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1 E: RRTHEBRRIBE Clonostachys rosea #9 2K 7 B BA/KMEEE (ZHD101) T AH K& g 54 R &) =
AR PR FE 2R KAEHIA (Zearalenone, ZEN), 122, ZBe AL T HEMK, RE T EAT L P
B, ®TAKMB ZEN R AR BAEG T, RESZHBE ML, KX A ZHDI01 HHEXEE, #A7HHEEME
THsEo R, @bt REBE T4 T3 A FAEMIME, HI 32 ANFMALE; FBidls 453 H 745
Fallt % B wAL T, A 32 AN FE B B4 608 N EAMEF R EAR T ikl 2 ARER, 2RBBIE, L34
R EAR NI56F. S194T #= T259F # A fkiB EA — AR BEWRA (AT>4 C), HEEFRSHAREMEEZEZ
(AasF B E A A4 95.8%. 131.6%F= 169.0%). 4T A FHEMSATE T, FH I MR TR IR 56T 464 A
MELF A NH-nER . BB ZTHASTFEAODERAL. ¥ I3INRERBTERALSE L, NISOF/S194T £ I
HR FH R TN (AT,=6.7 C). XRIAELPR T F4 KRR e fe B L EBISE MEE La-TiTH, &
B FR B A R B B Y Bl Bk R

2 BRREHIKREE, FHEK, EaFOHIR, 2 TR A FEN, EefRRE

Computation-aided design of the flexible region of zearalenone
hydrolase improves its thermal stability
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Abstract: The zearalenone hydrolase (ZHD101) derived from Clonostachys rosea can effectively degrade the mycotoxin
zearalenone (ZEN) present in grain by-products and feed. However, the low thermal stability of ZHD101 hampers its
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applications. High throughput screening of variants using spectrophotometer is challenging because the reaction of
hydrolyzing ZEN does not change absorbance. In this study, we used ZHDI101 as a model enzyme to perform
computation-aided design followed by experimental verification. By comparing the molecular dynamics simulation trajectories
of ZHD101 at different temperatures, 32 flexible sites were selected. 608 saturated mutations were introduced into the
32 flexible sites virtually, from which 12 virtual mutants were screened according to the position specific score and enzyme
conformation free energy calculation. Three of the mutants N156F, S194T and T259F showed an increase in thermal melting
temperature (A7, >4 °C), and their enzyme activities were similar to or even higher than that of the wild type (relative enzyme
activity 95.8%, 131.6% and 169.0%, respectively). Molecular dynamics simulation analysis showed that the possible
mechanisms leading to the improved thermal stability were NH-n force, salt bridge rearrangement, and hole filling on the
molecular surface. The three mutants were combined iteratively, and the combination of N156F/S194T showed the highest
thermal stability (A7,=6.7 °C). This work demonstrated the feasibility of engineering the flexible region to improve enzyme

performance by combining virtual computational mutations with experimental verification.

Keywords: zearalenone hydrolase, flexible region, protein design, molecular dynamics simulations, virtual saturation mutation
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ABACUS SR B& 38 1 G2 1T e it R BGHA TP 91K 1,
BN TEAMMIEE T ERREN, TnE
A3k 123.3 C. Goldenzweig 255 T ZF4 1t
XF L B RS B Rosetta WIHRIITF & T
PROSS HZhiitHEHmE, kit TH#4 51 1
AR 2 T NA R R i S AR R, SEPAETUAH L, %
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B: 010-64807509

M RA R 1, JFh ZHD101 USRS T
M FH B4 S At

1A

1.1 #R
L1 EHRS ER

Escherichia coli BL21 (DE3) k5 Fikzk
& pET-28a (+) Iy H Novagen 2~ H], T AKIREM
7K B SE R zhd 101 FR 7500 4 MER A= B A
B\ A A
112 EBERA

