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expand its industrial applicability, the author employed rational design and immobilization technology to develop
efficient and stable enzymatic catalysts in view of the easy deactivation of this enzyme. [Method] On the basis of
the serine carboxypeptidase Y (CPY) derived from Aspergillus oryzae M30011, single mutant enzymes M517R,
1464R, and Y271R and the triple mutant enzyme M517R/1464R/Y271R were designed. These mutant enzymes
were then prokaryotically expressed in Escherichia coli and subjected to enzyme activity assays. Subsequently,
the mutant enzyme with the highest activity was immobilized with covalent organic framework materials (COFs),
yielding the composite designated as COFs@mutant enzyme. The free mutant enzyme and the COFs@mutant
enzyme were systematically evaluated in terms of the pH stability, thermal stability, half-life, and reusability. In
addition, with rice bran protein as the substrate, the hydrolysis effect of the COFs@mutant enzyme combined
with alkaline protease (AP) was investigated. [Result] The four mutant enzymes were successfully expressed and
purified, with the triple mutant M517R/I464R/Y271R exhibiting the highest enzyme activity (1 069.54 U/mg).
Therefore, the triple mutant enzyme M517R/I464R/Y271R was immobilized with COFs (COFs@triple mutant
enzyme). Compared with the free triple mutant enzyme, COFs@triple mutant enzyme demonstrated strong
stability across wide ranges of pH and temperature, with a half-life extended to 498 min and the relative enzyme
activity of approximately 50% after 6 reuse cycles. The results of the enzymatic hydrolysis experiment showed
that the Fischer ratio (F-value) of the oligopeptides prepared from rice bran protein by AP combined with
COFs@triple mutant enzyme was 34.01, far exceeding the preparation threshold (>20), indicating the good
application potential of this combination in the preparation of oligopeptides. [Conclusion] The synergistic
strategy of mutant enzyme design and immobilization technology significantly enhanced the industrial
applicability of serine carboxypeptidase, providing a new direction for the production of functional oligopeptides
and the optimization of industrial enzyme catalysis efficiency, and demonstrating broad application prospects.
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enzyme

R Kl 2 — PN R BE 1K) C i B AN B BRI 5. COFs AR 53 1A 1 B I L 7E & Uk 1 )02 ¥

e B S Sk IR 1 IBE A0 O BB 7E R T R R R £
Ok il 26 r EL A B AR o R MBI AR 4 L AL L
(10 73 < TR 5 AT 22 IR R MK Tl A o O 2 IR
B o SR, R T K B A R R AL S R AN R
SE 5 HeAE S B T A xE DA S 2 i AL
Wb e 5 38 1 U5 R R B e AR E ke O ELEE i
[#] 5 AL & — R A R HEmE Y. COFs i 1h 4% B 44l
AR A AP 2 LR COFs
FEHIESBEREITH(C.H.ONFMBE)HM,
i 3 o A B T R b S5 A, O T
BLC TG e v, S B E A B A R T RE
COFs B A7 fLIE ML &5 44 5 i 42 L kaose 1 5 4
ARG E MR R BLR A MR A B R A B I
o AF i I R 1 AT T B, (RN A e A2 b i B
AEL TR 6 10 TS L 2% 1R 5k H AT, COFs [ 5 b
iy 75 Bl (i BB AL T PR IR 20 0 A I L iR YR 9T A
A5 OK S T A R B TR S N AT

P 2 T A e 28 AT [ WAL ) il R A A 2R 3R 43 1O 0
M o

B8 2 A R R it Tl B TR KR B
REEAAEDMM T EMHH R 22 EY. FIE
Fe AR S v S Uk R AN O A R = Ak IR 1) BE R
EC, FAE>20 B SR Ik o R o FAEAR R Ik . & F
8 A 5 ik B KL v g IR A (B A Zh RE RS A L T2
M T oheetkfrdmh™. HE & ma RS mK
SR 5 6 e IR 2R (K 20 e, DT A A i 375 AE
B B BE AN FE R BRI BT S S0 BE R AR R W B
[ UL PA) 32 3k B B ok A 9 5 T Qe N Dy e R BT T AR
HRIB ) RAN TSR R O R 2
B PRI L g 5 R A AR RUINZRT O H A [ P A
A7 R SRR ) ORI 2 Tz AR
SEAag i, O E A FE A T MR E R W E A
J5 R VR A 7S A AR T I AR R )
B A e TR S A BRI AE

