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Abstract

The production of key building block chemicals from renewable resources or waste
forms a rapidly growing segment of the bioeconomy. The conversion of waste gases,
such as carbon dioxide or carbon monoxide, into value-added compounds using
metabolically engineered microorganisms has significant potential to maintain
economic independence while reducing greenhouse gas emissions. Modification of
cellular metabolism for the biosynthesis of a target molecule often requires an
adjustment of gene expression, either of an endogenous or a heterologous metabolic
pathway. Transcription factors are DNA-binding proteins that control gene expression
at the transcriptional level in response to physical parameters, ions, or small effector
molecules. They have become indispensable tools for the advancement of synthetic
biology and metabolic engineering.

In this work, significant progress was made in the discovery and
characterisation of transcription factor-based inducible gene expression systems for
metabolic engineering of the chemolithoautotroph Cupriavidus necator H16 and other
bacteria. Firstly, a quantitative evaluation of a range of well characterised
heterolougous inducible systems in C. necator was undertaken. Four of them, the
positively regulated L-arabinose- and L-rhamnose-inducible systems and the
negatively regulated acrylate- and cumate-inducible systems, were subsequently
employed for the biosynthesis of the industrially relevant building block chemical
isoprene.

In addition to being used for controlling expression of structural genes,
transcription factor-based inducible systems have gained increasing interest for their
application as genetically encoded biosensors. Their ability to transduce the

intracellular concentration of a target molecule into an output signal detectable in a



high-throughput format has the potential to revolutionise the field of microbial cell
factory development. Currently, the number of compounds of biological interest by
far exceeds the number of available biosensors. Here, this limitation was addressed by
developing a universal genome-wide approach to identify novel transcription factor-
based inducible gene expression systems. Once developed, the methodical pipeline
was evaluated in the metabolically versatile C. necator. In total, 15 novel or little
characterised inducible systems were identified and their broad host-range
applicability was exemplified in three industrially relevant prokaryotes. Novel
interactions between existing sensors and compounds of biological relevance were
discovered by employing the largest reported library of transcription factor-based
inducible systems in an automated high-throughput screen.

The same strategy, which was pursued in order to mine native inducible
systems from the genome of C. necator, was used to source inducible systems
responding to the industrially relevant platform chemicals 3-hydroxypropionic acid
(3-HP) and itaconic acid. The HpdR/Phpar-3-HP-inducible system from Pseudomonas
putida KT2440 and the ItcR/Pc-itaconic acid-inducible system from Yersinia
pseudotuberculosis were thoroughly characterised for their regulator- and
ligand-dependent orthogonality, induction Kkinetics and dynamics. This thesis
highlights their potential to be applied as biosensors for high-throughput microbial

strain development to facilitate improved 3-HP and itaconate biosynthesis.
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1 Introduction

1.1 Context

The world is facing significant societal, economic, energy, and environmental
challenges. With climate change, environmental pollution, and resource scarcity, the
need for a transition from a petro- to bioeconomy has never been more important. The
bioeconomy, which covers all economic sectors that are involved in the sustainable
production and processing of food, materials, chemicals, and energy from waste or
renewable biological resources?, will allow economies to be less dependent on fossil
resources, while reducing their negative impact on the environment?. In 2015, the
European Commission estimated the annual revenues of the bioeconomy in the
European Union to be more than two trillion Euros. Although the manufacture of bio-
based chemicals, pharmaceuticals, plastics, and rubber accounted for only 177 billion
Euros of the total, their production showed the highest value-added annual growth in
the whole of the bioeconomy sector?.

