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ABSTRACT: The gold standard for successful genome integration
in Escherichia coli is the homologous recombination by the
bacteriophage-inspired lambda Red system. This method uses the
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homologous recombination between a target DNA sequence and a
DNA fragment, which is introduced into the bacterial cell by
electroporation. It allows researchers to create specific genetic PlséGmid = _{ e —— i
changes in bacterial genomes, making it a valuable tool for studies
in microbiology and biotechnology. However, this system is not @ +Flp and I-Scel
without limitations, which are characteristic of its working
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mechanism and remain to present challenges. The most formidable 77 site —/ Frr — Cassette for integration HFrrs >

constraints stem from nucleotide sequences that contain self-
homology or homologies to the host genome. These instances lead to uncontrolled homologous recombination events, consequently
hindering the desired integration event. Furthermore, handling very large fragments can also be problematic, although, in many
instances, this can be overcome by multiple lambda Red integrations in a row. In this study, we illustrate that the limitations
associated with the lambda Red system can be overcome through the application of recombinase-mediated cassette exchange
(RMCE). This enables the genome integration of larger and more complex DNA fragments and facilitates new research

opportunities.
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B INTRODUCTION

The lambda Red genome integration method, developed by
Murphy in 1998," has revolutionized the field of genetic
engineering and bacterial molecular biology. This method
allows for precise and efficient modification of bacterial
genomes, enabling researchers to easily insert, delete, or
replace specific genes or genetic elements. The lambda Red
genome integration method relies on three enzymes derived
from the bacteriophage lambda, which promote homologous
recombination between a target genomic sequence and an
appropriately designed DNA cassette.” This method has been
widely adopted and can be used in various bacterial species,
including Escherichia coli, to study pathway dynamics and to
create mutant strains for functional analysis.” One of the key
advantages of the lambda Red genome integration method is
its ability to integrate both, single-stranded and double-
stranded DNA constructs into a specific genomic target site.’
This method eliminates the need for traditional phage
integration techniques”’ and allows the precise engineering
of genome insertions, duplications, inversions, and point
mutations at specific sites within the bacterial genome. The
lambda Red genome integration method facilitated the
integration of the T7 expression cassette into the bacterial
© 2025 The Authors. Published by
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genomes, allowing for the efficient expression of recombinant
proteins in bacterial production strains.”” Despite the
numerous advantages, this method also has some limitations
and challenges.'” One challenge is the requirement of the three
proteins, Bet, Exo, and Gam, which must be present and active
for a functional recombination process.”’ While the lambda
Red recombinase system is functional in many prokaryotic
species, it may not be functional in all bacterial hosts.*
Furthermore, this method can be susceptible to off-target
recombination events due to the mechanism of the
homologous recombination by the proteins Exo, Bet, and
Gam.'” These off-target recombination events can result in
unintended genetic modifications and may affect the stability
and functionality of the engineered hosts. A further challenge is
the fact that DNA fragments can recombine with any
homologous sequence present within the host genome.
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Therefore, genes or DNA fragments that are already present
within the bacterial genome cannot be genome integrated at
another, additional locus elsewhere in the genome. This is
most probably because of the higher sequence homology at the
authentic site, which hinders successful integration at another
target site.'” Another challenge is the low efficiency of
homologous recombination of large DNA fragments. This
implies that the rate at which successful recombination events
occur is often very low and thus requires elaborate
optimization steps. This issue must be addressed by a strong
selection system, which allows cells to grow only after a
successful recombination event."*

An alternative method is the recombinase-mediated cassette
exchange (RMCE)."® This method enables the site-specific
integration of transgenes into E. coli by inserting a cassette
flanked by self-compatible but mutually incompatible recombi-
nation sites at a predefined acceptor locus.'® Well-known
RMCE systems are the FLP/FRT and the Cre/loxP, which
both rely on similar mechanisms.'”'® The genes Flp'”*° and
Cre'”?! encode recombination enzymes that recognize and
bind to the specific recombination sites FRT and loxP,
respectively. In this work, we focus mainly on the Flp/FRT
system. For a successful RMCE event to happen, the two FRT
recognition sites must be minimally different in their sequences
to create a cassette exchange and not the integration of the
whole plasmid within the genome.'> Multiple mutated versions
of these different FRT sites have been generated and
experimentally tested for their efficiency by Turan et al.*”
The mechanism of recombination is explained by the
formation of the Holliday junction, cleavage, and ligation by
the Flp protein.”® This method eliminates the potential issues
associated with random homologous integration of transgenes
and allows for uniform transgene expression in independent
recombinant clones. Moreover, RMCE offers several advan-
tages over conventional transgenic methods using non-
homologous end joining.'® These advantages include the
predictability, reproducibility, and stability of transgene
expression from a single copy integration. Furthermore,
RMCE is not limited in fragment size when compared to the
lambda Red method. In mammalian cells, fragments up to 120
kbp have been successfully exchanged between a donor DNA
and the genome.m’24 However, in E. coli, the RMCE method is
limited to the maximum possible plasmid size, which is
normally between 30 to 50 kbp but can reach up to 300 kbp.*
In conventional RMCE systems, the donor cassette includes, in
addition to the transgene of interest, a selection marker gene
and/or reporter protein for cell sorting. Selection markers,
such as antibiotic resistance genes, are, however, often avoided,
and have to be removed in time-intensive steps. In this work,
we employ selection by the homing nuclease I-Scel, which
originates in Saccharomyces cerevisiae and generates a double-
strand break at an 18 bp recognition site.”® Homing
endonucleases possess long and nonpalindromic recognition
sites, spanning 12—40 base pairs, and exhibit coding sequences
typically located within introns or inteins.”’

An I-Scel recognition site (RS I-Scel) does not exist in the
genome of E. coli and can, therefore, be used as a site-specific
selection marker. The RS I-Scel is placed between the FRT
and FRT?3 sites within the genome, which acts as a landing pad.
The presence of the I-Scel protein results in the double-strand
breaks of the genomic DNA and the killing of the host,
whenever the donor sequence is not exchanged by a successful
recombination event.”””” The I-Scel enzyme can be encoded
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on the same plasmid as Flp, thus the advantages of a single
plasmid strategy are achieved. Successful integration could be
shown for large fragments, repetitive sequences, and DNA
sequences, which were already present inside the genome at
another location.

