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Abstract: The expression of genes and engineered circuits can deeply vary when inserted into different
genomic loci. This unpredictable performance of expression, termed context sensitivity, complicates strain
development. Although the causes and mechanisms of context sensitivity are emerging, it is poorly known
how to engineer circuits and synthetic pathways isolated from it. Using tools of synthetic biology for designing
and inserting various reporter cassettes in the Escherichia coli genome and RT-qPCR for directly measuring gene
expression, we first surveyed the genomic landscape for context sensitivity at 209 positions in cells grown in
glucose or glycerol. Results showed deep variations in cassette expression with respect to position (up to 150-
fold) and growth condition (up to a 1400-fold). We then demonstrated that this position-dependent expression
variability is strongly reduced when the reporter cassette is insulated in an artificial protein-bound DNA loop.
Finally, we measured expression of two loop-insulated genes at different genomic positions. Results showed
that expression strongly depends on the relative orientation of the genes, promoter strength and positive
supercoiling. We present a model suggesting that DNA looping is an important cause of context sensitivity
and can be used for better controlling expression of engineered circuits.

Keywords: Escherichia coli; transcription; regulation; context sensitivity; supercoiling; epigenetic;
DNA loops; lambda cl.

1. Introduction

Synthetic biology is defined as the design and construction of new biological systems for useful
purposes. Advances in this field have been hampered by the unpredictable performance of synthetic
circuits and biosynthetic pathways once inserted into the genome. Recent bacterial studies have
shown that, depending on the insertion site in the genome, a reporter gene expressed from a single
promoter and flanked by transcriptional terminators produces different levels of transcript [1,2].
Although our understanding of this phenomenon termed context sensitivity is rapidly improving
(see below), it is poorly known how to engineer circuits or synthetic pathways that are isolated from
it.

Experimental and modeling studies showed that a major cause of context sensitivity is the
supercoiling induced by expression of neighboring genes [3-5]. Importantly, transcription is a major
determinant of the supercoiling landscape in bacterial genomes [6] and transcription and
supercoiling are mutually influential (reviewed for instance in [7-12]). The interplay between both
processes is nicely illustrated by the twin-supercoiled domain model of Liu and Wang [13]. This
model, which is extensively supported by both single molecule studies and genome-wide analysis
[6,14,15], posits that RNA polymerase creates negative supercoils upstream and positive supercoils
downstream of the sequence it transcribes. These changes can smoothly decay from both sides of the
gene of interest and affect the topology of up to 40 neighboring genes. A large core of data show that
supercoiling impacts transcription initiation and elongation in different ways [12]. For example,
accumulating positive supercoils downstream of transcription forks, a phenomenon termed positive
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supercoiling buildup (PSB), inhibits transcription initiation and slows down elongation, leading
eventually to backtracking, stochastic bursts of expression and abortive transcription cycles [16]. On
the other hand, the accumulation of negative supercoils upstream of the transcription complex
generally promotes transcription initiation.

Two types of intermingled processes control genome supercoiling: supercoil removal and
supercoil diffusion. Supercoil removal is carried out by topoisomerases. These enzymes maintain
supercoiling homeostasis to keep the negatively supercoiled state needed for DNA operations. They
reduce either positive or negative supercoils by binding DNA, cutting the phosphate backbone, either
twisting or untwisting the strands before resealing the DNA [17,18]. During transcription, the gyrase,
which is the only enzyme that reduces positive supercoiling in the model bacterium Escherichia coli
[19], removes supercoils downstream of the transcribing RNA polymerase preventing PSB [16,20].
Conversely, Topo I removes the negative supercoils accumulating upstream from the transcription
machinery [21].

The diffusion of transcription-induced supercoils is limited by barriers that topologically isolate
DNA regions of 10-400 kb in size [22,23]. In other words, gene expression in a given topological
region will not impact the topology and transcription in other regions. Several structures can operate
as topological barriers. First, the actively transcribing RNA polymerase blocks supercoil dissipation
and thus forms a topological barrier [13,24]. A similar activity has been assigned to proteins tightly
bound to DNA (the bacteriophage A O initiator protein, the transcription factors Lacl and GalR and
the Nucleoid Associated Proteins (NAPs) FIS) [25-27]. Second, during transcription, the RNA
polymerase causes torsional stresses to the DNA fiber that self-wrap to form plectonemic structures
[14,28,29]. At a larger scale, these dynamic structures organize to form topological barriers [22,23]
possibly stabilized by the binding of NAPs like HU, IHF and FIS to the top or cross-over points of
plectonemes [12,30,31]. Finally, supercoiling diffusion is prevented by proteins (NAPs, transcription
factors...) forming DNA loops and other long-range 3D arrangements [26,32-34]. In a synthetic
biology study, the expression of a gene carried by a plasmid-born, Lacl-mediated DNA loop was
shown to be insensitive to neighboring gene expression (e.g. isolated from context sensitivity) and to
mainly depend on the promoter strength and its distance to the upstream barrier [35].

The E. coli study reported here showed that the context sensitivity strongly varies with position
and growth condition all along the chromosome. It also demonstrated that a gene is efficiently
isolated from context sensitivity when embedded in an artificial protein-mediated DNA loop. It
finally showed that the expression of two genes whithin a DNA loop strongly depends on their
relative orientation, promoter strength and positive supercoiling. Altogether, our findings enforce
the importance of DNA looping and supercoiling in context sensitivity and will be of particular
interest for Synthetic Biologists and the engineering of standardized genetic circuits.

