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Abstract

Genetically encoded biosensors are crucial for enhancing our understanding of how molecules
regulate biological systems. Small molecule biosensors, in particular, help us understand

the interaction between chemicals and biological processes. They also accelerate metabolic
engineering by increasing screening throughput and eliminating the need for sample preparation
through traditional chemical analysis. Additionally, they offer significantly higher spatial and
temporal resolution in cellular analyte measurements. In this review, we discuss recent progress
in biosensors and control systems—biosensor-based controllers—in metabolic engineering.

We emphasize cutting-edge protein-based biosensor development. Furthermore, we explore
engineered protein-based biosensors that utilize less commonly exploited signaling mechanisms,
such as protein stability and induced degradation, compared to the prevalent transcription factor
binding and allosteric regulation. Lastly, we propose that these lesser-used mechanisms will be
significant for engineering eukaryotic systems and slower-growing prokaryotic systems where
protein turnover may facilitate a more rapid and reliable measurement and regulation of the current
cellular state.
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Introduction

Metabolic engineering has gained significant attention due to its potential to impact human
and environmental health as well as the global economy through enhancing industrial
production of biochemicals, agrochemicals, biofuels, pharmaceuticals, nutraceuticals, other

"Corresponding author: wrightrc@vt.edu.

Author contributions

P.C. prepared and wrote the initial draft. P.C. and R.C.W wrote, edited, and reviewed the manuscript. R.C.W conceived the original
idea of the proposed controlling protein level through protein degradation system. P.C. designed all figures for the manuscript.

Disclosure of competing interests
All authors declare that they have no known competing financial, personal or profession interests that might influence the work
reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaisupa and Wright

Page 2

chemicals, and biomolecules. Through turning an organism into a cell factory and rewiring
metabolic pathways, biomanufacturing and metabolic engineering offer an alternative

and environmentally friendly method to produce natural active compounds, metabolites,
antibiotics, fatty acids, or de novo synthetic compounds[3-11]. An organism that has been
specifically modified to serve as a platform on which new genetic functions and specific
metabolic pathways can be designed and assembled to produce such useful compounds is
typically called a chassis organism[12-16]. Heterologous gene expression and editing of
native genes in the chassis result in optimization of the biochemical reactions, signaling, and
metabolic pathways, for production of compounds of interest via the chassis’ metabolism
instead of traditional chemical synthesis or extraction from plants[15, 17-19]. Moreover,
chassis organisms can also be engineered to make use of low value feedstocks such as food
waste or waste plant biomass to generate beneficial, high value compounds[20-24]. Another
impactful application of metabolic engineering is the engineering of chassis organisms to
degrade undesired chemical compounds in the environment[25-27].

Metabolic engineering is a complex, difficult, and often unpredictable process. The
production yield of desired molecule by the chassis is often initially low and limited due

to low heterologous expression levels, undesired catalytic properties, incorrect folding,
feedback inhibition, and environmental triggers[3, 28, 29]. Further iteration of chassis
development, or perhaps total redesign, is required to improve yield. Engineering biological
systems is generally a sophisticated process that requires costly Design-Build-Test-Learn
(DBTL) cycles to iteratively seek the optimal system (Figure 1)[30, 31]. The test phase,
which evaluates the performance of the constructed biological system for example,
determining the amount of the desired chemical produced, is often particularly laborious,
costly, and time-consuming[32, 33]. Conventional assays are often used, based on liquid

or gas chromatography sometimes paired with mass spectrometry or immunoassays, have
limited capacity for processing samples and are intricate and time-consuming for optimizing
the production of valuable compounds of interest[34-37]. The DBTL cycle is repeated,
often with many designs being built and tested in parallel, until the desired specific function
is achieved, such as a strain that can convert a specific substrate into the desired product

at an economically viable rate[30, 31]. Although many functional genes and biosynthesis
pathways in many organisms have been identified, it is still challenging to identify suitable
enzymes and pathways in specific hosts. Factors such as metabolic flux balance, host strain
choices, and chassis tolerance to heterologous expression, feedstocks, intermediates and
products are important metabolic engineering design parameters[11, 38-41]. Due to the
complexity of metabolic pathways, it is difficult to explore, reveal, and engineer every single
component. The above bottlenecks impede the development of cell factories for producing
compounds of interest at high yields. Genetically encoded biosensors are essential to
resolving bottlenecks in chassis selection and metabolic engineering as high-throughput and
efficient tools for identifying pathway components, monitoring and regulating biosynthesis
pathways, and facilitating screening and selection of host cells with desired phenotypes[42—
45]. Biosensors have the potential to significantly improve the throughput of Design-Build-
Test-Learn (DBTL) processes and reduce the number of conventional assays needed for
identifying key components and fluxes within the metabolic pathway.[46—48]. They detect
and quantify small molecules, using biological macromolecules like proteins, DNA, or RNA
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as recognition units to sense specific target molecules[42, 44, 49, 50]. These units connect to
measurable reporter signals, such as changes in spectrophotometric, chemical, or electrical
properties. Biosensors can be engineered to function outside of cells, as /n vitro biochemical
reactions, or engineered to be encoded in the genome, or delivered to cells by some other
means, and function /n vivo, entirely within host cells.

This review centers on /n vivo genetically encoded biosensors that expedite chassis organism
development and optimization in metabolic engineering[51-54]. We explore their use as
metabolic controllers, and other applications. We also highlight the protein-based biosensor
development, the potential of protein-based controller that control cellular protein abundance
for metabolic engineering, and future perspectives.

Biosensors accelerate metabolic engineering

Biosensors have proven to be valuable tools in metabolic engineering (Table 1), facilitating
rapid and efficient screening of intracellular target compounds produced by recombinant
chasses[46, 50, 55-57]. They provide high temporal and spatial resolution in reporting

the cell’s metabolic state[55-57], thus boosting throughput (Figure 2)[58-60]. This high-
throughput approach enables the identification of optimal enzymes and regulatory genes of
chasses[61, 62], discovery of novel biosynthesis pathways[43, 46, 63, 64], and monitoring
metabolite production[51], ultimately leading to the enhancement of the production of a
target molecule of interest.

Biosensors can also be used to screen large libraries of genetic variants or metabolic
pathways, which allow further optimization of the production of desired compounds by
adjusting the gene expressions and altering metabolic pathways[44, 60, 65-68]. This helps
to accelerate the development and optimization of the productivity of a chassis organism.
While the concept of cellular biosensors is not a new innovation, as all living organisms
naturally possess intrinsic biosensors to regulate and balance their metabolisms, these
genetically encoded biosensors provide a more efficient and alternative mechanism to
quantify a molecule of interest than the classical assays of quantitative chemistry. Therefore,
harnessing and engineering molecular biosensors for high-throughput screening of desired
compounds or metabolic pathways can aid the understanding and selecting valuable genetic
variants and discovering metabolic pathways. This, in turn, can expedite development

of efficient biomanufacturing platforms. Here, we summarized the studies that utilized
genetically-encoded biosensors for metabolic engineering.

Genetically encoded biosensors offer a valuable tool for monitoring metabolic states

by detecting specific target molecules and generating signals corresponding to their
concentrations. These biosensors also facilitate high-throughput screening and selection,
significantly reducing the time required for analyzing optimal enzyme, biosynthetic
pathway, as well as high-producing strains from a library of natural or engineered strains in
the production of various chemicals.
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Biosensors as metabolic controllers

The quantification and regulation of metabolites within pathways is critical to enhance
microbial production bioprocesses. In metabolic engineering, it is well known that
accumulation of certain intermediate compounds in metabolic pathways can exhibit toxicity,
imposing a burden on the host chassis, and exemplifying the necessity of balancing flux
through metabolic pathways by controlling the levels of biosynthetic enzymes. To address
this issue, the regulation of specific components, such as transcription factors or gene
regulators, can be employed to control gene expression. By exploiting the underlying
mechanism of biosensors, which involves sensing a target molecule and triggering
transcriptional activation or altering protein stability as an output, these biosensors can be
utilized as controllers to actively regulate metabolism and cellular functions. This rewiring
of /n vivo cellular processes enables the creation of novel signaling pathways within cells.

