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Abstract: Enterokinase is a class of serine proteases that specifically recognize the cleavage DDDDK sequences. Therefore,
enterokinase has been widely used as a tool enzyme in the field of biomedicine. Currently, the expression level of enterokinase
in Pichia pastoris is low, which hinders related practical applications. In this study, the effects of six different signal peptides
SP1, SP2, SP3, SP4, SP7 and SP8 on the secretory expression of enterokinase in Pichia pastoris were studied. Compared with
a-factor, SP1 significantly increased the secretory expression of enterokinase (from 6.8 mg/L to 14.3 mg/L), and the
enterokinase activity increased from (2 390+212) U/mL to (4 995+378) U/mL in shaking flask cultures. On this basis, the
enterokinase activity was further enhanced to (7 219+489) U/mL by co-expressing the endogenous protein Kex2. Moreover,
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the activity that the mutant strain with N-terminal fusion of three amino acids of WLR was increased to (15 145+920) U/mL
with a high specific activity of (1 174 600+53 100) U/mg. The efficient secretory expression of enterokinase laid a foundation

for its applications in near future.
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U b SRS (PDI) A TR R
T FEF TR BRI VE T . Kex2 555 ER5A] KR X
PN LR, W EY o-factor {5 S KH TN T,
Kex2 MAERKARYIFR a-factor {55 k741,
A B TSR it #kM Chun 2876 K FFi#
Fof EK 15 PDI G 63k, 3865 T EK i EL
Wang %26 EK 55 64 13 I 19 2L R F R A4 Tl 28 A8
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1 MRET %

1.1 BEHSRE

S0 v B Y B R EE AR EE R Pichia pastoris
GS115 FIK M FF i Escherichia coli IM109 D) & Jii
#i pPICIK ., pGAPZuA . pGAPZB It F Invitrogen
457l E. coli IM109 1E R Fifefs 32, P. pastoris
GS115 1E e iy & Pk -

1.2 EFEHAS

B A B AE YPD R IR,
T (g/L): BERHEHCY 10, BEEEMAM 20, HiZHE
20 M % T B 0 36k A Ak B AR B B R [ Rl A
YPD P IARRATAE R (H3EEER 100 po/mL &
W2 B 200 pg/mL) RA . SRR AR E SR
BRI E ] MD B3R 28, BUATANE (g/L): i
ZjBE 20, YNB 13.4, A% 0.000 4, Zifighi 20,
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KIGFFFER A PUER D LB B3 h 3%, iy
W (g/L): BEEHEEW) 5. BEAN 10, Sk
10, ¥ pH W= 7.4, WHEIUHER AN AR
e h 3R K 50 pg/mL 21 E % B 50 ug/mL,

1.3 EHRRIHE
AR BRI S T3 1, RIS

YR 2 h . bEKL IEER P41 (GenBank %5 5

F 1 XPFTAEKRRR
Table 1 Strains and plasmids used in this study

2 282009) 1 GENEWIZ & B34 A 3 ik
PGAPZoA FIAHEH 155 GPEKL Ftk. F 6 FiAs
[F] 145 = K Y 91 8 48 o-factor {55 ik i) pre-region
X, B e iY Bk HL B4 2 P, pastoris GS115 3k
A ARSI EA R . DL R
P. pastoris GS115 LR Mkt , ¥ 44 3 Fhi
JRE X BiP, PDI Fl Kex2 J:[H, i A ks

