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Transcriptional biosensors allow screening, selection, or

dynamic regulation of metabolic pathways, and are, therefore,

an enabling technology for faster prototyping of metabolic

engineering and sustainable chemistry. Recent advances have

been made, allowing for routine use of heterologous

transcription factors, and new strategies such as chimeric

protein design allow engineers to tap into the reservoir of

metabolite-binding proteins. However, extending the sensing

scope of biosensors is only the first step, and computational

models can help in fine-tuning properties of biosensors for

custom-made behavior. Moreover, metabolic engineering is

bound to benefit from advances in cell-free expression

systems, either for faster prototyping of biosensors or for

whole-pathway optimization, making it both a means and an

end in biosensor design.
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Introduction
Metabolic engineering allows the production of value-

added compounds from renewable sources, therefore,

making it a key discipline for a greener and more sustain-

able chemistry. As the domain of synthetic biology has

matured, numerous techniques have been developed and

applied in metabolic engineering, allowing for cheaper

and faster DNA synthesis, sequencing, and assembly. It is

nowadays faster to design and build constructs than to

characterize them as testing often involves expensive
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mass spectrometry analyses. This has led to an increased

interest in biosensors, which can allow fast and real-time

screening, selection, or dynamic regulation engineering of

metabolic pathways. Cells harboring fluorescent proteins

as the reporter of the biosensor allow screening of a huge

number of variants, both for experimental growth condi-

tions or genetic constructs (enzymes, RBS, promoters).

Moreover, dynamic regulation can be used to monitor

intermediates, final products, or quorum molecules,

allowing for optimal pathway balancing and resource

consumption.

The advantages of using biosensors in metabolic engi-

neering have been extensively reviewed before [1–3] and

will not be detailed further. Moreover, a wide array of

techniques now exists to develop biosensors, from FRET

[4] to riboswitches [5,6]: the interested reader is referred

to those two excellent reviews that cover the strengths

and limitations of the above-mentioned technologies

[7�,8��]. In this review, we will focus on transcriptional

biosensors in three different aspects. First, we will review

techniques for discovery and engineering of transcrip-

tional biosensors for new compounds, second, we will

present how computer-assisted modeling can facilitate

the tuning of biosensors for custom-made behavior, and

third we will review the advances and advantages of using

cell-free systems for biosensor characterization and met-

abolic engineering.

Designing a transcriptional biosensor to
detect a compound of interest
Engineering allosteric transcription factors

The first step to engineer a biosensor, whether homolo-

gous or heterologous, is to identify the transcription factor

(TF) and promoters that respond to it. Strategies involv-

ing transcriptional micro-arrays and identification of the

upregulated or downregulated genes in response to the

ligand of interest provide first leads. These approaches

can suffer from important limitations for metabolic engi-

neering use: the identified genes can be either indirectly

regulated by the ligand of interest, or very unspecific.

This strategy has been successfully applied for 1-butanol

detection [9]. Another strategy for the identification of

potential TF-promoter pair comes from Zhang et al. [10��]
who identified pairs that could detect lactam derivatives:

they used a chemo-informatics approach to reveal operons

listed in BRENDA (Braunschweig Enzyme Database)

[11] that detected similar chemicals, and identified the
www.sciencedirect.com
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gene likely coding the transcription factor. We recently

published [12�] a dataset of detectable metabolites

(Figure 1a). This dataset includes a manually curated list

of experimentally validated detectable metabolites and

information from databases of regulation, which contain

known or putative detectable metabolites. Other strate-

gies for mining parts have been discussed in a previous

review [13].

Once a potential TF/promoter pair is identified, the bio-

engineering workflow involves modifying the promoter,

RBS and binding sites to improve selectivity, dynamic,

operational range, fold change and leakiness. A number of

successful biosensors have been developed in recent years,

including heterologous TF despite the challenges faced to

adapt the transcriptional machinery. This technology is

becoming increasingly mature, as shown by the numerous

examples in Table 1. In addition, engineering of specific

biosensors for Malonyl-CoA is reviewed by Johnson et al.
[30], while Ambri [31] describes in details an implementa-

tion of bacterial TF in yeast. Voigt’s group recently

published an Escherichia coli strain containing twelve geno-

mically integrated small molecule sensors, using a directed

evolution strategy. It has been developed as a synthetic

biology tool but the presented methods are applicable to

metabolic engineering [32].

