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Plasmid-Based and Plasmid-Free Escherichia coli Expression Systems
under Production Conditions
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Plasmid-based Escherichia coli BL21(DE3) expression systems are extensively used for the production of recombinant pro-
teins. However, the combination of a high gene dosage with strong promoters exerts extremely stressful conditions on pro-
ducing cells, resulting in a multitude of protective reactions and malfunctions in the host cell with a strong impact on yield
and quality of the product. Here, we provide in-depth characterization of plasmid-based perturbations in recombinant
protein production. A plasmid-free T7 system with a single copy of the gene of interest (GOI) integrated into the genome
was used as a reference. Transcriptomics in combination with a variety of process analytics were used to characterize and
compare a plasmid-free T7-based expression system to a conventional pET-plasmid-based expression system, with both
expressing human superoxide dismutase in fed-batch cultivations. The plasmid-free system showed a moderate stress re-
sponse on the transcriptional level, with only minor effects on cell growth. In contrast to this finding, comprehensive
changes on the transcriptome level were observed in the plasmid-based expression system and cell growth was heavily im-
paired by recombinant gene expression. Additionally, we found that the T7 terminator is not a sufficient termination sig-
nal. Overall, this work reveals that the major metabolic burden in plasmid-based systems is caused at the level of transcrip-
tion as a result of overtranscription of the multicopy product gene and transcriptional read-through of T7 RNA
polymerase. We therefore conclude that the presence of high levels of extrinsic mRNAs, competing for the limited number

of ribosomes, leads to the significantly reduced translation of intrinsic mRNAs.

lasmid-based expression systems have been used for the pro-

duction of recombinant proteins for more than 4 decades (1,
2). They can be manipulated quickly and easily, and a variety of
replicons for use in Escherichia coli have become available (3),
allowing, e.g., different expression levels by using plasmids with
different copy numbers (4, 5). Plasmids equipped with additional
functions can be used to facilitate, for instance, coexpression of
proteins assisting correct folding (6) or of tRNAs supporting tran-
scription of rare codons (7). The dissemination of E. coli systems
was further strongly supported by the availability of well-estab-
lished, easy-to-use protocols from molecular manipulation to cell
cultivation up to a large scale (8) and by the FDA-proven status of
E. coli as a host for production of proteins for clinical use (9).

However, E. coli-based production processes are still far from
optimal for exploitation of the cellular system, as the expression of
heterologous proteins is performed with excessive strength, lead-
ing to a rapid exhaustion of the host cell (10) and, hence, loss of
yield. One prominent example is the T7 system, combining high-
copy-number plasmids with an orthogonal transcription system
in the form of the T7 phage RNA polymerase, an enzyme showing
an average elongation rate of 200 to 400 nucleotides (nt) s~ (11),
which is approximately 5 times the activity of the E. coli host RNA
polymerase (12). The ultimate strength of the T7 system exerts
extremely stressful conditions on producing cells, finally resulting
in metabolic overload of the cells and reduced production periods.
Even though theories on possible causes of this cellular stress re-
sponse do exist (13—16), it is not fully understood to what extent
these phenomena are linked to a plasmid-associated metabolic
burden. Plasmid replication and expression of plasmid-encoded
proteins, such as the product of the constitutively expressed anti-
biotic resistance gene, are responsible for an additional metabolic
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load which is manageable for relaxed nonproducing cells but be-
comes a serious problem for cells producing at high levels (17, 18).
Another common problem in using plasmid-based vectors for
bioprocessing is caused by the variability of the plasmid copy
numbers (PCN) throughout the bioprocess. Fluctuations in the
gene dosage lead to variations in expression rates of the gene of
interest (GOI) and of plasmid backbone elements (e.g., the anti-
biotic resistance gene) and, consequently, to process instabilities.
A central issue during plasmid-based expression of recombinant
proteins is plasmid loss, a phenomenon tightly related to the ge-
netic background of the host and the type of plasmid and finally
resulting in a nonproducing cell population that grows at the ex-
pense of producer cells (19-22). Another challenging problem is
the increase of the PCN in response to induction of recombinant
gene expression. High-level protein production leads to malfunc-
tions in the plasmid replication control mechanism. The resultant
increase in the PCN induces a self-amplifying cascade of meta-
bolic load which finally produces a fatal metabolic overburden
(23). Both phenomena significantly contribute to instabilities and
represent distinct limitations of plasmid-based systems in produc-
tion processes. Elucidation of the reasons for adverse effects ob-
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served in plasmid-based expression systems during recombinant
protein expression remains elusive due to the complexity of the
interactions between plasmids and host. Although knowledge on
these interactions would be essential, detailed investigations are as
yet limited (24, 25). Recent years have revealed several approaches
to improve T7-based expression systems, including the use of a
lysozyme-expressing plasmid (pLysS or pLysE) to decrease leaky
expression of genes and of a more restrictive promoter(s) for the
integrated T7 RNA polymerase (e.g., rhamnose inducible) and the
generation of a recA mutant derivative of BL21(DE3) called
BLR(DE3). Reviews of these approaches can be found elsewhere
(26, 27).