117



118

Journal of Food Science and Biotechnology

RO N = D R R AR . R A gk
S5 TF R R S eI AE R = 4 B 5 R 4 T
REVEMRRIK T m B RN E S EWiEE, K
REmBRBENAHR, AEEENEF RN 52
Rt R ORI TR PR ok A 3R OK R AR
FEEN2930 At HHLGERMHEANAR 10%, F
FOREBURIR AR R KO R A AR R
VR TF R = F AR TR BE = b, AT DL$ e % 95 1 )
2, [ B3 2 N ATT6S 1R 8 7R A T R

AR R AR W A R ) 2% v F OB R KO
i v AR B B 7 ) B B R O AN B IR R e )
HERAE HMKREKH S ERAGEE K. HE
2R 2 R A7 AE IO TR B I B S D R R, i 0
EE SRR E LR, HEEELMEH. B
BT 7 36 SR P A 16 5 30 LR 3 K 4 1 (E R
By TaMEE, HAGME WS ZBAFRE
[ 52, [5) B KBEAS 5 )5 2 5 M0 R S AR R A
A A N AR AH A R IR T RREE 5 R
BRI 45 A, AT S M ok T ) S ) A S BE
3 R S T e A e R o TR IR TE B IV
w5 ta FAEAR SR IR sz Bs B A O 2 b, B AR R i
I i 5y 2R 05 A5 1) 8 — LR 15 B G AU R, X
il 29 %5 FI| F A B ) £ = F (A 5 K 1R S B R A
1M 2% F COFs [0 B 1 6, FI FH L8 & 22 TR R K
Pl ) A A L L % R 1 R A T B R AR E M

Har, EAM LR O ZMNATIRS
BEE T P R P T A R R ROURT U B S
P B B AR RO VR E )i P A
FEF K B M30011 SR IE 1 22 & 1R CPY HEAT RAZ
O S AT v L X 95 A I R TR R A 1 1)
i3 1, I COFs Xt Bl 1iF 77 ft e 1) 98 7% Jilg i3k 47
[ 72 14 15 2 COFs@ 2% % Iy , Bl J5 48 7 [ /& b J5 5%
A5 il 10 i S S A AL A . AL, R COFs@ R 28
e I 7= 1 oK R B 5 ) % R R DA A
A 7 A B R I R SR T B Ok T A OK R B 1 R
e R A v FE R SR IR B R A, D RO B R
o B ) FH R A e AR S 4
1 ME5J5%
1.1 #R5RH

A MR RS - e B B R A R A

BE305H1 2025 8 A | RRE5EYEARFER

ALGRETNEER R NERAA LR E(PTG) : 3£
[ AMRESCO A @] ;pCold TF Jii #i : il I #k R £ W
B A IR A T s = O i L 35 R = R R
T VAR SR U HEE COPAD < Bl hr TR R C B DO H IR
ANFELAEM KR I KEBRE .
KA R AN AR R (R ED 2R E R A A 5
KRR AR ME S E R AR A BR A A Y
SR R B 2, 35 B MREDA A #] 5 KR
WA LAY TRECER RO ARA R -5
Fi K H Al 7 Cop pr 4l ) - b 2 5 R AR A BRI
WA RA A
12 NBFE5EF

KPR : WD-9405F AL, b 50 N — £ W B
F2 A B A W 5 358 0% ¢ ke FL vk A : DYCP-31DN 4,
b AN — VR H AR A A B R AR A :
ImageQuant 300 &Y , 3& [H General Electric 2 7 ; /)
B G BEOML: Sigmal-14 7Y, P kg 7 B8 4t B 25 (|-
HOR G AR A EIRIR G %% : DHZ-DA 2, 75 JH
BRI ERAARAA s —RAEW R
BSC-1300A2 #Y, | {300 = 97 A= AR 28 i 1y A PR
AN F) L IE R S IR A PCTHI &Y, it 6 91 C b g ) A 28
WA A B 2> m) 5 Hs 8 75 0 P 4% : KQ-500DE A,
NI el e VY S /N I T R
(HPLC) : ACQUITY Arc 4, JREF Rl 32 ( B f
PR A
1.3 7%k
1.3.1 K F M30011 kR 69 £ R B CPY ® £ 1z &