2. Materials and Methods

Plasmid Construction

Plasmids and used primers are listed Table S1 and S2, respectively. To define the genomic
landscape for context sensitivity we constructed a library of strains that had a single reporter cassette
randomly inserted into different genomic locations. We modified vectors used for Tn10 mutagenesis
[36] as illustrated in Figure S1. Briefly, pPNKBOR plasmid was modified so that the RK6 gamma ori
would not be incorporated into the genome. All cloning steps for constructs containing the RK6
gamma ori were done using DH50-pir. A second IS101 site was inserted between the transposase and
the kanamycin resistance gene resulting in pNK2. A synthetic DNA fragment (from IDT-DNA) was
then ligated into the NotI site of pNK2 to make pBCJ827 4.

To add the DNA binding sites for lambda cl to each side of the reporter cassette a template vector
was constructed for generating PCR products that would be used for lambda red integration. Initially,
plasmid pTKIP was modified by swapping the kanamycin cassette with a pheomycin resistance
cassette. pTKIP was digested with BamHI and the phleomycin resistance gene (obtained as synthetic
fragment from IDT-DNA) was ligated into the corresponding site resulting in pBCJ879.2. Lambda cI
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boxes were added to the reporter cassette by PCR of pBCJ]827.4 as oligo overhangs on primers A78F
& A78R. pB(CJ879.2 was then digested with Kpnl and the emGFP reporter cassette was inserted using
Simply Seamless DNA Assembly Kit (using manufacturer’s protocol) resulting in pBCJ932. To
express emGFP from a strong promoter (p3) we used inverse PCR (primers A115F & A115R) of
pBCJ932 resulting in pBCJ927.

To construct a strain of E. coli that had the lambda cI protein expressed from the inducible
rhamnose promoter lambda red was used. This required the construction of a plasmid that could
be used as a template for a PCR product. The lambda cI gene was purchased as a synthetic DNA
fragment from IDT-DNA and inserted into the Kpnl site of pBCJ879.2 resulting in plasmid pBCJ937.1.

To construct plasmid 85 carrying the GRS downstream emGFP, plasmid pBCJ927 was amplified
by inverse PCR using primers N1F & N1R. A synthetic DNA fragment carrying the GRS flanked by
20bp homologous pads to insertion site (from IDT-DNA) was inserted into the plasmid pBCJ927 by
ligation (T4 DNA Ligase, NEB) resulting in plasmid 5. Same approach was used for plasmids (39
and P16, using primers N2F & N2R and N3F & N3R respectively for inverse PCRs on plasmid
pBCJ927.

To construct plasmid (37 carrying the neutral DNA downstream emGFEP, plasmid pBCJ927 was
amplified by inverse PCR using primers N1F and N1R. A neutral DNA product was obtained by
amplifying a region from araD gene that was manually checked to ensure it didn’t contain any known
sequence that would interfere with cellular mechanisms (enzyme restriction site, promoter like
sequence, ribosome binding site). Primers N6F and N6R, containing overhangs, where used to insert
the PCR product in the plasmid backbone by ligation.

To construct plasmid (323, primers N64F & N19R were used to amplify the mCherry gene from
plasmid pMC48. Primer N64F binds at the beginning of mCherry and has an overhang that contains
a random 44 bp sequence (as a replacement for pl promoter) and a 20 bp sequence homologous to
insertion site in backbone plasmid. Primer N19R binds at the end of the mCherry gene and carries a
terminator and a 20 bp homologous sequence for insertion in backbone plasmid. Primers N64R &
N22R were used to amplify the backbone plasmid from plasmid pBCJ927. The two PCR fragment
were then ligated to get plasmid [323.

To construct plasmid 22 carrying emGFP with mutated p3 promoter, plasmid pBCJ927 was
amplified by inverse PCR using primers N53F & N53R. These primers carry overhangs containing a
replacement sequence for p3 and 20 bp homologous sequences to each other. The PCR fragment was
ligated to itself resulting in plasmid [322.

The plasmid pMC48 was constructed by inserting a DNA fragment purchased from IDT-DNA
encoding a gentamycin resistance gene into pJet2.1.

Strain Construction

Strains are listed Table S3 and used primers in Table S2. To engineer a strain that has the lambda
cl gene expressed from the inducible rhamnose promoter, lambda red recombination was used. PCR
of pBCJ937.1 with primers (A143R & A144R) generated a DNA fragment that was used to directly
replace the rhaBAD genes with lambda cI and a pheomycin resistance marker using lambda red
recombineering, resulting in strain BC]952.4. The phleomycin resistance marker was subsequently
removed by lambda red integration of a cassette carrying a neomycin resistance gene which was then
excised from the loci resulting in al.

Lambda red integration was used to construct a series of strains that have emGFP gene expressed
by the weak p1 promoter flanked by lambda cI binding sites. PCR fragments were generated using
pBCJ932 as template and a series of primers that targeted the cassette to different genomic locations.
Lambda red genomic integrations were performed as described previously [37,38]. To construct
strains (2 to 36) the PCR fragments were integrated into E. coli MG1655, and for strains (a2 to a23),
the PCR fragments were integrated into 1.

We used lambda red to construct strains that have emGFP expressed from the strong p3
promoter flanked by lambda cI binding sites. Plasmid pBCJ927 was used as PCR template to construct
strains (28 to a36). To engineer strains a61 to a64 lambda red recombineering was used. PCR
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reactions using primers 150F-R, 164F-R, 249F-R & 250F-R were performed on plasmid 5. These
amplifications were then inserted in the target genomic loci using lambda red recombination.

To build strains a66 to a69 PCR reactions using primers 150F-R, 164F-R, 249F-R & 250F-R were
performed on plasmid £87. These amplifications were then inserted in the target genomic loci using
lambda red recombineering .