Plasmid-free T7-based expression systems in which the GOl is
site-specifically integrated into a defined locus of the E. coli ge-
nome were described previously (28, 29) but have not yet been
used as a reference system to reveal plasmid-related disturbances
during bioprocessing. Here, the gene copy number was fixed to a
single copy and the stability of these systems was significantly in-
creased, as the GOI cannot be lost during cultivation. It has been
shown that product formation rates generated in these systems are
comparable to plasmid-based ones (29). Consequently, they can
be used in a comparative study to assign cellular responses of
plasmid-based systems after induction either to recombinant pro-
tein production or to phenomena exclusively related to plasmid
systems.

In this publication, we focus on the in-depth characterization
of differences in the cellular responses to recombinant gene ex-
pression of a plasmid-free and a plasmid-based expression system.
Comparative transcriptomics (spotted-oligonucleotide DNA mi-
croarrays [DNA p-arrays] and the digital nCounter technology
[30]) in combination with a comprehensive number of process
analytics were used to compare the plasmid-based system E. coli
BL21(DE3)(pET30aSOD) and the plasmid-free system E. coli
BL21(DE3)::TN7<SOD>> in standard recombinant protein pro-
duction processes.

MATERIALS AND METHODS

Bacterial strains and plasmids. Experiments were performed using E. coli
BL21(DE3) (Merck KGaA, Darmstadt, Germany). BL21(DE3) was
transformed with pET30aSOD, vyielding BL21(DE3)(pET30aSOD).
pET30aSOD was derived by subcloning of the Homo sapiens superox-
ide dismutase 1 gene (GenBank accession no. BT006676.1) from
pET11aSOD, described elsewhere (SOD, superoxide dismutase) (31).
Linear double-stranded DNA (dsDNA) cartridges, containing the expres-
sion unit from pET30a<<SOD> fused to a chloramphenicol acetyltrans-
ferase resistance gene (cat), were integrated into the bacterial chromo-
some at the attTn7 site of E. coli BL21(DE3), which carries the pSIM6
helper plasmid, as described by Sharan et al. (32). The resulting strain was
designated BL21(DE3):TN7<T7-SOD>.

Medium, cultivation conditions, and sampling. For cultivation of
cells in a minimal medium, a 20-liter (14-liter working volume, 4-liter
batch volume) computer-controlled bioreactor (MBR, Wetzikon, Swit-
zerland), equipped with standard control units (Siemens PS7, Intellution
iFIX), described elsewhere (29), was used. A fed-batch regimen with an
exponential substrate feed rate was applied to provide a constant growth
rate of 0.1 h™! over 4 doubling times. The pH was maintained at a set
point of 7.0 = 0.05 by addition of 25% ammonia solution (Merck), the
temperature was set to 37°C = 0.5°C, and the dissolved oxygen level was
stabilized above 30%. For inoculation, a deep-frozen (—80°C) working-
cell-bank vial was thawed and 1 ml (optical density at 600 nm [ODg,,] =
1) was transferred aseptically with 30 ml 0.9% NaCl solution to the bio-
reactor. Induction of the expression system was performed by adding
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isopropyl-B-p-thiogalactoside (IPTG) (GERBU Biotechnik, Germany) to
the reactor in a relation of 20 pmol IPTG per g calculated cell dry mass
(CDM) (in total, 370 g CDM).