B MATERIAL AND METHODS

Strains, Media, and Cultivation. For cloning purposes,
chemically competent E. coli NEB-Sa cells were purchased
from New England Biolabs (NEB, Ipswitch). For genome
integration and I-Scel expression, E. coli BL21(DE3)::FRT I-
Scel_FRT3 was used. Cells were routinely cultured in
Lysogeny Broth (LB) media, recovered in super optimal
broth medium supplemented with 20 mM glucose (SOC
media), and plated on LB agar. The following antibiotic
concentrations were used: Zeocin (Zeo) 25-50 ug/mlL,
chloramphenicol (CM) 20 pug/mL. Shake flask cultivations
were conducted in a semisynthetic medium (SSM) with
glycerol as the sole carbon source at 37 °C. In the presence of
the pSG4 vector, the temperature was set to 30 °C. Overnight
cultures were grown in LB medium supplemented with
chloramphenicol (20 pug/mL). For Zeo selection, low-salt LB
medium (LBLS) or low-salt LB agar was used. For I-Scel
induction, 0.4 M arabinose was added to liquid LB cultures
and LB agar plates, respectively.

PCR. Primers were ordered from Sigma-Aldrich (SA, St.
Louis) and Integrated DNA Technologies (IDT, Coralville).
For PCR, primers shown in Table S1 were diluted to a
concentration of 10 pmol/uL. For amplification of plasmid
fragments, the QS Polymerase from NEB (New England
Biolabs, Ipswich) or the Primestar Polymerase from Takara Bio
Inc. (TB, Shiga, Japan) were used. For colony PCR screening,
the NEB Onetaq or the TB Primestar polymerase was used.

Transformation of Electrocompetent and Chemically
Competent E. coli. Electrocompetent BL21(DE3) cells were
prepared as described by Dower et al.** Electroporation was
performed in 1 mm gap cuvettes using 50 uL of competent
cells. The following settings were chosen: 1800 V, 25 uF, 200
Q. After electroporation, cells were recovered in SOC-medium.

The cells were propagated by inoculation of 100 mL LB
Medium with the E. coli strain and incubated at 37 °C. As soon
as the culture reached an OD600 of 0.5, the cells were cooled
on ice for 15 min. After, the culture was centrifuged at 7000
rpm for 10 min, and the cell pellet was resuspended in 100 mM
CaCl2 solution. Afterward, the suspension was centrifuged
again at 7000 rpm for 10 min. The cells were finally
resuspended in 10 mL of CaCl2 solution containing 15%
glycerol. The cell suspension was aliquoted a 50 uL and flash-
frozen in liquid nitrogen. The aliquots were stored at —80 °C
until further usage.

For transformation, a 50 L aliquot of competent E. coli cells
was mixed with up to 25 ng plasmid DNA in a 1.5 mL reaction
tube and was incubated on ice for 30 min. The transformation
was performed by heat shock at 42 °C for exactly 30 s.
Afterward, the tube was immediately put on ice for 1—2 min.
450 yL SOC medium was added per transformation and the
cells were incubated in a thermoblock for 1 h at 37 °C and 900
rpm shaking. The cells were plated with different dilutions
(undiluted and 1:10 usually worked well) on appropriate
antibiotic plates.

Plasmid Construction of pSG4. The expression system of
a pBAD vector containing the Cre recombinase gene under the
control of the arabinose promotor’’ and a Zeo resistance
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Figure 1. Schematic illustration of the preparation of the attTN7 site in the BL21(DE3)::FRT_RS I-Scel FRT3 strain by lambda Red homologous
recombination.
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Figure 2. (a) Map of the designed plasmid pSG4, containing the heat-sensitive Rep101 protein, the ORI pSC101,> the antibiotic resistance gene
BleoR, and the arabinose inducible polycistronic gene expression system containing the gene Flp and the endonuclease enzyme I-Scel. Behind the
two genes, two rrnB terminators are placed to stop transcription. Between the FRT and FRT3 sites, an example cassette for integration is illustrated.

(b) Schematic illustration of recombinase-mediated cassette exchange induced by the pSG4 vector; screening primers are located on the genome
outside of the FRT sides.
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marker was amplified and fused with the origin of replication of
the pSIM6™” vector. In the next step, the Cre gene was
exchanged with the Flp gene, which was amplified from the
pCP20 vector with overhang primers and cloned into the
target vector by the Golden Gate Assembly (GGA)*® method.
The FRT loxP CAT loxP FRT3 sequence was ordered as a
gene block from Integrated DNA Technologies (IDT,
Coralville) and amplified with phosphorylated primers. The
vector was linearized with the Stul restriction enzyme, and the
FRT_loxP_CAT_loxP_FRT3 fragment was cloned bluntly at
this position. The I-Scel gene was amplified from the pAIO
vector created by Egger et al.”® and was placed upstream of the
Flp gene via GGA cloning.

Engineering of the BL21(DE3)::FRT_RS I-Scel_FRT3
Strain. A linear DNA fragment was amplified with primers
containing 50 bp overhangs homologous to the attTn7 site of
the E. coli BL21(DE3) genome.”* The fragment was purified,
and the cassette was integrated into the genome with the
pSIM6 plasmid according to Sharan et al.'* The antibiotic
resistance marker was removed using the Cre-loxP system
using Cre recombinase encoded on a pSG1 vector (Supple-
mentary data Figure S6). The final strain was named
BL21(DE3)::FRT_RS I-Scel FRT3, and chemical- and
electrocompetent cell stocks were produced and stored at
—80 °C.

Cloning of the Integration-Fragment into the pSG4
Vector. In principle, the DNA insert can be cloned into the
pSG4 vector by any given cloning method but the Gibson
assembly. We decided to work with the GGA cloning method,
which allowed us to use a vector backbone with specific sticky
overhangs. This facilitates a fast primer design and cloning of
any given fragment. The primers used within this work are
shown in the Supplementary Table S1.

B RESULTS & DISCUSSION

RMCE Toolset for the Integration into BL21(DE3). To
achieve successful RMCE integration, we established a toolset
containing three main elements. First, a strain containing the
FRT recognition sites at the target locus within the genome.
Second, a donor plasmid, containing the DNA cassette for
integration, is located between the same FRT sites. In addition,
the plasmid carries the genetic information for the recombinase
gene Flp under an inducible promotor. Third, a protocol for
the usage of the plasmid and strain ensures a highly efficient
integration method.

