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ABSTRACT: Transcriptional factor-based biosensors (TFBs) have been widely used in dynamic
pathway control or high-throughput screening. Here, we systematically explored the tunability of a
salicylic acid responsive regulator MarR from Escherichia coli aiming to explore its engineering
potential. The effect of endogenous MarR in E. coli on the MarR-PmarO biosensor system was
investigated. Furthermore, to investigate the function of marO binding boxes in this biosensor system,
a series of hybrid promoters were constructed by placing the marO binding boxes in the strong
constitutive pL promoter. The engineered hybrid promoters became responsive to MarR and salicylic
acid. To further study the influence of each nucleotide in the marO box on MarR binding, we
employed dynamic modeling to simulate the interaction and binding energy between each nucleotide
in the marO boxes with the corresponding residues on MarR. Guided by the results of the simulation,
we introduced mutations to key positions on the hybrid promoters and investigated corresponding
dynamic performance. Two promoter variants I12AII4T and I12AII14T that exhibited improved
responsive strengths and shifted dynamic ranges were obtained, which can be beneficial for future
metabolic engineering research.

KEYWORDS: MarR, transcriptional factor, biosensor, slicylic acid, dynamic regulation

In the past decades, metabolic engineering has been
demonstrated as a promising approach for developing

sustainable bioeconomy.1−3 Both engineered native and
synthetic pathways have been utilized to produce various
compounds such as renewable feedstocks,4 biofuels,5 pharma-
ceuticals,6 and bulk chemicals.7,8 Current engineering efforts
are mostly committed to improve efficiency of pathways
performance for high titers, yields, and productivities. To this
end, rational and random engineering approaches have been
widely used. While rational strain engineering is limited by the
high physiological complexity of microbes, random muta-
genesis strategies are restricted by the selection and screening
capacity, which requires reliable tools to monitor product
formation.9 To address these problems, transcriptional factor-
based biosensors (TFBs) have been extensively applied in
high-throughput screening in recent years.2,10,11 TFBs tune the
gene expression based on the interaction between ligand and
regulator.12 Coupling TFBs with colorimetric or growth-
essential reporter genes could effectively increase the efficiency
of high-throughput screening, and this has been successfully
demonstrated in the improvement of mevalonate,13 L-lysine,14

and triacetic acid lactone15 production. TFBs have also been
proven important in metabolic engineering efforts through
dynamic regulation of metabolic flux as exemplified in the
improvement of lycopene productions,16 layered dynamic
regulation of glucaric acid production,17 the regulation of fatty
acid synthesis by FadR,18,19 and enhancement in the synthesis

of muconic acid by catR.20 However, despite the advancements
and progress made so far, leaky expression and narrow
dynamic range remain obstacles for broader applications of
TFBs.2 Thus, research efforts are required to establish efficient
workflows for exploring and optimizing TFBs to enhance their
applicability.
The multiple antibiotic resistance regulator (MarR) from

Escherichia coli was first identified by Cohen and co-workers.21

This regulator recognizes two marO binding boxes located in
the promoter PmarO of the MarRAB operon. The expression
of the MarRAB operon is repressed in the presence of MarR,
but salicylic acid (SA) was found to dissociate the binding
between MarR and PmarO and release such inhibition.22 This
SA-mediated dissociation was also confirmed by an in vitro test
with varied concentrations of SA.23 In the referred study, the
addition of 2 mM SA was able to dissociate the binding
between MarR and PmarO promoter.23 To further explore the
mechanism of MarR, the crystal structure of MarR was
resolved,24 and a helix-turn-helix structure contributing to the
DNA binding of MarR was characterized.25 With such
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knowledge, Zhang and co-workers attempted to engineer this
MarR-based system by placing the binding boxes on different
promoter regions and reported the corresponding dynamic
ranges.18 However, only four promoters were tested in this
work, and the dynamic properties of the MarR and PmarO
biosensor system were not further explored. Notably, a recent
finding demonstrated a different mechanism for the MarR
biosensor which employs copper as the signal, and SA could
serve as an indirect effector to induce this sensor system.26

Although the structure and binding mechanism of the MarR-
based regulator have been studied extensively, the usability for
this sensor has not been thoroughly tested. Thus, to expand
the applicability of this biosensor, further understanding of its
engineering potential is needed.
In this work, we systematically studied the tunability of the