Strains or plasmids Description References
Strains
Escherichia coli JM109 Cloned host Invitrogen
Pichia pastoris GS115 Expression host Invitrogen
GPEK1 P. pastoris GS115 harbring pGAPZaA-bEK This work
GKSP1 P. pastoris GS115 harbring pGAPZaA-SP1-bEK, This work
GKSP2 P. pastoris GS115 harbring pGAPZaA-SP2-bEK, This work
GKSP3 P. pastoris GS115 harbring pGAPZaA-SP3-bEK This work
GKSP4 P. pastoris GS115 harbring pGAPZaA-SP4-bEK This work
GKSP7 P. pastoris GS115 harbring pGAPZaA-SP7-bEK, This work
GKSP8 P. pastoris GS115 harbring pGAPZaA-SP8-bEK This work
GP1KeK P. pastoris GS115 harbring pGAPZaA-SP1-bEK and pTEF7K-Kex2 This work
GP1PdK P. pastoris GS115 harbring pGAPZoA-SP1-bEK, and pTEF7K-PDI This work
GP1BiK P. pastoris GS115 harbring pGAPZaA-SP1-bEK and pTEF7K-BiP This work
GP1KePd P. pastoris GS115 harbring pGAPZaA-SP1-bEK,, pTEF7K-Kex2 and pGZBH-PDI  This work
GP1EFM P. pastoris GS115 harbring pGAPZaA- SP1-EFM-bEK, This work
GP1RNL P. pastoris GS115 harbring pGAPZaA- SP1-RNL-bEK_ This work
GP1LKR P. pastoris GS115 harbring pGAPZaA- SP1-LKR-bEK_ This work
GP1WLR P. pastoris GS115 harbring pGAPZaA- SP1-WLR-bEK, This work
Plasmids

pGAPZaoA pUC ori, BleoR, GAP promoter, a-factor Invitrogen
pGAPZB pUC ori, BleoR, GAP promoter Invitrogen
pPIC9K pUC ori, KanR, AmpR, AOX1 promoter, a-factor Invitrogen
pTEF7K pUC ori, KanR, TEF1 promoter This work
pGZBH pUC ori, HygR, GAP promoter This work
pTEF7K-PDI pUC ori, KanR, TEF1 promoter, containing PDI This work
pTEF7K-BiP pUC ori, KanR, TEF1 promoter, containing BiP This work
pTEF7K-Kex2 pUC ori, KanR, TEF1 promoter, containing Kex2 This work
pGZBH-PDI pUC ori, HygR, GAP promoter, containing PDI This work
pGAPZaA-bEK, pUC ori, BleoR, GAP promoter, containing a-factor and bEK, This work
pGAPZoA-SP1-bEK, pUC ori, BleoR, GAP promoter, containing SP1 and bEK_ This work
pGAPZaA-SP2-bEK pUC ori, BleoR, GAP promoter, containing SP2 and bEK This work
pGAPZaA-SP3-bEK, pUC ori, BleoR, GAP promoter, containing SP3 and bEK This work
pGAPZaA-SP4-bEK pUC ori, BleoR, GAP promoter, containing SP4 and bEK_ This work
pGAPZaA-SP7-bEK, pUC ori, BleoR, GAP promoter, containing SP7 and bEK This work
pGAPZaA-SP8-bEK, pUC ori, BleoR, GAP promoter, containing SP8 and bEK This work
pGAPZoA-SP1-EFM-bEK, pUC ori, BleoR, GAP promoter, containing SP1 and bEK_ This work
pGAPZaA-SP1-RNL-bEK, pUC ori, BleoR, GAP promoter, containing SP1 and bEK This work
pGAPZaA-SP1-LKR-bEK, pUC ori, BleoR, GAP promoter, containing SP1 and bEK This work
pGAPZoA-SP1-WLR-bEK, pUC ori, BleoR, GAP promoter, containing SP1 and bEK_ This work

% : 010-64807509
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*2 HEHMEFTASY
Table 2 Primer used in this study