To build strains a120 to a123 PCR reactions using primers 150F-R, 164F-R, 249F-R & 250F-R were
performed on plasmid £516. These amplifications were then inserted in the target genomic loci using
lambda red recombineering .

To build strains a125 to a150 and a165 to a168, primers N19F, N21F, N23R, N39R, N43F, N46F,
N65R were used to amplify mCherry from plasmid 48. When needed, these primers have an overhang
containing a replacement sequence for the promoter part. These amplifications were then inserted
in the target genomic loci using lambda red recombineering in strains a26 or a36.

To build strains a153 and a154 PCR reactions using primers 150F-R & 250F-R were performed
on plasmid £522. These amplifications were then inserted in the target genomic loci using lambda red
recombineering.

To build strains 169 and 170, PCR reactions using primers N22R & N64R were performed on
plasmid £23. These amplifications were then inserted in the target genomic loci using lambda red
recombineering.

To build strains a179 to a184, PCR reactions using primers listed in Table S2 were performed on
plasmid £5, amplifying only the GRS. The PCR product was then inserted in the target genomic loci
in strains o129, a131, a149, a150, 167, or a168 using lambda red recombineering.

To build strains o240 to o242 expressing mutants of lambda-cI protein, a PCR product
containing chloramphenicol resistance gene amplified from pMC48 using primers N88F-R was
inserted in E. coli genome, truncating the lambda cI gene. A second PCR product (obtained from
primer N84F ; N86F or N92F), containing the P158T, Y210H or 5228R mutation was introduced in
replacement of chloramphenicol resistance gene using lambda red recombineering. Colonies
sensitive to chloramphenicol were selected. The sequence of the lambda cI mutants were verified by
PCR and sequencing.

The primers and genetic constructs were designed using MacVector software and EcoCyc [39].

Cell Growth Conditions

Luria Broth (LB) was used for the routine growth of E. coli strains. M9 media with glycerol was
used for the growth of strains for RNA extraction and qPCR measurements. M9 media is 6 g/L
Na:HPOs4 x 2H20, 3 g/L KH2POq, 0.5 g/L NaCl, 0.002 % Casamino acids, 2 mM MgSOs, 100 uM CaCl2
and 0.8 % glycerol as the carbon source. Antibiotics were added to the culture as needed at the
following concentrations: spectinomycin (60 pg/mL), kanamycin (25 pg/mL genomic integrations, 50
ug/mL for plasmids), phleomycin (10 pg/mL), gentamicin (10 pug/mL), and ampicillin (100 pg/ml).
Bacterial cultures were grown at 30°C or 37°C with 200 rpm agitation.

Molecular Biology Methods

For routine PCR amplification, Q5 and OneTaq DNA Polymerase was used per manufacturer’s
supplied protocol (NEB®). PCR products were cleaned using Monarch DNA CleanUp Kit from
NEB®, plasmids were purified using Monarch Plasmid Miniprep Kit, following manufacturer’s
supplied protocols. PureLinkTM Genomic DNA Extraction Kit was used to extract genomic DNA
(ThermoFisher®). Simply Seamless DNA Assembly Kit was used to assemble synthetic DNA
fragments and clone, following manufacturer’s supplied instructions.

Electrocompetent cells were prepared using regular procedures. Briefly, bacterial strains were
grown overnight in LB containing the appropriate antibiotics. This seed culture was then diluted
1:400 to inoculate 200 mL of LB containing antibiotics and IPTG if necessary, and grown at 30°C until
reaching OD600 ~ 0.5. Cell pellets were harvested by centrifugation at 3,900 g at 4°C for 6 minutes,
and washed 2 times with an equal volume of ice cold 10 % glycerol and then resuspended in 2 mL 10
% glycerol.

d0i:10.20944/preprints202411.1764.v1
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Electroporations were performed on an Eppendorf 2510 using manufacturer-supplied
protocols. Prior to electroporations performed for lambda red, all PCR fragments were digested with
Dpnl for 1-hour to remove template plasmid. 200 ng of purified DNA fragment containing the linear
construct to be integrated was mixed with 50 uL electrocompetent cells in 0,1 cm electroporation
cuvettes. Cells were electroporated at 1,8 kV and immediately resuspended in 1 mL LB, incubated
shaking 200 rpm, 3 h at 30°C, and 100 pL was plated onto LB containing the antibiotics of interest
and incubated at 30°C overnight. Genomic DNA was extracted from putative colonies, PCR was used
to amplify the genomic region of the integration and all strains were confirmed by sequencing.

Routine agarose gel electrophoresis was conducted in RunOne Electrophoresis System
(Embitec) using; Thermo Scientific Loading Dye, a 1 % or 2 % agarose gel, 1X TBE (Tris, Boric Acid,
EDTA) buffer and run for 20 minutes at 100V. Gels were stained with Ethidium Bromide (Sigma) for
RNA and Midori Green (Nippon Genetics) for DNA, before being visualized under UV light or using
a G-box iChemi (Syngene).

RNA Isolation

Cells were inoculated to 300 uL M9 Glycerol media and grown overnight at 37°C. The following
day, 10 mL of M9 Glycerol was inoculated with 200 pL of overnight culture. 10 mM Rhamnose was
added to the cultures that required expression of lambda cl. The samples were grown until they reach
OD600 ~ 0.55 and harvested by centrifugation, 10 minutes at 3,900 g at 4°C. The pellets were snap
frozen in dry ice/ethanol bath and stored at -80°C until RNA was extracted. To extract total RNA, cell
pellets were transferred to ice and resuspended in 1 mL of Ribozol RNA Extraction Reagent (VWR).
RNA extraction was performed according to the manufacturer’s supplied protocol. The final RNA
pellets were resuspended in approximately 225 uL of water, depending upon pellet size. RNA was
treated with DNase I (NEB) per company supplied protocol. RNA was then precipitated by adding
of 20 pL sodium acetate and 500 pL of isopropanol. RNA was then pelleted at 21,130 g for 30 minutes,
washed in 500 pL of 75 % ethanol, and resuspended in 80 uL of water. The integrity, quality and
quantity of purified RNA was determined by agarose gel electrophoresis and nanodrop
measurements.

