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Abstract

The genome integrated T7 expression system offers significant advantages in terms of productivity
and quality, even if the gene of interest (GOI) is only present as a single copy per cell. In comparison
to plasmid-based expression systems, this system has no plasmid-mediated metabolic load and the
dosage of the GOI does not vary during the production process. Long-term cultivation with the T7
expression system is, however, only possible to a limited extent because mutations in the T7 RNA
polymerase (RNAP) lead to a faster growing non-producing population. An investigation of the long-
term effects of recombinant protein expression on the mutation pattern of E. coli is therefore not
feasible.

In the course of this work, the BL21Q expression system was developed, which was successfully
patented at the European Patent Office. It is based on the host RNAP in order to exclude mutations in
the RNAP. The expression system was first tested for applicability with regard to genome-integrated
recombinant protein production. Promoter / operator combinations were developed to achieve the
desired properties, such as high expression rate, low basal gene expression and fine-tuning of gene
expression by varying the inducer concentration. The newly developed expression system BL21Q was
then examined for long-term stability under production conditions.

We performed repetitive fed-batch-like microbioreactor cultivation under production conditions. The
easy-to-produce green fluorescent protein (GFP) and the difficult-to-produce Fab fragment served as
model proteins. The BL21Q expression system remained stable in long-term cultivation during the
production of the easy-to-produce protein GFP. For the production of proteins that are difficult to
produce, mutations in the lacl gene of the BL21Q derivatives proved positive for long-term stability.
Furthermore, mutations could be identified which play a role in the metabolism of different sugar
sources. Our results showed that the adaptive evolution that was carried out with the genome-
integrated E. coli BL21Q expression system in microbioreactor cultivations under industrially relevant

production conditions is an efficient tool for the identification of mutation hotspots.



Zusammenfassung

Das genomintegrierte T7-Expressionssystem bietet erhebliche Vorteile hinsichtlich
Produktivitat und Qualitat, selbst wenn das zu exprimierende Gen (gene of interest, GOI) nur
als Einzelkopie in der Zelle vorliegt. Im Vergleich zu Expressionssystemen auf Plasmid Basis
weist dieses System keine durch Plasmide vermittelte metabolische Belastung auf und die
Dosierung des GOI variiert wahrend des Produktionsprozesses nicht. Langzeitkultivierung
mit dem T7-Expressionssystem sind allerdings nur eingeschrankt realisierbar da Mutationen
in der T7-RNA-Polymerase (RNAP) zu einer schneller wachsenden nicht-produzierenden
Population fuhren. Dadurch ist eine Untersuchung der Langzeit Auswirkungen der
rekombinanten Proteinexpression auf das Mutationsmuster von E. coli nicht moglich.

Im Zuge dieser Arbeit wurde das BL21Q Expressionssystem entwickelt, welches erfolgreich
beim Europédischen Patentamt patentiert werden konnte. Es basiert auf einem Promoter,
welcher von der Wirts-eigenen RNA Polymerase erkannt wird, um Mutationen in der RNAP
ausschlieRen zu kénnen. Das Expressionssystem wurde zundchst auf die Anwendbarkeit
hinsichtlich genomintegrierter rekombinanter Proteinproduktion getestet. Daflir wurden
Promoter/ Operator Kombinationen entwickelt, um die gewiinschten Eigenschaften, wie hohe
Expressionsrate, geringe basale Genexpression und Feinabstimmung der Genexpression
durch variierende Induktor Konzentration, zu erzielen. Das neu entwickelte
Expressionssystem wurde anschlief3end hinsichtlich Langzeitstabilitat unter
Produktionsbedingungen untersucht.

Wir fihrten wiederholende fed-batch-ahnliche Mikrobioreaktorkultivierungen  unter
Produktionsbedingungen durch. Als Modellproteine dienten das einfach herzustellende Griin
fluoreszierende Protein (GFP) und ein schwer zu produzierendes Fab-Fragment. Das auf
Wirt-RNA-Polymerase basierende BL21Q-Expressionssystem blieb bei der Produktion des
einfach herzustellenden Proteins GFP in Langzeitkultivierungen stabil. Fir die Produktion
schwer herzustellender Proteine erwiesen sich Mutationen im lacl-Gen der BL21Q-Derivate
als positiv fir die Langzeitstabilitat. Des Weiteren konnten Mutationen identifiziert werden,
welche eine Rolle im Metabolismus unterschiedlicher Zuckerquellen spielen. Unsere
Ergebnisse zeigten, dass die adaptive Evolution, die mit dem genomintegrierten E. coli
BL21Q Expressionssystemen in Mikrobioreaktorkultivierungen unter industriell relevanten
Produktionsbedingungen durchgefiihrt wurde, ein effizientes Werkzeug zur Identifikation von

Mutations-Hotspots ist.
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1 Introduction

1.1 E. coli as production host for recombinant protein production

Since the first production of a human recombinant protein over 40 years ago (1), E. coli has
established itself as a cell factory and is still being further developed. The advantages of E.
coli are well known, such as the extremely rapid growth. Under optimal growth conditions, its
doubling time is approximately 30 minutes (2). Furthermore, very high cell densities can be
achieved. In theory it is possible to cultivate E. coli up to a cell density of approximately 175 g
cell dry weight per liter (3). In addition, E. coli can grow in defined medium consisting of
inexpensive components. Genetic manipulation is very simple and can be done in less than a
few hours (4). There is an entire toolbox of various genetic tools to meet the requirements of

the protein to be produced, and this is constantly being expanded.

Of the numerous different E. coli strains, four (K-12, B, C, and W) are regarded as model
organism strains, with only K-12 and B strains being relevant for biotechnological use today.
The K-12 strain E. coli MG1655 is considered the "wild-type" strain of numerous K-12 strains.
This strain was sequenced by the Blattner laboratory because it most closely corresponds to
the wild-type E. coli and could be maintained as a laboratory strain with minimal genetic
manipulation. Only the bacteriophage lambda and the F plasmid were removed using
ultraviolet light and acridine orange (5). These mutations are found in most K-12 strains used
today. For this reason, MG1655 is also used as a model organism for E. coli genome,
transcriptional regulation, transporters, and metabolic pathway databases. Strains originating
from MG1655 include DH1 parent from DH5a and DH10pB (6). These strains have mutations
in recAl and endAl. RecAl prevents homologous recombination and endAl the degradation
of inserted plasmid DNA. Commercially available strains are already chemically competent
and have been engineered for maximum transformation efficiency so that they are mainly
used for the cloning of plasmid DNA and less for the production of recombinant proteins.
Among the K-12 strains that are used to produce recombinant proteins, HMS174 is of
particular biotechnological relevance. This strain also contains the recA mutation, which
avoids the recombination of plasmid DNA, which has a positive effect on the plasmid stability
during the production of recombinant proteins (7). BL21, arguably the most prominent
representative of the B line, was described by Studier in 1986 when he made numerous
modifications to the B line (8). BL21 cells are deficient in the Lon protease, which degrades
both host cell proteins and foreign proteins (9). BL21 also lacks the outer membrane
protease OmpT, which degrades extracellular proteins. Deletion of OmpT is particularly

advantageous from a biotechnological point of view, since after cell lysis the recombinant
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protein cannot be degraded by OmpT (10). Furthermore, plasmid loss is reduced by the
hsdSB mutation, since the DNA methylation and degradation is interrupted (11). Due to the
higher expression of the two sugar transporters MalE and GatD, the active sugar transport
into the cell is higher compared to HMS174. BL21 thus achieves higher growth rates and
lower acetate accumulation than K-12 strains if the cells are cultivated in large scale
fermentation conditions (7).

1.2 Promoters: Strength, Basal Expression and Regulation

The first step in protein biosynthesis is the transcription and the selection of a suitable
promoter is essential. The demands that are generally made on a promoter system in
biotechnology are high expression of the GOI, low basal expression in the absence of the
inducer and ideally the transcription should be tunable by means of varying inducer

concentration.

A promoter is the DNA sequence to which the RNA polymerase (RNAP) binds and initiates
the transcription of the messenger RNA (mRNA). In bacteria, the promoter consists of two
short sequence elements which are approximately 10 (Pribnow Box) and 35 nucleotides
upstream from the transcription start site. A consensus sequence of the two elements could
be derived by sequence alignment of all E. coli promoters. The sequence at -10 has the
consensus sequence TATAAT and at -35 TTGACA (12). Although these sequences are
conserved on average across all promoters, there are only a few natural promoters that
precisely contain these sequences. Artificial promoters, which contain the complete
consensus sequence, showed reduced transcription frequencies (13). The optimal distance
between -10 and -35 region is 17 bp and it was shown that the range can be very variable
and is nevertheless recognized by the RNAP as a promoter sequence (14). For the
transcription to take place in bacteria, sigma factors are required. Sigma factors are proteins
that bind to the RNAP and initiate the specific binding of the RNAP to the promoter. The
sigma factor together with the RNAP is known as RNA polymerase holoenzyme. E. coli has
seven sigma factors and depending on genes and environmental conditions, a different
sigma factor binds to the RNAP. The sigma factor 70 is the “housekeeping factor” and
transcribes most of the genes of the growing E. coli cell (15). Depending on the
environmental conditions, other sigma factors can become active, such as sigma 38 during
starvation in the stationary phase or sigma 32 during heat shock. In this way, only genes and

pathways are activated that are necessary for the respective situation (16).



The undisputedly best-known promoter is the lac promoter, which is part of the lac operon in
E. coli. In the presence of lactose, the LacZYA genes are induced and lactose can be
metabolized as a carbon source. Since its discovery in 1961 by Francois Jacob and Jacques
Monod, the lac operon has been continuously developed for biotechnological use (17). A first
step was the reduction of the so-called catabolite repression, which makes certain carbon
sources of E. coli more preferred. If glucose and lactose are present in the medium at the
same time, the lac promoter is not completely induced until glucose has been fully utilized
(18). To make the lac operon inducible even in the presence of glucose, a mutation was
introduced which led to the lacUV5 promoter. This property was caused by two changed
base pairs in the -10 region of the lac promoter (14, 19). Synthetic hybrids that combine the
strengths of other promoters with the advantages of the lac operon are available. The tac
promoter consists of the -35 region of the tryptophan promoter and the -10 region of the lac
promoter. As a result, the strength of the promoter (MRNA molecules produced per unit of

time) could be increased by a factor of 10 (20).

The pET vector (Novagen), which is part of the T7 expression system, is one of the most
popular expression systems for the production of recombinant proteins. It essentially consists
of the T7-RNAP and the T7 promoter from the phage T7 (21). The T7 RNAP only recognizes
its own promoter, does not require any additional sigma factors and is therefore a very good
method of assimilating the host's metabolism and using it for the production of recombinant
proteins. For biotechnological use, the T7 RNAP is either made available on a separate
plasmid or, as usual, integrated into the bacterial chromosome using the prophage lambda
DE3. The T7 RNAP is under the control of the lacUV5 promoter, which means that the
system can be induced with lactose or its non-metabolizable analogue isopropyl B-D-1-

thiogalactopyranoside (IPTG) even in the presence of glucose.

1.2.1 Regulation of Gene Expression and Basal Expression

A major disadvantage of lac-based expression systems, especially when high-copy number
plasmids are used, is the unacceptable high gene expression in the absence of the inducer.
This phenomenon is known as basal expression or system leakiness. For challenging
proteins, even low basal expression can have negative effects on host metabolism or can
even be toxic. Therefore, transforming such an expression system can be difficult. This is
evident in a low frequency of transformants. The tightness of gene regulation is therefore an
important quality feature of an expression system (22, 23). In the absence of lactose, the lac
inhibitor Lacl forms a homotetramer that binds to the lac operator site (lacO) and suppresses
the transcription of the lacZYA operon (24). Conversely, if lactose or IPTG binds to Lacl, it

induces a conformational change in the protein structure and Lacl can no longer bind to the
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lacO site. This leaves the lacO site open for RNAP binding and the transcription can begin.
The efficiency of repression essentially depends on two factors, the number of Lacl
molecules per cell and the binding affinity of the Lacl to the lacO site. The binding affinity of
the Lacl to LacO results from the symmetry of the lacO site. The lacO sites are DNA
sequences with inverted repeat symmetry (25). The higher the symmetry, the greater the
Lacl binding affinity for the operator sequence. An artificial, perfectly symmetrical lacO (sym-
lacO) binds Lacl with the greatest affinity (26). In contrast, the three wild-type operators
lacO1, lacO2 and lacO3, which showed approximate symmetry, showed lower affinities in the
following descending order: sym-lacO> lacO1> lacO2> lacO3 (27). In the native lac operon,
Lacl simultaneously binds to the primary operator lacO1 as well as lacO2 or lacO3 via a DNA
loop mechanism (28). LacO2 is 401 bp downstream of lacO1 and lacO3 reads 92 bp
upstream from lacO1 (29). Because of their proximity, the DNA loop occurs mainly between
lacO1 and lacO3, and therefore these sites represent the major gene repression (27). As a
result, the role of lacO2 remains unclear. When Lacl binds lacO1 and lacO3, it also inhibits
its own production because the 3’ end of the lacl gene overlaps with lacO3. In the repressed
state, lacl transcription leads to a truncated mRNA, which is rapidly degraded by the cell.
Due to this autoregulation, the frequency of the Lacl tetramer is ~ O molecules per cell in
induced cells and ~15 molecules per cell in non-induced cells (30). The removal of lacO3 to
prevent autoregulation is not possible because the sequence is part of the protein structure
and would therefore change the Lacl protein. If the Lacl concentration is to be increased to
increase the tightness of the expression system, it can be achieved by introducing a mutated
lacl gene, called Lacl® (31). As a result, the level of the Lacl molecules rises to around 100

molecules per cell (30, 32)

1.2.2 Expression rate fine-tuning

Controlling the transcription rate of the expression system, also known as "tunability”, serves
to regulate protein production to a certain level. The optimal bioprocess is designed so that
the maximum cell synthesis capacity can be maintained for a long time. This is particularly
necessary if the protein of interest (POI) is to be produced as a soluble and correctly folded
protein. In many cases, recombinant proteins can also have a toxic effect on the host if
certain levels are reached and exceeded. Depending on the physical properties and
metabolic requirements of the desired product, the transcription rate must match RNA
stability, translation efficiency, protein folding, protein transport and all other system

interactions.

Transcription rate tuning through titration with IPTG is not possible. IPTG, like lactose, is

actively transported into the cell by the Lac permease LacY (33). Even small amounts of
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IPTG or lactose induce the production of further LacY permease, which allows even more
IPTG to penetrate the cell (34). The expression of Lac Permease LacY is heterogeneous and
the number of active permeases in each cell of a population is highly variable. The final
product titer can be varied due to the limited availability of the inducer but only if the entire
population is considered. There is no single cell tunebaility, instead there are cells that are
fully induced and which are weakly or not induced within a population (35). This is also
known as the all-or-none induction phenomenon (36). With toxic or challenging proteins, this
can lead to massive product loss, since the fully induced cells of this population can be
outcompeted by faster growing non-producers (37). In the case of a two-stage, orthogonal
expression system, such as the T7 expression system already described, this behavior is
particularly evident. Small amounts of IPTG induce the production of T7 RNAP, which in turn
initiates the transcription of the GOI. Once the T7 RNAP has been produced, the cell does
not immediately degrade the T7 RNAP and the transcription of the GOl is initiated again.

To prevent this process and thus make a T7 system tunable, T7 lysozyme is co-produced
with the commercially available strain Lemo21(DE3) (38). T7 lysozyme is produced in this
expression system under the control of the tunable rhaPBAD promoter. T7 lysozyme binds to
the T7 RNAP and thus prevents transcription initiation from the T7 promoter (39). By
increasing the inducer L-rhamnose more T7 lysozyme is produced and thus less active T7

RNAP is available in the cell and the production of the POI decreases.

The Tuner™ (DE3) strain from Novagen takes a different approach. Tuner™(DE3) is a BL21
(DE3) derivative that has a mutation within the lac operon. As a result, the lac permease
LacY is no longer produced, an induction cascade is prevented and the penetration of IPTG
occurs evenly in every cell of the population. This means that a homogeneous level of the

POI can be set in each cell using inducer titration (40).

1.3 Expression system: Plasmid-based versus genomically integrated

In biotechnology, plasmids are the most common vectors for recombinant DNA. Plasmids are
small extrachromosomal, self-replicating DNA molecules within a cell. For a plasmid to be
used as a vector for the GOI, it needs some basic properties. On the one hand, a multiple
cloning site, which has a variety of restriction sites, so that the GOI can be cloned into the
vector (41). Furthermore, selection markers, in most cases antibiotic resistance genes, so
that positively transformed cells can be identified (42) and an origin of replication so that the
vector can replicate independently of the chromosomal DNA (43). Commercially available

vectors, such as the pET series, have a pMB1 ori, which is a ColE1 derivative with



approximately 15-60 copies per cell. A mutated variant of the pMB1 origin occurs in the pUC
series (500-700 copies per cell) (44). One should now assume that a high copy number of
the GOI also results in more recombinant protein. In the case of simple proteins to be
produced, this is actually the case and recombinant protein yields of up to 50% of the total
cell protein are possible (45, 46). However, proteins that are difficult to produce cause a high
metabolic load, which limits cell growth, and the plasmid can be lost or mutate. This leads to
the already mentioned phenomenon of the faster growing non-producing population, causing
the entire production process to come to a standstill. (47, 48).

Another possibility is to integrate the GOI directly into the host's chromosome. By means of
homologous recombination, a linear DNA fragment, which contains all required information
(promoter / operator, GOI, terminator, resistance gene), is integrated into a non-coding part
of the host genome (49). In comparison to the plasmid transformation, this process is labor-
intensive and the transformation rates are very low, which means that more effort is required
for the screening of positively transformed cells. The advantage of such a system is that host
cells are freed from plasmid-related metabolic load and high gene dosage. In the case of a
T7 based expression system, the high efficiency of the T7 RNAP compensates for the low
gene dose and provides high expression rates of the GOI without extreme consequences for
the host metabolism. This hardly affects the growth rate after induction of recombinant
protein production, and cell growth and protein production can thus be maintained throughout
the entire process. This consequently leads to higher biomasses and thus to higher product
titers compared to plasmid-based expression systems. Another advantage of the reduced
metabolic load is the quality of the protein produced. The capacities for protein translocation
and folding are less utilized, which means that higher yields of the soluble and correctly

folded protein can be obtained (50).

In summary, the production of a recombinant protein results in innumerable combinations of
production strain, promoter system, type of gene regulation, resistance gene, the localization
of the GOI, either genome integrated or plasmidic, all of which have an influence on quality
and quantity. At this point it must be mentioned that even if an optimal combination of all
these factors has been determined for a certain class of protein, these findings can only be
transferred to another class of recombinant proteins to a limited extent. This requires a hew
screening and is still largely a trial and error approach. Therefore, a large number of
screening experiments are required, which cannot be carried out in fully equipped lab-scale

bioreactors.



1.4 Cultivation techniques of E. coli to produce recombinant proteins

1.4.1 Cultivation in Microbioreactors

Screenings of potentially new production strains are still mainly carried out in shake flasks or
microtiter plates. As a result, numerous cultivations can be carried out in parallel, quickly,
easily and, above all, inexpensively (51). However, process parameters such as dissolved
oxygen (DO), pH and substrate uptake rate can only be monitored and controlled to a limited
extent in such systems. In addition, cells grow in complex medium with excess glucose to
guarantee rapid growth. This can lead to clones being selected from shake flask
experiments, but perform poorly in an industrially relevant process in a bioreactor (52).
Therefore, efficient clone screenings for the identification of possible E. coli production hosts
should take place in a C-limited environment. As already described in the section
“Promoters”, a lac-based expression system, for example, can only be completely induced in
the absence or with limited availability of glucose. To facilitate scale-up, basic process
parameters such as DO and pH should be monitored and, if necessary, regulated to a certain
value. All of these conditions must nevertheless be able to be implemented with a high

degree of parallelization and with the shortest possible set-up times (53).

There are now numerous manufacturers and devices for microbioreactors. RTS-8 plus
bioreactor from Biosan (Biosan Medical-Biological Research & Technologies, Riga, Letvia)
uses the patented Reverse-Spin® technology, in which a non-invasive, mechanically driven,
innovative energy movement mixes the cell suspension in single-use Falcon tubes. The
Ambr® 15 system from Sartorius takes a different approach. The working volume of the
microbioreactors is 10-15 ml and have an integrated stirrer. They also contain a port for
adding liquids and taking samples. With a sparge tube, aeration is very efficient, which
means that this system comes very close to full-size bioreactors. The microbioreactor that
was used in this work is the BioLector from m2p labs (m2p-labs GmbH, Baesweiler,
Germany. The BiolLector is a bench-top device, which consists of a temperature and
humidity-controlled incubation chamber with an orbital shaker. It utilizes standard-sized
microtiter plates, which enable automation and linking to other devices. An optical light cable
underneath the plate enables the continuous monitoring of scattered light and fluorescence
intensities of a bacterial culture and thus bacterial growth. Theoretically, biomass
concentrations of up to 50 g/L can be measured by means of scattered light without the need
to dilute the cell suspension (54). In addition, the protein formation of fluorescent proteins,
such as GFP, can be measured directly by measuring fluorescence signals (55). Using
immobilized fluorescent dyes, so-called optdodes, which are attached to the bottom of the

microtiter plate, pH values and dissolved oxygen (DO) levels can be measured. In addition to
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measuring important process parameters to characterize the cultivation, it is also necessary
to simulate the cultivation strategies that are used in industrial production processes, as far
as is technically possible. A very elegant strategy that enables carbon limitation without the
use of external substrate feed is the enzymatic release of glucose from a dissolved
polysaccharide. The activity of the enzyme, a glucoamylase, determines the glucose release
and thus the growth rate of the cells (56).

1.4.2 Fed-batch cultivation

The biotechnological cultivation of bacteria in fed-batch mode is the most common method to
produce recombinant proteins in E. coli. The substrate, usually the carbon source glucose, is
fed to the reactor without the cell broth being removed from the reactor. This means that all
products remain in the bioreactor until the end of cultivation (57). The advantage of this
process is the control over the supply of the nutrients and thus the control over the growth
rate and other process relevant factors. This process control enables very high cell densities
of approximately 175 g cell dry weight per liter (3). Such high cell densities would only be
possible in batch culture if the initial nutrient concentration were correspondingly high.
However, an excessively high glucose concentration has an inhibiting effect on cell growth. If
the glucose concentration is too high, the so-called crabtree effect occurs (58). Initially
observed in the cultivation of yeasts, where too high a glucose concentration led to high
ethanol production, the effect was also observed in E. coli and Bacillus subtillis, with the
latter organisms increasingly producing organic acids such as acetic acid. Regardless of
whether ethanol or organic acids, both have an inhibiting effect on cell growth and thus
prevent a controlled bioprocess. The decisive factor for the production of recombinant
proteins, however, is the catabolite repression, as already described in the section

"Promoter".

To minimize all these effects there are various strategies for carrying out fed-batch
cultivations. Usually a highly concentrated feed solution is used to prevent excessive dilution
of the bioreactor. In principle, the feed solution can be fed to the reactor in two ways. From a
technical point of view, the simplest way is to feed the feed solution constantly. The feed rate
remains unchanged during the entire process and is not adapted to the increasing number of
cells in the bioreactor. This results in a steadily decreasing cell growth rate. This process is
well described and has advantages for recombinant protein production (59, 60). However,
since cells grow exponentially under ideal conditions, the supply of the carbon source must
also take place as such if a constant growth rate of the cells is to be achieved. In this way,

very high cell densities are achieved in a short time. The exponential feed rate should be
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chosen so that the cells grow below their maximum growth rate, so that the above-mentioned
effects such as catabolite repression and crabtree effect do not occur and the cells are
carbon-limited despite the exponential growth.

1.4.3 Chemostat cultivation

Regardless of whether the feed medium is supplied at a constant or exponential feed rate,
the process is ended as soon as a certain biomass concentration or filling volume of the
reactor has been reached. The cell broth is then processed further, and the bioreactor is
cleaned, sterilized and prepared for the next fed batch. In terms of time, the actual
fermentation and especially the production phase of the recombinant protein in such a batch-
wise procedure is relatively short. That is why continuous production is becoming more and
more interesting, since it enables the greatest possible space time yield to be achieved with
the optimal use of the installed assets (61). In such chemostat cultivations, the cells are kept
in a steady-state environment by supplying fresh feed medium to the reactor and
simultaneously removing the cell suspension to the same extent (62). Technically speaking,
such a process is quite simple and was first described in the 1950s (63). The growth rate can
be set similar to that of fed-batch cultivation, the feed rate or dilution rate. The advantages of
this process control are obvious; the volume of the reactor always remains constant, the
average residence time of a producing cell and the product is always the same, which means

that stable volumetric productivity and thus high space time yields can be achieved (64).

Regarding quality control, continuous production presents some difficulties. Compared to
batch process control, where product pools can be subjected to quality control clearly
separated from each other (65), this is not possible with continuous process control. One
approach would be to split a continuous process into different batch numbers, which
artificially creates single batch processes (66). Nevertheless, due to the steadily increasing
interest in continuous processes and the increasingly advanced process technology, the
regulatory authorities have also developed further. The American Food and Drug
Administration (FDA) has not only established guidelines for the continuous production of
recombinant proteins but is also encouraging the production of biopharmaceutically relevant

proteins using a continuous manufacturing approach.

For this reason, continuous processes to produce recombinant proteins have already been
implemented, but only for processes which use mammalian cell cultures. E. coli processes in

continuous process control have still not been implemented due to process instability.



1.5 Mutations and Escape Variants Caused by Metabolic Burden

As already described, the production of recombinant proteins exhibits a metabolic load on
the host organism. Especially if the POI is difficult to be produced or shows toxic effects on
cell physiology. When E. coli is cultured under laboratory conditions, the mutation rate is 1 x
103 per generation (67). However, the mutation rate is highly stress-dependent (68). In cells
that no longer produce the recombinant protein due to plasmid loss or a mutation, the
metabolic load is reduced. Non-producing cells therefore have a growth advantage. As a
result, they overgrow producing cells, which reduces the overall product yield (48, 69).
Because of this, longer production times or even continuous production is in E. coli difficult to

achieve.

To avoid these obstacles, it is therefore necessary to reduce the metabolic load and thus the
genetic escape (70). This is possible on the one hand at the genetic as well as on the
bioprocess level. At the bioprocess level, the metabolic load can be reduced by decoupling
growth and production. By cascading two reactors, only biomass is generated in the first
bioreactor without the addition of the inducer. The recombinant protein production then takes
place in the second reactor, which contains the inducer. This arrangement ensures that the
system is always supplied with fresh, uninduced cells, thus avoiding the aforementioned
phenomena such as plasmid loss and genetic instability caused by recombinant protein

production (71).

At the cellular level, host genes, which are responsible for genetic instability, can be knocked
out. The removal rate of insertion elements (IS), deletion of the recombinase gene recA or
error prone DNA polymerases has already reduced the mutation rate and thus increased the
stability of the host organism (72). Interventions in the genome of the host organism in order
to change individual genes may seem meaningful from the point of view of a biotechnologist,
but such changes can affect proteins and metabolic processes, which in turn can have a
negative influence on the fitness and growth of the cell. This rational approach, where genes
and proteins are influenced in a targeted manner, is often a trial on error approach and is
therefore time consuming and very often unsuccessful. Furthermore, this approach depends
on the POI to be produced and cannot always be transferred directly to other classes of
POls.

A completely different approach is directed evolution. It is a method that imitates the process
of natural selection and directs the genome and thus the proteome of a host organism in a
certain direction (73). A population of cells is exposed to mutagenesis in repeated cycles,
resulting in a variety of genetic variants within a population. Then, those individuals with the

desired properties are selected and propagated, which creates a new population with new
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properties. This can be done in vivo with living organisms or in vitro. A directed evolution
approach can circumvent the complexity of the biogenesis process and its adverse effects on
the host cell (74-76). One of the best-known examples of such an approach is the
experiment by John E. Walker and Bruno Miroux (74). In a selection-based approach,
BL21(DE3) cells expressing a toxic membrane protein were streaked onto agar plates
containing the IPTG inducer. Those cells that survived the recombinant protein production
and thus adapted to the production of toxic membrane proteins were selected and
characterized more precisely. E. coli C41(DE3) is a derivative from this experiment, which
shows a mutation in the lacUV5 promoter, whereby the expression of the T7 RNAP was
reduced. E. coli C43(DE3), a derivative that originated from another direct evolution round
from C41, has a mutation in the Lacl gene, which reduces induction by IPTG, which in turn
reduces the expression of the GOI. C41(DE3) and C43(DE3), commonly known as the

Walker strains, are currently widely used to produce membrane and toxic proteins (76, 77)

Nevertheless, these strains use a plasmid-based expression system and are subject to the
aforementioned obstacle to plasmid loss and would therefore not be suitable for long-term
cultivation. Another disadvantage is the use of the T7 expression system. In a study by
Striedner et al. long-term stability of genome-integrated T7-based expression systems has
been investigated. Chemostat cultivations with a dilution rate of 0.1 /h showed a decrease in
productivity after about 14 generations (50). The reason for this was a single point mutation

within the T7 RNAP, which resulted in a complete loss of productivity.

In order to obtain a fundamental understanding of the interaction between the host, the
recombinant protein and the long-term response of the recombinant gene expression, it is
necessary to investigate a genome-integrated expression system that is not dependent on
the T7 RNAP and T7 promoter. An expression system based on the host RNAP could be
suitable for this approach since a mutation in the host RNAP can be excluded because the

cell needs it to maintain the metabolism.