Sampling for the standard off-line process parameter started after one
generation (7 h) in fed-batch mode. This first sample was withdrawn from
the bioreactor prior to induction. After sampling, recombinant protein
expression was induced and samples were withdrawn every hour. Analyt-
ical methods used for determination of optical density, CDM, plasmid
copy number (PCN), product titer, viable cell number (VCN), and levels
of guanosine-3',5'-bispyrophosphate (ppGpp) are described in detail
elsewhere (29, 33, 34). Samples for subsequent microarray analysis were
taken between feed h 7 and 16 for the plasmid-based system and between
feed h 7 and 28 for the plasmid-free system. For RNA isolation, samples
were drawn directly into a 5% phenol-ethanol stabilizing solution and
split into aliquots corresponding to about 3 mg CDM. The cell suspension
was centrifuged for 2 min at ~11,000 X g and 4°C. The supernatant was
discarded, and the pellet was immediately frozen at —80°C.

Microarray analysis. Microarrays comprised selective probes (ap-
proximately 70-mer oligonucleotides) for all open reading frames of the E.
coli BL21 genome (custom array; Operon, Germany). The oligonucleo-
tides were spotted onto an epoxy surface, and the mRNA expression levels
of 4,537 unique genes could be measured. The experimental data (includ-
ing all processing protocols) were loaded into ArrayExpress (http://www
.ebi.ac.uk/microarray-as/ae/). A dye-swap design was used, and the cells
in the noninduced state in each experiment were compared to cells of
samples past the induction state.

Isolation of RNA. RNA was isolated by TRIzol reagent (Invitrogen)
pulping and chloroform (Sigma) extraction according to the modified
protocol described by Hegde and coworkers (35). The quality of RNA was
checked on a RNA1000 LabChip using an Agilent Bioanalyzer according
to the protocol of the supplier (Agilent Bioanalyzer Application Guide),
and the RNA concentration was determined with a NanoDrop 1000 spec-
trophotometer.

Reverse transcription and indirect labeling. Ten micrograms of total
RNA was labeled with either of two fluorescent dyes (Cy3 or Cy5; GE
Healthcare) and then subjected to paired competitive hybridizations. In-
direct labeling involves two steps: incorporation of amino-allyl dUTP by
reverse transcription and then attachment of the fluorescent dyes.

Briefly, total RNA was mixed with 3 pg of random primer (hexamer)
in a total volume of 15.5 pl, denatured at 65°C for 10 min, and primed
during cooling prior to reverse transcription (RT). To this mixture, 0.6 .l
of a 50X deoxynucleoside triphosphate (ANTP) mix (10 mM [each]
dATP, dGTP, and dCTP; 4 mM dTTP; and 6 mM amino-allyl dUTP
[Sigmal]), 6 pl of 5X first-strand buffer, 3 wl of 0.1 M dithiothreitol (DTT)
(both provided with Superscript III reverse transcriptase), 0.25 pl of
RNAsin (Promega), and 2 pl of Superscript III reverse transcriptase (In-
vitrogen) were added. After 2 h of incubation at 42°C, 10 pl of 0.5 M
EDTA and 10 pl of 1 M sodium hydroxide were added and the reaction
mixture was placed at 65°C for 15 min. After cooling to room tempera-
ture, 25 pl of 1 M Tris-HCI (pH 7.5) was added, and cDNA was washed
and concentrated using a Microcon YM30 centrifugal filter unit (Milli-
pore). Finally, cDNA was dried in a Speedvac. The dried cDNA was stored
at —20°C until use. The cDNA was resuspended in 4.5 .l of 0.2 M sodium
carbonate buffer (pH 8.5 to 9.0) and mixed with 4.5 pl of monoreactive
Cy3 or Cy5 dye that had previously been resuspended in 37 pl of dimethyl
sulfoxide (DMSO). The cDNA-dye mixture was incubated for 1 h at 23°C
in the dark. For dye quenching, 4.5 .l of 4 M hydroxylamine was added
and incubated again for 15 min at 23°C in the dark. Labeled cDNA was
mixed with 35 ul of 3 M sodium acetate (pH 5.2) and purified using a
Qiagen MinElute PCR purification kit according to the manufacturer’s
protocol. The incorporation of Cy dye into the cDNA was measured with
the NanoDrop 1000 spectrophotometer, and 200 pg of a Cy3-labeled sam-
ple was combined with 200 pg of a Cy5-labeled sample, mixed with 2 wl of
salmon sperm (Invitrogen) (10 mg - ml~! stock), and hybridized on a
microarray.
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FIG 1 Comparison of process data from the feed phase of cultivations performed with the plasmid-based [BL21(DE3)(pET30aSOD), open circles] expression
system and the plasmid-free [BL21(DE3)::TN7<T7-SOD>, filled circles] expression system. Data represent determinations of the induction of recombinant
gene expression conducted at feed hour 7 using 20 umol IPTG g~ ' CDM. (A) Total cell dry mass (CDM). The black line represents the calculated theoretical
CDM based on a constant glucose yield coefficient of 0.3 g- g~ ' - h™". (B) Glucose yield coefficient (Yy,s). (C) Growth rate. (D) Viable cell number (VCN). The
dashed line indicates the time point of induction. Data shown are derived from three independent replicate experiments (n = 3).

