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Abstract: Synthetic biology (SB) is an emerging discipline, which is slowly reorienting the
field of drug discovery. For thousands of years, living organisms such as plants were the major
source of human medicines. The difficulty in resynthesizing natural products, however, often
turned pharmaceutical industries away from this rich source for human medicine. More recently,
progress on transformation through genetic manipulation of biosynthetic units in microorgan-
isms has opened the possibility of in-depth exploration of the large chemical space of natural
products derivatives. Success of SB in drug synthesis culminated with the bioproduction of
artemisinin by microorganisms, a tour de force in protein and metabolic engineering. Today,
synthetic cells are not only used as biofactories but also used as cell-based screening platforms
for both target-based and phenotypic-based approaches. Engineered genetic circuits in synthetic
cells are also used to decipher disease mechanisms or drug mechanism of actions and to study
cell—cell communication within bacteria consortia. This review presents latest developments
of SB in the field of drug discovery, including some challenging issues such as drug resistance
and drug toxicity.

Keywords: metabolic engineering, plant synthetic biology, natural products, synthetic quorum
sensing, drug resistance

Introduction

The new area of synthetic biology (SB) is arguably reorienting the field of drug
discovery (DD) in the same way as one century ago the field of organic chemistry
was at the center of innovation in the pharmaceutical industries. Today, the increasing
drug attrition rate, with 95% of drugs tested in Phase I not reaching approval,' testifies
the difficulty to innovate for safe medicines with the current approaches of medicinal
chemistry.

SB brings the engineer’s view into biology, which transforms a biological cell into
an industrial biofactory. Nature has been the source of human medicines for thousands
of years, but the difficulty of large-scale production of natural products (NPs) made
pharmaceutical industries to abandon this source of natural medicinal compounds.
As such, their therapeutic advantages (eg, biocompatibility) were sacrificed to turn
toward simpler chemistry at the risk of increased cross-reactivity with secondary
therapeutic targets and even unwanted off-targets as confirmed by recent studies in
system chemical biology.>* Such target promiscuity is often responsible for observed
toxicity issues that can jeopardize a project at clinical stage.’

A breakthrough discovery in the 1990s made the rational-based genetic design
a potential strategy for DD. Microorganisms (as well as plants and others) produce
secondary metabolites using gigantic biosynthetic units.® These enzymatic modules
can be manipulated in combinatorial fashion in synthetic cells to produce new NPs
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derivatives.” The first application of SB in DD was to boost
innovation in creating new chemical scaffolds that have
properties similar to well-known NP-derived human medi-
cines, increasing the chance of being bioactive with the right
pharmacological properties.®

With the recent advanced genome editing, molecular
biology, and protein engineering tools, SB has focused its
aim at creating biological devices that can produce controlled
phenotypes from a given input, such as a molecular or light
switch (Figure 1 for a description of the concepts in SB).
The design of genetic circuits in SB is used in pharma-
ceutical research not only for bioproduction®’ of drugs by
microorganisms but also to support the different steps of
drug development.!?

The first section of this review presents an overview of
the basic concept of SB followed by an historical evolu-
tion of the concepts used in pharmaceutical research and
how the application of SB in DD naturally emerged from
modern poly-pharmacology. The third section presents
the impact of SB in the field of NPs. The fourth section
shows the latest development of metabolic engineering in
the large-scale production of drugs by microorganisms.
Synthetic cellular models can be constructed to identify
or validate drug target (fifth section) as well as to create
target-based or phenotypic-based drug screening platform
(sixth section).!""!* The following section describes the
construction of disease models with the help of optogenetics
to decipher disease mechanisms with examples in cancer
and neuronal diseases. Finally, the last two sections discuss
some other challenging topics in DD, such as toxicity and
drug resistance.

Some basic concepts of synthetic biology
The basic concepts of SB tools in use for DD are summa-
rized in Figure 1. A typical synthetic cell is composed of

the following three elements: an inducer represented by a
small molecule, a ligand of a membrane receptor, or lights
(Figure 1A) that triggers a de novo-designed genetic circuit
(Figure 1B). Inducing this circuit produces an output sig-
nal that can be followed by a light-emitting reporter gene
(Figure 1C). These three basic constituents can be integrated
in different manners according to the type of applications
in DD. Figure 2 presents some of these applications. Gene
circuits from secondary metabolisms or cryptic biosyn-
thetic units of microorganism can be integrated into host
microorganisms to facilitate gene expression of targeted
compound (first row of Figure 2) or to shuffle modules within
biosynthetic units for combinatorial exploration of chemical
space of NPs (second row of Figure 2). Light may induce
activation of expression of specific receptor (eg, the bacterial
enzymatic light-emission system, encoded by the lux operon
[Lux], protein photo sensors such as LOV [light, oxygen or
voltage] domains, or green fluorescent protein [GFP]). These
biosensors can be used in many ways to, eg, validate drug
targets, understand drug’s mechanism of action through a
designed disease model, and induce a drug delivery mecha-
nism at a specific site or under specific condition (third row
of Figure 2). Synthetic quorum sensing (QS) can be used to
study antibiotics persistence or resistance mechanisms in
population of bacteria by altering the cell-cell communica-
tion system (fourth row of Figure 2). Protein engineering is
another tool of SB. Site-directed mutagenesis can increase the
regio- or stereospecificity of an enzyme (Figure 3A), increase
the binding constant of a chosen ligand (Figure 3B), or choose
between enzyme isoforms (Figure 3C). Other approaches not
shown in the figure include directed precursor biosynthesis
approach,”® in which enzyme is mutated through selection
pressure with imposed substrates, or using mutational bio-
synthesis or mutasynthesis,'” in which wild-type enzymatic
path is shut off by mutation forcing supplemented substrates
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Figure | Concepts behind synthetic biology tools.

