Appl Microbiol Biotechnol (2005) 68: 346-354
DOI 10.1007/s00253-005-1913-6

APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Tao Liu - Jing-yu Chen - Zhong Zheng -
Tian-hong Wang - Guo-Qiang Chen

Construction of highly efficient E.
containing low oxygen induced pro

Received: 4 November 2004 / Revised: 3 January 2004 / Accepted
© Springer-Verlag 2005

Abstract A series of high-copy-number Escherichia coli
expression vectors equipped with an oxygen-sensitive pro-
moter P, of Vitreoscilla hemoglobin (encoded by the vgh
gene) were constructed and characterized. Plasmid pKVp
containing P,4;, was inducible by low oxygen tension, while
plasmid pKVpP containing a partition (par) region from
plasmid pSC101 ligated to P, provided inheritable sta-
bility for the vectors in the absence of ampicillin. Plasmid
pKVpV had the Vitreoscilla hemoglobin operon vgb ligated
to P, while a construct containing P,, the vgh operon
and a par region constituted plasmid pKVpPV. Shake-flask
studies demonstrated that plasmids pKVpV and pKVpPV
expressed higher levels of Vitreoscilla hemoglobin under
low aeration condition (5% air saturation in water) com-
pared with the levels observed under strong aeration (20%
air saturation in water). Introduction of either the enhanced
green fluorescent protein (eGFP) gene egfp or the toluene
dioxygenase (TDO) gene fod into either pKVpV (P,;, vgbh
operon) or pKVpPV (P, vgb operon, par) slightly atten-
uated (~30%) the strong expression of VHb under low
aeration. However, all displayed approximately a three-fold
increase versus that observed for strong aeration. Recom-
binant E. coli harboring either pKVp-E (P, egfp) or
pKVpP-E (P, par, egfp) displayed at least a two-fold
increase in eGFP expression under conditions of low aer-
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ation and absence of antibiotic, compared with that under
strong aeration after 24 h of cultivation. Strong expression
of TDO was also observed using low aeration in recombi-
nant E. coli harboring pKVpPV-T (P,g,, vgh operon, par,
tod) or pKVpP-T (P, par, tod). Plasmids containing the
par region were stable over 100 generations. These results
indicate that the novel expression system combining plas-
mid stability over the cell growth phase and a promoter
inducible by low oxygen tension will be very useful for
high-density production of foreign proteins.

Introduction

Vitreoscilla hemoglobin (VHb) expression is elevated by
low oxygen tension via a fumarate and nitrate reductase
regulator (FNR)-dependent mechanism (Tsai et al. 1995).
When the Vitreoscilla hemoglobin gene (vgh) was intro-
duced into Escherichia coli, Pseudomonas spp and fungi,
cell growth and the yield of target protein were increased
significantly (DeModena et al. 1993; Dikshit et al. 1990;
Khosla and Bailey 1988; Khosravi et al. 1990). When in-
troduced into E. coli along with its promoter, the strong
expression of the vgb gene was confirmed by transcrip-
tional analysis (Dikshit et al. 1990). VHb may act as an
oxygen trap at low oxygen concentration in vivo to permit
microbial strains to grow and survive in microaerophilic
environments (Khosla et al. 1990b).

When the dissolved oxygen (DO) concentration was
shifted from 20% to 5% air saturation, vgb transcription
increased about five times (Khosla and Bailey 1989). Both
FNR and cyclic adenosine monophosphate (cAMP) re-
ceptor protein (CRP) were needed for the activation of the
vgb promoter, with the FNR binding site located at —41.5
nucleotides and the CRP binding site positioned at —97
nucleotides relative to the promoter, respectively (Tsai
et al. 1995; Khosla et al. 1990a,b). Khosla et al. (1990a)
reported that (3-galactosidase under the control of the vgb
promoter accounted for up to 10% of the total cellular
protein of E. coli in bioreactor cultures. These results in-
dicate that the vgh promoter is regulated by oxygen at the



transcriptional level, with low-aeration conditions suffi-
cient to induce VHb gene expression.