PrimeSTAR HS (Premix) = {#E PCR fiff, [R
il A% 82 N VI Hind 111, Nco 1, DL 10 000 DNA
marker X )2 Premixed Protein marker 3K H 55 H
EAEMHARARA . Bk DNA $EHGRAG & L
K DNA Ji [ eassn] & B 2 8k AR P Ho R AR
2wl BCA HE I B E i & W H B = KRAY)
HARARA T . EAFRERIAN H Sigma- Aldrich
Al WS CHE TS @O EGa, Hae
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1.2 7
1.2.1 4T3 5
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5.0.4 FEP WY TREE T TR OK BT
h, Bl FIgEE 2N 1.0 nm, KpFR
PR TIP3P BRI, # p M A A AU A AR AR
HAER MR/ NRIERE 2R E R 1.2 nmo BUAGET
] KB N 2 fs, K SH steepest descent Jy %P
XP &R G AT R B e /Db . B S G 1 velocity
rescaling B AR FHA RIEE , I+ Hff A Berendsen
SRR A L FERIE 10 0.1 MPaP, S AT
50 ns NPT AYRALGLAL N 200 ns NVT P, 3
ITXFEFAERY (298 K) Fl3ANSARMAGHI T 1 B 500,

<. cjb@im.ac.cn



4418 ISSN 1000-3061 CN 11-1998/Q ‘=¥ T #2244k  Chin J Biotech

J TIGICRFERIBEALYE, 23 5E NPT BALA [R] it ]
BARIEEAEAWIIR IS, JFBCE TRl R BEHLEL
Yo BUE 1 AL 2 RIRERLRD T 50 18 777
120 289 (BFAET), 160 866 1 115 386 (N156F),
291715 Fi122 903 (S194T), 5 934 il 24 158 (T259F),

M4 Barlow 25035 SO, SRR M TV B Y
IR (Glu B Asp) FRIRMR M iy A+
5 E A RER (Arg B Lys) BRI i) &R T
Z B BRI, 2 L BR8] )5 [ e /R
B/NT 4 A BRI R EEZ (AR R B AR AR

TEOr T8l D2t B v, BRI — 4l
x* A
proteins, DSSP) ZxFififf )1 LA Ao & A= 2 Ak
Horp B RROE BRI I S S FEAR R
FRAEVI IR A5 2R R T Ry RS BN I FR E
) Bk s 18 9% 45 A 28 Y o A AR ADL o R R A T R
A5, ARME— BRI RS R . AR G TR
T R AR SLAE R 4R A 4 P A M 2R B i AP L
v B ], B R S M (Posse
propensity of DSSP). {5 8 A Bl T HUR 8 R
T B FR L
1.2.2 W EHEITE

{#i Fl Rosetta Cartesian DDG % 45 4 4714k
MRS B HBERITE, DAVEAS B AR R 5 28 A5 R 1
FE R AL . B AR a5 5 3 4 ) 28 AR S A
19 R LR, RIS A REEEIE (AAG)
/N FOR BT 58 A A AR 2 Y. fif i FastRelax
WARTEH RR A A rp AL EY AR RUEE 1 BT, Rosetta
Cartesian DDG 7E FL VT /MR B2 (7 3 4% 32 3 1 i £
T W B A R AR 1 A T A S A (A
G 5B SR G [ B RE TS O kM L,
Rosetta Cartesian DDG FY 3155 3 B g B il F
TEABIFFE vh 280 22 50 75 18 )75 T 4 110 9 A8 BT AR O
B, RN T SR R, AT IR
AAG<-0.45 keal/mol 1E K i bk
1.2.3 BRI EE

A H NBCI #4248 5 ZHD101 #9187 51

(Definition of secondary structure of
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AT Z 5 X (Multiple sequence alignment,
MSA), i#id MSA J7 A4 & FE 5 P14 5 B
(Position specific scoring matrix, PSSM)P®!, %%
FEAR YRR IEAE MSA H 8 BLAY AT B X SE R TR
—PESEATINAL, KBRS B 20 R (LR B
XTEE R TG, DLFRR A T 20 Fh
GRS AT B A TEROL, i B 0
FR s 5= 1 PSSM 15341, B3 AR 0 2 A
X PSSM 1543 . PSSM Fb b 148 AT AT B v
brfr A8 DA M B AR b 5 L s R Hh B g 2R
%, PSSM 1343 KT 0 A FIZRAE, 1fif PSSM 1543
NF 0 MEAAFIZEAE . AW IEI PSSM 1543k
T 0 VENTREbRIE, SEBLZEAR bt i WA LR -
1.2.4 ERRZRRKRGL

