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Escherichia coli has been used as an expression work horse for foreign genes. This article summarized recent
development in genetic engineering techniques for overproduction of medical proteins and industrial enzymes. Special
emphasis was placed upon research activities concerning folding and refolding of inclusion bodies at genetic and
fermentation levels. Plasmid and mRNA stabilization, development of strong inducible promoters, modification of
translational elements and reduction of proteolytic degradation were carried out to elevate an expression level of a
target protein. Optimization of culture conditions, improvement of denaturation and renaturation steps and coexpression
of molecular chaperones or foldase were accomplished to produce active proteins in soluble form. Fusion protein
systems with selective separation and surface display technology were also performed in an effort to make the E£. coli

expression system more effective and versatile.
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Table 1. Programmed cell death in E. coli: selected approaches to enhance plasmid stability(1).

Genetic tool

Principle of action

hoh/sok (parB)

Hok is a 52 amino acid-long membrane-damaging protein encoded on a very stable but translationally inactive

locus of plasmid R1 transcript. Sok is a highly unstable antisense RNA that binds to the hok mRNA leader region. Rapid decay of the

Sok pool in plasmid-free cells leads to the processing of the end of Aok to yield an active transcript. Related

system: pndAB of plasmid R483.

ccdAB locus
of plasmid F

CcdB is a proteolytically stable 11 kDa protein that inhibits DNA gyrase. CcdA is a 9 kDa protein that binds to
CcdB and blocks its action. Because the half-life of CcdA is much shorter than that of CcdB, plasmid-free

segregants are killed upon degradation of the ’antidote’. Related systems: parDE of plasmids RP4/RK2, phd/doc of

plasmid P1, parD/pem of plasmids R1/R100.

An essential chromosomal gene is deleted or mutated and an intact copy or a suppressor is supplied in trans on a

Complementation

plasmid. Plasmid loss leads to cell death under non-permissive growth conditions. Examples of chromosomal

alterations include deletions of genes necessary for the synthesis of essential amino acids, and thermosensitive and

nonsense mutations in essential chromosomal genes.
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Table 2. Promoters used for the high-level expression of genes in E. coli(9).

Promoter (source) Regulation Induction
lac (Escherichia coli) lacl, lacl’ IPTG*
laclts® | lacis’ Thermal
laclts’ Thermal
trp Tryptophan starvation, indole acrylic acid
ipp IPTG, lactose’
phoA phoB (positive) Phosphate starvation
phoR (negative)
recA LexA Nalidixic acid
araBAD AraC L-Arabinose
prolU Osmolarity
est-1 Glucose starvation
tetA Tetracycline
cadA CadR pH
nar far Anaerobic conditions, nitrate ions
tac (hybrid) lacl, lacl’ IPTG
lacl Thermal
tre (hybrid) lacl, lacl’ IPTG
lachs® , lact®s Thermal
Ipp-lac (hybrid) lacl IPTG
P, (synthetic) lacl, lacl’ IPTG
PLicio-1 Anhydrotetracycline
Phacara-1 IPTG, arabinose
Starvation promoters
P. (bacteriophage A) lachs857 Thermal
PL -9G-50 (mutant) (1) Reduced temperature (<207)
cspA Reduced temperature (<207C)
Pr , PL (tandem) (1) lacis857 Thermal
T7 (TT) Cascaded system’ IPTG
T7-lac operator (T7) lacl’ IPTG
APL , P17 (tandem) (A, T7) lachs857, laci® Thermal, IPTG
T3-lac operator (T3) A lacl? IPTG
T5-lac operator (T5) lacl’, lacl IPTG
T4 gene 32 (T4) T4 infection
nprM-lac operator lacl® IPTG
(Bacillus)
VHb (Vitreoscilla) Oxygen, cAMP-CAP*
Protein A

(Staphylococcus aureus)

* Isopropyl- 8 -D-thiogalactopyranoside.

® lacl gene with single mutation, Gly187Ser.

¢ lacl gene with three mutations, Ala241Thr, Gly265Asp, Ser300Asn.

4 The constitutive Ipp promoter (Py,) was converted into an inducible promoter by insertion of the lacUV5 promoteroperator region
downstream of the Py,. Thus, expression occurs only in the presence of a lac inducer.

° Wild-type lacl gene.

" Expression of T7 RNA polymerase is controlled by the lacUVS promoter, which is regulated by the lac repressor. Production of T7
RNA polymerase causes transcription of the recombinant gene which is under the control of the f10 promoter.