There are a number of systems that enable the stable
inheritance of plasmids during exponential growth phase.
It is well accepted that the par region of plasmid pSC101 is
a cis-acting locus that promotes stable plasmid inheritance
(Meacock and Cohen 1980). Within plasmid pSC101, a
370-bp segment adjacent to the replication region controls
the active distribution of plasmid DNA to the daughter cell
(Conley and Cohen 1995). Furthermore, the region is not
associated directly with plasmid replication (Miller and
Cohen 1993). par-defective plasmids show reduced av-
erage copy number in each cell (Biek and Cohen 1992;
Manen et al. 1990) and are preferentially lost from cells
carrying wild-type pSC101 replicons (Tucker et al. 1984).
Since the pSC101 par locus stabilizes the inheritance of a
variety of plasmids, such as pACYC184 (Meacock and
Cohen 1980), R1 (Gustafsson et al. 1983), oriC, miniF,
p15A (Miller et al. 1990) and RK2 (Roberts and Helinski
1992), the mechanism of the segregation of these genet-
ically diverse replicons may be similar (Conley and Cohen
1995). Inserting the par region of pSC101 into plasmid
pBR327 (the derivative of pBR322 with ColEl origin)
results in a plasmid, pBR327par, which is more stable than
pBR327 (Zurita et al. 1984).

In this study, a series of high-copy-number plasmids
containing the vgb promoter P,., were constructed. The
par region and/or vgh operon were ligated to P, to de-
termine whether such a combination of promoter and

Table 1 Bacterial strains and plasmids used in this study
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plasmid stabilization factor could enhance protein produc-
tion at low oxygen concentration.

Materials and methods
Biochemical reagents

T4 DNA ligase and DNA polymerase were from Takara
Co. (Dalian, China). Restriction enzymes were purchased
from New England Biolabs (Cambridge, Mass., USA).
Ampicillin was from Gibco (Gibco-BRL, France). Calf
intestinal alkaline phosphatase was obtained from Promega
(Madison, Wis., USA). Other reagents were domestic prod-
ucts of analytical grade.

Strains and plasmids

All strains and plasmids used in this study are listed in
Table 1. Conditions for the culture of E. coli strains under
different oxygen levels were as described by Dikshit et al.
(1990). For shake-flask experiments, 50 ml of culture broth
in a 250-ml flask was inoculated at 200 rpm to achieve
strong-aeration conditions, whereas 150 ml of cell culture
was inoculated into a 250-ml flask shaken at 100 rpm for
the low-aeration conditions. Cultures were inoculated with
1% (v/v) seed cultures, which were prepared overnight at
37°C.

Strain/plasmid Relevant characteristics Source/reference

E. coli IM83 F, ara, (lac-proAB), rpsL (980 lacZAM15) Amersham Phamacia
pKK223-3 Ap', rom region, ColE 1 origion, P, 5S, rrmBT; T, Amersham Phamacia
pSC101 Tc", par region Dr. S. Yasuda®
pBR322-vgb Ap', vgb operon, ColE1 origion Prof. Z.Y. Shen®
pKST11 Ap', pKK223-3 carrying t0dCI1C2BA on a 3.6-kb EcoRI fragment Prof. H. Luckarift®
pKKH Ap', ColE 1 origion, P, 5S, nBT;T, Dr. G.Z. Jingd
pEGFP-N1 Km, enhanced gfp Clontech

pKVp Ap', ColE 1 origion, P,g, 5S, rmBT;T, This study

pKVpP Ap', ColE 1 origion, P, 5S, rmBT,;T,, par region This study

pKVpV Ap', ColE 1 origion, P,g, 58, rmBT,T,, vgb operon This study

pKVpPV Ap', ColE 1 origion, P, 5S, rmBT;T,, par region, vgh operon This study

pKVp-E Ap", pKVp carrying enhanced gfp on a 0.8-kb EcoRI-HindIII fragment This study
pKVpP-E Ap", pKVpP carrying enhanced gfp on a 0.8-kb EcoRI-HindIIl fragment This study
pKVpV-E Ap', pKVpV carrying enhanced gfp on a 0.8-kb EcoRI-HindIIl fragment This study
pKVpPV-E Ap", pKVpPV carrying enhanced gfp on a 0.8-kb EcoRI-HindIIl fragment This study

pKVp-T Ap', pKVp carrying todC1C2BA on a 3.6-kb EcoRI-BamHI fragment This study
pKVpP-T Ap", pKVpP carrying t0dC1C2BA on a 3.6-kb EcoRI-BamHI fragment This study
pKVpV-T Ap", pKVpV carrying todCIC2BA on a 3.6-kb EcoRI-BamHI fragment This study
pKVpPV-T Ap", pKVpPV carrying todCI1C2BA on a 3.6-kb EcoRI-BamHI fragment This study