Array processing. Blocking and hybridization of the microarrays were
carried out using a Tecan HS400 hybridization station. The slides were
blocked with blocking buffer (4X SSC [1X SSC s 0.15 M NaCl plus 0.015
M sodium citrate], 0.5% [vol/vol] SDS, 1% bovine serum albumin [BSA])
for 1 h and then washed with water and 2X SSC containing 0.1% SDS.
Combined labeled samples were dried to a volume of ~7 wlin a Speedvac,
mixed with OpArray HybSolution (Operon) to achieve a concentration of
90% and a final sample volume of 70 pl, and heated to 95°C for 3 min.
Hybridization was carried out for 16 h at 50°C. After hybridization, slides
were washed with 1 X SSC and finally with 0.5X SSC for 1 min. Slides were
dried and scanned using the Agilent microarray scanner at 10-pm reso-
lution.

Statistical analysis of microarray data. Resulting images were ana-
lyzed with Dapple (36), where the data were extracted. Data analysis was
performed using the statistical computing environment R (37). The data
were preprocessed using variance stabilization normalization (38). Dif-
ferential expression estimates were calculated using limma in the Biocon-
ductor package (39). The filtered data sets (absolute log fold change > 2)
were clustered using flexclust in the R package (40), and gcExplorer (41,
42) was used for further analysis and visualization.

Verification of microarray data—NanoString nCounter gene ex-
pression system. The Nanostring nCounter technology uses molecular
barcodes and microscopic imaging to detect and count up to several hun-
dred unique transcripts in one hybridization reaction mixture. Each
color-coded barcode is attached to a single target-specific probe corre-
sponding to a gene of interest. Barcodes hybridize directly to their corre-
sponding target molecules and can be individually counted without the
need for amplification—providing very sensitive digital data.

RNA was isolated as described above and analyzed using the Nano-
String nCounter gene expression system, which captures and counts in-
dividual mRNA transcripts. Advantages over existing platforms include
direct measurement of mRNA expression levels without enzymatic reac-
tions or bias, sensitivity coupled with high multiplex capability, and dig-
ital readout. The sensitivity of the NanoString nCounter gene expression
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system is similar to that of real-time PCR. The transcript levels for selected
genes across all samples showed similar patterns of gene expression for
microarray data and NanoString data (30). Due to the high transcription
levels of the superoxide dismutase (SOD) gene and consequent saturation
of the flow cell imaging surface, an attenuation strategy, based on com-
petitive inhibition, was followed (see Data Set SI in the supplemental
material).

Microarray data accession numbers. The ArrayExpress accession
number for the BL21 array design is A-MARS-11. The ArrayExpress ac-
cession numbers for data from the plasmid-based and plasmid-free ex-
periment are E-MARS-19 and E-MARS-24.

RESULTS

To characterize the plasmid-related effects on host cell metabo-
lism during recombinant protein production, carbon-limited fed-
batch cultivations in minimal medium with exponentially in-
creasing feed amounts for each system were carried out in
triplicate experiments. For the plasmid-based system, detailed
analysis was limited to 9 h past induction due to the fact that this
time point also represented the process optimum for the plasmid-
based system in terms of product yield under the given conditions.

Fermentation characteristics, recombinant protein yield,
and stress response. In the noninduced state, the plasmid-based
system and the plasmid-free system showed similar growth behav-
iors; thus, replication of the pET30a<<SOD> plasmid did not
have a significant effect. The obtained levels of total CDM at the
time point of induction were comparable in all experiments and
were independent of the system used (Fig. 1A). Remarkably, the
induction of recombinant gene expression with IPTG triggered
totally different responses in the two systems. In the plasmid-
based system, a rapid drop of the substrate yield coefficient (Yy,g;
g CDM/g glucose) (Fig. 1B) and, consequently, a significant (4.5-
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FIG 2 Comparison of process data from the feed phase of cultivations performed with the plasmid-based [BL21(DE3)(pET30aSOD), open circles] system and
the plasmid-free [BL21(DE3)::TN7<T7-SOD>, filled circles] system. Determination of the induction of recombinant gene expression was conducted at feed
hour 7. (A) Plasmid copy number. (B) Levels of the stress marker guanosin-3',5'-tetraphosphat (ppGpp). The dashed line indicates the time point of induction.
Data shown are derived from three independent replicate experiments (n = 3).