A large and rapidly growing segment of the bioeconomy comprises the
engineering of microorganisms for the biosynthesis of chemicals, fuels, and polymers.
Nature has equipped both eukaryotic and prokaryotic cells with an extensive repertoire
of metabolic networks capable of synthesising more than 150.000 small molecules
identified to date®. To facilitate the production of natural compounds, single genes or
entire metabolic pathways are often transferred into microorganisms that are amenable
to genetic manipulation?, including the well characterised Escherichia coli or
Saccharomyces cerevisiae. In addition, advances in de novo synthetic pathway design,
where algorithms predict possible metabolic routes by combining enzymes from
different species®, enabled the microbial production of unnatural compounds, such as
the plastic precursor 1,4-butanediol®.
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Although metabolic engineering has advanced as a field, with many success
stories, including the commercial manufacture of fuels (e.g. isobutanol), chemicals
(e.g. 1,3-propanediol), and pharmaceuticals (e.g. artemisinic acid), the development
of microbial cell factories is still challenging due to the complexity inherent in
metabolism and gene regulation’. Moreover, the feedstocks that are commonly utilised
for microbial fermentation are mainly based on complex carbon sources which may
conflict with the availability of food and scarcity of land. The use of single carbon
(C1) gases as abundant and low-cost feedstocks is a promising alternative. C1 gases,
including carbon monoxide (CO), carbon dioxide (CO2), and methane (CHa4), are
waste products generated by a wide range of industrial processes. In 2018, the total
CO2 emissions from fossil fuels and industry were estimated to be 37.1 gigatons,
which represents an increase of 2.7% compared to the previous year®. In addition to
industrial off-gases, organic matter, such as biomass, municipal solid waste, or organic
industrial waste, can be gasified and utilised as feedstocks for microbial gas
fermentation®. The gas mixture obtained by gasification of organic matter is called
synthesis gas (syngas) and contains mainly CO, CO,, Hz, and N°. Syngas has been
historically utilised as a replacement for gasoline to power internal combustion
engines®. It received prominence during World War 11 as an estimated seven million
vehicles were run on syngas due to a shortage of gasoline!!. In the last decade, there
has been an increase in interest in microorganisms that are capable of utilising C1
gases, and especially syngas, as carbon source. These microorganisms include
anaerobic acetogens, aerobic chemolithoautotrophic and methanotrophic bacteria, as
well as photoautotrophic cyanobacterial? (Figure 1.1). The advantage of using C1 gas-
utilising microorganisms lies in their ability to fix greenhouse gases before they are

released into the atmosphere and synthesise molecules that resemble compounds



currently derived from petroleum. The process of microbial gas fermentation may
therefore represent a key technology to meet national and international emission
targets but also to reduce the dependency on petroleum®3. The use of C1 gas-fixing
microorganisms for such applications is hampered by the limited number of available
genetic and analytical tools that enable high-throughput strain engineering and
screening. This thesis presents significant steps toward the discovery, design,
characterisation and implementation of transcription factor-based inducible system
regulatory elements for metabolic engineering of the chemolithoautotroph

Cupriavidus necator H16 and other bacteria.

Acetogens CO, CO, CH,0
H,

Chemolithoautotrophs co, — CH,0
CH,

Methanotrophs CH, —— CH;OH
hv

Photoautotrophs co, — CH,0

Figure 1.1 Summary of C1 gas-utilising microorganisms. The carbon- and energy sources are
illustrated that are used by acetogens, chemolitoautotrophs, methanotrophs, and photoautotrophs to

produce biomass. hv, light.
1.2 Response to changes in the environment: regulation of gene
expression in bacteria

The control of gene expression through the adjustment of RNA and protein levels is
essential to the regulation of cellular functions. Living organisms have evolved a
variety of sensing and regulatory mechanisms to monitor and respond to changes in
their local environment by adjusting the expression of their genes'*. Coupling gene
expression to physical conditions or the availability of specific metabolites in their

environment gives cells the advantage of limiting the expenditure of energy and



materials to the synthesis of enzymes that are required under these growth
conditions®®. The fundamental regulatory mechanism that orchestrates gene
expression is RNA polymerase (RNAP)-mediated promoter recognition and
transcription initiation®®,

Although the RNAP core complex, composed of several protein subunits, is
capable of mediating DNA-dependent RNA synthesis, it is unable to recognise
promoters without prior binding of a sigma factor. The sigma factor, too, comprises
several protein subunits with each subunit being able to interact with a discrete
sequence motif upstream of the gene transcriptional start site'®. Subsequently, the
complex of RNAP and sigma factor, termed RNAP holoenzyme, is able to initiate
transcription from specific promoters upon motif recognition. Transcription initiation
is mainly controlled by altering the function of RNAP or by modulating the affinity or
accessibility of promoters for RNAP?S,

Sigma factors interact directly with RNAP to alter its promoter specificity*’.
All bacteria possess one predominant sigma factor, also called the housekeeping sigma
factor (such as 6’° in E. coli), orchestrating transcription of the majority of genes'®. In
addition to the housekeeping sigma factor, alternative sigma factors may guide the
RNAP to different sets of promoters primarily in response to environmentally-induced
stress, such as heat or starvation. Depending on the sigma factor, transcription
initiation is controlled by the abundance of the sigma factor or the presence of an
additional activator protein, like in the case of ¢°, which is involved in gene
expression under nitrogen-limiting conditions?®,