*Plasmid pSC101 harboring par was kindly provided by Dr. S. Yasuda (Dept. of Microbial Genetics, National Institute of Genetics, Japan)
®Plasmid pBR322-vgb was a gift from Prof. Z.Y. Shen (Dept. of Chemical Engineering, Tsinghua University)

“Plasmid pKST11 was kindly donated by Prof. H. Luckarift (Warwick University, UK)

dplasmid pKKH was donated by Dr. G.Z. Jing (Institute of Biophysics, Academia Sinica, Beijing)
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Plasmid construction

Plasmid pKVp was constructed by subcloning the 135-bp
Ndel-EcoRI fragment containing the vgh promoter from
pBR322-vgb (employing primers Pyg,-up, Pygp-down;
shown in Table 2) into the corresponding sites in plasmid
pKK223-3 (Brosius and Holy 1984). The 999-bp Ndel—
Asel fragment of the vgb operon containing vgb promoter,
vgb gene and vgb terminator from pBR322-vgb was in-
serted into the corresponding sites in pKVp to obtain
pKVpV (using primers vgb-up, vgb-down; shown in Table 2).
The plasmids pKVpP and pKVpPV were constructed by
subcloning the 369-bp Ndel-Ndel fragment containing the
par region from plasmid pSC101 (employing primers par-
up, par-down; shown in Table 2) into the corresponding
sites in plasmids pKVp and pKVpV, respectively. The
enhanced green fluorescent protein (eGFP) gene egfp and
toluene dioxygenase (TDO) gene todCIC2BA were suc-
cessively cloned into the vectors pKVp, pKVpP, pKVpV
and pKVpPV (using primers eGFP-up or TDO-up with
eGFP-down or TDO-down; shown in Table 2) between
EcoRI and HindIIl or BamHI sites to obtain two groups of
detection plasmids. Plasmid pKH-E was constructed by
cloning egfp into the EcoRI and HindIll of pKKH sites
(using primers eGFP-up, eGFP-down). One group used for
eGFP expression included pKVp-E, pKVpP-E, pKVpV-E
and pKVpPV-E. Another group used for TDO production
contained pKVp-T, pKVpP-T, pKVpV-T and pKVpPV-T.
All the constructed vectors were verified by nucleotide se-
quence determination (BioAsia Life Technologies, Shang-
hai, China). The primers used were synthesized by BioAsia
Life Technologies and are listed in Table 2.

Analysis of VHb concentration using CO-difference
spectra

The VHD concentration produced by various recombinant
E. coli strains grown under different oxygen conditions

Table 2 Primers used for plasmid construction

Primer Primer sequence

name

Pygp-up GCACATATG(Ndel)

ACAGGACGCTGGGGTTAAAAG

Pygp-down GGCGAATTC(EcoRI) GAGGGTCTTCCTTAAGTT

par-up GTACATATG(Ndel)GACAGTAAGACGGGTAAGCC

par-down GACCATATG(Nde)CGGGCAAATCGCTGAATATT

vgb-up GCACATATG(Ndel) ACAGGACGCTGGGGTTAA

vgb-down GCAATTAAT(Asel)GGTGAAGCGCAACGGGT

eGFP-up GTAGAATTC(EcoRI)ATGGTGAGCAAGGGCGAGG

eGFP- GACAAGCTT(HindlI)TTACTTGTACAGCTCGTCC
down

TDO-up  GACGAATTC(EcoRI)

CTAATGAATCAGACCGACACATC
TDO-down GACGGATCC(BamHI)
TCACGTTAGGTCTCCTTCAT

(see Strains and plasmids) was calculated using an ex-
tinction coefficient of 274 mM ' cm™! at 419-436 nm, as
described by Dikshit and Webster (1988). The CO-difference
spectra were obtained using a UV 8500 spectrophotometer
with UV-Vis Analyst software (Biotech, Shanghai, China).