The utilization of various controllers, functioning as cellular switches, has revolutionized
research involving bacteria, yeast, and animals by effectively regulating cellular mechanisms
and processes. Significantly, numerous metabolite-responsive transcription factor-based
biosensors have been extensively explored to regulate genes of interest and control cellular
functions, including metabolic flux. For instance, an example of such a biosensor is

FapR, a responsive transcription factor that negatively regulates fatty acid and phospholipid
biosynthesis in Bacillus subtilis. By engineering the regulatory circuit sensor for malonyl-
CoA in E. coli, the group showed that the malonyl-CoA sensor—actuator biosensor could
help alleviate the toxicity in the chassis, therefore improve fatty acid titer and productivity.
When excess malonyl-CoA is accumulated, the biosensor will turn on the expression

of specific gene lacl, which then downregulates the expression acetyl-CoA carboxylase,
alleviating toxicity caused by acetyl-CoA carboxylase gene overexpression. On the other
hand, when the intracellular malonyl-CoA concentration is low, the biosensor is capable

to up-regulate acetyl-CoA carboxylase expression. Therefore, the acetyl-CoA carboxylase
can convert acyl-CoA the desired product of fatty acid. This system effectively prevents
metabolic overflow, the production of unnecessary proteins during the early stages of
fermentation, thereby increasing the production of fatty acid[63]. Similarly, a regulatory
sensor based on FadR was developed to facilitate the production of fatty acid—based
products in £. coli. The fatty acid/acyl-CoA biosensors were able to response to both
exogenous and endogenously produced fatty acids. In this case, when there is sufficient
fatty acid, FadR promotes production of acyl-CoA. The fatty acid would be first activated to
acyl-CoA which then antagonize the DNA-binding activity of FadR resulting in expression
of genes that encode enzymes to produce ethanol, activate more free fatty acid to fatty
acyl-CoA, and convert ethanol and acyl-CoA to fatty acid ethyl ester[64]. Another study has
developed and demonstrated a malonyl-CoA-responsive biosensor to dynamically regulate
fatty acid biosynthesis, optimizing the expression and accumulation of the acetyl-CoA
carboxylase gene. This approach alleviates the toxicity and cell growth inhibition associated
with gene overexpression, while maintaining high malonyl-CoA production[97]. In a recent
study by Peng et al. (2022), novel genetic circuits were effectively employed to regulate
GAL promoter-driven heterologous pathways in S. cerevisiae. These engineered circuits
enable precise activation and repression of the gene of interest under the control of

SLAS Technol. Author manuscript; available in PMC 2024 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaisupa and Wright

Page 5

the endogenous yeast galactose-inducible (GAL) promoter. Through the implementation

of these synthetic regulatory circuits, a significant increase in the production of the
terpenoid nerolidol was achieved, even in flask cultivation conditions[98]. These successful
demonstrations highlight the efficacy of genetic circuitry in enhancing bioproduction.
Furthermore, the engineering of promoters represents a global strategy for metabolic control,
offering a promising approach to facilitate efficient bioproduction processes[99-102].

Biosensors also facilitates drug-discovery and drug development pipelines

Biosensors have demonstrated their value not only in detection and metabolic engineering
but also in diverse research and applications. Over decades, biosensors are used along

the drug-discovery pipeline in pharmaceutical and diagnostic industry. The application
includes drug target identification, ligand fishing, lead molecule screening and selection, and
pharmacokinetic study. In a recent study, Scott and colleagues (2022) conducted research
involving the engineering of a biosensor designed to detect HIF-1a/HIF-1p dimerization
inhibition, which represents a significant target in anticancer therapies. The biosensor was
utilized within a yeast two-hybrid system as a drug discovery platform. The utilization

of fluorescence and auxotrophy-based selections enabled the identification of outcomes
indicating the occurrence of HIF-1a/HIF-1p dimerization inhibition. Additionally, the
research group successfully applied the biosensor to monitor cellular activity and assess
potential off-target effects of drugs. The biosensor introduced in this study demonstrates

its utility as a valuable drug discovery platform, particularly for the development of protein-
based new modality drugs[52]. Wehr and coworkers (2016) reported on the utilization

of genetically encoded biosensors to accurately and robustly monitor protein-protein
interactions within living cells. The biosensor mechanism relies on protein fragment
complementation, wherein the readouts are delivered through fluorescent proteins or
luciferases fused to each protein when the split proteins interact. Furthermore, Dong

et al. (2021) developed a genetically encoded fluorescent biosensor based on the 5-
hydroxytryptamine 2A receptor (5-HT2AR) for serotonin. This biosensor facilitated /n vivo
detection of endogenous serotonin dynamics and enabled the identification of potential
therapeutics[103]. Moreover, Prével and colleagues (2014) also developed the fluorescent
biosensors to investigate the behavior of Cyclin-dependent kinases (CDK/Cyclins) both /n
vitroand in vivo. These biosensors permit the detection and monitoring of CDK/Cyclin
abundance and activity, which are central to the regulation of cell cycle progression and
other critical biological processes. The CDK/Cyclin biosensors were additionally employed
to identify new classes of inhibitors for cancer therapeutics[104]. Additionally, Sato et

al. (2009) utilized genetically encoded fluorescent biosensors to detect extracellular signal-
regulated kinase (ERK). Through this engineered biosensor, the spatiotemporal dynamics
of protein phosphorylation by ERK in the cytosol and nucleus were revealed[54]. The
high-throughput nature of biosensors proves advantageous for the screening and selection
of functional drug variants, rendering these biosensors efficient tools in the field of drug
development. Collectively, these studies underscore the potential of biosensors in drug
discovery and emphasize the importance of developing innovative approaches to enhance the
efficacy and efficiency of drug development pipelines.
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Types of Biosensors

Genetically encoded biosensors can be classified based on the biological material used as

a receptor scaffold and the mechanism of sensing. For example, transcription factor-based
biosensorstypically utilize a transcriptional activator or repressor protein that regulates the
expression of reporter genes under a specific promoter. This transcription factor responds
to the small molecule of interest through direct or indirect interaction with a ligand-binding
domain for the molecule. This interaction leads to changes in the conformation and/or
stabilization of the transcriptional complex, promoting or restricting accessibility of RNA
polymerase and the transcription process. Many natural transcription factors contain ligand-
binding domains that bind to small molecules or metabolites and affect allosteric or

other mechanisms of transcriptional regulation. Many of these ligand binding domains
have been successfully engineered to bind novel ligands and act as biosensors, regulating
gene expression in both prokaryotic and eukaryotic cells[46]. The dynamic response and
output of this biosensor can be fine-tuned by changing the position and affinity of the
ligand-binding site[105] or by replacing the native promoter with a proximal promoter that
is minimally affected by endogenous molecules[55]. Transcription-based biosensors have
a wide range of applications, including optimizing and boosting the production of small
molecules in eukaryotes, regulating the activity of the Cas9 protein in human cells[106],
optimizing chemical biosynthesis and pathway variants in prokaryotes[61], and controlling
gene expression in heterogeneous living cells[107].

Nucleic-acid-based biosensors refer to either natural or synthetic nucleotides that can
identify complementary DNA or RNA sequences of an analyte, or act as a receptor for a
specific biomolecule or target chemical substance. Nucleic-acid-based binding modalities
are termed aptamers. The aptamer can selectively bind to a specific target, including
proteins, peptides, small molecules, toxins, and living cells. Upon target binding, it changes
its tertiary structure such as hairpin shape or a hybridization form delivering the output from
target recognition. Aptamers have been applied widely in diagnosis of diseases[108-111],
detection of small molecules[112, 113], and monitoring environmental contamination[114,
115]. Furthermore, the aptamers can also be engineered to regulate the formation of

MRNA synthesis by binding to a specific molecule. For example, an aptamer specific to
tetracycline can be placed at the 5-splice of RNA to prevents slicing and protein expression
in the presence of tetracycline[116, 117]. Moreover, aptamers can be integrated with an
expression platform known as a riboswitch. The aptamer acts as a receptor for a ligand or
analyte, while the expression platform acts directly on gene expression through its ability

to switch between two distinct secondary structures in response to ligand binding[118].
Many riboswitch classes with ability to sense diverse metabolites have been discovered[119]
such as guanidine[110], flavin mononucleotide (FMN)[120], S-adenosylmethionine[121],
lysine[122], etc.

I mmuno-based biosensors, on the other hand, rely on recombinant antibodies to detect an
antigen of interest. The antibodies are typically immobilized on a surface that incorporates
a reporter for detection and quantification. Numerous studies have shown that the antigen-
binding activity and sensitivity of this type of biosensor depend on the orientation of the
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immobilized antibody[123-126]. Engineered antibodies hold great promise as a biosensor
for medical diagnosis[123, 127], as well as therapeutics for diseases[128-130].

