 3-Penicillium concentricum (XP 056578258.1)

feruloyl esterase A-Penicillium chrysogenum (AGR85377.1)

99
100 feruloyl esterase A-Penicillium subrubescens (XP 057003015.1)
| feruloyl esterase A-Penicillium daleae (XP 056767779.1)
100 lipase class 3-Aspergillus orvzae (O0O009382.1)

] FaeA-dspergillus orvzae (AHZ18111.1)

K 2-3 AtFAE R4 KB i

Fig.2-3 Phylogenetic analysis for rAtFAE

2.4.3 ERFTIEE A pPICIK-rNpXYL-rAtFAE K E4A EEFRfE R R

EcoR | Al Not | XU, KA FE R rNpXYL-rAtFAE 342 N [FIFEEAT DU L)
ACFRAFORL pPICOK H, 19 3 EE 4 ik pPICOK-rNpXYL-rAtFAE 4ni& 2-4 (A) .

Horp, 7EFEDR v B 1T T rNpXYL. rAtFAE FEK 2 8] II N T Linker J: [ F
B, 71y GGGGSGGGGSKREAEA, H.rft KREAEA AR B N 522 H Kex2
N Stel3 PIEIAL AT, DL IR Bl 8 1 0K 5 RER DI B B AE TS PR E . JF
HONET s W2 IR 4L B (FAtFAE) B &4k, 1£ AtFAE 1)
B 5| N T His-tag J¥4] (His>x6) , MIMFEIHEHED rAtFAE, K& 2-4

(B) fhre

22
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Sacl (208) B
‘ afactor  rNpXYN  Linker  rAtFAE

EcoRlI

(8395) Bglll /
I

[
AOXT 3" fragrmentr—{ ‘ xxxxx Notl (2756)
|

. GGGGSGGGGSKREA'EAt
: STE13

& 2-4 4 pPICIK-rNpXYL-rAtFAE JF ki &t (A K Linker YAt & (B)
Fig.2-4 Plasmid map of recombinant pPICIK-rNpXYL-rAtFAE (A) and Linker cleavage site (B)

H2H JFURL pPICOK-rNpXYL-rAtFAE &0 /5 Jo 17 )5 T N\ SE AR B Hh 45 21 8 20 16
GS115/rNpXYL-rAtFAE, H4H R s fh & P LR QHE Y MM it i 77 8, 1597 3d
J5 LA B R, W] 2-5 B, 2 B R B R TN g A H 2H HE SR I RE A D3R
ETERIL.

2-5 MM “FAR % GS115/rNpXY L-rAtFAE
Fig.2-5 MM Plate screening GS115/rNpXYL-rAtFAE

2.4.4 E4AE GS115/NpXYL-rAtFAE % B

HAE GS115/rNpXYL-rAtFAE £ 15 L KE#HEREZ 108 h &, KEFRT
rAtFAE B 547 9 17.38 £0.34 U/mL . rNpXY L B 847 2y 952.014+20.7 U/ mL.
R D H bR 14 SDS-PAGE #5:56:, rAtFAE 7> 7 &% 39kDa, rNpXYL 7>

23
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T84y 25kDa. FEA KR HHIIER, ML — R0 T ENEA SR, W]
e H T LA BT AR B e BN IR SR A B (WA i), S BUR A H
PRER AR N T B Wi 2-6 .

kDa
200
140
110

75
55
42

30

23
18

10 —

2-6 GS115/rNpXYL-rAtFAE i SDS-PAGE 3ilE
Fig. 2-6 SDS-PAGE verification of GS115/rNpXYL-rAtFAE supernatant

2.4.5 rAtFAE % Bl & R4k

HZH T GS115/rAtFAE 28 15 L K BFER ¥ 96 h 45K, rAtFAE MR HRIEE
N 8.47+0.16 U/mL. KEER T rAtFAE SRR B2 43I IE Jo LU i 14.6 Ulmg 41275
F]22.11U/mg, #Zifbfi#oh 1.51, [N 76.65%. £ His Trap HP 2iifb )5, L
fif st 22.11 U/mg #2553 29.41 Uimg, 4E4ufE8hy 2.01. [MIYRE N 52.47%, L

B JI AN AR B R s 1 40 2 1%, Tk 2-3.
# 2-3 IAtFAE W4 fb D IR K 45
Table 2-3 Purification steps and results of rAtFAE

EA

afifh DI MEEE (U BEA (mg) afifb %L [FISCR (%)
(U/mg)

FH G 3570.23 244.43 14.6 1 100

T B e e 2736.54 123.73 22.11 1.51 76.65

His Trap HP 1873.52 63.69 29.41 2.01 52.47

% SDS-PAGE #:54%:, rAtFAE 7> F &%)y 39 kDa (ki 2-7 Fion) , 2tk
FETH BB A TN 4> T8 (29 kDa) K 10 kDa, 7] A2 T FE 3L &4 fr

e

[}

24
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kDa

972 —
66.4 —

443 —
<+—39kDa
29.0 —

20.1 —

143 —

1: PrdEER A maker; 2: B GSL15/rAFAE KR 3: 23t 80%EHritie Akl
EA: 4 254 His Trap HP SE A4 LI H AR H .
& 2-7 rAtFAE 4ii{t 45 5 SDS-PAGE ik
Fig.2-7 rAtFAE purification results were verified by SDS-PAGE

2.4.6 AtFAE & R BURE KR ERE M

B3 S SR P I 58 45 RO, rAFAE (AR IE /76 S0°C I e . 24i
FEwT 50°CHY, BEMITE /2R R %, 78 35-50°C N B B LTS 71, LR
T 80% LA EMEAIENE, WK 2-8 (A) s, iERSE R FL R, rAtFAE ££
30-50°C Af RIFHIARENE, il 3h Rk )5, BEEIEREE 1 80%LA L, (HZ
IR T 50°Cly, HAEE RN ZUR TR, 72 70°C R ERIR 2.5 h Z Jalgse4k
i, Wikl 2-8 (B) Avw. o, g 55°C MG 715 B 1A AN A 3K tae=In2/kq 7T LA

52 rAtFAE 1Ei1Z25 1 T 1232 #14 57.83 min.

A B
1104 100 4

100 1

901 /i/i/ 0
80 E/I ol
701

601
501
401
304 0
20

HIXEEE (%)

A B 71(%)

== 70°C
30 40 50 60 70 00 05 10 15 20 25 30
W () w1 (h)
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K 2-8 i LN rAtFAE HEALIETE (A) KASEPERIFZM (B)
Fig.2-8 Effect of Temperature on Catalytic Activity (A) and Stability of rAtFAE (B)

2.4.7 rAtFAE &i& pH B X pH B2 EM

I 7E 25 3R B rAtFAE 75 pH 4.5-6.0 i [ P9 40 7% J7% i » 5eid pH {E 4 6.0,
M4 T 4.5 Bim T 6.0 I rAtFAE IMEEAGIE SR R %, 44 pH fE24 4.0 A1
7.5 WG 1L N i I 25% A0 10%, a1 2-9 (A) . pH (e
Bt Fi 45 R 27N rAtFAE 1E pH 5.5-6.5 Ju [l N BAA 5aF AR e 1, £ 50°C PRl 3 h
Ji ik B S F4E 70%LL s 24 pH KT 5.0 B Bk B BES 1 2UR R %, R ZREER
SR N RRE R, WKl 2-9 (B) Fiw.

A B
100 4
1004
80
< 801 _
% - ":i 60 4
Ha 604 e
B =404
£ 40- 2
% 20 4
204
04
35 40 45 50 55 6.0 65 7.0 7.5 8.0 0.0 0.5 1.0 1.5 2.0 25 3.0
pH i 18] (h)

K] 2-9 pH X rAtFAE fiEFLIENE (A KAREMERIm (B)
Fig.2-9 Effect of pH on catalytic activity (A) and stability of rAtFAE (B)

2.48 £RBETFXI rAtFAE BS3E HHIENT

GIRET (LR 2.5 mM) Xt rAFAE 3 /1 ST 75 & B Ca2 Fl Mn?* i
ZNE R BEANEIER (R 2-4 FroR) , Fe? XNl A A RS ER
FoAt TR A0 B R B 0 rAtFAE B 150 B R

* 2-4 LJRBE TN rAtFAE BEIE 771520
Table 2-4 Effect of metal ions on rAtFAE enzyme activity
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13 2-4

LEET (2.5mM) FHXS B ) (%)
Xof HEt 100+£2.81 ¢
Zn** 95+4.01 «
Mn?2* 91+7.52 4
Mg2* 97+3.42 «d
Na* 10144.0 b
K2 103+3.69°¢
Ca?* 77+4.58 £
Cu? 104+4.68 b
Fe?* 130+3.06 @
Co?* 94+7.03 <d

2.4.9 REFEMFIXT rAtFAE BEE I

=R R TS T rTAtFAE W& I 52N ER 2-5 B, IR E ) EDTA(Z
IKIZ 2.5-5 mMD X rAtFAE i /) B e #EEH], =ik EDTA (24K 10
mM) TIIXS rAtFAE 35 7 B B35 A {EH] ;. Tween-80 Xf rAtFAE A A il {1
., H Tween-80 W< EE#k Ry, FHOMEEE /7 B#0HI/E HBkGE; 5 Tween-80 AHALL,
Triton X-100 X%f rAtFAE % /B B A s ZUR I H, - H. Triton X-100 &8s,

LN I 7 AR £
* 2-5 KMEEHEFXT rAFAE LT 77 1R
Table 2-5 Effect of surfactants on the catalytic activity of rAtFAE

MG (ZRED FHXT RS 71 (%)
X HE 100+2.37 ©

EDTA (2.5mM) 127.65+3.68 2

EDTA (5mM) 113.43+1.34 "
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EDTA (10 mM) 80.74+1.914
Tween-80 (0.005%) 97.9444.27 ©
Tween-80 (0.01%) 86.85+5.68 4
Tween-80 (0.02%) 63.50+4.81 ¢
Triton X-100 (2.5 mM) 69.71£1.98 4
Triton X-100 (5 mM) 66.12+1.39 d¢
Triton X-100 (10 mM) 55.18+0.39 f