BL21(DE3) Strain Containing FRT_RS I-Scel_FRT3
Sequence. To enable genome integration using the Flp
recombinase, the corresponding FRT recognition sites must be
present in the recipient cell’s genome. Therefore, we integrated
the two FRT sites at the attTn7 site of the E. coli BL21(DE3)
genome by the lambda Red system, together with a
chloramphenicol resistance gene (CAT), which was sub-
sequently removed using the Cre-loxP recombination system.
To facilitate the cassette exchange, the two FRT recognition
sites must have the same orientation. Located between the two
FRT sequences, is the 18-base-long RS I-Scel, which is
recognized and cleaved by the homing endonuclease I-Scel.
Subsequently, successful integration was confirmed by PCR
and sequencing of the amplified fragment. A schematic
illustration of the integrated cassette and the restriction site
sequence is shown in Figure 1.

pSG4 Vector. The pSG4 vector was engineered with
numerous elements that facilitate the use of RMCE in a highly
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proficient and effective manner. The plasmid encodes for both,
the Flp recombinase and the I-Scel restriction enzyme, both
regulated by the arabinose promoter. This setup enables
simultaneous integration and selection upon induction with
arabinose. The I-Scel gene is positioned upstream of the Flp
recombinase gene to ensure minimal leaky expression of the
homing endonucleases. The position of genes in a bicistronic
expression system showed us a strong influence on leaky
transcription (unpublished data). Uncontrolled or leaky
expression of I-Scel could cause undesired cleavage of the
genome, leading to cellular toxicity whenever no RMCE event
was initiated. The vector’s origin of replication, pSC101
combined with Repl01 protein, exhibits heat sensitivity and
can be used to cure the host of the plasmid after successful
genome integration. The BleoR gene was utilized for selecting
the cells capable of growing in the presence of the antibiotic
Zeo (Figure 2).

Genome Integration Procedure. The described protocol
can be performed with electrocompetent or chemically
competent cells.

Day 1: The pSG4 plasmid is transformed into the
BL21(DE3)::FRT_RS I-Scel FRT3 strain and plated on
LBLS agar plates containing 50 pug/mL Zeo. The plates are
incubated overnight at 30 °C.

Day 2: A single colony is picked and inoculated in LBLS
medium containing 50 pg/mL Zeo and incubated at 30 °C
overnight, but no longer than 16 h.

Day 3: In the first step, a cryo sample of the overnight
culture is created by a 1:1 dilution with 80% glycerol and is
stored at —80 °C in case the integration needs to be repeated.

To start the actual integration, 1 mL of the overnight culture
is harvested for 2—4 min at a maximum of 5000g and
resuspended in 1 mL SSM/glycerol medium added with 0.4 M
arabinose (ara) and SO pg/mL Zeo in a 1.5 mL reaction tube.

100 uL of the cells are diluted 1:10 in the same medium in a
1.5 mL reaction tube. Both undiluted and diluted cells are
incubated for 4 h at 30 °C and 800 rpm.

After incubation, the cells are plated at various concen-
trations on LBLS agar plates, containing 0.1 M ara and 50 ug/
mL Zeo. For plating, the diluted cells are further diluted 1:102
and 1:103, and the undiluted cells are diluted 1:103 and 1:104.
The plated cells are incubated overnight at 30 °C.

Day 4: Single colonies are screened for successful integration
by colony PCR. Therefore, the DNA stretch containing the
integrated sequence is amplified with TN7 s forward and TN7
s reverse (Table S1). A master plate is created from the picked
colonies on LBLS agar with 50 ug/mL Zeo and 0.1 M ara. The
plate is incubated overnight at 30 °C.

Day S: One colony positive for successful integration is
inoculated into 10 mL LB medium and is incubated overnight
at 42 °C. (This is meant to cure the pSG4 plasmid, which has a
heat sensitive ORI).

Day 6: To obtain single colonies, the overnight culture is
diluted 1:101 to 1:107 and plated onto LB agar.

Day 7: 25 of the colonies are randomly selected and
transferred to LB as well as LBLS + 50 pg/mL Zeo agar plates.
The plates are incubated overnight at 30 °C.

Day 8: To confirm successful curing of the plasmid in a
liquid medium, colonies that grow on LB but not on LBLS +
S0 ug/mL Zeo agar plates are inoculated into 10 mL LB
medium and 10 mL LBLS + 50 pug/mL Zeo, respectively. The
culture is incubated overnight at 30 °C. The cells from the LB
culture can now be used to generate cell banks.

https://doi.org/10.1021/acssynbio.5c00031
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Figure 3. (a) Schematic illustration of the dsfGFP model protein expression construct located between the two FRT sites. (b) Screening of 16
colonies on day 4 of the RMCE genome integration protocol.

Table 1. List of Fragments Integrated into the Genome Using the pSG4 Plasmid

size integration
construct name description of integration cassette [bp] challenge of construct efficiency (%)
dsfGFP model protein sfGFP 2500  proof of concept 93
SMS large cassette with constitutive promotor (burden to the host cell) 5800 large fragment size 18%
Fabl T7_LC T7_HC monocistronic FAB expression cassettes 3700  repetitive sequences 100
Fab2” T7 _LC HC bicistronic Fab with a second monocistronic HC in one expression 3900  repetitive sequences 93
+T7_HC cassette
Fab3"” T7_LC T7_HC monocistronic Fab construct with a second monocistronic HC in one 3900  repetitive sequences 62
+T7_HC expression cassette
3x (dsfGFP) large and highly repetitive (three identical expression cassettes in a row) 5300 hif;hly repetitive and 12¢
arge
3x (casp_SST)b highly homologue sequence of three times the same expression cassette ~ 4000  highly repetitive 12¢
3x(casp_PLEC)" highly homologue sequence of three times the same expression cassette 4000  highly repetitive 6"
lacI_T7_dsfGFP model protein sfGFP in combination with the lacI repressor gene 3000  homologous with the S0

genome

“Indicates that for this construct, a preversion of the final integration protocol was used. YIndicates that the integration results of this construct are

shown in the Supporting Information.

To verify correct genome integration, a PCR of the
integration site with the TN7 s forward and TN7 s reverse
primers can be performed, and the PCR product can be
purified and sequenced.

Proof of Concept for RMCE Method via Integration of
a Simple DNA Sequence. For the proof of concept, we
selected the reporter gene encoding sfGFP under the control
of the T7 promoter system as a model system. This sequence
does not contain any challenging elements and can be also
efficiently integrated via the lambda Red method (data not
shown). The sequence was cloned in between the FRT sites on
the pSG4 vector. For simplicity, some sequence elements
downstream and upstream of the sfGFP expression cassette
were taken directly from the original plasmid and are cocloned,
resulting in a total integration cassette length of 2300 base
pairs.

Screening of 16 colonies resulted in 14 colonies with a
successful integration as shown in Figure 3b representing an
integration efficiency of 87.5%. It could be demonstrated that
the RMCE method is suitable for genome integration of
medium-size genes such as sfGFP into the E. coli BL21-
(DE3)::FRT_RS Scel FRTS3 strain. The integration efficiency
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was comparable or better when compared to the genome
integration methods described by Egger” or Sharan."*

The screening in Figure 3b shows that a single-picked
colony is a mixed culture of negative cells and positive cells.
The subsequent steps (day 4 until day 8 of the protocol) led to
pure cultures of positive cells not showing any visible negative
bands (Supplementary Figure S1). To verify correct
integration, the sequences of the amplified fragments were
confirmed by Sanger sequencing.