Membrane proteins are proteins that naturally reside on the cell membrane. They play

a central role in sensing various stimuli. Taking inspiration from this natural sensing
mechanism, membrane protein-based biosensors have been developed for numerous
applications. These biosensors can be created by either incorporating the membrane protein
into a lipid bilayer or expressing it within a cell. The membrane-expressing platform is
then linked to a sensing device for output signals, which include fluorescence expression
and electrical alterations[131]. An example of such a lipid bilayer-based biosensor is the
biological nanopore. These membrane proteins are readily producible, form pores, and
can be inserted into a membrane. They have been extensively investigated and utilized

for detecting a wide range of organic and inorganic molecules, including nucleic acids.
Membrane proteins, such as £. coli outer membrane protein G (OmpG), £. coli curli
transport channel (CsgG), E. coli ferric hydroxamate uptake component A (FhuA), and

S. aureus a.-hemolysin (a-HL), can be engineered as sensing receptors[132]. The sensing
mechanism relies on the distinct conductance of ions resulting from the translocation of
analytes through the pore[133]. For instance, an a-hemolysin nanopore, combined with an
antigen-binding fragment (Fab) of the HED10 antibody, has been developed for nucleic
acid detection[134, 135]. Furthermore, membrane protein-based biosensors can also be
constructed using G protein-coupled receptors (GPCRs), olfactory receptors (ORs), or OR
co-receptors (Orco) embedded within a cell. In the presence of specific analytes, these
receptors bind to the analytes and subsequently generate a signal response. This response
can manifest as fluorescence protein expression, cellular division in a suitable cellular
environment, or the initiation of a signaling cascade within the cell[132].

Similar to membrane proteins, transmembrane channel proteins also reside on the cell
membrane. They play an essential role in various physiological responses and multiple
intracellular functions across bacteria, archaea, fungi, plants, and animals[136-138].

This sensing process involves controlling the expressed channel receptors on the cell
membrane, which can stretch open directly in response to mechanical forces from membrane
tension. As a result, molecules and ions are transported through these channel receptors
upon stimulation, initiating cellular responses[136-141]. Drawing inspiration from natural
mechanosensitive sensing mechanisms, researchers have developed mechanosensitive
channel-based biosensors by incorporating circularly permuted green fluorescence protein
(cpGFP) into mechanosensitive channel from £. coli. This channel experiences significant
conformational changes upon activation by mechanical forces, converting them into
intracellular biochemical signals[141]. Moreover, the mechanosensitive channel from E. coli
has been adapted to sense changes in osmotic pressure. Furthermore, the mechanosensitive
biosensors are successfully engineered and programmed to respond to the external stimulus
by inducing gene expression within a synthetic cell[142, 143], controlling drug release

from matrices or carriers, and releasing desired contents from vesicle systems[144]. These
mechanosensitive biosensors, equipped with functional actuation, provide an invaluable
platform and tools for studying and engineering cell signaling, regulating gene expression,
and influencing cell behaviors[140].
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Protein/enzyme-based biosensors mimic the mechanism of how a protein interacts with its
substrate to regulate biochemical reactions, metabolism, and homeostasis. Proteins are the
fundamental building block that construct the physiological body of every species. Most
proteins or enzymes, as a receptor, bind to specific substrates, namely ions, small ligands,
or macromolecules, to maintain dynamic activities within living cells. The diverse function
and activities of proteins rely on genetic information and associated three-dimensional
structures[145]. Protein-based biosensors can be obtained from a wide range of proteins
by rewiring their recognition domains and employed into a variety of host cells[146, 147].
They are often designed to fit a target ligand or metabolite, which subsequently induces

a structural or conformational change, or promotes changes of another relevant protein.
Protein-based biosensors are versatile tools for many applications and research fields, such
as monitoring molecules of interest in the environment, detection and diagnosis tool[148-
150], quantifying target molecules[151], monitor intracellular metabolites in microbial
hosts[77, 152], and studying biological processes and dynamics within living cells[53, 153,
154].

Protein-based biosensors offer several advantages over other types of biosensors, particularly
for metabolic engineering. Firstly, both the sensing and detecting mechanisms of protein-
based biosensors occur within the cytosol rather than the nucleus. As a result, genetic
information within the nucleus is unlikely to be interfered with. Secondly, protein-based
biosensors also act independently of transcription factor activation in nucleus, which leads
to a faster response and output signal. For example, changes in the fluorescence yield of
protein biosensors through changes in structure or stability usually occur within minutes,
while a transcriptional-driven reporters may take hours for transcription and translation to
affect a new steady state. Therefore, biosensors that are independent of transcription for
their sensing mechanism can allow more quick, accurate and robust observations of changes
in metabolism and quantifies of molecules of interest. Thirdly, engineering a protein-based
biosensor to sense a specific molecule can be achieved through several approaches for
desired properties and suitable performance, such as rational design, directed evolution,

de novo design, mutagenesis, DNA shuffling, and recombinant DNA techniques[155,

156]. Therefore, we can improve the sensitivity and selectivity of the protein recognition
units for defined target molecules. Lastly, protein-based biosensors can be expressed and
employed in many living cells as a heterologous system for simultaneous and continuous
sensing in dynamic, living environments. For instance, protein-based biosensors can detect
biomarkers in cancer cells[157-159], study protein structural changes[160], and dynamic
protein—protein interactions in living cells[161].

Herein we focus on the current state-of-the-art in protein-based biosensor engineering for
the detection of small molecules primarily /n vivo in a non-destructive manner, utilizing two
major approaches: rational protein engineering and evolution-guided engineering (Figure 3).

Development of protein-based biosensors

The development of protein-based biosensors for small molecules requires careful
consideration of several key elements and attributes. Protein-based biosensors are generally
composed of a ligand-binding domain (LBD), a linker, and a reporter domain that provides
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detection and quantification. The biosensor-analyte coupling generates a signal perceived
in the ligand-binding domain that is transmitted through linker and affects a change in the
reporter domain. The signal from the biosensor-analyte coupling can be a conformational
change of molecule, physiochemical change, the generation of an intermediate, or a change
in stability or quantity of the reporter. The reporter domain in addition to this potential for
change must also be measurable by optical, electrochemical, or other means. In this review,
we will focus on non-destructive /n vivo optical reporters that produce signals based on
chemical gradients proportional to the intracellular concentration of target molecule. This
type of reporters includes fluorescence and chemiluminescence. Fluorescent proteins, such
as RFP, GFP, CFP, etc., as well as luciferases are widely used in the genetically encoded
biosensor constructs and provide high spatial and temporal resolution. Using the optical
modality in the biosensor construct offer several advantages such as direct, and real-time
detection of many target molecules, small size and low cost[162].

Several critical factors must be carefully considered when designing protein-based
biosensors for small molecules. Ligand specificity, binding affinity, sensitivity, robustness,
and biosensor architecture all play crucial roles in biosensor design. Specificity and
sensitivity depend primarily on the recognition unit or receptor, which must be carefully
engineered to recognize and couple with a particular molecule accurately. Other attributes
such as reproducibility, robustness, and stability must also be optimized to obtain

high biosensor performance. Reproducibility is the ability of a biosensor to perform
consistently under the same operating conditions. The changes of energy and mass,
bonding, or interaction between biosensors and analytes are critical to maintain their
reproducibility. Furthermore, the stability of the biosensor, specifically its degree of
stability to ambient disturbances, especially in the test-case biological system, needs to

be considered. In addition, background-level detection, including light reflection from
chromophore-containing molecules, organelle autofluorescence, and cellular heterogeneity
may also require adjustments to the biosensor design to ensure sensitivity and accuracy

of measurement. In summary, designing an efficient protein-based biosensor for small
molecules demands thoughtful consideration and optimization of multiple factors. This is
necessary to ensure excellent performance and functionality across various systems and
use-cases. The following outlines two approaches that can be employed in the engineering of
protein-based biosensors:

Rational protein design and engineering

Rational design is a targeted and knowledge-driven approach to constructing protein-based
biosensors for small molecules or other protein engineering goals. This approach relies on a
deep understanding of the structure-function relationship, including the three-dimensional
structure of the protein, its catalytic and/or ligand-binding domains, and other critical
regions. Rational design involves the intentional modification of a protein’s sequence/
structure based on a detailed understanding of its function, with the goal of improving

or altering the protein’s properties. Computational simulations, mathematical models, and
molecular modeling techniques, such as maps of electrostatic potential, solvent-accessible
surface area, ligand-receptor binding mode prediction, and bonding free energy calculations,
are frequently employed to predict key residues or functionally allosteric regions that could
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enhance the characteristics and functionality of biosensors constructed from proteins[163—
166]. In order to implement rational design for protein-based biosensor development, the
initial step involves identifying the key residues or regions that modulate the functions of the
sensor and reporter domains. Although domain insertions can be advantageous for biosensor
construction, they either require a comprehensive understanding of protein structures or
demand significant effort to generate all possible insertion sites[167]. Nonetheless, this
identification process helps narrow down the possibilities and pinpoint the hotspots for
potential protein variants to be examined, effectively reducing the amount of experimental
work required. Once the identification of key residues or regions is completed, site-directed
mutagenesis techniques, involving the deletion, insertion, or replacement of specific

amino acids, can be employed to induce conformational and structural changes in the

active binding site, linker, and/or reporter domains. These modifications can enhance

the specificity and sensitivity of the biosensor. Following mutagenesis, expression and
functional characterization experiments are conducted to evaluate the potential of the protein
biosensor. Overall, rational design represents a powerful tool for constructing protein-based
biosensors for small molecules, leading to more precise and sensitive detection of specific
molecules. This approach combines computational predictions, targeted mutagenesis, and
experimental characterization to optimize the performance of protein biosensors.

