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In industrial scale recombinant protein production it is often of interest to be able to translocate the product
to reduce downstream costs, and heterologous proteins may require the oxidative environment outside of the
cytoplasm for correct folding. High-level expression combined with translocation to the periplasm is often toxic
to the host, and expression systems that can be used to fine-tune the production levels are therefore important.
We previously constructed vector pJB658, which harbors the broad-host-range RK2 minireplicon and the
inducible Pm/xylS promoter system, and we here explore the potential of this unique system to manipulate the
expression and translocation of a host-toxic single-chain antibody variable fragment with affinity for hapten
2-phenyloxazol-5-one (phOx) (scFv-phOx). Fine-tuning of scFv-phOx levels was achieved by varying the
concentrations of inducers and the vector copy number and also different signal sequences. Our data show that
periplasmic accumulation of scFv-phOx leads to cell lysis, and we demonstrate the importance of controlled
and high expression rates to achieve high product yields. By optimizing such parameters we show that soluble
scFv-phOx could be produced to a high volumetric yield (1.2 g/liter) in high-cell-density cultures of Escherichia
coli.

The application range of antibodies in medicine and bio-
technology is broad, and there has been great progress in the
design and selection of new variants with novel affinities. In
particular, there has been a growing interest in the develop-
ment of antibody fragments comprising the VH and VL do-
mains connected to each other as a single chain (scFv) (4). The
small size of scFv proteins (about 250 amino acids) compared
to native antibodies confers certain therapeutic advantages
because of their shorter half-life (rapid blood clearance) and
faster tissue penetration. scFv molecules can be used as selec-
tive carriers for delivering radionucleids, toxins, or cytotoxic
drugs to malignant cell populations, as well as providing valu-
able tools for studying antibody-antigen interactions in detail
(14). In addition, this feature makes it possible to construct and
screen large scFv libraries by using phage display approaches
(for a review, see reference 23).

For medical applications scFvs are needed in large
amounts, and the ability to produce high yields in Esche-
richia coli has gained considerable interest (14). Native scFv
proteins have two disulfide bonds and require oxidative condi-
tions to fold correctly. Although expression of native scFv pro-
teins without disulfide bridge formation has been reported (9),
cytoplasmic production in bacteria typically results in aggregation
of scFv polypeptides into insoluble inclusion bodies (14).
Therefore, in E. coli it is usually desirable to express scFvs as
fusion proteins targeted for translocation to the oxidative peri-
plasm to obtain functional products (3, 26). Various vector

systems for recombinant scFv expression in E. coli have been
reported (11, 15, 19), but the experiments were typically per-
formed in shake-flask cultures with product yields of 10 to 30
mg/liter. Plasmid-based gene expression under high-cell-density
cultivation may dramatically promote problems related to plas-
mid instability and lysis of recombinant cells (16, 28). There-
fore, to obtain industrially relevant yields of soluble scFv, the
expression tools should preferentially allow tight control of the
expression level and the plasmids must be kept stable under
high-cell-density cultivation.

We previously developed broad-host-range expression vec-
tors based on the minimal replication elements oriV and trfA of
the natural RK2 plasmid (5, 6). The trfA gene encodes a repli-
cation initiation protein also exerting negative control on rep-
lication from oriV (10, 12), and inducible expression of recom-
binant genes is governed by the flexible Pm/xylS promoter/
regulator system. Relevant characteristics of these vectors
include adjustable vector copy number, the Pm promoter is
very strong and active in many hosts, several cheap and harm-
less (like benzoic acid) inducers can be used and they act in a
dose-dependent manner, and inducer uptake is based on pas-
sive diffusion which further simplifies the use of the system
across species barriers. With one such vector, pJB658, we have
demonstrated regulated high and low level recombinant gene
expression in several gram-negative bacterial species (6, 7, 29).

In the present study we utilize the unique properties of pJB658
to express a host-toxic antibody fragment, scFv-phOx, in high-cell-
density cultivation of E. coli. By optimizing the vector copy num-
ber, induction conditions and choice of signal sequence, we pro-
duce recombinant scFv-phOx to very high volumetric yield (2.3 g/
liter) of which 60% is represented as soluble and active product.
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MATERIALS AND METHODS

Strains, plasmids, and DNA manipulations. The strains and plasmids used in
this study are listed in Table 1. Standard DNA manipulations were performed as
described elsewhere (25).