2.4.10 rAtFAE KECHE AN E

K RSB M, o BHER 4 A ER I E I 5 rAFAE (1B 5)
JIEBH, N3 2-6 iR« G5 RR I, rAFAE 1F DU RO [F A 5 TR FA,
H 248 H MSA SRR 230 H 14 Ee B 0 A R AN S RO BE 30 d e o 43
R ATIR I, T R R R AT FUAR A XS FAE HEAT 40280, RRE [F] i /K i
MFA. MpCA 1 MSA, {HAEE/KfE MCA [ FAE 7258 A RS, H 555 i
FEAL; e RIS IK R MFA. MpCA Al MCA, {EARBE/KAE MSA ) FAE IH25 4 B
B, P55 ZIARRNERREGARL: AER [F KR R 4 AR mT LAHZE N C
e DAY, Hrh C BT 55 5t R BRBE M B R R AH 8L, D BYP 415 XYL HHAL
XA RHAE R A K FAE REER T IIEASHR, LT IRYFE Rt AT 4
P oy ik B —E R PR MEDS, H AT T FAE SRR T 91 R 2 Mk vl L
4 FAE FONRHEI Y250 7 00, S 11 RpIST, [ bk, AHT T EAR rAFAE
RS [RI 7K fif 4 AR HLA% B R WIe e 0 IR AN BB H I A L FAE, {HET
SRR P 5 JE A T I AtFAE T LA 4 - Bk VR 1 A B FAE R —3K,
FLF50 5 e AL CanBd 2-3 FioR) , DRIURERATIZ: 5 T i 4k 16 e 1) b 5 26

SHTIER AtFAE JH25°8 A T FAE.
2 2-6 rAtFAE X AN R R MBI 2 s 3

Table 2-6 Enzymatic reaction constants of rAtFAE by using four different substrates

AN
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43R 2-6
Specific Vmax
Km Kcat/Km[1/
A activity/ [mmol /
(mmol/L) (mmol/L-min) ]

(U/mg) (min-mg) ]
MFA 7.41 4.79 84.77 112.64
MSA 10.33 2.54 39.47 96.85
MpCA 9.21 1.73 65.7 237
MCA 7.19 1.21 49.56 255

2411 AREBRERERGEM
BRI EDTIE S5 1) INpXYL-rAtFAE %18 2.3.7 7732555 INpXYL 3H TR E &

MRS E M RE o fpeidi IONR S I 5E 5 SR o, rNpXY L A A i )78
65°CI iR . iR T 65°CI, BEMIE I IR TR, fE 40-55°C N H AL
I 71X [ 7E 50%-80% 2 [F], Ti{E 60-70°C N HA B IS 1, ARET
80% LA AL TEYE, WK 2-10 (A) Frn. IERUEMEI LR, rNpXYL 7£
40-45°C B REFPdeoett, &g 3hfRikz )G, Mg IRE 7 80%LL F, f£
45-55°C R 3 h Ja S SR B T 50%LA Fo {H 24 B = T 55°Chf, HHAFRE
PEN SR TP, £E 65-70 $ IR C M RIR 3 h Z 5l JL-F 84 kiE, Wil 2-10
(B) Jfizrs

A B
110 1 100 4
100 4
80 4
90 4 =
2 Z 604
= 80+ R
o i
T 125
70+ E 404
ol = \
B = \
o = 40°C
60+ 20 d-a—a157¢ M
|—d— 50°C
f—w—55°C ———
50 4 60°C
04 65°C
f——70°C
40 T T T T T r T T T 1 T T T T T T T
30 35 40 45 50 55 60 65 70 75 80 0.0 0.5 1.0 1.5 2.0 2.5 3.0

B (O B[] (h)
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Kl 2-10 i BN AR SR AL IS 1 (A RASE MR (B)
Fig.2-10 Effect of temperature on catalytic activity (A) and stability of xylanase (B)

2.4.12 KREHEEHIE pH X pH FR2EM

KR R UTVE Ja 1Y rNpXY L-rAtFAE 4% 2.3.7 777548 rNpXY #47 pH A pH
Fasg MR SE o D2 45 S 2L 8 rNpXYL 7E pH 4.5-8.5 Vu [ N 4% 1% s, & pH
B9 7.5, BRI ZH pH e, HbgE IRE T 80%LL E, Wikl 2-11 (A)
Fiiom. pH iR M 7t 45 5 o rNpXYL 7€ pH 6.5 I B B ffa e i, (B
& pH KA TR E R 2 pH KT 5.5 I AE T 6.5 I ok B B I SRl T
B, i 2-11 (B) iR,

A B
105 1 100 4

100
05 - 80 4
90

85

FIXEG 17 (%)

80

FIEEE A (%)

75

70 4 20 4

65

pH i (h)

Kl 2-11 pH XA SERERH LI 1 (A RASEMERIFm (B)
Fig.2-11 Effect of pH on catalytic activity (A) and stability of xylanase (B)

2.6 RE/NLE

AZ W rAtFAE F1 rNpXYL 5 pPICOK i kii&E T e RBE B b k4T T ab &
RIE, b rAFAE BT 7 52890 AT LU R PG Betf 2 o A B FAE. K R B%
Wb HAr i A A St T BRI, RAREIR T

(44T PR & B B 4 5 kL pPICOK-rNpXYL-rAtFAE, i Sac | Z14:40 )5,

FeHs HL AL SN T B R B GS115 B2 SN, R MD PR 14615
B EHE, TR EAREEE TR MM 555 72 5500 10615 3 B A FAE W& IER
A B ZH R GS115/rNpXY L-rAtFAE.
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(2) ¥ FE B GS115/rAtFAE 3147 15 L K Tl = % R )5, rAtFAE LR
HERIAEN 8.1740.16 U/mL. KR AN IR ETIE  His Trap HP &80 IR 4ifb f5 ,
LU S F A2 5 50 B R T 40 2 fi5 . 48 SDS-PAGE 36, rAtFAE 43T &4
439 kDa, #JELEETE M7 il r) 775 (29 kDa) K 10 kDa, HIH#Aft
NetNGlyc 1.0 43 #r R BLIL Y& 55 79 A& I vk A — > N-FERALAL s

(3) BALPEFUT 7T 45 R B R B I& IR 50°CRY, £ 50°C UL REOAFE: =
& pH 5 6.0, fE pH5.5-6.5 i [l N B AR LT ;s Fe?t (2.5mM) XA A &
ZEHHER, 1 Ca?ts Mn? LA & Tween-80 (0.01%) A Triton X-100 (2.5 mM)
S 1% EAE 3 B IEE . AR AtFAE 7] DL 7K fi# MSA. MpCA. MFA FlI
MCA %5 4 PR, B H T 2R P 51 2K M it K I AtFAE 7] B #8045 3ok
JRI AR FAE 2K, HFFI5RNEEAEEL, BILIRA1S % AL 75
EEXF B2 ik AtFAE JH288 A B FAE.

(4) %F INpXYL 47T 7 Eg2E MR AT, rNpXYL B XS AL TS I 7E 65°C
Beire IR T 65°CHY, BERVE JJHFUR T, 7E 40-55°C P FL AR AL 75 /7 [X 18]
7E 50%-80% [A], TE 60-70°C A EA B m LR 11, L0/ T 80%LA LI
WIETE: fE pH 4.5-8.5 Vi [ AL s 0 s, il pH E A 7.5, BAECN 21
pH Y[, HEGE /IR 1 80%LL E, pH {EARE MW 7L 45 R Eox rNpXYL 7E pH
6.5 N H A BT R e 1
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BT FHEFEE IR LR N K
31 5|8

SRl 5 7R L R B R LU A9 BB D AR AR B o AR MR R IR 1 2 B R
Berh, HE VAR B IE R TR RAE R, (H R R T e
AOXL J& 2 T I ED20 21, iR CAnBimRee . IERERRINY)) 1 AL4s 5
YNH P IR T, R (A GRS b, FEIGER (WAEY
= ERET) M2 B S80I E O & R SRR L g A RE . B
FeR N2, LRI RSN B E pH B E AT 5.0-6.0, (HANFRKIR FAE 191
B S EAFE g 2. FN, WEE (DO) WIS M RS e B,

AW 5T LA E 2 B /R RE S INPXY L-rAtFAE ({355 7 50010 8 B AR, R4
SLHS BT E BSM B PR LA BNt A R WERRRy . ARIRE S RIE TSN 1 10
P B Al B S FR T AT 3 51 SR BT Ui (B%)  U*yo (B10) o JFTETS
SH B BRI AR S P EIR A S, BT AR R A R, A
L AT T LAY FR B 3 6T vy ok 1 P06
3.2 KGR
321 FEMNHIEHE

I T HEANARF 2.2.2.
3.2.2 FERF

AW FAE ) E BRI ER 3-1. K 3-2 3R 3-3.
* 3-1 MRS

Table 3-1 Materials and reagents

vl TR 5]
H&EM® R T AR AR A IR A AR
AR AR T AR A B A 7 AR
R AR T AR A R A AR
SrEm AR T AR A B A 7 AR
S S AR T AR AT R AR
H EAFRTRL T A AR R A I A AR
IR LR T AR A A IR A AR
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BRI EHERTRL T AR B A TR A T AR
T RIR EHERTRL T AR R A IR A AR
RAEIR iR T AR AR A BR A AR

* 3-2 BSM Hi 75 oy
Table 3-2 BSM medium components
0% TR P
85% R 26.7 mL RAJE121°C. K15 min
B RS 0.93 g
T R 182 g
LK IR R 14.9 g
AL 41 g
Hh 40 g
TH L 0.2 mL
WEIILE (PTMD 4.78 mL R PL
W2 0.96 mg B #10.4 mo/LERK, 8K EE
#*3-3 fETHR (PTMD
Table 3-3 Trace elements (PTM,)
D% inE (g/L)
FK B R 6
A 0.08
— /KRR 3.0
TKEHER B 0.2
e 0.02
AL 0.5
e 20
LK BRI 2k 65
BRI 5 mL
R 0.2

33



730 MR EPNE 2TR n VAT 'S

Hoh 57 [ 2.2.3.
3.3 ELWHE
3.3.1 GS115/rNpXYL-rAtFAE 21 & B &

s 20 B AR RE GS115/rNpXYL-rAtFAE £ MD [l {45 758 Fhidfk 3-5 d J&
PR R P P 2 30 mL/250 mL YPD #5577 4E 30°C. 200 r/min #53% 24 h,
1%+ & # 50 mL/250 mL MD {415 77 5597 24 h 22 J5 8000 r/min &0 10
min 2% 1%, WA KER BSM LA EF AN, 10%8:F &, 5
I 0.5% HIEE. 0.4% PTMy & #L. 0.1% AYE (2mg/L) , T 30C.
200 rpm fEHIRREIR 3G FE, &F 24 h BSI0— R EE (RZ9KEN 1%) [A]IRFE 500
nL AT i ks o
3.3.2 EfAREREMRK
3.3.2.1 BSM JeHLER4H 5 X} B 7 1 5

