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Abstract: Escherichia coli has been widely used as a host system to express recombinant pro-
teins. The expression of heterogeneous protein in E. coli tends to form insoluble inclusion
bodies, whereas the export of recombinant protein to periplasmic or extracellular of cells has a
great facility for folding correctly and simplifying downstream purification, Signal peptides play
important roles in extracellular proteins secretion across the membranes, This review summari-
zes the current knowledge of the mechanism of translocation pathways and several general se-
cretion systems. The effects of signal peptide sequence and structure character on protein se-
cretion efficiency and available strategies developed to enhance secretion of recombinant pro-
teins were also illustrated. Moreover, we discussed the recent advances in successful secretory
expression of recombinant proteins in E. coli. The future prospects and the guidance for ex-
pression technology development of industrial enzyme preparation and protein pharmaceutic are
addressed.
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FERARMTBREASEEARD L E MM
SCHAHEINEER TR, ERENTRERENR T#
BEARTRMEEFBE. AR L L/ EK
MEERERZRGERAUATFEAER. RKBITER
BREGLUHBREERERE BREWE EBERENE
FREFREAE K K5 T R K BB R S5 AW
BRI HAT KB T ER R AT 6 & £ % Bl
AL.EE-SAREOR OTHRZ BESREAAL
BFEAO%F EAYHE RGBS T4 AEH MR
x.

KRR RE S T AT BERE LB M
THWEAR . BEHTRBETFESRZEOHTEL RS
TENFHBHN T . EHEEPEKRRRE, 5E R
WAL, AT E S E BT R T E A
RN ELERFREFEHNTEORMTE, MR
OB AROAEEMTRRSE, £ EFd
240 O S0 R L o 6 2 T A B SR B b, AT DA K Ak
THRURSEERTZ WP REEOXNEEH
MBS A, 2 E RS RRE.

1 cepnsnsmhe sl

1.1 5SSkl
FEMEREFTWEABMNEEN —BER
MABR EEMTHWEAN NG, FEESKEK
29 10~50 MEERR , A FE 5 bk = 8] 7 95 M 4
HEHUTUAEZ —~EHWHNMEERREE, #Ry
fES IRES MR AE A N o &4 IE s A9 R 2L ER L
WEBRAKEER, RZ AR N X; dE 5 L gk
AER(FRARER NEBRARTERS M E
BB K R0 D, BT LA AR — Bt o S 0E, FR 2 A B K
HX;CEREENN FREER, WNERMNH S 8%
F, -1 E—3 M A-X-A LML, T X MR
MG KRR RS S AKEE T U1 A9 3B 01, IR AR
ML CK. FERNGEHMM T RAREZENIER.
THERB KX KERRF K., HREHE
SKFFIAR—E £ N ¥, I o R EAKN C i
99~140 WK B A X UUFE S RPN, EY B N
g 1~60 MR G N B E Fas|me .,
1.2 ARBEERFIIEEN
HEHRRATHNEEE - EREOKE
HEREAAREMWESREBEQF . RAKGITEY

SMEEAMNESKANAAMEE A A-OmpA  OmpF,
ABERZ K LamB AR EBHEER SUL %) 8K
HEEHMESRRCNB LB PhoA X HFHE A
1 MalE \DsbA %) &5 % b $R RR 3C FC R K/ 3
R PelB) MIME SR B B R A, # {55 K
MEEMRFIINE 1Y,

K1 ABHEFZRETEANARESH

Tab.1 Representative signal sequences used for the proteins

secretory in Escherichia coli

i 5 Ik R B0 15 5 I & 2 AR P 5

MKKTAIAIAVALAG

OmpA ( outer-membrane

protein A) FATVAQA

3 AN R A MKYLLPTAAAGLLL
PelB (pectate lyase B) LAAQPAMA
OmpF ( outer-membrane MMKRNILAVIV
protein F) PALLVAGTANA

LamB (X receptor pro
tein)

StIl ( heat-stable entero
toxin 2)

PhoA (alkaline phospha

tase)

PhoE ( outer-membrane
pore protein E)

OmpC ( outer-membrane
protein C)

OmpT (protease VID)
MalE  ( maltose-binding
protein)

LTB C(heat-labile entero-
toxin subunit B)