fold) decrease of the growth rate below the given rate of 0.1 h™'
were observed (Fig. 1C). In parallel, the plasmid copy number of
40 = 4 in the noninduced state increased to 160 * 9 within 6 h past
induction followed by a steep decrease (Fig. 2A). In the plasmid-
free expression system using BL21(DE3)::TN7<<SOD>>, the aver-
age value of Yy after induction was decreased by a maximum of
only 25%. The system was able to maintain a growth rate of ap-
proximately 0.08 h™' throughout the whole cultivation period
(Fig. 1B and C). Finally, the experiments performed with the plas-
mid-free system yielded a total CDM of 276 * 10 g, whereas the
plasmid-based system was able to achieve only 82 = 3 g, due to
growth cessation (9 h past induction; see Fig. 1A) caused by the
metabolic overburden. This difference was also reflected in the vi-
able cell numbers (Fig. 1D). The high metabolic load in the plas-
mid-based expression system in response to recombinant gene
expression was demonstrated by the increased concentrations of
the stress marker molecule ppGpp detected. In the plasmid-free
expression system, the ppGpp concentration remained rather un-
affected (Fig. 2B).

The plasmid-based system accumulated a maximum of 213 *
6mg-g ' and the genome-encoded system 225 + 7mg- g~ ' SOD
per gram CDM, and yet variations in the product formation ki-
netics of the two systems were observed (Fig. 3A). The product
formation rate (gP) in the plasmid-based system peaked at a max-
imum of47 = 1mg- g~ ' -h™ "' shortly after induction and dropped
to zero within 8 h. In contrast, the plasmid-free system with only a
single copy of the target gene was able to achieve an average gP of
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22.7 = 5mg-g ' -h™' for the whole production period of 21 h
(Fig. 3B). Another important product-related issue was the influ-
ence of the individual system on the distribution of soluble versus
insoluble recombinant SOD (Fig. 4A to D). During the first 2 h
past induction, the plasmid-based system was able to produce the
recombinant protein mainly in its soluble form; in the later stage
of the process, the protein mainly accumulated as inclusion bod-
ies. Finally, the plasmid system yielded less than 40% of the re-
combinant protein in a correctly folded and soluble form, whereas
the genome-encoded system yielded more than 80% as soluble
protein (Fig. 4B and D). The volumetric yield of 4.5 = 0.21 g -
liter ! soluble SOD in the genome-encoded production system
represents a 3.8-fold increase in the product titer under the given
process conditions compared to the level seen with the plasmid-
based system (Fig. 4D). With respect to the total product yields
obtained, the plasmid-free system showed a 1.9-fold increase in
the total volumetric yield of SOD (soluble plus insoluble protein)
(Fig. 4E) and a 3.6-fold increase in the total recombinant protein
yield (Fig. 4F).

DNA p-array transcription profiling experiments. In order
to investigate the impact of plasmid- and genome-encoded re-
combinant gene expression on host cell metabolism in more de-
tail, genome-wide transcription profiling experiments were con-
ducted. We used spotted-oligonucleotide DNA microarrays
(DNA p-arrays) for transcriptome analysis and the digital
nCounter system (30) for the validation of DNA p.-array data and
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FIG 3 Comparison of product data from the feed phase of cultivations performed with the plasmid-based system [BL21(DE3)(pET30aSOD), open circles] and
the plasmid-free system [BL21(DE3):TN7<T7-SOD>, filled circles]. Determination of the induction of recombinant gene expression was conducted at feed
hour 7. (A) Specific (spec) concentrations of SOD (soluble and insoluble) in mg per gram CDM. (B) Specific (spec.) product formation rates in mg per gram
CDM and hour. The dashed line indicates the time point of induction. Data shown are derived from three independent replicate experiments (n = 3).
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FIG 4 Comparison of product data from the feed phase of cultivations performed with the plasmid-based system [BL21(DE3)(pET30aSOD), open circles] and
the plasmid-free system [BL21(DE3):TN7<T7-SOD>, filled circles]. Determination of the induction of recombinant gene expression was conducted at feed
hour 7. (A) Specific (spec) concentrations of insoluble SOD aggregated in inclusion bodies in mg per gram CDM. (B) Specific (spec.) concentrations of soluble
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the quantification of mRNA counts for a selected subset of genes
(see Data Set S1 in the supplemental material).