MarR-PmarO biosensor system to explore its engineering
potential. First, as MarR natively exists in the E. coli’s genome,
the dynamic range of the biosensor system in both wild type E.
coli and E. coli ΔmarR were characterized. The promoter
PmarO can reach a 2.36-fold increase in activity when the
endogenous MarR is deleted. The fine-tuning of MarR
expression levels also resulted in a 1.90-fold increase in the
responsive strength induced by 15 mM SA. To understand the
function of the marO binding boxes located in the PmarO
promoter region, we constructed a series of hybrid promoters
and demonstrated these boxes can function in a “plug-and-
play” manner. To better understand the behavior of this
biosensor, we employed molecular models to simulate the
DNA binding process of MarR. The modeling results revealed
several critical nucleotides in each binding box. These
nucleotides were predicted to dominate the interaction with
MarR. On the basis of the results of model simulation, we
selected these nucleotides as site-directed mutagenesis targets
in order to weaken the binding energy between marO binding
box and MarR protein. Eventually, two promoter variants, the
I12AII4T and II12AII14T, were obtained, which can enable
positively shifted dynamic ranges and enhanced responsive
strengths. In summary, we systematically investigated the
tunability and engineering potentials of the MarR-PmarO
biosensor system. The optimized biosensor can be readily
applied in high-throughput screening and dynamic pathway
regulations to the biosynthesis of SA and derived products.

■ RESULTS

Re-establishment and Validation of MarR-PmarO
Biosensor System. Salicylic acid (SA) is an important
precursor for many high-value aromatic compounds and an SA
responsive biosensor system MarR-PmarO would benefit the
dynamic regulation of SA derived synthesis and high-
throughput screening of productive candidates for SA and
SA derivatives. To examine the applicability of the MarR-
PmarO sensor system, we first re-established the sensor system
in E. coli BW25113(F′) strain by using a two-plasmid
configuration (Figure 1a). The PmarO promoter was used to
control the expression of a green fluorescence reporter gene
eGFP in a high-copy number plasmid pZE12-luc, resulting in
pZE12-PmarO-eGFP. The MarR protein was under the
control of a constitutive promoter lpp1.0 in a medium-copy
number plasmid pCS27,27,28 resulting in pCS27-lpp1.0-marR.
The promoter activity of PmarO was reflected by the
fluorescence intensity normalized by OD600. As the positive
control (PC), the fluorescence intensity of the strain harboring
only the pZE12-PmarO-eGFP was measured, for which a
normalized intensity of 4570 ± 92 au can be achieved (Figure
1b). When further introducing the pCS27-lpp1.0-marR into
wild type E. coli BW25113(F′) strain, the intensity was reduced
to 253 ± 4.9 au (Figure 1b), indicating that MarR can inhibit
the promoter PmarO. Then, gradient concentrations of SA (2
mM, 4 mM, 6 mM, 8 mM, 10 mM, and 15 mM) were added
into the medium to induce the biosensor system. The
maximum concentration for induction was set to 15 mM due
to the toxicity of SA (Supplementary Figure S1). The
constructed MarR-PmarO biosensor system in the E. coli
strain could respond up to 15 mM SA, and the fluorescence
intensity was from 253 ± 4.9 to 1514 ± 186 au (Figure 1b).
These results demonstrated that our reconstructed MarR-
PmarO biosensor system was functional and could be activated
by SA, which was consistent with previous studies.18,22,23

However, we noticed that SA could only partially release
repression (33.13%) of the wild type MarR-PmarO biosensor
system. Thus, further engineering efforts need to be taken to
improve the low output strength of this sensor system.

Investigate the Effect of the Endogenous MarR on
MarR-PmarO Biosensor System. Since the regulator MarR
natively exists in the E. coli BW25113(F′) strain, we

Figure 1. Establishment and validation of MarR-PmarO biosensor system. (a) Schematic graph of re-established MarR-PmarO biosensor system.
MarR protein binds on PmarO to inhibit promoter expression and SA binds with MarR protein to release the repression. (b) Dynamic performance
of wild type MarR-PmarO biosensor system in wild type E. coli BW25113(F′) and E. coli ΔmarR. PC, positive control, which represents PmarO
promoter strength without exogenous MarR. (c) Fine-tuning of MarR-PmarO biosensor system by lpp promoter variants. The strain E. coli ΔmarR
was used in this test. The data were obtained after 24 h cultivation in test tubes. Error bars represent standard deviation (n = 3).
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hypothesized that the endogenous MarR might affect the
performance of the MarR-PmarO biosensor system when the
biosensor system was tested in the wild-type E. coli strain. To
test this possibility, the endogenous marR gene was knocked
out from wild type E. coli BW25113 (F′) by homologous
recombination. Again, as a positive control, the fluorescent
intensity of the knockout strain harboring only the pZE12-
PmarO-eGFP was tested to be 10787 ± 533 au. This
represented a 2.36-fold increase in eGFP expression compared
to that in the wild type E. coli strain (4570 ± 92 au) (Figure
1b), which indicated that the endogenous MarR also exhibited
an apparent inhibition effect on the PmarO promoter.
Observing this, we wanted to further investigate the effect of
endogenous MarR on the dynamic performance of the MarR-
PmarO biosensor system. Thus, two plasmids pZE12-PmarO-
eGFP and pCS27-plpp1.0-marR were introduced into the
strain E. coli ΔmarR. While SA could still dissociate the MarR−
DNA binding and activate PmarO, the induced promoter
strength by 15 mM SA in the knockout strain was only slightly
higher (8.7%) than that in wild type E. coli, indicating that the
endogenous MarR only showed limited influence on the