Genome Integration of Challenging DNA Fragments.
In order to challenge the integration method RMCE, we used
multiple DNA constructs, which are not possible to be
integrated by lambda Red (data not shown). The sequences
selected for this purpose have properties that are responsible
for the inhibition of the integration event, namely fragment
size, the presence of repetitive sequence segments or sequence
homologies to the genome. (Table 1)

Genome Integration of a Large DNA Fragment. The
RMCE method was previously successfully used for genome
integration of large segments in animal cells.>® In mouse cells,
segments up to 120 kbp were exchanged, thereby enabling
modifications of larger portions of the genome. However, the
fragment size is a key determinant of the integration efliciency,

https://doi.org/10.1021/acssynbio.5c00031
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Figure 4. (a) Schematic illustration of the dSpRY-MCP-SoxS$ expression construct located between the two FRT sites. (b) Screening of 16 colonies
on day 4 of the RMCE genome integration protocol resulted in 3 out of 16 positive colonies.
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Figure S. (a) Schematic illustration of the Fabl light and heavy chain expression construct located between the two FRT sites. (b) Screening of 16

colonies on day 4 of the RMCE genome integration protocol.

and the integration efliciency decreases with increasing
fragment size, but it remains to be seen where the limits lie
and to what extent lower yields for large plasmids contribute.
However, the RMCE integration is limited in E. coli by the size
limitation of the donor plasmid and is therefore somewhere
between 20 and 50 kbp. In this study, we attempted to insert a
DNA fragment consisting of 5800 bps, containing the dSpRY-
MCP-SoxS expression construct, a PAMless SpCas9 variant
without nuclease activity,”’ as shown in Figure 4a. Both
proteins in this construct are expressed by a constitutive
promotor system and result in metabolic burden when placed
on a multicopy plasmid (data not shown). Therefore, the
integration of a single copy can lower the pressure on the cell
and prevent plasmid loss and burden.

The efficiency was at 18%, which is significantly lower
compared to the model protein sfGFP. The lower efficiency
could be explained by using a not fully optimized protocol in
the case of this fragment (the adaptations in the final protocol
will be discussed in the next paragraph). However, the
integration efficiency is still high enough allowing for low
screening efforts requiring only 8 to 16 colonies to identify
positive colonies.

Integration of Fab Fragments with Repetitive
Sequences. The sequence in Figure Sa shows the expression
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cassette of heavy and light chains for the recombinant
production of a Fab in E. coli. In most cases, Fabs are
produced in bicistronic expression systems, which need only
one set of T7 promotor and T7 terminator and result in a
single mRNA, which is then translated into two proteins.
These systems have shown potential and are commonly used
in research and industry.”® However, bicistronic mRNA may
lead to challenges in the translation, and mostly, mRNA
foldin% impacts the translation efficiency of the second
gene.3 0

The sequence shown in Figure Sa contains two mono-
cistronic expression systems, which, therefore, need two sets of
T7 promotor and T7 terminator. They both contain a lac
operator, and the 200 bp sequence upstream of the T7
promotor is kept constant. The cassette to be integrated has
repetitive sequences of approximately 400 bases, which was
sufficient to prevent the integration of the sequence by a
lambda Red system (data not shown).

In Figure 5b, the agarose gel shows the successful integration
of the DNA fragment in 16 out of 16 screened colonies. In this
experiment, the final version of the protocol, as described in
the material and methods section, was used. The final version,
which differs only in one step, improved the efficiency and
increased the selection of positive cells, which can be
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Figure 6. (a) Schematic illustration of triple T7 sfGFP expression construct located between the two FRT sites. (b) Screening of 16 colonies on

day 4 of the RMCE genome integration protocol.
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Figure 7. (a) Schematic illustration of the T7 sfGFP expression construct and the lacl repressor gene located between the two FRT sites. (b) The
screening of 16 colonies on day 4 of the RMCE genome integration protocol.

understood by the low intensity of the negative band at 836 bp.
While using and optimizing the method, we found that oxygen
limitation at day 3 during the incubation step for 4 h at 30 °C
increases the efficiency. This step was initially performed in a
100 mL Erlenmeyer flask with a volume of 10 mL but was
changed to a 1.5 mL reaction tube filled with 1 mL. We assume
that oxygen limitation can increase the overall pressure on the
cells and therefore reduce the overgrowth of cells escaping the
killing effect by I-Scel. The results of the Fab2 and Fab3
versions, which are listed in Table 1, are shown in Supporting
Information Figures S4 and SS.

Integration of Highly Repetitive Sequences. The next
construct should challenge the RMCE method in terms of a
high percentage of repetitive sequences. We designed and
cloned a DNA fragment consisting of three identical expression
cassettes (Figure 6a). Each of the three sfGFP cistrons
contains one T7 promoter, one lac operator, and one
terminator. Also, the 200 bp upstream sequence of the T7
promotor, which originated from the pET30a vector, was kept
constant for each expression cassette. In addition, the CAT
selection gene was included downstream of the third sfGFP
gene. This results in a total sequence length of 5300 base pairs,
of which around 90% were repetitive. To generate this highly
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repetitive fragment within the pSG4 vector, we used the GGA
cloning method.

The integration efficiency of the construct was significantly
lower when compared to the single sfGFP construct (shown in
Figure 3a). Two out of 16 clones tested positive as shown on
the agarose gel in Figure 6b. The positive bands were less
intense when compared to the negative bands. Additionally,
multiple bands between the 6100 and 800 bp are visible. We
hypothesized that the high number of repetitive sequences was
interfering with the PCR by forming loop structures. The
construct was mainly designed to challenge the integration
method but was also tested in microtiter cultivation and
showed only low increases in fluorescence when compared to
the single sfGFP construct shown in Figure 3a (cultivation data
not shown). We assume that the cells are already limited in
production capacity when induced with a single copy of stGFP
or that higher expression levels led to increased inclusion body
formation with much lower fluorescence signal. This
assumption is supported by the fluorescence level of similar
high copy plasmid expression systems. Next to the stGFP gene
also, two peptide sequences have been tested three times in a
row (listed in Table 1). In both cases, the peptides as well as
the promotor and terminator region are tripled. The results are
shown in Supplementary Figures S2 and S3.
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Integration of a Fragment with Homologies to the
Genome of BL21(DE3). With the last fragment, we
demonstrated that this method facilitates the integration of
sequences homologous to the genome of the host at another
distinct location. We engineered a construct containing the
model protein sfGFP in combination with the lacl gene
(Figure 7a), which is also present within the genome of
BL21(DE3). This makes the lacI gene a suitable candidate to
challenge the RMCE method in this respect. The lacI gene is
under the control of the natural constitutive Lacl promotor.
When introduced to the genome, we assume that the Lacl
protein level is increased and therefore lowers the leaky
expression of the T7 polymerase in the BL21(DE3) strain. The
lacI gene used in this construct was amplified from the pET30a
plasmid, which also contains the lac operator 3 upstream of the
lacI gene."" Therefore, the Lacl expression is self-regulated and
increases the amount of Lacl only to a limited extent.