Reverse-Transcription and Quantitative PCR (RT-qPCR)

Five hundred nanograms of RNA was used to perform Reverse Transcription using Protoscript
II RT Kit according to the manufacturer’s supplied protocol (New England BioLabs®). While
conducting this large RT-qPCR study, we discovered that there is a significant batch to batch
variation in Reverse Transcriptase. To prevent this from impacting our datasets, all of the RT-qPCR
reagents used during the entire study came from a single production batch. cDNA samples were
purified using GeneJET PCR Purification Kit (Thermofisher®), and eluted in 50 pL final volume.
cDNA samples were diluted 10 times, and qPCR was performed using SYBR Premix Ex Taq Kit
(Takara) per manufacturer’s supplied protocol. Primers used to quantify expression for the different
genes are in Table 52. Quantitative PCR was performed on Realplex? Mastercycler from Eppendorf®
using manufacturer’s supplied protocol and the following optimized parameters : 40 cycles with
denaturation 5 seconds at 95°C, primer annealing for 30 seconds at 60°C, and extension at 72°C for
20 seconds. An external standard (a dilution series for the corresponding PCR product) was added
to each qPCR plate. All samples were measured in duplicate on the plate. All measurements were the
average of a minimum of three independent cultures. The standard error was less than 30 % for all
averaged values.

Statistics and Data Analysis

Absolute quantification of gene targets were performed using absolute quantitation via a
standard DNA curve. Data analysis was done with Microsoft Excel. To obtain the number of
transcript per cell, we used the following formula :

Number of copies =

d0i:10.20944/preprints202411.1764.v1
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(X nanograms * Avogadro’s number) / (molecular weight * 1x107)

X corresponds to the amount of amplicon got from qPCR, Avogrado’s number (6.0221x10%)
corresponds to the number of molecules per mole, molecular weight of emGFP is 233703.9, molecular
weight of mCherry is 231269.38, multiplied by 1x10° to get the number of molecules per nanogram of
total RNA. This number is then divided by 10,000 to obtain the number of molecules per cell [40,41].

3. Results

3.1. Context Sensitivity of Transcription in Glucose and Glycerol All Along the E. coli Chromosome

To obtain a global view of context sensitivity within the E. coli chromosome, we undertook a
transposon mutagenesis approach to randomly insert a transcription reporter cassette throughout the
genome. This reporter cassette has expression of emGFP driven by a weak promoter (pl) and has
transcriptional terminators both upstream and downstream of emGFP to prevent unwanted
transcriptional read-through from flanking genomic regions (Figure 1, top insert). We confirmed that
emGFP transcription is indeed derived from the weak promoter and not from read-through
transcription using RT-qPCR (Figure S2). The genomic locations for the transposon insertion sites
were determined by sequencing. The final library consists of 209 strains that harbor the emGFP
reporter cassette at unique locations covering the entire genome. Given that genome architecture and
expression strongly depend on growth conditions [9,11], we investigated how changes in position
and growth condition impact context sensitivity. To that goal, transcription of the emGFP reporter
cassette was assessed by RT-qPCR in cells grown in media containing either glucose or glycerol as
sole carbon source.

The plotting of transcription data with respect to the genomic location showed a large difference
in expression in regards to both position and nutritional condition (Figure 1, main panel). Position
affects expression up to 161-fold in glucose and 102-fold in glycerol although the averaged expression
levels for each set are similar (0.0713 transcripts per cell (TPC) in glucose and 0.0707 TPC in glycerol).
Nutritional conditions impact expression either negatively or positively at nearly all positions about
4-fold in average and up to ~1400-fold. This nutritional effect is in agreement with a previous study
carried out at a few genomic positions [42].

To determine whether the expression variability in the library is biased by mutagenic effects
caused by transposon insertion, we next inserted our reporter cassette at positions rationally curated
to be non-mutagenic (e.g. between transcription units and known regulatory features) (Figure S3).
Eight positions in the Ori region and 17 in the Ter region were thus selected (Figure 1, bottom plots).
The insertion density in the 100 kb long Ter region was intentionally rather high (evry 5.7 kb in
average) to evaluate how context sensitivity responds at a fine scale. The expression data at non-
mutagenic sites appeared to be in the range of the genome-wide results: the mean TPC value in
glucose and glycerol were 0.043 +/- 0.019 and 0.117 +/- 0.082, respectively and the expression
variability was up to 3-fold in glucose and 5.2-fold in glycerol. Moreover, the carbon source impacts
variability up to 7-fold. It is inferred from this analysis that the expression variability in the library is
not due to mutagenic effects and that expression variability is obvious even at close positions.