Analysis of eGFP fluorescent intensity using
fluorescence spectrophotometer

The GFP, encoded by the gap gene of the jellyfish Aequorea
victoria (Cubitt et al. 1995; Prasher 1992), requires only
oxygen and UV or blue light for the emission of green
fluorescence (Andersen et al. 1998). Wild-type GFP was
enhanced (eGFP) by modifications affecting the excitation
peaks, brightness and protein levels (Yang et al. 1996).
Bacteria were transformed with an eGFP-bearing plasmid
as reporter. To measure the fluorescent intensity, samples
were analyzed with a Hitachi F-450 fluorescence spec-
trophotometer with a 488 nm excitation source, using FL
solution software (Hitachi, Tokyo, Japan). Cells were washed
once in phosphate-buffered saline (PBS) and resuspended
in 1 ml PBS. The emission maximum was 509 nm, in agree-
ment with published values (Chalfie et al. 1994). Log-phase
cells of eGFP-tagged and non-tagged strains were used as
positive and negative controls, respectively.

TDO activity measurement using spectrophotometer

TDO protein converts a wide range of aromatic compounds
into their cis-glycol forms, including indole into indigo
(Ensely et al. 1983). We modified the assay described by
Woo et al. (2000). After determination of the optical den-
sity, a 1-ml sample of the culture was immediately trans-
ferred to a microcentrifuge tube, centrifuged for 1 min
(14,000 rpm at 4°C), washed with PBS (pH 7.2), centri-
fuged and resuspended in 1 ml PBS. To initiate the reac-
tion, 25 pl indole in N,N-dimethlylformamide was added
to the cell suspension and the formation of indigo was
monitored spectrophotometrically at 600 nm over 30 min
against a control which did not contain indole. The initial
rate of indigo formation was determined by plotting the
increase in indigo absorbance as a function of time. The
enzyme activity was defined as the initial rate of indigo
formation normalized to the protein content of the sample
(indigo absorbance mg ' min ).

Plasmid stability and plasmid copy number assays

Stability assays were carried out according to Easter et al.
(1997). In brief, cultures of recombinant E. coli strains were
incubated overnight under antibiotic selection at 37°C. An
aliquot of each culture was diluted in pre-warmed LB broth
and grown with antibiotics to the mid-log phase at 37°C. At
time zero, cells were diluted 10°-fold into LB broth and
allowed to grow without antibiotics overnight to station-
ary phase. This was defined as 20 generations of log-phase



growth. To determine the fraction of cells that retained
the plasmid, aliquots were plated onto LB agar; and the
resulting colonies were tested for antibiotic resistance by
replica-plating onto LB agar with and without antibi-
otics. Plates were incubated at 37°C for 16-20 h. For sta-
tistical analysis, we only considered plates which displayed
between 30 and 300 colonies. Plasmid copy numbers were
determined as described by Lewington and Day (1986).

Results

Construction of plasmids containing the vgh promoter
(Pvgb)

A series of high-copy-number E. coli expression vectors
equipped with an oxygen-sensitive promoter P, of VHb
encoded by the vgb gene were constructed from the high-
level expression vector pKK223-3. Plasmid pK'Vp contain-
ing P,,;, was generated to selectively express genes under

Fig. 1 Original plasmid
pKK223-3 and derivative plas-
mids containing vgh promoter.
Four different plasmids con-
taining vgb promoter were con-
structed from pKK223-3. The
multiple cloning site (MCS/
MSC) region of these four new
vectors contains EcoRI, Sall,
Accl, BamHI, Smal, Xmal,

Pstl and Hindlll sites. Ap (R)
[3-Lactamase gene, par partition
region from pSC101, vgb oper-
on VHb operon (vgh promoter,
vgb gene, vgb terminator),

P, gpvgh promoter, P,,tac pro-
moter, 55 5S rRNA region,
rrmBT;T>rrmB T, and T, termi-
nators, egfp eGFP gene, tod
C1C2BA TDO gene CIC2BA