Construction of vector pJBphOx. The scFv–2-phenyloxazol-5-one (phOx) cod-
ing sequence fused to c-myc was PCR amplified from vector pHOG21-phOx with
the following primer pair: scFv-F1, 5�-TTACTCGCGGCCCAGCCGGCCATG
GCGCAGGTGCAGCTGGTGCAGTCT-3�, and scFv-R1, 5�-GTGATCGGCC
CCCGAGGCCTTTAGGTCTTCTTCTGAGATCAGCTTTTGTTC-3�.

The PCR was performed on the Perkin Elmer GeneAmp PCR system 2400.
The resulting 843-bp PCR product was end digested with SfiI (recognition sites
are italic in the primer sequences) and cloned between the two SfiI sites of
plasmid pHKK. From this construct, the 2,420-bp NdeI/EcoRI fragment was
excised and cloned into the corresponding sites of plasmid pJB658, yielding
vector pJBphOx (Fig. 1).

Construction of the ompA and consensus signal peptide signal sequences. The
DNA molecules encoding OmpA and consensus signal peptide were made syn-
thetically by annealing of the following single-stranded oligonucleotide pairs:
ompA-F, 5�-TATGAAAAAAACTGCTATCGCTATCGCTGTTGCTCTGGCT
GGTTTCGCTACTGTTGCTCAGGCGGCGGC-3�, and ompA-R, 5�-CATGG
CCGCCGCCTGAGCAACAGTAGCGAAACCAGCCAGAGCAACAGCGA
TAGCGATAGCAGTTTTTTTCA-3�, and CSP-F, 5�-TATGAAAAAAAAATT
ATTGGCGTTAGCCTTGTTAGCGTTATTGTTTAACGGCGCGCAGGC-
3�, and CSP-R, 5�-CATGGCCTGCGCGCCGTTAAACAATAACGCTAACAA
GGCTAACGCCAATAATTTTTTTTTCA-3�.

Each pair of oligonucleotides were annealed as described previously (30) and
the NdeI (2 bp) and NcoI (4 bp) sticky ends formed at the ends of the resulting
double-stranded DNA fragments are in italic. The double-stranded DNA mol-
ecules obtained could be directly cloned into the NdeI/NcoI sites of any plasmid.

Media, feeding solutions, and preparation of inoculum to high-cell-density
cultivation fermentations. For routine cloning experiments and estimation of
plasmid copy number, E. coli cells were grown at 37°C in liquid Luria broth (LB)
or on solid Luria agar (LA) plates (25). The defined preculture medium and the
main culture medium used were composed as described by others (13), whereas
feeding solution 1 was slightly modified and contained glucose (480 g/kg solu-
tion) and MgSO4 � 7H2O (15.8 g/kg solution). All media, unless otherwise stated
in the text, were supplemented with ampicillin (0.1 g/liter), and tetracycline (12
mg/liter) was used when appropriate.

The fermentation inoculum was prepared as follows. E. coli was grown over-
night at 30°C on LA plates, and single colonies were transferred to 100 ml of LB
medium in shake flasks (500 ml baffled) and incubated for 7 h at 30°C (200 rpm;
orbital movement amplitude, 2.5 cm). Cells were diluted 200-fold into 100 ml of
prewarmed preculture medium, and growth was continued at 30°C for 16 h to an

optical density at 600 nm (OD600) of 4 to 5. From these cultures, cells were used
to inoculate 0.75 liter of prewarmed main culture medium in the fermentor
(3-liter Applikon) to an initial OD600 of 0.05. Inducer solution (0.5 M) was
prepared by dissolving m-toluate in ethanol.

FIG. 1. Physical map of the expression plasmid pJBphOx. Plasmid
pJBphOx is based on the broad-host-range plasmid pJB658 (Table 1)
and harbors the regulatory Pm/xylS promoter system for expression of
scFv-phOx. Relevant genetic elements: tLPP, transcription terminator;
term, bidirectional transcription terminator; bla, �-lactamase; oriT, or-
igin for conjugative transfer; hok-sok, suicide system. For remaining
elements, see the text.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Descriptiona Reference
or source

