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Abstract: [Objective] To obtain a yeast strain efficiently producing the acidic protease PrA for
applications in food processing, feed additives, and other related industries. [Methods] We
constructed a recombinant strain of Pichia pastoris expressing PrA by fermentation in shake
flasks and measured the enzymatic properties of the expressed PrA. Several strategies, such as
signal peptide modification, gene dosage optimization, and co-expression with molecular
chaperones, were employed to enhance the production of PrA. Additionally, high-density
fermentation was employed to further improve the expression level. [Results] The expressed
enzyme PrA showcased the specific activity of 3 974.00 U/mg, with the optimum performance
at pH 3.0 and 45 °C. The production of PrA by the parental strain was 738.03 U/mL. The
modification of the MF4I signal peptide increased the production of PrA to 1 206.52 U/mL.
Moreover, an increase in the copy number of prA further increased the PrA production to
2 406.47 U/mL. Additionally, co-expression with single or combined molecular chaperones
increased the PrA production to 4 091.27 U/mL. After undergoing high-density fermentation, the
enzyme activity reached 43 088.00 U/mL within 168 h, representing a 58.4-fold increase compared
with the initial production. [Conclusion] High-level expression of PrA was achieved in P. pastoris,
which laid a foundation for the future industrial applications. The results provide valuable insights
into the research and development of PrA for applications in food processing and feed additives.
Keywords: Pichia pastoris; acidic protease PrA; signal peptide; gene dosage; molecular
chaperone; high-density fermentation
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1.1 Btk RRFERE
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1.2 pMCO-AOXe-PrA FNEa$E DIEARRIKRY
WS RIKWIIE

FIIH SignalP 752 B4 X PrA £ K4 743
Br, N o 21 ANEIERRGI S KA
ZBRA5 5 KT8 5 F H 0 5L R 1% 05 7 i fk
N ARSNE 1i(GenBank & 5365k PP442023), AR5
i1 Xho I 1 Pst I JF 7Ef# & pMCO-AOXa FRik
AR (C RS 24K HisTag). KBk Sal 13
TR T CREDUE , SR 5 3% 3 HE IR B )
GS115 W, RGBT 44 1-a-PrA.
WS B R F AL e 208 YPGZ ~F-Hi, 30 °C
RS R 5 TR Pk B B VR B 5 2 5
A 50 mL YPG WAREEFREN 250 mL HEEIH
H1,30 °C.200 r/min 575 24 h J5 ,4 °C .6 000 r/min
B0 3 min, WAERK, JEHSA BMMY B
FERLEHE B 25 °C ., 200 r/min JF1 7S£k 96 h,
F3PE 24 h AMINAAEE 0.75% R L, K eSS R
Jo B WCAR B R TS I E 1 SDS-PAGE %
WF, 23 2 Fkl pMCO-AOXa ¥ A GS115 L3R4S
BF X BB MR (A 44 0 NC)o W & TR I 4T
FRZEBraifh, FAGLifE s e
fitf Endo H X% B b I alifh )5 & ikt %
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M E S T .
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A3 AW EL 100 pg/mL () F% S BRI 0.1.2,
3.4, 5mL, FHZEMKERR 10 mL, 70 51H
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3317
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Table 1  Signal peptides used in this study

Plasmid name Signal peptides  References
pMCO-AOXa-PrA a-factor [11]
pMCO-AOX-S1-PrA Msb2 [19]
pMCO-AOX-S2-PrA MF41 [20]
pMCO-AOX-S3-PrA Dse4 [21]
pMCO-AOX-S4-PrA nSB [22]

B ERFOR A Sal 1 g ekt b A 2 Bt
T, SRIE R RIS AREEEE GS115 . IRASAIE
BR A T4 4/ 1-S1-PrA . 1-S2-PrA .1-S3-PrA .
1-S4-PrA. #%H8 1.2 Tkt Tl s kil , Wik
PREVR 3 UEA PTG 0 22 AN SDS-PAGE 3011 it .
1.5 ZEINRIKFRNLETEKNEE