0 05 R R REEE SN &

1) AR AL 5 07 228« R Fl SWISS-MODEL %k
A T K 1 2E M30011 KR 1 22 = 1 CPY [ =4
S5, AR B 0T AR P R = KRN R R A
Bic 74 45 ¥ . K ] AutoDock Vina 5 A%, Il € ¥ 5
CPY Ji i 1) 45 A s F i - K H Discovery Studio
WA T A EAEF . T TR B A 2R T A
B 73 AT = G 25 A A0 A1) R <1 A TR0 5 i g 2R
1 G055 T AE AL R

2) KA M T R IE 58Ik R AL W 1) B 05
71 B FE R R W A B3R IE &R G R AR g kAT
JE A% F kP N AR Ay AT SR IE .
500 mL LB ¥ & % 37 B 7 S fE S HETE LN
121 °C°K ¥ 20 min. fE L EIE S £, B S mL )



Vol. 44 No. 8

R FRIE, AN S UL AR HFH R, H A 100 pL
o W M H T ) IR 5 E T 37 °C 200 r/min
PIFRIR L8 9% 12 h, HE W WMEM . BiGEm
BV DA AR AR 23 0 1% % 432 31 100 mL (1) LB ¥ 4 5
FRHEEHLIE37T °C T H % ODgofH N 0.6~0.8.
PERAE SRR, W R BV h 0 N IPTG, i H 289K
¥ £ 0.5 mmol/L, 200 r/min #% 3% 1% 7% 18 h, % &
H Rk, AR ERT 4°C.8 000 r/min &0
10 min, ¢ £ K W AF B8 00 B 44, A8 IR B2 0.2
mol/L.pH 4 7.5 i) 1 IR #h 2 il 2% i i (PBS) X T
A AT R PS D BE B0 5 X EE R4S B R AR R
it

3) 5 A il ¥ a4k S 3600 < F FH B VE4 0.22 um
VE BT IR S R AT, SR F AN R U FE R K I 7 e i
(50,100,200 mmol/L) %f 25 & T £ b 1 58 48 iy i
AT FEVE b o B 2l Ak 5 10 R AR B AT T+ = br BE AR
PR B — 5% TN s T M 8 s PR 9K (SDS-PAGED &3l , LA
6 AIF 4l 4h 25

4) R A% g 1) B g 700 5E - F 1 mg/mL [ 2K A
ST b b RE VT )RR B R BE 43 iR 1.5410
20,50 pg/mL [ 2K TN 2 B8 b fE &, 38 i HPLC #E 47
TG W 3 A, I 2 i 0 v 5 ORI 2 TR DT R
2 [6) 1 b o i 26 . {3 ) OPA A1 fi7 48 v b B A
b B 100 pL BE 56T 2 mL B0 A, in N 300 pl
T p-Fi A LW OPA 7 A A 77, 0 600
wL B R 2k 2% v v, A8 FH IR IR 21 J5 H 0.22 pm
A HLSE B R g8, AF W ER E 1S min, &5 3EEE AT .
FE ORI bR S 2 3EAT DL B b . HPLC SR H I
WEAE N C18 4, I Eh A A N pH 5.8.25 mmol/L i
PR By 2 b R 5 D Lk T (R R B D 955D, T Bl A
B N H B, #3532 °C, it = N 1 mL/min, 3t ¥ &
N 10 uL, 5 K W 3R 9% KA 340 nm, &SI
K 450 nm , R 48 B B B 2% AR (L3R 1, 3E 4T 46
PEVE -

¥ K &K ¥ (Phe-Gly-Leu-Gly-Phe) ¥ fif £ H
W o, ) % DI W . B30 WL IR DA R & A S
ng g & E 1 264k B v U, AR N 0.2 mol/L )
PBS(pH 7.5), #J i — > 500 pL [ e BiAR &R o B0
Jig 3B K DL b OB . ) OPA A | AT AR 1k
b HEFE 5, 8 I HPLC 8 € J B 5 T R I i 25 K