MMITLRKLPLA
VAVAAGVMSAQA
MKKNIAFLLASMFVFSI-
ATNAYA
MKQSTIALALLPLLFT
PVTKA

MKKSTLALV-
VMGIVASASVQA

MKVKVLSLLVPALLVA-
GAANA

MRAKLLGIVLTTPI
AISSFA

MKIKTGARILALSALTT-
MMEFSASA

MNKVKCYVLFTALLSS
LYAHG

AR )15 F A E A TR A AR A &k
BHELE . FARHEARNESRKEFAEZREAMS.
BR T B M55 RS, B AL B9 15 B Bk 1F 7 B R W
Bt k. 5N M R A B H A
R st WU LR AR SRR S R AT E R
METHEM S MED/RE KRB SignalP I
TatP #¢EC,

1.3 ESHKIENSHYE

FESRFINAN S H W E AR R E, 555k
MEEEVHEH#E FERFINNREELL
EANEBEBNNABRERNEZ PR EREA T
HIINRE . 155 BRULE T 88 18] i 43 10 18 B, 3 4k IRk
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5 SRP & RAHA S TR TR SR,
HxERE . FE e ERAI AR ST,
B R BE S IR 4 I 45 1 & % m A 1k 2 HoE
15 0T BRCR, IR R E B N S R 451
REAZ #E 5 o F 15 S E B AT TFH

HEAESIKER T 51 B R B 2 S A H A By
DhRE; MTE A5 S BRI & 2Z 00, EE R AR5 K5 5 (i
FofFHERIEEZMEDSRENN T, i E.
B FIE S URBRK MBS, Szabady F
KAKHAFE B L5528 A EspP 55 K0 N itk
MAESKE S —BMKX, ZH TR EAE W
FE KT AT E A E L N, B2 B EEH
Ciii &R ASMNED . & LEfF5 BRI/ U5 Rk
REEW LY EE. Bl HIV-1 452 EGO p-
gp160 WIf5 5 IRTEE 155 Ik B BT U1 LAJS B i 2 40 g
B, Ed S EREECMATENSMHSEE S
A S I

PPN L stk

JFZAEY S HGE 20 0 R H BT B 2
KBS MR B K EEE AREE BRR
ARKEFE HEXBHEARC RS —ENEA
5 B SR T 9 R — R R R s o
BT BR T A B R 1 B R i S, iR A O
Wk E O E WA M E £ AR A iR A Y
WA O TEETRERGEZRE.

2.1 XGEHEFEREREXRE

KB ERERG P, 70 W8 F 5 8RR
Ay BERELL Sec Y Tat AWM RFERE. H—HM
YidC REARER, ERAFHIEAHARE,

) O .
SecA " [
by BB

(" \ TatABC
v
)

& " ~ 1
L - V) ? ! &
)
""‘“[M"""\Wﬂ o ¥ iy ¢ o mnm.u.u‘ (N Sy
YajC - —— - 1
J c

SecYEG gkl -
E'ts 3
24TP Fin

B 1 Seck Tat BRXFEIZRR

Fig.1 Translocation machineries of the Sec and Tat pathway

Sec & 12 : Bf — & 47 i i% 72 (general secretory

pathway,GSP & Sec i&12). KB B M4 K L
SrUSPE IR LA 2R A R A TR A8 AT B E Y Sec K
Ritfriiz, ZAGHEHEMNE Y. .80 hER
DA Rt BEE R B EE A . Sec B {7 B 2 L E A
B A& WA — FR R E A L F ( translocon) , ‘B & H
EHBERWHEAABRMN - KRERERE
Bk, XEEBO A SecY, SecE, SecG, SecA,
SecD.SecF Fl—ANJE i % M 45 & #) ATP B, SecA
BEfgE I RPHER. BEEQ =R SecYEG
Fokfg ATP By sh 1 F SecA R T Sec #% 1z
HIR% .0 (B 1), SecYEG ZRE B _RALE fifkic
i ; SecD I SecF AWM Bi/KEH N FEER A MK
BHNEHEAEHEEER. 56Kk BR KRG T
IR . SecB FF7E FHE X IKAME D, BA MM
. (DEASFFHEBEHERBEQLSE S FXD
RWEAEREB MR S WRARE ()
SecA EARFES. TRERG AIKTHES T
FIME B EAREE VIO . BUAAZ IRB BB