Notes: (A) Inducers of gene expression using light or small molecules (nutrient, drugs, cell messengers, etc). (B) Gene circuit to control expression of specific genes.

(C) Reporter genes to control output signals related to a disease phenotype.

Abbreviations: GFP, green fluorescent protein; hv, light energy; Fluo, fluorescence signal.
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Figure 2 Synthetic biology tools in various steps of drug discovery.
Abbreviations: ADMET, absorption, distribution, metabolism, excretion, and toxicity; TF, transcription factor.
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analogs to be processed by the enzyme through selective
evolution.

Emergence of SB in DD: a historical

perspective

One hundred years ago, Paul Ehrlich launched the concept
of “One drug — One Target — One disease” in which a drug
would cure a disease by targeting a specific component of
our body.'® Such “magic bullet” was to be found in nature
through pharmacologically active compounds extracted from
plants or microorganisms. “Tour de force” was achieved by
chemists to reproduce these molecules by total synthesis."
New cost-effective approaches such as function-oriented
synthesis emerged in order to mimic complex NPs with
simpler products while retaining similar pharmacophore
pattern of interactions. NPs and NPs biomimetism marked
the golden age of chemistry and established the success of
the pharmaceutical industries for the next century.?

A culminant period was observed at the turn of the
last century with the advances in solid- and liquid-phase
syntheses. Combinatorial chemistry opened the possibility
of exploring unknown regions of the chemical space by
systematic decoration of predefined chemical scaffolds.?!:*?
Together with the miniaturization of biochemical assays,
large-scale chemical libraries could be screened for binding
affinity with a chosen biological target.”* Before validating
the proof of success of this approach, pharmaceutical indus-
tries abandoned most of their research programs on NPs and
bet on the high-throughput screening (HTS) approach to find
initial hits for the therapeutic target under investigation.?

Success of this approach depends heavily on the qual-
ity of the input compound libraries. To increase the chance
of success, selection of compound libraries was based on
chemical diversity and optimization of physicochemical
properties (eg, solubility and permeability). With the addi-
tion of structural knowledge on the target, new constraints
were included in the optimization process to produce target-
focused compound libraries that are specifically designed for
a selected set of targets.?

This raises another problem of compound specificity,
ie, its capacity to bind a unique biological target.?® Cross-
reactivity with structurally similar and unwanted biological
targets would induce toxicity. This usually arises when target-
ing a specific member of a large protein family (eg, kinases).
To control the selectivity of drug candidates, industries and
academic structural genomics research centers developed
high-throughput biochemical assay platforms to screen com-
pounds’ libraries on a representative set of a protein target

family members (eg, kinases?’).This approach led to the
accumulation of chemical proteomics data that showed that
even selective compounds bind to more than one biological
target.”®?* In that way, the systemic view of pharmacology
has moved the Paul Ehrlich’s concept (“single drug — single
target”’) toward a more subtle point of view involving interac-
tions with multiple targets (poly-pharmacology) which are
modulated by synergistic drug combinations.?*3?

SB is a rational attempt to understand the basic concepts
of this apparent complexity. Using an engineer’s view in
biology, SB designs biological devices (synthetic cells or
cell-free system) to trigger a biological response with respect
to input controlled signal (Figure 1). In DD, such devices
would be used to activate gene expression of biosynthetic
units to explore NP-like chemical space. In-cell synthesis
has the advantage to make use of natural evolution to create
compounds compliant to biological environment, which is
part of the lead optimization process. Genome editing tools
give the possibility of following through reporter genes the
action of a particular output signal, which is very useful to
validate drug target or disease models as well as merging con-
straints from both DD and drug production. This “rational-
based biosynthetic drug design™* approach is somehow the
other side of the de novo rational-based drug design of the
last century.*

Mining NPs space

Chemistry in a cell makes use of biosynthetic machinery of
plants, microorganisms, and fungi*® to produce NPs deriva-
tives with therapeutic interest. NPs have already provided
myriad of human medicines, including antibiotics, antifungals,
antitumors, immunosuppressants, and cholesterol-lowering
agents.>”* Major classes of NPs include polyketides,* non-
ribosomal peptides (NRPs),** terpenoids,* isoprenoids,
alkaloids,** and flavonoids.*’

The idea of transforming cells into a synthetic chemical
biofactory takes place after the discovery of Katz and Leadlay
at the beginning of 1990s, which showed independently that
the antibiotic erythromycin used in the defense system of
Actinomycetes is synthesized by a giant biosynthetic unit
made of 28 protein modules from a unique gene cluster.*-!
Such biosynthetic units could then easily be isolated and
implemented into host organism to further modify at the
genetic level to produce NPs derivatives.’”*

Large-scale genome or metagenomes sequencing of
microorganisms with the help of bioinformatics tools, such as
Secondary Metabolite Unknown Regions Finder (SMURF)
and antibiotics & Secondary Metabolite Analysis Shell
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(antiSMASH),>* ¢ extend the discovery of such biosynthetic
gene clusters.*>’ However, most biosynthetic gene clusters
remain cryptic or silent under culturing conditions. Lots
of effort have been made to boost or reactivate silent gene
expression through the design of synthetic transcription
factors (TFs),* ligand-controlled aptamers, or riboswitches™
“knock-in” promoter replacement strategy.***' Early reviews
present these or similar approaches.®>-¢4

The major interest of these biosynthetic units is
modularity.’"% Each unit can be modified individually by
site-specific mutation to increase the catalytic efficiency or
substrate preference® (Figure 3). Mimicking the combinato-
rial chemistry approach, chemical diversity can be explored
by genetic shuffling or individual modification of the cor-
responding biosynthetic modules.®” 7 Xu et al engineered
random pairs of sequentially acting iterative polyketide
synthases subunits in a yeast heterologous host to create a
diverse library of benzendiol lactone polyketides derivatives,
including a polyketide with an unnatural skeleton and heat
shock response-inducing activity.”