In Figure 7b, the agarose gel shows the successful integration
of the fragment in 8 out of 16 screened colonies. The
integration was performed by the final protocol described in
this work. The designed pSG4 plasmid and the optimized
protocol facilitate the integration of host homologous DNA
fragments in an easy and time-efficient manner.

Bl CONCLUSIONS

Site-directed integration of target genes into E. coli expression
host cells is one of the key tools for efficient cell design.
Usually, linear DNA fragments flanked by homologous
sequences for site-specific integration are provided and
cointegrated antibiotic resistance genes serve as selection
markers.'* The combination of the lambda Red system and the
CRISPR/Cas9 selection system has previously enabled the
integration of larger and more complex constructs.** However,
both systems may induce sequence-unspecific off-target effects,
resulting in changes within the genome at other positions,
often difficult to identify. Furthermore, the ongoing patent
disputes surrounding the CRISPR/Cas system pose a
challenge to its industrial applicability.

Integration of DNA fragments becomes more challenging
when they increase in size, contain repetitive sequences, or are
homologous to sequences elsewhere in the E. coli genome."
We demonstrate that genome integration in E. coli via the
RMCE method is highly suitable and can overcome the
intrinsic limitations of the lambda Red system. When working
with linear DNA fragments, the integration efficiency depends
on the transformation efficiency of the linear fragment and can
differ between each experiment and fragment type. Due to the
combination of the selection system based on I-Scel with the
recombination step, we could achieve very high efficiency and
establish a simple protocol. An additional benefit is that the
fragment does not require a separate introduction as either
single-stranded DNA (ssDNA) or double-stranded DNA
(dsDNA); instead, it resides on the same plasmid intended
for integration and transforms in tandem. This combination of
favorable characteristics within this new method renders it an
exceptionally efficient and time-conserving tool in the field of
genome engineering.

All fragments were integrated at the same position, the
attTn7 site, of a previously generated E. coli strain. A medium-
size fragment of 2300 bp (Figure 4) was integrated successfully
and was shown to be comparable to the lambda Red method in
terms of efficiency and proved the functionality of the RMCE
method in E. coli. Integration of large sequences or repetitive

sequences is quite challenging, presumably due to secondary
structures within the DNA and other factors. Yet sometimes,
the same promoter is desired for several genes resulting in
homologue sequences within the fragment to be inserted
(Figure S). In Figure 6, we were able to demonstrate that
sequences, which are up to 90% repetitive, can be genome
integrated by the described RMCE method. This means
RMCE is a useful application in synthetic biology and can
enable the fast integration of highly complex sequences within
the genome of E. coli. However, it is well-studied that naturally
occurring repetitive sequences are prone to rearrangement and
deletion.”’ Therefore, the stability of the mentioned sequences
could be conducted in further research by cultivation in
standard fed-batch experiments.

Also, other methods such as Flp/FRT-** or Cre-Lox-based*®
integration methods have been developed for E. coli, and
methods relying on selection on I-Sce-I have been adapted in
E. coli*® However, the combination of both was not
demonstrated, and our method enables the integration of
large fragments with repetitive sequences as well as for
fragments that contain homologies to genomic sequences
elsewhere on the chromosome.

We present an optimized protocol for genome integration,
suitable for complex and difficult to insert DNA sequences
based on the use of RMCE. The integration plasmid, pSG4, is
a highly rational designed and easy-to-use vector and will be
available for research at the BOKU materials Web site
(https://materials.boku.ac.at). We showed successful integra-
tion of a series of challenging DNA constructs with a very low
screening outlay of 16 colonies. The adaptation, optimization,
and implementation of the RMCE technique contribute to the
variety of genetic engineering tools. Yet, the integration of even
larger DNA fragments (>6000 bp) must be tested as well as
other bacterial strains to expand the versatility of this method
to a wider field of applications.

B ASSOCIATED CONTENT

Data Availability Statement
The pSG4 plasmid will be available at BOKU materials
(https://materials.boku.ac.at).

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssynbio.5c00031.

List of primers used in this study; schematic illustrations
of additional sequences used for integration; additional
agarose gel images; vectors/plasmids constructed and
used in this study; DNA sequence of sfGFP used in this
study; and schematic illustration of the pSGI1 vector
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Monika Cserjan-Puschmann — Christian Doppler Laboratory
for production of next-level biopharmaceuticals in E. coli,
BOKU University, Department of Biotechnology and Food
Science, Vienna 1190, Austria; © orcid.org/0000-0002-
9811-9709; Email: monika.cserjan@boku.ac.at

Authors

Stephan Gutmann — Christian Doppler Laboratory for
production of next-level biopharmaceuticals in E. coli BOKU

https://doi.org/10.1021/acssynbio.5c00031
ACS Synth. Biol. 2025, 14, 1667—1676


https://materials.boku.ac.at
https://materials.boku.ac.at
https://pubs.acs.org/doi/10.1021/acssynbio.5c00031?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00031/suppl_file/sb5c00031_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+Cserjan-Puschmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9811-9709
https://orcid.org/0000-0002-9811-9709
mailto:monika.cserjan@boku.ac.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+Gutmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

University, Department of Biotechnology and Food Science,
Vienna 1190, Austria

Felix Faschingeder — Christian Doppler Laboratory for
production of next-level biopharmaceuticals in E. coli, BOKU
University, Department of Biotechnology and Food Science,
Vienna 1190, Austria

Christopher Tauer — Christian Doppler Laboratory for
production of next-level biopharmaceuticals in E. coli, BOKU
University, Department of Biotechnology and Food Science,
Vienna 1190, Austria

Karin Koch — Biopharma Austria, Process Science, Boehringer
Ingelheim Regional Center Vienna GmbH & Co KG, Vienna
1120, Austria

Gerald Striedner — Christian Doppler Laboratory for
production of next-level biopharmaceuticals in E. coli, BOKU
University, Department of Biotechnology and Food Science,
Vienna 1190, Austria; ©® orcid.org/0000-0001-8366-5195

Reingard Grabherr — Christian Doppler Laboratory for
production of next-level biopharmaceuticals in E. coli BOKU
University, Department of Biotechnology and Food Science,
Vienna 1190, Austria

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssynbio.5c00031

Author Contributions

S.G. and F.F. performed experiments with assistance from
C.T, S.G.,, and M.C.P.,, G.S. and R.G. contributed to the
conception and design of the experiments, data analysis, and
interpretation. S.G., M.C.P,, G.S, and R.G. prepared the
manuscript. KK, M.C.P,, G.S,, and R.G. revised the paper
draft. All authors approved the final manuscript.

