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Summary
ROBOX focuses on the development of oxidoreductases (Baeyer-Villiger monooxygenases, P450
monooxygenases, alcohol dehydrogenases and alcohol oxidases) for the oxy-functionalization of industriallyrelevant substrates. To facilitate the identification of useful P450 BM3 monooxygenases for the hydroxylation
of aromatics, ETH developed genetically-encoded fluorogenic biosensors for aromatic alcohols and phenols as
well as for the detection of hydrogen peroxide – a product of the characteristic “uncoupling reaction” catalyzed
by P450s. A set of orthogonal biosensors for the detection of hydroxylation products of the ROBOX target
substrate pseudocumene (DmpR and AreR biosensors), and hydrogen peroxide (OxyR biosensor) has
successfully been engineered and ETH performed a first proof-of-concept experiments. These biosensors have
the potential to be employed for screening of P450 BM3 mutant libraries by flow cytometry, particularly with
regard to the critical first hydroxylation step of pseudocumene (target reaction I) which can result in the
formation of several dead-end intermediates.
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Chemical name
Pseudocumene
2,3,5-Trimethylphenol (235-TMP)
2,3,6-Trimethylphenol (236-TMP)
2,4,5-Trimethylphenol (245-TMP)
2,4-Dimethylbenzyl alcohol (24-DMBA)
3,4-Dimethylbenzyl alcohol (34-DMBA)
2,5-Dimethylbenzyl alcohol (25-DMBA)
Trimethylhydroquinone (TMHQ)
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Scheme 1 Biosensors for quantification of products formed in the course of pseudocumene mono-hydroxylation by P450
BM3.
Pseudocumene (1, yellow) mono-hydroxylation by P450 BM3 and its variants can lead to formation of three alcoholic and
three phenolic substances. Two of the phenols (2 and 3, green) are intermediates of the biocatalyzed hydroxylation to the
desired product (8, grey) while a third phenol (4, dark blue) as well as all alcohols (5, 6, and 7; light blue) are dead-end
products which cannot be converted to 8 anymore. The alcoholic dead end intermediates can be detected with the AreR
circuit while DmpR mediated response is triggered by the two productive intermediates and the unwanted phenolic
intermediate. Another side product is H2O2 which can be readily detected by OxyR sensor.
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Introduction
1–3

Genetically-encoded biosensors are widely used as analytical tools . In the case of screening applications for
identification of improved enzymes or pathways, biosensors typically take advantage of metabolite-sensing
macromolecules composed of amino acids (e.g. transcriptional regulators) or non-coding RNAs (e.g.
riboswitches). These regulatory elements can specifically bind effector molecules and modulate the expression
of reporter proteins (in our case genetically-encoded fluorophores). In this way, the intracellular concentration
of compound of interest can be measured and correlated with an easily quantifiable signal.
For the purposes of ROBOX, ETH developed sensors for detection of main and side products formed in the
course of P450-catalysed bioconversion reactions (Figure 1a). By co-expressing P450 libraries in E. coli strains
equipped with biosensor plasmids, enzyme variants yielding the wanted product but no (or little) dead-end
product can be isolated on the basis of the fluorescence signal profile recorded by flow cytometry at rates >
10’000 analyzed events per second. The genetic circuit employed for sensing is comprised of transcriptional
regulators with distinct specificity enabling sensing of either the (wanted) product or (unwanted) dead end
product(s). Each transcription factor regulates the expression of a specific genetically-encoded fluorescent
marker, e.g. two orthogonal fluorescent proteins, thereby allowing simultaneous monitoring of the main
product and the dead end product(s). The regioselectivity of enzyme catalyzed reactions can then be estimated
on the basis of these two signals.
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Figure 1: Screening system workflow and target reactions investigated by ETH
a) High-throughput screening strategy for tailoring of the selectivity of P450 monooxygenases using flow cytometry. b) Main
and dead-end products formed from pseudocumene during of P450 BM3-catalyzed synthesis of trimethylhydroquinone 8
(target reaction I).