Another example concerns erythromycin A, one of
the most studied antibiotics for treating human infections.
Analogs have been created through combinatorial precursor-
directed biosynthesis, leading to a new class of alkynyl- and
alkenyl-substituted macrolides.”” Applications of these
combinatorial approaches have been reviewed for various
classes of NPs.%>" For instance, Smanski et al optimized the
function of gene clusters through combinatorial assembly of
well-characterized bioparts.”* This enables the exploration
of the very important classes of therapeutically derived NPs,
such as terpenoids, flavonoids, and alkaloids.”7® Klein et al
reported a series of 74 novel compounds belonging to vari-
ous classes, including type III polyketide and flavonoids.”
These small-molecular-weight scaffolds (200-300 MW)
were produced using a combinatorial genetic approach in
baker’s yeast. They made use of the concept of coevolution
with the presence of a target protein in an intracellular pri-
mary survival assay as a screening strategy to evaluate hits.
SB uses cells as a chemical factory (NP derivatives) and a
screening platform against therapeutic targets even difficult
ones (eg, protein—protein interactions).

Plants represent a rich source of secondary metabolites
with human therapeutic activity. One of the greatest suc-
cesses of SB is to incorporate pathways or biosynthetic
units of plants secondary metabolites into microorganisms
or algae.”® % Specific alkaloids or terpenoids only seen in
plants can be synthesized in highly growing organisms,
such as cyanobacteria or yeasts. However, the integration

of biosynthetic units into host organisms is not an easy task
as it requires the synchronization of multiple components
on different temporal and spatial scales®*> as well as the
incorporation of additional regulating element to achieve
efficient production yield.®35

The independence (orthogonality) of the manufactured
gene circuits with respect to the host organism is an important
criterion in order to integrate them easily using a plug-and-
play approach.?#38688 Cell-free systems are also emerging
as powerful tools to avoid many of the pitfalls of in vivo SB.
This in vitro approach allows the direct control of regulatory
elements, the addition of cofactors, and enzymes, as well as
in situ monitoring.®

Plant’s synthetic biology

Plants have been used for thousands of years not only for
human medicine and insecticide but also for dyes, flavors,
and fragrance. The impossibility to change location made
plants to develop an extensive defense system and adaptation
capabilities. They therefore synthesize a tremendous amount
of secondary metabolites that they use as defense systems
against pathogens, herbivores, or external stress, such as ultra
violet (UV) radiation.”

Plants have interesting features for SB.°! The first one is
the use of a photosynthetic system to convert sunlight energy
into organic compounds. This feature (shared by other organ-
isms, such as cyanobacteria and algae) is a major interest in
the economy of production. As they use minerals as nutriment
and gases (O, and CO,) for respiration and photosynthesis,
plants have developed an extremely rich arsenal of enzymes
(eg, cytochrome P450s) to carry out a broad range of regio-
and stereospecific chemical reactions. This explains in part
the versatile panel of plant secondary metabolites. P450s
are also involved in the biosynthetic pathways of chemicals
involved in the defense system against hostile organisms,
which are often retrieved in animals as part of their detoxica-
tion pathways. Opposite coevolution with respect to animals
might also explain the large amounts of P450 isoforms found
in plants and the link with human medicine.??**

Of particular interest for plant SB is the presence of vari-
ous cellular compartments, including chloroplast, vacuole,
nucleus, endoplasmic reticulum, and cytosol. Individual
biochemical steps may take place in particular subcellular
locations to benefit from specific enzymes and reactive
conditions. Large-scale production of such compounds is a
major challenge in plant SB. This supposes the coexpression
or sequential expression of specific genes. Plant compart-
ments help very much in this respect by decomposing the
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full pathway in independent parts while optimizing reactions
and precursor compounds conditions in each cellular
compartment.”>*® Combinatorial approach used in microor-
ganisms for genome shuffling has also been adapted for plants
using the multiplex hybridization technique.”’

Metabolic engineering and SB for

drug production

Production of NP drugs as the ones reviewed in previous sec-
tions in their natural producers is often expensive resulting in
low-titer levels. Notably, the application of SB techniques can
help to expand the variety of pharmaceutical products that can
be efficiently produced.”® As we increase our understanding of
the complexity of biosynthetic pathways and their regulatory
circuitry, more successful applications of SB to metabolic
engineering of pharmaceuticals are becoming possible.”1?
Chemicals of pharmaceutical interest are often complex
molecules with chirality, which are difficult to synthesize
chemically. Metabolic engineering, combined with SB,
provides innovative solutions for red biotechnology through
modification and by importing enzymatic pathways into
industrial organisms'® for conversion of natural feedstock
(Figure 4A) and/or enzymatic bioprocessing of supplemented
chemical precursors (Figure 4B). Microbial bioproduction

is often preferred, as it is relatively easier to manipulate,
fermentation can be better controlled, it has fast growth, and
inexpensive substrates can be used in many cases.!** Even if
it is a promising solution for pharmaceutical production, the
number of compounds with pharmaceutical interest having
reached industrial scale of bioproduction (>50 g/L) is still
limited to some amino acids and isoprenoids, while medium
scale (5-50 g/L) has been reached for artemisinin and several
antibiotics.!® Increasing the number of pharmaceuticals that
can be bioproduced at industrial scale is, thus, a challenge
at present. SB addresses the challenge and contributes to
the delivery of pharmaceuticals to market by providing an
engineering approach that combines modeling and simulation
of metabolic pathways with design, build, test, and optimiza-
tion of host strains.'%