However, the above-mentioned strategies are only appli-

cable if a natural transcription factor-biosensor pair exists

for a given compound. We will now review strategies to

extend the chemical scope of transcriptional biosensors.
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Extending the chemical space for biosensors

A strategy to extend the chemical scope is to start from a

known transcription factor and apply rounds of protein

engineering to change its specificity (Figure 1b). For

example, to design a biosensor for lactulose, LacI was

altered using saturation mutagenesis, with rounds of

selection to ensure specificity to lactulose [33]. Taylor

et al. [34��] used computer-assisted protein design, fol-

lowed by saturation or random mutagenesis to modify

LacI to sense either fucose, gentiobiose, lactitol or sucra-

lose. The promiscuous MphR transcription factor has

been modified with a similar strategy to change its selec-

tivity towards various macrolides [29]. Despite their

successes, these examples still rely on well-known tran-

scription factors and labor-intensive mutagenesis or

computationally assisted protein design to change the

specificity of a transcription factor to, still, a chemically

similar molecule.

Several groups have tried radical approaches, fusing DNA

binding domains (DBD) to determine ligand binding

domains in different ways (Figure 1c). This strategy

has been successfully applied to maltose [35] and benzo-

ate [36] by testing various linkers and DBD systemati-

cally. Another strategy, also applied to maltose, was to

randomly insert the DBD into the metabolite binding

protein, using transposon insertion reaction, to select

constructs presenting biosensor-like behavior [37�]. In a

recent study [38�], the authors use a ligand-dependent

stabilization strategy, fusing LacI (respectively MphR)

to the Zif268 DBD and RNA polymerase v-subunit
)
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Table 1

Successful homologous and heterologous biosensor design based identified on transcription factor/promoter pairs

Compound Original organism Implementation

organism

Design strategy Biosensor application Reference

Itaconic acid Yersinia

pseudotuberculosis

Escherichia coli Identified TF and promoter from

catabolism pathways

Used for enzyme

improvement in pathway

prototyping

[14]

Vanillin Escherichia coli Escherichia coli Natural E. coli regulator tuned with

mathematical modeling

Used for library screening [15]

Syringaldehyde Escherichia coli Escherichia coli Natural E. coli regulator tuned with

mathematical modeling

Used for library screening [15]

Muconic acid Acinetobacter sp.

ADP1

Saccharomyces

cerevisiae

Identified from a previous

publication

Used for selection of high

producing strains

[16]

Pinocembrin Herbaspirillum

seropedicae

Escherichia coli Tuned with the help of a

mathematical model

Can be used for metabolic

engineering

[17]

Pamamycin Streptomyces

alboniger

Streptomyces

alboniger

Improved from native genetic

elements

Can be used for metabolic

engineering

[18]

p-coumaric acid Bacillus subtilis Escherichia coli Identified from literature and library

design of RBS to tune the repressor

properties

Used for screening a

producer strain in

microfluidic droplets

[19]

Formaldehyde Escherichia coli Escherichia coli Optimized from native regulatory

elements.

Used to identify promising

enzymes for methanol

assimilation.

[20]

N-acetylneuraminic

acid

Escherichia coli Escherichia coli Modularization of the native

biosensing system

Used for screening high-

producing strains

[21]

Putrescine Escherichia coli Escherichia coli Modularization of the native

biosensing system

Used for screening high-

producing strains

[22]

L-phenylalanine Escherichia coli Escherichia coli Modularization of the native

biosensing system

Used for screening high-

producing strains

[23]

Shikimic acid Corynebacterium

glutamicum

Corynebacterium

glutamicum

Using the promoter from native

genetic elements, considering the

transcription factor to be naturally

expressed

Used for screening high-

producing strains

[24]

Cellobiose Thermobifida fusca Escherichia coli Identified from literature and

expressed in E. coli

Used to identify promising

cellulases

[25]

Naringenin Herbaspirillum

seropedicae

Escherichia coli Identified from literature,

modularized and expressed in E.

coli

Can be used for metabolic

engineering

[26]

Naringenin Acinetobacter sp.

ADP1

Saccharomyces

cerevisiae

Identified from literature,

modularized and expressed in E.

coli

Used for pathway

prototyping - screening

[27]

Various aromatic

blocks

Sphingobium sp.