55 MSC

Ptac
rrnBT1T2

pKK223-3
4586 bp
Ap(R)

58 MCS
Pvgb
rrnBT1T2
vgb operon
pKVpV

PKVpPV-E
4615bp
par

Ap(R)
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low oxygen tension. Plasmid pKVpP containing a partition
(par) region from plasmid pSCI101 ligated to P, was
constructed to provide inheritable stability for the vectors
in the absence of ampicillin. Plasmid pKVpV had the VHb
operon vgb ligated to P,;, while P, the vgb operon and
the par region constituted plasmid pKVpPV. Both were
expected to enhance the expression of the target proteins
under low oxygen tension; and pKVpPV was designed to
combine this property with increased plasmid stability over
time. All four new vectors maintained the basic character-
istics of pKK223-3, including the origin of replication and
termination, multiple cloning sites and antibiotic selectable
marker (Fig. 1).

Determination of hemoglobin concentration in vivo
The VHb concentrations of recombinant E. coli JM&3

strains carrying various plasmids at 24 h are shown in
Fig. 2. Under low aeration (5% air saturation), the hemo-

MCS 55 MCS

58
‘ Pvgb

Pvgb

rrnBT1T2 rrnBT1T2

pKVp
2548 bp

pKVpP
2923 bp

/ vgb operon
[ rrnBT1T2

PKVpV-E

vgb operon

pKVpPV-T
7506 bp

tod C1C2BA
° Ap(R)

rrnBT1T2
58

rrnBT1T2
58
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Fig. 2 Recombinant E. coli VHD expression level measured by CO-
differential spectroscopy. The concentration unit (nmol g ') was
defined as the amount of VHb per constant wet cell weight. Exper-
imental details are given in the section: Analysis of Vitreoscilla
hemoglobin concentration using CO_difference spectra. The data
shown are the average+SD for three individual observations. Recom-
binant E. coli JM83 harbored the plasmids: a pKVpV (P, vgb
operon), b pKVpPV (P,;, par, vgb operon), ¢ pKVpV-E (P,, veb
operon, egfp), d pPKVpPV-E (P,;, par, vgb operon, egfp), e pPKVpV-T
(P\g5, vgb operon, tod), f pPKVpPV-T (P, par, vgb operon, tod)

globin concentration of E. coli IM83 harboring pKVpPV
(Pygp, par, vgb operon) was 66.53+3.85 nmol g ~ wet cell
weight (average of three parallel experiments), approxi-
mately the same as the recombinant containing pKVpV
(P\.g5, vgb operon). When co-expressed with either the eGFP

Fig. 3 Production of eGFP by
recombinant E. coli under the
control of the vgh promoter. The
intensity of fluorescence emitted
by E. coli JM83 containing
plasmid pKVp-E (P,g, egfp)
cultured in the presence of am-
picillin under strong aeration
was considered 1.0. a pKVp-E
(Pvgb’ egfp)a b pKVpP_E (Pvgh’
par, egfp)v ¢ pKVpV—E (Pvgba
vgb operon, egfp), d pKVpPV-E
(Pygp, par, vgb operon, egfp). A
Cells cultured under strong aer- 6
ation, B cells cultured under low
aeration, + ampicillin present,
— ampicillin absent. Values in-
dicate average+SD of four par-
allel analyses

a pKVp-E (Pyg, egfp)
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Time (h)
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gene or the TDO gene, the VHb produced by different
recombinants was reduced approximately 30% from the
originals (Fig. 2). In all cases studied, elevated expression
was only observed under low aeration conditions (approx-
imately three- to four-fold that of strong aeration). The
VHb concentration ranged over 12—18 nmol g ' wet cell
weight for plasmids harboring recombinants grown under
strong aeration.