Major classes of NP drugs that are bioproduced are iso-
prenoids, polyketides, NRPs, and other naturally produced
polyphenols (flavonoids, stilbenoids, etc). Isoprenoids are a
large class of NPs (>40,000 structurally unique compounds)
that include many pharmaceutical relevant compounds,
such as antioxidants, anticancer, or antimalarial drugs. The
isoprenoid pathway has been expressed in several hosts and
assembled from genes imported from multiple sources.'”’
Several SB techniques have been used to increase the
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performance of the isoprenoid pathways, such as modular
tuning of gene expression,'® increasing the flux,'” controlling
substrate toxicity,!!° or co-localization by synthetic protein
scaffolds.!"! Perhaps the most well-known case is the semi-
synthetic production of the isoprenoid artemisinin, an antima-
larial drug, achieved through the combined use of metabolic
engineering and SB.'"? Identification of limiting enzymes and
gene expression balance through plasmid copy number and
promoter strength was possible to arrive at a production of
the precursor amorphadiene of 25 g/L in Escherichia coli
and of 40 g/L in yeast.''?

Similarly, SB techniques have been applied to the pro-
duction of the isoprenoid paclitaxel (known as taxol), a
cancer chemotherapy drug. Taxol is difficult to synthesize
chemically and its extraction from its natural producer, the
Pacific yew, is very inefficient. By using a modular approach,
the optimal combination of expression levels of the differ-
ent parts of the taxol precursor pathway was determined,
achieving a titer of 1 g/L in E. coli.""* Similarly, a modular
approach was used as well in the production of the nutraceuti-
cal resveratrol in E. coli.!'*!!

SB can serve to devise combinatorial biosynthesis of
pharmaceutical compounds, such as NRPs such as cyclic
lipopeptide antibiotics,''® and to help improving the proper-
ties of drugs. For instance, by implementing pathways that
incorporated fluorine into the polyketide backbone result
in fluorinated NPs with improved the absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET)
properties.'’” SB for DD has also been applied to the combina-
torial biosynthesis in plants®’ (Figure 4). Plants offer several
advantages, for instance, plant cytochrome P450 enzymes
are often found in the metabolic pathways. In some cases,
plants with a fast, photosynthesis-driven accumulation of
biomass, such as tobacco species, may serve as an alternative
bioreactor to microbial production of pharmaceutical com-
pounds. Cyanobacteria are prolific producers of NPs, such
as NRPs and polyketides.''® Blue green algae (microalgae)
and red algae (macroalgae) phyla are recognized as a rich
source of diverse and novel bioactive compounds from
marine resources. They live on water and sun as a source
for nutriments and energy and can therefore be easily set up
for large-scale production of molecules of pharmaceutical
importance.''*1%

Synthetic bioproduction, however, is a complex process
whose success not only depends on the appropriate choice of
the pathway but also on many other factors, such as cofac-
tor and redox balance,'?! thermodynamic feasibility, flux
coupling,'?? or regulatory elements.!?® Synthetic pathways

are often inefficient and need to be improved through pro-
tein engineering'>*'?” and directed evolution, which can be
applied not only to enzymes but also to full pathways.!?
Automated computer-aided design of metabolic pathways
can help to cope with the complexity of finding the most
efficient pathway among the large number of potential
routes.'” 132 Based on that strategy, a fully automated
framework for pathway design based on a retrosynthetic
approach has been applied to the production of flavonoid
compounds.'** Flavonoids possess pharmaceutical potential
due to their health-promoting activities, with naringenin and
pinocembrin as the key flavonoid scaffolds and precursors. '3
Beyond these proofs of concept applications, the integration
of computer-aided design with automated DNA assembly and
genome compilation methods and robotized manufacturing
will accelerate pharmaceutical DD in the future.

One of the most promising contributions of SB to phar-
maceutical bioproduction is in the use of biological devices
built from well characterized and standardized genetic parts
to exploit dynamics pathway regulation and metabolic
control.'**"137 Metabolite-responsive transcription regula-
tors and riboswitches are two types of genetic parts that
can be used to engineer synthetic, dynamically regulated
metabolic pathways.!*® Zhang et al devised a fatty acid syn-
thesis pathway that is regulated by a transcription repressor
that becomes deactivated when bound to fatty acids.!* This
feedback loop increased the yield of fatty acid ethyl ester
by threefold and improved the stability of pathway genes,
facilitating the high-yield production of other malonyl-CoA-
derived compounds.'*

Another domain of SB for bioproduction is cell-free
metabolic engineering'*’ consisting of in vitro ensembles of
enzymes. Some groups have been able to reconstruct bio-
synthetic pathways in vitro, for instance, for isoprenoids'*!
or for protein production.'*

