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Abstract: Feed enzymes are one of the hotspots for research in the field of feed additives. Because of their superior
qualities of no residue, no pollution, and no drug resistance, feed enzymes have been widely promoted and applied in
the feed industry. As functional additives, feed enzymes have tremendously fostered feed development. Since the
catalytic performance of feed enzyme is the core factor in determining their application effectiveness, one of the
primary challenges faced by scientists engaged in the R&D of feed enzymes is how to improve their overall

performance. Based on the application requirement for feed enzymes, this review focuses on their thermal stability, pH
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dependence, protease resistance, and catalytic activities. We summarize the application of computer-aided protein
rational design technology in the R&D of feed enzymes, and introduce effective molecular design strategies for
improving their catalytic performance. In addition, we present the progress in improving the performance of key feed
enzymes by protein engineering technology, demonstrating the application prospect of enzyme molecular design
technology based on the knowledge of protein structures. We also prospect the future development of protein
engineering technology in feed enzymes, including (1) application-oriented designs for feed enzymes, (2) molecular
design of multifunctional enzymes for efficient utilization of feed materials, (3) improvement of the thermostability as
well as the catalytic performance of feed enzymes to meet the requirement of feed pelleting and under digestive and
intestinal conditions, and (4) innovation and development of enzyme molecular design technology. Improving the
catalytic performance of feed enzymes comprehensively from the perspective of enzyme proteins using synthetic

biology tools will promote the development of the environmental adaptive molecular design of feed enzymes to a new

stage.

Thermostability
o The high::nperalure
_ pelleting process
. Protease resistance
o Endagenofm protease

of digestive tract

Feed enzymes

pH dependence
Animal gastrointestinal o

environment

Catalytic activity
The primary reference o

index for potency evaluation

Keywords: feed enzymes; protein engineering; molecular designing; thermostability; pH dependence; protease

resistance; catalytic activity

B AR 4R DU 50 T I A A A K
HAVDIRE R R RAE AL, RABEEB . &
A ERAR T B AR S SEE AR
ity Re s R EA RN TR . G
AT — T AR, AR TR
TR TT A Dy E A #E 1) R 5 T B TR, AE
B BL. EE, WRERZATWAZN
R0 AP T ) 700 41 D R0 R Jm 751 4508 A 4
TR FL R Rz —, BB Bish. it
SVE R BN A Iz MM, MR et T
T RHAT Ml B A B A e o AR AR R R I ARk il )
s ASUAT BLA 78 YR A B AN A L B R A R
FHUE IR, PR EORE R AR, T H
W REE T I S A T RE, (TR B B T R
FCR R BAE S AR B AN BT,
CraPRhzsnFa s A H ) Bl p Rk i ) 14
DARERN I a- UG, LP4EREE. p-HIR

VEBE . WAMEEICRE. MENTRE. ACFRERE. p-HER
RNy p-rA M. RIRM. HRE. EA
M. AN, KRR, 53 MhEE S AR,
TR et P I Ak RE 5 T A R R RN R
55— PR RN Ak e R v R I R ) T
TR, PR B AR AT R AR E ks T4
BLHT B 5 248 & SR R Thg, DRk S it
IR E R BA s . BB, VR NIRRT,
kLl 5 EAE B S S e AL TE R .
LA ) P Al o0 20 AE R A 21 v 1 pH Y 9 B i
Yoo =, E£EWIHEAR AT EANE.
JBRHE W A T AL, D e R e AR R
MR SR B RS . AR 2 B R T BB 25 A
PEREAR AN RE 58 Al /2 EIR =5 SR, R E R
Wi PRI MR SR, AT R ) 17 e B A A fe

B B R LR BRI sl Uk e, R D42
o SRR TR E R G EY OR8N



%£3% www.synbioj.com 489

P i 1) 750 B I AR B TR D RS BOR 3
Y P EA R TR, HT 450 36k o
38 ANV AEDRE W A I S RE L A T A2 A R T
b R 3R o AN SO AR TR Y Bl B A AR E T
pH HOBME 8 Bl B M R A 05 1S5 4 A T T
ZRIR T E S B 5 A B RORAE TR
FH g ) AT e v 1 B I T e e, IF R TR OR
oA el P 790 2 SR 9 B T T