Name Primer sequence (5'-3)
SP1(ZaA)-F GTTACCGCCGCGCTGGCCTCGTCCGCCATGGCCGCTCCAGTCAACACTACAACAGAAGA
SP1(ZaA)-R CAGCGCGGCGGTAACGGCAGCAAATGTGAACTTCATCGTTTCGAAATAGTTGTTCAATT
SP2(ZaA)-F CTTCTGGCTCTGGCCGCCGTCGCCACCGCCGCTCCAGTCAACACTACAACAGAAGA
SP2(ZaA)-R GGCCAGAGCCAGAAGGGCGGTGGAGAACTTCATCGTTTCGAAATAGTTGTTCAATT
SP3(ZaA)-F GCTGTCGCTGCTGGCGGTCCCGGCCACCGCCGCTCCAGTCAACACTACAACAGAAGA
SP3(ZaA)-R GCCAGCAGCGACAGCAATAGAGATTTCATCGTTTCGAAATAGTTGTTCAATT
SP4(ZaA)-F ATCGCTGCTGCCCTGGCCTCGCTGGTGGCAGCAGCTCCAGTCAACACTACAACAGAAGA
SP4(ZaA)-R CAGGGCAGCAGCGATTGAGACCGCTGAGAACTTCATCGTTTCGAAATAGTTGTTCAATT
SP7(ZaA)-F TTACCGCTTGTGCTACTCTGGCTCTCGCTCTGGCTGCTCCAGTCAACACTACAACAGAAG
SP7(ZaA)-R TAGCACAAGCGGTAAACAGAATGGTAGACAGCTTCATCGTTTCGAAATAGTTGTTCAATT
SP8(ZaA)-F GTTACTGTCTGCTTTTCCGTTGCCTCGGCTGCTCCAGTCAACACTACAACAGAAGA
SP8(ZaA)-R AAAGCAGACAGTAACCAGCAGGGCGAGCACCTTCATCGTTTCGAAATAGTTGTTCAATT
pTEF7K-F GCGGCCGCGAATTAATTCGCCTTAGACA
pTEF7K-R GAATTCTACGTATTAGATTAG
Kex2(7K)-F CTAATCTAATACGTAGAATTCATGTATTTGCCAGCACTTCGC
Kex2(7K)-R TGTCTAAGGCGAATTAATTCGCGGCCGCTTACAATGCCGCACGTTTGGGAT
PDI(7K)-F GCAATCTAATCTAATACGTAGAATTCATGCAATTCAACTGGAATATTAAAAC
PDI(7K)-R TGTCTAAGGCGAATTAATTCGCGGCCGCTTAAAGCTCGTCGTGAGCGT
BiP(7K)-F GCAATCTAATCTAATACGTAGAATTCATGCTGTCGTTAAAACCATCTTG
BiP(7K)-R TGTCTAAGGCGAATTAATTCGCGGCCGCCTACAACTCATCATGATCATAGTC
pGZBH-F GGTGGCCTCGTTTCGAAATAGT
pGZBH-R CAGCTTGTTTTAGCCTTAGACATGAC
PDI(ZBH)-F ACTATTTCGAAACGAGGCCACCATGCAATTCAACTGGAATATTAAAACTGTG
PDI(ZBH)-R GTCATGTCTAAGGCTAAAACAAGCTGTTAAAGCTCGTCGTGAGCGTCT
Forward NNKNNKNNKATAGTTGGTGGTTCTGATTCC

Reverse AGCTTCAGCCTCTCTTTTCTC

Underlines represent the homologous segment.

PTEF7K (BT pPICOK Jiihr, ZBAifRZE: 12w
HEEINE, JFHA A G s TEFLp fR#F
AOX1p Ja3lI+) MFRIEHES, 7E pGAPZB ki
Eah b, H#ER B R TSGR P RR ,
53 7 Bkl pGZBH. # PDI 1 Kex2 43 4l4di A
PTEF7K il pGZBH # {4, Jhfa] v % fb 2 F 4 1
GKSP1, #f5Ftk GP1KePd, 7 EK ) N 3ol
i, Ll pGAPZaA-SP1-bEK, MR, Bit&A
FEPEBIE M EWE 519 Forward (51979 N (U
AITICIG UFhpg AL, KUK G/IT MAhmAE), Tiff
5% Reverse, % PCR Iy )5, Wil fbi% s
HTLHEZE E. coli IM109, 64k %5 I8 F-# b
TR, R IOR . R AR 4 Y SR L
P. pastoris GS115, 15345k FZ Pk A 48 fLIR
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H, BiSR 3 d EINE LIRS, VIR R
9 B AR AR R IR LA DB, PCR 9748 H i A Be
JR AT, BESI AR BIERH G, RT3
N S BEHLGIA 3 AN E IR A JE AL IR TR AE o

1.4 BEHRBIIES

VS VR H I TP BRI, YPD SR R
2k, 1€ 30 CAMFF R 3% 3 d S Bhkt PR Y A
VE TR TP Uk SERE SR 24 h R AR R, KR
TR 2 250 mL PYAPRI P R R IR .

1.5 EKBIHUREBKRENE

EK >k HE A gtk iy =, Pz bl -
20 mmol/L #fZ4N . 500 mmol/L /L4 . 20 mmol/L
RIS, VR 2% i . 20 mmol/L #FR%N . 500 mmol/L
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S AL BN . 250 mmol/L Bk Mk FEAE LR S
HisTrap™ FF (0 FHULHA 45, 25 FIvk 3 RO o2 4
i Bradford 7] & vi BH T TH4E .