eGFP production by recombinant E. coli

The fluorescent intensity of the 24-h culture of E. coli IM83
harboring pKVp-E (P, 4, egfp) grown under strong aeration
and in the presence of ampicillin was defined as 1.0. Under
strong aeration and with the addition of isopropyl-1-thio-f3-
p-galactopyranoside (IPTG), the relative fluorescence inten-
sity of E. coli JM83 harboring pKH-E (P, egfp) reached its
highest level at 18 h and remained stable from then on. Under
strong aeration conditions, the relative fluorescent intensity
reached 1.69 in E. coli IM83 harboring pKVpP-E (P, par,
egfp) over a 24-h cultivation period. Under low aeration,
the same recombinant strain emitted the highest relative
fluorescent intensity (6.02; Fig. 3b), compared with that
of E. coli JM83 harboring pKVp-E (4.6; P, egfp) and
pKVpP-E (P, par, egfp; Fig. 3a). Unlike that observed for
low aeration growth conditions, the relative fluorescence of
the recombinant strains under strong aeration was similar
after 6 h (Figs. 3a, b). At 24 h, the presence of the par region
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TOD Activity (U)
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Time (h)

Fig. 4 TDO activity produced by recombinant E. coli cultured
under strong aeration (4) and under low aeration (B). Values indicate
average£=SD of four parallel analyses. Plasmid pKVpPV-T contained
P,qp, par, vgb operon and tod (encoding TDO); and plasmid pKVpP-T
contained P,g, par and tod

in the recombinants improved eGFP production compared
with that without the par region. In the presence of the vgb
operon, the relative fluorescent intensity observed in E. coli
JMB3 cells harboring pKVpV-E (P, 4, vgb operon, egfp) and
pKVpPV-E (P, par, vgb operon, egfp) was reduced to 1.7
and 2.2, respectively. At the same time, aeration did not affect
the relative fluorescent intensity after 12 h of cultivation
as much as for the recombinants without the vgh operon,
although the par region did slightly increase the relative
fluorescent intensity (Figs. 3c,d).

Fig. 5 Plasmid stability is sup-
ported by par in recombinant E.
coli grown in LB medium in the
absence of antibiotics. a pKVp
(Pvgb)a pKVpP (Pvgba par),

b pKVpV (P, vgb operon),
pKVpPV (P, par, vgb oper-
0n)7 ¢ pKVp_E (Pvgbs egfp)s
pKVpP_E (Pvgbs par, egﬁ7),

d pKVpV-E (P,,;, vgh operon,
egfp). PKVPPV-E (P, par,

vgb operon, egfp). A Cells —*—pKVpV A

Percentage of plasmid
retaining cells (%)
3

cultured under strong-aeration 30 - —&—pKVpV B
conditions, B cells cultured 50 | A pKVpPV A
under low aeration conditions. 10 - —*—pKVpPV B

Values are the average+SD of 0

a pKVp (Pyg) and pKVpP (Pyp, par)
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Production of TDO by recombinant E. coli

Under low aeration, the TDO activities were approximately
two-fold stronger in recombinant E. coli harboring pKVpP-
T (Pgp, par, tod), or pKVpPV-T (P,g,, par, vgb operon,
tod) than that for the same strains grown under strong
aeration (Fig. 4). An earlier expression of TDO was also
observed—2 h when cultivated under low aeration
conditions compared with 4—6 h under strong aeration.

Plasmid stability and copy number assay

Plasmid stability was studied over 100 microbial genera-
tions. The results demonstrated that the par region con-
ferred additional stability on the cloning vectors (Fig. 5).
After 100 generations of growth, the recombinant harboring
pKVpV-E (P,g, vghb operon, egfp) lost over 90% of its
plasmid (the most unstable plasmid in this study), while
the recombinant containing pKVp (P,g) lost 70% of its
plasmids (the most stable plasmid among the non-par-
containing plasmids; Fig. 5). In all cases, regardless of the
aeration intensity, recombinants harboring the par region
displayed complete plasmid stability over 100 growth gen-
erations in the absence of ampicillin (Fig. 5). Plasmids

b pKVpV (Pygp, vgb operon) and
pKVpPV (P, par, vgb operon)

[—*—pKVp A
40 —®—pKVp B
| —&—pKVpP A
10 | —®—pKVpP B

Percentage of plasmid
retaining cells (%)
(&)
o

three parallel analyses
0 20 40 60

Number of generations

¢ pKVp-E (Pygp, egfp) and pKVpP-E d

(Pvgb, par, egfp)
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—&—pKVp-E B
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retaining cells (%)
3
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—&—pKVpP-E B

O 1
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were more stable under strong aeration than under low
aeration. The plasmids bearing egfp lost more plasmids
than their original vectors (without egfp) when cells were
grown under the same conditions (Figs. 5c, d). It was also
found that the copy number of the vectors constructed in
this study was about 300-500, which was around ten
times higher than the original plasmid pKK223-3. This in-
crease in plasmid copy number further contributed to en-
hance protein expression in the host microorganism.