PLERL pET28a-zhd101 ML, M4 R AE N7
BT S AT 4 OB PCR, FF PCR FE4 it f 7
WG #5402 E. coli BL21 (DE3)Z A, AHf
FER IR 51 SR 1 Fs .

¥ E. coli BL21 (DE3)/pET28a-zhd101 X H:%
AR T LB AR 7R3, 37 CHEER;
7% 8 h, BRBUH VAR ZE 20 mL LB K373,
37 C. 200 r/min ¥EJRFEFE 12 h 5, #& 1%
4% % 100 mL TB #5574, 37 C. 200 r/min $#
IR$EFRY 2 h 2 ODgoo M 0.6-0.8 J5 IAE T,
25 °C., 200 r/min 55 & % 24 h.

B R AR G AR AR, S
20 min J& , &0 20 min WCAERERE i, H 0.22 um
TEME U, UEAT NP HERAUZraifk . e A W
(0.02 mol/L Tris, 0.5 mol/L NaCl, 0.02 mol/L BKm#)
S NP SEFUZMTAE 15 AMFEAT, PR R RE i
DL 1 mL/min B3 EAE, BAESSRIE, F 10%09
B # (0.02 mol/L Tris, 0.5 mol/L NaCl, 0.5 mol/L
DRIOBR L2281, R HEATHE VR (25% A1
100%H B ) K45 HIEH, M Desalting %
WA X B i A T A . e B &N
MiBZE 02 mg/mL, Xa&Eaifbls =9, H
SDS-PAGE Hi 1k 746 5 o
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Table 1 Primers used in this study
Primer names Primer sequences (5'-3") Size (bp)
N152V-F CCTGGCCGTTGTTATGCTGAAC 22
N152V-R  GCTGATTTCCTCGTCTTCCAGC 22
V153F-F GCCAACTTTATGCTGAACGAC 21
V153F-R CTTGCTGATTTCCTCGTCTTC 21
M154F-F CAACGTTTTCCTGAACGACG 20
M154F-R  GATCTTGCTGATTTCCTCGTC 21
NI156F-F GTTATGCTGTTTGACGTGAGC 21
NI156F-R CAGGATCTTGCTGATTTCCTC 21
D157Q-F GAACCAGGTGAGCGGTGGTAG 21
D157Q-R  CATAACGTTGGCCAGGATCTT 21
Q166F-F GAAGCCTGGTTTGCAATGGGC 21
Q166F-R GCTACCACCGCTCACGTCGTT 21
S194T-F CATTCCTCCGACCGCACCGGT 21
S194T-R CGGATAACCACGGGCCCACAC 21
T259F-F CAAGTATGTGGTGGAATTTACC 22
T259F-R CTTGGCGAACACGTCCGGATG 21
T260V-F GGTGGAAACCGTTCAGAAAC 20
T260V-R CTTGGCGAACACGTCCGGATG 21
Q261R-F GTGGAAACCACCCGTAAACAT 21
Q261R-R  CACATACTTGGCGAACACGTC 21
K262R-F GTGGAAACCACCCAGCGTCAT 21
K262R-R  CCACATACTTGGCGAACACGT 21
H263Y-F GTGGAAACCACCCAGAAATAT 21
H263Y-R  CACCACATACTTGGCGAACAC 21