Transcription initiation can also be controlled by modulating the promoter
DNA-affinity or accessibility. The mechanisms to achieve this level of regulation

range from supercoiling to proteins that attract the RNAP holoenzyme or simply block



access to the promoter®®. Transcriptional regulators (TRs) are DNA-binding proteins
that mediate gene expression in response to physical parameters (e.g., temperature,
light or pH), ions, or small effector (ligand) molecules, also referred to as inducers.
TRs that are controlled by small effector molecules are composed of a DNA-binding
domain (DBD) and a ligand-binding domain (LBD). The DBD specifically interacts
with a transcription factor binding site (TFBS), also termed operator sequence, within
the promoter through non-covalent binding of the protein side chains to the exposed
base pairs of the DNA groove®®. The TFBS for the majority of DNA-binding structural
motifs, such as the common helix-turn-helix motif, comprises 4-5 base pairs. The most
frequent mechanism to achieve further specificity is homodimerisation or
multimerisation of the TR. Therefore, promoters may contain multiple TFBSs of 4-5
base pair sequence direct or inverted repeats'®. The LBD is required for effector
binding, upon which a conformational change takes place, altering the ability of the
TR to bind DNA or recruit the RNAP holoenzyme?.

Depending on their mode of action, TRs are classed as repressors, activators
or dual-function transcription factors?l. They use one of several mechanisms to repress
or activate transcription initiation'®. Repressors bind to their target DNA sequence in
the absence of the ligand. This sequence may overlap with core elements of the
promoter, thus preventing the binding of RNAP to the promoter (e.g. the tetracycline
repressor TetR )?2. Repression can also be achieved by repressors simultaneously
binding to distally located operators. The formation of a DNA loop prevents the
promoter to be recognised by RNAP (e.g. the galactose repressor GalR)?3. More
complex mechanisms of repression are mediated by repressors that counteract
activators (e.g. the anti-activator CytR)?* or directly bind RNAP (e.g. the p4 protein

from phage ¢29)?. In contrast, activators bind to their target DNA sequence in the



presence of the ligand. Activation of transcription initiation is achieved by forming
direct interactions with the RNAP holoenzyme (e.g. CAMP receptor protein-dependent
activation of the lac promoter)? or by realigning suboptimally spaced core promoter
elements to facilitate RNAP binding (e.g. the multidrug-responsive activator BmrR)?’.
Similarly to anti-activators, positive regulators exist that antagonise repressors (e.g.
the anti-repressor Ler)?. Dual-function transcription factors serve as both activators
and repressors. For example, expression of the rhlAB operon in Pseudomonas
aeruginosa is regulated by RhIR which represses transcription in the absence of its
autoinducer butanoyl-homoserine lactone but acts as activator in the presence of the
ligand?®.

TRs are classed into families on the basis of their highly conserved DBDs. The
LBDs are very diverse in their amino acid composition due to the variety of ligand-
specific moieties. The largest family of prokaryotic DNA-binding proteins is the
LysR-type transcriptional regulator (LTTR) family comprising more than 800
members identified to date®’. LTTRSs can act as activators, repressors or dual-function
TRs of single genes or operons. They are often located in the opposite orientation of
the cluster of genes they regulate but may also be located elsewhere on the bacterial
genome. LTTRs exert diverse regulatory functions. They are involved in metabolism,

quorum sensing, virulence, and nitrogen fixation, just to name a few (Table 1.1)*°.

Table 1.1 Examples of LTTRs and the functions that they are involved in.

Regulator Origin Function Reference
CatM Acinetobacter baylyi Benzoate metabolism 31
YofA Bacillus subtilis Cell division 32
QseA Enterohemorrhagic Escherichia Quorum sensing 3

coli
NodD Rhizobium spp. Nitrogen fixation 34
SpvR Salmonella typhimurium Virulence 3