Collectively, our findings confirm the importance of context sensitivity on expression and
suggest that context sensitivity strongly depends on the genome architecture and genomique
expression pattern imposed by carbon sources. They also show that changes in context sensitivity are
obvious even at very close (2-3 kb apart) positions. It is interesting to note here that we were unable
to identify any correlation between expression patterns and the organization of the E. coli genome in
six macrodomains and two replichores.
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Figure 1. Expression of the emGFP reporter cassette all along the E. coli genome. Tn10 mutagenesis
was used to generate 209 strains containing a single copy of the emGFP cassette at different positions
all along the chromosome. Each strain was grown in minimal media containing either glucose or
glycerol as the sole carbon source and RT-qPCR was used to quantify cassette transcription. The
transcription data are plotted as transcript per cell (TPC) on the y-axis to the respective genomic
location on the x-axis in the top panel of the figure. The left and right plots at the bottom of the figure
show expression maps for non-mutagenic insertions at the Ter and Ori region, respectively. Blue
diamonds represent transcript levels for strains grown in glucose media and the red boxes are for
glycerol media. The four stars represent the genomic loci used for further investigation (see below).
Diagram representing the reporter cassette is in the upper left corner. The green arrowed box, bent
arrow, lollipops and blue boxes stand for the emGFP open reading frame, p1 promoter, transcription
terminators and the left and right lambda cI binding sites.

3.2. Transcription in a Protein-Bound DNA Loop Is Protected Against Context Sensitivity

Concidering that supercoiling is a major cause of context sensitivity and that supercoiling
diffusion is prevented by DNA looping [25,32-35], we decided to evaluate the impact of looping on
context sensitivity. To insulate our reporter cassette within a small loop in vivo, we used the lambda
cI protein. This protein is known to efficiently bind specific DNA sequences (Or and Ovr) and self-
dimerize to form a protein-bound DNA loop in vivo [43-46]. To express lambda cl, we engineered a
strain that has in its genome the corresponding gene under the transcriptional control of the
rhamnose inducible promoter. We confirmed that this strain expressed lambda cI in the presence of
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rhamnose using Western blot analysis (Figure S4). To allow emGFP insulation in a loop, the reporter
cassette was flanked by the lambda cI binding sites (Figure 1 and 2). The impact of looping on emGFP
transcription was then investigated in 16 of the non-mutagenic insertion sites (eight in the Ori region
and eight in the Ter region). The corresponding strains were constructed by transferring the reporter
cassettes into the lambda cl expressing strain (al). Transcription of emGFP was then quantified by
RT-gPCR for strains grown in a medium containing glycerol as carbon source and rhamnose as
inducer of DNA-loop formation.

In condition of loop formation, emGFP transcription averages at 0.05 TPC (sd 0.01 TPC) and
ranged between 0.03 to 0.06 for both the Ori and Ter regions (Figure 2). In comparison with the un-
looped configuration, the mean expression level decreased 3.9-fold and expression variability
(highest TPC / lowest TPC) decreased 5-fold. Moreover, and depending on the position, loop
formation is associated with either an increase or decrease expression level compared to the un-
looped constructs. This data shows that incorporation of our reporter cassette within a DNA loop
homogenizes p1 expression levels and significantly reduces the transcription variability found in the
un-looped configuration.
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Figure 2. The impact of DNA looping on gene expression. Expression levels were quantified by RT-
qPCR for the different strains grown in media containing either glycerol (red square, no-loop) or
glycerol and rhamnose (blue dots, loop). X-axis represents the genomic loci where the constructs have
been inserted. Y-axis represents emGFP TPC. The four stars represent the genomic loci used for the
next experiment. A diagram of the reporter construct is shown as in Figure 1. In the presence of
lambda cI protein (yellow triangles) a DNA-loop is formed.

To further characterize the impact that DNA looping has on expression, we quantified a series
of reporter constructs in which the weak p1 promoter was replaced by the strong p3 promoter (Figure
3a and b). The promoter swapping was carried out in four strains (two harboring the cassette at the
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Ori region and two at the Ter region) (loci highlighted by stars in Figure 1 and 2). These insertion
sites were selected based on results obtained with the p1l promoter. Sites 2,185,490 and 2,244,773 were
selected because loop formation strongly increased expression (> 5-fold). The insertion site 4,158,229
was selected because loop induction strongly decreased expression (> 5-fold) and site 4,046,827 was
chosen because the loop did not appear to have a significant impact on expression. Expression levels
for the p3 constructs were quantified for cells grown in glycerol with or without rhamnose (e.g.
without or with a DNA loop, respectively). In the un-looped version, we obtained an average of 0.64
TPC and a range from 0.423 to 0.85 TPC (Figure 3a). This data shows that the p3 promoter strength
is on average 8-fold stronger than pl and that strong promoters are less sensitive to the genomic
context than weak promoters (the context sensitivity impacts 2-fold p3 and 66-fold p1). In the looped
constructs, the activity of the p3 promoter is mostly constant (0.40 to 0.44 TPC), a value again 8-fold
higher that with pl in the same configuration (Figure 3b). Collectively, our results show that
transcription of a gene embedded in a protein-bound DNA loop is effectively protected from context
sensitivity and may reach a homogeneous level at any chromosomal positions. This insulation likely
results from the ability of protein-mediated DNA loops to operate as topological barriers that prevent
local supercoiling to interfere with gene expression within the loop.

o2
p3 = (a) noloop
= (b) loop
) @ (c) loop, neutral
(d) loop, GRS downstream
of emGFP
p3 5 (o) (@) (e) loop, GRS upstream of
=2 ) b emGFP

0.9

0.8
g
g 0.7
2 I
506
z [
c
Eos L

i il I [

0.3

(a) (b) (a) (b) () (d) (e) l l(a) (b) (o) (@) ( l (@ (b) (o) (d) (e) l
2185490 2244773 4046827 4158229

Figure 3. emGFP expression from the strong p3 promoter in different loop contexts and at four unique
genomic positions. Gene expression was quantified by RT-qPCR for the different strains grown in
media containing glycerol and rhamnose. The loop contexts are diagrammed as in Figure 2 with the
blue box standing for neutral DNA and the brown boxes, GRS: (a) un-looped configuration; (b) loop
configuration; loops containing a neutral DNA sequence downstream of emGFP (c) or a GRS
downstream (d) or upstream (e) from emGFP. In the histograms, the x-axis stands for the 4 genomic
positions and y-axis, TPC.