1.2.5 [F g
[l —{43% (Circular dichroism, CD) ZEZ56 7]
e B R RGO (Tw) . 1
Chirascan [&] — {435 HIYEFE N 0.1 cm A 92 b (3,
MLiEAT CD 528t fb i 46 5 A g e 15 3577
FE 0.2 mg/mL, B 200 uL EE&EAE 4 C, 190-
260 nm WKV F N HEFT 2P, GEEh
0.5 nm, FIHEHEIER 2 nso BURARRIE Lk
Pt 220 nm KBRS AR I (B HE 4 T VIR SE I, FA
AR EETE R 4-80 °C, FHEASEE R 1 °C/min, W
FE 220 nm ZbAHRIEI 28 . R RlGR B T L DA
NS
F(T)= oT)—-6,(T)
Op(T)—0,(T)
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Horp o(T) 2 2] G R, Ox(T)F Gu(T)J&XT
B R T (R Rk oE AT e ME 400615 2 0 Al 1140
R PIRRIRE T, T, He F(T)=0.5.
1.2.6 WG E

ZHDI101 3 PE W 2 Ty 2 i i 9 0 /b 7ok %
fE. 7£ 100 pL £ Tris-HCI (0.05 mol/L, pH 7.5)
ZEohi PN A 20 pL ZEN ARifEdh, BAEE T
37 “CHY SN T BE T 10 min, JIA 40 pL B
S 3 min J5, fILA 200 pL 25 B I S . S
NAEHIE 2 0.22 pm JERE L UE S, B 200 pL BE 5
FF R S0RAH CGER . FE 58 60%1 LG K
W LA 1 mL/min B3 VN TR, 7E 254 nm Abj
FEWIEE, FIRIEYIRETE HPLC HZR T A4 g
T AR AS Y

WA, o B AR AR R 5 A8 A ) B 43 AU AE 50 °C
FKIEINF 10 min, SRJGLEVK F¥RAD 10 min, %08 J2
DR ZRIEAT O, W R AR, DASRAE Ak
P2 Je WG PR B Bl ) 2ERe e

2 HER5p40

2.1 FEHXEAIER

e DX I RN AR X 3 25 ) fih % B P AR
B, AT DME R oo S E R fE AR . ZHD101 4y
T e I, 3 R BALE SRS i R R T
(B-factor) %W {H % K & (1 45 W 3h 2 I sh 1k
RMSF (¥ 5 #iik7%, root mean square fluctuation)
BOE AKX, %8 B-FITTER #4427, &4
FRELFRMEAL S 19 B-factor A LIM ZHD101 fhfAs
R IR BOR ST (K 1A ZHD101 25#
26 P MY A v AR 0 IX I A T X e
(132-187, B-factor A3k 91.1 A%), C-7R X 8
(250-264, B-factor A ik 71.3 A%) LI K%
X ARZ O XA 09-al0 #25E (191-203, B-factor
A3k 68.1 A%, [AEF, FAT4 ZHD101 ShiAksLity
1E 298 K JELHE T #6147 T 200 ns (94> T8 122140
G54 (R Sh R A 3 G A AR R R R 1 o7
W, RV ikyE ki e, RMSF k&%
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XL R, 78 ZHD101 &5k BA
AR U Sl Y XA T E - XA 09—a10 B2 5E
RMSF 7ETHM ZHD101 (4 22 X 35k 7 1 & B
B-factor 73 M4 & i —E0H: -

2.2 HREIER X 1T AL EY

il R 42l 7 SE AT LS B e iR 1
TR T PR X I8, X ZHD101 S5 ¥4 78
323 K iJE F 47T 200 ns B> T3 J1 2448540
Fext 298 K i 323 K il T ZHD101 #4511 2%
FRAE, TEF XS RMSF DA K — 2% 25 M i 1) 7
(Ppssp) KA R EMAR4E (K] 1B), ARMSF i Al
ik 3.3 A, APpssp BfKATiA-55.8%, HiSKk C-AK
X AE 298K M shPEE: 55 (RMSFaosk i A
1.0 A), AFZ 2 DX 300 I 88 8 30 4 v 1o e
MR BE TR, IR XA L) RMSF A B 8 Tt

A
Cap domain  C-terminal

o I Wil B I iIm B
= & : :

3 60 ! !

Q2
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@ : :
2 i

7 : !