PLEEH Fokl pMCO-AOX-S2-PrA Jy 3£ 5
K47 229 D B RR A e . fi ] Xba Di 2 41 )5
L HEAT HLEE ), N A i 08P B TR T (calf
intestinal alkaline phosphatase, CIAP)UEAT ik
ACPEAS RN AR B s ] Spe TR Xba DX 522 it
R TR 3] H 3R Rk &, ] DNA
PR P S, BDRTARE] 2 45 DL A ok
pMCO-AOX-S2-2PrA, [AJHRIKHE: 4. 8 #4101
2 ki pMCO-AOX-S2-4PrA . pMCO-AOX-S2-
8PrA, 4 ik Frkifii H Spe I Xba MbHEf5,
B J i 3k 1% BE MR E R A T R UK 20 B B iE , 39
TEFE DU A3

¥ ERSH 2. 4. 6. I HKEREKZ
e LR R Sal TEf Tk tiAb, SR Ml fk
FERIERE GS115 IRZ UMM . 7E YPGZ °F
M b O e BH P v B, K HoAm 44O 2-S2-PrA .
4-S2-PrA . 8-S2-PrA. #ZHE 1.2 Wik i
T FER AT S I 7 A1 SDS-PAGE B3 iF .
1.6 NS EKR I IERR &I

¥ PrA 7L R ) 248 DUEERE T AR A
1%H R BMMY WA 1, 30 °C 200 r/min
BiFR 24 h, RJG AT AR Z . A 30 °CHE SR
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Fh R IR 205 3 KA R W % H2 3 YPG
M YPGZ -, HA 30 °CREFRA 53534 7%
4 zeocin BRI R VEIE IR 1.2 WL T
FRIBIFHEAT R IE
1.7 HEREFAFHSFHEIBRMEELLRE
FEERF0N

e 8 FhUR H AR R 1R 1R
HAC1. SSA1. YDJ1, SNLI. PDI. BIP., LHSI .
SSO1., PCR ¥ ¥t Jy SE AR e BE S 40 o T fy
FEDNEY SRS A EcoR T A, 33 & A Not I
e [ 2 PrsImAEY B ILH,
{81 Fi EcoR 1 1 Not I Xf PCR F=#jikf p AU, #5
e pMCO-AOX FAR IS AL X HE, RS T
T RE B N Sk AL TR, % 8 AN EE 4 Tk
o Sal T 4ethAk, & Ui J5 A% 5] zeocin B
TR 285 DL Tt I 7 S A o K FE AR U
“8-S2-PrA-/3 TR I8 A T 44 o Fic i 1.2

*®2 OTFHESD

JF iR AT R S S e R IE
1.8 HRESFHEHAESNERMEELEES~
=LA

R LS W Bl m AR R A &
PP HEA, MNMTERAS pMCO-AOX-SSA1-YDJ1 |
pMCO-AOX-BIP-LHS1 #ll pMCO-AOX-SSAl-
YDJ1-BIP-LHS1 4% iR Fukrid i) Sal 144k,
25 CBEDUIE G L B 8-S2-PrA 2 A5, 315
B B2 R 56 {1k Ffir 24 A 8-S2-PrA-SSA1-YDII |
8-S2-PrA-BIP-LHS1 #l 8-S2-PrA-SSA1-YDJI-
BIP-LHS1. %8 1.2 Wikt 3 ik Ko™
HIIE
1.9 SEEAXE

itk 8-S2-PrA-SSA1-YDJ1-BIP-LHS1 #% &
Liv SR T a5 LB E . FF6
FHREE S 5 &8 24 h BURESEAT B 75 0 5 A
SDS-PAGE 5 UF /= i .

Table 2 Primers used for amplifying molecular chaperones

Primers name Primer sequences (5'—3")