3.3. Reducing the Positive Supercoiling Buildup (PSB) in DNA Loops Increases Expression Levels

Transcription and supercoiling are mutually influential and supercoils generated between two
topological barriers (e.g. in a protein-mediated DNA loop) cannot escape the insulated region (see
above). Hence, the supercoiling generated during emGFP transcription in the looped constructs may
affect its expression. For highly expressed genes, such interference reduces gene expression. Chong
et al. showed that this inhibition is caused by PSB generated by the transcribing RNA polymerase
and can be alleviated by the gyrase which relaxes PSB [16]. To investigate the role of PSB on p3-driven
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emGFP expression in looped constructs, we used a DNA sequence of the Mu-prophage that E. coli
DNA gyrase recognizes efficiently to relax supercoiling [47]. This sequence, named GRS, was inserted
upstream or downstream of emGFP (Figure 3d, e) and the synthetic constructs were introduced into
the four genomic loci highlited Figure 2. As control, an isogenic strain containing downstream of the
reporter cassette a neutral DNA (n-DNA) segment similar in size (~250 bp) to the GRS sequence was
constructed (Figure 3c). Results showed that insertion of a ~250 bp neutral sequence within the
original loop does not significantly change emGFP transcription whilst this transcription is increased
from 20 to 60% in variants containing the GRS either upstream or downstream from the reporter
gene. Overall, these results suggest that reduction of PSB accumulation inside loops increases gene
expression.

3.4. Transcription Levels for Two Genes Within a DNA Loop Strongly Depends on Their Relative
Orientation and Promoter Strength

Gene expression in natural genomes depends on intragenic regulatory determinants (promoter
sequence, binding of transcription factors to operators...) and on combinatorial effects of intergenic
mechanisms linked to the genome layout (spatial arrangement and orientation of genes) and
including PSB and transcriptional interference [3,48,49]. The level to which intergenic signals
contribute to gene expression control is still unclear. To investigate this issue, we used our synthetic
biology approach to test the mutual impact that two transcribed genes have on their expression in
looped constructs. To that goal, we inserted in the cassette containing emGFP under p3 and the
lambda cI binding sites (Figure 3a and b), a second reporter gene (mCherry) in three different
configurations (Figure 4, top panel): (a) Tandem, transcription is co-oriented; (b) Convergent, the two
genes transcribe into each other; (c) Divergent, transcription proceeds away from each other. These
constructs have mCherry expressed from the weak pl or a strong (p10) promoter. Both genes are
directly followed by a strong terminator to prevent read-through transcription and transcription fork
collisions. The constructs were then inserted into two different genomic locations (Ori and Ter
regions) in the strain expressing lambda cI (al) and analyzed in condition of loop formation.

When compared to the original p3-emGFP loop construct (about 0.4 TPC, Figure 3b), the
insertion of p1-mCherry doubled emGFP expression in the tandem and convergent constructs while it
had no effect on the divergent configuration (Figure 4 diagrams a-c and p1l bargraphs). In these
constructs, expression of mCherry from the weak p1l promoter was very low. To define how a strong
promoter within the DNA loop impacts expression, we swapped the weak p1l promoter of mCherry
with the strong p10 promoter and quantified expression for both genes (Figure 4 diagrams a-c and
p10 bargraphs). Comparing the emGFP expression profiles for the pl and p10 constructs we see that
the use of a strong promoter for mCherry doubles emGFP expression levels for the tandem and
divergently oriented genes and slightly decreases expression in the convergent (Figure 4 p1 and p10
bargraphs). The pl to pl0 swapping increases mCherry expression and this expression in the
convergent orientation is 2-fold lower compared to the tandem and divergent configurations.

Overall, our results show that both the relative gene orientation and promoter strength impact
gene expression in a DNA-loop. Interestingly, the strongest phenotypes were found to depend on
gene orientation in constructs containing a weak and a strong promoter. As compared to the tandem
orientation, the activity of the weak promoter in these constructs decreases ~5-fold in the convergent
configuration and ~25-fold in divergent constructs while the activity of the strong promoter is only
reduced 2-fold in the divergent configuration. In the presence of two strong promoters, gene
orientation impacts expression less drastically (2- to 4-fold). We inferred from this that intergenic
mechanisms play important role in gene regulation in topologically insulated DNA sequences.
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Figure 4. Expression of emGFP and mCherry within a DNA loop containing or not GRS. Expression
levels were quantified by RT-qPCR for the different strains grown in media containing glycerol and
rhamnose. X-axis identifies the two genomic regions where the constructs have been inserted and the
y-axis represents the number of TPC. The constructs are diagrammed as in Figure 2 with the green
and red arrows representing emGFP and mCherry genes, respectively. All constructs have emGFP
under the control of a strong promoter (p3) and mCherry under control of a weak promoter (p1) or a
strong promoter (p10). Tandem: genes transcribed in same orientation. Convergent: genes transcribed
in convergent orientation. Divergent: genes transcribed in divergent orientation. p1 bargraphs: emGFP
under control of p3 and mCherry under control of p1. p10 bargraphs: emGFP under control of p3 and
mCherry under control of p10. p10 (GRS) bargraphs: emGFP under control of p3, presence of GRS in
the intergenic region and mCherry under control of p10.