N T ERIAE BSM TEHLEL KT 72 5560 B INAAMORRIE, XAk B bR %R
BB . (£ BSM TEHLER IR BRERER . BRBRES . PTMy. A3 (5000 |
LKBRIREE (AR 28%Z /KA S 5555250 i) Bfli LU InfERERy . &
FUFR Bl AR AR . A 850 s @ik it Uxo (5% 503, it
10 2H 9 BRIER Tu/K- P &) SERS, Wk 3-4 s, DIORESINBRIE ) BSM ol #h 55 7%
X HE

# 3-4 BSM LHlLERA 5 9 I F 5 /KP4 5 st it
Table 3-4 Experimental design of BSM inorganic salt composition 9 factors, and 5 levels uniform

K (gL)

S ‘ ~ PTMy  MgSOs- G/
K.SOs  CaSOs BERRNy HEAM IR AHIRE:

= (mL) 7H,0 (500%)
X1 X2 X3 X4 X5 X6 X7 X8 X9

N1 5 3 1 3 5 1 4 3 1
(30> (10) 0 (15) (2 0 2 (15) D

N2 4 5 3 5 2 2 5 1 3

(25) (15 (100 (25) (5 (5 (6) (7.5) (1.5)
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ZEE 3-4

HE (gL

S ‘ ~ PTM;  MgSOs- B3R
K,SOs  CaSOs MebR¥y HEAM MR  (HIRE

5 (mL) 7H,O (500%)
X1 X2 X3 X4 X5 X6 X7 X8 X9
N3 3 3 1 3 1 4 1 2 5
(20) (10D (0 (15) (0) (15) (2) (12) (3)
N4 1 2 ( 2 4 3 5 5 4 2
(10D 7.5) (5) (200 (100 QO (6) (18.5) (1.5
N5 4 1 3 5 4 3 2 5 5
(25) (5 (10 @25 A am (3) (22.5) (3)
N6 2 1 4 2 1 1 3 3 2
(15) (5 (15> 10 (0) 0 (4) (15) (1.5)
N7 5 4 5 2 2 5 3 5 3
(300 (125 0 (10 (5) (20) (4) (22.5) 2)
N8 2 4 5 4 4 3 1 2 1
(15) (125 0 Qo) (15 (10 (2) (12) (D
N9 3 2 4 1 5 4 4 1 4
(20) (7.5 (15) (5) (200 (15 (5) (7.5) (2.5
NI10 1 5 2 1 3 2 2 4 4

(100 (15 (5) (5) (10D (5) (3) (18.5) (2.5

3.3.2.2 ZEEBRX BE 1) 5

N T RIS PR IR 2 [ 0] B A H AR B IR IA B R A M, 13k 3-5
N, EFHIAISER BT U*o (519 515K, I HAEREFRIE IR I+ Fh 5L 1R,
MANHERR. HER. AER. HER. FHER. HER. A2R. SER-
SEER . RAEIR, LRI IR TR I 5 77 5 0 i

P

3w
g
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% 3-5 10 (A3 5 /KPR FEER Y SJ L0 ¥eit
Table 3-5 Experimental design of amino acid uniformity at 10 factors and 5 levels

IR
(mM)
e HER SRR HAMR TR R Fa 2 X, BRI AERERR  REXAER

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
N1 3 (10 1 4 (15) 3 (10 1 5 (20) 4 (15) 5 (20) 10 3 (100
N2 1 5 (20) 2 (5) 2 (5) 2 (5) 4 (15 5 (20) 3 (10 3 (100 5 (20
N3 5 (20 2 (5) 1 1 4 (15 4 (15 2 (5) 4 (15) 3 (100 4 (15)
N4 5 (20 5 (20) 3 (10 3 (10 3 (10 1 3 (10 5 (20) 5 (20) 10
N5 4 (15) 4 (15) 5 (20) 2 (5) 2 (5) 3 (10 1 1 2 (5) 2 (5)
N6 1 (0 4 (15 4 (15 4 (15 5 (20) 2 (5) 2 (5) 4 (15 2 (5) 4 (15)
N7 2 (5) 2 (5) 2 (5) 5 (20) 10 2 (5) 1 3 (10 4 (15) 2 (5)
N8 4 (15) 3 (100 5 (20 5 (20> 3 (100 5 (20 3 (100 2 (5) 5 (20 5 (20
N9 3 (100 3 (10 1 4 (15 4 (15 1 5 (20) 10 10 3 (10
N10 2 (5) 10 3 (10 1 5 (20) 3 (10 4 (15) 2 (5) 4 (15) 10
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3.3.2.3 AL EE R BYE 7 152
RNERFCIS I BEEEX BEE 100520, K GS115/rNpXY L-rAtFAE = 41 B 7R i

BF MD AR _EiE AL G T4 3.3.1 5557 U5 ik A TS, 10%3% M &3[R 0.5%
FlE. 0.4%PTMyfiE#E . 0.1% E4E (500X ) —FEIIIA, [FIBFEE L3530
R 1mM. 10mM. 20mM. 40mM. 80 mM. 100 mM ¥ IMAARAL 5 ks
FRIEP TR, B 12 h 00 0.5% FF I ]S B 500 pl S A1

33315 L KEFELEET Z

W E 2 HE SR RE GS115/rNpXYL-rAtFAE 76 MD [E &5 2 5 Fhi% 4k 3-5 d J5
PR R v PP 22 30 mL/250 mL YPD FF-1: %2 30°C. 200 r/min K5 7% 24 h,
1% A& F) 150 mL/500 mL MD #5572 Hh 5555 24 h & ODeoo=6. LAk )5 K% TR
BT R 121°C . 20 min K G H 28%%0KET pH £ 6.0 K LS5
. R 30°C. A E (1. 1.66viv) . fEJE 0.05Mpa. 3% 500 rpm, %
B 60%, Hefhi 10%. F7 AR R IR E P MVIE 1 4% H MG GAfE LTt
% 100%) , Wi 50%H i 400 mL, {3 AR Dy 180-220 g/L 2], 4RI
5 100% H YLK E 4 40 min 54408 3.6 mL/L/h AN EE, RS DO-star 3%

CIE[A B N 15%) o 2-3 h Jo 44 Y B d ok v i e i FE 10%-40% X [H]

12 h EUREAS I B A 4 2 A T
33415 L REFEMA LT ZHL
3.3.4.1 REXEHERILEHFN

SRR IR T ok R P 5o T A A K B 430 B B B 1 (RO s P A () ) R T 5
B o L 2L T I (U R AT L DR R S, M R AR IR R 26, 28,
30 32°CUUMNAN[E %A, ODeoo=6 ArAa 4 HE 100045 &, el N\ 9 L/15 L K I
Fro AF 12 h BURERI R B AR rh BRI L B P i S )
3.3.4.2 EIHRA (15%-85%) it HE4H %35 B I 4

WA G 1REFRIEIE FITE 15 L R BERET, O Ak SRm& g B 5 5 i a4 ol
HRE AL, (7 A R 4R FRLE 15%-85%I[X (] 4F 8 h HUREAS I & I it 2 v 11 1 4
BE, HAYELEEE
3.3.4.3 (KM% (10%-40%) BE S 2H il 1 & i 5

37



730 MR EPNE 2TR n VAT 'S

18 P AR (R PO DR AL SRS, 7 PRI o 36 e 28 P R ) I i 42 b Vs i 4
£ 10%-40% [8]. I 8 h BUFER il R e it FE T B AR 3 . R & &
7.

3.4 FiESHh
3.4.1 MERESTSEEIE HRINIE

Z 2.1.1,

3.4.2 KREVEEGIEHNE

Z 2.4.2,

343 ERRABEMNE

| 2.4.3,

3.4.4 HMMEERN A

F 50 mL &0 HEL 20 mL # . 5000 rpm. 10 min 5% B, REEE.
HEAXMW T

BHEG = (61—-G2) Xn
XFH: G HFEMIEE g/L; GL NEAMEOE BEE; G2 AR OEEE; n A
BURE B T 505 1000 2 [A] A3
3.5 FR5R
3.5.1 GS115/rNpXYL-rAtFAE 12 % i3 72

24 h BUEERG N rNpXYL-rAtFAE H ) rAtFAE Bifi% 1), @RS RHE6d 2
JE B JEA I, ik 3-1 s,

2.01

1.8

16 —— EiE S

1 2 3 4 5 6 7
1A (d)
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K 3-1 I A A B rAtFAE B A2k
Fig.3-1 Changes in rAtFAE enzyme activity during the fermentation cycle

3.5.2 EiiARIEREMK
3.5.2.1 BSM FHl£h4R 43 31 BEE RS20

¥ B SRR GS115/rNpXYL-rAtFAE fifi i35 57 5256 Wit Hi 1 10 4HANIH
RIZR AN R K50 7 BT R B, JFAa I rAtFAE BgVE 77, 45 R BoR 15 g/l
RERAT. 5o/l BRIRES. 15 g/L EERPRy. 10 o/L ZEEMR. 4 mL/L PTM1, 15 g/L
BKBREREE, 1.5mL/L EME (2mg/L) ) N6 4N N BB, 45 R insk 3-

6 .
% 3-6 BSM TLHLER A 733 5 s i s v h a5
Table 3-6 Experimental design results of homogeneous components of BSM inorganic salts

Kz (g/L)

N " s e, PTM1 MgSOs MR s Y/

%.:j K2SOq4 CaSOs E#bEy HmOAM BifRE:  HERE: (mL) TH,0 (500%) (UlnL)
X1 X2 X3 X4 X5 X6 X7 X8 X9

N1 > 3 ! 3 > ! N 3 ! 0.387+0.07
(30D (10 0 (15) (2) 0) (2) (15) (D

N2 4 > 3 > 2 2 > ! 3 1.692+0.16
(25 (15 (10 (25) (5 (5 (6) (7.5) (1.5

N3 3 3 ! 3 ! 4 ! 2 > 0.624+0.13
(20 (10 0 (15) 0) (15 (2) (12) (3)