dynamic performance when exogenous MarR was introduced.
This was likely because the expression level of MarR from the
plasmid was much higher than the endogenous copy in
genome. Although the dynamic range in the knockout strain
showed a slight increase compared with wild type, the strength
of PmarO induced by 15 mM SA can only be recovered by
15.25%, with a fluorescence intensity of 1646 ± 161 au. In this
circumstance, the limited dynamic range can be a bottleneck
for applying this biosensor system in metabolic engineering,
and the excessive amount of MarR expressed from plasmid was
likely to be the reason for the narrow dynamic range.
Therefore, we next sought to fine-tune the MarR expression
levels to extend dynamic range. To get a clean background, the
strain E. coli ΔmarR was used in our following experiments.

Fine-tuning MarR Expression Level to Optimize
MarR-PmarO Biosensor System. We hypothesized that
the excessive MarR protein might be the reason for the limited
dynamic range. To test this hypothesis, a previous constructed
lpp promoter library containing lpp promoter variants with
different strengths was adopted to change the expression level
of exogenous MarR.28 Aiming to weaken the interaction

Figure 2. Construction strategy and dynamic performance of hybrid promoters. (a) Promoter sequence of PmarO and construction strategy of
hybrid promoters. The highlighted regions in the PmarO promoter sequence represent the −35 and −10 boxes. TIS, transcription initial site, which
is the letter in red. (b) Dynamic performance of one-site hybrid promoters. WT, wild type PmarO promoter. (c) Dynamic performance of dual-site
hybrid promoters. WT, wild type MarR-PmarO biosensor system. (d) Dynamic ranges of the sensor system enabled by S14 and WT PmarO
promoter. PC, positive control, which represents promoter activity without MarR. Error bars represent standard deviation (n = 3).
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between MarR and the PmarO promoter, lpp promoter
variants with decreased strengths, including lpp0.8, lpp0.5,
lpp0.2, lpp0.03 (the number behind lpp indicates the relative
strength of wild type lpp1.0 promoter), were chosen as
candidates. Substituting lpp1.0 with lpp0.2 or lpp0.03 caused
evident leaking expression on the sensor system even without
introducing SA in E. coli ΔmarR, with the eGFP expression
levels reaching over 7000 au (Figure 1c). Nonetheless, the
sensor system can still respond to the SA and exhibited
increased expression levels of eGFP (Figure 1c). The highest
induced strengths of PmarO promoter with lpp0.2 and lpp0.03
controlled MarR were 12468 ± 286 and 12755 ± 1102 au after
feeding 5 mM SA, respectively (Figure 1c). Further increase of
SA concentrations failed to improve the output strength of
PmarO (Figure 1c), which was likely due to the toxicity of SA.
While substituting lpp1.0 with lpp0.8 did not result in evident
influence on the dynamic range, the substitution with lpp0.5
enabled an increased response of MarR-PmarO sensor system
toward SA at all tested concentrations (Figure 1c). When
induced by 15 mM SA, the output strength of the sensor
system (2053 ± 134 au) showed a 1.90-fold increase compared
to when MarR was controlled by lpp1.0 (1079 ± 55 au), and
no obvious leaky expression can be observed when no SA was
added (Figure 1c). These results demonstrated that a
decreased expression level of MarR can improve the dynamic
range, but insufficient MarR availability can result in evident
leaky activity of PmarO.
Exploring the Function of marO Boxes by Construct-