Tat &4 : B BUKS 2 PR ¥ 12 & 12 (1win arginine
translocation, Tat), Tat ¥ iE RFEHTHESHE
2, Tat AR REERE TEAEME H+- L
HBE, Taa KR ESKRER N X8EH— M {R<F
8 FAREAER, B) S/ T-R-R-x-F-L-K ", Ho o UK &
BEERROEARAE, xBFEAIREEER, &
RS =6 R T A RS, Tat (KR{F
SR Sec kR EEREHK 14 MR EMIRE, H
ERWATRERLM FHMBEN N KSR,
Tat KR FE S H XK WHKHEFELEREA Sec 4k &K
F5 K38 . K E & Gln f1 Thr,

KGHFEMN Tac KRB 4 MREBHWR: Ta-
tA,TatB, TatC # TatE(E 1), faFEMEA — 4%
MR E TatC B—IMEREA. RFHHRERY
TatCERBRSBEEXREHEEMEHARET
TatABC L E S WML TaBC E5 %A TR
E TIPS, M TatA RRERT SR OLFH D
HEMBHMEARBW M TaBCESWE S R G
BE# TatA, N2 JH B ZEE A
FRFHEREERNER. REERBITFEF D
B WEAKE Tat %, 28, Tat (KR IIHE
HEAEBERN, ZEREBZHIRY £ HELIEE
BEH XEHEEREFWRER FEEHHST, XK
B E e R ABEEEEEM.
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Sec § Tat MR ALK 2, X THMERE
B R IE 1 3 1 R IR AR [, ARH ATP B Sec
ZEHZEEMMME W Tat B RZ ATP ¥

M, T LA A X P A R AR . AT AL R R A B

AR P OB A 43 2 PR A BRI P T R A

R2 Sece 5ETat ERMREA
Tab. 2 Comparation of Sec pathway with Tat pathway

f
i%?é +ﬁ lﬁ] ‘['l‘.ln‘ L1 S 2 1 N / 3 S EAs pae
Beplik | RSk Pk 7 415 A Jik e
S 1. §E5 K, R4 H% N E e 30 S~ & HE B secYEG , secA, i aB i
Sec {u;} DI 5 g 2K iR AT secB,secDF, ATPase it AR
2. 18 ‘5}— Jik 1) IS?
s = J{.E MEHEMAIA g/TRR x FHI Sec £ tatA, tatB, tatC, ApH E
. i F-L-K 14 AEHEM  tatD,tatE 5 B i P T

2.2 EERPANEREARBEHMENEES W
E343

BRT UM EAFSREEYEARES, ELK
MR E S M W T ERE LR, A
RFEWAEARNEBESWRE U THSB. KB
HEPTHWEAEAFEU I MMIBNEE S WME
Msh; IAMN B RS FE S MR MY Tz
MK EE M B A EES; VAR VRS WAR
REEEGTEAABGESEHENEARE,

I B3R GRE ATP-55 6 & (ABO KA g 4]
U BHEBOR MRS EMEREEN W AN
F MR « W IR (HiyA) %42, i ABC 8 1 B§-
HlyB. B Rt 5 3 A-HlyD 1 5h & [-TolC 4R,
H ATP k@R HEER , ABC #1 BE R B0 F o8
1 2 (HIyA) SR IS 29 60 MR KRB S5 K5,
Gl bR 3 HEOKEBRFZESK BRI &
SHNEBARBEEMIEYTEFE, A4
i & ok (A K HIy A 43I0 2 Sk,

11 B 53 W R 58 E B 5715 % Sec B Tat {KHK
MESNRY B, TEIBA - MNINKE
H-7r W E (secretin) R LH. T WERIMENE
RAKGESSMNER UEBELE, TREFFE—
51 E A (pilot) LIE EHREAFISMEHD,

MW REY KRG ERBERGMEER, &
FRAN 0o M T RS2 B8 G,
ONC RN U R A Wi RN N el K
g,

NEARZKLE DNA b R % B A R R M,
Y 1 Siliad Sec £G4 b I B R, thwl 44 111
BRI AEE S WD LR F MR,

VERPMRAGEE—MEFHER%E, ZEAR
REHEIES A GBEEAMNEHITTHW. EANKE
& N ¥ Sec (R 5 551 . 5 & 45 74 3 (pas-
senger domain) FI{E 5k C M4, K kE
i Sec BN A FE M, MG C wmidARISMES,
7E N mEEH B A R m A IJFA C gk -
PIE Tk, M C il B e,

VIR 4330 R 55 & 2006 4E f} Mekalanos %5 2
ALIRE FIAR BRAT B A 8 KDY . R R G4
DR S T4 w0k K 2R A
HZBRY N 5wk Z (55 K75,