HACI-F GGAATTCATGCCCGTAGATTCTTCTCATAAG

HACI-R TAGTTTAGCGGCCGCCTATTCCTGGAAGAATACAAAGTCATTTAAATCAAATGCATTAG
SSA1-F ACGGAATTCATGCCAGCTGTCGGTATTGAT

SSA1-R GTCTAAGGGCGGCCGCTCAATCGACTTCCTCAACAGTTGGTCC
YDJI-F ACGGAATTCATGGTTAGAGAAACAAAGTTATAT

YDJI-R GTCTAAGGGCGGCCGCTCACTGAGAAGCACATTGGACACC
SNL1-F ACGGAATTCATGCTTGATTTATCCCCATTC

SNL1-R GTCTAAGGGCGGCCGCTCAAAGGTCTCCGAGAACAGCTTT
PDI-F ACGGAATTCATGCAATTCAACTGGAATATT

PDI-R GTCTAAGGGCGGCCGCTCAAAGCTCGTCGTGAGCGTCTGC
BIP-F ACGGAATTCATGCTGTCGTTAAAACCATCT

BIP-R GTCTAAGGGCGGCCGCTCACAACTCATCATGATCATAGTC
LHS1-F ACGGAATTCATGAGAACACAAAAGATAGTA

LHS1-R GTCTAAGGGCGGCCGCTCACAACTCATCATGGGATGTTTG
SSO1-F ACGGAATTCATGAGTAACCAGTATAATCCG

SSO1-R GTCTAAGGGCGGCCGCTCATCTTCCCCAGTTTCCGACACC

The EcoR I and Not I sites shown in the primers are underlined.
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1.10 Zitoth

P BRI 20 2240 MR t BRI G2 25 5
Giitegis ek P<0.05. T LW & /7 T
3R, A BRI LB EbRE2E RN

2 BRS04

2.1 HENESREKRIARIE

1 1-0-PrA [EEFE AT UET TR K -5
ik, KSR E IR W T SDS-PAGE
i, g5 RO BRI 55-60 kDa (1)
iR (8 1, WKiE 1), BT HE RN
40.4 kDa, 5 41 25 11 MRS 75 Bk itk — 2
BoE . A B3RS Endo H (I 1, kil 2,
30 kDa)ib PR HAREH, 4550 58 HEA
TR/, TE— 4% 49 kDa £ A8 30— &
4 (B 1, VKA 2), sk T, £
PrA W] e HA SR 2 BRI E . BIRE ST
7N, 1-0-PrA VAR EE 57 00 B =i TG 4 738.03 U/mL.
XF ok BB PR T ER A E A2 M alifh, alifk)E
) PrA IR — | FEREOSSWE 1, Uk

kDa M 1 2

50-60 kDa
49 kDa

Endo H

£ 1 Bk 1-0-PrA %X B2/ L 75H) SDS-PAGE 53177
SDS-PAGE analysis of supernatant of 1-a-PrA. Lane M: Protein marker; Lane 1: 1-a-PrA; Lane 2:

Figure 1

B 3), ATDLHEAT S SR mA ok . DA g AR
UEH] PrA 7EEE SR EERE D3R5
22 ERMEBMINEEMR
22.1 fRERZ

e 2 s, BEEBRU 5 ODego fH 2
LR R, R=0.994 47, RULIEXRR
4, ATLAIERRHERT £ o
222 BEEMEBRBIEEMR

DL 1% AR, Milatifb/s PrA &1
e FE K HEDAS PrA (9 ELEEE A 3 974.00 U/mg.
e 3 R, RUEEAR PrA Mfid )y pH
41 3.0, 76 pH 2.0-3.0 [X 8] 45 45 Ry £ 5 AR S
A5 1E 80% AT . HERIGRE N 45 °C, 1
40-50 °CIX [0 5 Jy ke /8 A X i TG, 4EHr7E
80%LA o R E MM E LS R BN, 7E 30 °C
FAETRIE 120 min J5, BRI R EFEARIGTE N
93%; FE 40 °CAF AR 120 min J5, A9
FIRARTEEN 32%; Zad 45 °CLbHE 30 min J&
FHXTETE R 20% 447 . &5 FIE 4R e
78 Ca**, Zn®". Fe*' X PrA BUWE VA WOHE

kDa
100
70

55
49 kDa

40

35

25 Endo H

15

Deglycosylated 1-a-PrA; Lane 3: Deglycosylated and purified 1-a-PrA; Lane 4: Negative control.
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0.5 1=9.575 87x-+0.025 93
R*=0.994 47
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1 | | 1 |
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Figure 2 Tyrosine standard curve.
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Xt PrA (3G A MHIVER, Fe'XF PrA 55
A
2.3 ESRRMACHRIRAAE RITIE