Funding

We gratefully acknowledge the funding from the Austrian
Federal Ministry for Digital and Economic Affairs, the National
Foundation for Research, Technology and Development, the
Christian Doppler Research Association, and our industry
partner Boehringer Ingelheim RCV GmbH & Co KG during
the Christian Doppler Laboratory for “Production of next level
biopharmaceuticals in E. coli”.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Stefan Heinl, Daniela Korntner, and Marco
Klanschnig for providing help and knowledge regarding the
generation of the strains, plasmids, and proofreading. We thank
the colleagues of Boehringer Ingelheim RCV GmbH & Co KG
for their scientific input and their continuous scientific support.
The illustration figures were created with BioRender.com.

B REFERENCES

(1) Murphy, K. C. Use of Bacteriophage A Recombination Functions
To Promote Gene Replacement in Escherichia Coli. ]. Bacteriol. 1998,
180 (8), 2063—2071.

(2) Datsenko, K. A; Wanner, B. L. One-Step Inactivation of
Chromosomal Genes in Escherichia Coli K-12 Using PCR Products.
Proc. Natl. Acad. Sci. U. S. A. 2000, 97 (12), 6640—6645.

(3) Serra-Moreno, R,; Acosta, S.; Hernalsteens, J. P.; Jofre, J.;
Muniesa, M. Use of the Lambda Red Recombinase System to
Produce Recombinant Prophages Carrying Antibiotic Resistance
Genes. BMC Mol. Biol. 2006, 7 (1), No. 31.

1675

(4) Riley, L. A; Guss, A. M. Approaches to Genetic Tool
Development for Rapid Domestication of Non-Model Microorgan-
isms. Biotechnol Biofuels 2021, 14 (1), No. 30.

(5) Kelwick, R;; MacDonald, J. T.; Webb, A. J; Freemont, P.
Developments in the Tools and Methodologies of Synthetic Biology.
Front Bioeng Biotechnol 2014, 2, No. 60, DOI: 10.3389/
fbioe.2014.00060.

(6) Studier, F. W.; Moffatt, B. A. Use of Bacteriophage T7 RNA
Polymerase to Direct Selective High-Level Expression of Cloned
Genes. J. Mol. Biol. 1986, 189 (1), 113—130.

(7) Mizusawa, S.; Ward, D. F. A Bacteriophage Lambda Vector for
Cloning with BamHI and Sau3A. Gene 1982, 20 (3), 317—322.

(8) William Studier, F.; Rosenberg, A. H.; Dunn, J. J.; Dubendorff, J.
W. [6] Use of T7 RNA Polymerase to Direct Expression of Cloned
Genes. Methods Enzymol. 1990, 185, 60—89, DOI: 10.1016/0076-
6879(90)85008-C.

(9) Striedner, G.; Pfaffenzeller, I; Markus, L.; Nemecek, S.;
Grabherr, R.; Bayer, K. Plasmid-Free T7-Based Escherichia Coli
Expression Systems. Biotechnol. Bioeng. 2010, 105, 786—794.

(10) Mosberg, J. A.; Gregg, C. J; Lajoie, M. J; Wang, H. H;
Church, G. M. Improving Lambda Red Genome Engineering in
Escherichia Coli via Rational Removal of Endogenous Nucleases. PLoS
One 2012, 7 (9), No. e44638.

(11) Court, D. L,; Swaminathan, S.; Yu, D.; Wilson, H.; Baker, T.;
Bubunenko, M.; Sawitzke, J.; Sharan, S. K. Mini-d: A Tractable
System for Chromosome and BAC Engineering. Gene 2003, 315, 63—
69.

(12) Murphy, K. C. 2 Recombination and Recombineering EcoSal
Plus 2016; Vol. 7 DOI: 10.1128/ecosalplus.esp-0011-2015.

(13) Umlauf, S. W.; Cox, M. M. The Functional Significance of
DNA Sequence Structure in a Site-Specific Genetic Recombination
Reaction. EMBO J. 1988, 7 (6), 1845—1852.

(14) Sharan, S. K.; Thomason, L. C.; Kuznetsov, S. G.; Court, D. L.
Recombineering: A Homologous Recombination-Based Method of
Genetic Engineering. Nat. Protoc 2009, 4 (2), 206—223.

(15) Turan, S.; Galla, M.,; Ernst, E; Qiao, J.; Voelkel, C.;
Schiedlmeier, B.; Zehe, C.; Bode, J. Recombinase-Mediated Cassette
Exchange (RMCE): Traditional Concepts and Current Challenges. J.
Mol. Biol. 2011, 407, 193—221, DOI: 10.1016/j.jmb.2011.01.004.

(16) Schlake, T.; Bode, J. Use of Mutated FLP Recognition Target
(FRT) Sites for the Exchange of Expression Cassettes at Defined
Chromosomal Loci. Biochemistry 1994, 33 (43), 12746—12751.

(17) Kim, J.; Lee, Y. H.; Kuk, M. U.; Hwang, S. Y,; Kwon, H. W,;
Park, J. T. Cre/Lox-Based RMCE for Site-Specific Integration in
CHO Cells. Biotechnol. Bioprocess Eng. 2021, 26 (5), 795—803.

(18) Anand, A;; Wu, E; Li, Z; TeRonde, S.; Arling, M.; Lenderts,
B.; Mutti, J. S.; Gordon-Kamm, W.; Jones, T. J.; Chilcoat, N. D. High
Efficiency Agrobacterium -mediated Site-specific Gene Integration in
Maize Utilizing the FLp-FRT Recombination System. Plant Biotechnol J.
2019, 17 (8), 1636—1645.

(19) Gronostajski, R. M.; Sadowski, P. D. The FLP Recombinase of
the Saccharomyces cerevisiae 2 Microns Plasmid Attaches Covalently to
DNA via a Phosphotyrosyl Linkage. Mol. Cell. Biol. 1985, 5 (11),
3274-3279.

(20) Chen, Y.; Narendra, U.; Iype, L. E.; Cox, M. M,; Rice, P. A.
Crystal Structure of a Flp Recombinase-Holliday Junction Complex:
Assembly of an Active Oligomer by Helix Swapping. Mol. Cell 2000, 6
(4), 885—897.