1.3 Transcription regulation networks

TRs modulate the rate of gene expression in order to adjust the level of proteins that
are needed under certain environmental conditions. In addition to structural genes,
TRs may control expression of regulatory genes, including their own, building a
complex network of interactions, called transcription regulation networks®. The
genetic circuits that these networks are made up of are based on a small set of network
motifs®’. These motifs are universal and can be found in both prokaryotes®® and
eukaryotes®. The simplest network motif is the one of a TR A controlling expression
of gene B in response to a stimulus (Figure 1.2a). Upon initiation of transcription, the
concentration of gene product B rises until a steady-state level is reached®. Often, TRs
repress the transcription of their own genes*® (Figure 1.2b). This network motif is
termed negative autoregulation. It can speed up the response time in cases where
expression of TR gene is controlled by a strong promoter. At early stages, when levels
of TR protein are low, its concentration increases rapidly until its own promoter is
fully repressed, resulting in a steady-state level of TR protein that is close to its
repression threshold®®. The opposite effect is achieved when TRs activate expression
of their own genes (Figure 1.2c). Positive autoregulation slows down the response
time as initial low concentrations of TR protein result in low levels of TR gene
expression. Once its concentration reaches an activation threshold, the TR protein is
produced more rapidly®®.

Feedforward loops (FFLs) are more complex naturally occurring genetic
circuits*'. They are composed of three genes, two of which encode TRs (Figure 1.2d).
Regulator A controls expression of regulator B. Expression of gene C is controlled by
both TRs. As regulators can be transcriptional activators or repressors, a total of eight

different types of FFL exist. Furthermore, the biological function of the FFL depends



on whether both regulators are required to activate expression of gene C or if one of
them is enough. Two of the eight types of FFL, the coherent type-1 FFL and the
incoherent type-1 FFL, were found to be more common than the other six types in

E. coli*? and yeast*'.
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Figure 1.2 Transcription regulation network motifs. (a) Simple regulation network of a TR A
controlling expression of gene B. (b) In negative autoregulation, TR A represses transcription from its
own promoter. (c) In positive autoregulation, TR A activates transcription from its own promoter. (d)
The eight types of feedforward loops. These networks are composed of two TRs A and B both

controlling the C promter.

In case of the coherent type-1 FFL, both regulators are transcriptional activators.
When both regulators are required to activate expression of gene C, production of C
is delayed until the concentration of gene product B reaches the activation threshold

for the C promoter. Upon removal of the stimulus, A is no longer able to activate C



expression, thus production of C is stopped immediately. This network motif makes
expression of C less prone to spurious pulses of input signal®®. For example, CRP
(cCAMP receptor protein) controls expression of both the gene encoding the AraC
activator and the structural genes araBAD and araFGH required for arabinose
utilisation in E. coli®®. The delay of araBAD and araFGH expression in response to
the input signal cCAMP has been identified to be on the same timescale as naturally
occurring oscillations of intracellular CAMP levels*,

The opposite effect can be observed when only one of the two regulators is
required to activate C expression. In the presence of a stimulus, regulator A activates
expression of both genes B and C immediately. Removal of the signal, however, will
result in continued expression of gene C until the concentration of regulator B is below
the activation threshold for the C promoter. A transient loss of stimulus will therefore
not lead to a stop of C production. In E. coli, expression of the operons that synthesise
the flagella motor is controlled by the activators FIhDC and FliA in an additive
fashion*. The FFL prolongs expression of the structural genes after removal of input
signal, thus protecting biogenesis of the flagella*.

Incoherent type-1 FFLs can function as pulse generators and response
accelerators®, In this network motif, regulator A activates expression of both genes B
and C (Figure 1.2d). Gene product B, however, represses transcription of gene C. In
the presence of a stimulus, both proteins B and C are rapidly produced. Once the
concentration of gene product B reaches the repression threshold for the C promoter,
production of protein C will decrease. In the case that the C promoter is fully repressed
by regulator B, the concentration of protein C will drop to zero, resulting in a pulse.
In the case that regulator B only partially represses promoter C, the concentration of

gene product C will reach a steady-state level. Due to a strong initial increase in levels



of protein C, before the concentration of regulator B reaches the repression threshold
for the C promoter, the response time needed to activate expression of C is shorter

than if it was a simply regulated system3,

1.4 Application of transcription factor-based inducible gene expression

systems
TR-based inducible systems have been historically utilised for both gene
overexpression and protein production and gene silencing and the generation of
conditional gene knockouts. Their modular architecture and ability to act as biological
switches has allowed TR-based inducible systems to recently be harnessed for the
construction of synthetic regulatory circuits, such as logic gates, toggle switches, or
oscillators*’. Furthermore, their ability to act as genetically encoded biosensors gives
them the potential to contribute to a wider range of applications including diagnostics,
monitor environmental pollution, and revolutionise the field of microbial cell factory

development.