ing Hybrid Promoters. There are two previously identified
marO binding boxes in the PmarO promoter, one overlapped
with the −10 region of PmarO and the other one located after
the −10 region21,22 (Figure 2a). We hypothesized that the
marO binding boxes can function in a “plug-and-play” manner.
Thus, placing the binding boxes in a constitutive promoter
would convert it to a MarR-controllable promoter. To test this
hypothesis, we chose the strong constitutive promoter pL as
the target because the pL promoter and its derivatives are
widely used in synthetic biology.29,30 Also, the pL promoter
cannot be controlled by MarR (Supplementary Figure S2a). In
the natural MarRAB operon, the MarR binds to the marO
binding boxes and blocks the access of RNA polymerase to the
−10 region in the promoter, which hinders the transcription of
the downstream genes.21−23 On the basis of this mechanism,
the marO binding boxes need to be placed on the positions
that are near or overlap with the −35 or −10 region to hamper
the binding of RNA polymerase. Thus, a total of five sites in
the pL promoter were selected for placing marO binding boxes
on these sites. The five sites are located before the −35 region
(site 1), overlapping with the −35 region (site 2), located
between the −35 and −10 region (site 3), overlapping with the
−10 region (site 4), and located behind the −10 region (site
5), respectively (Figure 2a, see Methods for detailed locations
of each site). We decided to first insert just one box to each
site to test the feasibility of creating MarR-controllable hybrid
promoters. On the basis of previous studies, binding box I and
binding box II can be recognized by MarR individually, but
binding box I enabled a higher repression level, which
demonstrated that binding box I was dominant in MarR
binding.31 Thus, the binding box I was placed on these five
sites individually to substitute the original pL promoter
sequence, resulting in hybrid promoters S1 to S5. As a positive
control, the eGFP expression level in strain E. coli ΔmarR
under the control of hybrid promoters S1 ∼ S5 was

determined. The promoters S1, S3, and S4 enabled fluorescent
intensities over 7000 au, showing promoter strengths close to
the PmarO (WT), while only 1628 ± 41 au and 2701 ± 502 au
can be achieved by S2 and S5, respectively (Figure 2b). Next,
we further introduced pCS27-lpp0.5-marR into strain E. coli
ΔmarR to explore their dynamic performance. Upon the
introduction of MarR, all five promoters exhibited a decreased
expression level of eGFP, indicating that the MarR was able to
suppress the hybrid promoters. A concentration of 10 mM SA
was used to induce the hybrid promoters. Unexpectedly, only
very slight increase can be observed in all five promoters
induced by SA, with the highest increase showing in promoter
S5 (from 1466 ± 4 to 1680 ± 40 au) (Figure 2b). These
results indicated that MarR can inhibit the promoter with only
one binding box, but this inhibition was only slightly released
by SA. The reason for failing to activate the hybrid promoters
when only one binding box was placed in the promoter region
was unclear, but similar results were also observed in previous
studies for AraC and LuxR when only one operator sequence
was added to the core and proximal regions (the location of
site 2 to site 5 in this study).32−34

We hypothesized that the insufficient activation by SA was
due to the lack of a second binding box, as there are two
binding boxes in the PmarO promoter in the natural MarR-
PmarO sensor system. Therefore, to test this hypothesis, a
series of dual-site hybrid promoters were designed and
constructed. Appropriate intervals between two binding
boxes need to be reserved when placing two binding boxes
to the promoter, so only six hybrid promoters were
constructed (see Methods for details), namely the S13, S14,
S15, S24, S25, and S35 (the numbers indicate the sites used to
place the binding boxes). Again, as a positive control, the
fluorescent intensities of eGFP enabled by each dual-site
hybrid promoters were determined. The highest eGFP
expression level was achieved by promoter S15 (9895 ±
1848 au), closely followed by S14 (9662 ± 1368 au), while the
S25, S13, S24, and S35 can only enable fluorescent intensities
of 5720 ± 734, 5656 ± 295, 4001 ± 177, and 2249 ± 126 au,
respectively (Figure 2c). To check whether the dual-site
promoters can be regulated by MarR and activated by SA, the
pCS27-lpp0.5-MarR was further introduced into the E. coli
ΔmarR strain along with the hybrid promoters, and 10 mM SA
was added to induce all six dual-site promoters. Upon the
introduction of MarR, all six dual-site hybrid promoters
exhibited decreased promoter activities when no SA was
present, but the promoter S24 and S25 showed evident leaky
activities. Only 32.61% activity of S24 and 51.74% activity of
S25 can be repressed by MarR (Figure 2c). For S13 and S15,
although these two promoters can be effectively inhibited by
MarR (with over 97% activity of the promoter can be
repressed), there were only neglectable increases in eGFP
expression level that can be observed when 10 mM SA was
present (Figure 2c). These results indicated that these two
promoters still cannot be activated by the SA. As for the
promoter S24 and S25 which showed obvious leaky activity
when MarR was introduced, they can be effectively induced
with 10 mM SA, where the 100% activity of S24 and 76.12%
activity of S25 can be recovered at this concentration (Figure
2c). These two promoters with medium promoter strengths
and excellent inducibility by SA might be helpful in future
dynamic regulation of SA related biosynthesis. The promoter
S35, which showed the lowest fully induced activity among six
dual-site promoters, can recover 44.84% activity after being
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induced by SA. The best performer was the promoter S14. The
nonrepressed promoter strength of S14 was comparable to the
PmarO (WT). It also exhibited a higher promoter activity
(1647 ± 58 au) than WT (1075 ± 92 au) when induced by 10
mM SA. Observing this, we further tested the dynamic range of
the MarR-S14 system and compared it to the wild type MarR-
PmarO system using gradient concentrations of SA (Figure
2d). The promoter S14 enabled an expanded dynamic range of