Target identification and validation

Drug target identification and validation are essential in the
DD process to minimize risk of future failure at later stages
of drug development. Standard knock-out and knock-in
experiments in cell or in mice are the common strategies
for studying the influence of gene in cell-based or animal
models. By using SB tools, expression of essential genes
can be modulated by small molecules making synthetic cells
a tool to identify drug—target interactions as presented, for
example, by Firman et al.'*® Today, the recent application
of clustered regularly interspaced short palindromic repeats
CRISPR/Cas9 genome editing technique (discovered for the
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first time in 1987 by Ishino et al'** in E. coli) enables us to
insert mutations or incorporate a gene at any specified sites of
the genome. CRISPR/Cas9 is a programmable DNA cleaving
enzyme that uses guided RNA to identify the targeted region
of the DNA. “CRISPy”, a user-friendly bioinformatics tool
has been developed to identify rapidly the “small-guided”
sgRNA target sequences in the CHO-K1 genome.'*

The introduction of site-specific mutations that confer
drug resistance in cells is an ultimate way for validating a
target and estimating the selectivity of a drug. This approach
was not straightforward in mammalian cells before the
arrival of CRISPR/Cas9 technology. Neggers et al used
this technique recently to validate the interaction of the
anticancer drug selinexor with its primary target exportin-1
(CRM1/XPO1).1¢ The authors created a mutant drug target
XPOL1

5288
The effect of the mutation on cell viability, apoptosis, and

that conferred >250-fold resistance to selinexor.

cell cycle progression in the presence of the drug-validated
XPO1 as the prime and selective target of selinexor.

Kasap et al integrated recently this “gold standard”
(or “genetic”) proof of a drug’s target into a genomic
platform DrugTargetSeqR.'"” This platform is based on
high-throughput sequencing of drug resistance-conferring
mutations in human cancer cells and uses the CRISPR/Cas9
“nickase” system and homology-directed repair to check
whether the observed mutations were sufficient to confer
resistance to the drug. This platform was tested to analyze
ispinesib, an anticancer agent that inhibits drug target
kinesin-5 in human cancer cells. CRISPR/cas9 technique
was also used by Zheng et al to assess the target candidate
leucine aminopeptidase to treat Plasmodium, Babesia, and
Trypanosoma pathogens. '

Citorik et al used the CRISPR/Cas9 technology to create
antimicrobials with spectrum of activity specified by design.
The RNA-guided nucleases were delivered to microbial
populations through transmissible plasmids carried by bac-
teriophage. These RNA-guided nucleases targets DNA genes
that induce antibiotic resistance or virulence determinants in
carbapenem-resistant Enterobacteriaceae (CRE) and entero-
hemorrhagic E. coli."*® Such an approach induces selective
pressure at the DNA level and can be used as a tool to modu-
late the composition of complex microbial communities in
particular, the programmable remodeling of microbiota.

Phenotypic cell-based screening

With the help of structure-based drug design and human
genome sequencing, the target-based approach has
overwhelmed modern DD since 30 years or so. The major

advantage of this approach is to jumpstart therapeutic project
with a predefined drug mechanism of action, ie, the selected
therapeutic target, which can be validated through a chemical
series that present structure—activity relationship. The coun-
terpart of this approach is that the long and iterative process of
drug target validation is made on the road, and experimental
evidence for the poor choice of the target may come at late
stage of DD jeopardizing the whole project (refer Table 1
of Zheng et al for the advantages and inconveniences of the
target- and phenotypic-based approaches'*).

Today, the increasing difficulty of drug approval and the
resurgence of a systemic view of poly-pharmacology lead to
aresurgence of the phenotypic-based approach. This is a drug
screening strategy in which disease phenotype is incorporated
into a cell-based assay. Multiple targets or pathways may be
altered by the drug, and no assumption on the mechanism of
action is made at this level.?

There are three types of cell assays that are commonly
performed in DD. 1) Cell viability assays, which measure
the capability of a compound to kill a cell (eg, cancer cell,
bacteria, fungi, protozoa, and parasites); 2) cell signaling
pathway assays in which compound activates or inhibits a cell
signaling or metabolic pathways; and finally 3) the disease-
related phenotypic assays in which the compound triggers
phenotypic responses with respect to apoptosis, immune-
response, induction of cell cycle, motility, and nuclear
translocation leading to neurite outgrowth. For example,
neurite outgrowth assays are used to study Alzheimer’s and
Parkinson’s diseases, aberration of cytoskeletal structure in
myopathy, and CNS pathologies.'*°

One of the objectives of SB in the field of screening
for therapeutic research is to construct a minimal synthetic
cell containing the genes that are essential for cell survival
and proliferation together with a disease-related genetic
circuit, which aligns very much with this phenotypic-based
strategy. A general review of the synthetic construction of
phenotypic cell-based screening assay has been presented
by Chiba et al.'s!

So far, those screening cell-based assays are made to iden-
tify small molecules that modulate gene expression by direct
interaction with repressors or inducers, such as aptamers,
riboswitchs, or TFs. Genetic circuit integrates luminescence
or fluorescence reporter gene (eg, GFP) to monitor output
signal, ie, the binding interactions with those gene regula-
tors. The implementation of target- and phenotypic-based
drug screening approaches in synthetic cell is illustrated
in Figure 5. This conceptual workflow is inspired from
the work of Duportet et al on the construction of modular
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Figure 5 Conceptual SB pipeline for drug screening in synthetic cell.

Notes: (A) A system to induce gene expression of protein target based on small molecule inducer and/or RNA-based switch for gene expression. (B) A combination of
drug target from unique genes. (C) A genetic oscillator to focus readout on chosen drug target. (D) Generation of diverse drug candidate libraries from genetic shuffling of
enzymatic modules. (E) A logical AND gate that gives output signal (F) if a drug candidate binds to biological target.