1 ARt

TRPRHFIPRL N 2% A1 38 5 O 75~85 °CALFE 1 min
FeAq, KA v IR AN FE — U7 T 2 S BUE AL
JE B R O, 5 — 7 T A 2 A RO DR
FVRE e Rk, Rk LR 80 °C 2% A4 T 6 B[]
A B S I T A S BN VR EDRE F TR S ER e
Ji T A2 T B L R L AR AR . Bl A S5
RS B E R R B, T a8t
(1) Bl AR I B T R R AR B T B R Tt
R 1H2 T IR LA R AR B AR e M M BT T R
ISR R A o X SR AN [ A B AR A T R
MBS, mas. i, —m. HiK

MIPERG SR, SRk B AR e et s . i,
Dotsenko %5 ! F| H PremPS 1 mCSM ) it & 7 %
*F Penicillium canescens K 5 Wil E i) H B 68 17
ACIEHE T BT T 6 M RRRE MR K, £l
IERANIRAF 4 N IERAZE (A45V. S104M. E177P
M A341P), MM T EBE AR S T 1.1~
3.1°C, fE70 °C R B AR T 1.3~
1.7 fi%. Navone % ™) i i 75 K AT B 18 BR B AppA
hal N R (L28C/W360C) J&, (EA RS TE
FIRTHET CEFAE RN R AR A4 (1) B 23 ) D 1150 U/
mg+138 U/mg A1 1273 U/mg+238 U/mg) 1§ 13 H 7F
85 °Co& A1 T AL HH 20 min 5 176 4% B v £h B A ALK
2% B 47%. DL ER#F A R ANRE, — 7
Ui B T DLGE R B R D 4 5 DR A G RS E T
THAERA 2 vl W, AH 55 — J7 T 48 7= R AL Tk} 1
PIEMNZEIRZ, AR EEH T AR
S Bt AT A EERE T, DRI, A BEXT VAR
EMES BT 5 — 5 .

b, EEIROE IR LR o N R e T
Mzh R Rk P, R et 5 E A
P12 AR AT SA RIANPATAE O Y, A B # ) %
Z40, W& E HAE (unfolding free energy, AG,) <
fift 31 S °F 5 % %1 (unfolding equilibrium constant,

1055, T SE B0 JR) 3B A DX 28 T 2 3 A4 45 1) 1) KD fR%ERE (melting temperature, 7T,). ARPEK
F1 A THEEERE RO IR A B 4
Tab.1 Summary for the software used for designing thermo-toler enzymes

Ay iy Rk SR
Consensus Finder T AR R SRR 4 http://kazlab.umn.edu/ [7]
Disulfide by Design 2.0 & T 15 B A F 2405 N i 52 = 44208 v http://cptweb.cpt.wayne.edw/DbD2/ [8]
EASE-MM LrA 2 PLER T SRR TN 2 T AR 5] ke 1 AR e PR AR AL http://sparks-lab.org/server/ease-mm/ [9]
Eris 3T Medusa B2 TR 5 AR A7 05| 2 1R A 11 o3 AR e 1 AR 4K https://dokhlab.med.psu.edu/eris/login.php [10]
ETSS ST il 2 THT HL A A1 A 1D SR [11]
FireProt LT R AL S BRI R T 1 2 R R R https://loschmidt.chemi.muni.cz/fireprot/ [12]
FoldX BT 9 S B AT R A TR T X https://foldxsuite.crg.eu/ [13]
I-Mutant LT 22 00 245 TN B R RAR 51 b (AR E PEARAE https:/folding biofold.org/i-mutant/i-mutant2.0.html ~ [14]
mCSM J T B TR AE T 58 A8 (L % 8 o A o 1 R 5 T http://biosig.unimelb.edu.au/mesm/stability [15]
PoPMuSiC F T GEARAL p B TR AT R TR e 2R AR MRS https://soft.dezyme.com/ [16]
PremPS FETF T2 B RE I VAN B S SR G RS B PRI https://lilab.jysw.suda.edu.cn/research/PremPS/ [17]
Prethermut FET-PL2S 22 ST 5 VAT B a2 R S EE R EE A€ http://www.mobioinfor.cn/prethermut [18]
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Fig. 1 Computer-aided molecular design for thermo-tolerant feeding enzymes
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Fig. 2 Strategies for adjusting the pK, value of catalytic residues in feeding enzymes

[42]

(1) Electrostatic interactions: Introducing the negatively or positively charged amino acids around catalytic residues to increase or decrease the pK

value; (2) Hydrogen-bond interactions: Acting as the hydrogen acceptor or donor of catalytic residues to increase or decrease the pK value;

(3) Hydrophobic interactions: Deprotonation of the carboxyl group of catalytic residues to increase the pK| value.
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Fig. 3 Design strategies for feed enzymes to resist the

degradation of proteases
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