¢ Cyclic-AMP-catabolite-activator protein.
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Table 3. Pragmatic approaches to the alteration of protein solubility(4)

Approach Target Protein Result
Reduced temperature  Human interferon- @ 2 Protein accumulated in inclusion bodies at 37, but at 23~30C, 30~39%
Human interferon- y accumulated in soluble form.
Addition of non- B -Galactosidase Formation of inclusion bodies reduced by presence of non-metabolizable sugars such
metabolizable sugars as sucrose and raffinose
Alternative strains 5 -Lactamase Solubility of expressed proteins varied in 11 strains tested
Polio virus 3C protease
HIB GAG-9
Altered pH Salmon growth hormone Inclusion body formation increased at higher culture pH
Osmotic stress Agrobacterium dimethyallyl Modest increase in enzyme activity following growth of cells in presence of glycine
[glycine betaine pyrophosphate : 5’-AMP betaine plus sorbitol. Large increase in activity and comesponding decrease in
transferase inclusion-body formation when fermentation temperature also decreased to 25T
Amino acid P22 tailspike protein tsf alleles are temperature sensitive for folding and form inactive aggregates at the
substitution non-permissive temperature. Other mutations increase the proportion of soluble :
in protein insoluble portion.
Use of rich media T4-phage deoxycytidylate Enzyme accumulated to 20% total microbial protein in soluble, active form in rich
deaminase media, but in inclusion bodies in minimal media.
Killing of cells with  Human growth hormone Treatment of cells with phenol or toluene before disruption increased recovery of
non-polar solvents protein from inclusion bodies.
Fusion proteins Several human cytokines Expression of thioredoxin fusion at low temperature achieved high-level accumulation

of soluble protein.
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Table 4. Enhancing soluble protein production by co-expression of chaperones or foldases (7).

Chaperone/ Protein Chaperone/ foldase Resul
foldase product co-expression mode esults
GroES/EL p50csk GroES/EL genes are expressed No soluble protein is observed in the absence of GroES/EL

Plant Cpn60

GroES/EL
andjor DnaK/J

DnaK

DsbA

Human PDI

Human PDI

DsbA and
RpoH

Rat neuronal
nitric oxide

Rubisco

Ferredoxin NADP-
oxido-reductase

Catalytic subunit
of bovine pyruvate
dehydrogenase
phosphatase

Cyanobacteiial
Rubisco or plant
Rubisco

All cellular proteins

Human
procollagenase

Protein tyrosine
kinases

Human growth
hormone

« -amylase/ trypsin
inhibitor

Pectate lyase C

BPTI

T-cell receptor

from an artifical operon on a
compatible plasmid

GroES/EL genes are expressed

under the control of both native

and lac promoters on pGroESL
(a pBR322 compatible plasmid
with a p15A origin)

GroES/EL expression from
pGroEL, as above

GroES/EL operon from

Chromatium vinosum cloned on
a low-copy number compatible
plasmid (pACYC184 derivative)

GroES/EL expression from
pGroESL

B. napus cpn60 and cpn60
genes expression with E. coli
GroES from co-transformed
pKK plasmid

Not applicable

GroES/EL operon transcribed from

a tac promoter on a pACYC
plasmid; DnaK gene transcribed
from its own promoter also on a
pACYC plasmid

GroES/EL and DnaK/] expressed
from an IPTG-inducible promoter
on a compatible plasmid (pREP4
derivative)

DnaK expressed from its own
promoter on a pACYC plasmid

DsbA is expressed from a

dicistronic operon transcribed from

a lac promoter

PDI is expressed with an OmpA
leader peptide and is transcribed
from a trp promoter

PDI is expressed with an OmpA

leader peptide from a fac promoter

co-expression; > 50% soluble

GroES/EL overexpression

Synthase 20-24 mg/L, 1 of active enzyme containing
protoporphyrin  IX, FAD, FMN and tetrahydrobiopterin
prosthetic groups is expressed. Essentially no soluble
enzyme is observed in the absence of the GroESL plasmid

of p50cskis following

Increased production of assembled and active Rubisco
proteins from various species is observed. Soluble A.
nidulans Rubisco is produced at a level up to 6% of the
total cell protein. Heat shock is found to improve the
production of soluble protein

In a GroE-conditional mutant E. coli strain, enzyme
assembly is partially impaired at 307C. Accumulation of
inclusion bodies is observed at 42%C. Expression of
heterologous bacterial GroES/EL restores protein solubility
in mutants and results in a twofold increase in enzyme
levels in wild-type cells

A combination of lower rates of protein synthesis, growth
at 30T and co-expression of GroES/EL results in active
pyruvate dehydrogenase phosphatase at a level ~ 23% of
soluble protein