N4 ! 2 ¢ 2 4 3 > > N 2 1.252+0.19
(10 7.5) (5 (20D (10 (20 (6) (18.5) (1.5

N5 4 ! 3 > 4 3 2 > > 1.458+0.11
(25) (5 (10 (25) (15 (10 (3) (22.5) (3

N6 2 ! 4 2 ! ! 3 3 2 2.315+0.23
(15 (5 (15 (10) 0 0 4 (15) (1.5

N7 > 4 > 2 2 > 3 > 3 1.769+0.15
(30) (12.5) (20) (10D (5 (20 4 (22.5) (2)

N8 2 4 > 4 4 3 ! 2 ! 1.864+0.23
(15) (12.5) (20) (20) (15 (10 (2) (12) (D

N9 3 2 4 ! > 4 4 : 4 1.732+0.06
(20 (7.5) (15 (5 (20 (15 (5 (7.5) (2.5

N10 ! . 2 ! 3 2 2 4 4 1.216+0.09

(100 (15 (5 (5) (100 (5 (3) (18.5) (2.5
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Ik DPS 9.50 B fFxf 5] Beit s 4 RhAT ik 2 WiE P B30 #r,
7~ N6 it 75 414 1 TAtFAE 5 e, BT RER:

Y=-0.628062657+1.7989911588X3-0.0025045243692X4+0.0023704352449X1
*X1-0.25272470777X3*X3-0.010746002229X2*X8+0.011333611946X3*X6-0.023
151486543X4*X7-0.04392173320X5*X9.,

ZIEA T FRAE R R R=1, RS AHX R Ra=1, Sk R EARE
F=62499.906, &Z&I/K-F P=0.0031, FlRPFriEZ S=0.0004, HI7FEsl&ER4T.
RIEER 3-7 Pt K I E AT HE & LR XT rAtFAE 36 77 B2 IR K /MK IR
X3>X9>X1>X4, FIEREky > W2 (500%) SHRERERSEE AR, FEARHE A1) 75 FE4s
REoRH, BRREA-OKIREREE. MR AR L . B E RN PTMy 1 P 8]

— € WAH BLAZHRAE FH o
# 37 FEFREH I (M3 51 B Bt B A [ A 43 AT 45
Table 3-7 Stepwise regression analysis results of homogeneous experimental design of culture
medium components

SO [N THEES t A6 fE p-1E

r (v,X3 ) 1 1302.524 0.0001
r (y,X4 ) -0.9981 16.3236 0.0037
r (yX1*X1) 0.9999 97.3008 0.0001
r (y,X3*X3) -1 960.457 0.0001
r (y,X2*X8) -1 361.6351 0.0001
r (y,X3*X6) 1 193.1534 0.0001
r (y,X4*X7) -1 420.3985 0.0001
r (y,X5*X9) -1 755.2575 0.0001

0[] U 7 FEREAT AR M MR A 45 B B R 459 K2SO4 25 g/, CaSOs4
5.09/L, FREF 13.49/L, |AM 59/L, WlRE 0g/L, HER%E: 20g/L, PTM:
0.2%, -L/KBFRE:E 7.512 g/L, A& (500%) 0.1%, L5 FEKH rAtFAE
B 7179 2.76 UlmL. T R ARG TS 7179 2.03 UimL, A6 )= RIBEE J03 e 1
36%.
3.5.2.2 GILER N WS 711K R
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W E 4 BRI RE GS115/rNpXY L-rAtFAE 13 FH 41575256 3 ) 10 AN
PRI A RIKFR 50 77 AT R, JERill rAtFAE BVS /), 45 R R H iR
20mM, HEE 5mM, EEEER 15 mM, BRI 15mM, BEER 5mM, &
AR 15mM. FrE iR 10mM, RZZEIR 15mM #) N3 HlEiE & &, Ligi R
Wk 3-8 fim.
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%% 3-8 10 AI3R 10 /KPR B IR S SR U6 ¥t 45 2R
Table 3-8 Experimental design results of homogeneous amino acids at 10 factors and 10 levels

K& (mM)
=S8 S5 K&
HER LA IR A SRR KRR IR HAR
SLIS AR 2R =R fitg s Y/ (UmL)
X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
N1 3 (10) 1 4 (15) 3 (10) 10 5 (20) 4 (15) 5 (20) 10 3 (100 3.48+0.097
N2 1 5 (20) 2 (5) 2 (5) 2 (5) 4 (15) 5 (20) 3 (10 3 (10 5 (200 2.95+0.02
N3 5 (20) 2 (5) 10 10 4 (15) 4 (15) 2 (5) 4 (15) 3 (10 4 (15) 3.54+0.091
N4 5 (20) 5 (20) 3 (10) 3 (10) 3 (10) 10 3 (10) 5 (20) 5 (20) 1(0)  3.3%0.053
N5 4 (15) 4 (15) 5 (20) 2 (5) 2 (5) 3 (10) 1 (0 10 2 (5) 2 (5)  2.84+0.006
N6 10 4 (15) 4 (15) 4 (15) 5 (20) 2 (5) 2 (5) 4 (15) 2 (5) 4 (15) 3.28+0.034
N7 2 (5) 2 (5) 2 (5) 5 (20) 10 2 (5) 1 (0 3 (10) 4 (15) 2 (5)  2.64+0.033
N8 4 (15) 3 (10 5 (20) 5 (20) 3 (10 5 (20) 3 (10) 2 (5) 5 (20) 5 (20) 2.13+0.008
N9 3 (10) 3 (10) 10 4 (15) 4 (15) 10 5 (20) 10 1 3 (100 3.17+0.035
N10 2 (5) 1 3 (10) 10 5 (20) 3 (10) 4 (15) 2 (5) 4 (15) 1 (0)  3.03+0.264
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I DPS 9.50 AR SRS Ee 45 AT ik 2 W B EA S, R
7N N3 B 141 tAtFAE W& i, HREA T FEA

Y=3.016391513+0.012714043862X8*X8+0.019780930551X1*X5+0.00001778
6379350X1%X7-0.0026122675136X2*X3-0.0011102708466X2*X5-
0.010748901373X3*X6+0.030113774706X4*X8-0.04632287114X4*X9

WK 3-9 Fias, ZEIAGFEAR AT R=1, HEHIMERE Ra=1, Bk
AT IR F=62499.91, &3 /KF P=0.0031, FlRbrEZE S=0, B 7R &M
Rif. RIEER 4 FH ¢ BIETHEH &K= rAtFAE 7% 77 (820 R /IMK IR
X4*¥X9> X1*X5> X3*X6> X4*¥X8> X8> X2*X3> X2*X5> X1*¥X7. M&EHR A AL
BHAER B BGHEZRHER, BT KT RMEER . IrEmRrm
A>T =R Dt 2 > H AR J > 75 2 IR+ A B IR> B @ > S B &
WG R IRt 2 > T Z R+ AR

# 3-9 WSINEEERR 1 51 L8 Bt B A [l A 43 AT 45

Table 3-9 Stepwise regression analysis results of homogeneous experimental design with amino

acids

AR (EUEES t for g {5 p-1E

r (y,X8*X8) 1 14535.02 0.0001
r (y,X1*X5) 1 19412.55 0.0001
r (y,X1*X7) 0.9989 21.2682 0.0022
r (y,X2*%X3) -1 3205.001 0.0001
r (y,X2*X5) -1 1107.858 0.0001
r (y,X3*X6) -1 19288.19 0.0001
r (y,X4*X8) 1 16794.93 0.0001
r (y,X4*X9) -1 56157.98 0.0001

TS [ 77 B HEAT AR 2R RIS B R AR & v H E R 20.0 mM, 4
ZIR 0mM, HER 0mM, HEIR 20.0mM, EHEEE 20 mM, FHEE 0mM,
AR 0.8mM, BAAEMK 20.0mM, FRAMKR 0mM, RAZE 140mM. b5k
1N B K I rAtFAE Bi% /108 4.33 U/mL. AT X IBZHA 2.64 U/mL, ¥R INg Ik
W2 S S 13 T 64%.
3.5.2.3 (I ALEEN g IS ) B
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PAR IR BLEEAE A%t A, 1. 5. 10 mM Ll AL EE s 0 &0 i /14 (2 3k
i 2R 10 mM N, BgiE /) JFaR AR, Hodod LWL N &y 10 mM,
S5 RN 3-2 B . 10 mM B LLZLBEVS & T 1Y rAtFAE Bigis /)08 4.540.14 U/mL
BT RAINLZLEE RS 4254022 U/mL, BEE MRS T 5.9%, 455801 3-
2 FRo

2w
o0 [=]
1 1

fifiE 71 (U/mL)
P N
o (3] = (=}
L L L L

w
o
1

o
(=)
1

0 20 40 60 %0 100
HeFE (mM)
3-2 (L BEEE R 5 S 7 AR

Fig. 3-2 Effect of sorbitol concentration on enzyme activity

3.5.3 ELHERE GS115/NpXYL-rAtFAE 15 L KB AL BT 2k
3.5.3.1 minfirE (15%-85%) kI B 4 g 3R 1A = 152
(1) HREERL
T b H T T R 52 BE S N 300 mL 50% H- i I B, T A4 B 0 K s
m T S SRR E, FSAEE G=12958 g/lL. HEES G HIAEKES,
75 SR s 1) B AR T VA R IX (A 15%-85% 2 [1], i S Al RES: T4 78 h, &%
P HE G A 280 g/lL. HeERuKE 3-3 fis.
300
250

200 4

(g/L)

150 -

1004

i

50 4

04

18] (h)
Kl 3-3 kBt AEiE B ARk i 2k
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Fig. 3-3 Wet weight curve during fermentation

(2) FELHME 1 M A AL

FEN AR E G o 129.58 g/L, fx i HEEHE N 7.5 mL/h/L, B2 KL
o % rAtFAE 5 rNpXYL B3 /173719 8.05+0.2 U/mL. 436.32+7.11 U/mL,
HEWE N 477.97£7.11 pg/g, 4R NK 3-4 iR

109

= 500

I FAENGS I 500
I xylanase
FIRIE
F 100

. F 400 =
g - £
= ) £
~ I 300 = o
o ~
= = I :um“-l:
g ! i |
= 200 % =
= ¥

= 200

-0 = 100

24 3

18 60

‘\I-T [i1] (h)
K 3-4 RESIFET rAtFAE 5 NpXY L BEE 71 J R A& AR il 28
Fig.3-4 Enzyme activity and protein content curves of rAtFAE and rNpXYL during

fermentation

3.5.3.2 {RIAMRA (10%-40%) K EEXTEE (715 & 1 2 m 46
(D BB EA
R 2H B VA FE S R P T B B B A UG K, ZEIRUIN 300 mL 50% H- i Bt
PRI K B IP E G=209.15g/L. HEEFE 5 1 R E g8 K. 5%
IFRFSE T 20 121 h, REZZERIIEE G=311.26 g/L, 5 uikE 3-5 Ais.
350