Numerous studies have demonstrated the effectiveness of rational design strategies in protein
engineering. For instance, Solscheid et al. (2015) demonstrated successful engineering of
the PstS phosphate binding protein from E. colifor detection of inorganic phosphate (Pi).
This was achieved through mutational approaches between the protein’s two lobes, as

well as the insertion of glycine in the hinge region to increase protein flexibility, thereby
widening the range of substrate detection. Binding of Pi to the protein resulted in lobe
rotation, conformational changes, and a response to Pi concentration. Tetramethylrhodamine
fluorescence attached to the mutated PstS phosphate receptor serves as a reporter modality
sending a readout signals proportional to the Pi concentration (Figure 4A). However,
because of the necessity for fluorophore conjugation this biosensor is limited to primarily /n
vitro use. Furthermore, Chen and colleagues (2015) demonstrated successful rational design
of homoserine dehydrogenase (HSDH) of Corynebacterium glutamicum to recognize an
unnatural inhibitor L-lysine[168]. HSDH is a natural allosteric receptor for threonine and
isoleucine. The binding site of the HSDH protein was modified by mutagenesis to respond
to L-lysine using various point mutations and their combinations. These mutations resulted
in a larger binding pocket and a more negatively charged environment for L-lysine binding
and preventing threonine binding, thereby enabling a novel allosteric regulation with an
unnatural molecule. This work demonstrated the re-engineering of protein could be used to
detect L-lysine production. Interestingly, Cormann and colleagues (2018) employed rational
design techniques to create novel biosensors capable of detecting L-malate, ethylmalonate,
and phthalate, which are aromatic compounds. To achieve this, the researchers replaced

key ligand-binding residues in the sensory unit of the CitA citrate-binding histidine kinase
from Geobacillus thermoleovorans with corresponding residues found in similar histidine
kinases that bind different ligands. For large families of ligand binding domains, this

study demonstrates that the specificity of these sensing units can be modified through
pocket grafting to recognize non-native ligands. Additionally, the research suggests that
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the flexibility of the protein receptor scaffold in the absence of a ligand reduces entropy
costs during ligand binding, allowing the protein to adapt to bind non-native ligands with
micromolar affinity[169].

Small molecule biosensors often undergo a dynamic change at the molecular level upon
recognizing the ligand within the ligand binding domain that is then translated to the
reporter domain. To achieve optimal detection output from protein-ligand interaction, the
concept of induced protein stabilization can be utilized [106]. For example, a protein
biosensor can be engineered by fusing to a ligand-stabilized ligand binding domain with
fluorescence genes or other reporter genes, resulting in a stable and detectable protein when
it binds to the target small molecule. Consequently, the binding of the target ligand to the
protein biosensor stabilizes the protein structure, enabling the detection of signals from the
target ligand[106]. Additionally, mutations in the fluorescent protein structure can induce
fluorescence quenching, thereby enhancing the fluorescent intensity or output signal of

the biosensor. To achieve a reliable output signal, a fluorescent protein, which serves as a
versatile transducer generating observable output, should be strategically placed in a spot
or region that is highly sensitive to the ligand of interest[170]. Chesterfield et al (2020)

also demonstrated that inserting fluorescent protein into a biosensor protein’s flexible loop
without altering the ligand-binding site makes it highly sensitive to local conformational
changes and can increase the signal output of the biosensors[171]. Moreover, a library of
randomly inserted fluorescent proteins in the ligand-binding domain of a protein can be
generated to identify allosteric hotspots and explore the optimal residue for inserting the
fluorescent-based biosensor. Additionally, Tansila et al. (2007) presented another strategy
to enhance the sensitivity to the ligand of interest and the output signal. They achieved

this by by introducing mutations to residues within the inter-strand space of GFP, a region
potentially formed during the folding process. This region can be targeted for engineering
residues for ligand binding sites without adversely affecting the intrinsic fluorescence and
structural integrity of the fluorescent protein[2] (Figure 4). Site-directed mutagenesis, based
on rational design, has also led to the production of high-affinity enhanced green fluorescent
protein (EGFP) variants targeting endotoxin binding motifs in gram-negative bacteria[170].
Through engineering their barrel structures, a wide range of fluorescence proteins spanning
from blue to red wavelengths have been extensively employed in various applications[172,
173].

The rational design approach is a valuable tool for predicting and comprehending the
molecular structure, as well as the interactions between ligands and protein receptors
acting as biosensors. These cost-effective designs, facilitated by computational aids and
mathematical models, enable the identification of protein domains, allosteric hotspots, and
the simulation and prediction of molecular dynamics. Predicted variants, via substitution,
insertion, or deletion, can enhance the ligand specificity, sensitivity, and overall function
of a protein biosensor. However, changes in amino acid residues in the protein structure
may sometimes make it challenging to predict the protein’s overall function. Therefore,
identifying allosteric binding sites or critical residues requires careful consideration. It is
crucial to experimentally investigate the effect of predicted mutations using methods such
as site-directed mutagenesis and appropriate screening techniques. In doing so, a structure-
function relationship of protein variants can be established. By leveraging existing structural
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knowledge and functional insights gained through rational engineering approaches, a proof-
of-concept for further engineering biosensors for molecules of interest can be established.

Evolution-guided engineering

The advancements in synthetic biology and metabolic engineering has made it possible to
reprogram organisms, creating new metabolic pathways that allow for efficient chemical
synthesis using the modified chassis. Directed evolution aims to generate massively diverse
populations of chassis organisms and apply artificial selective pressure to this population

to select for the desired organismal phenotypes, metabolite characteristics, and pathway
dynamics. Directed evolution is also a bottom-up approach for accelerating the development
of protein biosensors. Directed evolution has been demonstrated to achieve the desired
phenotype based on the collaboration between design choices and the proteins’ evolved
nature, limiting the design decisions and introducing significant random chance into the
development process, as opposed to rational design in which computational algorithms make
pointed choices about specific variants to test[174, 175]. Frances Arnold won the Nobel
Prize in Chemistry for successfully using directed evolution to obtain a better version of an
enzyme. Specifically, mutations were introduced into the gene encoding the peptide-cleaving
enzyme subtilisin E. Those gene variants were then introduced into bacteria, Bacillus
subtilis, which are naturally not able to cleave peptide bonds in organic solvents. The cells
carrying randomly mutated versions of the subtilisin E coding sequence were cultured on
solid media containing organic solvents and milk proteins. This enables the identification of
colonies capable of cleaving milk proteins, leaving clear spots on the milky plates, acting as
the artificial selective pressure. With several rounds of /n vitro evolution, mimicking natural
evolution by generating genetic variation, and applying a selective pressure for the most

fit, highest function variants (in terms of ability to cleave milk proteins in the presence of
organic solvent), an enzyme was generated that worked 256 times better in organic solvents
[176-179].

The strategy inspired by natural evolution involves creating a library of biosensor variants
and carefully selecting the desired molecular characteristics. Directed evolution for protein-
based biosensors involves mutating a native receptor, mainly at the ligand binding site, using
methods like error-prone PCR, site-directed mutagenesis, and DNA shuffling, to generate a
diverse variant pool[180]. Additionally, we can link the functions of these two domains by
randomly inserting a coding sequence for a reporter domain into the receptor domain or vice
versa. Circular permutation of one or both coding sequences is another strategy that can be
employed for the same purpose.[181, 182]. The library of variants of a candidate biosensor
design is then introduced into living cells. Living cells expressing the protein variants are
grown in the presence and absence of the small molecule of interest and cells demonstrating
the desired output behavior are enriched. Although the variations are introduced randomly,
the selection process directs the evolution of the protein towards the desired outcome.