SYK-6

Escherichia coli Identified from literature,

modularized and expressed in E.

coli

Used to screen for lignin

degrading enzymes

[28]

Various macrolides MphR, isolated from

wastewater

treatment plant

Escherichia coli Directed evolution and random

mutagenesis to improve selectivity

Can be used for metabolic

engineering

[29]
transcription-activating domain. Those constructs are

quickly degraded unless the ligand is present. The

authors managed to engineer biosensors responding to

IPTG and D-glucose with satisfying dose-response

(respectively erythromycin with a modest response).

However, to underline the difficulty of this approach,

they report that in two structurally similar periplasmic

binding proteins, a similar mutation did not confer ligand-

dependent stabilization. Another similar approach was

developed recently, it uses both ligand-dependent stabi-

lization and protein dimerization: two ligand binding

domains (that can homodimerize, but bind different

ligands) are fused respectively to the activation domain

and the DBD. Upon ligand binding, the two proteins are
Current Opinion in Biotechnology 2019, 59:78–84 
stable and can homodimerize, resulting in biosensing.

This system allows for better range tuning and possible

orthogonal biosensing of different ligands [39].

Other known metabolite responsive proteins are two-

component systems, which have also been used as bio-

sensors. By fusing the transmembrane sensing domain of

another species detecting methanol with the cytoplasmic

phosphorylation domain of E. coli, binding of methanol

activates a phosphorylation cascade enabling biosensing

[40]. In an elegant study, transmembrane and cytosolic

receptors for caffeine were built by fusing single-domain

antibodies to monomeric DBDs [41]. Different DBDs

were used, proving the scalability of the method. These
www.sciencedirect.com
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two platforms should allow bioengineers to tap into the

vast reservoir of two-component systems and antibodies

to design new sensors.

A radically different approach to engineer thesensing scope

of bacteria was coined Sensing-Enabling Metabolic Path-

ways (SEMP) (Figure 1d). The principle of this method is

to metabolically convert an undetectable ligand into an

already detectable one. This method makes the most of

existing biosensorsaswell asof the impressiveaccumulated

knowledge on metabolic reactions. It has been successfully

applied in a metabolic engineering project to produce

3-hydroxypropionate [42], and its modularity was shown

by Libis et al. [43]. A web-server is now available to design

SEMP for compounds of interest [44].

Computer-assisted fine-tuning of biosensor
properties
While the scientific community agrees that biosensors

need to be fine-tuned for selectivity, sensitivity and

dynamic range, tuning strategies are usually based on

labor-intensive and costly rounds of selection and muta-

genesis. Controlling those properties is especially inter-

esting for metabolic engineering as the specifications of a

biosensor needed during various stages of the process will

change, from detecting micromolar amounts before path-

way optimization to g/L titers in later development

stages. Therefore, after engineering a biosensor with

new specificity, its properties also need to be fine-tuned

to match the metabolic engineer’s needs.

A detailed mechanistic model of the ArsR arsenic

biosensor was developed by Berset et al. [45], which

recapitulates the sensor behavior under various circuit

configurations, different ArsR alleles, promoter

strengths, and presence or absence of arsenic efflux in

the bioreporters. This model was then used to predict a

circuit variant with steeper response at low arsenite

concentrations. A thermodynamical model was devel-

oped in a recent study [46��], which was used to tune the

dynamic range of ligand-inducible promoters (mainly

AraC and LasR), using binding energies calculated for

different promoter sequences. Both studies proved that

with sufficiently detailed models, tailoring biosensor

properties for custom-made behavior can be achieved.

Another interesting study based on the Lac system and

involving extensive phenomenological modeling sought

to find theoretical constraints for biosensor design, nota-

bly a maximum achievable dynamic range and exposing

tunable parameters for orthogonal control of dynamic

range and response threshold [47]. As impressive as

these studies are, they are based on well-characterized

and known systems and such modeling cannot be

applied easily to a new biosensor.

However, a simpler formalism (Michaelis–Menten) for

mathematical modeling was used to tune a biosensor used
www.sciencedirect.com 
for selection of lignin transforming enzymes, giving

insights on parameters influencing sensitivity, such as

TF concentrations or copy number [15]. The role of

plasmid copy number on sensitivity and fold-change of

a pinocembrin and naringenin biosensor was investigated

through a mathematical modeling [17], using the common

Hill framework, allowing for better understanding of the

biosensor behavior and suggestions for further tuning of

properties according to desired outputs. Landry et al. [48]

used mathematical modeling with Hill formalism to tune

the detection range of a two-component system. They

successfully applied it to improve their detection thresh-

old up to two orders of magnitude. These later studies

showed that simple mathematical models can help to

understand and tune specific properties of a biosensor,

even in less known systems.