3004

0 20 40 60 80 100 120 140 160 180
i (h)
3-5 M R AT AR AL

Fig.3-5 Wet changes in the bacteria during fermentation
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(2) EMAME IS BEASRETL

F I IAIRRSE T2 121 h, REESS R H rAtFAE 5 rNpXYL B /15
4398 17.38+£0.34 U/mL. 952.01+20.7 U/ mL, 2HMAWKE N 653.42 ug/ mL, I
REES TR 1 rAtFAE 5 rNpXYL BiE 1 5 & A &=k 3-6 B,

= 700 r 1000

I6F [ FAERS L) 600
[ Xylanasey i 11 L 800

@

XylanaseB§ i /7(U/mL)

600
~ 400

FAERE /1(U/mL)

+ 200 L 100

HHKE (pg/mL)

=

]
iF o 200
1
2

= 1o

0 20 A0 i) 80 100 120
IFF ] (h)

B 3-6 KL FEH rAtFAE 55 NpXYL BiG 71 B A & = A8 (b i 28
Fig.3-6 Enzyme activity and protein content curves of rAtFAE and rNpXYL during fermentation

3.5.3.3 G JE T H A B A K 1 R

A5 FEI LI £ 2 2 o s ot 4 B A TR P LB AT B TR B, W R R AR
HRIR N 264 28, 30, 32 CIUMNANEISFAE, & 12 h BUREAS TN A W A v )
WA E . A S

(1) ¥ P o) B 2H o B A K

45 I s H R 5 T 1 P A E KRR, 50 mL 50% H i i 2 5 FE G
BE5'F. FAT 26, 28, 30, 32°C N [ =y W AAE E 733l 103.4. 156.8.
210.6. 186.3¢g/L. & 3-7 flun, 45 REWRIEKIFIRE N 30C. £ 26, 28,
30. 32°C FHIE WA E 437 179.2. 239.7. 266.6. 209.3 g/L.

300-
-

200 ~

BE (gL)
I
(=]

100 4

50

0 20 40 60 80 100 120
IRF (1) (h)

B 3-7 AR AT T B AR
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Fig.3-7 Wet weight of bacteria at different temperatures

(2) IRt 2 B A R R R

ZEREIRAE 26, 28, 30 32°CHKAF T RIS IR B it AL 30CHRMET
NEKAME. 1E26°C. 28°CHI 30°CoxAM N H rAtFAE A4 (UImL) i K1E 7>
WA: 17.10+ 26.20. 28.98. 25.2, 1 3-8 (A) Az ; rNpXYL KB HAL (U/mL)
BOKAE S : 923.40. 1414.8. 1594.42. 1348.2U/mL, 4if 3-8 (B) AR, 45
RFRW], 1E 30°CREEFM: R rAtFAE F1 rNpXYL [ B BT 159 M 3 5 o

A
32 - B
1600 4
28 -
1400 4
~24 4
E 31200
5 E
2 20+ S
= = 1000
16 R
o M2 8004
P c
] < 6004
= i
8 - 400
41 200
0 20 40 60 80 100 0 20 40 60 80 100

(A (h) 1) Ch)
K 3-8 AN[RI AR EE T I rAtFAE Bigii 7 (A) A1 rNpXYL BigE 4 (B)
Fig. 3-8 rAtFAE enzyme activity (A) and rNpXYL enzyme activity (B) at different fermentation
temperatures

3.6 AE/NLE

KRECUREARAC N 3, 2T RO R B R e 2 o it AT Ak, 151
RS 20 B 1 R B R AT T AR, BRI R RSN T 15 L R
BEGE R AT T s R, ERESIRWT

(1) 7£ BSM ErFpE5LAih Byshn 7 BeEkky . AR, BiiRER . IR VA
Ui, 5] SEIR s R R O BARE A /W RIk AR, iRAE S 51 St il
WAL B ECR ) rAtFAE BETE 7108 2.76 UimL, 1 10 FRa &L i A HE
M. HER. FIER. BERARLEIR 5 MBI HirE AW RIEHE
H, 5K rAtFAE B§i% /179 4.33 U/mL.

(2) 15 L R EEFETOR T2 AR SR FH 07 i S84 11 SR b, 7E i VA (15%-

85%) MM T, HSHEEN 12958 g/lL. i FIAHFLE T4 96 h, HAE
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H 4 228.09/L. MTERIRIEME (10%-40%) 5H|5HF, % ST E N 209.15
g/L, W FIFAIRFLE 749 121 h, 4@ E N 311.26 g/L, H rAtFAE Fl1 rNpXYL
fiff % /7 17.384£0.34 U/mL. 952.01+20.7 U/ mL, PRI RIS BT T mE
fiR B A TS (rAtFAE, 8.05+0.2U/mL; rNpXYL, 477.97+7.11U/mL) ,
AT SH 5 A SR A 5 i E IR VE Bl Y (109%-40%) AT rNpX YL T rAtFAE [

(3) KRR R BT IR DR B 15 L R R, 0 R AT TR
b 25 TR i@ R IR FE N 30°C, 1 262830+ 32°C 2614 T (% /1 rAtFAE
filg s f i KB 3 BN 17.104 26.20. 28.98. 25.2U/mL; rNpXYL fifi% /i KMl
439 N: 923.40. 1414.8. 1594.42. 1348.2 U/mL;
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ENE =20 B AR Aefe 7 f ZREL 5 % T AY R A
41 515

BIEEER (FA) f&—F ) iZ /A0 TR 4N BE o (0 32 5L R RR AT AR, T LA
WERRE Gz, K. FK) hEsEFEt?, Ho 745 b mm s iem
J R L A 3 FL SRR I A I, e Rt B ), R 2 ht A 120, Aot i
P B R T REA R USSR DLt S LN E . SRTAT, E SR A2 90%11) FA
DA A0 T 20 5 BT R A A B 4128 (Arabinoxylan, AX) SRl e I mm s &, T
5 I 200 M BE AT TR I 2 1129, 1300 S e (R SR /N2 N I R LRI =), AR = =l
it 1.5 42m, HAE S BTRAARRRE (5T H 20-30%) 1 FA (£ 3-5mg/g) -
SR, BRI AR S AT YE R AR R AR R Fo@ I LB (R
Bk ) FIAESL A B (& BiKAE D ST A, H4 B SR 3 o e (120, 131,132

A DB AR R e e . B MERNER ST A B AR G
BRSNS . X —BORERE S, XYL 5 FAE R FEIE 8 2 AN R B &
A FA MO BRI, AR B i /K SRR H A0 A S0 = 5 1 B-1,4-AWE 4,
MR 2 4 iy SR I S, AT SE IR A LR 2 RO T SR T AR ;. FAE JUIHE
SHEVIE FA 5BTHADREZ AR, RO A FAR,

171 A B S P 28R R B T FA IS BEAT AL, 0 SR rAtFAE 5 XYL R
A SO R F ) 28 R FR FA, R rAtFAE 5 rNpX YL il 380k 2 A B R A ol
BHB FA, IR RBOERETHRE . pHy BRREE =N EXT B FA #8414
BEAT T DAL A SRR
4.2 LIEME
421 FENFHE

FEAARF 2.2.2.
4.2.2 FZRH

HAR rAtFAE (8.17 UImL) Kl &2 5 &, FHARS rNpXYL-rAtFAE

(rAtFAE 17.38 U/mL, rNpXY 952.01U/mL) %S HHE =%, & Tiip+

B, RERER (10 7 Ulg WH ks T AR i m AR AR, AR
ST HoARFESRRAAIF 2.2.3,
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43 LWHE
431 KRR

MRECE BT Rk, 1 20 Hifikide, #%1:30 (viv) fiik, &k 2h, AH
FEEERE, LS TKEDE 4585 1010 (viv) JIKIEAT . InA R
TEMEE (RAIREAN 25 UimL) AR AR (BZ9KE8 50 U/mL) , 3 pH
2 6.5, 55°CIEIRZKIRHEFE S RL 4 h, il I FH 25 B8 7 /K IEE 4-6 IR, HREMK,
T 50°CT i (50-80 HD .
4.3.2 EAREG rAtFAE 72 R ERER I & RO R A
4.3.2.1 IR FA B (1) 50

FREL 1.0 g BRI IR B, IS 26 A4 50°C. pH 5.5 (NaHPOs- TR
ZEM, 25 mMD | B EE 1g/25 mL. 7E_FIR R BiAAR R R0 rAtFAE (50 U)
XYL i il (300 U KHFRAEE. Lhsni KEGFEA IR, 1 h BUREIE
WK 10 min, 4850 JEE MFRE, R HPLC vEIE FAMREE, DLRE BiE X
JSZ I ]
4.3.2.2 BRMIASINEXT FA BRI

DA I B E ) I, B 1.0 g 2K Bz, [ B 2% A% 9 50°C. pH 5.5(NazHPO4-
FHRIR 2B, 25 mMD « BHEL 1.g/25 mL. 76 3K s BidA 28 43 SR N rAtFAE
(5U, 50 U) , XYL pidhl§ (20 U, 200 U, 300 U) LA FFHEEIIASFZA A,
4h,  DARFEFE AR 53 04 B0 R4 FH 6 2k R FA R T A 52 T
4.3.2.3 HOHA S

F I #44 Design-Expert 13 315 & (45, 50, 55) . pH (4.5. 55, 6.5) fl
BREEL (1715, 1/25. 1/35) 3 MR HAT LA GBI SES, DRI EE I S B 5%

PEXTER B FA BRI
4.3.3 ELAfE rNpXYL-rAtFAE £ ERES & P AR
4.3.3.1 J ISR FA R TSR (1) 521

FREL 1.0 g Bk, SN ZMEAN 50°C. pH 5.5 (NaHPO4-F7 B BR 22 i, 25
mM) . BRELEE 1 9/25 mL. 7E B3R OB & 43 mlids il & 5 8 E rNpXYL-
rAtFAE (rAtFAE 50U, rNpXYL 2750.12U) . 7 EiR &M FikAT M, LU

50



730 MR EPNE 2TR n VAT 'S

REFREA XTI, B 1h BURE I &9 KB 10 min, 285500 J53& 430k, FIH HPLC
RIGE FAWREE, DUBAE BN R4 k1 FA BT R R0
4.3.3.2 FEMIRINEXT FA BRGS0