11



2 Objective and definition of the research topic

The aim of this thesis is to further develop and characterize genome-integrated expression
systems and to investigate the long-term response of recombinant gene expression on the
mutation patterns in E. coli. Currently, only the strong IPTG inducible T7 promoter with
different model proteins has been tested. The use of alternative, inducible promoter systems
specific for the E. coli host RNAP in a genome integrated expression system enables the
potential to reduce the stress level that is triggered by the production of recombinant proteins
and thus to enable long-term cultivation. Furthermore, a mutation in the host RNAP can be
excluded, as this would not provide the cell a growth advantage. This would be the first time
that the long-term response to recombinant gene expression could be examined at the

genome level.

The scientific question is therefore, are genome-integrated expression systems that depend
on the host RNAP suitable to characterize system stability and host cell response to long-

term production and to identify mutation patterns and mutational hot spots?
To answer the scientific question / hypothesis, the objectives defined for this thesis are:

e Replace the T7 promoter with the strong IPTG inducible host RNAP specific

promoters T5nzs and T7az.

e Characterization of both promoters in terms of productivity, basal expression and

tunability.

e Investigation of long-term stability under production conditions by adding IPTG in
repeated cycles of cultivation in the BioLector under carbon-limited production

conditions.

e Detailed investigation of the underlying mutations in different clones using whole

genome sequencing.

e Cytosolic GFP serves as an easy-to-produce model protein while the periplasmic Fab

fragment serves as a challenging model protein.

¢ Confirmation of the results from the BiolLector experiments in bench-top scale

chemostat cultivations under conditions similar to production processes.

The results will allow a detailed investigation to what extent and where recombinant protein
production triggers mutations in the host organism. Mutation hot spots could be examined in
this way and, in the best case, mutations could be identified which have a positive effect on

the GOI expression in continuous bioprocesses.
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3 Results and discussion

The research work has been published in two scientific articles.
Publication |

Schuller A., Cserjan-Puschmann M., Tauer C., Jarmer J., Wagenknecht M., Reinisch D.,
Grabherr D., Striedner G., Escherichia coli ¢’ promoters allow expression rate control
at the cellular level in genome-integrated expression systems. Microbial Cell Factories,
Volume 19, Issue 1, March 2020, Page 58

In this study the protein expression potential was investigated of two modified phage-derived
promoters, T5 and Al, both of which are recognized by the sigma’™ E. coli RNAP was
investigated. The promoter sequences were modified so that they contain either one, two or
three lacO sites. As a result, seven promoter/operator combinations were designed that
control the model protein GFPmut3.1. The BL21 (DE3) T7 expression system served as a

reference.

The T5 and Al promoter operator combinations were cultivated under fed-batch like
conditions in the micro-titer BioLector device. The recombinant protein expression was
induced by adding IPTG.

In this study, we were able to show that in genome integrated expression systems, the
regulatory elements of the lac operon must be well balanced to regulate sigma’ promoters.
The number and position of the lacO sites have a direct influence on the promoter strength

and basal expression.

The promoter strength of the genome-integrated host RNAP dependent expression systems
were determined relative to the genome integrated T7 expression system. With the Al
expression system, the relative promoter strength was approx. 30% of the T7 system
regardless of whether one or two lacO sites regulate the promoter. The relative promoter
strength of the T5 promoter was 20% if the promoter was controlled by one or two lacO sites
and only about 10% if it was regulated by three lacO sites. The reason for the low promoter
strength when using three lacO sites can be seen in the perfectly symmetrical lacO directly in

the initially transcribed sequence (ITS) of a promoter (78).

Promoters which only contain one lacO site showed a particularly high promoter strength, but
also a higher basal expression. In these expression systems, the lacO site was placed
directly within the promoter sequence between the -10 and the -35 sequence (27). If Lacl
binds to the lacO in the non-induced state, the RNAP can no longer bind and thus prevents

transcription. However, we were able to show that in genome-integrated expression systems
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that only have the native level of Lacl concentration (~ 10 molecules / cell (30)), the
repression was not sufficient, despite the absence of the inducer.

In promoter / operator combinations that contained two lacO sites showed a very high
binding affinity for Lacl, whereby the basal expression could be significantly reduced without
having a negative influence on the strength of the promoter. However, these expression
systems exhibited a few hours after induction a complete stop of recombinant protein
production, when cells were partially induced. To explain this unusual phenomenon, we
hypothesized that the complete stop of productivity in partially induced cells might be due to

Lacl autoregulation:

If the binding constant of the Lacl to the lacO sites of the GOl is greater than to the native lac
operon, the first Lacl molecules that were not inactivated by IPTG will preferentially bind to
the GOI rather than to lacO1 / lacO3 of the lac operon. As a result, Lacl autoregulation
cannot not take place and more and more Lacl molecules are produced until there is a

complete stop in production of the POI.

We were able to support this hypothesis by comparing the effect of Lacl autoregulation using
the example of a two-lacO regulated expression system and a wild-type BL21 without GOI.
Using western blot analysis, we estimated the Lacl content of non-induced, partially-induced
and fully induced cells and we were able to show that the Lacl concentration in an
expression system regulated by two lacO sites was significantly higher than in the native

BL21 wild-type strain. This indicated that Lacl autoregulation could not take place.

This negative effect was avoided by combining the positive properties of a one-lacO
regulated expression system with an increased number of Lacl molecules, thus reducing the
basal expression. For this, the promoter sequence of the native lacl promoter was replaced
by that of the lacl® promoter, which resulted in an increase in the Lacl concentration by a
factor of 10. This new genome-integrated expression system BL21Q <llacOAl>, showed
high expression rates, very low basal expression and additional tunability at the cellular level,
which makes it perfectly suitable for the production of challenging proteins, as it does not

contain plasmid based high metabolic load and is free of phage related components.

This expression system was submitted for a patent together with the company partner
Boehringer Ingelheim RCV GmbH & Co KG.
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Publication Il

Schuller A., Cserjan-Puschmann M., Koéppl C., Grabherr R., Wagenknecht M., Schiavinato
M., Dohm J. C., Himmelbauer H., Striedner G., Adaptive evolution in producing microtiter
cultivations generates genetically stable Escherichia coli production hosts for
continuous bioprocessing. Biotechnology Journal, 2020

The research interest of Publication Il was to investigate the long-term response of the

expression system characterized in Publication I.

In this study, we examined the genetic stability of E. coli expression systems under long-term
production conditions. The scientific question was: How metabolic load, triggered by

recombinant protein production influences the mutation characteristics of E. coli?

To answer this question, we have carried out repetitive fed-batch like microbioreactor
cultivations under production conditions. The easy-to-produce protein GFP and the
challenging protein antigen-binding fragment (Fab) served as model proteins. As production
strains, the conventional BL21(DE3) strain with the T7 expression system was compared
with the BL21Q<1lacOA1> strain described in Publication I.

In comparative whole genome sequencing analyzes, we were able to identify mutations that
allowed the cells to grow unhindered, despite recombinant protein production. The host RNA
polymerase-dependent BL21Q expression system remained genetically stable during the
production of the easy-to-produce protein GFP over a period of 45 generations. During the
production of the challenging protein Fab, we were able to identify mutations in the lacl gene
that had a positive impact on long-term stability. These mutations were located in Lacl's
inducer binding pocket, which in turn affects the binding affinity of IPTG. This means that
despite a sufficient amount of the inducer IPTG, the cells can no longer be completely
induced and some of the Lacl molecules can always bind to the lacO sites and thus prevent
transcription of the GOI. As a result, the cells tuned themselves to maximum tolerable
productivity. Those adapted cells were able to maintain a high growth rate despite
recombinant protein production in chemostat cultivations, and mutated non-producing cells
no longer had any growth advantage and therefore could not overgrow the producing cells.
This led to very high process stability, which enabled the adapted cells to produce the

challenging protein Fab in a chemostat culture over a period of 17 generations.

However, the high process stability could only be achieved by reducing specific productivity.
Mutants that had shown process stability over several generations only produced about half
of the recombinant protein compared to the non-mutated parent strain when it was cultivated
in the fed batch. This could be compensated by continuous production in chemostat. The

space time yield (mg/L/h) of the mutant was 43% higher than that of the parent in fed-batch
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cultivation, since production lasted for 132 hours continuously. The necessary downtimes
such as cleaning and sterilization and reactor setup, as is necessary with fed-batch
cultivations, are significantly reduced in chemostat cultivations, which means that the

bioreactor can be used more efficiently.

As already expected, the genetic stability of the T7-based BL21 (DE3) expression system
was not sufficient to maintain constant product levels in long-term cultivation. Mutations that
led to non-producers were localized either in the T7 RNAP gene and / or in the T7 promoter.
This could be shown for the easy-to-produce protein GFP as well as for the challenging

protein Fab.
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4 Summary and Conclusions

In summary, it can be stated that the objectives of this doctoral thesis were met:

e A host-RNAP-dependent genome-integrated expression system was developed,
which has a sufficiently high promoter strength, low basal expression and tunability

on a cellular level.

e Long-term stability studies under production conditions could be carried out. In

microscale BiolLector cultivations as well as in small-scale chemostat cultivations.

e Using whole genome sequencing, detailed investigations of the underlying mutations

were determined.

e We were able to show that a T7 expression system is neither suitable for the
production of challenging proteins nor for long-term stability studies, since mutations

in the T7 RNAP or in the T7 promoter always lead to hon-producers.

e With the BL21Q <llacOAl> expression system, we were able to identify mutations

that have a positive impact on long-term stability.

We were able to show that in the applied adaptive evolution setup mutations that increase
long-term stability always come along with a reduction in the productivity of the POI to the
physiologically tolerable level. We suspect that the growth rate of producing cells is high
enough that they can no longer be overgrown in a chemostat culture by mutated non-

producers.

To fully exploit the potential of the genetically stable E. coli mutants, it would be necessary to
couple production and cell viability. This has already been successfully implemented in so-
called product-addicted expression systems. These systems use essential gene circuits,
which are only expressed under production conditions. The cells only express the essential
genes when the desired product is produced which means that viability is linked to
productivity. In this way, a directed evolution approach would be possible, whereby mutants
could arise which adapt to a high expression of the recombinant protein. However, this has
only been successful in a few cases and is very much dependent on the desired product
(79).

A more straightforward approach would be to optimize cultivation conditions. So far, the
mutants described in this work have only been tested under fixed conditions for stability and
productivity. A variation of the dilution rate, the production temperature and the media
composition could increase the yield of the recombinant protein production and would offer

further potential for successful continuous production (80-82). These optimizations could be
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used for both expression systems T7 and host RNAP-depend, since the conventional
genome-integrated T7 expression system also provides a very high space time yields for
easy-to-produce proteins over several generations. Other approaches such as complex 2-

stage cascade reactor systems could thus be avoided.

Since the interest in continuous protein production in E. coli is great, it is only a question of
time before the advantages of fed-batch cultivation (high specific productivity), with the
advantages of chemostat cultivation (high space-time yield) are combined. With this work we
were able to contribute to a better understanding of the underlying mutation patterns and

provided a strong basis for further research.
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5 Table of abbreviations

DO

Fab

FDA

GFP

GOl

IPTG

IST

MRNA

POI

RNAP

Dissolved oxygen

Antigen-binding fragment

Food and Drug Administration

Green fluorescent protein

Gene of interest

Isopropyl B-d-1-thiogalactopyranoside
Initially transcribed sequence
messenger ribonucleic acid

Protein of interest

Ribonucleic acid polymerase
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in genome-integrated expression systems
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Abstract

Background: The genome-integrated T7 expression system offers significant advantages, in terms of productivity
and product quality, even when expressing the gene of interest (GOI) from a single copy. Compared to plasmid-based
expression systems, this system does not incur a plasmid-mediated metabolic load, and it does not vary the dosage of
the GOI during the production process. However, long-term production with T7 expression system leads to a rapidly
growing non-producing population, because the T7 RNA polymerase (RNAP) is prone to mutations. The present study
aimed to investigate whether two o’® promoters, which were recognized by the Escherichia coli host RNAP, might be
suitable in genome-integrated expression systems. We applied a promoter engineering strategy that allowed control
of expressing the model protein, GFP, by introducing lac operators (lacO) into the constitutive T5 and AT promoter
seguences.

Results: We showed that, in genome-integrated E. coli expression systems that used o’® promoters, the number

of lacO sites must be well balanced. Promoters containing three and two lacO sites exhibited low basal expression,
but resulted in a complete stop in recombinant protein production in partially induced cultures. In contrast, expres-
sion systems regulated by a single /acO site and the lac repressor element, lac/?, on the same chromosome caused
very low basal expression, were highly efficient in recombinant protein production, and enables fine-tuning of gene
expression levels on a cellular level.

Conclusions: Based on our results, we hypothesized that this phenomenon was associated with the autoregula-
tion of the lac repressor protein, Lacl. We reasoned that the affinity of Lacl for the lacO sites of the GOl must be lower
than the affinity of Lacl to the /acO sites of the endogenous lac operon; otherwise, Lacl autoregulation could not

take place, and the lack of Lacl autoregulation would lead to a disturbance in lac repressor-mediated regulation of
transcription. By exploiting the mechanism of Lacl autoregulation, we created a novel £. coli expression system for use
in recombinant protein production, synthetic biology, and metabolic engineering applications.

Keywords: Recombinant protein expression, Escherichia coli, Lacl autoregulation, Tunable expression, 0’0 promoters,
Genome-integrated expression systems

Background
In industrial recombinant protein production processes,
regulation of the gene of interest (GOI) is an impor-
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and externally regulated to provide process control, and
thereby, the optimization of product yield and quality.
In particular, challenging proteins of interest, like anti-
body fragments, membrane proteins, or toxic proteins,
require low basal expression in non-induced states and
a reduced transcriptional activity after recombinant pro-
tein induction [1-3]. The final yield of challenging pro-
teins is not only directly determined by the strength of
the promoter system but also by further processing steps,
such as translation, folding, translocation into the peri-
plasm, and proper disulfide bond formation. The most
prominent and well-studied genetic regulatory mecha-
nism is the lac operon of Escherichia coli [4]. In wild-type
E. coli, the lac repressor protein (Lacl) evolved to sense
the presence of lactose. In the absence of lactose, Lacl
forms a homo-tetramer that binds to the lac operator
site (lacO) and represses the transcription of the lacZYA
operon [5]. Conversely, when lactose or isopropyl -D-
1-thiogalactopyranoside (IPTG, a non-metabolizable
structural mimic of allolactose) binds to Lacl, it induces
a conformational change in the protein structure, and
Lacl can no longer bind to lacO site. This leaves the lacO
site open to RNAP binding, and thus, transcription can
start. The lacO sites are DNA sequences with an inverted
repeat symmetry [6]. The higher the symmetry, the
greater the Lacl binding affinity of the operator sequence.
An artificial, perfectly symmetric lacO (sym-lacO)
was found to bind Lacl with the greatest affinity [7]. In
contrast, three wild-type operators lacOl1, lacO2, and
lacO3, which exhibited approximate symmetry, showed
lower affinities, in the following descending order: sym-
lacO>lacO1>1lacO2>lacO3 [8]. Lacl binds simultane-
ously to both the primary operator, lacO1, and to either
lacO2 or lacO3 through a DNA-looping mechanism [9].
LacO2 is located 401 bp downstream of lacO1, and lacO3
lies 92 bp upstream of lacO1 [10]. Due to their close prox-
imity, the DNA-looping mainly occurs between lacOI
and lacO3, and thus, these sites provide the main gene
repression [8]. Consequently, the role of lacO2 remains
unclear. Furthermore, when Lacl binds lacOI and lacO3,
it inhibits its own production, because the 3’ end of the
lacl gene overlaps with lacO3. In the repressed state,
lacl transcription results in a truncated mRNA, which is
rapidly degraded by the cell. Due to this autoregulation,
the abundance of the Lacl tetramer is ~40 molecules per
cell in induced cells and ~ 15 molecules per cell in non-
induced cells [11].

One application of the lac regulatory mechanism is
known as the pET system, which is currently the most
widely used E. coli expression system for recombinant
protein production [12, 13]. The pET system is based
on the specific interaction between the phage-derived,
T7-specific RNAP and the strong T7 promoter for
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the GOI. The recombinase functions of bacteriophage
lambda were used for site-directed insertion of the T7
RNAP gene into the E. coli chromosome. Expression of
the T7 RNAP is controlled by the lacUV5 promoter, a
variant of the lac promoter that is insensitive to cata-
bolic repression [14]. The addition of IPTG induces
the expression of the T7 RNAP at high levels, which
in turn, transcribes the target gene under the control
of the T7 promoter [13]. This orthogonal expression
system offers very high product titers for recombinant
proteins that, consequently, can be efficiently produced
in E. coli. However, the extraordinary strength of the
T7 expression system, particularly when combined
with high-copy-number plasmids, exerts an extreme
metabolic load on the host cells. When the GOI codes
for a challenging protein, the stress and metabolic bur-
den often lead to reduced yield, shortened production
periods, and even cell death [15, 16].

Plasmid-mediated stress, due to high gene dosages
and the expression of antibiotic resistance genes, can be
overcome by integrating the GOI into the host chromo-
some [17, 18]. The high efficiency of the T7 RNAP com-
pensates for low gene dosages and provides high rates
of recombinant gene expression [15]. Nevertheless, the
high expression rates also cause stress to the cell, which
results in reduced growth rates. In a previous study
[18] we showed that during continuous production, the
genome-integrated T7 expression system became insta-
ble approximately 70 h past induction. The reason for
this could be found in a mutated T7 RNAP, which led
to a faster growing non-producing population [unpub-
lished data]. These non-producing cells grew more rap-
idly and prevailed over the producing population; this
resulted in a massive loss in product yield.

We expected that expression systems that are cou-
pled to the host metabolism would have increased
genetic stability, because transcription relies on consti-
tutive phage-derived promoters that are recognized by
the 0’° E. coli RNAP, rather than relying on transcrip-
tion machinery that is orthogonal to E. coli. The pQE
vectors from Qiagen (Hilden, Germany) provide two
lacO sites that control the T5y,; promoter. The pJex-
press 401-406 (T5) vectors from ATUM (Newark, NJ,
USA) contain two wild-type lacO sites and one sym-
metric lacO site to avoid basal expression. The E. coli
pAVEway " expression system from Fujifilm Diosynth
Biotechnologies (Hillerad, Denmark) employs two
symmetrical [acO sites to control the expression of the
T7 45 promoter. However, all these expression systems
are plasmid-based, and thus, they are subject to the
obstacles mentioned above, like high gene copy num-
ber, plasmid replication, and process instability caused
by plasmid loss.
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The present study aimed to generate inducible promot-
ers that were recognized by the 6’° E. coli RNAP and were
originally derived from two constitutive phage promot-
ers, T5 (T5y,s) [19-21] and Al (T7,;) [22]. We aimed
to investigate their potential transcription efficiency,
basal expression rate, and transcription rate control, in
genome-integrated expression systems. For transcription
rate control, we introduced one [21], two [23], or three
lacO sites [7], into the promoter sequences. We inte-
grated these into E. coli strains with wild-type lacl and
lacI? promoters. The lacI? promoter is a variant with a
single C — T change within the —35 promoter motif.
This mutation causes a tenfold increase in Lacl expres-
sion [24]. The resulting promoter/operator combina-
tions were investigated to determine expression strength,
tunability, and basal expression of the cytosolic model
protein, GFPmut3.1 [25]. We also evaluated cell growth
in plasmid-based and genome-integrated E. coli BL21
expression systems. We reasoned that the addition of lac
operators on the chromosome in the genome-integrated
expression systems might influence the endogenous lac
operon activity. Therefore, we also measured the Lacl
levels in selected strains. The production clones were
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compared in micro-titer fermentations, under fed-batch-
like conditions [26], over a production period of 12 h, and
they were benchmarked with the T7 RNAP-dependent
T7 promoter expression systems.

Results and discussion

In this study, we investigated the protein expression
potential of two modified phage-derived promoters, T5
and A1, which were recognized by the ¢”° E. coli RNAP.
The promoter sequences were modified to contain one,
two, or three lacO sites. We created seven promoter/
operator constructs combined with the open reading
frame of the model protein, GFPmut3.1 (Fig. 1).

Productivity of 6’° dependent promoter/operator
combinations

The T7 expression system is known to provide high
expression rates, even from a single target gene copy,
when integrated into the E. coli chromosome. First, we
wanted to check whether the same productivity could
be reached with ¢’° E. coli RNAP-dependent promot-
ers in the same experimental set-up. Therefore, we com-
pared the genome-integrated (indicated with pointed
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Fig. 1 Schematic of GFPmut3.1 expression cartridges controlled by seven different promoter/operator combinations. The cartridges were
integrated into the attTN7 site (indicated with<pointed brackets>) of the E. coli BL21 chromosome, or they were cloned into the pET30a-cer vector
(indicated with round brackets (), but not shown in this figure). In two promoter/operator combinations, the wild-type lac/ promoter (B, black) was
exchanged with the lac/? promoter (BQ, red). LacOT* is a 2-bp truncated version of wild-type lacO1. Sym-lacO is the perfectly symmetric lacO. The
native, initially transcribed sequence of the A1 promoter, is labeled 4+1T7A1 +20. Transcription is terminated by tZENIT (tZ) [27]. The BL21(DE3) T7
expression system (B3<T7>) is used as a reference. The BQ-wt carried the wild-type sequence, with the lac/® promoter
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brackets: <>) and plasmid-based (indicated with round
brackets) T5 and Al promoter/operator combination
expression systems to the T7 expression system. The cells
were grown in fed-batch-like conditions, in micro-titer
fermentations, over a period of 22 h. Expression of GFP-
mut3.1 was induced with 0.5 mM IPTG after 10 h.

In all promoter/operator combinations, the cells main-
tained growth in the micro-titer fermentations. The
average growth rate was p=0.05/h, during the 12-h pro-
duction period. We directly compared average growth
rates between the T7 and the ¢’° promoters (Additional
file 1: Figure S1, Additional file 2: Figure S2).

On-line fluorescence measurements of the plasmid-
based expression systems (Fig. 2b) showed that all pro-
moter/operator combinations, except B(3lacO-T5),
expressed comparable amounts of GFPmut3.1. In con-
trast, with the genome-integrated expression systems
(Fig. 2a), we observed quite distinct differences between
the different promoter/operator combinations. The Al
expression systems produced 1.5-fold GFPmut3.1 yields
compared to the T5 expression systems. These results
were consistent with previously published data [20, 21,
28]. In the genome-integrated T7 expression system,
induction of GFPmut3.1 expression led to 145 rfu and a
specific soluble GFPmut3.1 concentration of ~ 135 mg/g
cell dry matter (CDM). The same experiment with the
A1l expression systems yielded almost 50 rfu and a GFP-
mut3.1 concentration of 37 mg/g CDM. A comparison
of protein solubility in the plasmid-based and genome-
integrated systems indicated that a large proportion of
insoluble GFPmut3.1 was produced in the plasmid-based

Page 4 of 11

expression systems. Conversely, over 90% of the recom-
binant protein was soluble in the genome-integrated
expression systems (Additional file 3: Figure S3).

The reduced productivity observed with the plasmid-
based B(3lacO-T5) and the genome-integrated B<3lacO-
T5> might have been due to the presence of the perfectly
symmetric lac operator (sym-lacO) [7], which replaced
the initially transcribed sequence (ITS). This symmetric
lacO could influence promoter escape, and therefore,
productivity [29]. This effect was less evident with the
plasmid-based 3(lacO-T5) expression system, where the
high plasmid copy number compensated for the reduced
promoter activity. However, in the genome-integrated
expression system, the promoter activity was quite low;
therefore, we discarded the 3/acO version with the Al
promoter. For the one and two lacO promoter/opera-
tor combinations, we replaced sym-/acO with the native
ITS of the A1 promoter (+1 T7A1 420). This resulted in
a 1.4-fold increase in productivity, in the case of the T5
promoter.

Basal expression in 6”° dependent expression systems

For challenging proteins, even low basal expression can
have adverse effects on the host metabolism, or it may
even be toxic to the host cell. Hence, in those cases,
equipping the host with an expression construct, either
plasmid-based or genome-integrated, can be rather dif-
ficult. This difficulty is typically represented by the low
frequency of transformants or integrants, respectively.
Thus, the tightness of gene regulation is an important
quality criterion for expression systems.
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Fig. 2 Promoter activities of different promoter/operator combinations, under non-induced (0 mM IPTG) and induced (0.5 mM IPTG) conditions.
The specific fluorescence of the reporter protein, GFPmut3.1 (Y;,y), is given in relative fluorescence units per mg of cell dry matter [rfu/mg CDM].
This value was used to characterize a genome-integrated expression systems and b plasmid-based expression systems. Error bars indicate standard
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In the plasmid-based systems, promoters that were
controlled by one lac operator (1/acO) showed the high-
est basal expression, at a level of ~4 rfu/mg CDM, par-
ticularly under carbon-limited conditions (Fig. 2b). The
addition of a second lacO (2lacO) or an increase in Lacl
production, by introducing the lacI? promoter, reduced
the basal expression of the Al promoter to 1 rfu/mg
CDM. In constructs with the T5 promoter, only the
inclusion of three lac operators (3lacO) reduced the
basal expression to almost 0 rfu/mg CDM. In contrast
to the plasmid-based expression systems, all genome-
integrated systems showed that the promoter/operator
combination significantly impacted the system leakiness
(Fig. 2a). Both an increase in the number of Lacl mole-
cules and the addition of a second /acO site reduced the
basal expression of Al expression systems from 4 rfu/mg
CDM to nearly no significant background expression.
Importantly, productivity was not affected. Although
both promoters contained lacO sites at the identical
position, only an increased level of Lacl molecules or
three lacO sites could sufficiently reduce basal expres-
sion in the T5 expression systems. Similar findings were
obtained by Lanzer and Bujard [21]. They concluded that
the promoter strength was not correlated with effective
repression. The host RNAP recognized the Al promoter
only half as efficiently as the T5 promoter [28]. When
one lacO site was located within the promoter sequence,
between the — 10 and — 35 promoter elements, the host
RNAP and Lacl competed with each other for their
respective binding sites, and this competition determined
how efficiently promoter activity was controlled by the
repressor. The RNAP and T5 promoter form a complex
at one of the highest complex-formation rates known
in nature [28]. Thus, controlling this promoter requires
either a high repressor binding affinity in the operators or
a high concentration of repressor molecules.

Control of recombinant gene expression rate

The control of the transcription rate, also referred to as
“tunability’; is used to fine-tune protein production. This
fine-tuning is highly relevant in bioprocessing. Optimal
bioprocesses are designed to maximally exploit cell syn-
thesizing capacities for long periods to yield correctly
folded, processed proteins. Depending on the physical
properties and metabolic requirements of the desired
product, transcription rates must be adapted to RNA
stability, translation efficiency, protein folding, protein
transport, and all other interactions in the system.

To evaluate the tunability of the promoter/opera-
tor combinations described herein, we tested a series
of fed-batch-like microtiter cultivations at varying
IPTG levels and benchmarked protein production
to the genome-integrated T7 expression system. The
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range of IPTG concentrations for fully and partially
induction with IPTG was determined in a preliminary
experiment. The strains B<3lacO-T5>and B3<T7> were
induced with following IPTG concentrations: 1.0,
0.5, 0.1, 0.05, 0.01, 0.005 mM IPTG (Additional file 4:
Figure S4). Based on these results, we decided on the
concentrations 0.005, 0.01 and 0.5 mM IPTG. On-line
fluorescence measurements and end-point flow cytom-
etry analyses were used to characterize the different
promoter/operator combinations.

Expression systems controlled by one lacO site for
gene regulation exhibited the highest basal expres-
sion and the least pronounced gradation of GFP-
mut3.1 expression at increasing inducer concentrations
(Fig. 3¢, f). Although promoters controlled by two lacO
sites showed sufficiently low basal expression, they also
produced less protein at the lower inducer concentra-
tions (Fig. 3b, e). The promoter/operator combinations
controlled by 3lacO-T5 and 2lacO-A1 led to a complete
stop (plateau) of recombinant GFPmut3.1 production
after a certain time, independent of the inducer con-
centration (Fig. 3a, e). We did not observe this behav-
ior in promoter/operator combinations with only one
lacO site. The combination of promoters controlled by
one lacO site and lacI? repressor (Fig. 3d, g) and the
T7 expression system (Fig. 3h) resulted in the desired
system properties, including tunability and low system
leakiness.