3 EINEAHEHRIED
HAES550 0K

MUERBHESTEARBERIIEN EES
WRER DT ER, EAEANDPWANIZEEMN 1
R B 500 RGE B AN Bl AM R A S
¥ ME (HlyA) 5 5 77 5 Bk & TR 4 aT DL g4y i &
Mo BB ZRES W EANRTE —BRES
o) BRI HTIHY., [REAELFELD
EORARFSHEERET TN
K B SR 5 BB 43 W o Ok, 1) G A B &k kil to-
IATIl, BRP B R4 BB (WL 2),

3.1 ESHNFINSEAERNWEN

SEBN XA IR H X A5k 05 &
HE G WEEREEMER. F5K N3O #
BESH NGB ERMFEAN FEHAE AN W
RO BEBEL TR IR NEAE NSRS
RS BB Sh ISR BE 5 D {55 K N & ik iy P1 {4
SRR 5 R BOGHE o fo] 43 i ik 2 8 P @ B

JHY
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M MkE . F. XMHERER

PHUMEALFNEG A AR

MREH. FS5K N wmEBXH RNA 8 h &
AGRNA RAUE i BR R, oW Tat iR2H)
FiEa R, FEERKREAK H X8G5 ek
KMKEMB KA FEAEAMNELRS . F
ST C X O C % nl 68 & B K3 U1 0 T
HME;Q AEFSK CRARRBBMAMARER,
A REdR W EAE ARSI AR . . R
FBEGFSHRLTA T WEXIEHAARKEEKHA T
(Human Epidermal Growth Factor, rhEGF) i i
REH,PHAEKR ABREZER, AT M T
55 5 B O S A, T 51 B B N AR AT R R AR
mis 5 Mk C X & HEMEF#H, (Pro-1Asn/Ala, Leu-
3Ser/Ala) A THES KM, LhHt. X
HAMFZ RGN TEAREEEN ., B,
A — A5 5 BRI AH 36 9 3K 3K 5% i BE AL 2 7 W
EEAENEAERERD. XAVELAEONTES
Sr S HECRA SESHETMHX.

B
OmpF fusion protcin (Y
= D
S— L o s D
t ® b Extracellular
medium
jﬁ pﬂj JW Outer membrane
: a s 2 Periplasm
)
Inner membrane
Cytosol o~
-~ e fiiein
Pre-protein N

DNA

? XBRESRREINBERETASERY
Fig. 2 Strategies for the secretory production of recombinant-
proteins in Escherichia coli

3.2 HRAKMINEAZR S BENNTM
RKGAFENEHRERANTBEZN T R
ROBRELABERE. MIBTWBRLELER
WEE Sec B Tat BEH AR FEZE ] EFTE 12~16
A5 B R RUAMBSEE L T KR AT B B A B AR 2

HEATEE. HOWBRBINK BEdEES S E
Bt B B 8 kil. tolAIll, BRP %X e 4% th
BIEAEANEEMBER(E 2)., Miksch™' %%
BRI R S KB ERBER (ki) KK, 3t
Rk kil B K FF B8 S0 B 8 O PR B R B 0, OF 2
FBREAREES WIS . EERE T PEHER
3.3 BMEAERAKBMNEBEATHS WM
RBRGHESWRENFELEXSIEE
ARSI BEA-BFIENMA KRBT BT LI
EARAMKINRE, B, & A B HERK RS
OmpF J5 7] LB 20 W 2 M 4% %, Fernandez &
Li %A f e A7 i 2 T L T IEHE scFy Hiik il
ANBEBHAFE-6 f gk,
3.4 iea_ﬁzﬁzzﬂﬁaﬁ,ﬁamawm
78 EER AN A W T RE Mt A e . L2 RV Bk
(BRZMEmREARCH TEEEMESBE.
%i%ﬁ@& WUNGUR R W R EE X A
ZHE BRI AT A, BB 2 R W K B,
Eﬁu L2 BBk ME LLE & 7ok e, 40, AU
(A .Y EE &, \RE,PH ) ke GRMH
%, TritonX-100,Ca+%5) , BEH H R R B S F
B R 3 hn 2 e 4 B 08 B M L 8 o DA VK 52, R
Rl /Y 7 5 o 1 5 B AR 43 4

4 zeunrsaasans i)