the sensor system compared to the wild type PmarO promoter.
Since the induced promoter S14 still cannot reach its
maximum strength (PC), we also investigated whether the
addition of SA would cause a negative effect on protein
expression. However, there was no obvious influence on the
S14 promoter activity when gradient concentrations of SA
were added (Supplementary Figure S2b). As this promoter can
also be strictly inhibited by MarR, it could be a good option to

Figure 3. Dynamic modeling simulation results and dynamic performance of promoter variants. (a) Scheme of modeling simulation. A water sphere
structure including MarR protein and identified DNA sequence was built in VMD. MarR protein was drew in green color and DNA sequence of
binding boxes was drawn in purple color. (b) Binding frequencies and binding energies of dominant nucleotides. Binding frequency and binding
energy were calculated by NAMD. (c) Dynamic performance of 12 promoter variants from first-round mutagenesis. The green column represented
the strength of mutated promoters without regulator protein. WT, wild type MarR-PmarO biosensor system. (d) Dynamic performance of 12
promoter variants from the second-round mutagenesis. (e) Dynamic performance of three promoters with double mutations and their parental
promoters. (f) Dynamic ranges of sensor systems enabled by promoter WT PmarO, S14, I12AII4T, and I12AII14T. Error bars represent standard
deviation (n = 3).
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be applied in SA related high-throughput screenings. Contrary
to single-site hybrid promoters (S1 ∼ S5) that only showed
very limited increases in activities after being induced by SA,
the dual-site hybrid promoters not only can be inhibited by
MarR, but also can be activated by SA with better dynamic
performance. These results confirmed our hypothesis that a
secondary binding box is required for better releasing the
MarR inhibition.
Site-Directed Mutagenesis on S14 Promoter Guided

by Modeling Simulation. As the engineered S14-MarR
biosensor system showed an extended dynamic range, we next
sought to explore how the dynamic performance of the
biosensor system can be tuned by further engineering the S14
promoter. We hypothesized that the strong binding between
MarR protein and marO boxes hindered the release of MarR
after induction by SA. To test this hypothesis, we first attempt
to alleviate the interaction between MarR protein and the
DNA sequences. To this end, a dynamic model was applied to
simulate the binding process (see Methods for details). Using a
program named visual molecular dynamics (VMD),35 a
computational model was generated in which the MarR-
Binding sequence is immersed in a water sphere mimicking the
physiological environment (Figure 3a). Simulating this MarR−
DNA complex in Nanoscale Molecular Dynamics (NAMD)
revealed the binding frequency and binding energy of every
interaction between MarR residues and nucleotides (Figure 3b,
Supplementary Table S1). Some nucleotides may bind to
multiple residues on MarR protein and in this case the binding
energy represented the sum of overall interactions. After the
simulation, we found that the nucleotides 7G and 12G in
binding box I and binding box II were predicted to possess the
most and second highest binding frequencies and relatively
high binding energies, which indicated that these two
nucleotides played major roles in the binding between MarR
and marO boxes. For the purpose of weakening the binding
between MarR and the promoter, we mutated 7G and 12G to
other nucleotides in the binding box I and II of S14 promoter.
A total of 12 single-site mutants (I7G to A, C, and T, plus
I12G to A, C, and T, in both binding boxes) were constructed
by site-directed mutagenesis. Surprisingly, all promoter variants
only enabled greatly lowered eGFP expression levels even
without introducing the MarR (Figure 3c). The highest
promoter activity was observed in variant I12A (1628 ± 41
au), which decreased by around 83% compared to the original
S14 promoter (9662 ± 1368 au). After introducing the pCS27-
lpp0.5-marR and inducing with SA, all promoter variants
except for the I7T can be inhibited by MarR, but only the
variant I12A exhibited improved activity when induced by 10
mM SA (Figure 3c). However, even though 65.29% activity of
I12A can be recovered, the maximum promoter activity of
I12A was only around 1600 au, making it unsuitable for
applications in metabolic engineering. It was unclear why the
mutation caused such hugely decreased promoter activities. On
the basis of our results, the mutagenesis on these two critical
nucleotides, though may weaken the binding between MarR
and the promoter (as shown in variant I12A), cannot improve
the dynamic range of the sensor system. Therefore, we next
sought to mutate the nucleotides that possessed the third and
fourth highest binding frequency and binding energy, which
are the 4C and 5T in binding box I, plus 4C and 14C on
binding box II (Figure 3b). Similar to the first-round
mutagenesis, a total of 12 mutants were constructed, including
the I4A, I4T, I4G, I5A, I5C, I5G, II4A, II4T, II4G, II14A,