Discussion

In all aerobic microbial fermentations, oxygen supply is
always the most difficult engineering problem, especially
when a high cell density is desirable to achieve economic
efficiency. For genetically engineered microorganisms,
plasmid stability is a factor affecting the cost of the process.
With the growing diversity of available genetic engineering
tools, it is more feasible to solve problems in the fer-
mentation process using molecular biological techniques.

VHb, which binds to subunit I of cytochrome bo ubi-
quinol oxidases, effectively utilizes DO in microbial cul-
tures (Park et al. 2002). Heterologous expression of the
VHb gene in host bacteria often promotes cell growth, in-
creases biomass yield and enhances the activity of target
proteins (Dikshit et al. 1990; Khosla and Bailey 1988). Past
studies demonstrated that the regulation of vgb expression
under its native promoter was at the transcriptional level in
E. coli (Dikshit et al. 1990). Although the vgh promoter is
not responsive to nitrosative and oxidative stress in E. coli
(Frey et al. 2003), the expression of P, is sensitive to the
DO concentration (Khosla and Bailey 1989). In cultures of
E. coli, the vgb promoter was activated when the DO
concentration was lowered from 20% to 5% air saturation
(Khosla and Bailey 1989). The vgb promoter offers
advantages over other alternatives in that induction is
more easily controlled and, therefore, no process temper-
ature shift or the addition of expensive chemicals such as
IPTG or galactose is necessary. Thus, P,,;, induction is
readily stimulated, since reduction of the DO below 20% is
facilitated when cells are grown to high density, or by
lowering the oxygen supply via reduction in either the air
inflow rate or the stirring rate in the fermentor.

It was described previously that the par region of
pSCI101 is fully capable of stabilizing a related par-plas-
mid that had an entirely different mode of replication
(Gustafsson et al. 1983). The par activity was dependent
on its ability to produce supercoiling at the replication ori-
gin rather than on the overall superhelical density of the
plasmid DNA (Conley and Cohen 1995). The deletion of
the rom region of pKK223-3 weakened the binding of
RNAI to RNAII, resulting in an increase in plasmid copy
number (Jing et al. 1993). The high-copy-number plasmid
is more useful for the overproduction of foreign proteins,
especially for the production of proteins whose high level
expression does not perturb the host cells (Zurita et al.

1984), although it should be noted that plasmid stability
decreased with increasing plasmid copy number.

The vgb promoter P,4;, was used with all plasmids in this
study. These were constructed to contain genes of the vgh
operon, the partition region (par), eGFP (egfp), and TDO
(tod), either individually or in combination. The results
demonstrate that such combinations can produce advan-
tages for both protein expression and plasmid stability in the
recombinant host microorganism.

Under low aeration, the hemoglobin concentration of
E. coli JIM83 harboring pKVpPV (P,,;, par, vgb operon)
was approximately the same as the recombinant containing
pKVpV (P,gp, vghb operon). When co-expressed with the
eGFP gene or TDO gene, the VHb produced by the host
recombinants was reduced about 30% from the original
(Fig. 2). In all cases, strong expression was only observed
under low-aeration conditions. These results clearly dem-
onstrated that the effect of P4, was induced under low
aeration. The reduction of VHb production was likely due
to the simultaneous production of either eGFP or TDO, by
lowering the ATP, amino acids and other components re-
quired for protein synthesis.

Under strong-aeration conditions, the relative fluores-
cent intensity reached 1.29 in E. coli JM83 harboring
pKVpP-E (P4, par, egfp) over 24 h cultivation (Fig. 3b).
Under low aeration, the same recombinant strain emitted
the highest relative fluorescent intensity (6.02; Fig. 3b),
compared with E. coli IM83 harboring pKVp-E (4.6; P, ,
egfp; Fig. 3a). Plasmid stability provided by the par region
no doubt accounted for this difference in eGFP production.