REEARBXMBEFRTKN REHEA
ﬁwiﬂi%ﬁ’%%ﬁﬁ . EELH T Mo
o IR E1 A A0 B oK IR A B BN TR B A KA
?%,Eﬁf“ﬁﬂﬂzﬁ'@o AMIEEFRA KRBT E
MERAGFESRRARBENATESKEHTE
HEAK D WHRE AHRA TRHREAHR TR
BHEAREN T AR LR T EHAE AN 2 W
B BB RAI A LHNCE TR 3 5% 4.

x3 ABHAPEARORIMBRIZLH

Tab.3 Recent examples of fusion protein expression for extracellular protein production in E. coli

Tong 2000+

OmpA

E. coli JM105

Thermobifida fusca

hydrolase (TfH) Fagoli 1G]

OmpA

16 mg/L

8 U/ml,almost

ssler 20065
106, seoveted Dresler 2006
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Sy H

fia £

Fernandez 200052
Human -endorphin
Matsumoto 20025
Lin 20015
Phytase

Phytase

Heat stable alkaline pro-
tease

Human C-reactive protein

Taq I restriction endonu-
clease

Human interleukin 6

Tab.4 Representative secretory production of recombinant proteins in E. coli

o1 WA

Wong 2003

Loo 20023

Human nerve growth fac-
tor f3

Penicillin G acylase
Penicillin acylase

Mouse endostatin

Human cytochrome

P4501A1

Human leptin

Alkaline phosphatase

Human granulocyte col-
onystimulating Factor

Yim 2001%* Green fluo-
rescent protein (GFP)

Human proinsulin

Arthrobacter levan
fructotransferase
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OmpA
OmpF hybrid
PelB
Native
Native
Native
Native
PhoA (ALP)
MBP hybrid

HlyA

E. coli HB2151

E. coli BL21(DE3)

E. coli BL21(DE3)

E. coli HB101, MDAP7

E. coli BL21(DE3)

E. coli BL21(DE3)

E. coli XL1-Blue

E. coli JM109

E. coli X1.1-Blue

E. coli XL.1-Blue

Hemolysin system

Hybrid proteins in medium

2 200 U/mL

Jeong 2002033

3-fold faster in translocation

rate

50 U/mL

120 U/mL

1 500 U/mL
Kil coexpression

30 000 U/L

70. 4
system

ng/mL,

®4 XEAEPEAEASREARTEH KX

OmpT

Native

Native

PhoA

PhoA

Endoxylanase

Endoxylanase

Endoxylanase

TorA

SpA

LacZ derived
secretion motif

i

OmpA

OmpA

E. coli JM109

E. coli HB101

E. coli CC118

E. coli DH5«

E. coli TB1

E. coli BL21(DE3)

E. coli HB101

E. coli BL21(DE3)

E. coli MC4100

E. coli AF1000

E. coli JM109

E. coli JM101

E.colis BE2ICDES)

Dsb protein coexpression
DegP protein coexpression
Tat pathway

40 mg/L

4 500 nmol/L

41% of total proteins
5.2 g/l

22% of total proteins
Tat pathway

4.6 mg/L

2 g/l

hemolysin

Miksch 20025
Kleist 200307
Fu 20035%
Tanaka 20025

Toksoy 2002t

Li 200204

Proteolysis

8 mg/L
Kurokawa 200154
Lin 200104
Angelini 20015
Xu et al. 200207

Kaderbhai 20004

Jeong and Lee
20004

Choi 20005

Jeong 20015

Barrett 2003%); San-
tini 200154 3

Mergulhao 20031

Lee et al. 200155



B [ 2k
-'5@2;}:;2!5 Tok % . % . X HHABGRIANRE L EREG ;LA AR

TSR GUSAR B T 72 BN, SR AR =4 1Y &
3R AR HUEE R K I8 77 12 AR £ 1 B AR R 3 451 4n
FWRBBBR ARERANEAEALTEN B
2B RE . Bl X K F B 0 R e A S LB A
WHHRL, EMERE SRR S BT, U EE
E B B B 454 Xt 2 U8 %2 Rl 849 A OC B8 B & J A 52
E.AMBEEEIHGHESHN LR FE WK
=

HEMILTFEREEZWIE T 8Kz & M
HETWHLHE T B E R 55 RH R &R
HE AT ITRE T B 8 SU-E B R = AR
MOERENTRESEARTEEARNNHEEM®T
ARFBG BT KBH AN WRAREC R

£ X 3Lk (References) :

[ 1] Hegde R S,Bernstein H D. The surprising complexity of signal sequences[]]. Trends in Biochemical Sciences. 2006,31
(10): 563—571.