(21) Ray, M. K; Fagan, S. P.; Brunicardi, F. C. The Cre—LoxP
System: A Versatile Tool for Targeting Genes in a Cell- and Stage-
Specific Manner. Cell Transplant 2000, 9 (6), 805—815.

(22) Turan, S.; Kuehle, J.; Schambach, A,; Baum, C.; Bode, J.
Multiplexing RMCE: Versatile Extensions of the Flp-Recombinase-
Mediated Cassette-Exchange Technology. J. Mol. Biol. 2010, 402 (1),
52—69.

(23) Wirth, D.; Gama-Norton, L.; Riemer, P.; Sandhu, U.; Schucht,
R.; Hauser, H. Road to Precision: Recombinase-Based Targeting
Technologies for Genome Engineering. Curr. Opin Biotechnol 2007,
18 (5), 411—419.

https://doi.org/10.1021/acssynbio.5c00031
ACS Synth. Biol. 2025, 14, 1667—1676


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Faschingeder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Tauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+Koch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerald+Striedner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8366-5195
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reingard+Grabherr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.5c00031?ref=pdf
http://BioRender.com
https://doi.org/10.1128/JB.180.8.2063-2071.1998
https://doi.org/10.1128/JB.180.8.2063-2071.1998
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1186/1471-2199-7-31
https://doi.org/10.1186/1471-2199-7-31
https://doi.org/10.1186/1471-2199-7-31
https://doi.org/10.1186/s13068-020-01872-z
https://doi.org/10.1186/s13068-020-01872-z
https://doi.org/10.1186/s13068-020-01872-z
https://doi.org/10.3389/fbioe.2014.00060
https://doi.org/10.3389/fbioe.2014.00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fbioe.2014.00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1016/0378-1119(82)90200-1
https://doi.org/10.1016/0378-1119(82)90200-1
https://doi.org/10.1016/0076-6879(90)85008-C
https://doi.org/10.1016/0076-6879(90)85008-C
https://doi.org/10.1016/0076-6879(90)85008-C?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0076-6879(90)85008-C?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.22598
https://doi.org/10.1002/bit.22598
https://doi.org/10.1371/journal.pone.0044638
https://doi.org/10.1371/journal.pone.0044638
https://doi.org/10.1016/S0378-1119(03)00728-5
https://doi.org/10.1016/S0378-1119(03)00728-5
https://doi.org/10.1128/ecosalplus.esp-0011-2015
https://doi.org/10.1128/ecosalplus.esp-0011-2015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/j.1460-2075.1988.tb03017.x
https://doi.org/10.1002/j.1460-2075.1988.tb03017.x
https://doi.org/10.1002/j.1460-2075.1988.tb03017.x
https://doi.org/10.1038/nprot.2008.227
https://doi.org/10.1038/nprot.2008.227
https://doi.org/10.1016/j.jmb.2011.01.004
https://doi.org/10.1016/j.jmb.2011.01.004
https://doi.org/10.1016/j.jmb.2011.01.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00209a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00209a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00209a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12257-020-0332-y
https://doi.org/10.1007/s12257-020-0332-y
https://doi.org/10.1111/pbi.13089
https://doi.org/10.1111/pbi.13089
https://doi.org/10.1111/pbi.13089
https://doi.org/10.1128/MCB.5.11.3274
https://doi.org/10.1128/MCB.5.11.3274
https://doi.org/10.1128/MCB.5.11.3274
https://doi.org/10.1016/s1097-2765(00)00086-1
https://doi.org/10.1016/s1097-2765(00)00086-1
https://doi.org/10.1177/096368970000900607
https://doi.org/10.1177/096368970000900607
https://doi.org/10.1177/096368970000900607
https://doi.org/10.1016/j.jmb.2010.07.015
https://doi.org/10.1016/j.jmb.2010.07.015
https://doi.org/10.1016/j.copbio.2007.07.013
https://doi.org/10.1016/j.copbio.2007.07.013
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

(24) Wallace, H. A. C.; Marques-Kranc, F.; Richardson, M.; Luna-
Crespo, F.; Sharpe, J. A,; Hughes, ]J; Wood, W. G.; Higgs, D. R;;
Smith, A. J. H. Manipulating the Mouse Genome to Engineer Precise
Functional Syntenic Replacements with Human Sequence. Cell 2007,
128 (1), 197—209.

(25) Tao, Q. Cloning and Stable Maintenance of DNA Fragments
over 300 Kb in Escherichia Coli with Conventional Plasmid-Based
Vectors. Nucleic Acids Res. 1998, 26 (21), 4901—4909.

(26) Lee, K. Z.; Mechikoff, M. A.; Parasa, M. K; Rankin, T. J;
Pandolfi, P.; Fitzgerald, K. S.; Hillman, E. T.; Solomon, K. V.
Repurposing the Homing Endonuclease I-Scel for Positive Selection
and Development of Gene-Editing Technologies. ACS Synth. Biol.
2022, 11 (1), 53—60.

(27) Belfort, M.; Roberts, R. J. Homing Endonucleases: Keeping the
House in Order. Nucleic Acids Res. 1997, 25 (17), 3379—3388.

(28) Egger, E.; Tauer, C.; Cserjan-Puschmann, M.; Grabherr, R;
Striedner, G. Fast and Antibiotic Free Genome Integration into
Escherichia Coli Chromosome. Sci. Rep 2020, 10 (1), 1—-10.

(29) Kuijpers, N. G. A.; Chroumpi, S.; Vos, T.; Solis-Escalante, D.;
Bosman, L,; Pronk, J. T.; Daran, J. M.; Daran-Lapujade, P. One-Step
Assembly and Targeted Integration of Multigene Constructs Assisted
by the I-Scel Meganuclease in Saccharomyces cerevisiae. FEMS Yeast
Res. 2013, 13 (8), 769-781.

(30) Dower, W. J.; Miller, J. F.; Ragsdale, C. W. High Efficiency
Transformation of E. Coli by High Voltage Electroporation. Nucleic
Acids Res. 1988, 16 (13), 6127—6145.

(31) Lee, N.; Gielow, W.; Martin, R.; Hamilton, E.; Fowler, A. The
Organization of the AraBAD Operon of Escherichia Coli. Gene 1986,
47 (2-3), 231—-244.

(32) Armstrong, K. A; Acosta, R; Ledner, E; Machida, Y;
Pancotto, M.; McCormick, M.; Ohtsubo, H.; Ohtsubo, E. A 37 X 103
Molecular Weight Plasmid-Encoded Protein Is Required for
Replication and Copy Number Control in the Plasmid PSC101 and
Its Temperature-Sensitive Derivative PHS1. J. Mol. Biol. 1984, 175
(3), 331—348.