Analysis of genome-wide response to induction of recombi-
nant protein expression. To analyze the genome-wide transcrip-
tional response, the differentially expressed (DE) genes were cat-
egorized according to the log fold change (an absolute log fold
change > 0.5 was taken as the minimum for DE). Within the first
4 h past induction, transcriptional responses were detected for
both systems. The percentage of differentially expressed genes
with an absolute log fold change > 0.5 from samples of both
systems is shown in Fig. 5A. For BL21(DE3)(pET30aSOD), 9% of
all genes showed an absolute log fold change > 2, 30% of all genes
showed DE with an absolute log fold change > 1, and only 46% of
genes remained unaffected in this cellular state. Further, we ob-
served a significant reduction in the level of DE genes starting 7 h
past induction. This decline of the initial transcriptional response
arose in connection with the occurrence of nonproducing, plas-
mid-free cells that showed a different transcriptional profile,
with fewer genes up- and downregulated. For BL21(DE3):
TN7<SOD>, changes in the transcriptional profile were less pro-
nounced. Again, at 4 h past induction a steady state was reached,
with 3% of the genes showing an absolute log fold change > 2,
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10% of the genes with an absolute log fold change > 1, and 76% of
the genes unaffected. This cellular state was maintained for the rest
of the production phase without significant global changes.

For further analysis, all genes that showed an absolute log
fold change > 2 were selected from both data sets and visual-
ized using Venn diagrams (Fig. 5B). Among all 4,537 analyzed
genes, 304 were significantly downregulated in the plasmid-
based expression system whereas only 37 showed downregula-
tion in the plasmid-free expression system compared to the
noninduced reference system. Of the 4,537 genes, a total of 134
were downregulated in both systems. Similar behavior was ob-
served for the upregulated genes, where 92 genes were found to
be significantly upregulated in the plasmid-based system and
only 29 in the plasmid-free system. A total of 18 genes were
shared by the two expression systems.

Using the set of genes with an absolute log fold change > 2, we
performed a GO (Gene Ontology) term enrichment analysis using
AmiGO (43). This analysis revealed that a significant proportion
of genes that were downregulated only in the genome-based ex-
pression system are associated with GO term GO:0019861, the
flagellum (Fig. 6A). The group of genes that were downregulated
only in the plasmid-based system is associated with GO term GO:
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0030964, comprising respiration-related NADH dehydrogenase
I-encoding genes. Top tables of DE genes revealed the genes of the
phage shock protein (Psp) operon belonging to the group of genes
being exclusively upregulated in BL21(DE3)(pET30aSOD) (Fig.
6B). The group of genes that were upregulated in both systems
includes a significant number of chaperones and proteases in-
volved in correct protein processing (Fig. 7A). To gain further
insights, we analyzed our samples using the digital nCounter tech-
nology. We observed that the counts for the SOD probe (see Fig.
9B, nString SOD) were significantly higher (>1.3 log fold) in the
case of the plasmid-based expression system (Fig. 8A). Remark-
ably, 97% of the total counts determined for the 108 nString
probes after induction originated from plasmid-associated oligo-
nucleotides (Fig. 8B; see also Data Set S1 in the supplemental
material).

Read-through transcription by the T7 RNA polymerase. To
identify groups of coregulated genes, we performed cluster analy-
sis of the DE genes in both data sets, using the gcExplorer R pack-
age (41). We found that several genes in the plasmid-free system
showed a transcription profile similar to that of the GOI tran-
scribed via the use of T7-RNA polymerase on the plasmid system
(Fig. 9A). Those genes were located downstream of the chromo-
somal integration site of the sod gene. An overview of the genomic
region adjacent to the atfTn7 integration site together with the log
ratios of the corresponding genes can be found in Fig. 9A. Eight
genes on the sense strand, downstream of the T7 integration site of
the SOD gene, were significantly upregulated, corresponding to a
region as large as 32 kbp. Our p-array platform includes DNA probes
designed specifically for the pET plasmid, and, as shown in Fig. 9B
and C, all of the corresponding mRNAs were strongly upregulated
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(log fold change > 4). The read-through phenomenon was also con-
firmed with the NanoString nCounter technology for both the plas-
mid-based system (Fig. 8C) and the plasmid-free system (see Data Set
S1 in the supplemental material).