E. coli
DH5� General cloning host BRL
RV308 Production strain ATCC 31608

Plasmids
pHOG21-phOx ColE1 replicon harboring scFv-phOx fused to pelB, c-myc, and his6, Apr 15
pHKK ColE1 replicon with lacP/O promoter-operator for recombinant transcription, hok-sok stabilization

elements, Apr
13

pBR322 ColE1 replicon, copy number of 30 per genome, Apr Tcr NEB
pBR322�amp pBR322 with deleted bla gene, Tcr This study
pJB658 RK2-based expression vector harboring Pm/xylS regulatory promoter system for expression of cloned

genes, Apr
1

pJB655cop271Cluc Harbors trfA with cop-271 mutation 2
pJB655cop251Mluc Harbors trfA with cop-251 mutation 2
pJBphOx pJB658 with pelB-scFv-phOx-c-myc-his6 fusion gene downstream of Pm, harbors hok-sok suicide system (see text) This study
pJBphOx-271 pJBphOx with 1,853-bp ClaI/XmaI region substituted with corresponding region from pJB655cop271Cluc This study
pJBphOx-251 pJBphOx with 1,853-bp ClaI/XmaI region substituted with corresponding region from pJB655cop251Mluc This study
pJB-251E 8,350-bp pJBphOx-251 NdeI/NotI fragment blunt-ended and religated This study
pJBphOx-271ompA Similar to pJBphOx-271 but with pelB substituted with ompA (see text) This study
pJBphOx-271CSP Similar to pJBphOx-271 but with pelB substituted with consensus signal peptide (see text) This study
pJBphOx-271�xylS pJBphOx-271 was digested with AgeI/HpaI, cohesive ends of the large fragment were blunt-ended and

religated (xylS)
This study

pJBphOx-251�xylS pJBphOx-271 was digested with AgeI/HpaI, cohesive ends of the large fragment were blunt-ended and
religated (xylS)

This study

a Some of the plasmids are described in the text. Ap, ampicillin; Tc, tetracycline.
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High-cell-density cultivation. All fermentations were performed at 30°C, and
the pH was maintained at 6.8 by addition of 12.5% (vol/vol) NH3. Antifoam
(Adecanol LG-109; Asahi Denka Kogyo, Japan) was added from the start (40
�l/liter) and thereafter when needed. The dissolved oxygen was maintained at
20% saturation by automatic adjustments of the stirrer speed or by controlled
feeding of feeding solution 1. The airflow rate was initially 0.25 liter/liter of
medium per min and thereafter increased to 1.1 liter/liter of medium per min
throughout the batch phase (see below). Inducer (m-toluate) was added to the
fermentors when cell growth reached an OD600 of 90.

The fermentations were divided into three different phases as follows. (i)
Batch phase. Glucose (22.5 g/liter) was added to the freshly inoculated main
culture medium, and cell growth was continued until all the sugar had been
consumed. (ii) Exponential feeding phase. Growth was controlled to a specific
growth rate (�) of 0.2 h�1 by feeding with feeding solution 1. Initially the feed
rate of feeding solution 1 was set to 17 g/liter/h and thereafter increased expo-
nentially. This exponential feeding was continued until the stirrer speed reached
1,900 rpm, which is close to the maximal speed of the reactor (2,100 rpm). (iii)
Induction phase. Bacterial growth was controlled by automatic adjustments of
the feeding solution 1 feeding rate (flexible feeding control) so that the dissolved
oxygen and stirring speed were maintained at 20% saturation and 1,900 rpm,
respectively. Throughout the fermentations, pH, dissolved oxygen, feeding rate,
airflow, and the molar fraction of CO2 in the exhausted gas were monitored and
recorded.

Determination of the fraction of plasmid-free cells. Cell samples were col-
lected from each high-cell-density cultivation culture and diluted in LB medium
to approximately 1,000 CFU per ml and grown on LA plates without antibiotic
selection at 30°C overnight. From these plates 192 single colonies were picked

with the Genetic QpixII colony picker and individually transferred to 96-well
plates loaded with 140 �l of LB medium supplemented with ampicillin (100
�g/ml). In addition, each colony was similarly transferred to 96-well plates
without antibiotic selection. The well plates were incubated at 30°C overnight,
and cell growth in individual wells was analyzed by visual inspection. Plasmid-
free cells were detected based on the inability to grow in the selective medium
(observed as clear medium).