With rounds of diversification and selection, typically through a rapid high-throughput
screening or growth selection, the variant population that interacts properly with its ligand
to induce changes in reporter signal is enriched, while the variants that do not properly

bind to the ligand or do not couple the binding event with output signal are reduced. The
selected variants can then be subjected to further structural and functional analysis as well
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as additional rounds of directed evolution. Molecular docking can be performed to identify
the binding modes and understand the structural properties that govern specific interaction
between the small molecule and biosensor. In this way, directed evolution can inform future
rational design approaches, and likewise rational design can inform variant library design for
directed evolution.

Directed evolution strategies may uncover non-intuitive mutations or other variation in

genes to improve the function and performance of the encoded protein, in terms of binding
affinity, selectivity, catalytic activity, operational range, tolerance to the selective pressure in
a new environment, or other functions. This becomes a starting point of adaptive and novel
functions. Although this evolutionary method is based on a different perspective theory and
methodology from rational design, it may actually prove to be an efficient alternative. This is
particularly true if there are specific and sensitive screening and selection methods available
for the desired functions. Successful directed evolution for engineering a protein-based
biosensor requires careful consideration of several factors: selecting appropriate mutagenesis
methods, determining strategic locations for changes (e.g., throughout the protein, in the
active site region, or at flexible sites), choosing a suitable host for gene expression, and
employing sensitive methods to screen and select the desired protein.

In recent years, directed evolution has emerged as a promising strategy particularly

for enhancing the substrate/ligand specificity of biological molecules, as evidenced by
numerous successful applications of protein engineering. For instance, Sneok et al. (2019)
presented a high-throughput method for evolving allosteric transcription factors of £.

coli and transferring the output functions to a eukaryote, Saccharomyces cerevisiae. The
transcription factor, BenM, was evolved to change its ligand specificity, dynamic range,
inversion-of-function, and operational range, resulting in a ligand-specific biosensor for
muconic acid that showed great promise for the development of biosensors[183] (Figure
5). Similarly, Ambrosio et al. (2020) successfully employed directed evolution to develop
the VanR transcription factor, which exhibited improved responsiveness to vanillin and
reduced affinity for the native ligand effector, vanillic acid[105]. In another example,
TtgR transcriptional repressor from Pseudomonas putida coupled to a green fluorescent
reporter was engineered by directed evolution to detect wide range of antibiotics and
other organic compounds[184]. Ogawa et al. (2019) similarly utilized random mutagenesis
library construction and directed evolution techniques to engineer a transcriptional activator,
XylS, derived from Pseudomonas putida. The aim was to create variants that could more
efficiently recognize p-toluic acid while displaying minimal response to m-toluic acid.
These efforts demonstrate the potential of XylIS variants as highly specific biosensors
capable of accurately detecting desired ligands[185]. Likewise, Brandsen et al. (2018)
have developed biosensors in £. colithat act through ligand-dependent stabilization

of a transcriptional repressor, Lacl. Using error-prone PCR mutagenesis of lacl and
subsequent selection, the researchers acquired a biosensor with multiple mutations that
allowed for the detection of isopropyl p-D-1-thiogalactopyranoside (IPTG) as well as
D-fucose. The study further demonstrated that a single mutation in the Lacl biosensor is
sufficient for achieving selectivity and biosensor activity. Overall, this research highlights
the potential of mutagenesis and selection strategies for the development of biosensors
with enhanced specificity and sensitivity[186]. Furthermore, Tang Rui-Qi et al. (2020)

SLAS Technol. Author manuscript; available in PMC 2024 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaisupa and Wright

Page 14

utilized directed evolution techniques to engineer a novel biosensor capable of detecting

a wide range of xylose concentrations. The team focused on XyIR, a transcriptional
activator derived from £. coli, and successfully created a series of mutant xylose-responsive
biosensors and showed that the biosensors containing the mutant XyIR exhibits an increase
operational range by nearly 10-fold comparing with the control. These biosensors were
also employed to regulate the expression of various genes, including those involved in
lycopene biosynthesis, by utilizing xylose as an inexpensive inducer. As a result, the
biosensor system demonstrated a marked increase in lycopene production in E. coli
compared to the wild-type XyIR[187]. Bali et al. (2018) successfully identified and
obtained mutant libraries of nicotinamide riboside transporters, PnuC, that accept thiamine
as a new substrate using directed evolution. This finding highlights that identifying a

single specific residue could yield a larger change in specificity and function of the

target protein biosensor[188]. Moreover, Machado et al. (2019) demonstrated directed
evolution of the PcaV allosteric transcription factor, which changed ligand specificity
toward vanillin and other aromatic aldehyde effectors. Their study resulted in the design

of a biosensor derived from a directed evolution strategy[189]. Similarly, Kasey and
colleagues (2017) utilized directed evolution to engineer the transcription factor MphR for
the detection of macrolides produced by different mutant enzymes, pathways, and strains.
The resulting MphR biosensor variants showed improved detection capabilities for in-cell
macrolide production, demonstrating the potential of directed evolution for drug discovery
and development applications[78]. In a recent study conducted by Flachbart and their
colleagues (2021), a series of highly specific biosensors capable of detecting different target
molecules, including 4-hydroxybenzoic acid, p-coumaric acid, 5-bromoferulic acid, and
6-methyl salicylic acid, were developed. The team employed directed evolution techniques
to evolve the transcriptional repressor HcaR towards a more relaxed-ligand specificity.

As a result, several HcaR variants were successfully engineered, each with unique ligand
specificities. This approach has the potential to expand the repertoire of biosensors available
for detecting a diverse range of target molecules[190]. Liu et al (2017) carried out successful
random mutagenesis on the TyrR1 transcription factor and generated a biosensor capable
of detecting intracellular L-phenylalanine (L-Phe). This biosensor facilitated the directed
evolution of L-Phe hyperproducing strains[74]. Additionally, d’Oelsnitz et al. (2022) have
developed genetically encoded, generalist monoterpene biosensors using directed evolution
techniques. The sensory unit of these biosensors is based on the camphor-responsive
TetR-family transcriptional regulator CamR from Pseudomonas putida. By subjecting the
CamR biosensors to directed evolution, the effector specificity of the sensors was expanded
to recognize four distinct monoterpenes: borneol, fenchol, eucalyptol, and camphene[85].
Since many monoterpenes are toxic to microbes, the developed biosensors can also aid

in balancing expression levels to reduce the metabolic load of heterologous pathways.

The above repertoire of biosensors provides a valuable toolbox for facilitating metabolic
engineering applications. Overall, this research demonstrates the potential of directed
evolution in expanding the range of biosensors for applications in metabolic engineering.
However, the above biosensors are all based on re-engineered transcription factors, while
providing signal amplification through transcription and translations, are also limited to the
associated hour-long timescale and cellular resolution.
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For environmental research and applications, coarse-grain time and space resolution are
often sufficient. Towards environmental applications, Cai Y and colleagues (2022) have
demonstrated the potential of using cadmium resistance transcriptional regulatory (CadR) as
a sensing unit by expressing it in bacteria. To improve the performance and sensitivity of
the CadR biosensor for the detection of cadmium in environmental samples, the researchers
generated mutant libraries using error-prone PCR and subjected them to five rounds of
directed evolution facilitated by fluorescence-activated cell sorting (FACS). The resulting
biosensor derived from directed evolution exhibited superior performance compared to the
initial construct, thereby providing a valuable tool for sensitive and specific detection of
cadmium in real-world applications[191]. Zimran et al. (2022) have developed a biosensor
for detecting a diverse range of herbicide ligands by utilizing abscisic acid receptors as

a potential scaffold. The research team employed directed evolution techniques to screen
hundreds of receptor variants for activation by various groups of herbicides, leading to the
identification of improved herbicide receptors. This study further demonstrated the utility of
expressing the receptor variants in a yeast two-hybrid platform, which enabled functional
selection by FACS. The isolated receptors exhibited a low nanomolar sensitivity and a broad
dynamic range in detecting a ubiquitous group of chloroacetamide herbicides[192]. This
research highlights the potential of directed evolution in improving biosensor performance
and its application in detecting environmental contaminants.

Overall, directed evolution has shown great potential in enhancing the substrate specificity
and function of biological molecules, which can have significant implications in the
development of biosensors and other biotechnological applications. The knowledge and
logic of directed evolution is a versatile alternative to rational design that can be effectively
used to solve complex systems related to substrate specificity of a biological molecule.
Directed evolution allows enhancing key enzyme activities in a biosynthetic pathway,

and biosensors specific for the target product aid in high-throughput screening/selection

and improving biosynthesis of target molecules. Directed evolution often allows rapid
identification of several variants with greater activity/function than the parental sequence.