II14T, and II14G. Similar to the results of mutating 7G and
12G in the binding boxes, most of the promoters showed
hugely decreased activities, except for the variant II4T (11573
± 558 au) and II14T (8901 ± 300 au) (Figure 3d). These two
variants maintained comparable maximum activities to the
original S14 promoter (9662 ± 1368 au), and the II14T even
showed a 19.78% increase in the maximum promoter activity.
Further introduction of MarR (controlled by lpp0.5 in pCS
plasmid) successfully resulted in inhibition on both promoters,
though both the II4T and II14T showed prominent leaky
activities (4724 ± 44 and 2912 ± 89 au, respectively). Upon
the induction of 10 mM SA, the promoter activities of II4T
and II14T were extended to 6411 ± 73 au and 5282 ± 115 au,
respectively, which represented a 3.89-fold and a 3.21-fold
increase compared to the induced activity of S14 (1647 ± 58
au), respectively. These results indicated that these two
promoters enabled more relaxed binding toward MarR,
because they exhibited much higher induced activities
compared to their parental promoter S14. This demonstrated
that the dynamic performance of the sensor system can be
tuned by manipulating the binding affinity between MarR and
the promoter. Since these two promoters showed evident leaky
expression, and an increased MarR expression level may reduce
such leaky activity (Figure 1c), we tested whether the
increased expression level of MarR can suppress the leaky
expression (Supplementary Figure S3). To our surprise, the
increased availability of MarR did not result in obvious changes
in the dynamic performance of either promoter (Supplemen-
tary Figure S3). As the I12A in the first-round mutation
showed a decreased promoter activity but still maintain the SA
biosensor phenotype, we hypothesized that the further
introduction of the mutation in the I12A promoter into the
promoter II4T and II14T would possibly result in decreased
leaky activities. Besides, we also want to see how the dynamic
performance of the sensor system would be affected when the
mutation in II4T and II14T is combined. Thus, three dual-
mutated promoters, I12AII4T, I12AII14T, and II4TII14T,
were constructed and tested. The promoter II4TII14T
completely lost the function, and no fluorescence intensity
can be observed when the eGFP was controlled by this
promoter (Figure 3e). As for the I12AII4T and I12AII14T,
both promoters were inhibited by MarR (when controlled by
lpp0.5), and can exhibit increased promoter strengths when 10
mM SA was introduced (Figure 3e). The leaky activities of the
I12AII4T (4820 ± 349 au) and I12AII14T (3034 ± 137 au),
however, did not show very obvious changes as we would
anticipate compared to their corresponding parental promoters
II4T (4724 ± 44 au) and II14T (2912 ± 89 au), respectively.
However, the activities of I12AII4T (8833 ± 152 au) and
I12AII14T (9061 ± 472 au) recovered by 10 mM SA were
boosted by 1.38-fold and 1.72-fold, respectively, and around
84.43% and 79.95% of the maximum activities can be
recovered, respectively (Figure 3e). Finally, gradient concen-
trations of SA were added to determine the dynamic ranges of
the sensor system when harboring the promoter I12AII4T and
I12AII14T (Figure 3f). Compared with the wild type PmarO
and S14, the promoter I12AII4T and I12AII14T showed
increased sensitivities and positively shifted dynamic ranges
(Figure 3f). This shift significantly improved the responsive
strength of the promoter toward SA. In conclusion, guided by
the dynamic modeling, the engineered promoters drastically
improved the responsive strengths and shifted dynamic ranges
of the MarR-PmarO biosensor system. These promoter
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variants will be beneficial for engineering SA-based dynamic
pathway control or high-throughput screening of high
producers for SA and its derived compounds.

■ CONCLUSION

Transcriptional factors-based biosensors (TFBs) are widely
applied in metabolic engineering and synthetic biology.
Nonetheless, natural TFBs often suffer from narrow dynamic
ranges or low responsive activities. In this study, we
systematically explored the tunability and engineering
potentials of a natural MarR-PmarO biosensor system that
can respond toward salicylic acid. We first investigated the
effect of endogenous MarR on the dynamic performance of
this sensor system. Besides, through fine-tuning the expression
levels of MarR, we successfully improved the output strengths
and dynamic ranges of this sensor system. Next, one of the
regulatory elements, the marO binding box located in the
PmarO promoter region, was demonstrated to be functional in
a “plug-and-play” manner. By placing the marO binding boxes
into the constitutive pL promoter, we obtained hybrid
promoters that were responsive to MarR and SA with varied
dynamic performance, which would be beneficial for future
metabolic engineering. Last but not least, guided by the
dynamic molecular modeling, we further explored the
tunability of the sensor system by engineering the binding
affinities between MarR and hybrid promoters. Finally, two
representative variants, I12AII4T and I12AII14T, were
obtained and demonstrated to have altered dynamic ranges,
improved responsive strengths, and enhanced sensitivities. In
summary, we demonstrated how a natural biosensor system
with limited dynamic properties can be engineered to have
better performance. Our study will provide valuable insights
for future engineering of natural transcriptional factors.