4 1
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Residue number

1 ZHD101 5 324 50 # 8 X 5 A1 BY
Fig. 1

(ARMSF &R 1.3 A), [FBF Ppssp FFEH] R
(APpssp T AKX 1T 15-20.5%).

MR TR, ZHDI101 25 Hy i SR e X e
SRR nE 1B L ai S R) wEE
B AEZRMEXIE N , ARMSF>0.5 A Fll APpgsp<—10%
Vb 07 e b o 07 0 1 32 A Ti] s 3 B M A s S vk
BRI, (B 10) . HpE 19 ML
T X4 (L141, D143, El44, A151, N152,
V153, M154, L155, N156, D157, V158, S159,
E163, Al64, W165, Q166, A167, H177, K178,
Y187), 5 Mo T C Kumhy o-BRE X 5
(T259, T260, Q261, K262, H263), MANAFH 8 4
A7 8530 A T iE - X3 7Y loop2 (113). loop8
(T73, E74). loop14 (R189, T190). a9 #&jiE (S194)
P& 010 B2 (D199)

C

Cap domain

C-terminal !

@ ARMSF>0.5 A, APpe<—10%

@ ARMSF>0.5 A, APpp<—10%,
AAG <-0.45 kcal/mol and PSSM>0

Identification of flexible and heat sensitive regions in ZHD101. (A) B-factor and RMSF (298 K) of wild type.

(B) Shift of RMSF and DSSP under 298 K and 323 K, ARMSFZRMSF323K—RMSF298K, APDSSP:PDSSP 323K_PDSSP 298K~ The
shaded regions are o-helix structures. (C) Mutation sites are shown in the structure of the wild type. Red spheres
indicate flexible sites meet the ARMSF and APpgsp. Yellow spheres indicate mutational sites meet the filter, PSSM score

and AAG calculation.
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2.3 ETEREITEIFE

FEBEBURY 32 AN RAFNL S L, RPE AR T 51
M5 B h A8 S AL A )R 3 40 X 3R A5 1 2 0
FRPRSFREIEAT T R A ZEAE (3 608 1), [RIAT
iifi /£ PSSM>0 1 AAG<O0 keal/mol #5875 ¥ 1A

224, AAG B9 FHIEHF(-1.63+1.20) keal/mol, AT
A

POUONTOD RO Z00Rund<Ex

EHEIEM A, AMFREIRT AAG<-0.45 kecal/mol
1) 12 RSB T SR BIE

s A et E (AAG<-0.45 kcal/mol) F
FPARSFE (PSSM>0) ik, 78 32 Mt
FUR 608 N2 AR H LA B 12 AN TE I RS e 58
B (K 2,3 2),£4FE N152V, V153F, M154F,

Score (AAG)

>OUDHOn A EZ 00 R una<E<w

Score (AAG)

|
(5]

B2 ®REMSBHHERT

Fig. 2 Computational design of mutant sites. (A) Stability prediction of candidate sites (AAG) by Rosetta Cartesian
DDG. (B) PSSM scores of candidate sites. Black squares highlight the mutants meet both two filters.
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®2 RETRITHFESEMIZ EEN TR

Table 2 Parameters for mutation designs based on ARMSF and APropensity extracted from MD trajectories
under different temperature, PSSM scores from conservation analysis and AAG energy calculated by Resetta
Cartesian. Characteristics of wild type and mutants ZHD101 including 7, AT, relative activities and residual
activities (activities after heating 10 min under 50 °C)