Computer-assisted design does not always yield the

expected results, as current models are often more expli-

cative a posteriori than predictive a priori. Therefore,

we believe investing the time needed to develop reliable

models for a library of constructs can only be worthwhile

in the long run for designing biosensors, as formalized

knowledge is more easily translatable to other situations.

Custom-made biosensors’ new application
domain: cell-free metabolic engineering
Despite the advances presented in this review, biosensor

design still necessitates rounds of trial and error. This

limitation can be significantly sped up by using cell-free

systems (Figure 1e). Moreover, cell-free systems are

poised to become a key characterization tool in the meta-

bolic engineering workflow before in vivo implementation.

Cell-free systems lead to quicker responses, simpler clon-

ing and larger combinatorial libraries screening, without

requiring transformation steps. These systems can also be

an appropriate platform for production because of lower

noise and toxicity and absence of resource competition

between pathway and cell growth. To date, cell-free

systems have been applied to implement pathways for

violacein [49], 4-BDO [50], polyhydroxyalkanoates bio-

plastics [51], mevalonate [52], n-butanol [53] and raspberry

ketone [54], using either transcription-translation (TX-

TL) systems, overexpressed enzymes in the crude extract

or purified enzymes. Advantages and possibilities of cell-

free systems for metabolic engineering have been

reviewed elsewhere [55], and a methods chapter for path-

way prototyping in cell-free systems has recently been

published [56].

Cell-free biosensors for various applications have been

reviewed elsewhere [57] and we will focus on strategies

applicable to metabolic engineering. In a recent study, a

vanillin biosensor was developed in cell-free systems

[58��]. The authors first used computational protein

design and then rapid cell-free prototyping to develop
Current Opinion in Biotechnology 2019, 59:78–84
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Pinocembrin cell-free biosensor. Cell-free reaction consists of TX-TL cell lysate, reaction buffer and DNA plus inducer for the biosensor (a). (b) The

graph shows a dose response RFP fluorescence after 9 hours incubation in a plate reader at 30�C. 40 nM of biosensor plasmid is added with 0, 1,

2, 10, 20, 100, 200, or 1000 mM of pinocembrin in 10.5 ml of cell-free reaction. RFP fluorescence points and error bars are the mean and standard

deviation of three measurements.
a biosensor for this toxic effector, which was subsequently

used in dynamic control loops in vivo to alleviate toxicity.

Another use of cell-free systems for biosensor engineer-

ing is discussed by Halleran et al. [59]: to develop

complex consortia for pathway distribution among cell

populations, metabolic engineers need reliable quorum

sensing systems. This study characterized cross-talk

between cell-free system and in vivo and discovered

significant correlation between cell-free and in vivo mea-

surements, validating the use of cell-free systems as a

successful and fast characterization testbed. Recently, we

have proposed a method to optimize the response of TF-

based cell free biosensors. We also proved that SEMP are

modularly implementable in cell-free systems, and

exhibit high sensitivity, fast response times and broad

dynamic range [60].

For this review, we implemented our in vivo-characterized
pinocembrin biosensor [17] in a cell-free system (Figure 2a).

The cell-free biosensor exhibited a linear correlation

between input concentration and fluorescence intensity as

well as a wider dynamic and operational range (Figure 2b)

compared to its in vivo counterpart [17]. These tools could be

used for real-time screening and speed up the design-build-

test-learn workflow for metabolic engineering.

Cell-free systems provide fascinating new opportunities

for metabolic engineering, not only for faster biosensor

development, notably for toxic products, but also for

prototyping whole pathways. Cell-free based metabolic

engineering can benefit from all advantages of biosensor-

based screening or dynamic regulation engineering, as

does traditional metabolic engineering.
Current Opinion in Biotechnology 2019, 59:78–84 
Conclusion
Thanks to extensive efforts by the research community, it

has never been easier to develop transcriptional biosen-

sors for new compounds, either from existing TF or

engineering strategies. We believe the next frontier in

custom-made biosensor design resides in efficient fine-

tuning of properties, which is greatly advanced by model-

ing efforts. Moreover, metabolic engineering might be

entering a new phase, with cell-free systems enabling

faster prototyping of biosensors and even whole path-

ways. The current advances in biosensors for high-

throughput screening will truly allow the field to move

from the Design-Build-Test cycle to the Design-Build-

Test-Learn cycle.
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