X} 1-S1-PrA . 1-S2-PrA . 1-S3-PrA Fil 1-S4-PrA
AR R, BTG A AN 4 7R, 1-S2-PrA
ARG R BTG fe iy, PP 1206.52 U/mL,
H5UIEEE 1-0-PrA MRS T 63%4L 4
1-S1-PrA I 1-S3-PrA A7 Fr3m, =4y il e
839.78 U/mL F1 791.95 U/mL. 1-S4-PrA (&1
AW AN, PRy 580.19 U/mL.
SDS-PAGE I iI35 i I 5040 34 2% B A5 5 Ak Ak
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Figure 3 Enzymatic properties of PrA. A: Optimum temperature. B: Temperature stability. C: Optimum pH.
D: Effect of metal ions. CK: Enzyme activity without addtional metal ions.
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A B
kDa M 1 2 3 4 5 ,
100 — 1500
e @ l
55— N =)
G G D S s - . Da E | aool
40 — — =)
-
35— ié
[+
<« Fndo H o 500
25— g
d
|43
| 0
15— 1 2 3 4 5

4 ESERMAST PrA RIZEEHWF T
Figure 4

Impact of signal peptide optimization on PrA production. A: SDS-PAGE analysis. All samples

have undergone deglycosylation treatment. B: Enzyme activity analysis. Lane M: Protein marker; Lane 1:
1-0-PrA; Lane 2: 1-S1-PrA; Lane 3: 1-S2-PrA; Lane 4: 1-S3-PrA; Lane 5: 1-S4-PrA. *: P<0.05.

J R, HEH pMCO-AOX-S2-PrA Ji ki i T-1A
G e g 225 DL BTk
24 EEENHX PrA FERFE M

1,2, 4, SEE DT BRI T Spel/Xbal
SEGYIRAE, WE S B, AR HESLER
RS 7.5kb), 1,2, 4, 84201
JEURL K B R /MKIR R 2.5, 5.0, 10.0, 15.0 kb,
PRI AR . a5 R B 285 UL Kk sk ik
FA R ) o

¥ b3k 295 DBk 2k M Ak T i B 31 HE Ol 1
GS115 1, 1525 T4~ 2-S2-PrA |
4-S2-PrA Fil 8-S2-PrA. i M8 1.2 A9 7 %4715
T N R IB I HEAT MG D E A SDS-PAGE 3wk
PP, WK 6 s, 2-S2-PrA. 4-S2-PrA Fl
8-S2-PrA MAET 1-S2-PrA j= i34 Frssfin,
YR T 35%. T5%H1 99%, WETE 4
162447, 2 115.82, 2 406.47 U/mL, 45K 4
I PrA BYFE DLEGA R 8 4N AT USRS e 1 il
1% 1775 (2 406.47 U/mL), #£HX 8-S2-PrA [ #k
FHFHUEN bR 5 22525

Bl 5 ¥ IERIIE

Figure 5 Validation of multi-copy plasmids via
Spe I/Xba 1. Lane M: DNA marker; Lane 1:
pMCO-AOX-S2-PrA; Lane 2: pMCO-AOX-S2-2PrA;
Lane 3: pMCO-AOX-S2-4PrA; Lane 4: pMCO-
AOX-S2-8PrA.
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2.5 HRIEDFHEES PrA REEWEM IR . BEPLPEER zeocin BUR A A IE (K 7A)

FEHR 1.6 IR T vEXT 8-S2-PrA WARHATHL UM TR A B R A . 5 R 7 FoR,
PEHBR , P AR S i SR VR R AR 2 8 PRk B ARG PrA PR AR EE—2, ik
YPG #1 YPGZ “F-Hi, JLA 30 °CIH:FFETIEFR W6 SRMRE &2 5.

A B
kDa
100 3000
70 o
-l
55 E
40 = 2000F
2
35 2
2
25 E 1000
-
N
=1
[S4]
0

15

6 ERFEFEIIHI PrA RIAENENT
Figure 6 Impact of gene dosage optimization on PrA production. A: SDS-PAGE analysis. All samples have

undergone deglycosylation treatment. B: Enzyme activity analysis. Lane M: Protein marker; Lane 1:
1-S2-PrA; Lane 2: 2-S2-PrA; Lane 3: 4-S2-PrA; Lane 4: 8-S2-PrA. *: P<0.05.