T7 expression systems exhibit an all-or-none induc-
tion phenomenon, where reduced expression in par-
tially induced cultures results from the formation
of subpopulations of fully induced and non-induced
cells [30]. Therefore, we investigated transcription
rate tuning at the cellular level with flow cytometry
analyses of all genome-integrated promoter/operator
combinations (Fig. 4). We confirmed that the all-or-
none phenomenon occurred in genome-integrated
T7 expression systems. In fact, we observed a mixture
of fully, partially, and non-induced cells, particularly
at very low inducer concentrations (Fig. 4h, red line).
In the B<2lacO-Al>expression system, flow cytom-
etry analyses revealed that these expression systems
stopped GFPmut3.1 production, although the cells
continued to grow (Additional file 1: Figure S1, Addi-
tional file 2: Figure S2). This result indicated that there
were two distinct subpopulations of producing and
non-producing cells. We also observed this behavior in
B<3lacO-T5> (Fig. 3a, e). But the BQ<1lacO-Al>sys-
tem showed different behavior. There, the induction of
the gfpmut3.1 gene resulted in a homogenous popula-
tion at any given IPTG concentration (Fig. 3g). Conse-
quently, this expression system provided proof that the
expression rate was controlled on a cellular level.
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Fig. 3 Influence of lac operators on expression rate control, shown by the change in on-line GFPmut3.1 fluorescence in fed-batch-like microtiter
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Influence of Lacl autoregulation on expression rate control
We assumed that the complete stop in productivity,
observed when the B<3laco-T5>and B<2lacO-Al> sys-
tems were partially induced, was associated with the
autoregulation of the /ac repressor. The native lac operon
is regulated by three lacO sites (Fig. 5a). The Lacl mol-
ecule simultaneously binds to two sites, either lacOI
and lacO3 or lacO1 and lacO2 [6]. The lacO3 sequence

a
P.ac. /;cos Pac IacO1 RBS  lacO2 /
lacl | [lacy [lacA >
Pas
/acO RBS
gene of interest
. a
Lac -operon gene of interest

RBS  lacO2 /

[ [acy [ lacA >

=

e 5

@gene of interest

Pig J'acoii g /acO1
lacl I

"
Y

/acci1 /aco1*lr'

2 Lac-operon

\l

<<

Fig. 5 Schematic of lac operators in the native lac operon (top
panels) and its regulation of the gene of interest (bottom panels). Lacl
(pink tetramer) production effects are shown, when the promoter for
the gene of interest was regulated by a one lac operator or b two lac
operators, respectively. K, =association constant; red cross = stopped
production
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overlaps with the 3‘end of the /lacl gene. When Lacl binds
to lacOI and lacO3, it causes the DNA to form a loop.
This results in truncated lacl mRNA molecules, which
are degraded by the cell. This autoregulation of Lacl pro-
duction resulted in a constant level of ~ 10 Lacl molecules
per cell in the absence of an inducer [11, 31, 32].

We hypothesized that, when the binding constant (K,)
of Lacl to the lacO sites of the GOI was greater than
the binding constant to the lacO sites of the lac operon,
the first LacI molecules, which are not inactivated by
IPTG, will preferentially bind to the lacO site of the GOI,
instead of the lacO3/lacO1 within the lac operon. Hence,
autoregulation of Lacl would not intervene, and Lacl
molecules would continue to be produced. This would
cause the whole system to become overregulated, which
would result in a complete stop in production (Fig. 5b).

To test this hypothesis, we compared the effect of
autoregulation on Lacl in B<2lacO-Al>and BL21 wild-
type cells (BL21-wt). We estimated the Lacl content of
non-induced, partially-induced, and fully-induced cells
with western blot analyses. The band intensities were
quantified and normalized by the cell number (Fig. 6).

In fully induced (0.5 mM IPTG) BL21-wt cells, the
number of Lacl molecules was 3.3-fold greater than the
number observed in non-induced BL21-wt cells. Par-
tial induction with 0.01 mM IPTG only led to a 0.7-fold
increase. The 3.3-fold change in fully induced BL21-wt
cells was consistent with previous results from Semsey
et al. In that study, they measured an average of 15 Lacl
molecules per cell in the absence of inducer and ~40
molecules per cell in fully induced cells [11].

In B<2lacO-Al>cells, Lacl numbers in non-induced
and partially induced conditions were clearly higher than
the numbers observed in uninduced BL21-wt cells. Lacl
yields were 2.4-fold greater in the absence of inducer
and 3.2-fold greater in partially induced cells, relative

a
BL21-wt B<2lacO-A1>
kDa M 0 0.01 05 0 0.01 05 mMIPTG
40 -
—— Lacl
35 - - il

0.01 mM IPTG, or 0.5 mM IPTG. (M) PageRuler™

T

Mean Fold Change

Fig. 6 Influence of additional lacO sites on cellular Lacl concentrations. Proteins of ~
on western blots, probed with an anti-Lacl antibody. a Western blot of BL21 wild-type cells and B<2lacO-A1> cells, which were grown without IPTG,
Plus Prestained Protein Ladder. b Fold changes of band intensities determined in panel a are shown
relative to the levels observed in 0 mM IPTG BL21-wt cells. Error bars indicate the standard error of the mean (n=3)

5 A
mBL21-wt

4 1 m B<2lacO-A1>

3 i
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1.2 x 107 cells were separated with SDS-PAGE and analyzed
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to uninduced BL21-wt cells. In fully induced cells, Lacl
yields were 4.3-fold greater than those observed in unin-
duced BL21-wt cells, which was similar to the yield in
fully induced BL21-wt cells.

Although the addition of 0.01 mM IPTG resulted in
almost half-maximal GFPmut3.1 expression in B<2lacO-
Al>cells (Fig. 3e), it had little or no influence on the
Lacl levels. This suggested that Lacl continued to bind
to lacO1/lacO3 in the lac operon; hence, it could main-
tain autoregulation under these conditions. In the fully
induced state, the Lacl concentrations are almost the
same with a fourfold increase regardless of whether it is
the BL21-wt or the B<2lacO-A1> expression system. Lacl
therefore no longer binds to its operators and thus the
expression of Lacl itself is no longer inhibited. The small
fold change of 4 results from the weak constitutive Lacl
promoter, which provides about one new mRNA per cell
generation [33]. Thus, the high Lacl levels in non-induced
and partially induced B<2lacO-Al>cells clearly sup-
ported our hypothesis that Lacl autoregulation impacted
the expression rate control in genome-integrated E. coli
production strains (Fig. 5).

The effect of Lacl autoregulation was only observed
in genome-integrated, host RNAP-dependent expres-
sion systems, which were controlled by two or three
lacO sites. In contrast, this effect was not observed in
plasmid-based, host RNAP-dependent expression sys-
tems or in the conventional T7 expression system. This
discrepancy might be explained by differences in the bal-
ance between lacO sites and Lacl concentrations. The T7
expression system harbors a second lacl gene sequence
within its DE3 lysogen, which would, theoretically, dou-
ble the Lacl concentration per cell. The plasmid-based
expression systems used in this study were based on the
pET plasmid system, which encodes a second lacl gene
sequence. In turn, depending on the plasmid copy num-
ber, that resulted in an extra 15-20 lacl gene sequences
[34]. However, the effect of Lacl autoregulation on par-
tially induced cells was also observed in plasmid-based
expression systems, like the E. coli pAVEway' " expression
system, from Fuyjifilm Diosynth Biotechnologies (Hill-
erod, Denmark). In the pAVEway = expression system,
transcription control was enabled by two perfectly sym-
metric lac operators, one positioned upstream and one
downstream of the T7A3 promoter. The high affinity of
LacI to the symmetric lacO sites, combined with the abil-
ity to form a DNA loop, resulted in very low basal expres-
sion, but also, a complete stop in productivity in partially
induced cultures.

Considering the autoregulation of lac repressor syn-
thesis, we identified BQ<1lacO-A1>as the ¢’° promoter/
operator combination that fulfilled the desired proper-
ties. It showed a high expression rate, negligible basal
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expression, and true tunability of the expression rate on
a cellular level, even at low inducer concentrations, with-
out a complete stop in productivity.

Conclusion

The regulation of transcription in E. coli has recently
received considerable attention, because it is the first
step in the process of recombinant protein production
[35-38]. Transcription control of the GOI allows a cell
to divide up its resources between cellular and recombi-
nant proteins in a physiologically balanced manner. Tight
and tunable transcription control of the GOI is essential
for successful bioprocesses. We showed that, in genome-
integrated expression systems, the regulatory elements of
the lac operon must be well balanced to control ¢”° pro-
moters. Three lacO sites reduced the basal expression,
but also reduced the recombinant protein production
rate. The perfectly symmetric lacO in the ITS hampered
the escape of RNAP from the promoter. As shown by
Hsu et al. [29], the wild-type ITS of Al is enriched in
purines, and it displayed one of the best promoter escape
efficiencies. Promoters that contained only one lacO
site exhibited a considerably higher promoter strength,
but also higher leakiness. In promoter/operator com-
binations that contained two lacO sites, when the two
lacOl1 sites were located within a distance of 62 bp, they
exhibited very strong binding affinity with the repressor
molecule, which prevented Lacl autoregulation. These
conditions resulted in a complete stop in productivity
in partially induced cells. However, we did not consider
that all promoters with two lacO sites were unsuitable,
in general. The binding affinity can be reduced by using
less symmetric lacO sites, like lacO3 or lacO2, or by
varying the distance between the lacO sites [8, 23]. The
combination of one lacOI site and the lacI? promoter
(which increased Lacl levels) resulted in high GFPmut3.1
expression rates, low basal expression, and true tunabil-
ity on a cellular level. Thus, we concluded that this novel
genome-integrated, host RNAP-dependent expression
system would be advantageous for the production of
challenging proteins, because it obviates the plasmid-
mediated metabolic load, and it confers true tunability on
a cellular level.

Methods

Strains and culture conditions

Escherichia coli K-12 NEB5-a [fhuA2A(argF-lacZ)U169
phoA gln V44 D80 A(lacZ)M15 gyrA96 recAl relAl
endAl thi-1 hsdR17] (New England Biolabs [NEB],
Ipswitch, MA, USA) was used for all cloning proce-
dures. Linear DNA cartridges were integrated into the
bacterial chromosome at the attTN7 site of E. coli BL21
[fhuA2 [lon] ompT gal [dcm] AhsdS] (NEB). For reference
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experiments, the same strains were transformed with
the respective plasmids, except that they carried the
sequence for the soluble protein, GFPmut3.1, which was
used as a recombinant model protein [25].

The strains were cultivated in the BioLector micro-
fermentation system, in 48-well Flowerplates® (m2p-
labs, Baesweiler, Germany), as described by Torok
et al. [39]. We used a synthetic Feed in Time (FIT),
fed-batch medium, with 1 g/L glucose and 16.5 g/L
dextran as carbon sources (m2p-labs GmbH, Baes-
weiler, Germany). Additionally, the medium contained
(g/L): 27.40 MOPS, 6.54 (NH,),SO, 196 K,HPO,,
1.96 trisodium citrate-2H,0, 1.31 Na,SO,, 0.65 NH,Cl,
0.33 MgSO,-7H,0, and 0.0065 Thiamin-HCL

The trace element solution contained (mg/L):
0.36 ZnSO,-7H,0, 0.33 CuSO,-5H,0, 0.20 MnSO,-H,0,
27.30 FeCl;-6H,0, 21.84 Titriplex III, 0.36 CoCl,-6H,0,
and 1.31 CaCl,-2H,0. Immediately prior to inoculation,
0.6% (v/v) glucose releasing enzyme mix (EnzMix) was
added. Expression levels were monitored at an excita-
tion wavelength of 488 nm and an emission wavelength
of 520 nm. The signals are expressed in relative fluores-
cence units [rfu]. The cycle time for all parameters was
20 min. The initial cell density was equivalent to 0.3 opti-
cal density at 600 nm (ODy,). For inoculation, a deep-
frozen (—80 °C) working cell bank (ODgy,=3.5) was
thawed, and the biomass was harvested by centrifugation
(7500 rpm, 5 min). Cells were washed with 500 uL of the
corresponding medium to remove residual glycerol. Next,
cells were centrifuged, and the pellets were resuspended
in the total cultivation medium. All cultivations were pre-
pared in three replicates at 30 °C for 22 h. Recombinant
gene expression was induced with 0.005 mM, 0.01 mM,
or 0.5 mM IPTG at 10 h after the start of cultivation.

Construction and characterization of promoter/operator
combinations

Basic cloning methods, like restriction endonuclease
digestions, agarose gel electrophoresis, plasmid engineer-
ing, and transformation of E. coli plasmids, were carried
out according to Sambrook et al. [40]. For the integration
of the lacI? promoter into E. coli BL21 (NEB), we con-
structed the plasmid, pETAmp-laclq. This plasmid con-
tained the ampicillin resistance gene (Amp), flanked by
FRT sites [41], and the lacl gene controlled by the lacI?
promoter [33]. The pBR322 ori and the lacl gene were
amplified from pET30a with the overhang PCR technique
to add a C — T mutation within the lacl promoter. The
linear lacI? DNA cartridge for genome-integration was
amplified with the Q5® High-Fidelity DNA Polymer-
ase (NEB), according to the manufacturer’s instructions.
Integration into the bacterial chromosome occurred
at the lac operon site of E. coli BL21, which carries the
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pSIM5 plasmid, as described by Sharan et al. [42]. This
strain was designated BL21%. The sequences of the T7,,
and the T5y,; promoters were adopted from Lanzer and
Bujard [21] (designated as P, and Pyys,0s respec-
tively). These promoters contained a 2-bp truncated
lacO1 sequence, inserted between the —10 and —35
region, upstream of the promoter. These promoters were
purchased as gBlocks® Gene Fragments (Integrated DNA
Technologies, IA/USA), which contained a 5 spacer
sequence from pET30a and the restriction sites, Sphl (5')
and Xbal (3'); these were subsequently cloned into the
pET30a-cer-tZENIT-GFPmut3.1 backbone. The tZENIT
terminator was described elsewhere [27]. A second lacO1
sequence, 62 bp upstream of the first lacO1 sequence,
was added via the overhang PCR technique. The 3lacO-
T5 promoter/operator combination was adopted from
the pJexpress 401-406 (T5) vector from ATUM (Newark,
NJ, USA). Linear DNA cartridges were integrated into
the bacterial chromosome at the attTN7 site of E. coli
BL21 or E. coli BL212

GFPmut3.1 off-line expression analysis and quantification

In addition to on-line measurements of recombinant
GFPmut3.1, expressed in rfus, we performed absolute
quantifications with ELISA, according to Reischer et al.
[43]. Inclusion body formation was analyzed with SDS-
PAGE, as previously described [44] and fractions of
soluble and insoluble protein were estimated with Image-
Quant TL software (GE Healthcare, Chicago, IL, USA).

Flow cytometry

A Gallios flow cytometer (Beckman Coulter, Brea, CA,
USA) was used to determine the fraction of GFPmut3.1-
producing cells. Cells were harvested 12 h after induc-
tion, then diluted 1:2025 in PBS. GFPmut3.1 fluorescence
was excited with an OPSL Sapphire Laser at 488 nm, and
the subsequent emission was measured with the FL1
Channel (505-545). Data were recorded for 15,000 cells
per sample at ~ 300 events/sec. Analyses were performed
with Kaluza analysis software (Beckman Coulter).

Analysis of Lacl with western blots

Cell extracts were prepared with~1.2x 10’ BL21-wt
and B<2lacO-A1> cells, respectively, and proteins were
separated with SDS-PAGE, as previously described.
After separation, the proteins were blotted with the
iBlot® Dry Blotting System, according to the manu-
facture’s instructions (Invitrogen  /Thermo Fisher
Scientific, Waltham, MA, USA). Subsequently, pro-
teins were blocked for 4 h at room temperature with
3% nonfat dry milk in PBST (1x PBS Dulbecco and
0.05% Tween 20). The blots were then incubated with
primary antibody (1:1000 anti-Lacl Antibody, clone
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9A5; Sigma-Aldrich/Merck, St. Louis, MO, USA) for
1 h at room temperature. Blots were then incubated
with alkaline phosphatase-conjugated secondary anti-
body (1:2000 Anti-Mouse IgG, whole molecule, Sigma
A5153; Sigma-Aldrich) for 1 h at room temperature.
Blots were developed with SigmaFAST™ BCIP®/NPT
tablets (Sigma-Aldrich) according to the manufactur-
er’s instructions. Band intensities were quantified with
ImageQuant TL software (GE Healthcare, Chicago, IL,
USA).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01311-6.

Additional file 1: Figure S1. Growth characteristics of genome-inte-
grated expression systems with different promoter/operator combina-
tions. Cells were grown in enzymatic glucose release media in micro-titer
fermentations over a period of 22 h. The dashed vertical lines indicate the
time of induction with 0.5 mM IPTG. (A, B) Biomass trends (COM) and (C,
D) growth rates () are shown for (A, C) induced and (B, D) non-induced
cells. The mean values of triplicates are shown. The promoter/operators
are defined in Fig. 1.

Additional file 2: Figure S2. Growth characteristics of plasmid-based
expression systems with different promoter/operator combinations. Cells
were grown in enzymatic glucose release media in micro-titer fermenta-
tions over a period of 22 h. The dashed vertical lines indicate the time

of induction with 0.5 mM IPTG. (A, B) Biomass trends (CDM) and (C, D)
growth rates (u) are shown for (A, C) induced and (B, D) non-induced cells.
The mean values of triplicates are shown. The promoter/operators are
defined in Fig. 1.

Additional file 3: Figure S3. Solubility analysis of GFPmut3.1. SDS-PAGE
images show soluble (S) and insoluble (1) fractions of proteins produced
under the indicated lacO-promoter combinations in genome-integrated
(indicated with pointed brackets <>) and plasmid-based (indicated with
round brackets () expression systems.

Additional file 4: Figure S4. Determination of IPTG concentrations for
full and partial induction. The dashed vertical lines indicate the time of
induction. Induction was performed with 0 (gray, not induced), 0.005 (red),
0.07 (blue), 0.05 (orange), 0.1 (violet), 0.5 (green) or 1.0 (black) mM IPTG. (A)
B<3lacO-T5>. (B) B3<T7>.The mean relative GFP fluorescence intensity

(rfu) represents triplicate samples.
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Figure S1 Determination of IPTG concentrations for full and partial induction. The dashed vertical lines indicate the time
of induction. Induction was performed with 0 (gray, not induced), 0.005 (red), 0.01 (blue), 0.05 (orange), 0.1 (violet), 0.5
(green) or 1.0 (black) mM IPTG. (A) B<3lacO-T5>. (B) B3<T7>. The mean relative GFP fluorescence intensity (rfu) represents
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Figure S2 Growth characteristics of genome-integrated expression systems with different promoter/operator
combinations. Cells were grown in enzymatic glucose release media in micro-titer fermentations over a period of 22 h. The
dashed vertical lines indicate the time of induction with 0.5 mM IPTG. (A, B) Biomass trends (CDM) and (C, D) growth rates
(1) are shown for (A, C) induced and (B, D) non-induced cells. The mean values of triplicates are shown. The
promoter/operators are defined in Figure 1.
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Adaptive Evolution in Producing Microtiter Cultivations
Generates Genetically Stable Escherichia coli Production

Hosts for Continuous Bioprocessing

Artur Schuller, Monika Cserjan-Puschmann,* Christoph Koppl, Reingard Grabherr,
Martin Wagenknecht, Matteo Schiavinato, Juliane C. Dohm, Heinz Himmelbauer,

and Gerald Striedner

The production of recombinant proteins usually reduces cell fitness and the
growth rate of producing cells. The growth disadvantage favors faster-growing
non-producer mutants. Therefore, continuous bioprocessing is hardly
feasible in Escherichia coli due to the high escape rate. The stability of E. coli
expression systems under long-term production conditions and how metabolic
load triggered by recombinant gene expression influences the characteristics
of mutations are investigated. Iterated fed-batch-like microbioreactor
cultivations are conducted under production conditions. The easy-to-produce
green fluorescent protein (GFP) and a challenging antigen-binding

fragment (Fab) are used as model proteins, and BL21(DE3) and BL21° strains
as expression hosts. In comparative whole-genome sequencing analyses,
mutations that allowed cells to grow unhindered despite recombinant

protein production are identified. A T7 RNA polymerase expression system

is only conditionally suitable for long-term cultivation under production
conditions. Mutations leading to non-producers occur in either the T7 RNA
polymerase gene or the T7 promoter. The host RNA polymerase-based BL21%
expression system remains stable in the production of GFP in long-term
cultivations. For the production of Fab, mutations in lacl of the BL21°
derivatives have positive effects on long-term stability. The results indicate
that adaptive evolution carried out with genome-integrated E. coli expression
systems in microtiter cultivations under industrial-relevant production
conditions is an efficient strain development tool for production hosts.

1. Introduction

Fed-batch bioprocessing is the most com-
mon cultivation method in the industrial
microbial production of biopharmaceuti-
cals. This batch-wise process essentially in-
cludes the repetitive steps of media prepa-
ration and reactor setup, fermentation, and
subsequent cleaning in place (CIP) and ster-
ilization in place (SIP). In terms of time,
the actual fermentation, and particularly the
production phase of the recombinant pro-
tein, is relatively short. As a result, continu-
ous production becomes more and more in-
teresting due to the greatest possible space—
time yields and optimal use of the installed
assets.[l In chemostat cultivations, cells are
maintained in a steady-state growth envi-
ronment by adding fresh medium to the
reactor at a constant flow. Simultaneously,
the cell suspension, and thus the recombi-
nant protein, is removed at the same rate.[?!
The growth rate (i) can be specified depend-
ing on the dilution rate (D). Through this
process, stable volumetric productivity and
high space-time yield can be achieved.l*! In
contrast to fed-batch fermentation, the av-
erage residence time of a producing cell is
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always the same, which can be advantageous in terms of product
quality. Examples of microbial continuous processes for the pro-
duction of recombinant proteins have already been described in
the literature.[*-6!

For industrial microbial production of recombinant proteins,
the Escherichia coli strain BL21(DE3) is often used due to low ac-
etate formation and high production rates, resulting from the in-
tegrated T7 RNA polymerase (RNAP).[”#] In combination with
a pET series plasmid, which harbors the gene of interest (GOI)
under control of the T7 promoter, extraordinarily high expression
rates can be achieved after induction with the non-metabolizable
lactose analog isopropyl p-d-1-thiogalactopyranoside (IPTG).l%!

Genetic heterogeneity caused by high physiological burden
and toxicity can be problematic at all industrial scales, espe-
cially for challenging proteins.['®12] In bacterial production
processes, challenging proteins impose adverse effects on host
physiology, even at low concentrations. Escape variants, which
have a growth advantage due to mutations or plasmid loss, can
overgrow high-performing producer cells, reducing the overall
product yield.['>-1%] Therefore, longer production phases, or even
continuous production mode, are hardly feasible in such E. coli
expression systems.

To obtain stable, high-yield, and predictable E. coli produc-
tion hosts, engineered producer strains must focus on reduc-
ing metabolic load and genetic escape. Attempts to reduce pro-
cess instability caused by metabolic burden have been made on
both the genetic and bioprocessing levels. The metabolic burden
and increased selection pressure can be reduced by decoupling
growth and production in cascading chemostat cultivations with
two bioreactors.l®] Genetic escape can be reduced by removing in-
sertion elements, and by deleting recA or error-prone DNA poly-
merase genes.[') Another promising strategy uses the evolution
approach combined with fluorescence-activated cell sorting to se-
lect cells with a lower plasmid mutation rate.[]

In previous studies, we showed that genomic integration of
the GOI under the control of the strong T7 promoter reduces the
metabolic burden because the plasmid-mediated metabolic load
is eliminated, and strong expression has been shown from even a
single copy of the GOIL. However, after approximately seven dou-
blings under production conditions, mutations in the T/RNAP
gene lead to a faster-growing non-producing cell population. This
phenomenon can be excluded in systems using the host RNAP-
specific A1 promoter because the full functionality of the host
RNAP is required for cell growth.!8]

In combination with an adaptive evolution approach, this
would allow the characterization of mutated production hosts,
which have adapted themselves to the burden triggered by re-
combinant protein production and could potentially enable con-
tinuous protein production. Moreover, an adaptive evolution ap-
proach can circumvent the complexity of the process of biogene-
sis and its adverse effects on the host cell.[19-21]

For example, in the study by Walker et al.,[??l derivatives of
BL21(DE3) were adapted by evolution to produce cell membrane
proteins that are toxic to host cells. These strains are currently
widely used for the production of a variety of membrane proteins
and toxic proteins.

In the present study, we performed iterated carbon-limited fed-
batch-like microbioreactor cultivations under production con-
ditions. The goal was to investigate whether and how long-
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term burden triggered by the production of recombinant pro-
teins influences the characteristics of mutations occurring in
different genome-integrated E. coli production systems.[?*?*] We
compared the host RNAP-dependent BL21Q A1 expression sys-
tem (BQ<A1>)"8] with the T7-based BL21(DE3) expression sys-
tem (B3<T7>). To study mutation characteristics based on the
protein of interest (POI), we used the easy-to-produce protein
GFPmut3.1 and the challenging protein Fab fragment dFTN2
as model proteins. To investigate the underlying mutations in
the different clones in more detail, we performed comparative
whole-genome sequencing analyses. We also performed long-
term chemostat cultivations in laboratory-scale bioreactors with
the abovementioned clones and additional robust production
strains obtained by the adaptive evolution approach.

2. Experimental Section

2.1. Construction of Expression Systems
2.1.1. Strains

E. coli K-12 NEBS5-a (fhuA2A (argF-lacZ)U169 phoA gln V44 ®80
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17) was ob-
tained from New England Biolabs (NEB, Ipswich, USA) and used
for all cloning procedures. For recombinant protein expression,
linear DNA cartridges controlled by the T7 promoter were inte-
grated into the bacterial chromosome at the attTn7 site of E. coli
BL21(DE3) (thuA2 [lon] ompT gal (4 DE3) [dcm] AhsdS A DE3 =
A sBamHIo AEcoRI-B int::(lacl::PlacUV5::T7 genel) i21 Anin5)
(NEB). Hereafter, this strain is referred to as B3<T7-gene>. Lin-
ear DNA cartridges controlled by the A1 promoter were inte-
grated into the bacterial chromosome at the attTn7 site of E. coli
BL21 (thuA2 [lon] ompT gal [dem] AhsdS) (NEB) containing the
lacI? promoter as described by Glascock and Weickert.!?] Briefly,
the pETAmp-laclq plasmid was constructed for the integration
of the lacI? promoter in E. coli BL21. This plasmid contains the
ampicillin resistance gene flanked by FRT sites and the lacI gene
controlled by the lacI? promoter. The pBR322 ori and lacl were
amplified from pET30a using the overhang PCR technique to in-
troduce a C — T mutation in the lacl promoter. The linear lacI®
DNA cartridge for genome integration was amplified using Q5
high-fidelity DNA polymerase (NEB) according to the manufac-
turer’s manual. Integration into the bacterial chromosome oc-
curred at the lac operon site of E. coli BL21 carrying the pSIM5
plasmid.[?] This strain was designated as BL21? and referred to
hereafter as BQ <Al-gene>.

The cytosolic protein GFPmut3.1 was used as a recombi-
nant “easy-to-produce” model protein.””! An antigen-binding
fragment (Fab) against TNF-a (FTN2) with the DsbA signal se-
quence (dFTN2) was used as a recombinant “challenging” model
protein.[?#]

2.1.2. Plasmids and Integration of Expression Cassettes into the E.
coli Chromosome

Plasmids harboring the integration cassettes of either GFP-

mut3.1 or dFTN2 were constructed and integrated into the E. coli
chromosome as described by Fink et al.[8]

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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2.2. Microbioreactor Cultivations

The strains were cultivated in the BioLector microfermentation
system in 48-well flowerplates (m2p-labs, Baesweiler, Germany)
as described by Térok et al.l?! Synthetic feed in time (FIT) fed-
batch medium containing 1 g L' glucose and 16.5 g L'! dex-
tran as carbon sources (m2p-labs) was used with the following
additions (g L™): 27.40 MOPS, 6.54 (NH,),S0,, 1.96 K,HPO,,
1.96 trisodium citrate-2H,0O, 1.31 Na,SO,, 0.65 NH,CI, 0.33
MgSO,-7H,0, and 0.0065 thiamin- HCL

The trace element solution contained (mg L) 0.36
ZnSO,-7H,0, 0.33 CuSO,-5H,0, 0.20 MnSO,-H,0, 27.30
FeCl;-6H,0, 21.84 Titriplex III, 0.36 CoCl,-6H,0, and 1.31
CaCl,-2H,0. Immediately before inoculation, 0.6% v/v of
the glucose releasing enzyme mix (EnzMix) was added. The
GFPmut3.1 expression level was monitored at an excitation
of 488 nm and an emission of 520 nm. The signal is given in
relative fluorescence units (rfu). The cell dry matter (CDM, given
in grams per liter) was calculated from light scatter signals using
calibration settings obtained by linear regression analysis. The
cycle time for all parameters was 20 min.

The initial cell density was equivalent to an optical density of
ODy,, = 0.3. For the inoculation of passage 1, a deep-frozen (-
80 °C) working cell bank (WCB; OD,, = 3.5) was thawed and
biomass harvested by centrifugation (7500 rpm, 5 min). Cells
were washed with 500 pL of the corresponding medium to re-
move residual glycerol and centrifuged. Pellets were then re-
suspended in the total cultivation medium. All subsequent pas-
sages were inoculated with induced cells from the previous pas-
sage, but without adding batch glucose again, keeping the cells
in carbon-limited conditions. All cultivations were performed at
30 °C. Recombinant gene expression was induced with IPTG at
a final concentration of 0.5 X 10~* M.