DL K S R AE X IR, B 1.0 g 2k, |8 26484 50°C pH 5.5(NazHPO,-
PRI, 25 mMD  BHREE 1 9/25 mL. 7F _b3d Nk 2 Hb 43 S R s
A& RIAEE INpXYL-rAtFAE (rAtFAE: 1. 5. 10. 20. 50. 100 U; X[
rNpXYL 4 54.2. 276.5. 563.5. 1115.9. 2846.8. 5482.1U) , & 4h, PUER
Rl IR B U ER R FA RETSCE 5E)
4.33.3 HOLHA L

FI %A Design-Expert 13 X1 & (45, 50, 55) . pH (4.5, 55, 6.5) Al
BHEEE (1715, 1/25. 1/35) 3 MNRHERHAT LA ST SER, DML bRElGRiAE
H rNpXYL-rAtFAE X £k Hz FA BEICE 5200 .
4.4 FIRFAEA
4.4.1 FA 2 =HIE

7 2.4.1
4.4.2 REEVERGESIHIME

7 2.4.2
45 HBR5R
4.5.1 EHE rAtFAE 7P ERERH & P RIS
45.1.1 RIS AN FA B (1) 50

L6 45 LR RAE S IR rAFAE. XYL T & Bl DA% 95 b g £ 445 52 36
FA (R BCE I BE A I A FORE K B, LT 4 h JEik Bkl Gl 4-1 fr
718D o T BRI XY L i ot BB G FA BRI O 753.59 pglg %k B2, B ] rAtFAE
() FA B0 515.27 pg/g #kB, MAEPIMEFHIAGRK T FA BURBUE R
N 1105.81 pg/g Rk 45 R I TEMG AR AR R FA IR AR, b g B AT Ll
Rl FE A/ T BOR
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1200

1000 4

800 4

600

—&—AtFAE
—&— xylanase
—h— rAIFAE +xylanase

FABE (pg/g Bran)

400 4

200
] Ch)

K 4-1 FA BRI A I 1R 022 1k
Fig.4-1 Changes in FA release over time

4.5.1.2 FRMIASINEXT FA BRI

SRR rAFAE 5 XYL i s BB AR F Sc8e dr, BEEIREEMIE N, FA R
JEALER I, H rAtFAE (50U) .« XYL @ dhfg (300U HiFEIVER R FA B
JUEIAH] 1105.81 pg/g #KRE, WFK 4-1 o, 4REEH] FA BURICE S5 Mg AN
BRI, HAEWMERRARES ET FA BBRE R T ARy, 2t—

AUEW] T PRI B B B P FEH
K 4-1 REIREEAR TR rAFAE ST FA B F52 0
Table 4-1 Effects of different concentrations of xylanase and rAtFAE on FA release

BT 71 FA BIlE (ng/g B3
XYL i dnli§ (100 U 423.67+24.91¢
XYL FE sl (200 UD 658.02+18.5¢
XYL i dnli§ (300 U 776.35+30.03¢
rAtFAE (5U) 348.09+25.1"
rAtFAE (50 U) 515.27+18.64f
XYL i 5§ (100 U) + rAtFAE (5U) 551.91+26.89"
XYL i (100 UD + rAtFAE (50 U) 681.45+34.7¢
XYL 7 & (200 U) + rAtFAE (5U) 865.65+24.82¢
XYL i (200 U) + rAtFAE (50 U) 985.50+39.41°
XYL 7B (300 U) + rAtFAE (5U) 965.65+24.6°
XYL B (300 UD + rAtFAE (50 U) 1105.81+28.47°
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45.1.3 FULH G LT FA BB F M

2 XYL & AH BN & 300 Ulg %557, rAtFAE M INE A 50 Ulg 2k 57, SR )G
PEHUIR E . pH AR EE 3 AR IR Design-Expert 13 #E4T A0 20 &%, BA
Ak FA B REAHI T2 L FARBBCE A NAE AT AL, &R sEt 4

LRI 4-2,
#* 4-2 MR FA BRI R S 45 R

Table 4-2 Experimental design and results of FA release optimization on response surface

i e e o C: [ FA B/
SIS S A: W@E (°C) B: pH (gmL) Cuglg $EHD
1 45 55 25 1670.99
2 40 6.5 35 1798.17
3 40 4.5 35 1826.79
4 40 6.5 15 1408.75
5 53.4 55 25 1781.68
6 45 7.2 25 1611.15
7 50 6.5 35 1814.2
8 50 4.5 35 1805.21
9 36.6 55 25 1656.49
10 45 55 41.8 1840.92
11 45 3.8 25 1557.25
12 45 55 25 1740.92
13 45 55 25 1724.36
14 50 4.5 15 1418.63
15 45 55 8.2 1326.67
16 50 6.5 15 1495.73
17 45 55 25 1754.62
18 40 4.5 15 1384.13
19 45 5.5 25 1748.36
20 45 5.5 25 1722.86

X2 4-2 1 FA FRTECE (4 Design-Expert 13 #4777 2243 4t 5 [a] I A 70 4
S, GERRBER LS FA BRI K, HUGEIRE . pH, 58 aPring
4-3 Fi7R

® 4-3 AR T 22 o0 A
Table 4-3 Variance analysis of regression model
T3 7 KR P 7 A H A ®77 % F-Value P-Value
Model 5.072E+05 9 56351.31 48.65 <0.0001**
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Hik 4-3
J7 72 HKVR FJ5 AN H ¥ % F-Value P-Value
A-1RE 7804.51 1 7804.51 6.74 0.0267*
B-pH 2184.88 1 2184.88 1.89 0.1996
C-E Ltk 4.225E+05 1 4.225E+05 364.70 <0.0001%**
AB 1014.53 1 1014.53 0.8758 0.3714
AC 2017.08 1 2017.08 1.74 0.2164
BC 1840.73 1 1840.73 1.59 0.2361
A? 194.81 1 194.81 0.1682 0.6904
B 38023.25 1 38023.25 32.82 0.0002**
c 38235.53 1 38235.53 33.01 0.0002**
Residual 11584.02 10 1158.40
Lack of Fit 7009.91 5 1401.98 1.53 0.3254
Pure Error 4574.11 914.82
Cor Total 5.187E+05 19
e ORI, 7 REE

R r2=97.77%, P<<0.01, {5 P>0.05, VB iZMAE A5, @it
BALG , 433 me A 550 R R W kB TR : Y=1727.15+23.91 X A—12.65
X B+175.88 X C—11.26 X AB—15.88 X AC—15.17 X BC—3.68 X A2—51.37 X B2—
51.51X C?, HrY i FABE/ (nglg #52) , A NIRE (°C) , B A (pH) ,
C NEHEEL (g:mL) . H1 Design-Expert 13 44 xf 12t 56 55 5147w )37 181 & (K 21
ZE R 4-2 FioR,

FARECE: (ug/g k%)
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1300

FAR R (ug/g %k )%)

45 35

65" 15 *’I‘?&_ k.
B 4-2 i

Fig. 4-2 Response surface plots

i#iL Design-Expert 13 FEFor At SEIGHEATALA TN, 15 H B0 FA B
Ay R 46.8°CL pH A 5.7, BHRLELY 10/34.7 mL, ARAE T Tl &
£ FA B8R 1850.81+34.75 nglg #k % . fERAFAE TEAT 5 RCPATIE, 3R
73 FA Bt 1831.15+26.05 pg/g k157, A& TMI{E 1) 98.93%, 5 FiilifE £z,
EWNZAE ARG AL B, T &45 SR T 52
45.2 ELHEG rNpXYL-rAtFAE 72 E8E4 5 % 5 B9 520
45.2.1 JJSINFIADGT FA B TECE: 1R 50

81 HPLC X J NI FERR ) FA BEAT RN . 25 nfs] 4-3 iR, HT4 h A
FA MIREBCE AR UERGE, TMiR&RIAEALE 4 h ZJE0 8k FA RO A
BUR

1400 -
1200 4
1000 4

800 4

FAFEIUE Cpg/g Bran)

600 4

—&— rAtFAE
—o—rAFAE+XYN

400 -

i 2 3 4 5 6
B (h)
K 4-3 [ M E]GS FA BT IR

Fig.4-3 FA Effect of reaction time on FA release rate
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4.5.2.2 BERITNINENT FA BRI

ZERERN 1 U MBS EREEAMAZE, FARBERL, 2 rAtFAE i
TEIERTHE] 5 Ulg %8 (rNpXYL, 273.5U/g #k5%) , FA BCR K KT
2 rAtFAE BEE A 5 U 3 E] 100 U 1), k52 FA BREIE K 2218 . fi& rNpXYL-
rAtFAE KBS DA INE 50 U 561N, &k FA BEICE N 1193.27 pg/g %k

B, SRR 4-4 PR
R A4-4 AR LR G FRILE X FA BEIBCR AR

Table 4-4 Effect of different concentrations of fused proteins on FA release

NpXYL-rAtFAE (U, AR ZERR MR i FA Bl (pg/g k52
AR )

1 467.77+26.13¢
5 811.36+18.5¢

10 976.35+30.03¢
20 1148.09+25.1°
50 1193.27+18.64%
100 1198.91+26.89°

45.2.3 HULAA LN FA BRI R20

W IR SEEG H B AR rNpXY L-rAtFAE BiE 17 In & (rAtFAE 50 Ulg k77,
rNPXYL 2750.12 U/g £k57) , 288 &2 e . pH. BRR L =AM
FOHATSEE:, LAtk FA B EAGE] % T2, DL FA BRCE A B 34Tk,

F R R SLI0 20 Je 25 - W3k 4-5,
#* 4-5 WA FA BRI R 5 4R

Table 4-5 Experimental design and results of FA release with optimized response surface

. C: [Ett FA FEiE/
SEIG P A: IRE (°C) B: pH

™ e P (g:mL) (ng/g B

1 534 5.5 25 1767.36

2 36.5 5.5 25 1657.3

3 40 4.5 35 1825.52

4 45 5.5 25 1724.26

5 50 4.5 35 1867.46

6 50 4.5 15 1476.11

7 40 6.5 35 1757.48

56



730 MR EPNE 2TR n VAT 'S

43R 4-5

. o o C: [t FA BT/
SEES RS A: B (°C) B: pH (gmL) Cuglg TR

8 45 55 41.8 1893.57

45 5.5 25 1721.66

10 45 5.5 8.2 1373.1

11 50 6.5 15 1550.71

12 45 5.5 25 1712.6

13 40 6.5 15 1373.26

14 45 5.5 25 1736.28

15 45 55 25 1728.34

16 40 4.5 15 1397.66

17 45 3.8 25 1501.49

18 50 6.5 35 1843.81

19 45 7.2 25 1497.55

20 45 55 25 1749.21

X122 4-5 Hh FA FUBICE {6 ] Design-Expert 13 #4775 25 2087 5 Al AR5 A 2
S, 5 RRBER LS FA B E M K, HUGRERE. pH, 45 R0drin®
4-6 FIi7s o
£ 4-6 [R|HFEIL) T7 ZE o Hr