1.6 EK HWEgIENEM KMz hFE 5

EK fJIEY GDAK-B-Na Hi g &t ikolk A R 2 ]
& . 0.25 mmol/L 1 GDAK-B-Na % il 75 ik Y1 5%
R (54 10% DMSO. 25 mmol/L Tris-HCI
(pH 8.0) A1 10 mmol/L CaCl, ). KB &5
RV RIR A, ME 37 C&MAT 7 min WY %E
FAFALE (=337 M, Aem=420 nm)I*®), bk 4%
T, ¥ 1 min NZEEMEREM 1 (1 U=1 abs/min)
SE R 1 UM SE R R BRI, AR
Yk E T EK WIS, JFRA Hanes-Woolf 1 &
AT K (A Vinaxo W5E EK WYY 8N 712

1.7 SDS-PAGE 5 Western blotting

SDS-PAGE Jit FH M HE IS LA B2 2% vy W 3K 13§
BRI R B A BRA R . Al il 2 74k B Jin
B, BOEHE 120 V T YK . HBIKSERS, H
R R-250 it 30 min, PEMLEETD &
Jii A% . Western blotting 75 ZRBBEE 108 P TURE
HERW MK (PVDF) L, 20 mL &6
5% (W/V) Jitig4-W569 TBST (10 mmol/L Tris-HCI
150 mmol/L NaCl, pH 8% 7.5) 7%k iR
BEE 1 h, KGR AR B P R B — BT
(W3 3LF Beyotime A9 His $iik) .4 CHEd7K,
P SRR R — P (FRELL>h 115 000,
HRP FRic A L=EHT/NR 19G (H+L)) 12l 1 h,
=R TR

1.8 (ESBRMIZREHTN

XU e Ev%ﬂﬁéklﬁﬁT:ﬁéﬁ@%ﬁbﬂﬂ
(https://npsa-prabi.ibcp.frINPSA/npsasopma.html),
RIETR T 5 AT 5 BRI R A5 5 BAURR T
pre-region X. (& 1),

1.9 ZEAREHIEBRITMN
RO R AR EK BETEPER S0, &
FIST R 25 () 45 b 300 7 A 2k e 55 4 b AT

% : 010-64807509

Slgnal peptide

GAP pre- | pre- .
o wﬁ)ﬂﬂm

a-factor m@ﬁﬁ@ﬂﬁﬁ@@ﬁ@@&@@@@

ccc

hhhhhhhhhhhhhhh

SP3 @@BGGG@G‘@@G@.@...‘

hhhhheehhh

hhhhho
SP8 M@@D@GG@ﬂ@@ﬁ@@@@@..

hhhhhhhhhhhhhhhhe

B 1 pre-region REEEFHI 5 ZRLEHE 2 TN
Fig. 1 Prediction of amino acids sequence and secondary
structure information of pre-region. c: coil; h: helix; e: sheet.

(http://new.robetta.org/submit.php) , K 75 i 45 A9
TR AR HE AT 7R £ 5 B PEAS (https://servicesn.mbi.
ucla.edu/SAVES/), AR 4k ¥4k i 45 5 75 UE 47 A0 1
AL TEAS BB I E M A A5 S, )X 4)
Pr T E AR RE S, il it ESPript3.0
e, (http://espript.ibcp.fr/ESPript/ESPript/) .