2.3. Fed-Batch Cultivations

For fed-batch fermentation, cells were grown ina 1.5 L (1.2 L
working volume, 0.4 L minimal volume) DASGIP Parallel Biore-
actor System (Eppendorf AG, Hamburg, DE) equipped with stan-
dard control units. The pH was maintained at 7.0 + 0.05 by the
addition of 12.5% ammonia solution (Thermo Fisher Scientific,
Waltham, USA). The temperature was maintained at 37 + 0.5 °C
during the batch phase and decreased to 30 + 0.5 °C during
the feed phase. The dissolved oxygen (O,) level was stabilized
at >30% saturation by controlling the stirrer speed and aera-
tion rate. Foaming was suppressed by the addition of antifoam
suspension (Glanapon, 2000, Bussetti, AT). For inoculation, a
deep-frozen (-80 °C) WCB vial was thawed and 1 mL transferred
aseptically to a 250 mL preculture shake flask containing 25 mL
M9ZBPY for cultivation for at least 8 h at 37 °C. Subsequently,
a volume equivalent to 25 ODg, units (25/0Dg,, = volume in
milliliter) was transferred aseptically to the bioreactors.

Feeding was initiated when the culture, grown to 10 g L' CDM
in 0.6 L batch medium, entered the stationary phase. A fed-batch
regimen with exponential carbon-limited substrate feed was used
to provide a constant growth rate of 4 = 0.1 h™' over 19 h or 2.74
doublings. The substrate feed was controlled by increasing the
pump speed according to the exponential growth algorithm, x

Biotechnol. J. 2020, 2000376 2000376 (3 of 13)

www.biotechnology-journal.com

= x, e/, with superimposed feedback control of weight loss in
the substrate bottle. The CDM yield coefficient on glucose was
0.33 g g%. Therefore, the feed medium provided 66 g L™ glucose
and sufficient components to yield a final CDM concentration of
30 g L™ in 1.2 L. The expression system was induced by adding
IPTG to the reactor to yield a concentration of 10 pmol g™! CDM.
The minimal medium was prepared as previously described.[!]

2.4. Chemostat Cultivations

Chemostat cultivations were run at a density of 30 g L CDM
and a dilution rate of D = 0.1 h™! in a working volume of 0.67 L.
The starting batch process was followed by a fed-batch phase. The
batch volume was set to 400 mL and the batch medium allowed
production of 4.72 g CDM,; the feed volume was set to 270 mL
with a medium designed to produce another 15.4 g of CDM,
which corresponds to a final CDM concentration of 30 g L™!. In
the next step, the bioreactor was shifted to chemostat mode with
a dilution rate of 67 mL h™!. The medium was used as a contin-
uous feed to the reactor to provide nutrients to maintain a CDM
concentration of 30 g L™'. The temperature was decreased to
30 °C and recombinant protein production induced with 10 pmol
IPTG g! CDM. Volume was kept constant via an immersion tube
adjusted to the right height of the liquid surface, ensuring that the
bleed pump was working at a higher rate than the feed pump.

2.5. Analysis of Recombinant Protein Expression
2.5.1. Flow Cytometry

A CytoFLEX S flow cytometer (Beckman Coulter, Brea, USA) was
used to monitor the subpopulations of GFPmut3.1-producing
cells. Cells were diluted 1/2025 in PBS. Excitation of GFPmut3.1
fluorescence was performed at 488 nm, with subsequent emis-
sion measured using the FL1 Channel (525BP40-A). Data were
recorded for 15 000 cells per sample at ~300 events/s and were
analyzed by Kaluza analysis software (Beckman Coulter).

2.5.2. Offline Measurement of GFP Fluorescence

Offline fluorescence measurements were made using a Tecan an-
alyzer infinite 200Pro. For GFPmut3.1, the excitation wavelength
was 485 nm, and the emission wavelength of 520 nm. Calibration
with the in-house purified target protein was used for quantifica-
tion.

2.5.3. Cell Lysis

Samples from microbioreactor experiments were taken at the end
of each passage. Samples from fed-batch cultivations were taken
every 2 h and samples from chemostat cultivations every 24 h.
The sample volume for intracellular protein quantification was
calculated as 3.5/0Dy, = volume in milliliter, which corresponds
to ~#1 mg CDM. Cell lysis for quantification of intracellular re-
combinant proteins was performed as described elsewhere.[?#!

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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2.5.4. Quantification of Soluble Recombinant Protein

Recombinant GFPmut3.1 and FTN2 were quantified by enzyme-
linked immunosorbent assay as described previously.[?331]

2.5.5. Fab Expression Pattern on Dot Blot

The FIN2 samples from microbioreactor cultivations were ana-
lyzed initially in a high-throughput manner using dot blot to ob-
tain a simple yes-or-no-answer. For that purpose, 200 pL of cell
suspension was centrifuged in a 48-deep-well plate at 1200 rpm
for 10 min. The supernatant was removed and pelleted cells re-
suspended in 400 pL TE buffer (pH 8). Resuspended cells were
incubated for 1 h at 60 °C with shaking, and then subsequently
centrifuged as described above. The supernatant (3 pL) was pipet-
ted on a nitrocellulose membrane. Blocking, incubation with an-
tibodies, and membrane development were performed as de-
scribed below for Western blotting.

2.5.6. Fab Expression Pattern via Western Blot

Soluble Fab expression, inclusion body (IB) formation, and basal
expression levels were analyzed by Western blot as described
previously.[28]

2.5.7. Paired-End Library Preparation and Whole-Genome
Sequencing

Genomic DNA extraction was achieved by standard phe-
nol/chloroform extraction as described previously.[*?! The quality
of the genomic DNA was checked on a 0.6% standard agarose gel
stained with ethidium bromide using a NanoDrop ND-1000 spec-
trophotometer (Thermo Fisher). Quantification was performed
using a Qubit 3.0 Fluorometer and a dsDNA BR assay kit
(Thermo Fisher). Paired-end libraries for Illumina sequencing
were prepared using a TruSeq Nano DNA Low Throughput Li-
brary Prep kit (Cat# 20015964, Illumina, San Diego, CA, USA)
according to the supplier’s instructions. Briefly, library construc-
tion began with the fragmentation of 200 ng of genomic DNA
to a peak fragment size of 550 bp using a Covaris M220 instru-
ment (Covaris, Woburn, MA, USA) with the following settings:
45 s at 20% duty cycle, intensity 50, temperature 20 °C, and 200
cycles per burst. The DNA fragments were then purified using
SPB beads included in the TruSeq kit, followed by end-repair, A-
tailing, and ligation of Illumina adapters to the ends of the frag-
ments. After SPB purification, the library was PCR-amplified us-
ing the following cycling conditions: initial denaturation at 95 °C
for 3 min, followed by eight cycles at 98 °C for 20 s, 60 °C for 15
s, and 72 °C for 30 s, and a final extension at 72 °C for 5 min.
After PCR clean-up, 1 pL of the library was used for validation
in a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Library
quantification was accomplished on a Qubit 3.0 Fluorometer us-
ing a dsDNA BR assay kit. The library was then sequenced at the
VBCF NGS Core facility (Vienna, Austria) on an Illumina HiSeq
2500 sequencing instrument using v4 sequencing chemistry and
a 2 X 125 nt paired-end sequencing protocol.
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Raw genomic short reads from all wild-type and mu-
tant strains were quality trimmed with Trimmomatic
v0.35.133] (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEAD-
ING:20 TRAILING:20 SLIDINGWINDOW:4:20 AVGQUAL:20
MINLEN:50). Four reference sequences were generated that
represented the versions of the T7 and Al wild-type strains:
B3<T7-GFP> wt, B3<T7-Fab> wt, BQ<A1-GFP> wt, and
BQ<A1l-Fab> wt. Variants between the T7 wild-type strains
and the publicly available BL21(DE3) genome (NCBI reference
sequence: NC_012892.2) were extracted using their quality-
trimmed reads. The same was repeated for A1 wild-type strains
using the BL21 genome.3*! To extract the variants, breseq!®*! was
used (limit fold-coverage 150, minimum mapping quality 20,
maximum read mismatches 15, no junction prediction, require
match-fraction 0.5). The four updated references were obtained
introducing the found variants with gdtools APPLY provided
with breseq.

Using the quality-trimmed reads of the mutant strains, one
genome sequence was assembled for each mutant. The peak in-
sert size of each sequencing library was determined by map-
ping up to 10 000 read pairs with HISAT2[3¢] on the appropriate
reference genome sequence. Quality-trimmed reads were then
down-sampled to coverage of 150 using the seqtk sample (https:
//github.com/lh3/seqtk). Down-sampled reads were assembled
using SOAP-denovol®”] (-M 3 -L 100 -K 75 -k 25 -d 5-D 5). The
peak insert size determined for each library was used to calibrate
the genome assembler. The specified config file parameters were
reverse_seq = 0, asm_flags = 3, max_rd_len = 125, rd_len_cutoff
= 125, rank = 1, map_len = 30. Assembly metrics (contig N50
length and contig N90 length) were assessed using Biopython.[3#!

Single nucleotide polymorphisms (SNPs) and short inser-
tion/deletion (indel) variants up to 20 bp in length between mu-
tant and wild-type strains were extracted. Short reads from each
mutant were mapped onto their corresponding wild-type refer-
ence using breseq.*® The program was run in polymorphism
mode (polymorphism prediction, polymorphism frequency
cutoff 0.05) using the same parameters as for the generation of
mutated references. True variants were then selected by mapping
the contigs of the assembled genomes of the mutants; only vari-
ants with both read and contig mapping were retained. The clon-
ality of each variant was inferred from the “AF” field in the VCF
files.

The presence of candidate genome rearrangements was
screened using the assembled genome sequences for the mu-
tants. Contigs were mapped onto the corresponding wild-type
reference sequence with nucmer® (mum, breaklen 10, min-
cluster 500, delta, diagfactor 0.05, maxgap 30000, minmatch 50).
The produced mapping records were then passed to the show-diff
tool, available with nucmer, which highlights potential rearrange-
ments and their type.

3. Results and Discussion

3.1. Adaptive Evolution and Isolation of Protein Production
Strains

We applied repeated fed-batch-like cultivations in a 48-well

microbioreactor system to characterize mutation patterns trig-
gered by recombinant protein production under long-term

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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Figure 1. Analysis of single-cell expression using GFP as a model protein. A,B) Flow cytometry throughout six passages. Passage O represents the
uninduced control. A) Derivatives of BQ<A1-GFP>. B) Derivatives of B3<T7-GFP>. C) Derivatives of B3<T7-GFP> separated and categorized according
to the strength of their expression. S1: weak producing to S10: strong producing subclones.

cultivations. Twenty-four wells were inoculated with the host
RNAP-dependent Al expression system (BQ<A1>) and 24
with the T7 RNAP-dependent BL21(DE3) expression system
(B3<T7>), in which both strains have the GOI integrated into
the chromosome. GFP-producing cells were induced with
10 pmol IPTG g' CDM at the beginning of each passage,
which corresponds to the full induction of recombinant protein
production. Fab-producing cells were induced after 6 h of the
first passage and cultivated in a medium that already contained
10 pmol IPTG g! CDM in all other passages. Cells were pas-
saged several times until no difference in growth behavior was
observed. We performed the experiments with two different
model proteins, the easy-to-produce protein GFPmut3.1, and
challenging protein dFTN2. For GFP-producing strains, the
fluorescence of GFP was used to distinguish between producing
and non-producing clones throughout six passages and a total of
42 generations. Fab-producing cells were cultivated throughout
three passages (21 generations) and dot blot analysis performed
to detect producing clones.

3.1.1. Evolution of GFP-Producing E. coli Strains

Induction of cells producing GFP under the control of the Al
promoter, BQ<A1-GFP>, showed no reduction in cell growth

Biotechnol. J. 2020, 2000376 2000376 (5 of 13)

(Figure S1, Supporting Information). The cells were able to reach
the calculated end biomass of 6 g L' CDM in each of the six
passages. Similarly, the productivity remained unchanged and
was always ~25 rfu g CDM at the end of each passage (Figure
S2, Supporting Information). Flow cytometry revealed continu-
ous homogeneous populations of all 24 measured cultivations,
as depicted for clones #E1 and #E2 in Figure 1B.

Unlike cells producing GFP under the control of the strong T7
promoter (B3<T7-GFP>), induction of the GOI at the beginning
of the cultivation led to a considerable reduction in cell growth. In
passage 1, cells reached the final biomass of only 1.5 g L CDM.
However, all 24 T7 strains were able to reach the calculated end
biomass of 6 g L' already in passage 2. This was accompanied
by a strong reduction in productivity. As shown in Figure 1A, the
first subpopulations of non-producers and weak producers ap-
peared in passage 2 and continued to outgrow producing strains
throughout six passages, as shown by derivatives #F6 and #F7.
However, in derivatives #B8, #E7, and #F6, we found mixed pop-
ulations of non-producers, weak producers, and strong produc-
ing cells, which could be maintained over the whole period of six
passages.

To separate single cells from this mixture, cell suspension
after passage 6 was streaked out on agar plates and isolated
colonies were analyzed by flow cytometry. We selected 10 clones
that formed homogeneous populations covering expression

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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Figure 2. Growth characteristics and product formation of Fab-producing strains. A) Growth behavior of BQ<A1-Fab> (red lines) and B3<T7-Fab>
(blue lines) throughout the three passages. The dashed vertical line indicates the time point of induction. B) Cells were fractionated on agar plates and
re-tested for growth and productivity. C) The specific concentration of Fab is given in milligrams Fab per gram of cell dry matter (mg g~' CDM).

levels from low (subclone 1, S1) to very high (subclone 10, S10)
(Figure 1C).

3.1.2. Evolution of Fab-Producing E. coli Strains

Fab-producing strains were cultivated in the same way as de-
scribed for the GFP-producing strains, except cells were kept
induced for a total of three passages. All Fab-producing clones
initially exhibited a long lag phase in passage 2 triggered by the
recombinant protein production. After about 20 h, the cells were
able to recover, which was evident from a strong increase in the
growth rate. In passage 3, the cells finally grew exactly according
to the kinetics of the glucose-releasing amylase, indicating
unrestricted growth. (Figure 2A). Dot blot analysis revealed that
none of the 24 T7 clones produced Fab anymore, whereas three
A1 clones exhibited the desired properties of fast cell growth and
an ability to produce the challenging protein. To ensure homoge-
neous populations, the three Al clones were separated on agar
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plates. Four colonies were picked from each plate to inoculate
further cultivation in media containing IPTG to confirm their
productivity. As shown in Figure 2B,C, we were able to isolate
three subclones (#B4.1, #D2.4, and #E2.1) that produced Fab
without reducing cell growth, but in different quantities; under
these conditions clone #E2.1 produced comparable amounts of
Fab as the non-mutated BQ<A1-Fab> wt strain, whereas the
other two subclones exhibited reduced productivity.

3.2. Comparative Genomic Analysis of E. coli BQ<A1> and
B3 <T7> Derivatives

To search for genetic factors involved in the ability to maintain
a high growth rate under production conditions, we sequenced
the genomes of 11 B3<T7-GFP> and 2 BQ<A1-GFP> deriva-
tives (Table 1) and 3 B3<T7-Fab> and 4 BQ<A1-Fab> derivatives
(Table 2). We found one to three mutations (SNPs or indels) per
genome, corresponding to the mutation rate for E. coli of &1 X

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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Table 1. Mutations in GFP-producing derivatives of B3<T7-GFP> and BQ<AT-GFP> isolated after fractionation.

Strain Clone Position Mutation Region Gene Function
B3<T7-GFP> E7P6 S1 3800855 A13 bp Intergenic -73 from gfpmut3.1 T7 promoter
A5P6 S1 743064 A10 872 bp Coding - Part of A DE3
B8P6 S2 43017 GGT — GTT (G98V) Coding caiB Type Ill coA transferase
80353 T-G Intergenic ~73 from setA Sugar transporter
3800868 +TA Intergenic -72 from gfpmut3.1 T7 promoter
A5P6 S3 752558 GGA — TGA (G716%) Coding T7 RNAP gene Enterobacteria phage T7 RNAP
A5P6 S4 753056 TTC — CTC (F882L) Coding T7 RNAP gene Enterobacteria phage T7 RNAP
A5P6 S5 2407211 CTG — CCG (L256P) Coding ptsl Bacterial phosphotransferase
system
B8P6 S6 43017 GGT — GTT (G98V) Coding caiB Type Ill coA transferase
3800859 +C Intergenic -81 from gfpmut3.1 T7 promoter
A5P6 S7 751679 CGC — TGC (R423C) Coding T7 RNAP gene Enterobacteria phage T7 RNAP
3412013 Ms_4 Coding malP Maltodextrin phosphorylase
monomer
B8P6 S8 43017 GGT — GTT (G98V) Coding caiB Type Ill coA transferase
2669647 A2 bp Coding srIR GutR transcriptional repressor
B8P6 S9 43017 GGT — GTT (G98V) Coding caiB Type Ill coA transferase
335936 C->T Intergenic -104 from lacZ Upstream region of pLac
3406745 C->T Intergenic -168 from gntT gntT operator site
E7P7 S10 335936 C->T Intergenic -104 from lacZ Upstream region of pLac
BQ<A1-GFP> E1P6 337099 G-A Intergenic -186 from lacl pLacl®
3375909 C->T Intergenic 168 from gntT gntT operator site
E2P6 337099 G-A Intergenic -186 from lacl pLacl®
3375909 C->T Intergenic —-168 from gntT gntT operator site

1073 per generation for cells cultured under standard laboratory
conditions.[*®! Notably, the spontaneous mutation rate is stress-
dependent!*!l and mutants that result in an increased growth rate
under production conditions are more likely to be selected.[*>*3]
We applied read mapping and a de novo assembly approach to ex-
amine SNPs and short indels, as well as to detect larger deletions
or subpopulations of genomes.

3.2.1. Genetic Escape Variants of GFP-Producing Derivatives

Out of the 24 BQ<A1-GFP> derivatives isolated after adaptive
evolution, the genomes of two randomly selected derivatives were
sequenced, since all of them exhibited the same phenotype after
six passages. Interestingly, both derivatives exhibited the same
mutation within the lacI? promoter (Table 1). Next to the intro-
duced C—T substitution!®®! within the 35 region of the Lacl pro-
moter, we found a G— A transition. However, this mutation does
not influence the basal expression or tunability of the A1 expres-
sion system (Figure S3, Supporting Information).

Of the 24 B3<T7-GFP> derivatives, we sequenced the
genomes of the 11 isolated subclones (Figure 1C). The muta-
tions found in the B3<T7-GFP> derivatives can be divided into
three clusters: mutations within the T7 promoter or T7 RNAP
gene, mutations within genes involved in the metabolism and
transport of various sugars, and mutations within the lac operon.
Among the non-producing and weakly producing strains (sub-
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clones S1-S4, Figure 1C), mutations within the T7 RNAP gene
or the T7 promoter were responsible for the observed phenotype.
Derivative #E7P6 S1 had a 13 bp deletion within the T7 promoter
encompassing almost the complete T7 promoter sequence. In
#A5P6 S1, 10 872 bp of the DE3 lysogen were deleted, harbor-
ing the complete sequence of the T7 RNAP gene. In general, no
mutational hotspot within the T7 RNAP gene was seen. In each
sequence of the B3<T7-GFP> derivatives, which had a mutation
in the T7 RNAP, we found a different SNP or indel that caused a
loss of function of the T7 RNAP. However, this genetic instabil-
ity of the T7 RNAP gene and the T7 promoter can be exploited to
improve protein production, as is the case with the commercially
available C41 strain."”! Schlegel et al. investigated the underly-
ing mechanism in more detail and concluded that the positive
properties of C41 are due to a mutation of the lacUV5 promoter,
which controls the expression of the T7 RNAP. A reduction in the
T7 RNAP resulted in a reduced total recombinant protein produc-
tion and thus allowed the production of toxic proteins.[**] This led
to the development of the Lemo21 (DE3) expression system.[45:4¢]

As a second cluster, we identified mutations within genes in-
volved in the metabolism and transport of various sugars. One
mutation found in the A1 and T7 expression system was a C—T
mutation within the gntT operator site.*”*®] The influence of the
gluconate transporter on lactose-inducible gene regulation and
its influence on growth during production cannot be fully ex-
plained because the medium used for cultivation did not contain
any gluconate. Derivative #B8P6 S2 exhibits a T — G transversion

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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within the promoter sequence of setA. SetA is an efflux pump
capable of transporting a range of sugars and sugar analogs.
Cells overexpressing SetA exhibit decreased accumulation of lac-
tose and IPTG.[*] We speculate that this mutation increases the
SetA expression rate, preventing the intracellular accumulation
of IPTG, and reducing the induction of the GOL.

Derivative #A5P6 S5 has a T—C mutation within ptsI, lead-
ing to an L256P substitution. PtsI is a cytoplasmic protein that
serves as the gateway for the phosphoenolpyruvate/sugar phos-
photransferase system (PTS®"¢""). E. coli mutants with < 1% resid-
ual PtsI activity are unable to consume the PTS sugars glucose,
fructose, mannose, mannitol, sorbitol, N-acetylglucosamine, and
N-acetylmannosamine, and the non-PTS sugars glycerol, meli-
biose, maltose, and lactose.[*®) The L256P substitution may re-
duce PtsI activity to a level at which glucose can still be used as a
substrate, but the intake of IPTG is reduced, which also reduces
the induction of the GOI.

In addition to a mutation within the T7 RNAP gene, derivative
#A5P6 S7 also exhibited a mutation within malP. The (T)_,, mu-
tation causes a frameshift and probably complete loss of function.
MalP is involved in maltose metabolism and has a high affin-
ity for short, linear a-1,4 linked oligoglucosides.[*!/ A mutation
within srIR was found in derivative #B8P6 S8. This gene encodes
the glucitol repressor GutR and is a DNA-binding transcription
factor that represses the gut operon involved in the transport and
utilization of glucitol.[52]

A mutation in the type III CoA transferase gene, caiB,>3] was
found in four derivatives. It is unlikely that the mutation in caiB
influences recombinant protein production or growth behavior,
because all B8 derivatives, which can be classified as both strong
and weak producers, exhibit this mutation.

Mutations in the third cluster comprise the lac operon itself.
Two mutations were found in the pLac promoter in derivatives
belonging to strongly producing subclones S9 and S10. The pos-
itive properties of mutations in pLac on lac-regulated recombi-
nant gene expression are already known;[!?! expression of the
lac operon is reduced, including reduced expression of Lacy, the
sugar transport protein. Consequently, less IPTG enters the cell,
which weakens the induction of the GOL>* The burden is re-
duced, explaining why the selected derivatives no longer have a
disadvantage in growth. We speculate that this phenomenon also
applies to the mutations observed in other genes, such as setA,
ptsl, malP, srlR, and gntT, which are involved in the metabolism

www.biotechnology-journal.com

of various sugars, even though they are not known to be directly
related to IPTG or glucose transport into the cell. However, a neg-
ative influence on recombinant protein production can only be
attributed in the case of ptsl, as this mutation does not occur in
combination with a mutation in the T7 promoter or the T7 RNAP
gene. Unfortunately, this is not the case with mutations in setA
and malP. However, the mutations in srIR and gntT have a pos-
itive influence on the growth rate under conditions of recombi-
nant protein production.

3.2.2. Genetic Escape Variants of Fab-Producing Derivatives

In the case of Fab-producing clones, we found only one mutation
per sequenced genome, which is attributable to the shorter
cultivation time and lower generation number.*’! Also, the pro-
duction of a challenging protein exerts high selection pressure,
which means that single mutations leading to a faster-growing
population are selected much faster. As mentioned above,
we could not find a B3<T7-Fab> derivative that was able to
produce Fab. The three sequenced genomes exemplified that
this common phenotype was always due to a mutation in the
T7 RNAP gene (Table 2). In contrast, we were able to isolate
three BQ<A1-Fab> derivatives capable of producing Fab without
limiting growth. Besides, we sequenced the BQ<A1-Fab> non-
producer derivative C3. In the latter case, the reason for the lack
of production is a mutation in the —35 region of the A1 promoter.
In vivo, the promoter function correlates with the degree of
sequence homology of —35 and —10 with the consensus sequence
of all prokaryotic promoters.>>>¢! The ¢7° factor of the host
RNAP forms a specific connection with the helix-turn-helix DNA
binding motif of the —35 region. Thus, a mutation in this region
could prevent the sigma factor from binding to the promoter. The
other three derivatives, B4.1, D2.4, and E2.1, have a mutation in
the lac repressor Lacl, indicating the reduced productivity and
increased growth rate. The reason for the low productivity is
the amino acid exchange in Lacl, which was also described to
occur in Walker strain C43.[1%22] The mutations Q207H, Q146C,
and D108E in #B4.1, #D2.1, and #E2.1, respectively, are located
in the inducer binding pocket of Lacl and, thus, influence the
binding affinity for IPTG and/or allolactosel?!] (Figure S4, Sup-
porting Information). As a result, cells have tuned themselves
to the physiologically tolerated productivity. This seems to be a

Table 2. Mutations in Fab-producing derivatives of B3<T7-Fab> and BQ<A1-Fab> isolated after fractionation.

Strain Clone Position Mutation Region Gene Function
B3<T7-Fab> Cc7 752679 CGC—CTC (R756L) Coding T7 RNAP gene Enterobacteria phage T7
RNAP
D7 752266 AT11bp Coding T7 RNAP gene Enterobacteria phage T7
RNAP
F7 752331 GGG—GAG (G640E) Coding T7 RNAP gene Enterobacteria phage T7
RNAP
BQ<A1-Fab> B4.1 336293 CAG—CAT (Q207H) Coding lacl Lac repressor
D2.4 336478 GGC—TGC (G146C) Coding lacl Lac repressor
E2.1 336590 GAT—GAG (D108E) Coding lacl Lac repressor
C3 3771324 A-G Intergenic -96 from gfpmut3.1 pAl
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Figure 3. Process characteristics of GFP-producing strains in chemostat culture. A-C) Courses of the specific content of GFP (Yp/x) and biomass. D-F)
Single-cell expression analysis. A,D) B3<T7-GFP> wt, B,E) B3<T7-GFP> #E7P6 S10, and C,F) BQ<A1-GFP> wt.

universal phenomenon for lac-regulated gene expression. Under
completely different experimental conditions, a similar result
was achieved in Walker strain C43. Miroux and Walker produced
mutants by spreading cells on IPTG-containing agar. Although
the cells were cultured without process control, and despite
the presence of the DE3 lysogen, the same type of variations
developed in two independent experiments. However, Miroux
and Walker’s experiments did not focus on long-term stability,
but on the productivity of toxic membrane proteins. Based on
our results, we conclude that T7 RNAP-dependent expression
systems acquire at least one mutation in the T7 RNAP gene
and/or T7 promoter in long-term cultivation, regardless of the
protein to be produced.

3.3. Long-Term Stability of Select Derivatives in Chemostat
Cultivations

The derivatives described above were generated under carbon-
limited fed-batch-like production conditions in the microbioreac-
tor. This raised the question about how to select derivatives that
can grow unhindered despite recombinant protein production
behave in long-term cultivations and whether they can continue
to maintain productivity over several generations.

To address this question, we performed comparative lab-scale
chemostat cultivations. In the case of the easy-to-produce protein
GFP, the best mutant B3<T7-GFP> #E7P6 S10, which had a mu-
tation in the pLac promoter, was compared to the non-mutated
wild-type strains BQ<A1-GFP> wt and B3<T7-GFP> wt in long-
term chemostat cultivations.

For B3<T7-GFP> wt, induction with IPTG resulted in a very
high specific content of 348 mg GFP g! CDM (Figure 3A),
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which was higher than the product titer from a fed-batch culture
with the same final biomass of 30 g L™! (Figure 4A and Table 3).
This productivity could be maintained for 72 h after induction.
An extreme decrease was observed in the biomass and product
titer. This phenomenon was demonstrated in previous studies in
which we also observed a decrease in the product titer 60 h after
induction.[5] After ~#120 h, the biomass recovered and increased
to the intended 30 g L™! CDM, but without product formation.
The specific GFP content remained at 0 mg g™ until the end of
the fermentation. As shown in Figure 3D, non-producers had
completely asserted themselves, and the results of the microtiter
experiments were reproduced. Similar behavior was observed
with the derivative #E7P6 S10 (Figure 3B), with an extreme
decrease in the biomass to almost 0 g L™ after 72 h in chemostat
mode. After 120 h, the cells recovered to the intended biomass
of 30 g L' CDM. Unlike its wild-type ancestor, the specific
GFP content did not decrease to zero but decreased steadily
until the end of the fermentation. The peak at a fluorescence
intensity of 10 in the FL1-A channel (Figure 3E) suggests that
a mixed population emerged in which non-producers have
gradually overgrown the producing cells, causing the production
to decrease throughout the cultivation.

By determining the T7 RNAP gene sequence via PCR ampli-
fication of the corresponding chromosomal region and Sanger
sequencing, we identified the insertion element insD-3 within
the T7 RNAP gene of B3<T7-GFP> wt and a mutation within
the lacUV5 promoter in derivative #E7P6 S10, which may have
resulted in the complete loss of GFPmut3.1 productivity.

In contrast, no extreme decrease in biomass was observed for
the host RNAP-dependent expression system BQ<A1-GFP> wt,
indicating extraordinarily high stability (Figure 3C). Over the en-
tire cultivation period of 312 h and 45 generations, the specific

© 2020 The Authors. Biotechnology Journal published by Wiley-VCH GmbH
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Figure 4. Process characteristics of Fab-producing strains in chemostat culture. Courses of the specific content of Fab (Yp/x) and biomass. A) B3<T7-
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Table 3. Comparison of productivity between fed-batch and chemostat cultivations (final biomass 30 g L™! CDM).