Mutants ARMSE APpss PSSM AAG T (°C) AT, (°C) )
A) (%) (kcal/mol) Relative Residual
WT - - - - 43.0 — 100 37.1
N152V 0.892 -30.8 1 ~0.568 49.8 6.8 79.1 56.9
V153F 1.014 -26.5 6 -5.616 48.8 5.8 72.5 70.0
M154F 1.276 ~11.3 2 -5.836 47.5 4.5 0.3 0.1
NI156F 1.599 -20.9 1 ~2.441 47.8 4.8 95.8 87.8
D157Q 0.815 -31.0 5 ~1.524 45.2 2.2 46.8 53.2
Q166F 1.753 -30.1 1 ~0.800 44.6 1.6 150.3 9.2
S194T 1.122 ~13.4 1 ~1.781 472 4.2 131.6 48.3
T259F 0.697 ~14.8 6 ~4.458 47.6 4.6 169.0 81.4
T260V 0.795 ~14.1 1 ~1.362 47.5 4.5 97.6 9.8
Q261R 0.994 -183 2 ~1.946 43.1 0.1 98.6 30.1
K262R 1.103 -15.6 5 ~1.671 44.8 1.8 110.9 79.2
H263Y 0.999 -20.5 4 -5.557 46.0 3.0 108.1 24.6

NI156F, D157Q (¥ XiH), T259F, T260V,
Q261R, K262R, H263Y (C-AKuflXiK), S194T (09
e (B 1C, REEIRRAI ). Hrf, TEF X
C-AIA H HAERIALZ (AAG<-5.5 kcal/mol) #il
PSSM 13345 (PSSM=4) AYRAE , 7E I 1 X 1,
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WP AR R FOK AR R M A K T ZHD101 Rk 4life
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B 20 pL B b AE % SDS-PAGE BEA 74> T 43
SDS-PAGE ' H [ 1 4571 55 29.0 kDa ] Marker
35 (K3, JKiE 1), 5 ZHDI101 g4+
i (28.75 kDa) HIfF & . Wi MIZRAS R REAE K
L AR e A B2 S v E B D O VA0 e ol = A
B, SEEETE 90%LL | (&l 3, JKiE 2-17).
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[, ASBIFGEIN A T A AR 58 AR A 1 4 X
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B %/ET RGOSR RS ERF BRI R R

9 10 11 12 13 14 15 16 17 M kDa

97.2
66.4
44.3

29.0

20.1
14.3

B3 4D ZHD101 RERTIREXRGITEPRIRIEG L

Fig. 3 Expression and purification of wild type ZHD and its mutants expressed in E. coli BL21 (DE3). M: premixed
protein marker; 1: purified wild type ZHD; 2—-17: purified protein of mutant N152V, V153F, M154F, N156F, D157Q,
QI166F, S194T, T259F, T260V, Q261R, K262R, H263Y, NI56F/S194T, NI156F/T259F, S194T/T259F,
N156F/S194T/T259F.
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Fig. 4 Far-UV CD spectra and thermal denaturation of wild type and mutants. (A) CD spectra at 4 ‘C in 0.02 mol/L

Tris-HCI buffer (pH 7). (B) Thermal melting curves monitored at 220 nm in Tris-HCI buffer. The samples were shown in
different colors as labeled in the plots.
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Fig. 5 Molecular dynamics simulation analysis for wild type ZHD101 (black) and mutant N156F (red), S194T (blue)
and T259F (orange). (A) The root mean square deviation (RMSD). (B) The root mean square fluctuation (RMSF). Black

squares highlight the cap domain.
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Fig. 6 Mechanism analysis of improved thermal stability of N156F, S194T and T259F. (A) Local salt bridge changes
caused by S194T mutation. (B) Comparison of the distance between the oxygen atom in the side chain of E142 and the
nitrogen atom in the side chain of R185 in wild type and S194T. (C) Atypical non-covalent effects introduced by the
N165F mutation. (D) The comparison of the distance between the oxygen atom of N156 side chain and the centroid of
benzene ring of F156 side chain and the nitrogen atom of N152 side chain. (E) The T259F mutation fills the cavities on
the surface of the protein, and the black and red squares highlight the cavities. (F) The comparison of the residue
solvent accessible surface area (SASA) between WT and the T259F mutant.
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Table 3 Characteristics of wild type and mutants ZHD101 including T, AT, relative activities and residual

activities (activities after heating 10 min under 50 °C)

Activity (%)