Preparation of cell samples for protein product analyses by ELISA and West-
ern blotting. Cell samples (1 ml) were harvested by centrifugation (6,000 � g, 10
min) and the supernatants (medium) were collected. Periplasmic extraction was
performed essentially as described elsewhere (21) by resuspension of the pellets
in 0.5 ml of 50 mM Tris-HCl buffer, pH 8.0, addition of 0.5 ml of sucrose solution
(40% sucrose containing 2 mM EDTA in 50 mM Tris-HCl buffer, pH 8.0), 1 mg
of lysozyme per ml, and 125 U of benzonase (Merck) per ml. After incubation for
1 h at room temperature with shaking, the suspensions were centrifuged (16,000
� g, 8 min) and the supernatant (periplasm) and pellet fractions were collected.

Analysis of soluble scFv-phOx was performed by enzyme-linked immunosor-
bent assay (ELISA). Maxisorb plates (Nunc) were coated with phOx-bovine
serum albumin (10 �g/ml) in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.5,
150 mM NaCl) overnight at 4°C. All further incubations were performed for 1 h
at room temperature. The wells were washed three times with TBS and blocked
with Blotto (1% skim milk powder and 0.02% antifoam A in TBS). Serial
dilutions of samples in Blotto were then added to the wells, and after washing
three times with TBST (TBS containing 0.05% Tween), anti-c-Myc (Invitrogen)
(1:5,000 in Blotto) was added. The wells were then washed three times with
TBST, and rabbit anti-mouse immunoglobulin-peroxidase (Dako) (1:1,000 in
Blotto) was added. Finally, the wells were washed three times with TBST and

FIG. 2. Volumetric yield of soluble scFv-phOx (top) and cell densities (bottom) at different induction levels (m-toluate) in fermentations with
E. coli RV308 strains harboring pJBphOx (low copy number) and its derivatives pJBphOx-271 (medium copy number) and pJBphOx-251 (high
copy number). In all cases inducer was added at an OD600 of 90. The fermentation with RV308(pJBphOx-271) with 3 mM inducer was terminated
6 h after induction due to foaming and control difficulties caused by cell lysis.
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once with TBS, the substrate 2,2�-ethylbenzthiasolinesulfonic acid (ABTS) (Bio-
Rad) was added, and the absorbance was read at 405 nm after 10 min.

Analysis of insoluble scFv-phOx in the pellet fractions was performed by
Western blot. The pellets were added to 1 ml of sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) running buffer (Bio-Rad) and 1-mm
glass beads (KeboLab) and resuspended with vortexing for 1 to 2 min, and
dilution series were made and prepared by boiling in denaturing sample buffer.
The samples were separated by SDS–12.5% PAGE and transferred to a nitro-
cellulose membrane, and the membrane was blocked with Blotto. Recombinant
scFv-phOx was detected with the same antibodies and washing buffers as de-
scribed for the ELISA (above) except that tetramethylbenzidine (Pharmingen)
was used as the substrate. Comparison of band intensities with standard scFv-
phOx of known concentrations was performed and used to estimate the yields of
insoluble scFv-phOx. The scFv-phOx standard used in both the ELISA and
Western blot experiments had been purified by Ni-Sepharose (Amersham Bio-
science) according to the supplier’s recommendations, and the concentrations of
scFv-phOx were calculated from the absorbance at 280 nm.

RESULTS AND DISCUSSION

Construction and testing of vector pJBphOx for the produc-
tion of soluble scFv-phOx in high-cell-density cultivation of
E. coli. As a model protein in our study we chose scFv-phOx,
which recognizes the hapten 2-phenyloxazol-5-one (phOx)
(17). This important hapten can be easily conjugated to pro-
teins and peptides and the clinical application of scFv-phOx for
selective targeting of imaging and therapeutic agents in vivo
has been demonstrated (8). In a previous report (15) the ex-
pression of 16.5 mg of soluble scFv-phOx/liter was obtained in
E. coli shake-flask cultures with the pelB signal sequence. To
our knowledge, no reports describe scFv-phOx expression un-
der high-cell-density cultivation. The DNA fragment of plas-
mid pHOG21-phOx including the scFv-phOx gene fused to the
c-myc coding region was cloned in frame between the pelB and
the His6 coding sequences of plasmid pHKK (Table 1). From
this construct the region encoding the pelB-scFv-phOx-c-myc-
his6 fusion gene, as well as hok-sok, was excised and cloned
downstream of the Pm promoter of pJB658, yielding plasmid
pJBphOx (Fig. 1). In this way, scFv-phOx is expressed as a

fusion protein targeted for translocation (governed by PelB)
and with C-terminal tags (c-myc-his6) for facilitated detection
and purification.