Maximum volumetric

Strain Cultivation mode yielda) gL Process time” [h] sty [mg L hT
B3<T7-GFP> wt Fed-batch 83+06 29 286.2
B3<T7-GFP> wt Chemostat 10.9 60d) 847.1
BQ<A1-GFP> wt Fed-batch 1.8+0.2 29 62.8
BQ<A1-GFP> wt Chemostat 2.6 324 284.1
B3<T7-GFP> #E7P6 S10 Chemostat 10.2 60d) 642.2
B3<T7-Fab> wt Fed-batch 0.052 + 0.006 29 1.8
B3<T7-Fab> wt Chemostat 0.164 18 3.4
BQ<A1-Fab> wt Fed-batch 0.087 + 0.008 29 3.0
BQ<A1-Fab> wt Chemostat 0.085 18 1.8
BQ<A1-Fab> #E2.1 Chemostat 0.035 132 4.3
BQ<AI1-Fab> #D2.4 Chemostat 0.019 132 2.3

? For fed-batch cultivations (Figure S5, Supporting Information), the mean + standard deviation for individual determinations is given (n = 3)

b) . .
) Process time is the sum of

reactor setup and the actual fermentation “ Space time yield (STY) calculated according to Equation (1) ) Chemostat cultivations in which the cultivation period was limited

to the phase before population collapse.

product content remained constant at ~100 mg GFP g! CDM
(Figure 3C). Flow cytometry confirmed the process stability. A
homogenous population was confirmed at each time point (Fig-
ure 3F). The lower productivity of this expression system in com-
bination with GFP represents such a low burden on the host’s
physiology that there was no population collapse. Potential mu-
tants did not have a growth advantage, which means that the pop-
ulation of producing cells could persist for a period of 45 gener-
ations.

Long-term chemostat cultivation with Fab was performed with
two BQ<A1-Fab> variants, #D2.4 and #E2.1 (Figure 4C,D). The
wild-type non-mutated strains B3<T7-Fab> wtand BQ<A1-Fab>
wt served as reference (Figure 4A,B).
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Unlike GFP, the wild-type strain BQ<A1-Fab> wt exhibited
the same behavior as the strong T7 expression system B3<T7-
Fab> wt. In both wild-type strains, a decrease in the biomass was
already observed 6 h after induction and concomitant reduction
of the product. The maximum amount of product was 4.9 and
2.5mg g for B3 <T7-Fab> wtand BQ <A1-Fab> wt, respectively.
This corresponds to the maximum measured product titers from
fed-batch cultivations (Figure 4C,D and Table 3). Based on the
results obtained for GFP, this behavior was to be expected with
the T7 expression system. Interestingly, the phenomenon of the
population collapse was observed using the BQ<A1> expression
system. As mentioned above, the physiological burden on the
host depends not only on the expression system but also on the
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specific recombinant protein to be produced. In the case of Fab,
the expression of even the weaker promoter in BQ<A1-Fab> wt
was too strong. Sanger sequencing of the Al promoter again
revealed an A — G substitution within the —35 region. In con-
trast, no notable decrease in biomass was observed in the two A1l
derivatives. Derivative #D2.4 was able to consistently produce
~1.0 mg Fab g' CDM over a total of 120 h, which corresponds
to 17.3 generations. Derivative #E2.1 produced even more at
1.6 mg g!. Nevertheless, long-term stability was accompanied
by a reduction in productivity. Compared to the conventional fed-
batch processing, in which BQ<A1-Fab> wt produced 2.7 mg g™
(Figure 4D), the product titers of the corresponding derivatives
were lower, approximately half in the case of the best producing
mutant #E2.1.

If long-term stability is only possible through reduced produc-
tivity, the question of process efficiency arises. To compare fed-
batch and continuous production, we used the space-time-yield
(STY; Equation (1)) as the evaluation criterion

Total protein (mg)

STY = Reactor volume (L)

1)

Process time (h)

For calculation of the processing time for both process types,
we added a downtime of 12 h for media preparation, reactor
setup, CIP, and SIP to the cultivation time. In chemostat cultiva-
tions with population collapse, we only considered the cultivation
time before the decrease in cell density, which was the case with
B3 <T7-GFP> after 48 h.

As can be concluded from the productivity comparisons (Ta-
ble 3), the fed-batch process with the T7 expression system and
the model protein GFP were inferior to the chemostat process
in terms of volumetric yield and STY. The reason for this can be
attributed to the duration of the induction. In fed-batch cultiva-
tion, the production phase takes 19 h. Chemostat cultivation can
be extended to 48 h because the volume in the reactor is kept
constant.

As already mentioned, a longer chemostat process would not
be possible under these circumstances because the process ulti-
mately becomes unstable. However, short-term chemostat culti-
vation of 48 h could be interesting for easy-to-produce proteins.
With 874 mg L™ h™!, the STY of B3<T7-GFP>wt in the chemo-
stat tripled compared to the fed-batch cultivation. In the case
of the host RNAP-dependent Al expression system, the STY of
62.8 mg L' h! in fed-batch cultivation was relatively low com-
pared to the STY of 286 mg L™ h™' of the conventional T7 expres-
sion system. In addition to the short production time of 19 h, the
Al expression system was inherently weaker. However, the low
titer can be compensated by continuous production. Due to the
very long stable production time of 312 h, the STY of the chemo-
stat cultivation more than quadrupled compared to the fed-batch
cultivation. Nevertheless, for the production of GFP, the conven-
tional T7 expression system is still superior overall, in both fed-
batch and chemostat modes, especially when considering short-
term chemostat cultivation of the T7 wild-type strain (Table 3).

The situation is different with Fab. The extraordinary strength
of the T7 expression system is a disadvantage for Fab produc-
tion. In neither fed-batch nor chemostat mode, the T7 expres-
sion system was able to outperform the host RNAP-dependent Al
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expression systems. Due to the mutation in lacl, the volumetric
yield of BQ<A1-Fab>wt was reduced from 0.087 t0 0.035 g L', as
seen with derivative #E2.1. However, long-term cultivation with-
out population collapse was possible. Due to the long production
time of 120 h, the STY of the BQ<A1-Fab>wt was increased from
3.00 g L't h'! in fed-batch mode to 4.33 g L' h™! in chemostat
mode for derivative #E2.1 when comparing the two strains to one
another.

These results indicate that, in continuous E. coli bioprocesses,
the choice of expression system depends on the recombinant pro-
tein to be produced. In the case of an easy-to-produce protein,
such as GFP, the conventional T7 expression system is still the
expression system of choice. The duration of the chemostat cul-
tivation is limited by the inevitable population collapse, but this
can be compensated by the extraordinary strength of the T7 sys-
tem.

However, the moderately strong host RNAP-dependent Al
system is more suitable for the production of a challenging
protein. As a result of the large physiological burden that is
triggered, a reduction in the expression rate is advantageous.
Thus, the low titer can not only be compensated but even
increased based on the STY. Furthermore, there is still potential
to increase yields through various cultivation conditions. So far,
all chemostat experiments described herein have been carried
out at a dilution rate of D= 0.1 1 h™" and 30 °C. Variations in the
growth rate and temperature could further increase the yields
also in continuous production, as has already been shown for
fed-batch cultivations.l>-]

As already mentioned, the time in which the actual fermen-
tation occurs and recombinant protein is produced in fed-batch
cultivation is relatively low. Also, the cost of CIP and SIP must be
included. Although these process steps must also be carried out
in long-term chemostat cultivation, the phase in which the actual
production occurs is inevitably prolonged, which means that the
CIP and SIP frequency can be reduced.

Nevertheless, only mutants that have adapted to long-term sta-
bility under production conditions can be cultivated in long-term
chemostat mode. In wild-type strains, the population collapses,
and adaptive rescue during long-term chemostat cultivation does
not allow long-term production. This phenomenon has been ob-
served frequently in other E. coli chemostat cultivations and pre-
vents the direct use of non-adapted strains for this purpose.[>¢0¢1l

4. Concluding Remarks

Identification of genetically stable E. coli mutants using high-
throughput serial fed-batch microtiter cultivations was success-
fully implemented. Here, we reported a selection-based approach
based on the growth rate under production conditions.!?** As
expected, the genetic stability of a T7 expression system is not
sufficient to maintain constant product formation levels dur-
ing long-term cultivation under production conditions. Muta-
tions leading to non-producers are located in the T7 RNAP gene
and/or the T7 promoter. The host RNAP-based A1l expression
system, which has moderate expression strength, remained sta-
ble in the production of the easy-to-produce protein GFP during
long-term cultivation. For the production of challenging proteins
(e.g., Fabs), which trigger a more severe burden on cell physi-
ology, mutations in lacl of BQ<A1-Fab> derivatives reduce the
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expression levels but have positive effects on long-term stability.
We could not find any mutations with positive effects on protein
expression, such as mutations in folding helpers, the Sec translo-
con, or proteases that could serve as modification targets in a ra-
tional approach. This finding was not unexpected, as no selection
pressure was applied to the production of the recombinant pro-
tein.

In addition to obvious mutations in the T7 RNAP gene and/or
T7 promoter that led to reduced burden and higher growth
rates, we were able to find mutations in the metabolism and
transport mechanism of various sugars. These mutations led
most to decreased inducer uptake and, thus, reduced induction.
However, three mutants were found with unrestricted growth
and stable Fab expression at a reduced, but physiologically
acceptable, level. Hence, for continuous recombinant protein
production in E. coli, new production clones can be generated
much faster and more efficiently than with a rational approach.
The production host regulates itself to the physiologically
tolerable level of recombinant protein production, which can
differ from protein to protein and is not predictable. Rational
methods such as inductor concentration variation, promoter
engineering, or interventions in the regulation of recombinant
protein production require labor-intensive and time-consuming
experimental designs and cannot guarantee success.

Regarding industrial regulations, the U.S. FDA regulatory
body encourages the biological industries to use continuous
manufacturing approaches for the production of new products.
This aspect applies to the entire bioprocess, including down-
stream processing. Thus far, continuous downstream processing
has been more relevant to mammalian perfusion processes.['?!
However, with the production strains described in this study, E.
coli processes could also be relevant.

In conclusion, we have shown that, through an adaptive evolu-
tion approach, a high-throughput screening process comes very
close to industrial production processes, and we were able to find
derivatives that have a positive effect on long-term stability. We
postulate that long-term stability studies with E. coli can only be
carried out with genome-integrated expression systems. As plas-
mid loss is no longer a problem in this regard, we were able to
characterize how metabolic load triggered by recombinant pro-
tein production influences the characteristics of mutations in E.
coli. Thus, adaptive evolution in microtiter cultivations could be
an efficient strain development method in addition to a rational
approach. Although the specific product titers are reduced, they
can be compensated by continuous production.
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INDUCIBLE EXPRESSION SYSTEM FOR PLASMID-FREE PRODUCTION OF A
PROTEIN OF INTEREST

FIELD OF THE INVENTION

The invention relates to the field of plasmid-free inducible systems for expression
of a protein of interest in a prokaryotic host. It further relates to methods of using such

systems for the production of a protein of interest in a prokaryotic host.

BACKGROUND OF THE INVENTION

In industrial protein production processes, gene regulation is an important
prerequisite. Transcription rates are controlled by the interaction of a promoter and the
RNA polymerase (RNAP). Understanding and external regulation of this interaction is
necessary to provide process control and optimization of product yield and quality. A
reduced promoter strength can be beneficial, especially for challenging proteins, like
antibody fragments, membrane proteins or toxic proteins (1-3). The final product yield of
soluble and proper folded proteins is often not directly determined by the strength of the
promoter system but by further processing of the peptide chains, like translocation into
the periplasm and proper disulfide bond formation.

The most prominent and well-studied genetic regulatory mechanism is the lac
operon (4). In wild-type E. coli, the /ac-inhibitor (Lad) forms a homo-tetramer that binds
to the /ac-operator sequences (lacO) and represses the transcription of the lacZYA
operon (5). In the presence of lactose or the non-metabolizable isopropyl B-D-I-
thiogalactopyranoside (IPTG), Lad changes in structure and can no longer bind to the
lac-operator, resulting in induction of transcription. The lac-operator sites are DNA
sequences with inverted repeat symmetry (6).

The higher the symmetry, the greater the binding affinity of Lad to the operator
sequence. An artificial perfectly symmetric lacO (sym-lacO) was found to bind Lad with
the greatest affinity (7), whereas the three wild-type operators lacOl1, lac02 and lac03
exhibiting an approximate symmetry showed lower affinities, resulting in the following
order: sym-lacO> lac01 > lacO02 > lac0O3 (8). Lad binds simultaneously to both, the
primary operator lacO1 and to either lac02 or lacO3 through a DNA-looping mechanism
(9). Lac02 is located 401 bp downstream of lacOl, whereas lac03 lies only 92 bp

upstream of lacO1 (10). The role of lac02 is still not clear, because the main contribution
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to repression comes from the DNA-looping of lacO1 and lacO3 due to their closer
proximity (8). Furthermore, when lacOl and lacO3 are bound by Lad, the production of
Lad itself is prevented. The 3’ end of the lad gene overlaps with lac03. In a repressed
state, transcription of lac/ results in a truncated mRNA, which is rapidly degraded by the
cell. Due to this autoregulation, the concentration of the Lad tetramer is ~ 40 molecules
in induced cells and ~ 15 molecules in non-induced cells (11).

Several mutants of the Lad repressor protein and the plLacl promoter exist.
Penumetcha et al. tested various combinations of repressor and promoter mutants in an
effort to discover a system with reduced leakiness in transcription. They report that use
of the wild-type Lad repressor protein in combination with the pLacl®* Promoter gives
high levels of induction and low levels of leaky transcription (34).

Oehler et al. tested the effect of systematic destruction of all three lac operators
of the chromosomal lac operon of Escherichia coli on repression by Lac repressor and
report that the three operators of the lac operon cooperate in repression (35).

The tetrameric Lac repressor can bind simultaneously to two lac operators on the
same DNA molecule, thereby including the formation of a DNA loop. Muller et al. report
that repression increases significantly with decreasing inter-operator DNA length (36).

The effects of placing a lac operator at different positions relative to a promoter
for bacteriophage T7 RNA polymerase have been tested. Transcription can be strongly
repressed by lac repressor bound to an operator 15 base-pairs downstream from the
RNA start (37).

WO02003/050240A2 discloses an expression system for producing a target
protein in a host cell comprising a homologously integrated gene encoding T7 RNA
polymerase, and a non-integrated gene encoding a target protein.

One of the first applications of the lac regulatory mechanism was the pET system,
which today is the most widely used E. coli expression system for recombinant protein
production (12, 13). This system is based on the specific interaction of the T7-phage
derived T7 RNAP with the strong T7 promoter. The recombinase functions of
bacteriophage lambda were used for site-directed insertion of the T7 RNA polymerase
gene into the E. coli genome. Expression of the T7 RNAP is controlled by the lacUV5
promoter, a variant of the lactose promoter that is insensitive to catabolic repression.
Addition of IPTG, induces the expression of the T7 RNAP at high levels, which in turn
transcribes the target gene which is under control of the T7 promoter. This orthogonal

expression system offers very high product titres for recombinant proteins that can
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efficiently be produced in E. coli. However, the extraordinary strength of the T7
expression system, especially if combined with high-copy number plasmids exerts an
extreme metabolic load on the host cells. When the gene of interest codes for
challenging proteins, stress and metabolic burden often lead to reduced yield, shortened
production periods and even cell death (14, 15).

Plasmid-mediated stress effects, such as high gene dosage and transcription of
antibiotic resistance genes, can be overcome by integration of the gene of interest (GOI),
i.e. the gene encoding the protein of interest, into the host's genome (16, 17).

W02008/142028A1 discloses a method for producing a protein of interest,
wherein the DNA encoding the protein of interest is integrated into a bacterial cell’'s
genome at a pre-selected site.

Striedner et al. disclose a plasmid-free T7 based Escherichia coli expression
system, wherein the target gene is site-specifically integrated into the genome of the
host (17).

Genome integrated T7-based expression systems offer significant advantages.
Compared to plasmid-based expression systems there is no plasmid mediated
metabolic load and no variation in gene dosage during the production process. However,
the T7 RNA polymerase (RNAP) is prone to mutations under long-term production
conditions. This was demonstrated by Striedner et al. (17) in chemostat cultivations,
where mutations in the T7 RNAP led to faster growing of a non-producing cell population
and thus, to a massive loss in product yield.

There is thus a clear need in the field for improved inducible expression systems
which result in improved expression rates, low basal expression and true tunability of

expression rates on a cellular level, even at low inductor concentrations.

SUMMARY OF THE INVENTION

It is the objective of the present invention to provide an improved inducible system
with improved control of expression rate of a protein of interest and very low basal
expression for plasmid-free production of a protein of interest.

The problem is solved by the present invention.

According to the invention, there is provided a genome-based expression system
for production of a protein of interest in a prokaryotic host, comprising at least

a) an RNA polymerase (RNAP) gene,

b) a gene for expression of a protein of interest, comprising
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- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least one lac operator (lacO) within the sequence of said promoter; and

c) a lad gene for expression of a lac repressor protein (Lad) comprising

- a lad coding sequence,

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is selected from the group consisting of wild-type lad and a lad promoter
which increases lad expression;

wherein the expression rate of the protein of interest is regulated by an inducer
binding Lacl.

According to a specific embodiment, there is provided a genome-based
expression system for production of a protein of interest in a prokaryotic host, comprising
at least

a) an RNA polymerase (RNAP) gene,

b) a gene for expression of a protein of interest, comprising

- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- a lac operator (lacO), preferably lac01, within the sequence of said
promoter; and

c) a lacl gene for expression of a lac repressor protein (Lacl) comprising

- a lacl coding sequence

- a lacl promoter operably linked to the lacl coding sequence, wherein the
lacl promoter is a lacl promoter which increases expression of lacl, preferably it is the
laclQ promoter;

wherein the expression rate of the protein of interest is regulated by an inducer
binding Lacl.

Specifically, the gene for expression of a protein of interest contains one lacO
within the sequence of the promoter operably linked to the coding sequence, and the
lacl promoter is a promoter which increases Lacl expression.

According to a further specific embodiment, there is provided genome-based
expression system for production of a protein of interest in a prokaryotic host, comprising

at least
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a) an RNA polymerase (RNAP) gene,

b) a gene for expression of a protein of interest, comprising

- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least two lac operators (lacOs) that are at least 92bp, specifically 94bp,
apart, wherein one lacO is within the sequence of the promoter and the other lacO is
upstream of the promoter; and

c) a lad gene for expression of a lac repressor protein (Lad) comprising

- a lad coding sequence

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is the wild-type lad promoter;

wherein the expression rate of the protein of interest is regulated by an inducer
binding Lacl.

According to an alternative embodiment, there is provided an inducible system
for plasmid-free production of a protein of interest in a prokaryotic host, comprising at
least

a) an RNA polymerase (RNAP) gene in the chromosome of the host,

b) a gene for expression of a protein of interest comprising

- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least one lac operator (lacO) within the sequence of said promoter; and

c) a lacl gene for expression of a lac repressor protein (lacl) comprising

- a lacl coding sequence,

- a lacl promoter operably linked to the lacl coding sequence, wherein the
lacl promoter is selected from the group consisting of wild-type lacl and a lacl promoter
which increases expression of lacl;

wherein the affinity of lacl to the one or more lacO / lacOs of b) is lower than the
affinity of lacl to the lac operators lacO1 and lac03 of the endogenous lac operon of the
host and wherein the expression rate of the protein of interest is regulated by an inducer
binding Lacl.

According to further embodiment, there is provided an inducible system for

plasmid-free production of a protein of interest in a prokaryotic host, comprising at least
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a) an RNA polymerase (RNAP) gene in the chromosome of the host,

b) a gene for expression of a protein of interest comprising

- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- a lac operator (lacO), preferably lac01, within the sequence of said
promoter; and

c) a lad gene for expression of a lac repressor protein (lad) comprising

- a lad coding sequence

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is a lad promoter which increases expression of lad, preferably it is the
laclQ promoter;

wherein the affinity of lad to the one lacO of b) is lower than the affinity of lad to
the lac operators lacO1 and lacO3 of the endogenous lac operon of the host and wherein
the expression rate of the protein of interest is regulated by an inducer binding Lacl.

According to a further specific embodiment of the invention, there is provided an
inducible system for plasmid-free production of a protein of interest in a prokaryotic host,
comprising at least

a) an RNA polymerase (RNAP) gene in the chromosome of the host,

b) a gene for expression of a protein of interest comprising

- a coding sequence encoding the protein of interest,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least two lac operators (lacOs) that are at least 92bp apart, wherein one
lacO is within the sequence of the promoter and the other lacO is upstream of the
promoter; and

c) a lacl gene for expression of a lac repressor protein (lacl) comprising

- a lacl coding sequence

- a lacl promoter operably linked to the lacl coding sequence, wherein the
lacl promoter is the wild-type lacl promoter;

wherein the affinity of lacl to the at least two lacOs of b) is lower than the affinity
of lacl to the lac operators lacO1l and lacO3 of the endogenous lac operon of the host
and wherein the expression rate of the protein of interest is regulated by an inducer

binding Lacl.
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Specifically, the prokaryotic host is Escherichia coli (E.coli). Specifically, the host
is E.coli of the strain BL21 or K-12.

Specifically, the RNAP is an RNAP homologous to the host, specifically a0 E.coli
RNA polymerase.

Specifically, the promoter operably linked to the coding sequence encoding the
protein of interest is selected from the group consisting of T5, T5N25, T7Al, T7A2, T7A3,
lac, lacUV5, tac or trc or functional variants thereof with at least 20, 30, 40, 50, 60, 70,
80 or 90% sequence identity to T5, T7Al, T7A2, T7AS3, lac, lacUV5, tac or trc.

According to a preferred embodiment of the inducible system described herein,
the lad promoter is a promoter which increases expression of Lad compared to the wild
type host, which is the laclQ promoter (SEQ ID NO:1). Specifically, the gene encoding
the protein of interest includes only one lacO, preferably lacOl , and the lad promoter is
lacIQ (SEQ ID NO:1).

Preferably, the gene encoding the protein of interest comprises at least one lacO
selected from the group consisting of lacOl , lac02 or lacO3 and any combination
thereof. Specifically, the gene encoding the protein of interest comprises two lacOs,
preferably lacOl and lacOl orlacOl and lac02 or lacOl and lac03.

Specifically, the at least one lac operator comprised in the gene encoding the
protein of interest is a lacOl (SEQ ID NO:3), lac02 (SEQ ID NO:4) or lac03 (SEQ ID
NO:5).

Specifically, the at least one lac operator is a functional variant of lacOl , lac02
or lac03 with at least 65% sequence identity or a perfectly symmetric lacO. Specifically,
the lac operator is a functional variant of lacOl , lac02 or lacO3 with at least 66, 67, 68,
69, 70, 71,72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91
or 95% sequence identity to wild-type lacOl , lac02 orlac03. According to an alternative,
a functional variant of lacOl , lac02 or lac03 comprises 1, 2, 3, 4 or 5 point mutations or
deletions of 1, 2, 3, 4 or 5 base pairs (bps).

Specifically, said promoter operably linked to the coding sequence encoding the
protein of interest comprises an initial transcribed sequence (ITS), preferably a native
T7A1 initial transcribed sequence (SEQ ID NO:2).

According to the system provided herein, the expression rate of the protein of
interest is regulated by an inducer binding Lacl. Specifically, Lad binds to the at least
one lacO thereby repressing transcription of the gene encoding the protein of interest.

Specifically, upon addition of an inducer capable of binding Lacl interaction of Lacl with
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the at least one lacO is prevented, resulting in induction of transcription of the gene
encoding the protein of interest.

Specifically, the inducer is selected from the group consisting of
isopropylthiogalactoside  (IPTG), lactose, methyl*-D-thiogalactoside, phenyl*-D-
galactose and ortho-Nitrophenyl*-galactoside  (ONPG).

Specifically, the promoter operably linked to the coding sequence expressing the
protein of interest comprises an initial transcribed sequence, preferably the native T7A1
initial transcribed sequence. Specifically, the initial transcribed sequence is not limited
to the ITS of T7A1 and can be any ITS known to a person skilled in the art.

According to a specific embodiment of the inducible system provided herein, the
gene for expression of a protein of interest contains one lacOl operator within the
sequence of the promoter operably linked to the native T7A1 initial transcribed sequence
(SEQ ID NO:2) and to the coding sequence, and wherein the Lad promoter is a lacl®@
promoter.

According to a further specific embodiment of the inducible system provided
herein, the gene of interest contains two lac operators which are at least about 92 or 94
basepairs (bps) apart, preferably at least about 103, 105, 114, 116, 125, 127, 136, 138,
or 149 bps apart, wherein one lac operator is located within the sequence of the promoter
operably linked to the coding sequence and the second lac operator is upstream of the
promoter.

Specifically, the gene encoding the protein of interest is a heterologous gene.
Specifically, said gene that is heterologous to the prokaryotic host is a recombinant gene
that is introduced into the host.

According to a further specific embodiment, the gene encoding the protein of
interest is a homologous gene. Specifically, said gene that is homologous to the
prokaryotic host, comprises a coding sequence, encoding the protein of interest, a
promoter operably linked to said coding sequence, wherein said promoter is recognized
by an RNAP that is expressed from a gene in the chromosome of the host, and at least
one lac operator (lacO) within the sequence of said promoter.

Specifically, said gene that is homologous to the prokaryotic host is a recombinant
gene that is introduced into the host. According to yet a further specific embodiment,
said gene that is homologous to the prokaryotic host is modified by replacement of the
promoter endogenous to said gene with a promoter described herein. Replacement can

also mean the integration of the promoter described herein so that it is operably linked
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to the endogenous homologous gene / polypeptide in the chromosome / genome of the
host cell wherein the naturally occurring promoter of the endogenous homologous gene
|/ polypeptide is inactivated by at least one point mutation within the naturally occurring
promoter. Specifically, the promoter endogenous to said gene is replaced with a
promoter described herein comprising at least one lacO within the sequence of the
promoter, preferably at least two lacOs, wherein one lacO is within the sequence of the
promoter and a second lacO is upstream of the promoter. Specifically, the affinity of lad
to the one or more lacO / lacOs of the promoter replacing the endogenous promoter of
the gene encoding the protein of interest is lower than the affinity of Lad to the lacOl
and lac03 of the endogenous lac operon.

Specifically, the promoter operably linked to the coding sequence of the gene for
expression of a protein of interest, is a recombinant promoter. Specifically, said promoter
is not the wildtype lac promoter, it can, however, be a variant of the lac promoter. In the
case, where the promoter described herein is a variant of the lac promoter, it comprises
at least one lacO within its sequence, specifically it comprises at least one lacO within
the sequence between the -10 and -35 promoter elements.

Further provided herein is a method of plasmid-free production of a protein of
interest in a prokaryotic host, using the inducible system described herein, comprising
the steps of

a) cultivating the host cells and inducing expression of the gene of interest by
addition of an inducer,

b) harvesting the protein of interest, and

c) isolating and purifying the protein of interest and optionally

d) modifying the protein of interest and

e) formulating the protein of interest.

According to a specific embodiment of the system described herein, the gene for
producing the protein of interest and/or the lad gene for producing a lac repressor
protein are comprised in at least one expression cassette. Preferably, said expression
cassette is used to integrate the gene for producing the protein of interest and/or the lac/
gene for producing a lac repressor protein into the chromosome of the prokaryotic host.

Also provided herein is an expression cassette comprising at least one
heterologous gene configured to produce at least one heterologous protein of interest,

the gene of interest including
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a) one or more coding sequences encoding the one or more proteins of
interest,

b) a promoter operably linked to the coding sequence, and

c) at least one lac operator (lacO) operably linked to said promoter.

Specifically, the affinity of Lad to the at least one lacO comprised in the
expression cassette is lower than the affinity of Lad to the lac operators lacO1 and lac03
of the lac operon of a host cell. Preferably, said lac operon is the lac operon endogenous
to the host cell.

According to a specific embodiment of the expression cassette provided herein,
the heterologous gene configured to produce at least one heterologous protein of
interest includes two lac operators, which are at least 92 or 94 bp apart, wherein one lac
operator is located within the sequence of the promoter and the second lac operator is
upstream of the promoter. Preferably, said two lac operators are at least about 92 to 134
bps apart, preferably they are at least about 103, 105, 114, 116, 125 or 136 or 138 or
149 bps apart. Specifically, said two lac operators are 92, 94, 103, 105, 114, 116,
125,136, 138 or 149 bps apart.

According to a specific embodiment of the expression cassette provided herein,
the heterologous gene configured to produce at least one heterologous protein of
interest comprises a lacOl operator within the sequence of the promoter operably linked
to the coding sequence and a native T7Al initial transcribed sequence (SEQ ID NO:2).
Specifically, said expression cassette further comprises a heterologous lad promoter,
which is the laclQ promoter (SEQ ID NO:1).

Further provided herein is a method of plasmid-free production of a protein of
interest in a prokaryotic host on a manufacturing scale, using the expression cassette
described herein, comprising the steps of

a) integrating the expression cassette into the chromosome of the prokaryotic
host,

b) cultivating the host cells and inducing expression of the gene of interest by
addition of an inducer,

c) harvesting protein of interest, and

d) isolating and purifying the protein of interest. and optionally

e) modifying the protein of interest and

f) formulating the protein of interest.
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According to a specific embodiment of the method and the system provided
herein, the prokaryotic host contains the expression cassette integrated at an

attachment site, preferably the attTn7, lacz, recA, tufa or attnB site.