■ MATERIALS AND METHODS

Strains and Medium. Luria-Bertani (LB) medium was
used for E. coli inoculation and plasmid propagation. If
necessary, appropriate antibiotics including ampicillin and
kanamycin were supplemented into the medium at the final
concentration of 100 and 50 μg/mL, respectively. The E. coli
strain XL1-Blue was used as the host strain for plasmid
construction. Strain E. coli BW25113(F′) and its knockout
derivatives E. coli BW25113(F′) ΔmarR were used in this
research for dynamic performance test. E. coli BW25113(F′)
ΔmarR were created via homologous recombination by
replacing kanamycin on the original site of marR in genome.
Salicylic acid was purchased from Sigma-Aldrich.
DNA Manipulation. Plasmids pZE12-luc (high-copy

number) and pCS27 (medium-copy number)30 were em-
ployed for constructing the biosensor system in this work (see
Table 1 for a list of all strains and plasmids used in this study).
For initial characterization of the MarR-PmarO biosensor
system, the PmarO promoter sequence was amplified from the
genomic DNA of Escherichia coli and used to replace the
pLlacO1 promoter of pZE12-pLlacO1-eGFP36 using XhoI and
EcoRI to generate pZE12-PmarO-eGFP. To express MarR
regulator in Escherichia coli, we substituted the eGFP gene to
MarR in pCS27-lpp-eGFP using Acc65I and BamHI, resulting
in the pCS27-lpp-MarR.
For construction of hybrid promoters, a parental plasmid

pZE12-pL-eGFP was generated from pZE12-pLlacO1-eGFP
by replacing the pLlacO1 promoter with the pL promoter

sequence.37 We selected five sites (site 1−5, Figure 2a) on the
pL promoter to substitute MarO binding boxes. For the site 1
(from −60bp to −37bp), site 3 (−33bp to −13bp), and site 5
(−7bp to +16bp), the sequences of the binding boxes were
used to directly replace the original pL promoter sequences.
For site 2 or site 4 that overlaps with the −35 or −10 region,
respectively, the binding boxes were split to two sections, and
the original −35 and −10 sequences from pL promoter were
reserved. In doing so, we want to avoid the disruption of the
−10 and −35 region. Thus, in site 2, the sequences from
−46bp to −36bp and from −30bp to −17bp were replaced by
the sequences from the marO binding boxes, and in site 4, the
sequences from −27bp to −17bp, and −11bp to −1bp, were

Table 1. Strains and Plasmids Used in This Study

strain genotype ref

E. coli XL1-Blue recA1 endA1gyrA96thi-
1hsdR17supE44relA1lac

Stratagene

[F′ proAB lacIqZDM15Tn10 (TetR)]
E. coli BW25113(F′) rrnBT14 ΔlacZWJ16 hsdR514

ΔaraBADAH33
20

ΔrhaBADLD78 F′ [traD36 proAB
lacIqZΔM15 Tn10(Tetr)]

E. coli BW25113(F′)
ΔmarR

E. coli BW25113 (F’) marR:kanR this study

plasmid description ref

pZE12-luc PLlacO1, colE ori, luc, Ampr 29
pCS27 PLlacO1, P15A ori, Kanr 27
pZE12-pLlacO1-eGFP pZE12 with eGFP under the control