Abbreviations: SB, synthetic biology; Fluo, fluorescence signal; AND, logical AND gate; TF, transcription factor.

and combinatorial assembly of functional gene expression
vectors.!*? It incorporates various components that could
illustrate an ideal synthetic cell-based assay as connection
between certain elements remains theoretical.

The starting point is a library of plasmids for producing a
set of drug targets by combinatorial shuffling of basic elements
(Figure SA). The expression of a given target is stimulated
by external small-molecule binders of TFs, RNA-based
switches, such as aptamers, which can be controlled through
green fluorescence with a suitable fluorophore (Figure 5B).
An oscillatory genetic circuit controls gene expression of the
selected drug target. Shuffling of the biosynthetic modules
produce a combinatorial library of compounds (Figure 5D)
that enter the “AND gate” (logical AND gate) with the drug
target. This AND gate is also a genetic circuit (Figure SE).
The output signal is monitored by measuring variation in
oscillation if drug binds to the selected drug-target using
fluorescent reporter gene such as GFP (Figure 5F).

Phenotypic screening using synthetic TFs

Synthetic TFs, transcription activators, and transcrip-
tion activators-like effectors can be designed to bind
to specified regions of the genome to modulate gene

expression.'>* Other TFs can be engineered to sense small
metabolites or small-molecular-weight drugs, such as iso-
propyl B-D-1-thiogalactopyranoside (IPTG), doxycycline,
4-hydroxy-tamoxifen, uric acid, rapamycin, macrolides,
and streptogramin.®* Such TFs can be fused with fluores-
cent reporter genes (eg, GFP) to serve as drug screening
assay. That approach was developed by Fusseneger’s group
to identify new antibiotics of the streptogramin group.
Candidate antibiotics activate the expression of a reporter
gene, such as GFP, or gene secreted alkaline phosphatase by
inhibiting the repressor of the pristinamycin-induced protein.
This repressor is observed in the streptogramin-resistance
operon and is used as a target against drug resistance.'™*
Bhattacharjee developed another transcription assay to
identify toxic endocrine disruptive chemicals that modulate
hormone signaling and cause developmental and reproduc-
tive anomalies. They used mammalian and yeast cell sys-
tems together with various reporter genes, such as bacterial
luciferase (Lux) and GFP, which showed improved speed and
sensitivity of detection.'> Quantitative readout from graded
response to inducer was obtained by Mclsaac et al.'* They
used artificial TF to activate a unique target gene (human estro-
gen receptor) in the presence of the inducer (B-estradiol-like
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chemicals). Eggelin et al reviewed development and screening
applications of such TF-based biosensors.'s’

Phenotypic screening using aptamers

In recent years, RNA, DNA, and peptide aptamers have
emerged as novel molecular tools for biosensing, drug
delivery, disease diagnosis, and therapy.'”® Aptamers can
bind with high affinity and high specificity to a wide range
of targets, from large proteins to small molecules, such
as glucose. Aptamer can be isolated using SELEX (Sys-
tematic Evolution of Ligands by Exponential Enrichment)
technology'* in which specific aptamers can be produced
at large amount'**'®* and optimized for nearly any kind of
protein targets, especially undruggable targets, including
transiently structured, intrinsically disordered proteins,'e!
partners of protein—protein interactions.'®* A recent study
shows that they can also be used as sensors of a molecular
chaperone and to modulate its folding state and lifetime
and decrease the antiapoptotic and tumorigenic activities
of cancer cells.'®

An aptamer-based sorting system capable of extracting
and releasing target biomolecules from a solution mixture has
been designed by Shastri et al.'* Noncoding RNAs are also
used in epigenetic regulation'®® or splicing events regulation.
The use of aptamers for the treatment of cancer has been
reviewed by Sun et al.'®® Guo et al developed a method for
the rapid selection of looped DNA aptamers against elF4e
oncology target. Selection and purification were combined
in a single step followed by high-throughput sequencing to
characterize aptamer candidate.'*’

Peptide aptamers are well adapted to bind protein targets
with very high affinity and specificity and for this reason are
called chemical antibodies. They are used in immunothera-
pies to target cell-specific receptors.'® Peptide aptamers can
be fused to a stable protein scaffold to search for partners of
protein—protein interaction or to optimize the biochemical
function of multidomain proteins.'® Miller et al developed a
scaffold protein by fusing three protein domains, FKBP12,
FRB, and GST, which bind only in the absence of the
small-molecule rapamycin. Miller et al developed a ligand-
regulated peptide aptamer that interact with and inhibit the
5’-AMP-activated protein kinase. The LiRPs interact with
the substrate peptide binding region of both AMP-activated
protein kinase o1 and 02.'® Reverdatto et al developed a yeast
two-hybrid screen to identify peptide aptamers that bind to
various domains of the receptor for advanced glycation end
products using a combinatorial library of improved peptide
aptamers.'®

Combinatorial selection of peptide aptamers is
also a promising approach to screen for inhibitors of
protein—protein interactions. AptaScreen is based on the
generation of combinatorial libraries of peptide sequences
that typically target the surface loops of a scaffold protein.
This HTS assay identifies small molecules that displace
interactions between proteins and their cognate peptide
aptamers.'” Yeh described the peptide-aptamer interference
approach to identify modulators of protein—protein
interaction.'”