2 BREL

21 ESHUERS EKBIFRIE

B ORI EE S A RIR EK INRETT, ik
Witk GPEKL [a-factor 55 ki pre-region [X
6 ARG IRP 81 B, 25 SR KB Y a-factor 157
SIKME AL SPL A SP2 B, ERFREEEEMAN b
EK MG HA B (B 2A), XN B ik GKSPL
M GKSP2 B@E&{ﬁ/\%um (5 235+389) U/mL il
(5 173+333) U/mL. b4 SP1 Fil SP2 {55 ik
STUARLCEE B A I PN S 1 LU AELAE Ry a3
WCR B FEAR, D B ODeoo PN BRI 14 L7 fiES
WA EK FUBETE T, 45 R aEl 2B Fon, SPL A
PR WARE ST, A MARRIR R 41%, B EK Y
BEyGHE e T 2.1 fi5o 7EAMNEEE A o it f
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5T IKG | TN AR 1 o e B s iR AR el R
JE B AR K, BA IR B S K | A
JUE 57 F PRSI, A R A6 T N S5 R
BFFERIER, 5 R I A
SR R A DA R 2 R R R i {5 Sk S5 15 5
IRIR SR (SRP) HI4E4 1Y, SPL (5 S kT RE 5
SRP i W aF PN A GEH, 12 EAE
IR s AR B A, HEmiRE T EK
43I K- o SP3 {5 5 B A B K Hhots a4
HRREIR, 8 PRSIk 2 el &
i &0 R B 46 6 15 . SDS-PAGE 25 3 L [#] 2C.,
EK BEHINT 4> Tl 28 kDa, T 5B tkAf
TERESLAIENT , EK A9 SEPR R/ N AN , Western
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EE IR RE T EK MBSO IE 1, AHXT T
B RE R 1E 38-62 kDa 8], %30 Fl N A 4571 &
IR R R A R

22 EFEBFNEEAHRTIZRS EK BIEEE

FERIMR GKSPL (3t I, Syitt—2 4 EK 1)
WA , FEFRIE T SRR R R 1 BiP . PDI
il Kex2, ME5HRE Fph 35k BiP X EK (T
AR, 203k PDI il Kex2 Al EK i
EIE A (6 178+432) U/mL i1 (7 219+489) U/mL.,
SR, >4 PDI Fl Kex2 2H&—E R EKIBfS, EK
MBS TEAFRRAET, WG HA (5 616+320) U/mL

B 600 1100

[ B Extracellular enterokinase activity

| [ Intracellular enterokinase activity
500 . . 180
[ Secretion efficiency

400
60
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GPEK1 GKSP1 GKSP2

300

U/ODgymL)
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Fig. 2 Determination of enterokinase activity of strains with different signal peptides and results of SDS-PAGE. (A)
Comparison of enterokinase activity among different strains. GPEK1 containing a-factor, GKSP1 containing SP1,
GKSP2 containing SP2, GKSP3 containing SP3, GKSP4 containing SP4, GKSP7 containing SP7, GKSP8 containing
SP8. (B) Comparison of secretory efficiency of signal peptides. (C) SDS-PAGE analysis of enterokinase secreted by
different signal peptides. M: marker; 1: supernatant of GPEK1; 2: supernatant of GKSP1; 3: supernatant of GKSP2;
4: supernatant of GKSP3; 5: supernatant of GKSP4; 6: supernatant of GKSP7; 7: supernatant of GKSP8. (D) Western
blotting analysis of enterokinase. M: marker; 1: supernatant of GKSP1.
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(K1 3A). SDS-PAGE 455 LKl 3B, PN 5T M 4t B4 25
I BiP Ayt ak et Bl BF 43 0 AN IR 2R 1Y RE T A7
TERRKIN AR, i 321k BiP L5 Al BEXS MR 114
3 i 7 T S P24 PDI AT AT I P B A
JRETC 0 A B, R AR R TR P,
TR AT B 11 B 11 SR A A DU 2 P 5 ) ) 3, R
PEAAA MR 2 (ERAD)PY, il PDI fy 4t
FRWA SRR R AMIE R, ART EK MIE
WS, FIRERE TN RIEES . {5
K SMIR R 1151 5 2 9 5 M5, pre-region X 7E Py
TG FFEKR, pro-region X 1EE R ok Kex2
PIBk, 2, FoReRgssrkl, SRim,
FRIELE 5 FRIB0 Kex2 AlREA L, MRS IR
L N SREAER S A RERBERIGE IKP.

Kex2 fiff i) 32 547 B 15 5 Bk pro-region X (%%
B, FIFAMNEEAMESERE. 55, kA K
F% pro-region X Y EK AR ] &2 521 21| i 1Y fe 4L 55
W%, itk Kex2 J§ GP1KeK fsh 4
SN EK MBS &K I GPLKeK bk il /i sk %
Y5 GKSPL WERHHLIF A BMER BdEE
J&/R). PDI BZ LR T HIAEE Kex2 HIPIS

A
: - 180
~ 8.0%10° _|:| Enterokinase activity
g 10Dy, i
D -
2. 6.0x10°F 1 T 60
=
§ 40x10°F T 1
z = 140
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£
S 2.0x10°
g 120
s
0.0

3 HRZARED EKWBENEREBRIKER

OD 600

KR (X Wi m e LR Ab F Loop ¥4 1), H[w]H}
3K PDI A1 Kex2 B, Al eSS 20T £k A9 Kex2
LA PDI HJEYISEAT TEEYD, W55 T Kex2 FITER .