of PLlacO1

30

pZE12-PmarO-eGFP pZE12 with eGFP under the control
of PmarO

this study

pZE12-pL-eGFP pZE12 with eGFP under the control
of pL

this study

pZE12-S1-eGFP pZE12 with eGFP under the control
of promoter S1

this study

pZE12-S2-eGFP pZE12 with eGFP under the control
of promoter S2

this study

pZE12-S3-eGFP pZE12 with eGFP under the control
of promoter S3

this study

pZE12-S4-eGFP pZE12 with eGFP under the control
of promoter S4

this study

pZE12-S5-eGFP pZE12 with eGFP under the control
of promoter S5

this study

pZE12-S13-eGFP pZE12 with eGFP under the control
of promoter S13

this study

pZE12-S14-eGFP pZE12 with eGFP under the control
of promoter S14

this study

pZE12-S15-eGFP pZE12 with eGFP under the control
of promoter S15

this study

pZE12-S24-eGFP pZE12 with eGFP under the control
of promoter S24

this study

pZE12-S25-eGFP pZE12 with eGFP under the control
of promoter S25

this study

pZE12-S35-eGFP pZE12 with eGFP under the control
of promoter S35

this study

pCS27-lpp1.0-eGFP pCS27 with eGFP under the control
of promoter lpp1.0

28

pCS27-lpp1.0-MarR pCS27 with MarR under the control
of promoter lpp1.0

this study

pCS27-lpp0.8-MarR pCS27 with MarR under the control
of promoter lpp0.8

this study

pCS27-lpp0.5-MarR pCS27 with MarR under the control
of promoter lpp0.5

this study

pCS27-lpp0.2-MarR pCS27 with MarR under the control
of promoter lpp0.2

this study

pCS27-lpp0.03-MarR pCS27 with MarR under the control
of promoter lpp0.03

this study
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replaced by sequences from binding boxes. The DNA
sequences for all hybrid promoters were listed in Table 2.

Cultivation Conditions. All transformants were cultured
in 3.5 mL of LB medium with appropriate antibiotics at 37 °C

Table 2. Gene Sequences Used in This Study

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00245
ACS Synth. Biol. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acssynbio.1c00245?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00245?fig=tbl2&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with a shaking speed at 270 rpm in the New Brunswick Excella
E24 shaker (orbital diameter: 19.1 mm). Cultures of 150 μL
were transferred into test tubes containing fresh 3.5 mL of LB
medium with appropriate antibiotics. The cells were then
cultivated at 37 °C with a shaking speed at 270 rpm. Different
concentrations of salicylic acid (SA) in sodium salt form were
added into medium after 1.5 h (when OD600 reached
approximately 0.4). Before being fed, the pH of the SA stock
in sodium salt form was adjusted to 7.0 to eliminate the
potential negative effects of pH-related toxicity on cell growth
and protein expression. The samples were collected at the
appropriate time point and then subjected to measurement of
cell densities (OD600) and green fluorescence intensities.
Fluorescence Assays. The Synergy HT plate reader from

Biotek was used for fluorescence assays. The samples were
diluted by 5 times (40 μL sample with 160 μL water) and
transferred into a black 96-well plate with clear bottom
(Corning 3603). The plate was scanned in the Synergy HT
(BioTek) plate reader. The eGFP fluorescence intensity was
detected by using an excitation filter of 485/20 nm and an
emission filter of 528/20 nm. The cell densities (OD600) were
also collected using this plate reader.
MarR−DNA Dynamic Model Simulation. The software

Visual Molecular Dynamics (VMD)35 was applied to construct
the simulation model of the MarR−DNA-water complex. The
three-dimensional structure of the MarR protein was obtained
from the pdb file indexed “5h3r”38 from the RCSB protein data
bank. Meanwhile, two binding boxes were imported to the
model separately to form two MarR−DNA complexes with
different DNA sequences. The MarR−DNA complex was
immersed into a water sphere in order to closely resemble the
cellular environment. Note that it is not necessary to make the
shape of a water droplet spherical. Nevertheless, energy
minimization and equilibration will deform the water droplet
into the most stable shape with a minimal surface tension,
namely a sphere. For simplicity, we did not add ions, such as
Na+, K+, Cl− into simulation surroundings. Here, we
considered covalent bonding, van der Waals forces, and
electrostatic interactions into the binding energy between
MarR residues and each nucleotide. To well describe the
interactions among atoms in the MarR−DNA−water complex,
the CHARMM3639 force field was adopted. The potential
form of the force field is given as follows:

= + + + +

+ +

−E E E E E E

E E

bond angle dihedral impropers Urey Bradley

vdW elec (1)

where the first five terms account for the short-range covalent
bonding interactions while the last two terms are associated
with long-range van der Waals and electrostatic forces. The
cutoff distance for van der Waals and electrostatic interactions
was set to be 12 Å.
The software Nanoscale Molecular Dynamics (NAMD)40

was used to simulate the binding process of the established
MarR−DNA complexes. The environmental temperature was
set at 310 K and the time step was set at 2 fs. Two MarR−
DNA complexes were introduced into NAMD. The simulation
ran for 4 ns until the potential energy change of the complexes
was marginal (<5% of the binding energy). After this process, a
series of binding frequencies between each nucleotide and
residues were obtained. Considering the primary molecular
forces, binding energy on each nucleotide could be calculated

by summing up covalent bonding, van der Waals forces, and
electrostatic interactions.
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