A YPG YPGZ C 3000

100 pg/mL zeocin )
(100 ug ) i . 11

2

z 2000
.z
k31

5 1000}
2
5

O I —

23 456 7 89
Lane

7 HUMEHRRFIEEIEILIE
Figure 7 Elimination of zeocin resistance gene and validation of enzyme activity. A: Resistance elimination

analyse. B: SDS-PAGE analysis. All samples have undergone deglycosylation treatment. C: Enzyme activity
analysis. Lane M: Protein marker; Lane 1: 8-S2-PrA; Lanes 2—9: Zeocin-sensitive transformants of 8-S2-PrA.

P4 actamicro@im.ac.cn, & 010-64807516



A A& | AR, 2024, 64(9)

3323

WHEE 3 ffivkh HACL, SSAl. YDIJI,
SNL1. PDI. BIP. LHS1 #l SSO1 4118,
= SN I BN ik AN S RSNy e A A R I
zeocin fHUEY) 8-S2-PrA B2 A4, Mg
TR AR R TR . FB] 1.2 A5
AT T S KAk I AT G W 2 F1- SDS-PAGE
BE

Wl 8 FiR, RIETEEARWERER) SSAL . BIP,
LHS1. YDJ1 %f PrA WS EAEHER], B
e 2 896.86 .2 884.95 .2 745.62 .2 768.27 U/mL
(5 8-S2-PrA ML AT HIHR R T 20%. 20%. 14%
1 15%). 4> FFE1E HAC1. SNL1 . PDI 1 SSO1
X PrA A MEIVE R P a5 T RE T 12%.11%
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Table 3 Localizations and functions of molecular
chaperones

Name  Major subcellular Function
localization

HAC1 Nucleus Transcription factor

SSA1  Cytoplasm Hsp70

YDJ1  Cytoplasm Hsp40

SNL1  Cytoplasm Nucleotide exchange factor

PDI ER Disulfide isomerase

BIP ER Hsp70

LHS1 ER Nucleotide exchange factor
SSO1  Golgi Plasma membrane t-SNARE

protein

pMCO-AOX-BIP-LHS1 . pMCO-AOX-SSAl-
YDJ1-BIP-LHS1, $fHZM:ALIFH A zeocin
JEIY) 8-S2-PrA BAZ AN, T RIGILRIAA
[ AR G R R R il 9 FooR, A]
A4y 1R 404 SSAL-YDJ1 . BIP-LHS1 #I
SSA1-YDJ1-BIP-LHS1 X P 2 1 g i) 7= i 13
AU AR T BT 45% . 50%F0 70%), S
45k 3489.38, 3 609.70, 4 091.27 U/mL,

4000 i}

:)E\ [ 1

S 30001 < .
49kDa =

Z 2000

]

g
EndoH £, 1000}

[=1

m

0

1 23456789
Lane

Impact of co-expressing molecular chaperones on PrA production. A: SDS-PAGE analysis. All

samples have undergone deglycosylation treatment. B: Enzyme activity analysis. Lane M: Protein marker;
Lanel: 8-S2-PrA; Lane 2: 8-S2-PrA-HACI1; Lane 3: 8-S2-PrA-SSAIl; Lane 4: 8-S2-PrA-YDIJI1; Lane 5:
8-S2-PrA-SNL1; Lane 6: 8-S2-PrA-PDI; Lane 7: 8-S2-PrA-BIP; Lane 8: 8-S2-PrA-LHS1; Lane 9:
8-S2-PrA-SSO1. *: P<0.05.
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Figure 9 Impact of co-expressing molecular chaperone combinations on PrA production. A: SDS-PAGE
analysis. All samples have undergone deglycosylation treatment. B: Enzyme activity analysis. Lane M:
Marker; Lane 1: 8-S2-PrA; Lane 2: 8-S2-PrA-SSA1-YDIJ1; Lane 3: 8-S2-PrA-BIP-LHS1; Lane 4:
8-S2-PrA-SSA1-YDJI1-BIP-LHSI. *: P<0.05.
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Figure 10 SDS-PAGE analysis of supernatants in high-density fermentation. A: The original supernatants

samples. B: The 10-fold diluted supernatants samples. Lane M: Protein marker; Lane 1: 48 h; Lane 2: 72 h;
Lane 3: 96 h; Lane 4: 120 h; Lane 5: 144 h; Lane 6: 168 h; Lane 7: 192 h.
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Figure 11 Enzyme activity curves for high-density
fermentation.
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Table 4  Yields of acid proteases in existing
literatures