Three parallel fermentors with strain RV308 (pJBphOx)
were run and induced at an OD600 of 90 (about 30 g dry weight
per liter) by adding 0.1, 0.5, and 3.0 mM m-toluate. The pro-
duction rate of soluble scFv-phOx increased as more inducer
was added, and the highest yield was reached 13 h after induc-
tion in all cases (Fig. 2). At 3 mM inducer, 0.48 g/liter of
soluble scFv-phOx was produced, which is comparable to the
results obtained with similar proteins (13). Note that at 13 h
most of the soluble product was localized in the growth me-
dium. This may be due to toxic accumulation of scFv-phOx
in the periplasm, leading to lysis of the producing cells (see
OD600 values in Fig. 2). Representative samples were analyzed
for insoluble product, and the results of these experiments
(Fig. 3) showed that insoluble scFv-phOx yield also increased
as more inducer was added, and it constitutes about 35 to 40%
of the total scFv-phOx (soluble and insoluble) expressed. It
seems probable that these insoluble fractions largely represent
intracellular (not translocated) scFv-phOx proteins, while the
formation of insoluble inclusion bodies in the periplasm could
not be ruled out.

Manipulations with pJBphOx copy number and effects on
recombinant scFv-phOx production levels. Plasmid pJB658
has a copy number of five to seven per genome (6) and from
the results described above, we predicted that an elevated
scFv-phOx gene dosage may accelerate its expression rate
and thereby possibly lead to even higher levels of soluble
product before cell lysis. To test this hypothesis, the 1,853-
bp ClaI/XmaI fragment (including the trfA gene; see Fig. 1)
was substituted by the corresponding fragment of plasmids
pJB655cop271Cluc and pJB655cop251Mluc (Table 1). The ex-
pected copy numbers of the resulting derivatives, pJBphOx-
271 and pJBphOx-251, should be about three- to fourfold and
eightfold higher than that of the parental plasmid pJB658, re-
spectively (6, 10, 12).

To experimentally verify these copy numbers, we took ad-
vantage of the ability to cotransform our recombinant strains
with an additional replicon, pBR322, with a known copy num-
ber (about 30 per genome in E. coli). The 752-bp EcoRI-PstI
region of pBR322 including the 5� end of the �-lactamase gene
was deleted to yield pBR322�bla (Table 1), and this plasmid
was introduced into E. coli strains harboring pJB658, pJBphOx,
pJBphOx-271, and pJBphOx-251. The resulting recombinant
strains were grown overnight, and dilution series of the plas-
mids isolated from these cultures were analyzed by gel elec-
trophoresis. Comparison of the band intensities was used to
estimate the copy number of each derivative, and the data
obtained (not shown) were in good agreement with the corre-
sponding expected values as indicated above.

Strain RV308(pJBphOx-271) was tested for production of
scFv-phOx as described above, and the volumetric yield of
soluble scFv-phOx obtained was more than twofold higher (1.2
g/liter) than with pJBphOx (Fig. 2), which is in agreement with
the hypothesis above. Inducer concentrations above 0.1 mM
had no positive effects on the final volumetric yield of soluble
scFv-phOx, whereas the production rate in the first 3 h was
higher with 0.5 mM. Presumably, a higher production rate
leads to an accelerated release of soluble product into the

FIG. 3. Total volumetric yields of scFv-phOx (soluble and insolu-
ble) at different induction levels in fermentations obtained with RV308
strains harboring pJBphOx (low copy number) and pJBphOx-271 (me-
dium copy number). Strains harboring pJBphOx-251 (high copy num-
ber) were not included in this experiment due to massive loss of this
plasmid prior to induction (see the text).
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culture medium (Fig. 2), and the relative fraction of released
scFv-phOx increased with incubation time after induction. The
maximum cell densities obtained with this strain (OD600 be-
tween 115 and 144) were lower than those obtained with cells
harboring pJBphOx (OD600 of about 200) and decreased
throughout the induction phase (Fig. 2). These observations
support the assumption that high recombinant expression lev-
els lead to rapid toxic accumulation of soluble scFv-phOx in
the periplasm, resulting in cell lysis. In spite of this, a faster
production rate allowed more total product to be made.