DISCUSSION

In this work, we compared a plasmid-free expression system
[BL21(DE3):TN7<SOD>>] and a plasmid-based expression sys-
tem [BL21(DE3)(pET30aSOD] under production conditions in a
fed-batch mode to identify plasmid-mediated effects on host me-
tabolism during production of the recombinant protein SOD.
Therefore, comprehensive data on growth characteristics, prod-
uct formation, PCN, stress response, and transcription profiles
were analyzed in detail.

The results clearly showed that plasmid replication itself does
not trigger significant changes in cell metabolism in nonproduc-
ing cells at a growth rate of 0.1 h™', as the two systems behaved
similarly before induction. This confirms the findings of Diaz
Ricci and Hernandez showing that at low growth rates the influ-
ence on cell growth is almost negligible (25). However, after in-
duction of recombinant gene expression we observed many dif-
ferences in host cell responses to recombinant gene expression. In
contrast to an only moderate decrease in the growth rate of the
plasmid-free system, a fundamental reduction of the growth rate
in the plasmid-based system was observed (Fig. 1). Based on these
significant differences, substantial variance in product formation
was also expected, but we observed similar amounts of specific
total SOD per gram CDM in the two systems (Fig. 3A). Interest-
ingly, the average product formation rate in the single-copy, plas-
mid-free system was only 20% lower than that of the plasmid-
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FIG 6 (A) Transcription profiles of genes of the flg operon. (B) Genes belonging to the phage shock protein (psp gene) system (operon pspABCDE, pspF, and
pspG) shown for the plasmid-based expression system (left charts) and the genome-based expression system (right charts).

based, multicopy system and did not cause significant adverse
reactions with respect to host metabolism. Irrespective of product
formation rates, the protein folding machinery of the plasmid-
based system was also negatively affected, as the main fraction of
SOD was accumulated in inclusion bodies. Hence, we conclude
that the massive translation of the GOI observed for both systems
is not the principal reason for metabolic overload in the plasmid-
based system but rather that a series of superposed effects caused
by the plasmid overstrain the cell metabolism shortly after induc-
tion. Among these effects are the 40-times-higher copy number of
the GOI in the plasmid-based system and the thus much higher
transcription rates and mRNA levels of the GOI (Fig. 8A). After
induction, the PCN did increase more than 4-fold (Fig. 2A), po-
tentiating the adverse metabolic side effects. This phenomenon
can possibly be attributed to the occurrence of the uncharged
tRNAs (23, 44) that do interact with the plasmid replication con-
trol mechanism and additionally trigger the stringent response
(45, 46). Consequently, the high levels of ppGpp detected for the
plasmid-based system may also contribute to the observed growth
cessation (47). This assumption is also supported by the signifi-
cant drop in PCN that we observed (Fig. 2A). This rapid decrease
of PCN, within only 3 h, could have been due to (i) inhibition of
DNA replication, (ii) plasmid loss due to recombination and con-
sequent multimerization (48), or (iii) targeted degradation of the
recombinant plasmid by, e.g., clustered regularly interspaced
short palindromic repeat (CRISPR) endonuclease (49). The cau-
sality seems to be as follows: (i) massive translation of the GOI
leads to the occurrence of uncharged tRNAs; (ii) these uncharged
tRNAs do interact with the plasmid replication control mecha-
nism, further increasing the PCN; and (iii) these elevated PCN
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consequently cause further increases in the mRNA levels. Finally,
the cell finds itself trapped in a vicious circle in which it is forced to
operate far beyond its usual cellular capacities.