Results
Sensors for detection of phenols, aromatic alcohols and hydrogen peroxide
The transcriptional regulator, DmpR, and its cognate promoter, PO, were selected as a starting point for the
construction of biosensors circuits for detection of the wanted intermediates and products of target reaction I
4
(i.e., phenolic intermediates 2 and 3 and the main product 8) . On the other hand, the regulator/promoter pair
5
AreR/PareCBA were used for the development of a biosensor for detection of the unwanted alcohols (5 to 7). The
transcriptional regulators and promoters were cloned in pSEVA plasmids and employed for regulation of the
expression level of a green (GFP; via DmpR) and a blue fluorescent protein (BFP; via AreR). We verified that

4

CONFIDENTIAL

expression of both fluorescent proteins was inducible by their natural inducers (o-cresol and benzyl alcohol,
respectively). The results indicated a 200- and 17-fold increase of the mean fluorescence of induced versus the
non-induced cells (Figure 2). We also tested their affinity for all potentially occurring hydroxylation products 2
to 7 and the substrate 1 but apart from a moderate response of the AreR biosensor to dead end product 6,
none of the tested compounds was a potent activator for either regulator.
In order to tailor the circuits for screening of P450 BM3s catalyzing target reaction I, a directed evolution
campaign aiming at improvement of the specificity towards the main products (via DmpR and GFP) and side
products (via AreR and BFP) was carried out. The engineering efforts led to the identification of DmpR mutants
specifically responding to trimethyl phenols 2 to 4 (Figure 3a) and AreR mutants with specific response to
dimethylbenzyl alcohols 5 to 7 (Figure 3b). We also attempted to isolated DmpR mutants responsive to the final
product, TMHQ, but could not identify such a variant. Nevertheless, the available DmpR and AreR variants
enable the discrimination of unwanted side products (benzyl alcohols) and the productive intermediates
(phenols), except for phenolic compound 4 which is a dead-end intermediate also triggering response of the
isolated DmpR mutants otherwise used for detection of the wanted intermediates (2 and 3). Thus, the
biosensors enable identification of potentially improved enzymes capable of catalyzing the critical first step
required in order to transform pseudocumene 1 to trimethylhydroquinone 8.
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Figure 2: Sensing of o-cresol, benzyl alcohol and H2O2 by DmpR (a), AreR (b), and OxyR (c) circuits used for regulation of
fluorescent marker proteins
Fluorescence signal intensities recorded by a flow cytometer for the DmpR (a), AreA (b) and OxyR (c) circuit response
triggering green, blue or red fluorescent protein expression in the absence (red curve) and presence (blue curve) of their
natural inducers o-cresol, benzyl alcohol and hydrogen peroxide, respectively. Top: Histograms recorded by flow cytometry.
Bottom: Fluorescence signals in response to increasing inducer concentration recorded in microtiter plates.
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For hydrogen peroxide (side product) detection, OxyR and P OxyS were cloned in a pSEVA vector 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 2).
All three biosensors were orthogonal on the molecular (i.e. regulatory mechanism), the physicochemical (i.e.
no overlap of the fluorescence spectra), and the chemical (i.e. in the level of the inducer specificity) level. Any
two of those sensors or even all three combined can thus be used simultaneously to monitor multiple reaction
parameters without the need to later mathematically deconvolute the data.
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Figure 3: Inducer specificity spectrum of selected DmpR and AreR mutants isolated by random or multi-site saturation
mutagenesis.
Fluorescence intensity normalized to cell density (OD600) displayed by four DmpR (a) and two AreR mutants (b) after
induction with potential products of target reaction I. The bars indicate desired (green) and undesired response (red) as well
as the basal signal intensity recorded in the absence of any inducer (grey).