Analysis of RV308(pJBphOx-271) cells for insoluble prod-

uct demonstrated that about twofold more insoluble scFv-
phOx was produced with 3 mM compared to 0.1 mM inducer,
even though the amount of soluble product did not increase
(Fig. 3). This probably means that translocation is a limiting
parameter for further improved production of soluble scFv-
phOx under the present conditions, leading to a total produc-
tion of about 2.3 g/liter of scFv-phOx.

In order to analyze the production course of RV308
(pJBphOx-271), the fermentation with this strain was repeated
(five parallel fermentors) with an induction level of 0.5 mM,
and a typical fermentation course is shown in Fig. 4. The

FIG. 4. Fermentation course of recombinant RV308 (pJBphOx-271) under high-cell-density cultivation. Time courses of bacterial growth
(OD600) and scFv-phOx production (A), exhausted CO2 and feeding rate (B), and stirrer speed and dissolved oxygen (C). Phases 1 and 2 are the
batch and exponential feeding phase of the fermentation, respectively (see Materials and Methods). The time of induction (addition of 0.5 mM
m-toluate) is marked with an arrow. Phases 3a and b represent the initial and prolonged induction phases, respectively. In phase 3a, the flexible
feeding solution 1 control was applied. In phase 3b, constant feeding and stirrer rates were used.
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volumetric yield of soluble scFv-phOx obtained in these
experiments ranged from 1.1 to 1.3 g/liter, demonstrating good
reproducibility. The production of scFv-phOx was initiated
immediately after the induction, and 90% of the soluble scFv-
phOx was produced within 6 h (phase 3a in Fig. 4A). In this
period the cell density reached its maximal value and then
gradually dropped. The drop in optical density was accompa-
nied by a substantial leakage of scFv-phOx to the extracellular
environment, consistent with cell lysis.

In the induction phase (phase 3a, Fig. 4) the feeding rate and
dissolved oxygen are maintained constant at the setpoint val-
ues by automatic adjustments of the feeding rate. The feeding
rate is at its highest level at induction start and is thereafter
automatically gradually reduced to one-third of the maximum
rate during the next 6 h (phase 3a in Fig. 4B). The reduction of
the feeding rate is a consequence of reduced oxygen transfer
capacity in the fermentation broth caused by cell lysis. In order
to push the system to a maximum level of production, the
induction phase was prolonged beyond 6 h (phase 3b in Fig.
4). To control the foaming caused by cell lysis, substantial
amounts of antifoam were added, leading to problems with the
automatic control of the fermentor. The prolonged induc-
tion phase had little impact on the volumetric yield (additional
10%), and the optical density continued to drop throughout
this period.

It could not be excluded that production yield of soluble
scFv-phOx could be further improved by increasing the plas-
mid copy number beyond that of pJBphOx-271. Surprisingly,
irrespective of the inducer concentration applied (data not
shown), the maximum level of soluble scFv-phOx produced
by strain RV308(pJBphOx-251) was only 0.15 g/liter (Fig.
2), which is even lower than that of cells harboring the parental
vector. The reasons for this unexpected result could later be
shown to correlate with extensive plasmid loss before induction
(see below).

Effects of high plasmid copy numbers on plasmid stability
and viability of recombinant cells. It is generally known that
the metabolic burden associated with elevated plasmid copy
numbers and/or high recombinant gene expression levels may
lead to impaired cell growth and concomitant plasmid loss
from recombinant cells (1, 2). We analyzed the various fer-
mentation cultures for plasmid-free cells, and the results of
these experiments demonstrated that the low (pJBphOx) and
medium (pJBphOx-271) copy number vectors were maintained
throughout the fermentation. In contrast, vector pJBphOx-251
was found to be highly unstable, and about 90% of the cells
originally harboring this vector were already plasmid-free prior
to induction.

We speculated that this massive plasmid loss could be due to
high leakage of scFv-phOx expression from Pm, and to test this
we measured soluble scFv-phOx levels in the fermentor cul-
tures prior to induction. Only traces (below 5 mg/liter) of re-
combinant protein were detected with the low-copy number
plasmid pJBphOx, while significant levels of soluble scFv-phOx
were detected with pJBphOx-271 (50 mg/ml) and pJBphOx-
251 (120 mg/liter). Considering that the majority of the cells in
the latter culture were plasmid-free under these conditions
(see above), this result suggested that the leakage from Pm in
strain RV308 (pJBphOx-251) is high.