Concerning the performed comparative pArray analysis, we
revealed that downregulation was predominant in both systems
and that the number of genes with an absolute log fold change >
2 was 2.8 times higher for the plasmid-based expression system
than for the plasmid-free expression system (Fig. 5). An example
of responses in the two systems that were nearly uniform but in-
cluded a more pronounced response in BL21(DE3)(pET30aSOD)
is the upregulation of genes encoding chaperones and proteases
(Fig. 7). With regard to protein quality control, this response
should support correct folding of the recombinant protein (50).
The fact that SOD was mainly produced as inclusion bodies in the
plasmid-based system (Fig. 4A and C) indicates that protein ag-
gregates sequestered chaperones and proteases otherwise neces-
sary to maintain proteostasis (51) or that translation of these
mRNAs into functional proteins seems to have been disabled. In
addition, protein aggregation could also be the reason for growth
cessation (52-54). We also observed that the Psp operon is exclu-
sively upregulated in BL21(DE3)(pET30aSOD). The Psp system
responds to extra cytoplasmatic stress that may reduce the energy
status of the cell. Expression of the psp operon is normally trig-
gered by the occurrence of mislocalized secretins caused by the
absence of specific chaperone-like pilot proteins or by defects in
maintenance of the proton motive force (55). These results are in
accordance with our hypothesis that the folding apparatus is se-
verely overstrained in the plasmid-based expression system. The
observation that transcription of the nuo operon is downregulated
indicates an energy shortage and a reduced proton motive force,
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since NADH dehydrogenase transfers electrons from NADH to
the respiratory chain (56). According to our data, the response of
the plasmid-free system is not limited to a reduced response fol-
lowing the same pattern as that seen with the plasmid-based sys-
tem but instead shows totally different characteristics for subsets
of genes (Fig. 6). The plasmid-free expression system shuts down
expression of genes associated with the assembly of the flagellum
(Fig. 6A). Since synthesis of the flagella is a complex and energy-
consuming process (57) and yet is not essential, it becomes obvi-

ous that the cellular response to an additional metabolic burden
includes the cessation of such a dissipative process.

Additionally, we observed read-through transcription of the
T7 RNA polymerase into adjacent genes located downstream of
the GOI. According to our data, substantial termination was not
provided upstream of the strong terminator of the rrsC-gltU-rrIC-
rrfC ribosomal operon. It was reported before that the T7 termi-
nator provides a limited termination efficiency of only 80% (58—
61) due to the fact that it evolved to allow read-through in order to

A u plasmid-free system B > of 103 genes m nString RNAII C W nString SOD nString Seq1
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FIG 8 NanoString nCounter analysis results in the time course of the bioprocess. (A) Numbers of SOD mRNA molecules in samples of the plasmid-free and the
plasmid-based systems. (B) Percentages of nString counts for SOD, Seql, Seq2, and RNAII in relation to total nString counts of 107 genes. (C) nStrings counts
for SOD, Seql, and Seq2 (sequences in the plasmid backbone) and RNAII (preprimer in the plasmid ori).
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enable expression of T7 genes located further downstream (62).
Improving the efficiency of the T7 terminator for the expression of
multiple genes has been reported recently (63, 64) and might be a
useful approach to avoid this effect. However, two points have to
be considered. (i) The T7 terminator is not an adequate transcrip-
tion termination signal for synthetic biology or metabolic engi-
neering applications, since cross talk of the artificially introduced
transcription unit, causing possible instabilities and disruption of
regulons when integrated in the genome, is likely. (ii) Plasmid-
based expression systems seem to be affected by the same read-
through, leading to long transcripts containing, e.g., noncoding
RNA structures (e.g., RNAII in the case of ColE1-like plasmids).
Such sequence elements may interact with the plasmid replication
mechanism, possibly explaining the increase in the PCN (Fig. 2).
We therefore assume that this read-through transcription does
constitute a major problem in the plasmid-based expression sys-
tem where (i) rapid plasmid loss was observed upon induction
and (ii) the regulatory status of the replicon is influenced, result-
ing in either lower or higher replication rates of the plasmid. In the
case of the genome-integrated, plasmid-free expression system,
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this read-through transcription had no significant negative effect
on the performance of the expression system.

Finally, we identified the high gene dosage and consequently
massive overtranscription of the GOI in the plasmid-based ex-
pression system (Fig. 8) as one of the major factors responsible for
the metabolic overburden. Thus, we assume that high concentra-
tions of a recombinant protein within the cells are not detrimental
to the host cell factory per se. Instead, the major source of the
problem is the overabundance of the mRNA of the GOI (Fig. 8B).
This large amount of mRNA occupies ribosomes and diverts
amino acids and nucleotide precursors that would otherwise be
required to maintain cellular integrity and functionality. Here, we
have demonstrated that plasmid-free expression systems are ap-
plicable reference systems for investigation of host/plasmid inter-
actions, and we conclude that they represent an attractive alterna-
tive in terms of both up- and downstream processing.
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