Table 4-6 Variance analysis of regression model

J7 2R 5 H 7% F-Value P-Value
Model 5.314E+05 9 59049.91 73.48 <0.0001%**
A-IRE 23729.20 1 23729.20 29.53 0.0003**

B-pH 169.52 1 169.52 0.2110 0.6558
C-[E# b 4.119E+05 1 4.119E+05 512.59 <0.0001%**
AB 2570.09 1 2570.09 3.20 0.1040
AC 2036.18 1 2036.18 2.53 0.1425
BC 2516.60 1 2516.60 3.13 0.1072
A? 0.4812 1 0.4812 0.0006 0.9810

B2 81186.69 1 81186.69 101.03 <0.0001**
C? 11094.57 1 11094.57 13.81 0.0040%**

Residual 8036.20 10 803.62

Lack of Fit 7229.47 5 1445.89 8.96 0.0155*

Pure Error 806.73 5 161.35

Cor Total 5.395E+05 19

|

ﬂf “**”2%%*&5%, g 2%/\)%%

57



23 W N 2T e VAT DS

R r2=08.51%, P<<0.01, {5 P>0.05, Vil iZMAE S, @il
AT G, 132000 NAE 515 R R kB2 Y=1727.81+41.68 X A-3.52 X
B+173.67 X C+17.92 X AB-15.95 X AC-17.74 X BC+0.1827 X A%-75.06 X B?-27.75 X
C2Hrp A NI (°C) , BN (pH) , C ARHGEL (g:mL) . Hi Design-Expert
13 B oxr et L dh A7 e S 1 I R 2], 45 SR 4-4 Pl

FARS R (pg/g #R)

FHEEE

6.5 15

4-4 R B TH]

Figure 4-4 Response surface

18 Design-Expert 13 F A0 Aret segs ghAT AL TN, 15t BAr FA BlE
s R 49.1°C. pH 24 5.5, RBHE LA 19/35.0mL, AR AR T Tl £
£ FA iR 1895.09418.4 ng/g k% . TR A1 FHEAT 5 CPATIRIE, 3K
13 FA BEJE/ 1875.67 £28.39 ng/g %k 1z, A& TMIME ) 98.97%, 5 e T,
VAR AOREHEE =, TIN5 SR T 52
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4.6 REINGE

AT DLER RN EORE, SR A O A SR T, AR IR RSO AR R EE
W pH & SRS E . SRR, FI RS 3RIA Y rNpXY L-rAtFAE 584 7] LA
B F) rAtFAE FIRE i XYL L [E1E R &2k R FA RO . RIZERIH rNpXYL-
rAtFAE 5%k 2 FA AN BRSNS N XYL i,  BARZERanh -

(D R (FA) BBGSCREILE S, REM AR BEmH.
BT —RgAb A (XYL i 5ulE 300 U, 776.35+30.03 pg/g k% : rAtFAE 50
U, 515.27+18.64 ng/g k) , IRA IR R FA BJlE (1875.67£28.39 ng/g £k
) WERE

(2) FEMIFRM AT, @I NpXYL-rAtFAE Bl &RIEE AR, Bk
FA BRI EIE 2] 1875.67+28.39 pg/g. S5 AtH, rAtFAE 5 XYL 7 i g i[RI
FHIs, FA BEGEN 1831.15426.05 ng/g. I X} HIX P EHE vl 0, #E5 % FA
il 4, R rNpXYL-rAtFAE 5¢ 4= 1] LLA 3 rAtFAE 5 XYL & B2 & s 2
(R R
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FHE EHEHMRIROISAER K ZERRPAINA
5.1515

S (Astragalus membranaceus) fE RS2 HTEY), HiGEMHBT M EZ
W (APS) BRI, Bl PR G T lies 52 ke, SR, AR giHoK
RARIEAPERCRAL . FERem . DR 2 M 08, A= m RSN
BHLERIRE, PREIFIRRB LS, JreEsk, 3T AR AR NS IR
PSR, IR ) B AR AR A ML RE 2R Sy, SIS A0 I R R
B PRI, HEEEANMEE R A (A4 K- AP 4 R - KRR Jx FA %2
B X R MR BCR R R B, TR 2 BE T RIE F AR R LR B A
o

LA R ol SR RNIVE R AL, CRA R (WIRSENE @i FA i
PSR PR R AT, M RREUE BRI, R (N4 REE) RER i
MLFYEZR B AL, (00 FA TP A R- KRR E S HRIEHAR, SRR
BERA R, iR, FAE WS MK R 2 4R 3R 5 K U ER AT FA B
G, RRIRATIEGE, R ERERE (XYL) MZF4EZEE (CEL) R4 &
M, AR (LAC) il S AT R AR R A, WM B [ i
A W= JBU A 3R - 20 e g 2 0K s Rz 11400
5.2 SKIRHHY
521 FEMNFEHE

A 2.2.2
5.2.2 EE#HY

WY, WA RCEEEZA (TR ARAF; HAFEsiil
I 2.2.3.
5.3 LW HIE
5.3.1 EEKZHENETEETRE
5.3.1.1 BB ZIELE

KSR EY A, ARSI 40 HifEHER ARG E T

60°CIHIR T/EAE T 2d, HEWHKKMER, ¥ pH5.5 KX E 77K 50°CHH &N
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ANBEM S ERE L (1g: 156mL) S5EIRA)EE T 50°C/KEH B 2 h
JaTHR A 85°C I 4 h, AEE=IE, 8000 rpm. 10 min E.LE EiE, 30
N 4 AR FR ) 95% 2 BT iE L 7% . 8000 rpm. 10 min B0 75 3 (T i B s
WEHE. FRDUKIES S 2R E A IR, TR EA RO 2 REE R,
5.3.1.2 £F4E Z BT B 1 2 B B B

SRR T 4 2R B AE 38 R 2 MR IO s, B AR LR 4E R (0L 5.
10. 20. 50. 100. 200. 400. 500 U/g ¥tk ) AR TN 15 1< 2 Bl HUR R 2 0
SEISAEARIE RN 56 AF N AT RERAC TR, R IHT = IREE, DURMS NS4 R A
XTI, DAk g RO 2 MR TR B s 25 R
5.3.1.3 R ERMHE BEX 2 T 22 WE IR B i

NARFE XYL 1 S B 7E 2 B D IR SR Uik S b (R e, TEAS DN IE B2 4 4 3R
(100 U/g BT k) IS Mgk R, 4RSI AN R BE 1) XYL B st (10, 50,
100. 200, 300, 500 U/g BEECHT) o HEARISIABEBGIE R, PEAE AR
T R MR HCR MM 45 R
5.3.1.4 RBEX T R 2 HE SR UL

AR BB E 2 B P R PR BB B 2 Wl b s, AR SO 7E [ e B 2H 4 (44
F Y 100 U/g 3E 0 . AZRBERG 100 U/g 5K MIRET, IRIASRIR B 1%
i (0.5, 1. 5. 10, 20. 30U/g BEEEHR) o SEIAERRME I N6 1F R kAT, FRAHSE
AT =R E R . AR IREEVE A IR, DPAS EEEA I S 3  2 BE IR BCR [
FALEAT
5.3.1.4 FALMHF rAtFAE X 5 16 2 B LB I

JEA T A rAtFAE 7535 2 WD I SRECT IOME R, TERRERR IR R A4
Z M (100 U/g FHEEH) « XYL i dhfig (100 Ulg k) g (5 U/g 3 B8
Hub B, WINE4 rAtFAE (0. 1. 5. 10. 20. 50. 100 U/g BEEH) o SZIGTE
PSR AT N IREAT, R SEIR AT =R E R . DORESIN rAtFAE Jyxf
5.3.1.5 L rNpXYL-rAtFAE X} 3% 1 2 B BU i

TG B AL rNpXY L-rAtFAE HTR I1E0 380 10 2 MR R B 52 md, X B
il INpXY L-rAtFAE s INBg SR 7T . Sga i 226055 8 € 7 s i 2R 4E & 8§ (100 U/g
B SR (5 Ulg 3R, BREESINEE T rAtFAE B /7 1) B 20 rNpXYL-
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rAtFAE (1. 5. 10. 20. 50. 100U/g FHEEHR) o SEIRTERRUEIL &M R 4T,
SIS HAT S IRE R
5.4 SthaE
54.1 REERNE

KW-FRlRVE: BCH] 0.1 mo/mL & MR AER, BEEEMIBE )y 0. 20, 40. 60,
80. 100 pg/mL HRFIKAE. &H 1 mL ARy, DO 6%V 1 mL, A5
mL IREEES, (IR RGOS E =R E 30 /8. TRIMr LT 490
nm WBOGAE R INAS B E B 2 H A P AT, SRR TR A R

[(A1-A2)XK+C

1% 1000
MXxt

e Xe FREBGR R ARG IRE 77, UimLs Ac: B SITRIGROGHE : Ag:
BEZS AR EE: K bRiEIZRIIRIR; Co ARAERIZRIERTE; M. AHE I B IR T
&, 150.2g/mol; t: N EFE, min; 1000: 3%4LKF; 1 mmol=1000umol.
542 BREBERUERE

490 nm R B SGAE AR H S B EE po/ml, TEFEREAT L, FREL 1000 77
| mg/ml, e RAAF, BRUARMAEERERE (¢ .