Unlike under low aeration, it was observed that the rel-
ative fluorescent intensity of E. coli IM83 harboring pKVp-
E and pKVpP-E was approximately the same (around 1.0)
under strong aeration regardless of growth time (Fig. 3a,b),
in agreement with the observation that the P, is responsive
to low DO concentration. The presence of the par region
in the recombinants improved eGFP production compared
with that observed for recombinants without the par re-
gion (Fig. 3b). In the presence of the vgh operon, reduced
relative fluorescent intensity of below 2.5 was observed in
E. coli IM83 harboring pKVpV-E (P,;, vgb operon, egfp)
or pKVpPV-E (P, par, vgb operon, egfp) (Figs. 3c,d).
Again, such a result is likely due to the competition for
energy and substrates between the VHb and eGFP syntheses.

Strong protein expression was also observed in recom-
binant E. coli harboring pKVpP-T (P, par, tod) or
pKVpPV-T (P,g, par, vgb operon, tod) under low oxygen
aeration. TDO activities were approximately two-fold
stronger under low oxygen tension than that under strong
aeration (Fig. 4), further strengthening the argument that
low oxygen is an effective means of inducing Py,

In all cases, regardless of aeration intensity, recombinant
E. coli cultured in the absence of antibiotics displayed no
loss in copy number over 100 generations when harboring
plasmids containing the par region (Fig. 5). The plasmid
instability rate under oxygen-limiting conditions was high-
er than that observed under strong-aeration conditions



without the par region, as less energy was available to
maintain the plasmid under low aeration. The plasmids
bearing egfp were more easily lost than their original vec-
tors (without egfp) under the same conditions (Fig. 5c,d),
demonstrating again that low oxygen tension and expres-
sion of foreign protein were a burden for cell growth and,
therefore, the cells easily disposed of these plasmids. It was
also found that the copy number of the vectors constructed
in this study was about 300—500, which was around ten
times that of the original plasmid pKK?223-3. This increase
in plasmid copy number contributed further to enhance
protein expression in the host microorganisms.

When co-expressed with other foreign proteins, such as
eGFP or TDO, VHb showed contrasting effects. The maxi-
mal TDO enzyme activity was obtained by co-expression of
TDO and VHb via pKVpPV-T (P,,;, vgb operon, par, tod,
Fig. 4). Yet, the strongest relative fluorescent intensity was
emitted by E. coli IM83 containing plasmid pKVpP-E (P, s,
par, egfp) without VHb expression (Fig. 3). It appeared
that the expression of VHb not only played an active role in
cell metabolism and target protein expression, but also
served as a burden when expressed in large amount, es-
pecially when VHb and target protein were transcribed under
the same vgb promoter P,;,. The difference between eGFP
and TDO activities may be due to the functions of the
expressed proteins. Thus, when co-expressed with enzymes
such as TDO which requires oxygen as a substrate, VHb
showed a positive effect in promoting TDO activity (Fig. 4).
In contrast, the activity of eGFP does not rely so much on
oxygen (Chalfie et al. 1994). Therefore, in the latter case,
the expression of VHb was a burden, resulting in reduced
expression of eGFP and reduced fluorescent intensity
(Fig. 3¢,d).

In conclusion, plasmids constructed in this study will be
very useful for fermentative production of foreign proteins
in E. coli hosts. For example, the vgh promoter allowed the
transcription of a target gene to be activated by a shift in
oxygen concentration, while the expression of VHb could
lead to enhanced expression of a foreign protein by the same
host. The presence of par stabilized the plasmids in E. coli
and could lead to elevated production of target proteins, by
minimizing loss of the exogenous gene over time. In ad-
dition, removal of the restriction sites for BamHI, Sall and
Accl from outside the multiple cloning sites provides the
new vectors with more flexibility for genetic manipulation.
Finally, increased expression of foreign genes in E. coli was
also facilitated by the high copy number of the vectors car-
rying the gene of interest. These advantages were demon-
strated by the enhanced production of eGFP and TDO by
E. coli harboring those plasmids.
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