[ 2] Ren G, Wang X,Hao S, et al. Translocation of o-Synuclein expressed in Escherichia coli. []J]. Journal of bacteriology,
2007,189(7): 2777—2786.

[(3]FTH FOREREBARKRE PHNA. £ WHEABMRL] 2006,6:38—42.

WEI Xue-fang . Signal Sequence and its application to protein expression[ ] ], Biotechnology Bulletion, 2006,6 ;38 —42. (in
Chinese)

[ 4] Choi] H,Lee SY. Secretory and extracellular production of recombinant proteins using Escherichia coli[J]. Appl Micro-
biol Biotechnol, 2004,64; 625—635,

[ 571 Watanabe K, Tsuchida Y,Okibe N, et al. Scanning the corynebacterium glutamicum R genome for high-efficiency secretion
signal sequences[]]. Microbiology-Sgm, 2009,155; 741—750.

[ 6 ] Bagos P G,Nikolaou E P,Liakopoulos T D,et al. Combined prediction of tat and sec signal peptides with hidden markov
models. Bioinfermatics, 2010,26(22). 2811—2817.

[ 7] Bendtsen ] D, Nielsen H, Widdick D,et al. Prediction of twin-arginine signal peptides[J]. Bmc Bioinformatics, 2005,6—
10.

[ 8 ] Petersen T N,Brunak H, Heijne G V,et al. SignalP 4. 0; discriminating signal peptides from transmembrane regions[J].
Nature Methods, 2011,8(10): 785—786.

[ 9 ] Szabady R L,Peterson ] H, Skillman K M, et al. An unusual signal peptide facilitates late steps in the biogenesis of a bac-
terial autotransporter. Proceedings of the national academy of sciences of the United States of Americal J]. Pnas, 2005,
102(1): 221—226.

[10] Martoglio B, Graf R. ,Dobberstein B, Signal peptide fragments of preprolactin and HIV-1 p-gp160 interact with calmodulin
[J]. EMBO, 1997,16(22); 6636—6645.

[11] Berks B C. A common export pathway for proteins binding complex redox cofactors[]J]. Molecular microbiology, 1996,22
(3): 393—404.

[12] lze B,Gerard F,Wu L F. In vivo assessment of the Tat signal peptide specificity in Escherichia coli[]]. Archives of Micro-
biology, 2002,178(6): 548 —553.

C13] IE#H . 5HE , IEY. K EEARESH R[] £ r1k¥,2005,25(2).83—85.

HE Zheng-xiang,ZHANG Bu-chang, MA Qing-jun. Tat Translocation system in E. coli. [J]. Chemistry of Life, 2005,25
(2).83—85.

[ 14] Oliver D B,Cabelli R J,Dolan K M,et al. Azide-resistant mutants of Escherichia coli alter the SecA protein,an azide-sen-
sitive component of the protein export machinery[J]. Proceedings of the National Academy of Sciences, 1990,87(21). 8227
—8231.

[15] Esbelin J, Martin C,Forano E,et al. Differential translocation of green fluorescent protein fused to signal sequences of Ru-
minococcus albus cellulases by the Tat and Sec pathways of Escherichia coli[]J]. FEMS Microbiology Letters, 2009,294
(2): 239—244,

[16] Pugsley A P. The complete general secretory pathway in gram-negative bacteria[ J]. Microbiological Reviews, 1993,57

BREEYHEAEE 200258315568 D



HE Bing-fang.et al:Research Advances in Mechanisms of Protein Secretion and Secretory Mini-REVieW
Expression of Recombinant Protein in E. coli

(1):50—108.

[17] lewin B. 48[ M. b 50 B2 1 B4t 2009. 934 —936.

[187 Veiga E,Lorenzo V D, Ferndndez L. A. Autotransporters as scaffolds for novel bacterial adhesins: surface properties of
Escherichia coli cells displaying jun/fos dimerization domains[J]. Journal of bacteriology, 2003,185(18) . 5585—5590.

[19] Pukatzki S,Ma A T,Sturtevant D,et al. Identification of a conserved bacterial protein secretion system in Vibrio cholerae
using the Dictyostelium host model system[]]. Proceedings of the National Academy of Sciences of the United States of A-
merica, 2006,103(5); 1528—1533.

[20] Leiman P G,Basler M, Ramagopal U A, et al. Type VI secretion apparatus and phage tail-associated protein complexes
share a common evolutionary origin[ J]. Proceedings of the National Academy of Sciences, 2009,106(11); 4154 —4159,

[21] Sagiya Y, Yamagata H,Udaka S. Direct high-level secretion into the culture medium of tuna growth hormone in biologieal-
ly active form by Bacillus brevis [J]. Appl Mierobiol Biotechnol, 1994,42 (223) ; 358—~363.