Details on application of biosensors for detection of enzymatically produced hydroxylation
product and an unwanted side-product (hydrogen peroxide)
As a proof-of-principle, we used the DmpR

WT

and OxyR

WT

biosensors in order to establish a multiplexed assay

for the simultaneous detection of a hydroxylation product (phenol) and side product (hydrogen peroxide)
produced in the course of P450 BM3 catalyzed conversion of an arene substrate. For this first experiment, we
chose toluene over pseudocumene as substrate for two reasons: First, unlike pseudocumene, toluene solubility
in aqueous solution is acceptable (~0.5 g/l) which greatly facilitates whole cell catalysis, and, second, toluene is
converted by P450 BM3s nearly exclusively (95 – 99 %) to 2-methyl phenol (o-cresol) at concurrent production
of hydrogen peroxide. The reaction is therefore a good test case in order to simultaneously measure H2O2 and
o-cresol formation in a BM3 catalyzed reaction. If successful, the setup can be employed for determination of
the coupling efficiency and product formation for any other of the ROBOX hydroxylases provided that a sensing
circuit for quantification of the main product is available and that the accumulated concentrations of H2O2 and
target product are within the dynamic range covered by the circuits.
First, we investigated the performance of pDmpR-GFP and pOxyR-RFP circuits on the single cell level by flow
7

cytometry. For this, two regiospecific P450 BM3 variants (P450 BM3 M1 and M3 , provided by RWTH) with
approximately 13-fold difference in turnover frequency of toluene to o-cresol were expressed in E. coli and coWT

transformed with plasmids carrying pDmpR -GFP and pOxyR-RFP circuits, respectively. The same strain
transformed with the expression vector but with no insert served as the control. All strains were grown in
minimal media in liquid culture and supplemented with IPTG in order to induce P450 BM3 expression. After 6
h, toluene was added and the GFP signal (indicative for o-cresol) and the RFP signal (indicative for H2O2 and
together with the GFP signal indicative for the degree of uncoupling) were measured over time by flow
cytometry (Figure 4). Over six hours, no significant shift of either of the two signals was observed in the control
(marked with Δ) was detected which indicates that the o-cresol and H2O2 concentrations remained below the
detection level. In a culture of a P450 mutant with moderate activity towards toluene (P450 BM3 M1, marked
with +) in time up to 50 % of the population shifted to the GFP+ gate (Q3) and up to 5 % to GFP+/RFP+ gate
(Q2) thus indicating slow accumulation of o-cresol and H2O2, respectively. The most pronounced fluorescence
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intensity increases (with >95 % of the population shifting to GFP+ gate and 50 % of the population shifting to
RFP+ gate within 3 h) were observed in the culture of the highly active P450 mutant (P450 BM3 M3, marked
with ++) suggesting efficient toluene conversion but a seemingly high degree of uncoupling. This experiment
illustrates that it is possible to simultaneously monitor multiple reaction parameters on the single cell level via
specific fluorescence signals and that we can use those to discern between P450 mutants with differential
activities and coupling efficiencies towards toluene.
CH3

CH3

CH3
OH

P450 BM3

O2 + NADPH + H

+

NADP

+ H2O
+

via DmpR
biosensor

or

+H O
2

2

via OxyR
biosensor

Figure 4: Simultaneous detection of o-cresol and H2O2 produced by P450 BM3 muteins in the course of toluene monohydroxylation.
Conversion of toluene over time by P450 BM3 mutants with no (Δ), moderate (+) and high (++) activity are expressed in an E.
coli strain harboring DmpR/GFP and OxyR/RFP plasmids. The 2D dot plots show the GFP (X-axis) and the RFP (X-axis) signal
being indicative for the intracellular concentrations of o-cresol (wanted product) and H2O2 (uncoupling, unwanted product),
respectively.

Conclusions
The first 24 months of ROBOX delivered a set of genetically-encoded biosensors for the detection of main and
side products formed in the course of the mono-hydroxylation of arene substrates by P450 BM3. Except for the
sensor for hydrogen peroxide (OxyR), all biosensors had to be fine-tuned by protein engineering, especially
with regard to inducer specificity, such that only a pre-defined subset of the potentially generated products
from pseudocumene is detected (i.e., DmpR for sensing of the productive intermediates and AreR for the
unwanted dead end products). Furthermore, it was shown that these biosensors can be used together in a
single cell in order to then monitor enzyme driven formation of products. In the coming months, the biosensors
will be further fine- and used for screening for enzymes for the identification of robust and highly active
hydroxylases. The hydrogen peroxide sensor OxyR has the potential to be applied to reduce the uncoupling of
cytochrome P450 enzymes, one of the major limitations of industrial application of hydroxylases, in general.
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