It also allows us to discover novel protein structures to accommodate a variety of molecules.

A collaborative approach is the best approach

Current advancements in knowledge and technology have enabled the utilization of both
rational design and directed evolution as complementary strategies for protein design,
including the creation of biosensors (Table 1). Rational design has emerged as a powerful
tool for designing novel protein structures; however, incomplete knowledge of underlying
protein structure, hidden factors, and mechanisms of action can lead to unsuccessful
attempts. Additionally, predicting the higher-ordered structure of the protein or focusing
only on specific amino acids or domains can cause rational design methods to overlook
important considerations that lead to protein function failure. On the other hand, directed
evolution, which relies on the theory of evolution by natural selection, can enhance the
selectivity and sensitivity of biosensors without requiring a comprehensive understanding
of protein structure and how it is related to function. While some amino acids may change
through the evolutionary process, significant changes in protein structure for improved
function may come from alterations in the backbone or core structure. However, the
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astronomical size of possible amino acid changes and rearrangements of the possible
backbones of protein biosensors are limitations of directed evolution along with the need
for extreme-throughput screening and selection methods to identify the desired properties

in a large pool of evolved protein sequences. To address this challenge, smaller more
cost-effective variant libraries guided by rational design can be created based on knowledge
of protein structure and function and subjected to artificial selections. These more targeted
libraries contain fewer variants, reducing the need for many high-throughput screening and
selection experiments compared to traditional random mutagenesis. Therefore, to achieve an
effective protein-based biosensor most efficiently, it is advisable to carry out rational design
and directed evolution approaches in parallel (Figure 6).

Several examples of the complementary application of rational design and directed
evolution now exist in biosensor design. Taylor et al (2016) successfully engineered an
allosteric transcriptional factor, Lacl from E£.coli, to respond to a new molecule using

both computational protein design and directed evolution approaches[198]. Overall, the
complementary use of these strategies is essential to develop highly efficient biosensors.
Moreover, Chi and colleagues (2022) have developed a biosensor for chloride detection
based on the proton-pumping rhodopsin WtGR from Gloeobacter violaceus. The researchers
first introduced a single point mutation (D121V) at the Schiff counterion position of wtGR
fused to a fluorescent protein (CFP). They then explored and engineered the rhodopsin
sequence space to improve its function through coevolutionary analysis with directed
evolution. The iterative selection process resulted in additional mutations to the rhodopsin
receptor domain resulting in an improved dynamic range for extracellular chloride[199]. In
their recent study, Li and colleagues (2022) developed a biosensor for detecting phthalic
acid (PA) and terephthalic acid (TPA), which are the primary hydrolysis products of plastics
and plasticizers. The biosensor utilized the organic acid responsive transcription factor XylS,
which was subjected to rational design and directed evolution to generate novel variants.
Site-directed saturation mutagenesis was employed to target residues located around the
active site, resulting in XyIS mutants with enhanced specificity and responsiveness towards
TPA and PA ligands[200]. These studies highlight the effectiveness of the rational design
and directed evolution framework as an efficient methodology for engineering biosensors
with desired properties.

Protein design and engineering hold significant importance in the realm of metabolic
engineering and various research areas. We can utilize rational design for site-specific
mutagenesis and/or learning from nature through directed evolution to enhance protein
function or craft novel protein traits[201]. Nevertheless, both approaches depend on the
pool of generated and analyzed protein mutants. The ultimate protein is acquired via
screening and selection from the available choices within the library. A larger and more
specific library increases the likelihood of obtaining the desired protein compared to a
smaller, more random library. However, it is time-consuming for screening or selection

of a large mutational sequence space. Recently, computational and machine learning
algorithms have played a crucial role in narrowing down, identifying, and prioritizing
hotspots from libraries. They also predict the potential effects of numerous mutations during
the process of customizing proteins for various applications. Several commercially available
software can aid in rational protein design, particularly in predicting 3D protein models;
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these include Rosetta and Modeller. Additionally, many protein-ligand docking programs
are available, such as AutoDock, LeDock, MOE-Dock, GOLD, and FlexAID, each with
different algorithms for calculating and predicting interactions. Moreover, GROMACS and
CHARMM are valuable tools for conducting molecular dynamics simulations and free
energy calculations. Furthermore, FireProt, FoldX, UniRep, and PredictSNP offer essential
features for predicting protein stability and the impact of mutations. Notably, computer
software such as ScaffoldSeq, Proseeker, and SCHEMA facilitates directed evolution by
simulating natural selection processes on a screen, notably diminishing experiment duration
from months to mere days. Recent research had utilized machine learning algorithms

to predict the optimal design of variant libraries from sequence-function datasets. This
approach eliminates the requirement for a profound understanding of deep structure-function
relationships, thereby accelerating the process of directed protein evolution[202, 203] and
the development of biosensors[204] as reviewed by Chu et al in 2021[205]. Collectively,
research demonstrated the potential of combining these approaches with computational
tools to create biosensors with enhanced functionality and specificity. Overall, employing
software and in silico tools as a data-driven approach to design and reengineer proteins
enables us to effectively achieve the desired protein characteristics.

Protein-based biosensor to control cellular protein abundance and

metabolism through degradation

Previous dynamic metabolic controllers mostly based on transcriptional regulation have
shown increased yields of engineered biosynthetic pathways.[206, 207]. However, they

are limited by several-minute delay and cellular spatial scale of transcription and
translation[208]. Interestingly, protein-based biosensors, which couple a specific molecule
and subsequently induce protein degradation, present an attractive solution for regulating
and fine-tuning protein levels, as well as for studying the effects of loss-of-function
characteristics[209-211]. This protein degradation acts as a metabolic controller, providing
tight and precise control of signal transduction and protein levels. Although many protein-
based biosensors as metabolism controllers have not been extensively exploited, they have
the potential to regulate cellular metabolism and overcome the limitations of transcriptional-
based controllers.

In bacteria, the protein degradation system plays a crucial role in naturally regulating and
maintaining protein homeostasis. The degradation system involves bacterial proteases and
specific amino acids called degrons that are attached to the target protein. The degrons act as
recognition domains, enabling the degron-protein complex to be recognized by proteases
and subsequently degraded by the protein degradation machinery. Bacterial proteases
typically regulate intracellular protein levels through their diverse binding affinities for
different degrons [43]. Taking inspiration from this natural system, a protease-degron-
induced degradation system has been employed to regulate protein levels in both prokaryotes
[13,14] and eukaryotes [15-17]. By tagging the protein of interest with a degron, it provides
a strategy to control and fine-tune the degradation rates of the protein.
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In metabolic engineering, degron-induced degradation systems are often employed by
tagging degrons to target proteins that exhibit high expression levels in host cells to reduce
the burden of excessive protein accumulation, with the goal of maximizing production
yield. These synthetic circuits alleviate the cellular burden caused by the accumulation of
diverse proteins and address imbalances in mass-energy equilibrium within the cell [28-31].
However, it is important to acknowledge that the effectiveness of this synthetic degradation
system may vary depending on factors such as strains, cell growth rate, protease saturation,
and protein turnover rate. For example, the impact on protein levels by the degradation
system will be more pronounced for highly expressed proteins as compared to those with
slower expression and lower abundance in the cell.

Degrons can either exist inherently within the protein sequences [43] or be added to the
C-terminal [20] or N-terminus of a target protein, allowing degradation by various protease
proteolytic complexes. Among the native degrons, the ones derived from £.coli SsrA (ec-
ssrA) and its variants are the most commonly exploited ones to date[212—-214]. SsrA has
been utilized in studying protein kinetics, such as protein degradation and turnover rate[215-
217]. The SsrA degron is attached to the C-terminal of a defective protein resulting from
translational errors, which is then recognized and degraded by the ClpXP protease[218—
220]. The selectivity of the target protein for degradation is determined by the efficiency

of the initial binding affinity, which can be adjusted by an adaptor protein. One such
adaptor protein is SspB, a chaperone that has been engineered to connect target proteins to
ClpXP. The target protein is subsequently transported to the ClpXP proteolytic complex for
degradation[221-223].