3.5. PSB Strongly Impacts Expression Levels for Both Genes Within a DNA Loop

To test the contribution of PSB in gene regulation by intergenic mechanisms, GRS was inserted
between the highly transcribed p3-emGFP and pl10-mCherry (Figure 4, diagrams d-f) and mRNA
levels were compared to the isogenic constructs lacking GRS (Figure 4, compare bargraphs P10 and
P10 (GRS)). Insertion of GRS increased emGFP expression in all orientations (3 to 7-fold) and increased
mCherry expression (2-3 fold) in the tandem and convergent configurations, while having no effect
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on mCherry expression in the divergent construct. This result suggests that PSB is an important
determinant of gene regulation by intergenic mechanisms in loops containing two highly expressed
genes. The tandem oriented construct with the GRS produced the highest expression levels for both
genes.

3.6. DNA Loop Formation Is Required For Isolating Transcription from the Genomic Context

Lambda cl is a highly characterized DNA-loop forming protein. The capacity of this protein to
tether distant regions is provided by its ability to bind to DNA operators and to self-oligomerize. In
the tetrameric form, lambda cI binds operator sequences named Or and Or. The interaction between
the two tetramers forms an octamer and this results in the formation of a DNA loop [43—46]. To
confirm that DNA loop formation and not solely DNA binding is required for transcriptionally
isolating gene expression from the genomic context, we engineered 3 strains, each expressing a
different mutant of lambda clI protein (P158T;, Y210H; S228R). These mutants have been well-
characterized previously [50]. Two mutations impact the oligomerization ability of lambda cI (P158T;
5228R) and the third reduces the capacity of lambda cI to bind adjacent operator sites (Y210H).
Briefly, these mutations allow lambda cI to bind DNA but prevent the formation of DNA loops.

The (p3-emGFP)-GRS-(p10-mCherry) construct was inserted into strains expressing each of the 3
lambda cI mutants. The results show that expression levels for both emGFP and mCherry are similar
in cells lacking the lambda cI protein and in strains producing a mutated form (Figure S5). These
results confirm that the formation of a DNA loop is required for transcriptional insulation of the
cassette from context sensitivity.

4. Discussion

Our work investigates the cause of context sensitivity using a synthetic biology approach. As a
first step, we obtained an overview of the genomic landscape for this phenomena using 209 strains
that harbor the emGFP reporter cassette at unique locations covering the entire genome. Previously,
different groups have taken similar approaches, where they quantitated expression levels of a
reporter gene that was placed at different genomic locations. These studies generally quantitated
expression levels for strains grown in a single growth condition, providing a static snapshot of
expression variability. In our study, we evaluated the reporter library in two growth conditions
where it has been previously shown that the nucleoid architecture is drastically different. This gave
us the unprecedented opportunity to obtain a dynamic view of how two different chromosomal
conformations influence the expression of the exact same reporter construct genome-wide.
Additionally, previous studies often used strong promoters to drive expression of the reporter gene.
We demonstrated that a gene expressed from a weak promoter is more sensitive to the influence of
its genomic context and used such a promoter for our genome-wide study. Other studies have used
fluorescence to track transcriptional responses. Though this is an easy way to obtain expression data,
we believe that by quantitating the protein end-product, results could be misleading due to other
factors that influence final protein levels (post-transcriptional regulation, translational and post-
translational regulation, and maturation of the fluorophore). For this reason, we used RT-qPCR to
determine expression levels, one of the most accurate methods for mRNA quantification.

Results confirmed that genomic position has a dramatic influence on gene expression and
showed that this position effect significantly differs when the genome architecture is modified by
using different carbon sources (Figure 1). The two different growth conditions we used have
previously been shown to result in different replication rates and Ori/Ter ratios [51]. This generates
a higher relative copy number for genes close to the Ori region versus the Ter region (gene dosage
effect) which is expected to result in higher levels of transcription at Ori [52]. Our data from the
transposon library does not show this global transcriptional skew. It is possible that the Ori/Ter ratio
is clause to one under our growth conditions as we isolated total RNA at a (high) cell density (ODewo
= 0.5) where DNA replication is ceasing. We therefore concude that the genome-wide variation in
expression found here mainly depends on context sensitivity rather than on a side effect of a
replication-driven gene dosage.
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The fine-tune mapping in the Ter region demonstrates that even when two genomic insertion
sites are close together on the genome, they can be impacted quite differently by context sensitivity
(Figure 1, bottom left panel). This result is consistent with a previously study [2]. In this region, we
also detected a higher difference in expression and variability in glycerol compared to glucose (Figure
1, bottom left panel). Within this region, two operons are strongly induced in glycerol. Given that
increases in the local concentration of RNA polymerase have been proposed to be a basic principle of
transcriptional control [53], it is possible that operon inductions in the Ter region result in a local
increase in RNA polymerase concentration and causes a higher basal expression level in the region.
Broad regions of high transcriptional capacity centered on ribosomal RN A operon and core metabolic
genes have been detected previously [2].

To understand the impact that topological domains have on context sensitivity, we used lambda
cl protein to incorporate the emGFP reporter cassette within a DNA loop (Figure 2). We found that
the emGFP expression level is homogenized when incorporated within a loop, significantly reducing
strain-to-strain variability. The control experiments using lambda cI mutants demonstrate that this
effect depends on DNA loop formation. In agreement with previous findings [26,32-35], we propose
that the loop-induced protection from context variability results from the ability of protein-mediated
DNA loops to operate as topological barriers that prevent local supercoiling to interfere with gene
expression within the loop. The use of DNA loops can thus be extremely beneficial for Synthetic
Biology projects as it increases the predictable performance of synthetic circuits and biosynthetic
pathways once inserted into the genome.