Phenotypic screening using riboswitches or
ribozymes

Riboswitches and ribozymes are RNA-based gene regula-
tory devices that change conformation or autocatalyze while
binding with small metabolites,'”'" resulting in an on or off
switch of gene expression. Their importance in controlling
central metabolism makes them an attractive target for anti-
biotics or antiparasitics.

Thiamine pyrophosphate riboswitches, for example, are
involved in the regulation of thiamine metabolism in numer-
ous bacteria and are examples of promising antibacterial
targets.!”* Prommana et al described a glucosamine-induced
ribozyme activation system to modulate a drug target dihy-
drofolate reductase-thymidylate synthase in Plasmodium
falciparum.'

Ligand sensing riboswitch in fusion with a reporter
gene can be used as a screening strategy to identify new
chemical scaffolds that trigger riboswitch-mediated gene
regulation. Nelson et al developed an efficient HTS using
a fluoride riboswitch reporter fusion gene, which led to
the identification of compounds that enhance the innate
toxicity of fluoride in toxicity in E. coli and Streptococcus
mutants.'” These synthetic riboregulators can respond to
multiple orthogonal input signals regulating multiple genes
inside a cell and represent programmable kill switches for
pathological microorganisms.'”

Synthetic cellular models of disease
SB tools are also used in DD to understand disease mecha-
nisms in order to help the development of new diagnostics
tools and treatments 33417817 Disease models are engineered
genetic circuits to study cellular response with respect to
input stimulating signals to either control molecular mecha-
nisms under input light stimuli (eg, optogenetics) or study
pathogenic-related situations, such as UV stress, growth
factor, or drug action using a reporter gene (eg, fluorescent
protein).
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A major application of synthetic cellular models is in the
field of immuno-oncology.'318¢ Such models aim at studying
the regulation of the B-cell antigen receptor (BCR) signaling
from various cell surface receptors in order to understand the
pathological mechanisms of B-cell immunodeficiency. Haru-
miya et al reconstructed such BCR-signaling pathway within
J558L myeloma cell lines.'® Other disease models have been
made to study host—pathogen interactions, immune disorders,
metabolic disorders, neurodegenerative diseases,'>1%1% or
cancer.'?*!1%!

The design principles and generation of novel signaling
properties have been reviewed by Furukawa and Hohmann
in the context of engineered yeast mitogen-activated protein
kinase pathways.!”> Moreover, metabolic network modeling
is of growing interest in therapeutic research, especially in
cancer research to understand cell proliferation signaling
mediated by Tyr-kinase receptors.'”

Neural science and brain research is another field of appli-
cation of SB tools. An optical genetic sensor is integrated into
synthetic cells to follow cell signaling in vivo. Optogenetics
is an approach to switch protein on and off using either
light or synthetic photoswitches ligands."** ' Coupled with
pharmacogenetics and chemogenetics, optogenetics is a
powerful tool to study and dissect the neural circuits and
study neuropathological conditions, such as sleep disorders
and other psychiatric diseases.!”2%

Antimicrobial and drug resistance
Overcoming the emergence of drug-resistance or combatting
persistence cells (persisters) is a major challenge in DD, 20124
Kohanski et al discussed the different drug resistant mecha-
nisms from a biological network viewpoint.?”® Liu et al made
an in silico investigation to study intrinsic and induced drug
resistance mechanism in solid tumor by bridging the gap
between cell and tissues.?%

Manipulation of biosynthetic units as presented in second
section can be applied to synthesize new antibiotics against
resistant bacteria®”’ Saxena et al used genetic—synthetic
strategies to target multidrug resistant Mycobacterium tuber-
culosis.*® Zakeri and Lu reviewed similar SB approaches for
phage engineering.**

Cheng et al used high-throughput technology to identify
genetic combinations that could potentiate antibiotics activity
against CRE.?” They developed the Combinatorial Genetics
en Masse technology to identify genetic combinations that
enhance the effectiveness of antibiotics against CRE.

Another SB strategy is to design synthetic cell-cell
communication network as a model to study persistence in

bacteria and how to sensitize cells or to use it as a screening
platform to target QS in bacterial communities.?!??13 QS is
a cell-cell communication system that allows bacteria or
microorganisms to synchronize expression of a particular
gene in a cell density-dependent manner (Figure 6).

Holm and Vikstrom recently reviewed how bacteria use
QS to interact with human cells and in particular, how they
communicate information concerning population density to
trigger the production of virulence factors, biofilm formation,
or to develop drug resistance.?'* Many antibiotic biosynthesis
routes are regulated by small signaling molecules such as acyl
homoserine lactones in Pseudomonas®" or y-butyrolactones
(GBLs) in Streptomyces.*'® The small-molecule GBLs bind to
cytoplasmic proteins receptors that are themselves repressor
of gene TF of the antibiotics biosynthetic units. Very often,
these biosynthetic units contain genes encoding transporters
for antibiotic efflux to avoid the accumulation of toxic com-
pounds in the cytoplasm. The stimulation of efflux pumps
expression by signal molecules, such as GBL, also induces
resistance to the antibiotics. Targeting the acyl homoserine
lactone or GBL-based QS is a strategy that has gained much
attention recently as it can inhibit the production of virulence
factors as well as lower the impact of resistant mechanisms,
such as drug-efflux pump systems.?'” Three distinct signaling
pathways, such as Lux, Las, and Rhl, are used to engineer
synthetic communication systems as reviewed by Davis
et al.?!'® Scutera et al reviewed the latest strategies in designing
QS inhibitors®!? and Singh and Ray reviewed the role of QS
in Staphylococcus aureus and Staphylococcus epidermidis
infections.??® They investigated in particular the role of acces-
sory gene regulators in Staphylococci invasiveness through
upregulation of secreted virulence factors or downregulating
cell surface proteins.