FIGURES

Figure 1: Scheme of integration cartridges. Expression of GFPmut3.1 is
controlled by seven different promoter/operator combinations. The T7 expression
system is used as reference. The cartridges were cloned into pET30a-cer vector
(designated with round brackets) or were integrated into the attTN7 site (designated with
squared brackets) of the BL21 genome (B) resp. BL21Q (as described in Example 1)
(BQ). In two promoter/operator combinations the wild-type lad promoter (lad wt) was
exchanged by the laclQ promoter (laclQ). LacOl * is a 2 bp truncated version of wild-type
lacO1 . Sym-lacO is the perfectly symmetric lac operator. +1 T7A1 +20 is the native ITS
of the T7A1 promoter. Transcription is terminated by tZENIT (tZ). GFPmut3.1 is the
coding sequence for expression of the GFPmut3.1 protein. lac01 is the wild type lacO1l .
-35 and -10 are the -35 and -10 promoter regions of the respective promoters, A1 and
T5.

Figure 2: Promoter activities of different promoter/operator combinations under
uninduced (0 mM IPTG) and induced (0.5 mM IPTG) conditions. The fluorescence of
reporter GFPmut3.1 (y-axix) was used to characterize genome-integrated expression
systems (A) and plasmid-based expression systems (B). The integration cartridges
cloned into pET30a-cer vector are designated with round brackets, those integrated
integrated into the attTN7 site of the BL21 genome (B) resp. BL21Q (as described in
Example 1) (BQ) are designated with squared brackets.

Figure 3: Influence of lac-operators on GFP expression and tuneability of
expression of GFP expressed by the course of GFP on-line fluorescence (y-axis) in
fedbatch-like microtiter cultivation. The dashed vertical lines indicate time of induction.
A - D:Tsn2s promoter controlled by three lacO (B<3lacO-T5>) (A), two lacO (B<2lacO-
T5>) (B), one lacO (B<1lacO-T5>) (C) and one lacO / lacl® promoter (BQ<1 lacO-T5>)
(D). E-G: 17a1 promoter controlled by two lacO (B<2lacO-Al >) (E), one lacO (B<1 laqO-
A 1>) (F) and one lacO / laclQ promoter (BQ<1lacO-Al) (G). The T7 expression system

is used as reference (FI).
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Figure 4: Control of recombinant gene expression with different levels of inducer.
Flow cytometry analysis of GFPmut3.1 expression in B<2lacO-Al >, BQ<1 lacO-Al > and
B3<T7>.

Figure 5: Scheme of lac-operator binding sites on native lac-operon (top) and
gene of interest (bottom). Promoters for the gene of interest are regulated by one lac-
operator (A) or two lac-operators that are 62bp apart (B).

Figure 6: SEQ ID NOs referred to herein.

Figure 7: Influence of recombinant expression rate control on Lad concentration.
(A) BL21 wild-type cells (lanes 1-3) and B<2lacO-Al > (lanes 4-6) were grown without
IPTG (lanes 1 and 4), 0.01 mM IPTG (lanes 2 and 5) and 0.5 mM IPTG (lanes 3 and 6).
Proteins of ~ 1.2 x 107 cells were separated by SDS-PAGE and analyzed by western
blotting, using an anti-Lacl antibody. (B) Fold changes are shown relative to 0 mM IPTG
BL21-wt. Error bars indicate standard error of the mean (n = 2).

Figure 8: Process characteristics and product formation kinetic of B3<T7-
dFTN2> during the carbon-limited exponential fed-batch cultivation. Cultivations were
conducted in a 1.5 L DASGIP® parallel bioreactor system with a final volume of 1.2 L.
The dashed vertical lines indicate time of induction.

Figure 9: Process characteristics and product formation kinetic of BQ<A1-
dFTN2> during the carbon-limited exponential fed-batch cultivation. Cultivations were
conducted in a 1.5 L DASGIP® parallel bioreactor system with a final volume of 1.2 L.

The dashed vertical lines indicate time of induction.

DETAILED DESCRIPTION

Unless indicated or defined otherwise, all terms used herein have their usual
meaning in the art, which will be clear to the skilled person. Reference is for example
made to the standard handbooks, such as Sambrook et al, "Molecular Cloning: A
Laboratory Manual" (2nd Ed.), Vols. 1 -3, Cold Spring Harbor Laboratory Press (1989);
Lewin, "Genes IV", Oxford University Press, New York, (1990), and Janeway et al,
"Immunobiology" (5th Ed., or more recent editions), Garland Science, New York, 2001 .

The terms “comprise”, “contain”, “have” and “include” as used herein can be used
synonymously and shall be understood as an open definition, allowing further members
or parts or elements. “Consisting” is considered as a closest definition without further
elements of the consisting definition feature. Thus “comprising” is broader and contains

the “consisting” definition.
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The term “about” as used herein refers to the same value or a value differing by
+/-5 % of the given value.

Genome integrated, i.e. plasmid-free, expression systems offer significant
advantages. Compared to plasmid-based expression systems there is no plasmid
mediated metabolic load and no variation in gene dosage during the production process.
However, the current state of the art T7-based expression system employing the strong
T7 promoter dependent on the T7 RNA polymerase which is under the control of an
inducible promoter, still suffers from considerable drawbacks. The strength of the T7
expression system exerts an extreme metabolic load on the host cells. When the gene
of interest codes for challenging proteins, the stress and metabolic burden often lead to
reduced vyield, shortened production periods and even cell death. Moreover, the T7
expression system is leaky, because it shows significant basal expression, and the T7
RNA polymerase is prone to mutations under long-term production conditions.

The plasmid-free inducible expression system provided herein has the profound
advantage that the rate of expression is tunable on a single cell level, it exhibits very low
basal expression and it is highly efficient in recombinant protein production. Moreover,
it provides true control of expression rate, negligible basal expression and a high
expression rate even at low inductor concentrations, which is particularly beneficial for
production of challenging proteins.

The terms “plasmid-free” or “genome-based” as used herein, refer to an
expression system of a protein of interest in a prokaryotic host, wherein the gene for the
expression of the protein of interest is located in the genome of the host. Specifically,
said gene is an endogenous homologous gene which is located on the chromosome of
the prokaryotic host, or is a recombinant heterologous or homologous gene that is
integrated into the chromosome of the prokaryotic host.

According to a specific embodiment, a gene for expression of a protein of interest
and optionally a lad gene for expression of a lac repressor protein or a recombinant lad
promoter are integrated into the genome of the host using one or more expression
cassette(s) comprising said genes.

Specifically, further recombinant heterologous or homologous genes, such as
genes encoding an RNA polymerase or genes encoding helper proteins are introduced
into the prokaryotic host. Said further recombinant heterologous or homologous genes
may be introduced into the chromosome of the host or may be present in the host cell

on a plasmid.
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The terms “expression cassette”, or simply “cassette”, synonymously used with
“expression cartridge” or simply “cartridge”, refer to a linear or circular DNA construct to
be integrated into the prokaryotic genome, such as the bacterial genome. As a result of
integration, the expression host cell has an integrated expression cassette. Preferably,
the cassette is a linear DNA construct comprising essentially a promoter, a gene of
interest, immediately upstream of the gene of interest a Shine-Dalgarno (SD) sequence,
also termed ribosome binding site (RBS) and two terminally flanking regions which are
homologous to a genomic region and which enable homologous recombination. In
addition, the cassette may contain other sequences such as for example sequences
coding for antibiotic selection markers, prototrophic selection markers or fluorescent
markers, markers coding for a metabolic gene, genes which improve protein expression
or two flippase recognition target sites (FRT) which enable the removal of certain
sequences (e.g. antibiotic resistance genes) after integration.

The expression cassette is synthesized and amplified by methods known in the
art, in the case of linear cassettes, usually by standard polymerase chain reaction, PCR.
Since linear cassettes are usually easier to construct, they are preferred for obtaining
the expression host cells used in the system and method provided herein. Moreover, the
use of a linear expression cassette provides the advantage that the genomic integration
site can be freely chosen by the respective design of the flanking homologous regions
of the cassette. Thereby, integration of the linear expression cassette allows for greater
variability with regard to the genomic region.

Expression vectors comprise the expression cassette described herein and in
addition optionally comprises flanking regions homologous to the genome integration
site, a number of restriction enzyme cleavage sites, an initial transcribed sequence (ITS)
and a transcription terminator, and optionally one or more selectable markers (e.g., an
amino acid synthesis gene or a gene conferring resistance to antibiotics such as
ampicillin, kanamycin, chloramphenicol or streptomycin), which components are
operably linked together. A common type of vector is a “plasmid”, which generally is a
self-contained molecule of double-stranded DNA that can readily accept additional
(foreign) DNA and which can readily be introduced into a suitable host cell. Specifically,
the term “vector” or “plasmid” refers to a vehicle by which a DNA or RNA sequence (e.qg.
a foreign gene) can be introduced into a host cell, so as to transform the host and

promote expression (e.g. transcription and translation) of the introduced sequence.
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As used herein, the term “prokaryotic host” refers to any bacterial host, in
particular it refers to bacterial host cells. In principle, there are no limitations regarding
the choice of bacterial host cells, except for certain specific requirements detailed below.
The bacterial host cells may be eubacteria (gram-positive or gram-negative) or
archaebacteria, as long as they allow genetic manipulation for insertion of a gene of
interest, advantageously for site-specific integration. Preferably, the bacterial host cells
allow cultivation on a manufacturing scale. Preferably, the host cell has the property to
allow cultivation to high cell densities. Examples for bacterial host cells that have been
shown to be suitable for recombinant industrial protein production are Escherichia coli,
Bacillus subtilis, Pseudomonas fluorescens as well as variations thereof and
Lactococcus lactis strains. Preferably, the host cells are E. coli cells.

A requirement to the host cell is that it comprises an RNA polymerase that can
bind to the promoter controlling the gene encoding the protein of interest.

In certain embodiments, the host cell carries, in its genome, a marker gene in
view of selection.

In view of site-specific gene insertion, another requirement to the host cell is that
it contains at least one genomic region (either a coding or any non-coding functional or
non-functional region or a region with unknown function) that is known by its sequence
and that can be disrupted or otherwise manipulated to allow insertion of a heterologous
sequence, without being detrimental to the cell.

With regard to the integration locus, the expression system used in the invention
allows for a wide variability. In principle, any locus with known sequence may be chosen,
with the proviso that the function of the sequence is either dispensable or, if essential,
can be complemented (as e.g. in the case of an auxotrophy).

Integration of the gene of interest into the bacterial genome can be achieved by
conventional methods, e.g. by using linear cartridges that contain flanking sequences
homologous to a specific site on the chromosome, as described for the attTn7-site, e.qg.
in (30). Moreover, the use of a linear expression cartridge provides the advantage that
the genomic integration site can be freely chosen by the respective design of the flanking
homologous regions of the cartridge. Thereby, integration of the linear expression
cartridge allows for greater variability with regard to the genomic region. In a preferred
embodiment, integration of a linear cartridge is at an attachment site like the attB site or
the attTn7 site, which are well-proven integration sites. Examples, without limitation, of

other integration methods useful in the present invention are e.g. those based on Red/ET
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recombination, e.g. described in (31). Alternatively, an expression cassette can first be
integrated into the genome of an intermediate donor host cell, from which it can then be
transferred to the host cell by transduction by the P1 phage, e.g. described in (32). The
integration method used herein is not limited to the above-mentioned examples; rather
any integration method known in the art can be used.

The integration methods for obtaining the expression host cell are not limited to
integration of one gene of interest at one site in the genome; they allow for variability
with regard to both the integration site and the expression cassettes. By way of example,
more than one gene of interest may be inserted, i.e. two or more identical or different
sequences under the control of identical or different promoters can be integrated into
one or more different loci on the genome. By way of example, it allows expression of two
different proteins that form a heterodimeric complex. Heterodimeric proteins consist of
two individually expressed protein Subunits, e.g. the heavy and the light chain of a
monoclonal antibody or an antibody fragment.

Although the invention allows plasmid-free production of a protein of interest, it
does not exclude that in the expression host cell a plasmid may be present that carries
sequences to be expressed other than the gene of interest, e.g. helper proteins and/or
recombination proteins. Preferably, care should be taken that in such embodiments the
advantages of the invention should not be overruled by the presence of the plasmid, i.e.
the plasmid should be present at a low copy number and should not exert a metabolic
burden onto the cell.

Integration of one or more recombinant genes into the genome results in a
discrete and pre-defined number of genes of interest per cell. In the embodiment of the
invention that inserts one copy of the gene, this number is usually one (except in the
case that a cell contains more than one chromosome or genome, as it occurs transiently
during cell division), as compared to plasmid-based expression which is accompanied
by copy numbers up to several hundred. In the expression system used in the method
of the present invention, by relieving the host metabolism from plasmid replication, an
increased fraction of the cells synthesis capacity is utilized for recombinant protein
production.

A particular advantage is that the inducible expression system described herein
has no limitations with regard to the level of induction. This means that the system cannot
be “over-induced as it often occurs in plasmid-based systems, or systems employing

strong promoters such as the T7 expression system. Since the genome-based
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expression system allows exact control of protein expression, it is particularly
advantageous in combination with expression targeting pathways that depend or rely on
well-controlled expression. In a preferred embodiment, the method of the invention
includes secretion (excretion) of the protein of interest from the bacterial cytoplasm into
the periplasm and/or culture medium. The advantage of this embodiment is an optimized
and sustained protein secretion rate, resulting in a higher titer of secreted protein as
compared to prior art secretion systems. Specifically, this can be achieved by fusing a
signal peptide N-terminal to the protein of interest / a nucleotide sequence encoding a
signal peptide, which leads the protein of interest to the transporters of the host, causes
translocation into the periplasma of the host and is cleaved by the signal peptidase of
the host. Any signal peptide known in the art can be used such as but not limited to the
ompA-, pelB, malE-, phoA-, dsbA-, lysC-, 1oIB-, pyrL- leader peptides.

As used herein, the term “RNA polymerase (RNAP) gene” refers to a gene
expressing an RNAP, which gene is comprised in the genome, e.g. in a plasmid, or
chromosome of the prokaryotic host. Preferably, said gene expresses an RNAP that is
endogenous to the prokaryotic host.

In bacteria, the same enzyme catalyzes the synthesis of mRNA and non-coding
RNA (ncRNA). RNAP is a large molecule; the core enzyme has five subunits (-400 kDa).
In order to bind promoters, RNAP core associates with the transcription initiation factor
sigma (o) to form RNA polymerase holoenzyme. Sigma reduces the affinity of RNAP for
nonspecific DNA while increasing specificity for promoters, allowing transcription to
initiate at correct sites. The complete holoenzyme therefore has 6 subunits (-450 kDa).
The core enzyme is responsible for binding to template DNA to synthesize RNA, which
is complemented by a o factor to form a holoenzyme that recognizes the promoter
sequence to begin promoter-specific transcription.

According to a preferred embodiment, the prokaryotic host cells of the system
described herein are E.coli cells and the RNAP is an RNAP that is endogenous to E.coli,
most preferably it is 70 E.coli RNA polymerase. The o subunit of bacterial RNA
polymerase (RNAP) is required for promoter-specific transcription initiation. In the case
of E. coli and other gram-negative rod-shaped bacteria, the "housekeeping" or “primary”
sigma factor is 079. Every cell has a "housekeeping” sigma factor that keeps essential
genes and pathways operating. When complexed with the RNAP core enzyme (subunit
structure a,BB'w), different o factors specify the recognition of different classes of

promoters. Genes recognized by o070 all contain similar promoter consensus sequences
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consisting of two parts. The primary o factor in Escherichia coli, g™, typically directs
transcription initiation from promoters defined by two conserved hexameric DNA
sequence elements, termed the -10 and -35 elements for their relationship to the
transcription start site (position +1). Relative to the DNA base corresponding to the start
of the RNA transcript, the consensus promoter sequences are characteristically
centered at 10 and 35 nucleotides before the start of transcription (-10 and -35).

The term “expression” is understood in the following way. Nucleic acid molecules
containing a desired coding sequence of an expression product such as e.g.,, a
recombinant protein as described herein, and control sequences such as e.g., a
promoter in operable linkage, may be used for expression purposes. Hosts transformed
or transfected with these sequences are capable of producing the encoded proteins. In
order to effect transformation, the expression system may be included in a vector;
however, most preferably the relevant DNA is integrated into the host chromosome.

The term “gene” as used herein refers to a DNA sequence that comprises at least
promoter DNA, optionally including operator DNA, and coding DNA which encodes a
particular amino acid sequence for a particular polypeptide or protein. Promoter DNA is
a DNA sequence which initiates, regulates, or otherwise mediates or controls the
expression of the coding DNA. Promoter DNA and coding DNA may be from the same
gene or from different genes, and may be from the same or different organisms.

The term “recombinant” as used herein shall mean “being prepared by or the
result of genetic engineering”. A recombinant host specifically comprises a recombinant
expression vector or cloning vector, or it has been genetically engineered to contain a
recombinant nucleic acid sequence, in particular employing nucleotide sequence foreign
to the host. A recombinant protein is produced by expressing a respective recombinant
nucleic acid in a host.

With regard to the protein of interest (POI), there are no limitations. More
specifically, the protein may either be a polypeptide not naturally occurring in the host
cell, i.e. a heterologous protein, or else may be native to the host cell, i.e. a homologous
protein to the host cell, but is produced, for example, upon integration by recombinant
techniques of one or more copies of the nucleic acid sequence encoding the
homologous POI into the genome or chromosome of the host cell, or by recombinant
modification of the promoter sequence controlling the expression of the gene encoding
the POIl. The POI can be a monomer, dimer or multimer, it can be a homomer or

heteromer.
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Examples for proteins that can be produced by the method of the invention are,
without limitation, enzymes, regulatory proteins, receptors, peptides, e.g. peptide
hormones, cytokines, membrane or transport proteins. The proteins of interest may also
be antigens as used for vaccination, vaccines, antigen-binding proteins, immune
stimulatory proteins, allergens, full-length antibodies or antibody fragments or
derivatives. Antibody derivatives may be for example single chain variable fragments
(scFv), Fab fragments or single domain antibodies.

The DNA molecule encoding the protein of interest is also termed “gene of
interest”. Specifically, the gene of interest includes the DNA sequence encoding the
protein of interest, a promoter operably linked to the coding sequence and at least one
lac operator within the sequence of the promoter.

Further, the gene of interest encoding the POI can be a naturally existing DNA
sequence or a non-natural DNA sequence. One or more gene of interests can be under
the control of one promoter as described herein. Alternatively, each gene of interest is
under one promoter. The gene of interests may all be on the same expression cassette
or on multiple expression cassettes. The POI can be modified in any way. Non-limiting
examples for modifications can be insertion or deletion of post-translational modification
sites, insertion or deletion of targeting signals (e.g.: leader peptides), fusion to tags,
proteins or protein fragments facilitating purification or detection, mutations affecting
changes in stability or changes in solubility or any other modification known in the art. In
certain embodiments of the invention the recombinant protein is a biopharmaceutical
product, which can be any protein suitable for therapeutic or prophylactic purposes in
mammals.

The term “promoter” as used herein refers to an expression control element that
permits binding of RNA polymerase and the initiation of transcription. Specifically, the
promoter operably linked to the gene of interest as described herein, comprises at least
one lac operator within its sequence. Specifically, said at least one lac operator is
situated between the -10 and -35 elements, which elements are preferably located 10
and 35 nucleotides before the start of transcription (-10 and -35), as exemplified in
Figure 1.

The lac promoter is the promoter of the lac operon, which controls transcription
of the three lac genes, lacZ, lacY and lacA. The wildtype lac promoter does not comprise
a lac operator within its sequence, as it does not comprise a lacO between the -10 and

-35 promoter elements. Preferably, in the inducible expression system described herein,
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the lac promoter is the endogenous lac promoter comprising the endogenous lac
operators. According to a specific embodiment, one or more lac operators of the
endogenous lac promoter are genetically modified to increase their binding affinity to the
lac repressor molecule Lacl. Specifically, they are genetically modified so that their
affinity to the lac repressor molecule Lacl is greater than the affinity of the lac operators
of the promoter operably linked to the gene of interest.

The lacl promoter as used herein, is the promoter operably linked to the coding
sequence of the lacl gene. Specifically, the inducible system described herein, includes
the wild-type lacl promoter or a genetically modified lacl promoter which increases
expression of Lacl, such as the exemplary lacl® promoter described herein. Specifically,
the lacl promoter is a constitutive promoter. Specifically, any constitutive promoter
stronger than the native lacl promoter can be used as lacl promoter according to the
present invention. Specifically, any promoter stronger than the native lacl promoter can
be used as lacl promoter according to the system provided herein, such as but not limited
to T5, T7A1,T7A2, T7A3, T7, dnaK/J, spac, bla, nptll, cat promoters.

The promoter operably linked to the gene encoding the protein of interest as
described herein, can be any inducible promoter that is recognized by an RNAP encoded
by an RNAP gene comprised in the chromosome of the host.

According to certain embodiments of the invention, the gene of interest may be
under the control of the lac, lacUV5, tac or the trc promoter, the lac or the lacUV5
promoter, the T5 promoters (Gentz and Bujard, 1985), such as the T5N25, or the T7
promoters (Hawley and McClure, 1983), such as T7 C or T7 D or the T7A promoters,
such as T7A1, T7A2 or T7A3 promoters (all inducible by lactose or its analogue IPTG),
or other promoters suitable for recombinant protein expression, which all use E. coli RNA
polymerase. The sequences of such promoters are well known in the art, such as e.g.
those described by Gentz and Bujard, 1985 (33) or Hawley and McClure, 1983 (38).
Specifically, the sequences of said promoters are modified to comprise at least one lacO
within their sequence, as described herein.

According to a specific embodiment, the promoter described herein, which is in
operable linkage to the sequence encoding the protein of interest, comprises a lacO
within its sequence. In bacteria, the sequence of a promoter typically contains two short
sequence elements, which, in wild type promoters, are typically approximately 10 and
35 nucleotides upstream of the transcription start site. These sequences are conserved

among many bacterial strains. For example, the sequence at-10 nucleotides (also called
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the -10 element) typically has the consensus sequence TATAAT (SEQ ID NO:34), and
the sequence at -35 (also called the -35 element) has the consensus sequence TTGACA
(SEQ ID NO:35). The above consensus sequences, while conserved on average, are
not found intact in all promoters. On average, only 3 to 4 of the 6 base pairs in each
consensus sequence are found in any given promoter. Few natural promoters have been
identified to date that possess intact consensus sequences at both the -10 and -35
elements. Specifically, artificial promoters with complete conservation of the -10 and -35
elements transcribe at lower frequencies than those with a few mismatches with the
consensus.

Specifically, the promoter described herein comprises at least one lacO between
the -10 and -35 elements.

The term “inducer”, synonymously used with “inductor”, refers the factor capable
of leading to the induction of transcription through direct or indirect regulation of promoter
activity. Specifically, as used herein, inducer is any factor that is capable of binding the
lac repressor molecule and inhibiting its interaction with the promoter operably linked to
the gene of interest. Preferably, the inducer used herein is isopropylthiogalactoside
(IPTG), lactose, methyl*-D-thiogalactoside, phenyl*-D-galactose or ortho-nitrophenyl-
B-galactoside (ONPG).

There is no limitation as regards the mode by which induction of protein
expression is performed. By way of example, the inductor can be added as a singular or
multiple bolus or by continuous feeding, the latter being also known as “inductor
feed(ing)”. There are no limitations as regards the time point at which the induction takes
place. The inductor may be added at the beginning of the cultivation or at the point of
starting continuous nutrient feeding or after (beyond) the start of feeding. Inductor
feeding may be accomplished by either having the inductor contained in the culture
medium or by separately feeding it. The advantage of inductor feeding is that it allows
to control inductor dosage, i.e. it allows to maintain the dosage of a defined or constant
amount of inductor per constant number of genes of interest in the production system.
For instance, inductor feeding allows an inductor dosage which is proportional to the
biomass, resulting in a constant ratio of inductor to biomass. Biomass units on which the
inductor dosage can be based, may be for instance cell dry weight (CDW), wet cell
weight (WCW), optical density, total cell number (TCN; cells per volume) or colony
forming units (CFU per volume) or on-line monitored signals which are proportional to

the biomass (e.g. fluorescence, turbidity, light scatter, dielectric capacity, carbon dioxide
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concentration in the exhaust gas etc.)- Essentially, the method of the invention allows
the precise dosage of inductor per any parameter or signal which is proportional to
biomass, irrespective of whether the signal is measured off-line or online. Since the
number of genes of interest is defined and constant per biomass unit (one or more genes
per cell), the consequence of this induction mode is a constant dosage of inductor per
gene of interest. As a further advantage, the exact and optimum dosage of the amount
of inductor relative to the amount of biomass can be experimentally determined and
optimized.

It may not be necessary to determine the actual biomass level by analytical
methods. For instance, it may be sufficient to add the inductor in an amount that is based
on previous cultivations (historical biomass data). In another embodiment, it may be
preferable to add the amount of inductor per one biomass unit as theoretically calculated
or predicted. For instance, it is well known for feeding-based cultivations (like fed-batch
or continuous) that one unit of the growth-limiting component in the feed medium, usually
the carbon source, will result in a certain amount of biomass.

Preferably, the inducer is used at a concentration ranging from 0.005mM to 1mM,
even more preferably from 0.01 mM to 0.5mM. Specifically, the concentration of IPTG is
in the range of 1-100 pmol/g CDW.

As provided herein, the host used in the inducible expression system described
herein comprises a lac operon, preferably a wild-type lac operon, and a lad gene.

As referred to herein, the endogenous lac operon contains three genes: lacZ,
lacY, and lacA. These genes are transcribed as a single mRNA, under control of one
promoter. In addition to the three genes, the lac operon comprises the lac promoter
and the lac operators lacOl , lac02 and lac03. The lac promoter is the binding site for
the RNA polymerase. The lac operator is the negative regulatory site bound by the lac
repressor protein. The operator overlaps with the promoter, and when the lac repressor
protein is bound, RNA polymerase cannot bind to the promoter and start transcription.
According to a specific embodiment, the endogenous lac operon is modified to increase
the binding affinity of Lad to at least one of the lac operators lacOl , lac02 or lac03.
Specifically, at least one of the lac operators lacOl , lac02 or lac03 is modified, i.e. the
endogenous lac operon comprises a functional variant of lacOl , lac02 and/or lac03 with
increased affinity for Lacl.

As used herein, the term “lacl gene” refers to a gene for expression of the lac

repressor protein, also called lac inhibitor (Lacl), or any functional variant thereof with at



WO 2020/053285 -23- PCT/EP2019/074239

least 30% sequence identity to lad (SEQ ID NO:26). Specifically, said gene comprises
a lac/ coding sequence, a lad promoter operably linked to the lad coding sequence,
wherein the lad promoter is selected from the group consisting of the wild-type lad
promoter and a lad promoter which increases expression of lad. Specifically, the lad
gene expresses Lad or a functionally active variant thereof comprising at least 40, 50,
60, 70, 80 or 90% sequence identity to Lad (SEQ ID NO:27). Specifically, the lad
promoter which increases expression of Lad is a strong promoter, which increases
expression of Lad by at least 1.5, 2, 2.5 or 5-fold, preferably 10-fold or more. Specifically,
it increases the expression of Lad by at least 20-fold, 30-fold, 40-fold, 50-fold, 60-fold,
70-fold, 80-fold, 90-fold or even 100-fold. An exemplary embodiment of the inducible
system provided herein comprises the lacl® promoter as the lad promoter which
increases expression of lacl. The laclQ promoter includes a point mutation, a single C->T
change, in the promoter region upstream of the native lad gene, resulting in a 10-fold
increase in MRNA transcription. The promoter for the lad coding sequence may include
the native lad initiation codon or any variants thereof. The lad gene is preferably
incorporated into the host's chromosomal DNA or contained on a single-copy vector.

In wild-type E. coli, the lac repressor protein forms a homo-tetramer that binds to
the /ac-operator sequences (lacO) and represses the transcription of the lacZYA operon.
In the presence of lactose or the non-metabolizable isopropyl B-D-I-
thiogalactopyranoside (IPTG), Lacl changes its structure and can no longer bind to the
lac-operator, resulting in induction of transcription. The lac-operator sites are DNA
sequences with inverted repeat symmetry.

The higher the symmetry, the greater the binding affinity of Lacl to the operator
sequence. An artificial perfectly symmetric lacO (sym-lacO) was found to bind Lacl with
the greatest affinity, whereas the three wild-type operators lacOl , lac02 and lac03
exhibiting an approximate symmetry showed lower affinities, resulting in the following
order with respect to the affinity to Lacl: sym-lacO > lacOl > lac02 > lac03. Lacl binds
simultaneously to both, the primary operator lacOl and to either lac02 or lacO3 through
a DNA-looping mechanism. Lac02 is located 401 bp downstream of lacOl , whereas
lac03 lies only 92 bp upstream of lacOl . The main contribution to repression comes
from the DNA-looping of lacOl and lac03 due to their closer proximity. Furthermore,
when lacOl and lac03 are bound by Lacl, the production of Lacl itself is prevented. The
3’ end of the lad gene overlaps with lac03. In a repressed state, transcription of lad

results in a truncated mRNA, which is rapidly degraded by the cell. Due to this
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autoregulation, the concentration of the Lad tetramer is ~40 molecules in induced cells
and ~15 molecules in non-induced cells.

Sequences of lac operators are well known in the art. Exemplary lac operator
sequences are provided by SEQ ID NO:3-5.