Apart from E. colj, the degron tagging system has been employed in other bacterial
species[209, 211, 224-227]. However, the specificity to the CIpXP protease is low in
bacteria, resulting in recognition by other proteases, which hampers the ability to tightly
control degradation. Additionally, the SsrA tag does not provide inducible control over
degradation. Therefore, more robust circuits are required for applications in bacterial or
other living systems. Various approaches have been developed to enhance robustness and
specificity in degradation, such as utilizing hybrid tags with cleavage sites identified by
proteases[228] and utilizing natural SsrA variants[214, 229]. Cameron and Collins (2014)
developed a tunable control of protein degradation based on components of the Mesoplasma
florumtmRNA system. The M. florum ssrA tag (mf-ssrA) is specifically degraded by

its protease called mf-Lon, but not by E. co/i ClpXP. The authors demonstrated that
mf-Lon-mediated protein degradation and the mf-ssrA variant tags exhibited temporal
degradation dynamics. The study emphasized that targeted protein degradation depends not
only on the target protein and the mf-ssrA variant tag, but also on mf-Lon expression
levels[214]. Therefore, expanding the repertoire of degron sequences and inducible
proteolytic complexes that can be integrated into the genome will provide a diverse
orthogonal targeted degradation system that is tunable and robust in controlling intracellular
protein levels. The protein degradation system enables the regulation of protein abundance
in a cell without interfering with transcriptional and translational regulation. In the field of
metabolic engineering research, the protein degradation system has been applied to control
the abundance of specific enzymes in biosynthesis pathways. Brockman and Prather (2015)
demonstrated inducible degradation of phosphofructokinase-1 (Pfk-1) in £. coli by tagging
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the SsrA degron to the coding sequence of Pfk-1 and knocking out the native copy of the
adaptor protein chaperones SspB. This strategy enables rapid changes in the steady-state
level of Pfk-1, resulting in increased myo-inositol product yield[230].

Apart from C-terminal tagged degrons, N-terminal fusions have also been developed to
expand options for inducible protein degradation. In this approach, a cleavable degron

is fused N-terminally to the target protein, resulting in the degradation of the target

once the N-degron is cleaved. Genetically encoded N-terminal modifications, along with
ClpP protease, have shown high degradation rates for proteins such as mCherry and
beta-galactosidase[231]. This strategy increases the range of proteins that can be targeted
since some proteins require a free C-terminus for activity[232]. Moreover, Liu et al.
(2017) introduced the prokaryotic N-terminal targeted proteolysis system. The degrons were
exploited and obtained from the LexA-like regulator HdiR of Streptococcus mutans. The
N-degron tags showed highly efficient constitutive proteolysis of the target proteins. The
N-terminal degron tag could also have its activity modulated by fusing the degron to the
ubiquitin-like protein NEDD8 (NEDD8-degron tag). This study provided evidence that the
degron can be effectively regulated or activated through fusion with a third-party protein.
Additionally, the system exhibited a high degree of engineering flexibility, enabling open
manipulation and modification of the system [233].

Another approach with great potential for targeted intracellular protein degradation involves
the use of adaptor proteins to specifically target substrates. Davis et al. (2011) developed

an engineered rapamycin-dependent split-adaptor system in £. coli. In this system, the
assembly and delivery of protein targets to the ClpXP protease by the adaptor protein are
induced by the small molecule rapamycin. The ssrA degron tag was mutated from LAA

to DAS and tagged to the target protein. Rapamycin drives the assembly of a functional
SspB adaptor, which delivers the DAS-tagged substrates to ClpXP for degradation (Figure
4A). It was demonstrated that the target protein (GFP) degraded rapidly within a timeframe
of seconds to minutes. Furthermore, in the presence of rapamycin, the Lacl repressor and
the essential cell-division protein FtsA were degraded by ClpXP, resulting in pronounced
filamentation. However, the normal morphology was restored after rapamycin removal. This
split-adaptor system provides controllable and reversible protein degradation in a rapamycin-
dependent manner[213]. To our knowledge, this rapamycin-induced proteolysis is the only
means of engineering small-molecule-induced direct (transcription-independent) proteolysis
in prokaryotes, although there may be some advances beyond transcription-independent
systems in prokaryotes in the near future[234, 235].

In a somewhat related application, induced protein degradation has recently been used to
relieve catabolite repression and induce expression from GAL promoters in yeast, while
still allow growth on glucose[236]. This study used auxin-induced protein degradation via
the ubiquitin—proteasome pathway to induce degradation of the Miglp glucose-dependent
repressor. Auxin-induced protein degradation, also known as AID, has been shown to
function in many protein contexts and many eukaryotic systems, from yeast and animal
cells[237], to worms[238], mice[239] and various types of cell line[237, 240]. AID is an
example of a chemically activated ubiquitin ligase where the chemical auxin, or indole-3-
acetic acid, acts as a molecular glue facilitating the recruitment of degron-tagged proteins
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to the auxin-receptor-containing SCF ubiquitin ligase, which polyubiquitinates the degron-
tagged proteins, targeting them for degradation (Figure 4B). The AID system is considered
a reversible protein depletion system in the presence of auxin, where the degradation of
the target protein can be reverted by removing auxin. This system allows us to efficiently,
specifically, and rapidly control the level of the target protein[240]. Engineered variants of
auxin and its receptor have been developed to avoid the wide-ranging nature of auxin[241].

The implementation of a chemically activated ubiquitin ligase as a controller offers a
promising solution for achieving real-time, cell-specific balancing of metabolic pathways.
This idea is inspired by plants, which contain several chemically activated ubiquitin

ligases to control various aspects of growth, development and behavior[242]. Engineered
chemically activated ubiquitin ligases could interact with target metabolites and associated
enzymes and transcriptional regulators to mitigate the production and accumulation of toxic
intermediates in the host cells. This would require engineering novel chemically activated
ubiquitin ligases and degrons that exhibit the desired chemical specificity through rational
design or directed evolution techniques, as mentioned earlier. Induced protein degradation
is a precise control mechanism enabling efficient modulation of the target enzymes, without
the delay associated with transcriptional repression. Moreover, degrons could also be fused
to transcriptional activators or repressors and employed to regulate the expression of other
enzymes in the pathway, facilitating improved conversion of metabolites into the desired
end product. This dynamic metabolic controller thus enables simultaneous negative and
positive regulation. By leveraging biosensors based on the ubiquitin-proteasome system,
more sophisticated synthetic regulatory networks can be established within living cells,
enabling precise degradation of transcription factors, triggering the degradation of unwanted
proteins or enzymes in various applications. However, most current systems for chemically
induced protein degradation are limited to the ubiquitin—proteasome system of eukaryotic
chasses.

By utilizing protein degradation as a control modality, it is possible to exert control

over cellular proteasome and metabolism on a sub-minute timescale and with sub-cellular
spatial resolution. Metabolic controllers based on induced protein degradation have the
potential to overcome issues related to the accumulation of inhibitory or toxic intermediates
and the heterogeneity of cellular states and environments by preventing accumulation of
causal enzymes through negative feedback control. Protein degradation systems offer the
advantage of transcriptional independence over other exogenous approaches for modulating
protein activity, such as transcriptional repression[243], RNAIi[244, 245], CRISPR/Cas9
and/or dCas9[246, 247], toggle switches[244, 248]. Knocking out, silencing, or turning off
protein-encoding genes often disrupts cognate genes, leading to slow growth phenotypes
and deleterious effects on cell metabolism[240]. Genetically encoded, inducible protein
degradation system provides an alternative approach to effectively controlling intracellular
proteins, balancing metabolic flux, studying gene and protein function, and is applicable in
wide-ranging research fields.
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Conclusion

Genetically encoded biosensors allow precise and timely assessment and control of
intracellular metabolism. While rational design and evolution-guided engineering both offer
effective strategies for biosensor development, the combination of both approaches proves
essential for optimizing the functionality of biosensors. These two distinct methodologies,
operating towards a shared objective, provide a cost-effective means of constructing
proteins with desired functions. The Test phase within the Design-Build-Test-Learn cycle
of engineering biological systems can be executed more expeditiously and efficiently
through the utilization of biosensors. Biosensors not only serve as tools for detection and
quantification in biotechnology but also can be implemented as controllers of metabolism
and cellular states. Consequently, biosensors are critical aids in maximizing the production
of metabolites or chemicals by living organisms, thereby promoting green alternative
approaches for industrial applications. In the near future, biosensors are anticipated to play
an increasingly essential and widespread role across various fields. To fully capitalize on
biotechnology’s potential for enhancing manufacturing sustainability, it is crucial to explore
novel designs and modalities for biosensors.
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Figure 1.
A diagram representing a “design-build-test-learn” (DBTL) cycle in metabolic engineering.

The DBTL framework is a systematic and iterative process for the development of optimal
components and systems. The Design phase identifies the biological components such as
genes, proteins, enzymes, and metabolic pathways, including host cells, and combinatorial
arrangements of these proposed to give rise to desired outcomes. The Build phase involves
the synthesis, and assembly of various parts to be expressed in the host. The Test phase
validates the engineered strains for target molecule production, efficiency and function of
enzymes, and optimization of the metabolic pathway, among other possible outcomes. The
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Learn phase analyzes the data from the Test phase to improve the initial design in the next
iteration.
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Figure 2.