A large body of evidence shows that reduced bacteria
metabolism is linked to resistance and tolerance to many
antibiotics, whereas enhanced metabolism induces drug

sensitivity.?!

Peng et al investigated the change in the
metabolic states of resistant bacteria on treatment with
antibiotic kanamycin and showed that resistant strains show
greatest sensitivity in glucose and alanine deficiencies.?*
Lee and Collins?® evoked four different consequences
of the presence of antibiotics for which a SB targeting
strategy can be defined. 1) Antibiotics stimulate the pro-
duction of hydroxyl radicals, which can induce either cell
death or resistant mutations if the antibiotics is at sublethal
concentration; 2) antibiotics-resistant mutant induces indole
formation by catabolizing L-tryptophan which through the

QS network will stimulate drug-efflux pumps and oxidative
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Figure 6 Design of synthetic quorum sensing in consortium of bacteria.

Notes: The sender cell synthesizes a messaging molecule (inducer) that stimulates its receptor synthesized in the receiver cells. This complex triggers inhibition (or activation)

of a target gene in a cell density-dependent manner.
Abbreviations: Ind, inducer; Pr, promotor; Precept, receptor’s promoter.

stress detoxification pathways in the more sensible bacteria
strain; 3) addition of metabolites such as glucose or alanine to
the extracellular environment generates proton motive force
that sensitizes persistent or dormant cells to aminoglycoside
antibiotics; and finally 4) some bacteria use antibiotics as
sole carbon source, which help microbial community to
evade treatment by reducing the local concentration of
antibiotics. Planson et al reviewed some strategies to coun-
teract resistance to antibiotics from a combined metabolic
engineering and SB standpoint.**

Toxicology

Drugs often modulate unwanted targets that induce toxic
effects on human cells. Unraveling the components of the
biological network that induce the toxicity pathways is an
integral component of drug toxicity studies at preclinical
stage. Cell-based dose—-response assessments of toxicity
rely on the detection of small cellular signals in response
to perturbation of toxicity pathways. Zhang et al developed
genetic circuitries, such as integral feedback, feedforward,
and transcritical bifurcation, to obtain acceptable thresholds
in response to changes in certain specific cellular states, such
as levels of reactive oxygen species, oxygen molecules (O,),
DNA damage, protein folding, metal ions, or osmolarity.??

Toxicity of drugs can also become an issue for engineered
chassis organisms by limiting production titers. In order to
reduce the toxicity effects, SB approaches have been pro-
posed based on engineering export systems in the cell.?*
A different approach consists of the development of models
to estimate small-molecule toxicity in microorganism.??’228
Such type of models can help in order to select the most
efficient biosynthesis constructs that avoid toxic intermedi-
ates when multiple pathways are available.

Conclusion

Application of SB in DD is at its infancy. However, it already
plays a major role in reorienting pharmaceutical research.
The abundance of experimental chemical proteomics data
has revealed the existence of multiple biological targets
for a given drug. This raises a systemic view of poly-
pharmacology, which completely aligns with the cell-based
phenotypic and holistic approaches of SB. The rational-based
genetic design is to SB what rational-based drug design is
to medicinal chemistry.

The great success of SB in the field of bioproduction with
the success story of artemisinin will likely influence the early
stages of DD. Next future interests are likely in the rational
design of new biochemicals through genetic shuffling of
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biosynthetic modules in order to be compliant with large-
scale production within microorganisms.

Synthetic cells have not only become a biofactory for
producing added value compounds or innovating new
NP-like derivatives but also a wet laboratory in which,
therapeutic target or cell signaling pathway can be tested.
It also provides a rational approach to engineer cell-based
assays to screen for compounds that will trigger the
designed disease phenotype. Such cell-based phenotypic
assay has the advantage to study the action of the drug on
the entire therapeutic pathway. Disruption of interactions
between such pathways (including metabolism and cell
signaling) can be studied through such synthetic cell-
based models.

Synthetic cellular models can also be used to identify
disease mechanisms or to dissect drug’s mechanism of
action. The use of luminescent or fluorescent reporter genes
is particularly useful to follow biomarkers of phenotypes
with respect to physiological conditions. Optogenetics shows
important applications in studying psychiatric disorders'®’
(eg, Alzheimer’s, Parkinson’s, and sleep disorders) or in
immuno-oncology whose goals are to reactivate immuno-
logical response in tumors.'8!-2%°

Designing synthetic QS is a powerful tool to study cell—
cell communication within bacteria consortium and in order
to overcome drug-resistance and persistence mechanisms.
Genetic circuits can reproduce artificial communication
system and can be used to screen for compounds that
disrupt QS or synergies between metabolism and drug
resistance mechanisms. Indeed, sensitizing resistant or
persistent bacteria using combination of antibiotics and
metabolites is another promising approach to overcome
drug resistance.

The holy grail of SB in the field of DD is to create a
universal cell in which NP biosynthesis could be selectively
triggered by sensed disease phenotypes. Lead optimiza-
tion could be made through selective pressure (a precious
optimization process offered by living systems) induced
by chosen substrates. Modification of genome expression
through environmental conditions (eg, nutriment or small
molecular inducers or light) is another great property of
living organisms, which can be modulated through SB and
transformed into a therapeutic strategy to trigger molecular
switches within pathological tissues.?’
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