Suitable variants of the nucleic acid or polypeptide sequences, specifically lac01 ,
lac02 and lac03, disclosed herein are functional variants having the same type of
activity (without regard to the degree of the activity) as the nucleic acid or polypeptide to
which the sequence corresponds. Such activities may be tested according to the assays
described in the Examples below and according to methods known in the art.

The term “functional variant” or functionally active variant also includes naturally
occurring allelic variants, as well as mutants or any other non-naturally occurring
variants. As is known in the art, an allelic variant is an alternate form of a nucleic acid or
peptide that is characterized as having a substitution, deletion, or addition of one or
nucleotides or more amino acids that does essentially not alter the biological function of
the nucleic acid or polypeptide.

Functional variants may be obtained by sequence alterations in the polypeptide
or the nucleotide sequence, e.g. by one or more point mutations, wherein the sequence
alterations retains or improves a function of the unaltered polypeptide or the nucleotide
sequence, when used in combination of the invention. Such sequence alterations can
include, but are not limited to, (conservative) substitutions, additions, deletions,
mutations and insertions.

A point mutation is particularly understood as the engineering of a poly-nucleotide
that results in the expression of an amino acid sequence that differs from the non-
engineered amino acid sequence in the substitution or exchange, deletion or 5 insertion
of one or more single (non-consecutive) or doublets of amino acids for different amino
acids.

An exemplary functional variant of the lacO1 operator is a 2 base-pair truncated
version of wild-type lac0O1 , which comprises a deletion of 2bp at its 5° end, lacO™ (SEQ
ID NO:6).

Transcription rate control, also referred to as fine-tuning of protein production or
“tunability” is highly relevant in bioprocessing. Bioprocesses are designed to maximally
exploit the cells’ synthesizing capacity during a maximal long period, yielding properly
folded and processed protein. But, strong expression systems, such as e.g. the T7

expression system, are known to exhibit an “all-or-none” behavior, where the reduced
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expression level in partially induced cultures is the result of the formation of
subpopulations of fully induced and non-induced cells. Such problem is solved by the
inducible expression system described herein which allows tunability, specifically single-
cell tunability. In the inducible expression system described herein, the affinity of Lad to
the at least one lacO of the promoter operably linked to the gene of interest is lower than
the affinity of Lad to the lac operators lacO1 and lacO3 of the endogenous lac operon
of the host. If the binding constant (K,) of Lad to the at least one lacO at the gene of
interest (GOI) is higher than the binding constant to the lacO at the lac-operon, the first
Lad molecules, which are not inactivated by IPTG will preferentially bind to the lacO
binding sites of the GOl instead of the lac03/lacOl on the lac-operon. Hence,
autoregulation of Lad does not intervene and more Lad molecules are being produced
leading to an overregulation of the system which results in a complete stop of
transcription of the gene of interest in this cell. In particular, at low inducer
concentrations, such a system leads to at least two distinct sub-populations, of POI
producing and non-producing cells, as such expression systems stop their productivity,
but still continue to grow.

In the inducible expression system described herein, however, the binding
constant (K,) of Lad to the at least one lacO at the gene of interest (GOI) is lower than
the binding constant to the lacO at the lac-operon. Therefore, Lad preferentially binds
to the operators of the endogenous lac operon, preventing transcription of the three lacZz,
lacY and lacA genes and also preventing further production of Lad through the
autoregulation of Lad, resulting in a homogenous population at any given inducer
concentration.

As used herein, the term “affinity” or “binding affinity” refers to strength of
association between a ligand and a receptor as defined by the dissociation and/or the
association constant. Dissociation constant (Kd) is the rate constant of dissociation at
equilibrium, defined as the ratio kofr/kon, wherein Kkoffis the rate constant of dissociation of
the ligand from the receptor and ko, is the rate constant of association of the ligand to
the receptor. The Association constant (K,) is the opposite of Kd. When K_ is high, Kdis
low, and the ligand has a high affinity for the receptor (fewer molecules are required to
bind 50% of the receptors).

Usually a binder is considered a high affinity binder with a dissociation constant
of at least Kd<107 M, in some cases higher affinities are required such as, e.g. Kd<108

M, preferably Kd<10-° M, even more preferred is Kd<10-10 M.
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In the inducible expression system described herein, the binding affinity of Lad
to the one or more lacO/lacOs of the gene of interest is lower than the affinity of Lad to
the lac operators lacO1l and lacO3 of the endogenous lac operon. Specifically, lad binds
to the lac operators lacO1 and lacO3 with a Kd of at least Kd<10"/ M, preferably Kd<10-8
M, preferably Kd<10-° M, even more preferred is Kd<10-10 M. Specifically, Lad binds to
the one or more lacO/lacOs of the gene of interest with a Kdthat is increased by at least
5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90 or 100% or more. Consequently, Lad binds to
the one or more lacO/lacOs of the gene of interest with a Ka that is about 5, 10, 15, 20,
30, 40, 50, 60, 70, 80 or 90% lower than the Ka of Lad to the lacOl and lac03 of the
endogenous lac operon.

Specifically, binding affinity is determined by an affinity ELISA assay. In certain
embodiments binding affinity is determined by a BlAcore, ForteBio or MSD assay. In
certain embodiments binding affinity is determined by a kinetic method. In certain
embodiments binding affinity is determined by an equilibrium/solution method. Those
skilled in the art can determine appropriate parameters to determine binding affinity of a
ligand to a certain molecule. The binding affinity can be routinely determined by one
skilled in the art.

“Sequence identity” or “percent (%) amino acid sequence identity” as described
herein is defined as the percentage of nucleotides or amino acid residues in a candidate
sequence that are identical with the nucleotides or amino acid residues in the specific
nucleotide or polypeptide sequence to be compared (the “parent sequence”), after
aligning the sequence and introducing gaps, if necessary, to achieve the maximum
percent sequence identity, and not considering any conservative substitutions as part of
the sequence identity. Those skilled in the art can determine appropriate parameters for
measuring alignment, including any algorithms needed to achieve maximal alignment
over the full length of the sequences being compared.

The term "operably linked" as used herein refers to the association of nucleotide
sequences on a single nucleic acid molecule, i.e. the vector, in a way such that the
function of one or more nucleotide sequences is affected by at least one other nucleotide
sequence present on said nucleic acid molecule. For example, a promoter is operably
linked with a coding sequence encoding the protein of interest, when it is capable of
effecting the expression of that coding sequence. Specifically, such nucleic acids
operably linked to each other may be immediately linked, i.e. without further elements or

nucleic acid sequences in between or may be indirectly linked with spacer sequences or
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other sequences in between. Specifically, in the context of a lac operator being operably
linked to a promoter refers to the ability of the lac operator to regulate the ability of the
promoter to control expression of the coding sequence under specific conditions. Such
as the ability of the lac operator to inhibit promoter-dependent expression of the gene of
interest when lac repressor protein is bound thereto.

The term “heterologous” as used herein with respect to a nucleotide or amino
acid sequence or protein, refers to a compound which is either foreign, i.e. “exogenous”,
such as not found in nature, to a given host cell; or that is naturally found in a given host
cell, e.g., is “endogenous”, however, in the context of a heterologous construct, e.g.,
employing a heterologous nucleic acid, thus “not naturally-occurring”. The heterologous
nucleotide sequence as found endogenously may also be produced in an unnatural,
e.g., greater than expected or greater than naturally found, amount in the cell. The
heterologous nucleotide sequence, or a nucleic acid comprising the heterologous
nucleotide sequence, possibly differs in sequence from the endogenous nucleotide
sequence but encodes the same protein as found endogenously. Specifically,
heterologous nucleotide sequences are those not found in the same relationship to a
host cell in nature (i.e., “not natively associated”). Any recombinant or artificial nucleotide
sequence is understood to be heterologous. An example of a heterologous
polynucleotide or nucleic acid molecule comprises a nucleotide sequence not natively
associated with a promoter, e.g., to obtain a hybrid promoter, or operably linked to a
coding sequence, as described herein. As a result, a hybrid or chimeric polynucleotide
may be obtained. A further example of a heterologous compound is a POI encoding
polynucleotide or gene operably linked to a transcriptional control element, e.g., a
promoter, to which an endogenous, naturally-occurring POI coding sequence is not

normally operably linked.

The invention furthermore comprises the following items:

1. A genome-based expression system for production of a protein of interest
(POI) in a prokaryotic host, comprising at least

a) an RNA polymerase (RNAP) gene,

b) a gene encoding a POI, comprising

- a coding sequence,

- a promoter operably linked to said coding sequence, wherein said

promoter is recognized by the RNAP expressed from a), and
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- at least one lac operator (lacO) within the sequence of said promoter; and

c) a lacl gene for expression of a lac repressor protein (Lad) comprising

- a lac/ coding sequence,

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is a wild-type lad promoter or a lad promoter which increases Lad
expression;

wherein the expression rate of the protein of interest is regulated by an inducer
binding Lacl.

2. The genome-based expression system of item 1, wherein the gene
encoding a POI contains (i) one lacO within the sequence of the promoter or (ii) one
lacO within the sequence of the promoter and one lacO upstream of the first lacO.

3. The genome-based expression system of item 1 or 2, wherein the gene
encoding a POI contains one lacO within the sequence of the promoter, and the lacl
promoter is a promoter which increases Lacl expression.

4. The genome-based expression system of any one of items 1to 3, wherein
the gene encoding a POI contains one lacO within the sequence of the promoter and
one lacO upstream of the first lacO, and the lacl promoter is a promoter which increases
Lacl expression.

5. The genome-based expression system of any one of items 1to 4, wherein
the prokaryotic host is Escherichia coli (E.coli).

6. The genome-based expression system of any one of items 1to 5, wherein
the host is E.coli of the strain BL21 or K-12.

7. The genome-based expression system of any one of items 1to 6, wherein
the RNAP is a heterologous or homologous RNAP, preferably the RNAP is an RNAP
homologous to the host, specifically it is an E.coli RNA polymerase, preferably the g7°
E.coli RNA polymerase.

8. The genome-based expression system of any one of items 1to 7, wherein
the promoter in b) of item 1 is selected from the group consisting of T5, T5N25, T7Al,
T7A2, T7A3, lac, lacUV5, tac or trc.

9. The genome-based expression system of any one of items 1to 8, wherein
the lacl promoter is the lacl promoter which increases Lacl expression, which is the lacl®@

promoter (SEQ ID NO:1).
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10. The genome-based expression system of any one of items 1to 9, wherein
the lac operator is a lacO1 (SEQ ID NO:3), lac02 (SEQ ID NO:4) or lac03 (SEQ ID
NO:5).

11. The genome-based expression system of item 10, wherein the lac operator
is a functional variant of lacOl , lacO2 or lacO3 with at least 65% sequence identity or a
perfectly symmetric lacO.

12. The genome-based expression system of any one of items 1to 11, wherein
said promoter operably linked to the coding sequence encoding the protein of interest
comprises an initial transcribed sequence (ITS), preferably a native T7A1 initial
transcribed sequence (SEQ ID NO:2).

13. The genome-based expression system of any one of items 1to 12, wherein
the inducer is selected from the group consisting of isopropylthiogalactoside (IPTG),
lactose, methyl*-D-thiogalactoside,  phenyl*-D-galactose  and ortho-Nitrophenyl- -
galactoside (ONPG).

14.  The genome-based expression system of any one of items 1to 13, wherein
the gene for expression of a protein of interest contains one lacOl operator within the
sequence of the promoter operably linked to the coding sequence and the native T7A1
initial transcribed sequence (SEQ ID NO:2), and wherein the lad promoter is a lacl®Q
promoter.

15. The genome-based expression system of any one of items 1to 14, wherein
the gene of interest contains two lac operators which are at least 92 or 94 basepairs
(bps) apart, preferably 103, 105, 114, 116, 125, 127, 134, 136, 138 or 149 bps apart,
wherein one lac operator is located within the sequence of the promoter operably linked
to the coding sequence and the second lac operator is upstream of the promoter.

16. The genome-based expression system of any one of items 1to 15, wherein
the gene encoding the protein of interest is a heterologous gene.

17.  The system of any one of items 1to 16, wherein at least one lac operator
of the lac operon of the prokaryotic host is genetically modified to increase its binding
affinity to the lac repressor molecule Lacl.

18. A method of plasmid-free production of a protein of interest in a prokaryotic
host, using the genome-based expression system of any one of items 1to 17, comprising
the steps of

a) inducing expression of the gene encoding the POI by addition of an

inducer,
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b) harvesting the PO,

c) isolating and purifying the POI, and optionally

d) modifying, and

e) formulating the POI.

19. An expression cassette comprising at least one heterologous gene
configured to produce at least one heterologous POI, including

a) one or more coding sequences encoding the one or more POI,

b) a promoter operably linked to the one or more coding sequences, and

c) at least one lac operator (lacO) within the sequence of said promoter;

wherein the affinity of Lad to lacO of c) is lower than the affinity of Lad to the lac
operators lacO1 and lacO3 of the endogenous lac operon of a host cell.

20. The expression cassette of item 19, wherein the heterologous gene
configured to produce at least one heterologous protein of interest includes two lac
operators, which are at least 92 or 94 bp apart, wherein one lac operator is located within
the sequence of the promoter and the second lac operator is upstream of the promoter.

21. The expression cassette of item 19 or 20, further comprising a
heterologous lad promoter, which is the laclQ promoter (SEQ ID NO:1).

22. The expression cassette of any one of items 19 to 21, wherein the
heterologous gene configured to produce at least one heterologous POl comprises a
lacOIl operator within the sequence of the promoter operably linked to the coding
sequence and a native T7Al initial transcribed sequence (SEQ ID NO:2).

23. A method of plasmid-free production of a protein of interest in a prokaryotic
host on a manufacturing scale, using the expression cassette of any one of items 19 to
22, comprising the steps of

a. integrating the expression cassette into the chromosome of the prokaryotic
host,

b. inducing expression of the gene encoding the POI by addition of an inducer,

c. harvesting the POI,

d. isolating and purifying the POI, and optionally

e. modifying, and

f. formulating the POI.

24.  An inducible system for plasmid-free production of a protein of interest
(POI) in a prokaryotic host, comprising at least

a) an RNA polymerase (RNAP) gene in the chromosome of the host,
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b) a gene encoding a POI comprising

- a coding sequence,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least one lac operator (lacO) within the sequence of said promoter; and

c) a lad gene encoding a lac repressor protein (Lad) comprising

- a lac/ coding sequence,

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is a wild-type lad promoter or a lad promoter which increases Lad
expression;

wherein the affinity of Lad to the one or more lacO / lacOs of b) is lower than the
affinity of lad to the lac operators lacO1 and lacO3 of the endogenous lac operon of the
host and wherein the expression rate of the POI is regulated by an inducer binding Lacl.

25. The system of item 24, wherein at least one lac operator of the lac operon
of the prokaryotic host is genetically modified to increase its binding affinity to the lac

repressor molecule Lacl.

The examples described herein are illustrative of the present invention and are
not intended to be limitations thereon. Different embodiments of the present invention
have been described according to the present invention. Many modifications and
variations may be made to the techniques described and illustrated herein without
departing from the spirit and scope of the invention. Accordingly, it should be understood
that the examples are illustrative only and are not limiting upon the scope of the

invention.

EXAMPLES

Example 1: Overview and Materials and Methods used in the Examples
herein.

Aim of this work was to investigate the feasibility of the two constitutive phage-
derived promoters Tsn2s and t7ai , recognized by the o’® E. coli RNAP in terms of
transcription efficiency, basal expression rates and tuning capacity. The promoter
sequences were modified to contain either one, two or three lacO binding sites (SEQ ID

NO:28-33). The seven promoter/operator combinations that were tested with the model
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protein  GFPmut3.1 are shown in Figure 1. Expression strength, tunability, basal
expression and cell growth were investigated in plasmid-based and plasmid-free BL21
expression systems. The resulting set of production clones was cultivated and compared
under fed-batch like conditions in micro-titer fermentations.

Strains and culture conditions. Escherichia coli K-12 NEE35-a [fhuA2A(argF -
lacZ)U169 phoA gin V44 ®80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17\ was
obtained from New England Biolabs (MA, USA) and used for all cloning procedures.
Linear DNA cartridges were integrated into the bacterial chromosome at the attTN7 site
of Escherichia coli BL21 [fhuA2 [lon] ompT gal [dcm] AhsdS] (New England Biolabs, MA,
USA). For reference experiments, the same strains were transformed with the respective
plasmids. The soluble protein GFPmut3.1 was used as recombinant model protein (19).

Basic cloning methods like restriction endonuclease (REN) digest, agarose gel
electrophoresis (AGE), ligation and transformation of E. coli plasmids were carried out
according to Sambrook et al. (24).

For cloning purposes, cells were routinely grown in M9ZB-medium, recovered in
SOC-medium and plated on M9ZB-agar. The following antibiotic concentrations were
used: ampicillin  (Amp) 100 pg/ml or 30 pg/ml, kanamycin (Kan) 50 pg/ml or 30 pyg/ml
and chloramphenicol (Cm) 20 pg/ml or 10 pg/ml for plasmid-based and plasmid-free
expression systems, respectively.

Culture Conditions

The strains were cultured in the BiolLector micro-fermentation system in 48-well
Flowerplates® (m2p-labs, Baesweiler, Germany) as described by Torok et al. (23). The
synthetic Feed in Time (FIT) fed-batch medium with glucose and dextran as carbon
sources (m2p-labs GmbH, Baesweiler, Germany) was used. Immediately prior to
inoculation 0.6 % (v/v) of the glucose releasing enzyme mix (EnzMix) was added. The
GFPmut3.1 expression level was monitored at an excitation of 488 nm and an emission
of 520 nm. The signal is given in relative fluorescence units [rfu]. The cycle time for all
parameters was 20 min. The initial cell density was equivalent to an optical density of
OD6oo = 0.3. For inoculation, a deep frozen (-80 °C) working cell bank (WCB) (OU goo =
2) was thawed and biomass was harvested by centrifugation (7500 rpm, 5 min). Cells
were washed with 500 pL of the corresponding medium to remove residual glycerol and
centrifuged; then, pellets were re-suspended in the total cultivation medium. All

cultivations were prepared in three replicates at 30 °C for 22 h. Recombinant gene
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expression was induced with 0.005 mM, 0.01 mM or 0.5 mM IPTG, respectively, 10 h
after start of cultivation.

For fed-batch fermentations, cells were grown in a 1.5 L (1.2 L working volume,
0.4 L minimal volume) DASGIP® Parallel Bioreactor System (Eppendorf AG, DE)
equipped with standard control units. The pH was maintained at 7.0 + 0.05 by addition
of 12.5 % ammonia solution (Thermo Fisher Scientific, MA/USA); the temperature was
maintained at 37 £ 0.5 °C during batch phase and was decreased to 30 = 0.5 °C during
feed phase. The dissolved oxygen (02) level was stabilized above 30 % saturation by
controlling stirrer speed and aeration rate. Foaming was suppressed by addition of
antifoam suspension (Glanapon, 2000, Bussetti, AT). For inoculation, a deep-frozen (-
80 °C) working cell-bank vial was thawed and 1 ml (optical density at 600 nm = 1) was
transferred aseptically to the bioreactor.

Feeding was imitated when the culture, grown to 6 g cell dry mass (CDM) in 0.6
L batch medium, entered the stationary phase. A fed-batch regime with an exponential
carbon-limited substrate feed was used to provide a constant growth rate of 0.1 /h over
2.5 doubling times. The substrate feed was controlled by increasing the pump speed
according to the exponential growth algorithm, x = x,et, with superimposed feedback
control of weight loss in the substrate bottle. The CDW yield coefficient on glucose was
0.3 g/g and the feed medium provided glucose and components sufficient to yield an
additional 32 g of CDW. Induction of the expression system was performed by adding
Isopropyl-b-D-thiogalactopyranoside (IPTG) to the reactor to yield a concentration of 10
pmol / g CDW. Preparation and composition of the minimal medium used in this
experiment was previously described (17).

Strains

BL21Q- in short: BQ

For the integration of the laclQ promoter in E. coli BL21 (New England
BioLabs®Inc., MA/USA), the plasmid pETAmp-laclg was constructed. This plasmid
contains the ampicillin resistance gene, flanked by FRT sites and the lad gene controlled
by the lacl®Q promoter. The ampicillin resistance gene was amplified from pET1 la using
the overhang PCR technique in order to add FRT sites and the restriction sites BamHlI
(5) and Kpnl (3. Following primers were used: BamHI-FRT-Amp-for and Kpnl-FRT-
Amp-rev.

The pBR322 ori and the lad gene were amplified from pET30a using the

overhang PCR technique in order to add a C -> T mutation within the lad promoter and
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the restriction sites Kpnl (5') and BamHI (3’). Following primers were used: Kpnl-
pBR322-for and BamHlI-lacig-rev.

Linear DNA cartridges for genome integration were amplified using the Q5® High-
Fidelity DNA Polymerase (New England BioLabs®Inc., MA/USA), according to the
manufacturer’'s manual. Following primers were used: Gl-laclg-for and Gl-laclg-rev.

Integration into the bacterial chromosome occurred at the lac-operon site of E.
coli BL21 (New England BioLabs®Inc., MA/USA), which carries the pSIM5 plasmid, as
described by Sharan et al. (26).

Screening of positive clones and amplification of the integrated DNA cartridge
was performed by basic colony PCR technique, using OneTaqg® DNA Polymerase (New
England BioLabs®Inc., MA/USA), according to the manufacturer's manual. Following
primers were used: lacl/1_ext and laci/2_ext.

Primer AmpStop was used for sequencing the amplified DNA integration
cartridge.

BL21 Q::TN7<1lacOAIl -GFPmut3.1-tZ> - in short: BQ<llacO-A1>

The sequence of the T7a1 promoter was adopted from (18) (designated as rAa-/04)
and contains a 2 bp truncated lac01 sequence between the -10 and -35 promoter region.
This promoter was ordered as gBlocks® Gene Fragment (Integrated DNA Technologies,
IA/USA), containing a 5’ spacer sequence from pET30a and the restriction sites Sphl
(5") and Xbal (3) and subsequently cloned into the pET30a-cer-tZENIT-GFPmut3.1
backbone. The new plasmid was designated as pETk1 lacOA1tZ.c-GFPmut3.1 .

Linear DNA cartridges for genome integration were amplified using the Q5® High-
Fidelity DNA Polymerase (New England BioLabs®Inc., MA/USA), according to the
manufacturer’'s manual. Following primers were used: TN7_1_pET30aw/oKanR_for and
TN7_2_pET30a_for.

Integration into the bacterial chromosome occurred at the attTN7 site of E. coli
BL21Q, which carries the pSIM5 plasmid, as described by Sharan et al. (26).

Following primers were used for screening of positive clones: TN7/1_ext and
TN7/2_ext.

Primer seq_MCS-for and seq_MCS-rev were used for sequencing the amplified
DNA integration cartridge.

BL21Q::TN7<1lacOT5-GFPmut3.1-tZ> -in short: BQ<llacO-T5>

The sequence Tsn2s promoter was adopted from (18) and contains a 2 bp

truncated lacOl sequence between the -10 and -35 promoter region. The initial
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transcribed sequence (ITS) between +1 and +20 of T5N25 was exchanged by the ITS of
T7Al (21). This promoter was ordered as gBlocks® Gene Fragment (Integrated DNA
Technologies, IA/USA), containing a 5’ spacer sequence from pET30a and the
restriction sites Sphl (5) and Xbal (3’) and subsequently cloned into the pET30a-cer-
tZENIT-GFPmut3.1 backbone. The new plasmid was designated as pETk1 lacOT5tZ.c-
GFPmut3.1 .

BL21 ::TN7<2lacOA1-GFPmut3.1-tZ> and BL21::TN7<2lacOT5-GFPmut3.1-
tZ> - in short: B<2lacO-A1> and B<2lacO-T5>

Besides an increased level of lad by the laclQ promoter, a second lacO can
reduce the basal expression, by enabling DNA loop formation. For the addition of a
second lacOl1 sequence, 62 bp upstream of the first lacO1 , an overhang PCR was
performed with the templates pETk1lacOAltZ.c-GFPmut3.1 or pETk1 lacOT5tZ.c-
GFPmut3.1 , respectively. The forward primer (2lacO-for) contains the lac-operator and
the restriction site Sphl (5’), the reverse primer (2lacO-rev) contains the restriction site
Ndel (3). The new plasmids were designated as pETk2lacOAltZ.c-GFPmut3.1 and
pETk2lacOT5tZ.c-GFPmut3.1 .

Integration into the bacterial chromosome occurred at the attTN7 site of E. coli
BL21 (New England BioLabs®Inc., MA/USA).

Amplification of linear DNA cartridge and screening was carried out as previously
described.

Construction and characterization of promoter/operator combinations.

Basic cloning methods like restriction endonuclease (REN) digest, agarose gel
electrophoresis (AGE), ligation and transformation of E. coli plasmids were carried out
according to Sambrook et al. (24). For the integration of the laclQ promoter in E. coli
BL21 (New England BioLabs®Inc., MA/USA), the plasmid pETAmp-laclg was
constructed. This plasmid contains the ampicillin resistance gene, flanked by FRT sites
and the lad gene controlled by the laclQ promoter (25). The pBR322 ori and the lad
gene were amplified from pET30a using the overhang PCR technique in order to add a
C -> T mutation within the lad promoter. The linear laclQ DNA cartridge for genome
integration was amplified using the Q5® High-Fidelity DNA Polymerase (New England
BioLabs®Inc., MA/USA), according to the manufacturer's manual. Integration into the
bacterial chromosome occurred at the lac-operon site of E. coli BL21 , which carries the
pSIM5 plasmid, as described by Sharan et al. (26). This strain got the designation

BL21 Q. The sequences of the T7AI and the T5 _ promoter were adopted from Lanzer

N25
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and Bujard (18) (designated as raoz and pnzsos4) and contain a 2 bp truncated lacOl1
sequence between the -10 and -35 promoter region. These promoters were ordered as
gBlocks® Gene Fragments (Integrated DNA Technologies, IA/USA), containing a 5’
spacer sequence from pET30a and the restriction sites Sphl (5') and Xbal (3’) and
subsequently cloned into the pET30a-cer-tZENIT-GFPmut3.1 backbone. The tZENIT
terminator is described elsewhere (27). A second lacOl sequence, 62 bp upstream of
the first lacOl, was added via overhang PCR. The 3lacO-T5 promoter/operator
combination was adopted from pJexpress 401-406 (T5) vector from ATUM (CA/USA).
Linear DNA cartridges were integrated into the bacterial chromosome at the attTN7 site
of E. coli BL21 or BL21Q.

GFPmut3.1 off-line expression analysis and quantification

Recombinant GFPmut3.1 was quantified by ELISA according to Reischer et al.
(28). SDS-PAGE analysis was performed as previously described (29).

Flow cytometry

A Gallios flow cytometer (Beckman Coulter, CA/USA) was used to determine the
fraction of GFPmut3.1 -producing cells. Cells were harvested 12h after induction and
then diluted 1/2025 in PBS. Excitation of GFPmut3.1 fluorescence was performed using
an OPSL Sapphire Laser at 488 nm, with subsequent emission being measured through
use of the FL1 Channel (505-545). Data were recorded for 15000 cells per sample at ~
300 events/sec and analyzed with Kaluza analysis software (Beckman Coulter).

Lacl western blot and quantification

Cell extracts obtained from ~1.2 x 107 BL21-wt and B<2lacO-Al> cells were
separated by SDS-PAGE as previously described (29). After separation, the proteins
were bloted on the provided membrane using the iBlot® Dry Blotting System according
to the manufacture’s manual (Invitrogen™/ Thermo Fisher Scientific, CA/USA).
Subsequently, proteins were blocked 4 hours at room temperature with 3 % nonfat dry
milk in PBST (1x PBS Dulbecco and 0.05 % Tween 20). The blot was then incubated
with primary antibody (1:1000 anti-Lacl Antibody, clone 9A5 (Sigma-Adrich/ Merck,
MO/USA) 1 hour at room temperature. It was then incubated with alkaline phosphatase
conjugated secondary antibody (1:2000 Anti-Mouse 1gG (whole molecule) - Sigma
A51 53 (Sigma-Adrich/ Merck, MO/USA) for 1 hour at room temperature and developed
with SigmaFAST™ BCIP®/NPT tablets (Sigma-Adrich/ Merck, MO/USA) according to
the manufacturer's manual. Band intensities were quantified with ImageQuant TL
software (GE Healthcare, IL/USA).
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Table 1. Primers used in the Examples. Underlined: binding part of overhang primers, italic:

overhang, bold uppercase letters: restriction sites, lowercase letters: lacOl , bold lower-case

letter: FRT-sites, underlined bold uppercase: C->T mutation in lacl® promoter.