Expression of Cpn60 results in enhanced (twofold to
fourfold) cyanobacterial Rubisco. Co-expression of Cpn60
and Cpn60 blocks assembly (a 50-fold decrease compared
with Cpn60 alone), an effect that is reversed by GroES
overexpression. For the plant Rubisco chaperone, co-
expression increases the amount of soluble protein, but does
not enhance the extent of correct assembly or enzymatic
activity

Enhanced aggregation of cellular proteins is observed in E.
coli rpoH-mutants exhibiting lower expression of heat-shock
proteins.  Protein  aggregation can be inhibited by
overexpression of either GroES/EL or DnaK/J

A 10-fold increase in soluble procollagenase accumulation is
obtained by overexpression of either GroES/EL or DnaK.
DnaK, but not GroES/EL, causes a partial block in the
secretion of a procollagenase fusion to a bacterial leader
peptide

Overproduction of the GroES/EL and DnaK/J chaperone
systems is shown to increase the solubility of Csk, Fyn and
Lek in E. coli

Co-expression of DnaK inhibits human growth hormone
inclusion body formation and increases the amount of soluble
product from 5% to > 85%

Although expression of equimolar amounts of DsbA does not
improve the synthesis of the inhibitor, a 14-fold increase in
the amount of soluble protein is reported in cells grown with
5 mM glutathione

Pectate lyase C activity in wild-type E. coli is increased up to
fivefold by co-expression of optimal levels of PDI

A sixfold to sevenfold increse is obtained in the amount of
correctly folded BPTI. A > 15-fold increase in the level of
correctly folded protein in cells grown with reduced
glutathione is observed. Activity of PDI is dependent on DsbB

Overexpression of ¢* (RpoH) and Overexpression of both DsbA and 32 at low temperature is
DsbA on the same plasmid as the necessary for the formation of soluble single-chain T-cell

T-cell receptor

receptor in the periplasm of E. coli
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Table 5. Fusion tags for use in protein purification and detection(5)

Peptide tag Ligand Utility References
Polyhistidine Nickel ions Purifications 34
FLAG peptide Anti-FLAG antibody Purifications/detection 35
Strep-tag Streptavidin Purifications/detection 36
In vivo biotinylated peptide Avidin/streptavidin Purifications/detection 37
Polyaspartic acid Anjonic resins Purifications 38
Polyarginine Cationic resins Purifications 39
Polyphenylalanine HIC resins Purifications 40
Polycysteine Thiols Purifications 41
Heart muscle kinase site None In vitro phosphorylations 42
Calmodulin-binding peptides Calmodulin Purifications/detection 43
Green fluorescent protein None Detection 44

HIC, hydrophobic interaction chromatography.

o} e 3P ne(affinity tag)E o]-&3te] whild w9
3t AAE HA iz S wRA A A" F
A B #AELoF o]REE §HY FHY AMEE Table 5
of Yelligich B A3 deMe d4E ofoleAd obujwit
S &% JdEYZ dlo el olendgAgozy B
“Ade ddsiA AT 4 dded, olw EE A
AE oy AAE 4 e oleuPsE ZZH3Y
By
IS

o

< Foko] AE the, 53 g o1 o)y
FAEE Ad § e AR FHY Holy o)A

nA3fe] FAgo 2 o]F o) F tHunpublished
data).

ANz Ay L s FA WA AL JA 5
A AHEE §EAIZ FE thioredoxino] AFEEH I Y=
o, cytokinesE BIEg Therst djze] EaxE FHvin
B 15 ©™(44-46), glutathione S-transferase®} Staphylococcus
aureus protein A47) & & Ao 4HA itk 1y
Y §EHEVE el maltose-binding protein(MBP) 7}
thioredoxin(trx)& ©]-&&ke] thAFol A procathepsin D-MBP
9} procathepsin D-trxE L&Y 7A$ gIdIWdo] YEA 3
B ddE e, $EENEs A48 A2 A 34
712 @& ASET Fgo] AP %3 MBP {5 A
£ AI7F L EUTHAE8). H|TFA lamda head protein Do}
His-tagged H#5=AE ST Al2dE o] &t A=g o
g AAg AE 89 iAo FA Y TH49)

M YS! 7| &(surface display technology)