[22] Lee SJ,Han Y H,Kim Y O,et al. Novel GFP expression using a short N-terminal polypeptide through the defined twin-
arginine translocation (Tat) pathway[]]. Molecules and Cells, 2011,32(4): 349—358.

[23] Pratap J,Dikshit K L. Efficient of signal peptide changes on the extracellular processing of streptokinase form Escherichia
coli requirement for secondary structure at the cleavage junction [J]. Mol Gen Genet, 1998,258.326—333.

[24] Morioka-Fujimoto K,Marumoto R, Fukuda T. Modified enterotoxin signal sequences increase secretion level of the recom-
binant human epidermal growth factor in Escherichia coli [J]. Journal of Biological Chemistry, 1991,266(3), 1728 —
1732.

[25] Miksch G, Neitzel R,Fiedler E, et al. Extracellular production of a hybrid beta-glucanase from Bacillus by Escherichia coli
under different cultivation conditions in shaking cultures and bioreactors[]J]. Appl Microbiol Biotechnol, 1997, 47.120—
126.

[26] Jeong K,LeeS Y. Excretory production of human B-endorphin into culture medium by using outermembrane protein Fas a
fusion partner in recombinant Escherichia coli[]]. Appl Environ Microbiol, 2002,68:4979—4985.

[27] Nagahari K,Kanaya S, Munakata D,et al. Secretion into the culture medium of a foreign gene product from Escherichiu
coli: use of the ompF gene for secretion of humang -endorphin[J]. EMBO, 1985,16.3589 — 3592,

[28] Fernandez L. A,Sola I, Enjuanes L,et al. Specific secretion of active single-chain Fv antibodies into the super-natants of
Escherichia coli cultures by use of the hemolysin system. Appl Environ Microbiol, 2000, 66:5024—5029.

[29] Li Y,Chen C X, Von Specht B, et al. Cloning and hemolysin-mediated secretory expression of a codon-optimized synthetic
human interleukin-6 gene in Escherichia coli. Gene, 2002,25:437 —447.

[30] Tong L, Lin Q,Wong W K R,et al. Extracelllular expression, purification, and characterization of a winter flounder anti-
freeze polypeptide form Escherichia coli[J]. Protein Expr Purif, 2000,18:175—181.

[31] Dresler K, Van Den Heuvel J, Miiller R J,et al. Production of a recombinant polyester-cleaving hydrolase from thermobifi-
da fusca in Escherichia coli[]]. Bioprocess Biosyst Eng, 2006, 29.169— 183,

[32] Fernandez L A,Sola I, Enjuanes L,De Lorenzo V. Specific secretion of active single-chain Fv antibodies into the superna-
tants of Escherichia coli cultures by use of the hemolysin system[]J]. Appl Environ Microbiol, 2000, 66,5024 —5029,

[33] Jeong K J,Lee S Y. Excretory production of human §- endorphin into culture medium by using outer membrane protein F
as a fusion partner in recombinant Escherichia coli[ J]. Appl Environ Microbiol, 2002, 68:4979—4985,

[34] Matsumoto T,Katsura D, Kondo A, et al. Efficient secretory overexpression of bacillus subtilis pectate lyase in Esche-
richia coli and single-step purification[J]. Biochem Eng, 2002, 12 (3);175—179,

[35] Lin W, Huang S, Chou CP . High-level extracellular production of penicillin acylase by genetic engineering of Escherichia
coli[J]. Chem Technol Biotechnol, 2001, 76.1030—1037.

[36] Miksch G,Kleist S,Friehs K, et al. Overexpression of the phytase from Escherichia coli and its extracellular production in
bioreactors[ J]. Appl Microbiol Biotechnol, 2002,56.685—694.

[37] Kleist S, Miksch G, Hitzmann B, et al. Optimization of the extracellular production of a bacterial phytase with Escherichia
coli by using different fedbatch fermentation strategies[]]. Appl Microbiol Biotechnol, 2003,61:456—462.

[38] Fu Z,Hamid S B A,Razak C A N,et al. Secretory expression in Escherichia coli and single-step purification of a heat-sta-
ble alkaline protease[]J]. Protein Expr Purif, 2003,28:63—68.