CXNXV
W = 22 < 100%
1000xM

X =

A W RRHTEZ PR mg/mL; C i bR 2k 505 10 s pik g, ng/ml;
V FORIRBORAARL, mL: N RRMREAE: M R EREICHRRE: 9,
1000 & pg 5 mg 2 [A| AL A5 50
55 HR511HL
5.5.1 SHEARERZ

FH 36 B e S S &, IS 8 IR B 5 IOGE ¢ R Ak 5-1 i
N, HHA R R?=0.9998, RIMG R, WUAHEE AR S EITES
PrAn v EAEH
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I YA (A490)
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I
t

T T

T
10 20 30 40 50 60 70 80 90 100
7l & B (pg/mL)

Kl 5-1 Fi & bEbrAE 2k (ug/mL)
Fig.5-1 Glucose standard curve (pug/mL)

5.5.2 FH R RE LRI
SRR IR EM 10 U 272 100 U B, B2 WS R 2LMEEK
R, RINER 5-1 o, ABEE IS INE 100 U, AT 2 MR R RN INE
BT IR L1 2.4420.07%THE 4.1520.11%, AalEPEZ D M 4.2640.10%
BNZ 7.120.16%, S8FIE 11.16240.22%. WNIIEHT 100 U 2 )5, WKL
PEIPEROE A AR . AR EIR, N4 RN T 24 S 2 HE R
251 LT YR TR I X 3 08 22 R IR 1 B

Table 5-1 Effect of cellulase addition on the extraction rate of Astragalus polysaccharides

YERME (U SR (%) AR RS ORI (%)
0 2.4440.028" 4.2640.08°
5 2.6640.067¢ 4.7240.11¢
10 3.1440.07¢ 5.34:40.09°
20 3.5840.067¢ 6.7540.18"
50 3.92+0.036° 6.9240.122
100 4.1540.012% 7.0140.06%
200 4.1340.088° 7.0940.26°
400 4.19+0.0522 7.0540.182

5.5.3 REHEIEIHEK ZERNE M
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£E R EIR 2 XYL BT Sk B 50 U I RUR B, WiEk 5-2 FoR, SXHR
AL, T2 HE R EUR M 4.5620.10%3E T+ 5.1940.12%, AsAJ AP HE [
M 6.9240.16%38 IS 7.5620.18%, o ZHEIFHR N 12.740.22%, ANINE#ET 50
UG, *EREEHITRIE R .
42 52 A TR () 7 08 215 2 IR DU ) S

Table 5-2 Effect of xylanase addition on the extraction rate of Astragalus polysaccharides

XYL & fnfig (U AR (%) AFEZHE IR (%)
0 4.1140.13¢ 7.2630.11
10 4.3640.09 7.7240.25
50 4544007 7.9430.292
100 4.6840.16° 8.0240.182
200 4.6240.08% 7.960.122
500 4.65+0.15 8.0140.06°

5.5.4 REGFEEK SR

AN e G Sy (AF4EREE 100 Uy AREBERE 100 UD [R5 35 508 Fh i
INASF M (103488 (0.5. 1. 5. 10, 20. 30U) . £5RINE 5-3 fin, HiEEEA
INESETEZ 5 U BRIV 2 R IR I A (. 5X IRALA L, AT 2 B4
LR 5.27%20.11%4% T+ % 6.0140.13%, Al vah B[R M 7.3420.17%1H4 i
£ 8.24%0.19%, 5L HHERIA 14.3440.25%. HINEBEL 55U Z )5, XfEKE
PSR B A AR

2 5-3 TR VRN B B 2 MR UK R

Table 5-3 Effect of laccase addition on the extraction rate of polysaccharides from Astragalus

membranaceus
Bl (W) AR (%) AFVEEZ BE KA (%)
0 4.67+0.09° 7.9940.24°
05 4.740.13° 8.2540.18°
1 4.8340.14° 8.4140.35"
5 5.3240.19° 8.9740.222
10 5.3240.27° 9.02490.27°
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43k 5-3
EH (W AEIEZRE (%) ANFIEPEZ B ST (%)
20 5.384).18 8.9940.21°
30 5.354).122 8.96-40.212

5.5.5 EHEE rAtFAE X HREK ZHERIENZN
g RS R N INE BB R A 4E R (100U « XYL 7 5l (100U) K g
(5U) , HILIREARINMEL rAtFAE (0. 1. 5. 10. 20, 50, 100U) . £5%4n
F5-4FT7R, 4 rAtFAE N &N 0 U8 % 5 U B, AT A 2 B HEEUR 1 5.4140.13%
femE 6.1240.15%, AFVEVEZHEFED N 8.9240.21%IG £ 9.7340.18%, L%
PEAFHIA 16.1640.27%. 4 rAtFAE ST 5 U Ja, X2 SR EUE I A

AT
2 5-4 rAtFAE IR IG5 B 22 WEER IR (1) jE i)
Table 5-4 Effect of rAtFAE on the extraction rate of Astragalus polysaccharides

rAtFAE (U) EEZE (%) ATIETEZHE ORI (%)
ou 5.440.13° 8.8540.18°
1U 5.56:4.14° 9.02+40.27°
5U 6.1240.192 9.7340.16°
10U 6.3440.272 9.82+40.272
20U 6.3840.182 9.7940.21°
50 U 6.3540.222 9.7640.212
100 U 6.3540.162 9.8540.21°

5.5.6 E4AEF rNpXYL-rAtFAE X R E ZHEE RSN

SR OORMESEARMEN 1 U BE 5 U K, AEMEZRIRIE S
3.1240.09%742 F+ 28 5.4740.15%, AN 0] V1L 2 BE M 7.2540.18%3% 11 52 9.0340.21%.
£ 10 U FR B A B0, A7 M 2 43 55 8 AT i 1 443 B 3R R 4 il o
6.5820.17%701 10.1640.24%, & ZHEfFFIL 16.69240.31%, &5 KUK 5-5 Fir.
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* 55 MERIEEARPEIEEZHE

Table 5-5 Fusion expression protein extraction of Astragalus polysaccharides

rNpXYL-rAtFAE (U) AEEZRE (%) AT 20 SR (%)
1U 4.8640.24¢ 8.5240.17°¢
5U 5.9240.19 9.3340.36"
10U 6.5320.35 10.1640.21°
20U 6.580.28 2 10.1940.192
50 U 6.4530.172 10.080.272
100 U 6.5520.232 10.1340.262

5.6 KE/NGE
ARE M T IAIFAE 5 XYL-rAtFAE filt& 215 8 AN T3 8 2 HH
PEE R
VT A 2 0 RS 2 BB RCR (K5, RAR 7R F GS115/rAtFAE TF%E
TR A 70 A P 2 2 e R R TR B CrAtFAED 5 7 b A AR BRI (XY LD @47 B [FIFE
H G ARG S AT V) A 250 . B S B REE LR B 7. 4R
g (100U) . F&h XYL (100U) . &Eg (5U) KEA rAtFAE (5U) . S5
TEARA R B AF N HEAT, 18I =2 B S0 IE IR . SRR R, &
ity Bl 7] 7 R 1 35 16 2 B R PR BURIA B 16.1620.23%, b AT ME B 4L 43 5
6.34%0.11%, AN A % PE2H 59 4 B 9.8240.15% . AH T35 HR ZH ) s $2 UK 6.740.18%
(AIEPEZHE 2.4430.07% KA TTIETELZHE 4.2640.09%) , A SRS {8 S HUSR
TSI 2.41 fi5. 1 rNpXYL-rAtFAE @4 3RIEHE A (rAtFAE10U, XYL 553.9
UD 25 B [ 1 2 2 (100 UD R (5 UDAE T T YA 2 HE IR EUR A 16.6940.31%
(R[22 Bl 6.5840.17%, ATTIEVEZ HE 10.1640.24%) . 25 F R BRI A rNpXYL-
rAtFAE 582 1] LA Bl rAtFAE 5 XYL F i Bg2H & s BIE A ZUR . rNpXYL-
rAtFAE 1E 55 1 2 B I AT BLAS [ AN I XY L.
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6.1 &5t

()% HAL R GS115/rAtFAE K3l (1) H bR 1 rAtFAE JEAT 1 g2 10 5T
WHTC, 2% RGN B LA S8 Hridolt rAtFAE 92878 A Y FAE. J11%
rAtFAE 5 rNpXYL K5 pPICOK Jiikrid i 4> 5L K & il 72 SE AR BERE R iR AT T
Rl G RIA,

(2) XTEHE GS115/NpXYL-rAtFAE {5 FFEMN & B 75 3L 4 7 3T A
. IR AR AR IR S RN T 15 L R REEGE D, 885 2 i PP R A e 4
BT ZHHT T, 45 R SR RIE A (10%-40) T2 F BTS2 & T e i
S (15%-85) Z&1F R,

(3) 7£ rAtFAE N J7 PRI 2T 4E 2B . BRME . XYL 7t Bl b %k fz o
il %% FA. SR 2 PRSI M « FACR B3, 76 FIFE I OB Z& A RN rNpXYL-
rAtFAE, %5585 /R rNpXYL-rAtFAE 5€4: 7] LLE 2 rAtFAE 5 XYL i dhfig4l
AT RN R I RCR, RUIZERIF INPXY L-rAtFAE il 4 35 16 2 i A F 4 41
NI XYL .

6.2 AXEFh=

(1) ¥ rNpXYL 1EART AL S rAFAE 47 RLE 5 RIh#IE, E3E H s
B AREENFER, WHIR% T &,

(2) 72N 7T rNpXYL-rAtFAE @& RIEFIEE S rAtFAE 5 XYL i
AEEREAT R R, AR E W, rNpXYL-rAtFAE fli & RIA M B b & A AT LUk F
FAtFAE 5 XYL & il B PR W0 [RS8 28O, 9775 1 A g e e e 24 e 1) S B 5
FiR . AT AV AR 6 5 B Rt 7 4707 %

6.3 RE

AICK rAtFAE 5 rNpXYL T EEJREFBEh BEAT G 30E, (2N 7 R 2 1
FAB R 7 2, B B A M A M B VeI el AT, 4098 17 ik PR e 200 B )
IS RE T, AR AR AR L B 750 D Hh 345 i (i B D= Al 7 R 5 T g
(S ARARSCIBE S R R — AR, RS E R RN AW T

67



730 MR EPNE 2TR n VAT 'S

(1) AREFFALAE 15 L RKEFGEFIFRE T GS115/rNpXYL-rAtFAE & B fz il 1.
SHIBETE, Ja s AR/ EAE O, 1100 L. %1 100 L Bk 500 L & M
AT R IR 2R IT,  DASRAG Bl T R RS A e A 7= R 1) 1 25

(2) fERLHTTHAGHAT 1 S R MO AL, J5 28 nl il 72 K B REEAT K
PO S Y 9256, ASRAGS2n B IR 5 24

(3) AWFFACE rNpXYL 5 rAtFAE BEHATRL G RIE, J54Lnl %t /R R
VLB T T, BER. 4R TR A RIS,
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