AFEdte] RAg )2 T2 27 Tulag WA
e AEREH TE|e vAEY, 24YES, vlole gt
I AEFTEY 7|z, $E7E AT Fag FHoR g
st et BHNEF S phageE o] 83 AHEH %
o] 71 e ol&HA W gt AEE o] &3 BHV|Eo
MEER YTkS0). T SFAMNET i) LamB,
OmpA, PhoE Fo #& F3# 272+& H¥fusiomA|A o
HAIZL A7 103 Aol EEE ojF = 9Ty e uhg
gote MEFH LA E A7e Hal F8F Bolg
W IUH51-54). 2% SA9) welgo} 2N T A
=% 9dg wEske 7lee A uERlol wil(live-bacterial

vaccine), @ M ¥ FZrE(whole-cell absorbent), x M X Zu}
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R8s} Ad 5 A28 Holg HEFS L& £ Ae
Fdol HTQYess). AT S SFAEE T AERE 2
71€9 o & Table 69 AHeletct. diFEe alfHa=
SR ¥er ulEo]l maltoporin  LamB, phosphate-inducible
porin PhoE, OmpA SoJu} A AThl 29l Lpp, TraT liporotein¥}
ez 2eko|7Hpeptidoglycan)ol] A" AT F(PAL)<]
FA2 A (fusiony=]o] LHAT 3 e ES) P
T2E 7MY dlAdns JPELE ol&Hed fimbria ©h)
A, flagellar P8 A2 flagellin?} pili @A So] gk

A7 1eS o838 geuyde HyEgd 2¥7es ¥
3] Z T ‘live-bacterial vaccine delivery’ A]Z2~lel 3t dF
7b AP A3 Holgle ARF AEE A A o]
F2-FA wkgo g2om A 4 Qoke AL AYxn
9JthH53,57). E3F ’whole-cell monoclonal antibodies’o]] tf 3}
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o] e wuld Mite] Asjaclez g sk sA
el AefE S W ot Hxke] drixdg A
A e FAAERY ved g Fo8 ATl
Aitol ZhsdiA Qe e o] e o] gl
Hs FUHER o B #34 §Aade LR
affinity-tag:& o|-&st £ - A 34& desiAg 5
= B ol ARY 349 &= 2 289 Fd, 9
A8 FA, 7HEs oA 5 Axy dgEilA g
HAe] Yiha) BEE W BANE AT & dn g
Sl d indicators o] 83t BEAFHS BUHY & £ 9
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Table 6. Examples of surface-display systems for E. coli with some of application(56)

Display system(origin) Displayed protein

Antigenic determinants
LamB(E. coli)

PhoE(E. coli)

TraT lipoprotein(E. coli)
Flagellin(E. coli)

Fim A protein(E. coli)

C3 epitope of polivirus
VP1 of FMDV

C3 epitope of poliovirus
Hen-egg-lysozyme epitope

Vibrio cholerac CTB
Vibrio cholerae CTB
Epitope from FMDV

Iga(N. gonorrhoeae)
AIDA-I(E. coli)
P fimbrillin(E. coli)

Enzyme

Puliulanase(K. pneumoniae) E.coli B -lactamase

Lpp-OmpA chimera(E. coli) Cellulomonas fimi cellulase

Antibody fragments
PAL(E. coli)

Lpp-OmpA chimera(E. coli) Digoxin-specific scFv

Chick-lysozyme-specific scFv

Other proteins
LamB/Pap pili(E. coli)

Thioredoxin-flagellin(E. coli) Random 20-amino-acid library

SpA domains

LamB(E. coli) Hexahitidyl peptide

Epitopes from HBV, FMDV and poliovirus

Comment

Positive immunolabelling on bacteria
Epitope tecognized on bacteria by Mab
Retained function of the TraT lipoprotein
Functional flagella woth accessible epitope
Epitopes accessible at cell surface

CTB anchored at outer cell surface

CTB anchored at outer cell surface

Epitope recognized in fimbriae by Mab

Initial anchoring followed by slow release

90% of hydrolase activity at bacterial surface

Surface accessibility demonstrated by IF

Enrichment by FACS of correct clones

IgG-binding acitivity at bacterial surface

Mab epitopes could be mapped by isolation of specific
bacteria in a panning procedure

Bacteria able to adsorb cadmium ions

Abbreviations :

AIDA-L, adhesin involved in diffuse adherence; CTB, cholera toxin B subunit; FACS, fluorescence-activated cell sorting;

FMDYV, foot-and-month-disease virus; HBV, hepatitis B virus; IAV, influenza A virus; IF, immunofluorescence; Igas, immunoglobulin A

protease precursor S3; Mab, monoclonal antibody; OmpA, outer membrane protein A; PAL, peptidoglycan-associated lipoprotein; scFv,

single-chain Fv antibody fragment; SpA, S. aureus protein A.

A HRAT v AE ZUEd Ve NlE 2

5€ M AZE AT A2Ue TET 5 U4 Aol
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