Protein name Host Maximum

enzyme activity

(U/mL)
pepB Aspergillus niger TH-2 1 380.001*
AjproAl Pichia pastoris 669.6004
pepA Pichia pastoris 50.621%1
pepB Aspergillus niger SH-2 9 722.00%
Acid protease  SKY-520 3 000.801")
pepA Pichia pastoris 23 000.001*
RmproA Pichia pastoris 3 480.40 !
PrA Pichia pastoris 43 088.00*

*: The expression level of acid protease in this study.

fiti PrA, HALA " 155 738.03 U/mL. 7EWF5E
HE Ve R &P PrA KA T A —a0h
Hedb, HARFRI A Fp AL A B 5 & f A
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Hi & 7E SDS-PAGE &t fi R RHARIT ) 3 1~
125747 , T % 2PN 35—55 kDa (146 & 45717 .
WS A A X B 11 3 P A S ) A A A i E M
5 3 W BE A i B Rk A 7E BB CSN &A=
N-BESEAL B, HEAE 50 °CIR-AF 240 min 5% 4 il
TEHSRIRAFEAE 90% LA o ZFAIFFIR IR MY CSN
TR R S 25 R AR AT TG AR 5 20%0°", %3
SUE TR B 1 o] BE A B T2 8 AR A R 2
Peo SR, BEIEAAE AT BE 5 BUE (WL st
JERL S AN A0 0 e DAL T 52 W A S g B P D2 IRt
BESLACAB T B 097 Y000 52 75 2R T

EREY N R AL LN ¥ A = P N O SR 9]
. Xiong S W52 %6 B MF4L {5 5 IKAT LA
AR R R 8 (phy-pl-sh) 7E SR AR IR B I R OA
5 a-factor {5 S BRAH L P2 i T 2.9 %, WS
BFE T 2 650.00 U/mL., Wang 2P % 1]
MF41 {5 5 AT DA 42 m H R R U0-1,4-B-H
& B i (mannan endo-1,4-B-mannosidase, MAN)
TERCIRERE P 3215, PR MF41 UL o-factor
{55 KM MAN (7= g M T 2.03 f5. X%
B MF41 {55 MREEW S 5 | 528 11 B o Y
J5 I 5 AR R R 43 I i A%, AT 48 o L bR 2
H B RR . A5 H MF4L {55 k15 PrA
B s S50 R 15 5 IR (a-factor) M L3 5 T 63%,
i 5% T 1 206.52 U/mL.,

Rt — R m R B PrA 175, A
WEFEXT PrA U7 285 D] IERE TRAR A B AL SRk 43
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16 8 ¥5 DU B fe i , MG =ik 2 406.47 U/mL,
5 e DUEE R RE PR MR AR LLFE 55 T 99%, JEIA
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AN E PSR iDE 2 1 & SN TR 1 s 1R N =g = D £
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— B HGEE SR AR DU S S
AT R B AR 177 i Ma SRR SRR N
i LR B PR ABE(NPL-p), 76 %L M4
4F NPL-p ;=& 5% 12.87 mg/mL , 5FEHH & B
MRS T 8.6 fiv. il ™ e ket R
o R, AR AR R (Xynl 1A= i 5
PEA AR T 7.02 fi5 . 3N e AR Ry
FibE EREMREEAN, 23%ET. FY
K. R s FREEFEARA S, 7E 30 L & FehiE
RS TR R I i iR #) 23 000.00 U/mL.
RBFFEK = 7 Wbk 8-S2-PrA-SSA1-YDJ1-BIP-
LHS1 i#47 5 L K-V % kKB, PrA Rikatift
— 4R THF) T 43 088.00 U/mL.
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