A schematic illustrating an example of biosensor-facilitated chassis development aimed at
enhancing the production of a desired molecule. In the Test phase, a genetically encoded

biosensor facilitates the screening and selection of optimal strains.
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Figure 3.
Types of biosensors are classified based on the biological material used as a receptor

scaffold and the mechanism of sensing. These classifications include transcription factor-
based, nucleic acid-based, protein-based, immuno-based, membrane protein-based, and
mechanosensitive channel-based biosensors.
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Figure 4.
Rational design approach for protein engineering. A) The mutation site in the hinge

region (176G) is presented in yellow and the sites for tetramethylrhodamine fluorescence
attachment (A17C, A197C) are labeled in blue. The binding site residues and the
interactions with Pi are shown as yellow dashed lines (PDB:1A55). B) The double mutant
H148G/F165G in the GFP structure results in a larger cavity, leading to an increase in
fluorescence intensity compared to that of WT GFP (PDB:1B9C).
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Figure 5. Evolution-guided engineering of transcriptional factor as small molecule biosensors.
The DNA-binding domain of the BenM transcription factor is evolved to have a broader

operational range for cis,cis-muconic acid and the new ligand, adipic acid. Yeasts expressing
these BenM variants are cultivated in the absence of ligands, with muconic acid, and adipic
acid as inducers or stressors. FACS is employed in the screening and selection of variants
with specificity towards both muconic acid and adipic acid.
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design and directed evolution approaches. Rational design relies largely on crystal structure
datasets, along with biophysical information, protein structure-function relationships, ligand-

receptor interactions, and other measurements and predictions, to guide design, in this

case, of site-directed mutagenesis. This approach primarily involves computational modeling

for hypothesis generation. Conversely, evolution-guided engineering mimics the natural

selection process. The gene of interest undergoes iterative rounds of random or potentially
targeted mutagenesis to generate variant libraries. The resulting variants are then screened

and selected for specific functionality using screening and selection methods to measure

and/or select for greatest desired protein function.
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Figure7.
Examples of a small molecule-induced protein degradation system. The systems offer an

efficient, specific, and rapid strategy to regulate the level of the target protein within the
cell. A) Rapamycin-induced protein degradation: The split-adaptor system is engineered to
assemble and deliver degron-tagged substrates to the protease in a rapamycin-dependent
manner. B) Auxin-induced protein degradation: In this system, the degron-tagged protein

is recruited by the auxin-receptor-containing SCF ubiquitin ligase, leading to ubiquitination
and degradation of the IAA degron-tagged protein of interest (POI) by the proteasome. As a
result, the intracellular level of POI is depleted in an auxin-dependent manner.
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Table 1.

Examples of the successful integration of genetically encoded biosensors into assisted cell factory engineering
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in metabolic engineering application.

Target small molecule Biorecoggli(teirgr;n?r sensing Rgﬁ&r)f/ Host/Chassis Purposes
Va(l:;%rlgggﬁr[nég] OpIR transcription factor RFP P, putida Monitoring target molecule production
Resveratrol, flavonoid TtgR transcription GFP E coli Screening enzyme activity and
naringenin[62] repressor monitoring production
D-glucaric acid[70] cdaR transcription factor GFP S. cerevisiae Screening and Csr?;(segitsion for optimal
Resveratrol, P, putidalTtgT transcription REP E coli Screening enzyme activity for the
naringenin[62] repressor optimal genetic variants
N—azzﬁltgl:r';ecl;r?;nli]nate Self-cleavage aptazyme GFP E. coli Screeningoffo’(lggg?g,ﬁpﬁige activity
Vanillate[72] Cau/%:ﬁéirvc;rsécentus YEP E coli Screening andcsrc]e;g;:itsion for optimal
Anthranilic acid[73] NahR regulatory protein tetA gene E. coli Screeninsgygtr;crinsglnegﬂggsfs(i)sr optimal
I-phenylalanine (I-Phe)[74] pTF-TyrR1 YFP E. coli Screening andcsisgggitsion for optimal
Salicylate[75] AraC transcription factor GFP E. coli Scree:)i(rr;?efst;: orr? %ﬂgé?r?g gene
Naringenin[76] FdeR transcription factor GFP S. cerevisiae Screening and Cs;)élégitsion for optimal
Malonyl-CoA[77] Tys|§/en tlrl]lasé)glgggde flaviolin E. CZ;IU;L;’”,IIJIL;ZI(;’? C. Screening andcs;zalégit;on for optimal
Macrolides[78] MphR transcription factor GFP E. coli Screening and csrt]e;g;:itsion for optimal
Malate[79] Malate res&(;r;;e regulator GEP B. licheniformis Screening andp;(terhevs;‘i;n the optimal
Se:ss&?liittzrpn’, Cfggg/rpg rgr%nostzrri [’;t;iorn mCherry E. coli bioE)i/iiLigt]iig?;ie?grﬁggisgtgcg?ing
butyrolactam[80] biomanufacturing
Muconic acid[81] benM transcription factor GFP S. cerevisiae Screening and Csi?;;:itsion for optimal
N-:;}(g}gll\?'lotjcc)olsgg]ﬁne gImS ribozyme glmM mRNA B. subtilis Regulatingge;nndﬁsigrsg?iﬁ%sthe optimal
3-Dehydroshikimate [83] CusR rtégrl]?gtr(i);:tional GFP E coli Screening andcsr?;(segitsion for optimal
Alkanes[84] AIKS transcriptional factor GFP E. coli Screening and Csr?élégitsion for optimal
Bicyclic Monoterpenes[85] Caf;nrﬁngr;ggmggsri\gakﬁ' GFP E. coli Screening and csﬁélégit;on for optimal
p-Coumaroyl-CoA[86] CouRrgspesscSrci’;?tional GFP S. cerevisiae Dynamist;artlltlxert?gu.;)l:ttﬁvc:;ingenin
Pinene[41] Meergsrr;ssir;rrJtional acrAB gene E coli Screening andcsiijlggitsion for optimal
D-psicose[87] PsiR transcription factor GFP E. coli Monitoring and regulating chemical

production
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Biorecognition or sensing Reporter/ :
Target small molecule element output Host/Chassis Purposes
: MphR transcriptional : Screening and selection for optimal
Erythromycin[88] repressor GFP E. coli chassis
L EmrR transcriptional . Screening and selection for optimal
Lignin[89] regulator GFP E. coli chassis
Nitrilase, amidase, and BsNadR transcriptional GFP E coli Screening nitrile metabolism-related
NHase[90] repressor ’ enzymes
Mannitol 1- Screening genetic variants, monitoring
phosphate dehydrogenases/ AraC transcription factor RFP C. necator chemical production and growth
phosphatases[91] conditions
P LysR-type transcriptional . Screening and selection for optimal
shikimic acid[92] regulator (ShiR) GFP C. glutamicum chassis
. i mCherry, . . .
D-allulose[93] PsiR transcription factor E. coli Screening function enzyme mutants
LacZ gene
Carini ArgP transcriptional . Screening genetic variants and optimal
L-arginine[94] regulator GFP E. coli chassis
f Monitoring the recombinant protein
Phytase, Laccase, p-Casein . g . . ; h
and p-Lactoglobulin[95] Split GFP construct GFP-TEV P, pastoris production andcshc;gseirsung for optimal
L-DOPA[37] DOPA dioxygenase (DOD) RFP S. cerevisiae Monitoring an:c?isti;;nlzmg enzyme
S-Adenosyl-I- Riboswitch and aptamer GFP E coli Monitoring intracellular levels of the

homocysteine[96]

fusion

metabolite
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Comparison table of rational design and directed evolution strategies for protein engineering as a

biosensor[156, 180, 193-197]

to the function

Comparison Rational design Directed evolution
Process Top-down Bottom-up
Comprehensive knowledge of protein structure related Required Not required

Mutagenesis/ mutation pattern

Site-directed

Random

Method/platform used to create the mutation

Molecular simulation/Computational
design, site directed mutagenesis

Error-prone PCR, Saturation mutagenesis,
genetic drift libraries, amino acid
replacement, insertion or deletion of
residues, etc.

Time required for mutation and obtaining desired

Minutes to hours

Hours to days

protein
Specific domain engineering Feasible Less feasible
Higher-ordered structure modification Not feasible Feasible
Optimization of desired properties Very much required Required
Cost Less More
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