To rule out the possibility that the observed plasmid loss was

somehow caused by the vector itself, the 830-bp region includ-
ing the scFv-phOx-encoding gene was deleted from pJBphOx-
251, yielding construct pJB-251E (Table 1). Recombinant strains
harboring this plasmid were analyzed as described above, and
the results showed that this derivative was 100% stable during
the entire fermentation period, supporting the assumption that
the instability of pJBphOx-251 is related solely to leaky expres-
sion of scFv-phOx.

Both data previously reported by us (6) and the results pre-
sented here suggest that uninduced expression from Pm in-
creases much more than the increase in copy number, and it
has been reported that high XylS levels may accelerate consti-
tutive transcription from Pm (24). To investigate this, we de-
leted the 776-bp region including the 5�-terminal region of xylS
and upstream sequences of the copy-up derivatives pJBphOx-
271 and pJBphOx-251, yielding plasmids pJBphOx-271�xylS
and pJBphOx-251�xylS, respectively (Table 1). Recombinant
RV308 strains harboring these constructs produce only 5 and
30 mg/liter of soluble scFv-phOx, respectively, under nonin-
duced conditions, which is far below the levels detected with
the parental vectors (see above). Interestingly, no plasmid-free
cells were detected in these cultures. Together, these results
indicate that high basal expression from Pm present in a high-
copy-number vector is mediated solely by the simultaneous
presence of a correspondingly increased copy number of the
xylS gene. By controlling the xylS expression level from a reg-
ulated promoter, the problems with plasmid loss at high copy
numbers might be avoided, and one might possibly also envi-
sion improved yields of scFv-phOx or other protein products of
interest.

Plasmid pJBphOx-271 is stably maintained under high-cell-
density cultivation without antibiotic selection. The numbers
of generations obtained in the preculture medium and the
main culture medium under the conditions used in the present
study are 9 and 11 to 12, respectively. To further test the sta-
bility of our expression vectors, high-cell-density cultivation
fermentation of RV308(pJBphOx-271) was performed without
antibiotic selection. Moreover, to obtain conditions compara-
ble to a large-scale fermentation, preculture medium cultiva-
tion was repeated twice before transfer to the main culture me-
dium, resulting in approximately 30 generations for the three
successive cultivations. As a control, a parallel experiment was
run with the standard amount of ampicillin (0.1 g/ml) added to
the media. The results of these experiments demonstrated that
pJBphOx-271 was stably maintained during the entire fermen-
tations and the production levels of soluble scFV-phOx were
also similar (data not shown). The hok-sok suicide elements
have been shown to significantly enhance the stability when
present on other replicons (20), but their direct contribution to
the stability observed in our constructs remains unknown. In
any case, the option of running industrial processes without
antibiotics in the production medium confers both economic
and regulatory advantages.

Different signal sequences display considerable effects on
the expression levels of recombinant scFv-phOx. In E. coli it
has been shown that the first codons at the 5� end of a struc-
tural gene may have a severe impact on translation initiation
(27). In our constructs it is likely that the 5�-terminally fused
pelB sequence, which is of bacterial origin, contributes to ef-
fective expression of scFv-phOx in addition to governing trans-
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location. Although the majority of the scFv-phOx expressed in
our strains is presumably exported, we could not rule out that
translocation is limiting for higher yields of soluble scFv-phOx
under the conditions tested. In order to test this, we applied
the two alternative signal sequences ompA and consensus sig-
nal peptide. The former has been used for effective transloca-
tion of various recombinant proteins in E. coli (22), whereas
consensus signal peptide was designed here based on published
sequence alignments of several bacterial signal peptides (18).
Both signal sequences were made synthetically (see Materials
and Methods) and used to substitute pelB in pJBphOx-271,
yielding derivatives pJBphOx-271ompA and pJBphOx-271CSP
(Table 1).

Recombinant strains harboring these plasmids produced sol-
uble scFv-phOx at significantly lower yields (0.15 and 0.43
g/liter, respectively) than the strain harboring the parental
vector. We proceeded to measure insoluble scFv-phOx in these
samples, and the data showed that these levels were also low
(0.10 g/liter for OmpA and 0.17 g/liter for consensus signal
peptide). Together our results indicate that the overall scFv-
phOx expression levels obtained with OmpA and consensus
signal peptide are low compared to those obtained with PelB.
Thus, our results show that the choice of signal sequence has a
strong impact on both the translocation and expression level of
recombinant scFv-phOx under the conditions tested.
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