Mutants Tm (°C) ATy, (°C) - -
Relative Residual
WT 43.0 - 100 37.1
NI156F/S194T 49.7 6.7 103.6 89.7
N156F/T259F 46.7 3.7 150.1 60.3
S194T/T259F 46.3 33 171.4 54.6
N156F/S194T/T259F 49.1 6.1 152.9 80.2
A B
- WT --WT
— N156F/S194F = N156F/S194F
— N156F/S259F o I?IISEtF/S259If
S194T/T259F S194T/T259F

- N156F/S194T/T259F

(= e B )

1 L

2 [ i i i i i i J

190 200 210 220 230 240 250 260
Wavelength (nm)

By 107 (deg-em? dmol res™)

7 HEBRASRERHANFREMRIE

Fraction folded

—— NI56F/S194T/T259F

10 20 30 40 50 60 70 80
Temperature (°C)

Fig. 7 Thermal denaturation of wild type and combined mutants. (A) CD spectra at 4 °C in 0.02 mol/L Tris-HCI buffer
(pH 7). (B) Thermal melting curves monitored at 220 nm in Tris-HCI buffer. The samples were shown in different colors

as labeled in the plots.
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J T AT AT B G AR, IR
JRY ARV, X N1S6F . S194T Al T259F k47 ik
G5, 4398 N156F/S194T . N156F/T259F
S194T/T259F . N156F/S194T/T259F . 4> & A4
PRI, X 4 NG RABERITESIE N T IER
TSGR TE 220 nm ANAFTE RIS (B TA).
3N ERBRIAEMIRE (Tm) B 220 ns 3
KT RHAR & A (B 7B). Hp i e M4
B Z 1N N156F/S194T (AT,=6.7 C), FrGHE
RAFKI) T PE R BCRER S T LS AR Ty B0
RO, BXUEHH TIX 3 ANZAR Z 8] T BB AEAE A
BV SEFAERIA L, 4 AN SR R R B
PE (>100%) FHER A B IE M A BT g F+ (>50%)
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(# 3).

X3 AN S B2 )R S AR, Fe o &R
LI A AR, FLAA G R B AS R RCR .
N156F 1 S194T A2 & YE 8 s 2 il & iy
(ATw=7 °C), T259F 5 NI156F, S194T J& A9
MR T SHEARBEL (ATa=4 C),
T259F/N156F/S194T (1) = 55 578 5 0L ki, 58 A8 F3 ALl
(ATm=7 “C), {17 T259F X Ha i 11 iy 448 i 14 i
P T . N156F Fl S194T J2& 38 3o /5 F Jy ik A8 42 T
PASEME, T259F 1 i 2 I HH 78 U 2 1 B i /K
FRrb e Tt e et . T259F AT C-AR X, Al
AB1Z X S A G2 2278 I FLUXH R 11 o 38 (A A G Al 1
B, XA RESRAE AL AR A T T259F Fa e ki il
A —A DR A
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M T R AR A, it 608 MRAEK, K
A S B B BEAS AL F 2 5 41 LU X PR 0 8 1 T
12 NS BRI 7B 12 DA, Hid 7 4
PRREEA —ERERNRT (ATw>4 C). TEMER
EPERR R E AR R, NIS6F ., S194T #i
T259F iX 3 DRAMRCEE T B AR BRI BE IS, &
B —E BSR4 4371 R 95.8% .
131.6%F1 169.0%).

S194T. NI56F il T259F A] R4 53 1 Th i
FEHE, B NH-n FHEANE (32100 25 B 52 5 R
EME. EEEOT , AR PR & LS PR
AL HEIX 3 ANRAS AR B T RS
PE, BT AE T 05 ma AILFE o] B8 L A 4 .
PL S194T 5], S194T 5878 5k vt R B8 4401
IR IR R AR AT R & B I SR I AE A 52 Rk AR AR
b, XA EAE D EHE, ATREZ I 1 ik
5 ZEN 54, XTI T R, X
SIREI RS, 7 V) RE 2R 11 Bl A2 7E , L AnFE i 24 R
WG R gz 2] [, $EEL ZHDI101
VERBEE T, a3 12 B 25 5 e 1001
A HNE , WA R ZHD101 1y e P
J A Tk A i .
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