BEERE: KHBMI0IRENLEBRARE Y NESRERENANEREEUNFRABIEEOFAR

1 HPLCHBEEMEM &M

Table I HPLC gradient elution condition
i 6] /min LA ARAR UEIAR B AR
7B/ % 7 H0/%
0 90 10
6 72 28
10 70 30
11 65 35
15 63 37
17 53 47
20 45 55
25 35 65
26 90 10
30 90 10
R R BB R . AR B S 0 (U/mg) 1E A

CPY J g A1 55 5 A% filg xof 1 K J&C 420 (1) T A 0 1 o
1.3.2 COFs@ % % B &

B S mg ¥ 2% = FE %5 T 250 pL — H 3
iz v, SRS B F B 10 mL B 4l K, A A kb FE 3
min. #ZH A 100 pL 5% B RGN 1 mL UK R
FRAMER T . B 10 mg X HE TR IEMRAE 1 mL
KA, I IR A P T SR 10 min, A 4 mol/L Y
NaOH 17 pH £ 4.0, RFAEZER FHILEREY
10 min. YUIEY)H 2 B 7K BEH 3 IR, IRAFAE IR FE
4 0.01 mol/L ] PBS 1, HZ&AF H , Bl N COFs@ R
A1
1.3.3 COFs@% % 85 89 % 4t

F & 5 L BB R AE COFs@ 7% 7% i 1)
TE S 45 46, R FH 3% 48 R AU v 2 ik AT A A IR
0, 10 A TR B 0 AR . KU A S B R
9% & (FITCO) Axid 1) i 85 1 /£ COFs H (1) 43 i 1
B, B8 IF 9 A Tl 2 A5 4 AL AR A RN
134 #BREHME COFs@F % oY 5 MR

W 5 IR -L- 2K T 2 B8 S R T Tris-HC1 22 il
o, 1 4% W B2 0N 0.9 mmol/L [ JE M VE W, T 4 °C 14
7o H2.9 mL KWW NN 0.1 mL i 25 58 4% il
Mty Y1 B 25 20 ) COF s@ 2% 4% g B W, 40 79 T K TR 3R
% (30.40.50.60.70 °C) fl A [F] pH(3.0.4.0.5.0.
6.0.7.5.8.0) % 1 F M. 3 min, 2 J& 57 Bl 3 b L&
1B R, P58 B3 E 254 nm P KN B 4 Bl IR
I FE AR CAAD , AT 52 39K .

FyAh S BUS 4 0.1 mL i 5 98 A8 I I R0 Sy

119



120

Journal of Food Science and Biotechnology

S5 3 COFs@ 7% 7% g 1 L, 70 53l I N 3R 28 0.1
0.3.0.5.0.7.0.9 mmol/L [F] XY % W, )X ¥ 3 min J5
B E A4, AT E 3R BL /LST AR AL FR
LLVIR 9 AL bk 2 4] Lineweaver-Burk X {3 % & .
Hop, S NEWKE , B AL N mmol/L; VRN N iE
R, AT N mmol/(L-min) .
1.3.5 BEEfd RIR&E G R4 & & FALIKR K
PL1 g: 10 mL [ R EE ZE KRR i N IE &
B, ZRBEI B, B0 EBRIESk. R
i AR R AL S KO R B AE KB R
12 he FRELS g G J5 B KMk , LA 1 g:19.6 mL 1
BB EE N 1 mol/L () NaOH %5 ¥k , 15 35 £ K 4 ¥
4.7 h, B0 HYE BIE . MUY RO
NaOH ¥ i, B 2 $E B & IF 2 4k B3l W, 715 pH
£5.4, 80 )5 FZ KBRS 3K, Fl PBS B
DU
ity i X 56 DL BB OK B B A O R, SR A
AP 5 it 85 AR B H & & AP 5 COFs@ 5 7% iff 4H
GHATH D KR 2 A B — 2D K A
]« 5 KR B R v A pH I 2 9.0, I N T & 4
1% ) AP B, 50 °C/K #3 /K fi# 4 h, B J5 & 3 S
min B R IE . B PR R PR
ity f V) pHL R 22 7.5, N BT B 4 B 1% 1 U B R
A3 5L COFs@ 5 2 lff , 7E 40 °C/K I /K f# 4 h, Fif
5 min A7 25 9 B 51 COFs@ 28 78 i 2375 o
B J5 o K Wi A A BERE S pH U & 4.5, LURHE
Eb 1 g2 10 mL A V& T 7% , 25 °CHR B 12 h, i 98 Bk
35 ME# 59 000 r/min B 0> 10 min, i 5 _E i W
M FAE . BREEAE 220 nm K b 5 B4R 4E 1 T ik
U, T 7 5 e S R T TR L 2 PR SR 0 45 0 1 R L TR
280 nm Y K Ak o H REAE PR IR0, BRI IR K R
b WRAE 220 nm K Ak 19 W FE (0D, 1B 5 7
280 nm P K T [ W S E (ODyso 18D I ELEH IE N F
B . BT BREAT 3 IRFAT I E -
13.6 #&HRTLE#L COFs@F L6 ¥ XM 7
HU14.5 mL DWW, NN 0.5 mL Vi B9 R A2 il
Bl AN S5 35 1) COFs@ AL BRI , T-37 °C T IR & -
A3 B 10 min BURE, W & o) R GGG 77 . AR EEE T H
B WAL 254 nm &b B R BE AR AR A4 SR FROR P
AT ISE 3R, F AR i 28 1 O 4 =D SR 5

