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Fig. 1 Sensing of o-cresol,
benzyl alcohol and hydrogen
peroxide by DmpR, AreR and
OxyR circuit.
Fluorescence signal distributions
recorded with a flow cytometer
for DmpR (left), AreA (middle)
and OxyR (left) circuits triggering
the expression levels of green,
blue or red fluorescent protein in
the absence (red curve) and
presence (blue curve) of their
natural inducers cresol, benzyl
alcohol and hydrogen peroxide.
A schematic representation of
each genetic construct is given
above the respective plots.
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Fig. 2 Orthogonality test of
AreR and DmpR biosensors
2-D dotplots (blue fluorescence
vs green fluorescence) recorded
for an E. coli strain harboring
pDmpR-GFP and pAreR-BFP
plasmids and grown in the
absence of inducer (left) or in the
presence of DmpR (cresol,
middle) or AreR inducers (benzyl
alcohol, right).
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DmpR and AreR are derived from different microbial species but belong to the same
family of transcriptional activators (the NtrC family). In order to use them simultaneously,
we had to ensure that no cross activation of the two biosensors takes place. Thus,
pDmpR-GFP and pAreR-BFP were co-transformed in E. coli and grown in the absence
of inducer, in the presence of cresol (DmpR inducer) or benzyl alcohol (AreR inducer)
for 16 h to ensure that even mild cross activation effects are detected. The designed
biosensors were orthogonal as no cross activation of biosensors were observed (Figure
2). Thus, these biosensors can be concurrently used to monitor reaction parameters
without the need to later mathematically deconvolute the data.

Biosensors for detection of phenols, benzyl alcohols, and hydrogen
peroxide
The transcriptional regulator/promoter pair DmpR4/Po and AreR/PareR

5 were used for the
development of a sensor for sensing of phenols and benzyl alcohol, respectively. The
regulatory elements trigger the expression of a green fluorescent protein (GFP; via
DmpR) or a blue fluorescent protein (BFP; via AreR). We verified that expression of the
fluorescent proteins was inducible by their respective inducers and observed a 200-
(DmpR) and 17-fold (AreR) relative increase of the mean fluorescence in the induced
culture (Figure 1). For hydrogen peroxide detection, OxyR/PoxyR

6 were cloned in a low
copy plasmid using a red fluorescent protein (RFP) as reporter. A 17-fold relative
increase of mean fluorescence was observed when cells harboring this sensor were
treated with hydrogen peroxide (Figure 1).

Introduction
Genetically encoded biosensors are widely used as non-invasive tools for monitoring of biological processes1–3. Biosensors typically employ proteins (e.g. transcriptional regulators) or
RNAs (e.g. riboswitches) capable of specifically binding the product of interest and subsequently triggering the expression of reporter proteins, in our case, fluorescent reporters. Such
genetically encoded circuits can be used in order to report intra- or extracellular concentrations of a product of interest by an easily quantifiable signal.
We develop transcription factor-based biosensors for the detection of main and side products formed in the course of monooxygenase-catalyzed bioconversions. The genetic circuits
employed for sensing contain transcriptional regulators with distinct effector specificity and indicate the concentration of the target product as well as the unwanted side-product(s). By co-
expressing monooxygenases in Escherichia coli strains equipped with biosensor plasmids, enzyme variants yielding the wanted product but no (or little) side-product can be identified on
the basis of the fluorescence signal profile recorded by flow cytometry at rates > 10’000 analyzed cells per second.
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Summary and conclusions
A set of genetically encoded biosensors with fluorescence output for the detection of toluene hydroxylation products has been developed. Each of the transcription factors regulates the 
expression of a specific genetically encoded fluorescent marker, i.e. orthogonal fluorescent proteins, thereby enabling simultaneous quantification of the main product and the side 
product(s). Furthermore, it was shown that these biosensors can be used at the same time in order to monitor enzyme driven formation of products in vivo in a single measurement The 
regioselectivity of enzymatic reactions and the resulting product profiles can directly be determined on the basis of these signals. 

Disclaimer: The research for part of this work has received funding from the European Union project ROBOX (grant agreement n°
635734) under EU’s Horizon 2020 Programme Research and Innovation actions H2020-LEIT BIO-2014-1. Any statement made herein
reflects only the author’s views. The European Union is not liable for any use that may be made of the information contained herein.

Application of biosensors for detection of enzymatically produced
hydroxylation products and hydrogen peroxide
Two regiospecific P450 BM3 variants (P450 BM3 M1 and M37, kindly provided by ABBT
RWTH Aachen) with approximately 13-fold difference in turnover frequency of toluene to
o-cresol were expressed in E. coli and co-transformed with plasmids pDmpR-GFP and
pOxyR-RFP, respectively. Cultures were grown in minimal media supplemented with
IPTG in order to induce P450 BM3 expression, then toluene was added and the GFP
signal (indicative of o-cresol) and the RFP signal (indicative of hydrogen peroxide
formation and therefore the degree of uncoupling) were measured over time (Figure 3).
Over six hours, no significant shift of either of the two signals was observed in the control
(marked with ∆) indicating absence of o-cresol and hydrogen peroxide formation. After 3
h, up to 50 % of the population was shifted to the GFP+ gate (Q3) and up to 5 % in
GFP+/RFP+ gate (Q2) for the culture of a P450 mutant with moderate activity towards
toluene (P450 BM3 M1, marked with +) thereby pointing towards slow accumulation of o-
cresol and hydrogen peroxide. The most pronounced fluorescence intensity increase
(with >95 % of the population shifting to GFP+ gate and 50 % of the population shifting to
RFP+ gate within 3 h) was observed in the culture of the highly active P450 mutant
(P450 BM3 M3, marked with ++) indicating efficient toluene conversion but a seemingly
high degree of uncoupling. This experiment illustrates that it is possible to simultaneously
monitor multiple reaction parameters via specific fluorescence signals and that we can
use those to discern between P450 mutants with differential activities and coupling
efficiencies towards toluene.

Fig. 3 Simultaneous detection of o-cresol and hydrogen peroxide produced by P450 BM3 muteins in the course of toluene
hydroxylation.
Conversion of toluene over time by P450 BM3 mutants with no (∆), moderate (+) and high (++) activity expressed in E. coli strain
harboring DmpR/GFP and OxyR/RFP plasmids. The 2-D dot plots show the GFP (X-axis) and the RFP (X-axis) signal being

indicative of the intracellular concentrations of o-cresol (wanted product) and hydrogen peroxide (uncoupling, unwanted product).
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