We found that in the looped configuration, the expression of strong promoters is often lower
than in the un-looped version. We showed that this is due to PSB accumulation by introducing a GRS
site inside the loops (Figure 3). This insertion increased emGFP expression up to 700% compared to
the same construct without GRS. These observations suggest that PSB is an important determinant of
context sensitivity and that GRS is a potent tool to improve gene expression within a loop.

To further characterize expression within a protein-bound DNA loop we introduced in
different relative orientations a second gene expressed by a weak or a strong promoter (Figure 4).
The tandem gene orientation gave the highest expression levels for both reporter genes. According
to the twin-supercoiled domain model, we would expect the positive supercoils produced during
transcription of the upstream emGFP gene to be countered by the negative supercoils induced by
transcription of the downstream mCherry gene. This decrease of topological constraints in the
intergenic region could be beneficial for the expression of both genes. For emGFP, it would reduce
the negative effects of PSB. For mCherry, it would facilitate the recruitment of the RNA polymerase
at the promoter and/or its transition to the open complex.

In the convergent orientation, the transcribing RNA polymerases are expected to increase PSB
in the intergenic region and impede expression of both genes. Consistently, when comparing data
from the weak and strong promoter for mCherry, we foung that an increase of mCherry expression
results in a decrease of emGFP expression. Moreover, the expression of both genes is strongly
simulated when PBS is reduced by inserting GRS in the intergenic region. Interestingly, in the absence
of GRS, a ~0,2 TPC increase of mCherry results in ~0,16 TPC decrease of emGFP. This observation
suggests that a limited quantity of PSB is tolerated between these two genes and that the total
transcripts for this configuration is partitioned between the two genes based upon relative promoter
strength. In a recent work, Bryant et al. also observed the mutual negative impact of convergent
transcriptional units in the E. coli chromosome [1]. Overall, these observations strongly suggest that
expression of convergent genes impede each other.

We additionally observed that when mCherry is expressed by weak promoter, its transcription
is extremely low in both the convergent and divergent looped constructs. This suggests that weak
promoters are very sensitive to genomic context and can be “overwhelmed” by transcription derived
from strong promoters.

To systematiquely test the impact that PSB has on loops containing two highly expressed genes,
a GRS site was inserted between them in tandem, convergent and divergent configuration (Figure 4).
GRS had a positive impact on emGFP expression for all three configurations (3.5-fold increase in
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tandem, 7-fold in convergent, 2.5-fold in divergent). It also significantly improved expression of
mCherry in the tandem (3-fold) and convergent constructs (2-fold) but only had a moderate impact
on levels for the divergent configuration. For emGFP, the expression trend is tandem > convergent >
divergent. This pattern is different than what was observed previously [3]. We believe that the
difference can be explained by the fact that the latter study was carried out on a small plasmid rather
than on the large chromosome and/or that, in the plasmid study supercoils can diffuse all along a ~5
kb long sequence while they are trapped in a 2.5 kb chromosomal topological domain in our study.
All together, our work suggests that tandem organization is the optimal configuration for high gene
expression. Studies made on natural organization of genes on the bacterial chromosome corroborate
this inference [54-56].

The results reported here has permitted us to formulate a comprehensive model that sheds light
on how context sensitivity impacts promoter activity. This model is based on a dynamic epigenetic
mechanism involving topological barriers like protein-bound DNA loops, genome architecture and
transcriptionally induced PSB (Figure 5). By quantifying the impact that two chromosomal
conformations have on context sensitivity, we demonstrated the genome-wide scale of this epigenetic
model. It has been well-documented that the genome architecture and looping profile change
dynamically with growth phase, carbon source and environmental stress in respond to changes in
the level and activity of different proteins like NAPs. We propose that such changes at a local scale
cause genes to be embedded between different topological barriers and to be transcribed in different
gene layout contexts, thus epigenetically impacting their expression. This model explains how the
expession of hundreds of genes can be modulated within less than two minutes after environmental
changes. It may additionally be enforced by post-translational modifications (phosphorylation,
acetylation, etc.) which are highly dynamic and have been shown to modulate the DNA binding of
proteins. Our epigenetic model tightly correlates with the findings from L. Serrano’s lab [57]. In this
work they have reported that a large part of transcriptional regulation is determined by non-
canonical factors such as DNA supercoiling and genome organization. The diagram of a simplified
genomic region that contains sequences allowing several proteins to create different DNA loops
illustrates how clues controling these proteins and loop formation would result in the generation of
several alternate topological barriers and local gene layouts that would produce very different levels
for the “B” transcript (Figure 5). We are now applying these basic concepts to the design of complex
genetic programs and synthetic genomes that we are currently engineering within our labs.
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Figure 5. Model of bacterial epigenetic regulation. This diagram illustrates how alternate DNA
looping (through the action of different DNA binding proteins that bridge distant DNA regions)
within a genomic domain would be expected to result in different transcript levels for the “B” gene.

5. Conclusions
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Our study suggests that the context sensitivity is due to inserting genes into uncharacterized
DNA loops containing a variable number of transcription units. It is proposed to depend on several
factors operating whithin the loops: the gene layout, transcription interference, promoter strength
and DNA topology. It also depends on the genomic architecture dictated by carbon sources. We have
additionally demonstrated that a gene can be effectively isolated from context sensitivity by
incorporating it within a protein-bound DNA loop structure. The model we have proposed will lead
to; (i) New fundamental discoveries and advances in Synthetic Biology, (ii) Identification of new
targets for antimicrobial compounds, and (iii) The design/engineering of synthetic genomes. In a
fundamental point of view, this work has highlighted some of the mechanisms that govern epigenetic
transcription regulation in bacteria.
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