23 NimiEies EK 89 LLEgIE

EK ) N SibEHLEIA 3 PNEIERUAS, Wit
48 LR i vE B A AR BN T 4 A 5 AR K T Bk
GP1EFM. GPIRNL. GP1LKR #iI GPIWLR. #%
R IR _EWE W PR, M itk D
FEAL SR E ARG TE, JFH Bradford 357 £ 46
M b AE SR R, TR S (B 4A).
afi Ak FE 5 250 Lk 4> M Al SDS-PAGE 45 1 4l
% 4B, EK fi N %55 A EFM, RNL . LKR #l WLR
X 4 FEIRA G, 5 GKSPL WM EL, 5IA
WLR X 3 P2 B A GPIWLR Bk 16 A &
HFE, TS A (15 1452920) U/mL, LS N
(1 174 600453 100) U/mg, EK [ AR 12.9 mg/L.,
BEEHIKS R B R EK MBIk &H 5 Western
blotting % % 2% - —%(, H EndoH E ML fb5 ,
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Fig. 3 Determination of enterokinase activity of co-expressed endogenous protein and results of SDS-PAGE. (A)
Determination of enterokinase activity of co-expressing endogenous protein strains. (B) SDS-PAGE analysis of
enterokinase by co-expressing endogenous protein. M: marker; 1: supernatant of GKSP1; 2: supernatant of GP1BIK;
3: supernatant of GP1PdK; 4: supernatant of GP1KeK; 5: supernatant of GP1KePd. The upper and lower arrows indicate
the maximum and minimum values of EK relative molecular weight.
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Fig. 4 Determination of enterokinase specific activity of N-terminal mutants and SDS-PAGE results of purified protein
samples. (A) Determination of enterokinase activity and specific activity. (B) SDS-PAGE analysis of enterokinase
purified. M: marker; 1: purified sample of de-glycosylated EK, upper black arrow indicates de-glycosylated EK, the
black arrow below indicates the EndoH enzyme. 2: purified sample of GKSP1; 3: purified sample of GP1EFM; 4:
purified sample of GP1RNL; 5: purified sample of GP1LKR; 6: purified sample of GPIWLR. (C) Protein secondary
structure alignment with ESPript 3.
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Table 3 Kinetic parameters of mutants

Mutants K (X107, mol/L) Keat (S7%) Keat/ K (L/(x10°, mol-s))
GKSP1 0.97+0.03 27.78%3.1 2.86+0.11
GP1EFM 1.19+0.27 45.56+4.8 3.81%0.18
GP1LKR 2.67+0.21 88.33£7.3 3.3120.18
GP1RNL 1.3120.12 52.56+3.9 4.01+0.23
GP1WLR 2.62+0.19 111.13+8.6 4.24+0.17

3 ggi/h\ Microbiol Biot, 2014, 98(12): 5301-5317.

A5 E 1 X a-factor 1755 Jik pre-region [X %
HI AT 3 SPLAR S k4t = T EK B4 MA fig
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EK #KikH M 6.8 mg/L #2 % 14.3 mg/L, kiR
Be R N R R 11 % P Kex2 il PDI R 3L R 15 %t
EK AIRBGTE ARG A2 i 8E sy, Kex2 A3k nlk
EK RUBHE IR & (7 219+489) U/mL, #Rif, XM
AR 1 A 2 TR I ORI 55 |, AR B T
5. 78 EK B9 N el i, 51 A WLR iX 34
RIEMR IR IAE R GPIWLR 5 GKSP1 Hi#kAH
L, B S EE S 73K 3 1%, 1A% (15 145+920) U/mL,
FUiTE S (1 174 600453 100) U/mg, & T H Hi
238 19 250 000 U/mgt™. L ERIFSE R 4B A 11 R
TR SR —FP RS, WIS EK R R N
FHBEE T 3ehth
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