Name

Sequence 5’ - 3’

BamHI-FRT-Amp-for

CAAGTCGGATCCGATgaagttcctatictctagaaagtataggaacttcc
AGAAAAAAAGGATCTCAAGAAG
(SEQ ID NO:7)

Kpnl-FRT-Amp-rev

ACGGGGTCGGTACCCCTgaagttcctatacttictagagaataggaacttc
GTTAGCAATTTAACTGTGATAAAC
(SEQ ID NO:8)

Kpnl-pBR322-for

AGGGGTACC GACCCCGTAGAAAAGATCAAAGGATC
(SEQ ID NO:9)

BamHlI-lacig-rev

ATCGGATCCGACATCCCGGACACCATCGAATGGTGCAAAAC
(SEQ ID NO:10)

Gl-laclg-for

CGTTACTGGTTTCACATTCACCAC
(SEQ ID NO:11)

Gl-laclg-rev

CGCAGGCTATTCTGGTGGCCGGAAGGCGAAGCGGCATGCAT
TTACGTTGA CCTTTGATCTTTTCTACGGGGTCGG
(SEQ ID NO:12)

lacl/1_ext

CGTAAAAATGCGCTCAGGTCAAATTCAG
(SEQ ID NO:13)

laci/2_ext

CAGATCGAAGAAGGGGTTGAATCGC
(SEQ ID NO:14)

AmpStop

TCAGGCAACTATGGATGAAC
(SEQ ID NO:15)

TN7_1_pET30aw/oKan
R_for

AGATGACGGTTTGTCACATGGAGTTGGCAGGATGTTTGATTA
AAAACATA GTAGTAGGTTGAGGCCGTTG
(SEQ ID NO:16)

TN7_2 pET30a_for

CAGCCGCGTAACCTGGCAAAATCGGTTACGGTTGAGTAATAA
ATGGATGC GAAGATCCTTTGATCTTTTCTACG

(SEQ ID NO:17)
TN7/1_ext ACCGGCGCAGGGAAGG
(SEQ ID NO:18)
TN7/2_ext TGGCGCTAATTGATGCCG
(SEQ ID NO:19)
2lacO-for GTGCATGCITACACGTACTTAGTCGCTGAAaattgtgagcggataaca
att CCATACCCACGCCGAAA
(SEQ ID NO:20)
2lacO-rev CTTTGCTCATATGTATATCTCCTTC
(SEQ ID NO:21)
seq_MCS-for GTAGTAGGTTGAGGCCGTTG
(SEQ ID NO:22)
seq_MCS-rev CGGATATAGTTCCTCCTTTCAG

(SEQ ID NO:23)
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Table 2. gBlocks® Gene Fragments used in the Examples. bold uppercase letters:

restriction sites, bold and italic: -35 and -10 region, underlined: lacOIl*, bold lowercase

letters: native ITS of T7,, promoter.

Name

Sequence 5’ - 3’

T5A1

GAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGG
GGCCTGCCACCATACCCACGCCGAAACAAGATCATAAAAAATTTATTTGC
TITGTGAGCGGATAACAATTATAATAGATTCatcgagagggacacggcgaactct
agaACGGATATAGTCCTTCAG

(SEQ ID NO:24)

A1A1

GAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGG
GGCCTGCCACCATACCCACGCCGAAACAAGTTTATCAAAAAGAGTGTTG
ACTTGTGAGCGGATAACAATGATACTTAGATTCatcgagagggacacggcgaa
ctctagaACGGATATAGTCCTTCAG

(SEQ ID NO:25)

Table 3. Promoter sequences used in the Examples. Promoter sequences were cloned into

pPET30a-cer plasmid via Sphl and Ndel restriction sites. Italic upper-case letters: restriction

sites, lower case letters: lac operators, underlined: core promoter sequence, italic bold

upper-case letters: -35 and -10 promoter elements, italic bold lower case letters: ribosomal

binding site, bold upper case letters: +1 T7A1 +20 initial transcribed sequence.

Name

Sequence 5’ - 3’

3lacO-T5

GCATGC TTACACGTACTTAGTCGCTGAA aattgtgagcggataacaatt
ACGAGCTTCATGCACAGTTAA ATCATAAAAAATTTAT TTGCTT
tatgagcggataacaat TATAAT A tgtggaattgtgagcgctcacaattccaca
ACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAG aaggag ATATA
CATATG

(SEQ ID NO:28)

2lacO-T5

GCATGC TTACACGTACTTAGTCGCTGAA aattgtgagcggataacaatt
CCATACCCACGCCGAAACAAG ATCATAAAAAATTTAT TTGCTT
tatgagcggataacaat TATAAT AGATTC ATCGAGAGGGACACGGCGAA
CTCTAGAAATAATTTTGTTTAACTTTAAG aaggag ATATA CATATG
(SEQ ID NO:29)

1lacO-T5

GCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGLLCTGC
CACCATACCCACGCCGAAACAAG ATCATAAAAAATTTAT TTGCTT
tgtgagcggataacaat TATAAT AGATTC ATCGAGAGGGACACGGCGAA
CTCTAGAAATAATTTTGTTTAACTTTAAG aaggag ATATA CATATG

(SEQ ID NO:30)

2lacO-A1

GCATGC TTACACGTACTTAGTCGCTGAA aattgtgagcggataacaatt
CCATACCCACGCCGAAACAAG ATCATAAAAAAGAGTG TTGACT
tgtgagcggataacaat GATACT TGATTC ATCGAGAGGGACACGGCGAA
CTCTAGAAATAATTTTGTTTAACTTTAAG aaggag ATATA CATATG
(SEQ ID NO:31)

1lacO-A1

GCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGC
CACCATACCCACGCCGAAACAAG TTTATCAAAAAGAGTG TTGACT
tgtgagcggataacaat GATACT TAGATTC ATCGAGAGGGACACGGCGAA
CTCTAGAAATAATTTTGTTTAACTTTAAG aaggag ATATA CATATG

(SEQ ID NO:32)
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T7 GCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGC
CACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGC
CCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGC
ACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGA
TCGAGATCGATCTCGATCCCGCGAAAT TAATACGACTCACTATAGG
ggaattgtgagcggataacaattcc CCTCTAGAAAIAAT T T IGITTTAACT I TAAG
aaqggaq ATATA CATATG

(SEQ ID NO:33)

Example 2: Productivity of Host RNAP Dependent Promoters/Operator
combinations

The T7 expression system is known to provide high expression rates, even from
a single target gene copy, integrated into the E. coli genome. First it was tested whether
the same productivity can be reached by g7° E. coli RNAP dependent promoters in the
same experimental set-up. Therefore, plasmid-free and plasmid-based T5N25 and T7Al
promoter/operator combinations were compared with the T7 expression system. The
cells were grown in fed-batch like conditions in micro-titer fermentations over a period of
22 hours. Expression of GFP was induced by a single pulse of IPTG of 0.5 mmol/L after
10 hours.

In all promoter/operator combinations, the cells were able to maintain growth
during the production period of 12 hours in the micro-titer fermentations. An average
growth rate of u=0.05 h* allowed for direct comparison of the T7 and the host RNAP
dependent promoters.

In plasmid-based expression systems, results from on-line fluorescence
measurements of GFPmut3.1 were in a similar range as the T7 expression system for
all promoter/operator combinations, except for B(3lacO-T5). (Figure 2B). These results
were confirmed by SDS-PAGE analyses. However, in genome-integrated expression
systems, quite distinctive differences of the respective promoter/operator combinations
could be observed (Figure 2A). As compared to the T5 expression systems, GFPmut3.1
yields were 1.5-fold higher in the A1 expression systems. In the genome-integrated T7
expression system, induction of GFP gene expression led to 145 rfu and a specific
product concentration (Yp/x) of ~ 135 mg/g soluble GFPmut3.1 and negligible amounts
inclusion bodies (IBs). The same experiment with the A1 expression systems yielded
almost 50 rfu and 37 mg/g soluble GFPmut3.1 without IBs.

The observed reduced productivity of B(3lacO-T5) and B<3lacO-T5> may result
from the perfectly symmetric /ac-operator (sym-lacO) (7) at the initial transcribed

sequence (ITS) which has an influence on promoter escape and therefore, productivity
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(21). This effect was less visible in the plasmid-based 3lacO-T5 expression system,
where the high plasmid copy number compensates for the reduced promoter activity.
However, since in the plasmid-free expression system, the promoter activity was quite
low, the three lacO version was dismissed for the A1 promoter. For one and two lacO
promoter/operator combinations, the sym-lacO was replaced by the native ITS ofthe A1
promoter (+1 - +20). This resulted in a 2.4-fold increase in productivity in case of the T5
promoter. However, a reduction in lacO binding sites leads inevitably to increased basal
expression.

Example 3: Basal Expression in Host RNAP Dependent Expression
Systems

For challenging proteins even low basal expression can have adverse effects on
host metabolism. Sometimes transformation of plasmids or integration cartridges lead
to toxicity and it is difficult to obtain transformants. Therefore, tightness of gene
regulation is an important quality criterion of expression systems.

In plasmid-based systems, promoters that were controlled by one /ac-operator
(1lacO) showed the highest basal expression at a level of ~ 10 rfu, especially under C-
limited conditions. The addition of a second lacO (2lacO) or the increase of the inhibitor
Lad by introducing the laclQ promoter reduced the basal expression of the A 1 promoter
to 50%. In case of the T5 promoter, only the combination of three lac-operators (3lacO)
reduced basal expression to almost O rfu. In contrast to the plasmid-based expression
systems, in all genome integrated systems a significant impact of the promoter/operator
combination on systems leakiness could be observed. Both, the increase of Lad
molecules or the addition of a second lacO reduced the basal expression of Al
expression systems from 14 rfu to nearly no significant background expression and
without reduction in productivity (Figure 2A). Although, both promoters contain the lac-
operators in the identical position, only an increased level of Lad molecules or three lac-
operators reduced basal expression of T5 expression systems sufficiently. The t7ai
promoter is recognized by RNAP only half as efficiently as tsn2s (20) and as one /ac-
operator is located within the promoter sequence between the -10 and -35 promoter
elements, host RNAP and /ac-repressor compete each other for their respective binding
site which determines how efficiently promoter activity is controlled by repressors.

Example 4: Control of Recombinant Gene Expression Rate

Transcription rate control, also referred to as fine-tuning of protein production or

“tunability” is highly relevant in bioprocessing. Optimal bioprocesses are designed to
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maximally exploit the cells’ synthesizing capacity during a maximal long period, yielding
proper folded and processed protein. Depending on the physical properties and
metabolic requirements of the desired product, the transcription rates must be adapted,
to be in accordance with RNA stability, translation efficiency, folding, transport an all
other interactions within the system.

To evaluate the tunability of the promoter/ operator combination described herein,
a series of fed-batch like microtiter cultures at varying IPTG levels were tested and
compared to the plasmid-free 11 expression system. Induction was performed using a
single pulse of 0.005, 0.01 and 0.5 mM IPTG. On-line fluorescence measurement and
end-point  flow cytometry analysis were used to characterize the different
promoter/operator combinations.

Expression systems, controlled by one lacO for gene regulation, exhibited not
only the highest basal expression but also the least pronounced graduation of
GFPmut3.1 expression at the given inducer concentrations (Figure 3C, F). Although,
promoters with two lacOs showed sufficiently low basal expression, they produced
significantly less at lower inducer concentrations (Figure 3B, E). The promoter/operator
combinations 3lacO-T5 and 2lacO-Al lead to a complete production stop of recombinant
GFP after a certain time, independently of inducer concentration (Figure 3 A, E). This
behavior was not observed in promoter/operator combinations with only one lacO.
Promoters controlled by one lacO, the lacl Q (Figure 3D, G) and the 11 expression system
(Figure 3H) combine the desired properties of low systems leakiness and tunability.

However, the 11 expression system is known to exhibit an “all-or-none” behavior,
where the reduced expression level in partially induced cultures is the result of the
formation of subpopulations of fully induced and non-induced cells, as reviewed in (22).
To answer the question, if single-cell tunability in host RNAP dependent expression
systems is possible, flow cytometry analysis of all promoter/operator combinations was
performed. As shown in Figure 4, the genome-integrated 11 expression system exhibits
no homogeneous population in partially induced cultures. In fact, a mixture of fully,
partially and not induced cells was found particularly at very low inducer concentrations.
In the E3<2lacO-Al > expression system, the flow cytometry analysis revealed two distinct
sub-populations  of producing and non-producing cells (Fig. 4), as these expression
systems stopped their productivity, but still continued to grow. This behavior was also
observed in E3<3lacO-T5>. This was different for E3Q<1 lacO-Al >, where the induction of

GFP resulted in homogenous populations at any given IPTG concentration (Fig 4).
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Based on these findings, it appears that the complete stop in productivity of all
other expression systems when partially induced is associated with the autoregulation
of the lac inhibitor. The lac-operon is regulated by 3 lacO binding sites (Figure 5A). The
Lad molecule binds to either lacO1 and lacO3 or lacO1 and lacO2. Lac0O3 overlaps with
the 3‘ end of the lad gene. The binding of Lad to lacO1 and lacO3 causes a loop
formation of the DNA and results in truncated lad mRNA molecules, which are digested
by the cell. This results in a constant level of ~40 molecules in fully induced cells and
~15 molecules in non-induced cells.

If the binding constant (K,) of Lad to lacO at the gene of interest (GOI) is higher
than the binding constant to the lacO at the lac-operon, the first Lad molecules, which
are not inactivated by IPTG will preferentially bind to the lacO binding sites of the GOI
instead of the lac03/lacO1 on the lac-operon. Hence, autoregulation of Lad does not
intervene and more Lad molecules are being produced (Figure 5B). The whole system
becomes over regulated and results in a complete stop in production.

To support this hypothesis, the effect of autoregulation on Lad levels of B<2lacO-
A1> and BL21 wild-type (BL21-wt) cells was compared. The Lad content of non-
induced, partially and fully induced cells was estimated using western blot analysis. The
band intensities were quantified and normalized with the cell number (Figure 7).

In fully induced BL21 wild-type cells, the amount of Lad molecules was 3.5-fold,
compared to non-induced BL21 wild-type cells. Partially induction with 0.01 mM IPTG
only led to a 0.3-fold increase. The fold change of 3.5 in fully induced BL21-wt cells is in
accordance with the results of Semsey et al., who measured on average 15 Lad
molecules per cell in the absence of inducer and ~40 molecules in fully induced cells
(11). In B<2lacO-Al >, Lad amounts of non-induced and partially induced cells were
clearly higher corn-pared to BL21 wild-type. Lad yields were 2.3-fold in the absence of
inducer and 2.7-fold in partially induced cells relative to BL21 -wt. In fully induced cells,
Lad yields were 4.0-fold, which corresponds with the fully induced wild-type BL21.

Although the addition of 0.01 mM IPTG results in almost half-maximal GFPmut3.1
expression (Figure 3), it has almost no influence on Lad levels. Obviously, Lad is still
able to bind to lac01/lac03 in the lac operon, hence maintaining its autoregulation under
these conditions. In addition to that, the lad gene is transcribed from a weak promoter
resulting in about one new mMmRNA per cell generation (38), unlike the strong T7Al

promoter. Yet, the high Lad levels in non-induced and partially induced B<2lacO-Al >
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cells clearly support our hypothesis of the impact of Lad autoregulation on expression
rate control in genome-integrated E. coli production strains as depicted in (Figure).

The effect of Lad autoregulation was only observed in genome-integrated host
RNAP dependent expression systems, which are controlled by two or three lac
operators. However, this effect was not observed in plasmid-based host RNAP
dependent expression systems or in the conventional T7 expression system. The reason
for this can be seen in the balance of lac operators to Lad concentration. The T7
expression system harbors a further lad gene sequence within its DE3 lysogen, thus
theoretically a doubling of the Lad concentration per cell. The plasmid-based expres-
sion systems used in this work are based on the pET plasmid system that encode a
further lad gene sequence. That in turn results in further 15-20 lad gene sequences,
depending on the plasmid copy number. However, the effect of Lad autoregulation on
partially induced cells can also be observed in plasmid-based expression systems as
seen in the case of E. coli pAVEway™ expression system from Fujifilm Diosynth
Biotechnologies (NC/USA). In this plasmid-based expression system, transcription
control is enabled by two perfectly symmetric lac operators, one positioned upstream of
the 17a3 promoter and one downstream. The high affinity of Lad to the symmetric lac
operators combined with the ability of DNA loop formation results in very low basal
expression but exhibits also a complete stop in productivity in partially induced cultures.

Considering the autoregulation of the lac-inhibitor, a promoter/operator
combination, which fulfils the desired properties such as high expression rate, negligible
basal expression and true control of expression rate even at low inductor concentrations
without a complete stop of productivity could successfully be identified.

Conclusion

The regulation of transcription in E. coli is receiving considerable attention
because it is the first step in the process of recombinant protein production. Transcription
control allows a cell to assign its resources towards the production of the recombinant
protein and a tight and tunable control is essential for successful bioprocesses. It is
evidenced herein that in plasmid-free expression systems, the regulatory elements of
the lac-operon must be well balanced to control host RNAP dependent promoters. Three
lac-operators reduce basal-expression to negligible amounts, but also the recombination
production rate. The perfectly symmetric lacO in the initial transcribed sequence (ITS)

hampers promoter escape of the RNAP. As shown by Hsu et al., the wild-type ITS of



WO 2020/053285 44- PCT/EP2019/074239

T7A1 exhibits an enrichment of purines and one of the best promoter escape properties
(21).

Promoters containing only one lacO exhibit considerable higher promoter
strength, but also higher systems leakiness. In promoter/operator combinations
containing two lacOs, the two lacOl in a distance of 62 bp at the site of the GOI exhibit
a very strong binding affinity to the repressor molecule and thus prevent lad
autoregulation which results in a complete stop in productivity in partially induced cells.
However, the binding affinity can be reduced by the use of less symmetric lacOs like
lacO3 or lac02 or by varying the distance between them (see Example 5).

As demonstrated herein, the combination of one lacO with an increased level of
intracellular Lad caused by the lacl Q promoter results in high expression rates, low basal
expression and true tunability on a cellular level. Thus, this novel expression system is
specifically suitable for the production of challenging proteins, as there is no plasmid-
mediated metabolic load and by using the host RNAP the genetic stability increases.

Importantly, the inducible system described herein demonstrates significantly
improved expression rates, reduced basal expression and true tunability compared to
the T7 expression system (see e.g. Figures 3 and 4). The inducible expression system
described herein fulfills all desired properties that are required for an efficient expression
system, such as high expression rate, negligible basal expression and true control of
expression rate that is steplessly adjustable, even at low inducer concentrations.

Example 5: Control of Recombinant Gene Expression Rate in an Inducible
Expression System Comprising Two lacOs.

Strains: BL21 ::TN7<2lac0.xxA1-GFPmut3.1-tZ> and E3L21 :TN7<2lac0.xxT5-
GFPmMut3.1-tZ> - in short: E3<2lac0.xx-Al > and E3<2lac0.xx-T5>

For the addition of a second lacOl sequence at a bigger distance to the first lacOl
than 62bp, an overhang PCR is performed using the templates pETk1l lacOA1ltZ.c-
GFPmut3.1 or pETK1 lacOT5tZ.c-GFPmut3.1 | respectively. The two lacO1l operators are
92, 103, 114 or 125 bp apart. The forward primers 2lac0.92-for, 2lac0.103-for,
2lac0.1 14-for and 2lac0.125-for contain the lac-operator and the restriction site Sphl
(5"), the reverse primer (2lacO-rev) contains the restriction site Ndel (3). The new
plasmids are designated as pETk2lac0.92A1tZ.c-GFPmut3.1 , PETk2lacO.103A1tZ.c-
GFPmut3.1 , pETk2lac0.1 14AltZ.c-GFPmut3.1 , pETk2lac0.125A1tZ.c-GFPmut3.1 and
pPETk2lac0.92T5tZ.c-GFPmut3. 1, pETk2lacO. 103T5tZ.c-GFPmut3. 1,
pETk2lacO. 114T5tZ.c-GFPmut3. 1, pETk2lacO. 125T5tZ.c-GFPmut3. 1.
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Integration into the bacterial chromosome occurs at the attTN7 site of E. coli BL21
(New England BioLabs®Inc., MA/USA).

Amplification of linear DNA cartridge and screening is carried out as described
above.

Example 6: Fab production using BQ<1lacO-Al > in Fed-Batch Culture

The T7 based expression system shows a unique strength sufficient for high
expression rates even from a single copy. For systems with a single copy of the GOI
under control of a host RNAP specific promotor significantly decreased expression rates
are expected. Consequently, such systems will not be competitive in case when
recombinant proteins must be produced at high levels. The situation is different for
antibody fragments and other challenging proteins where the final product yield is
definitely not determined by the strength of the promoter system but by currently un-
identified reasons. To investigate these aspects, the BQ<1 lacO-Al > expression system
was selected for the production of the leader/Fab combination dsbA/ FTN2 (dFTN2) and
was compared with B3<T7> producing the same leader/Fab combination. The cells were
grown in fed-batch mode at a constant growth rate of 0.1/h feed of defined medium. In
the experiment the amount of cell dry weight to be produced is pre-defined to 40 g CDW.
Recombinant gene expression was induced by single pulse of IPTG of 10 pmol/gCDW
at 0.5 doublings past feed start.

The results in Figure 8 and Figure 9 are given in total specific content of
recombinant Fab per cell dry weight (mg/g), which is the sum of extra-cellular Fab
measured in the fermentation supernatant and cellular Fab. In the T7-based system
(Figure 8), induction of dFTN2 expression led to a maximum cellular Fab concentration
of 1.8 mg/g 11 hours after induction and dropped to 0.7 mg/g at end of fermentation
(Figure 8, open diamonds). At this time period, extra-cellular Fab increased from almost
0 mg/g to 2.2 mg/g (Figure 8, open triangles). This results in a maximum total Fab
concentration of 3.5 mg/g 15 hours after induction which dropped to 2.1 mg/g at the end
of fermentation (Figure 8, black dot). The increase of extra-cellular Fab in the
fermentation supernatant can be attributed to cell lysis, which could be verified by
measuring the DNA content in the fermentation supernatant.

The same experiment with the BQ<1lacO-Al> expression system yielded
significantly improved results (Figure 9). The content of cellular Fab could be maintained
at 2.5 mg/g during the whole fermentation (Figure 9, open diamonds). Extra-cellular Fab

content increased to 2.4 mg/g at the end of fermentation (Figure 9, open triangle). This
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results in a maximum total Fab concentration of 4.7 mg/g at the end of fermentation
(Figure 9, black dot). Although the relative promoter strength of llacO-Al is about 30 %
compared to T7, this expression system yielded the same amount of total Fab as the
strong T7 expression system until 15 hours after feed start and exceeded the T7 system
at the end of fermentation by factor 2. These results clearly show, that a reduced
promoter strength can be beneficial for the production of challenging proteins, as it

decreases the metabolic burden of the cell and stress-induced proteolysis.
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CLAIMS

1. A genome-based expression system for production of a protein of interest
(POI) in a prokaryotic host, comprising at least

a) an RNA polymerase (RNAP) gene,

b) a gene encoding a POI, comprising

- a coding sequence,

- a promoter operably linked to said coding sequence, wherein said
promoter is recognized by the RNAP expressed from a), and

- at least one lac operator (lacO) within the sequence of said promoter; and

c) a lacl gene encoding a lac repressor protein (Lad) comprising

- a coding sequence,

- a lad promoter operably linked to the lad coding sequence, wherein the
lad promoter is a wild-type lad promoter or a lad promoter which increases Lad
expression;

wherein the expression rate of the POI is regulated by an inducer binding Lacl.

2. The genome-based expression system of claim 1, wherein the gene
encoding a POI contains (i) one lacO within the sequence of the promoter or (i) one
lacO within the sequence of the promoter and one lacO upstream of the first lacO.

3. The genome-based expression system of claim 1 or 2, wherein the gene
encoding a POI contains one lacO within the sequence of the promoter, and the lacl
promoter is a promoter which increases Lacl expression.

4. The genome-based expression system of any one of claims 1to 3, wherein
the gene encoding a POI contains one lacO within the sequence of the promoter and
one lacO upstream of the first lacO, and the lacl promoter is a promoter which increases
Lacl expression.

5. The genome-based expression system of any one of claims 1to 4, wherein
the prokaryotic host is Escherichia coli (E.coli), preferably the host is E.coli of the strain
BL21 or K-12.

6. The genome-based expression system of any one of claims 1to 5, wherein
the RNAP is a heterologous or homologous RNAP, preferably the RNAP is an RNAP
homologous to the host, specifically it is an E.coli RNA polymerase, preferably the g7°

E.coli RNA polymerase.
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7. The genome-based expression system of any one of claims 1to 6, wherein
the promoter in b) of claim 1 is selected from the group consisting of T5, T5N25, T7Al,
T7A2, T7A3, lac, lacUV5, tac and trc.

8. The genome-based expression system of any one of claims 1to 7, wherein
the lad promoter which increases Lad expression is the laclQ promoter comprising SEQ
ID NO:1.

9. The genome-based expression system of any one of claims 1to 8, wherein
the lac operator is a lacO1 comprising SEQ ID NO:3, lac02 comprising SEQ ID NO:4 or
lac03 comprising SEQ ID NO:5 or a functional variant thereof with at least 65%
sequence identity or a perfectly symmetric lacO.

10. The genome-based expression system of any one of claims 1to 9, wherein
said promoter operably linked to the coding sequence encoding the protein of interest
comprises an initial transcribed sequence (ITS), preferably a native T7Al initial
transcribed sequence comprising SEQ ID NO:2.

11. The genome-based expression system of any one of claims 1 to 10,
wherein the inducer is selected from the group consisting of isopropylthiogalactoside
(IPTG), lactose, methyl*-D-thiogalactoside, phenyl*-D-galactose and ortho-
nitrophenyl®-galactoside  (ONPG).

12. The genome-based expression system of any one of claims 1 to 11,
wherein the gene encoding the POI contains one lacOl operator within the sequence of
the promoter operably linked to the coding sequence and the native T7Al initial
transcribed sequence comprising SEQ ID NO:2, and wherein the lad promoter is a laclQ
promoter.

13. The genome-based expression system of any one of claims 1 to 11,
wherein the gene encoding the POI contains two lac operators which are at least 92 or
94 base pairs (bps) apart, preferably 103, 105, 114, 116, 125, 127, 134, 136, 138 or 149
bps apart, wherein one lac operator is located within the sequence of the promoter
operably linked to the coding sequence and the second lac operator is upstream of the
promoter.

14. A method of plasmid-free manufacturing of a protein of interest in a
prokaryotic host, using the genome-based expression system of any one of claims 1to
13, comprising the steps of

a) cultivating the host cells and inducing expression of the gene encoding the

POI by addition of an inducer,
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b) harvesting the POI,

c) isolating and purifying the POI, and optionally

d) modifying, and

e) formulating the POI.

15. An expression cassette comprising at least one heterologous gene
configured to produce at least one heterologous POI, including

a) one or more coding sequences encoding the one or more POlI,

b) a promoter operably linked to the one or more coding sequences, and

c) at least one lac operator (lacO) within the sequence of said promoter;

wherein the affinity of lad to lacO of c) is lower than the affinity of lad to the lac
operators lacO1 and lacO3 of the endogenous lac operon of a host cell.

16. The expression cassette of claim 15, wherein the heterologous gene
configured to produce at least one heterologous POI includes two lac operators, which
are at least 92 or 94 bp apart, wherein one lac operator is located within the sequence
of the promoter and the second lac operator is upstream of the promoter.

17. The expression cassette of claim 15 or 16, further comprising a
heterologous lad promoter, which is the laclQ promoter comprising SEQ ID NO:1 and
wherein the heterologous gene configured to produce at least one heterologous POI
comprises a lacOl operator within the sequence of the promoter operably linked to the
coding sequence and a native T7Al initial transcribed sequence comprising SEQ ID
NO:2.

18. A method of manufacturing of a POl in a prokaryotic host on a
manufacturing scale, using the expression cassette of any one of claims 15 to 17,
comprising the steps of

a) integrating the expression cassette into the chromosome of the prokaryotic
host,

b) cultivating the host cells and inducing expression of the gene encoding the
POI by addition of an inducer,

c) harvesting the POI, and

d) isolating and purifying the POI, and optionally

e) modifying and

f) formulating the POI.
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Fig. 5
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Fig. 6

SEQ ID NO:1 (lacl® promoter)

CGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCaCCATTCGATGGTGTC

SEQ ID NO:2 (ITS of T7A1)

ATCGAGAGGGACACGGCGAA

SEQ ID NO:3 (lacO1)
AATTGTGAGCGGATAACAATT

SEQ ID NO:4 (lacO2)
AAaTGTGAGCGagTAACAAcc

SEQ ID NO:5 (lacO3)
09caGTGAGCGcAacgCAATT

SEQ ID NO:6 (truncated lacO1)
TTGTGAGCGGATAACAATT
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Fig. 6 continued

SEQ ID NO:26 (lacl gene)

ATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGEG
CAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCC
GTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGT
GGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGC
ACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGA
CCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTT
GATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC
GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTT
AGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAA
ATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGT
GCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCA
CTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTA
CCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATA
CCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCG
CCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGC
GGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCT
GGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGA

SEQ ID NO:27 (Lacl amino acid sequence)

MAELNYIPNRVAQQLAGKQSLLIGVATSSLALHAPSQIVAAIKSRADQLGASVV
VSMVERSGVEACKAAVHNLLAQRVSGLIINYPLDDQDAIAVEAACTNVPALFLDVSDQ
TPINSIIFSHEDGTRLGVEHLVALGHQQIALLAGPLSSVSARLRLAGWHKYLTRNQIQP!
AEREGDWSAMSGFQQTMQMLNEGIVPTAMLVANDQMALGAMRAITESGLRVGADIS
VVGYDDTEDSSCYIPPLTTIKQDFRLLGQTSVDRLLQLSQGQAVKGNQLLPVSLVKRK
TTLAPNTQTASPRALADSLMQLARQVSRLESGQ
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