[39] Tanaka T,Horio T, Matuo Y. Secretory production of recombinant human C-reactive protein in Escherichia coli ,capable of

@ Journal of Food Science and Biotechnology Vol.31 No.6 2012



BE jo g
"57@2?:17'5 MhF F RARBHEFORPLAEALELEG SR AR

binding with phosphorylcholine,and its characterization[J]. Biochem Biophys Res Commun, 2002,295(1).163—6.

[40] Toksoy E,Onsan Z I,Kirdar B. High-level production of Tagl restriction endonuclease by three different expression sys-
tems in Escherichia coli cells using the T7 phage promoter[]J]. Appl Microbiol Biotechnol, 2002,59:239—245.

f41] Li Y,Chen C X, Von Specht B,et al. Cloning and hemolysin-mediated secretory expression of a codon-optimized synthetic
human interleukin-6 gene in Escherichia coli[]]. Gene, 2002, 25:437 — 447,

[42] Wong W R, Ali A B, Ma M C. Cloning, expression, and characterization of diuretic hormone manduca diuresin from
Manduca sexta in Escherichia coli[J]. Protein Expr Purif, 2003, 29:51—57.

[43] Loo T, Patchett M L, Norris G E, et al. Using secretion to solve a solubility problem: high-yield expression in Esche-
richia coli and purification of the bacterial glycoamidase PNGase F[J]. Protein Expr Purif, 2002, 24.90—98.

[44] Kurokawa Y, Yanagi H,Yura T et al. Overproduction of bacterial protein disulfide isomerase (DsbC) and its modulator
(DsbD) markedly enhances periplasmic production of human nerve growth factor in Escherichia coli []J]. Biol Chem,
2001,276:14393—14399.

[45] Lin W, Huang S, Chou C P. DegP-coexpression minimizes inclusion-body formation upon overproduction of recombinant
penicillin acylase in Escherichia coli[]]. Biotechnol Bioeng, 2001,73:484—492,

[46] Angelini S, Moreno R,Gouffi K,et al. Export of thermus thermophilus alkaline phosphatase via the twin-arginine translo-
cation pathway in Escherichia coli[]J]. FEBS Lett, 2001,506,103—107.

[47] Xu R,Du P,Fan J J,Zhang Q,et al. High-level expression and secretion of recombinant mouse endostatin by Escherichia
coli[J]. Protein Expr Purif, 2002, 24.453—459.

[48] Kaderbhai M A, Ugochukwu C C,Lamb D C, et al. Targeting of active human cytochrome P4501A1 (CYP1Al) to the
periplasmic space of Escherichia coli[J]. Biochem Biophys Res Comm, 2000 ,279:803—807.

[49] Jeong K J,Lee S Y. Secretory production of human leptin in Escherichia coli[]]. Biotechnel Bioeng, 2000.67 ;398 —407.

[50] Choi ] H.Jeong K J,Kim S C,et al. Efficient secretory production of alkaline phosphatase by high cell density culture of
recombinant Escherichia coli using the Bacillus sp Endoxylanase signal sequence[ J]. Appl Microbiol Biotechnol, 2000,53;
640— 645,

[51] Jeong K J,Lee S Y. Secretory production of human granulocyte colony-stimulating factor in Escherichia coli[]]. Protein
Expr Purif, 2001,23(2):311—8.

[52] Yim S C,Jeong K J,Chang H N,et al. High level secretory production of human G-CSF by fed-batch culture of recombi-
nant Escherichia coli[]]. Bioproc Biosystems Eng, 2001,24:249—254,

[53] Barrett C M L,Ray N, Thomas ] D,et al. Quantitative export of a reporter protein, GFP, by the twinarginine translocation
pathway in Escherichia coli[]]. Biochem Biophys Res Comm, 2003, 304.279—284.

[54] Santini C,Bernadac A,Zhang M, et al. Translocation of jellyfish green fluorescent protein via the tat system of Escherichia
coli and change of its periplasmic localization in response to osmotic up-shock [J]. J Biel Chem, 2001,276(11):8159—
64.

[55] Mergulhao F J] M, Monteiro G A, Larsson G,et al. Medium and copy number effects on the secretion of human proinsulin
in Escherichia coli using the universal stress promoters uspA and uspB[j]. Appl Microbiol Biotechnel, 2003,61(5-6):
495—501,

[56] Lee S Y. High cell density cultivation of Escherichia coli[J]. Trends Biotechnol, 1996, 14.98—105.

BRE5EMHERYEIIR 200268315868 D