(33) Engler, C.; Kandzia, R.; Marillonnet, S. A One Pot, One Step,
Precision Cloning Method with High Throughput Capability. PLoS
One 2008, 3 (11), No. e3647.

(34) Gringauz, E; Orle, K. A; Waddell, C. S;; Craig, N. L.
Recognition of Escherichia Coli AttTn7 by Transposon Tn7: Lack of
Specific Sequence Requirements at the Point of Tn7 Insertion. J.
Bacteriol. 1988, 170 (6), 2832—2840.

(35) Cohen, S. N,; Chang, A. C. Y. Revised Interpretation of the
Origin of the PSC101 Plasmid. J. Bacteriol. 1977, 132 (2), 734—737.

(36) Roebroek, A. J. M,; Gordts, P. L. S. M,; Reekmans, S.
Generation of a Series of Knock-In Alleles Using RMCE in ES Cells.
Methods Mol. Biol. 2011, 693, 277—281, DOI: 10.1007/978-1-60761-
974-1_16.

(37) Klanschnig, M.; Cserjan-Puschmann, M.; Striedner, G.;
Grabherr, R. CRISPRactivation-SMS, a Message for PAM Sequence
Independent Gene up-Regulation in Escherichia Coli. Nucleic Acids Res.
2022, 50 (18), 10772—10784.

(38) Fink, M; Vazulka, S.; Jarmer, J.; Cserjan, M.; Striedner, G.
Production of Antibody-Fragments with Plasmid-Based and Genome-
Integrated T7 E. Coli Expression Systems — Evaluation of Systems
Performance in Microtiter Fed-Batch-like Cultivations. New Bio-
technol. 2018, 44, No. S24.

(39) Guo, Y.; Wallace, S. S.; Bandaru, V. A Novel Bicistronic Vector
for Overexpressing Mycobacterium Tuberculosis Proteins in Escher-
ichia Coli. Protein Expression Purif. 2009, 65 (2), 230—237.

(40) de Smit, M. H; van Duin, J. Secondary Structure of the
Ribosome Binding Site Determines Translational Efficiency: A
Quantitative Analysis. Proc. Natl. Acad. Sci. U. S. A. 1990, 87 (19),
7668—7672.

(41) Oehler, S.; Eismann, E. R.; Krimer, H.; Miiller-Hill, B. The
Three Operators of the Lac Operon Cooperate in Repression. EMBO
J. 1990, 9 (4), 973—979.

(42) Su, B; Song, D.; Zhu, H. Homology-Dependent Recombina-
tion of Large Synthetic Pathways into E. Coli Genome via A-Red and

1676

CRISPR/Cas9 Dependent Selection Methodology. Microb. Cell Fact.
2020, 19 (1), No. 108.

(43) Bzymek, M.; Lovett, S. T. Instability of Repetitive DNA
Sequences: The Role of Replication in Multiple Mechanisms. Proc.
Natl. Acad. Sci. U. S. A. 2001, 98 (15), 8319—8325.

(44) St-Pierre, F.; Cui, L,; Priest, D. G.; Endy, D.; Dodd, L. B.;
Shearwin, K. E. One-Step Cloning and Chromosomal Integration of
DNA. ACS Synth. Biol. 2013, 2 (9), 537—541.

(45) Santos, C. N. S.; Regitsky, D. D.; Yoshikuni, Y. Implementation
of Stable and Complex Biological Systems through Recombinase-
Assisted Genome Engineering. Nat. Commun. 2013, 4 (1), No. 2503.

https://doi.org/10.1021/acssynbio.5c00031
ACS Synth. Biol. 2025, 14, 1667—1676


https://doi.org/10.1016/j.cell.2006.11.044
https://doi.org/10.1016/j.cell.2006.11.044
https://doi.org/10.1093/nar/26.21.4901
https://doi.org/10.1093/nar/26.21.4901
https://doi.org/10.1093/nar/26.21.4901
https://doi.org/10.1021/acssynbio.1c00340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.1c00340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/25.17.3379
https://doi.org/10.1093/nar/25.17.3379
https://doi.org/10.1038/s41598-020-73348-x
https://doi.org/10.1038/s41598-020-73348-x
https://doi.org/10.1111/1567-1364.12087
https://doi.org/10.1111/1567-1364.12087
https://doi.org/10.1111/1567-1364.12087
https://doi.org/10.1093/nar/16.13.6127
https://doi.org/10.1093/nar/16.13.6127
https://doi.org/10.1016/0378-1119(86)90067-3
https://doi.org/10.1016/0378-1119(86)90067-3
https://doi.org/10.1016/0022-2836(84)90352-8
https://doi.org/10.1016/0022-2836(84)90352-8
https://doi.org/10.1016/0022-2836(84)90352-8
https://doi.org/10.1016/0022-2836(84)90352-8
https://doi.org/10.1371/journal.pone.0003647
https://doi.org/10.1371/journal.pone.0003647
https://doi.org/10.1128/jb.170.6.2832-2840.1988
https://doi.org/10.1128/jb.170.6.2832-2840.1988
https://doi.org/10.1128/jb.132.2.734-737.1977
https://doi.org/10.1128/jb.132.2.734-737.1977
https://doi.org/10.1007/978-1-60761-974-1_16
https://doi.org/10.1007/978-1-60761-974-1_16?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-60761-974-1_16?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkac804
https://doi.org/10.1093/nar/gkac804
https://doi.org/10.1016/j.nbt.2018.05.139
https://doi.org/10.1016/j.nbt.2018.05.139
https://doi.org/10.1016/j.nbt.2018.05.139
https://doi.org/10.1016/j.pep.2008.12.013
https://doi.org/10.1016/j.pep.2008.12.013
https://doi.org/10.1016/j.pep.2008.12.013
https://doi.org/10.1073/pnas.87.19.7668
https://doi.org/10.1073/pnas.87.19.7668
https://doi.org/10.1073/pnas.87.19.7668
https://doi.org/10.1002/j.1460-2075.1990.tb08199.x
https://doi.org/10.1002/j.1460-2075.1990.tb08199.x
https://doi.org/10.1186/s12934-020-01360-x
https://doi.org/10.1186/s12934-020-01360-x
https://doi.org/10.1186/s12934-020-01360-x
https://doi.org/10.1073/pnas.111008398
https://doi.org/10.1073/pnas.111008398
https://doi.org/10.1021/sb400021j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb400021j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms3503
https://doi.org/10.1038/ncomms3503
https://doi.org/10.1038/ncomms3503
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