BE305H1 2025 8 A | RRE5EYEARFER

In( A4,/4
Kd:—¥ (D

A

Ki—— ¥R E 28 5, min '

A~ [8] Ay ¢ IF R O i

Ay VIO B

t— 8] , min.

COFs@ 2R A% Ty A1 25 5% A% g (1) 2 2 JHAR 4f =0

(2K
1/2:1%;5 (2)

vl

ty—F 3 H], min;

Ki—— #R 5 H 5 4, min .
1.3.7 COFs@® LBy & 48 <

B 14.5 mL JR Y% W, N %5 20 1) COFs@ %R
A5 il i 0, 37 °C N B 3 min J5 B0, I E b T TR
fE 254 nm 4b (1) W % B AR A0 - A4. 18 FH PBS Bt %
3G RAFAE S AT T —DMEH . B — A8
AT 1 ] 5E A6 B 0 AH X B S 3 AE IR E U
100% , V47 M 52 3 K .

2 #RG5Hhe
2.1 REEMHFIE

K H AutoDock Vina # A4, M € ¥ 11§y 3 Ff
JE ¥ (N-cbz-Gly-Gly-Phe . N-cbz-Gly-Phe-Phe .
Phe-Gly-Leu-Gly-Phe) 5 CPY J5 liff (1) 45 & 6E Al 4
fH . % Discovery Studio & £ 73 #1 % 2 A T AE H
77, TN e ) SR TR AR o b RS R E A
571 R CPY JE B I = Z R 45 A O s N
Tyr271.Ile464 Met517, WL 1,

FIF PyMOL %A1 X} CPY J& i 1 4T 2 48 ¥ i1,
Wit R AR MS1TR . I464R Al Y27 1R DA J = 5848
MS517R/1464R/Y271R, Bl 517 17 £ () & & W vk
B 464 07 55 e 50 G IR ik HE AN 271 AL R B B R
B 3k 4y ) AL Ry R DL AR o A RS R, DA
A I 37 R AR N KE 2R . CPY J5 il Al 55K A
M5 KK G R2. o FREHFRERY,
5 = Jik J& ¥ N-cbz-Gly-Gly-Phe 1 1 fik & ¥
Phe-Gly-Leu-Gly-Phe # Lt , CPY [ B 5 = JIK J&
N-cbz-Gly-Phe-Phe 45 & g 5 K. 177 5 R AR g 35 0]
— K& Y N-cbz-Gly-Gly-Phe R L H 5 K [ 45 A RE o



Vol. 44 No. 8

B1 CPYRBEMWEZRMELSEEERKEETHEE

Fig. 1 Location of the primary substrate-binding sites within

the hydrophobic cavity of the wild-type CPY
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Interactions of the pentapeptide Phe-Gly-Leu-Gly-Phe with the wild-type CPY and its mutant enzymes (single mutant
enzyme Y271R, M517R, and the triple mutant M517R/1464R/Y271R)
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Fig. 6 Activities of four mutant enzymes
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