1.4.1 Protein production

The production of recombinant proteins was one of the earliest applications of
TR-based inducible systems. In contrast to constitutive promoters, transcription from
the inducible promoter can be switched on at any desired point during the cultivation,
enabling the production of recombinant proteins that might negatively affect cellular
functions. Of all the expression hosts available, including bacteria, yeast, insect cells
or human cells, E. coli has been utilised by far the most*®. In E. coli, the most
commonly used expression systems are based on pET vectors*®. The vector harbours
the gene encoding the recombinant protein under control of the bacteriophage T7 DNA
polymerase promoter containing the lac operator. The expression host itself has to

harbour a genomic or an episomal copy of the gene encoding T7 RNAP under control
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of the lacUV5 promoter. E. coli naturally encodes the Lacl TR, which represses
transcription from the T7 DNA polymerase hybrid promoter and the lacUV5 promoter.
Upon supplementation with isopropyl B-D-1-thiogalactopyranoside (IPTG), a non-
metabolisable structural analogue of allolactose, Lacl dissociates from its target
promoters, T7 RNAP is produced, and transcription of the target gene is initiated. The
advantage of using the T7 DNA polymerase promoter is that it is not recognised by
the endogenous E. coli RNAP which adds an additional level of regulation.
Furthermore, the T7 RNAP transcribes approximately five times faster than the E. coli
RNAP, thus, once it is produced, most of the protein synthesis machinery is devoted
to producing the recombinant protein“®, Basal T7 DNA polymerase promoter activity
can be reduced by simultaneously expressing T7 lysozyme, which is a natural inhibitor
of T7 RNAP, or by adding glucose to the cultivation medium to enhance repression of

the lacUV5 promoter by the cAMP-CRP complex™.

1.4.2 Synthetic regulatory networks

Metabolic engineering has the potential to produce chemicals from renewable
resources using biocatalysts. However, engineering of an organism for the
biosynthesis of a target chemical is challenging due to the complexity of cellular
metabolism and its underlying regulatory mechanisms’. Synthetic biology aims to
design and build microbial cell factories using well-defined genetic parts, thus
reducing the complexity inherent in biological systems. Ideally, the genetic elements
should be programmable and their behaviour predictable, similar to the well
characterised parts in traditional engineering disciplines, which follow defined
physical rules. The implementation of these controllable genetic elements in a cellular

system is an essential part of synthetic regulatory circuit design where cells have been
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programmed to perform computational operations as a first step toward the
development of a designer cell®® %2,

The first synthetic regulatory networks, where electrical circuit analogies have
been adapted to program cellular behaviour, were the genetic toggle switch®® and the
repressilator®. In both cases, regulatory elements of transcription factor-based
inducible systems were leveraged to implement the equivalents of electronic memory
storage and timekeeping in a biological system.

The toggle switch is a bistable gene-regulatory network that is controlled by
two orthogonal input signals. Depending on the input signal, it will switch to one of
the two stable states. Upon removal of the signal, the switch will remain at its current
state indefinitely, thus mimicking a biological form of memory. The bacteriophage A
lysis-lysogeny switch®, where bistability is achieved by two promoters that are
repressed by each other’s gene product, served as basis for the construction of the
synthetic toggle switch®. In one version of the genetic toggle that was constructed by
Gardner and co-workers, the bacteriophage A PL promoter mediates expression of lacl
(Figure 1.3a). Its translational product represses transcription from the second
promoter Pwc2 which controls the transcription of cl-ts. The gene product is a
temperature-sensitive (ts) Cl repressor protein which inhibits transcription from the P,
promoter. System stability is controlled by exogenous supplementation with IPTG or

a transient increase in temperature>?,
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Figure 1.3 Application of TR-based inducible systems for the design of synthetic regulatory networks.

(a) The toggle switch is composed of two promoters that are repressed by each other’s gene product.
Stabilty is achieved by addition of IPTG or an increase in temperature. (b) The repressilator is a cyclic
negative feedback loop composed of three repressor proteins. The dynamics of each network is

monitored by GFP fluorescence output.

In electronics, oscillating networks are based on positive and negative
feedback loops that produce periodic output signals. A similar mechanism exists in
biological systems. For example, circadian clocks are gene-regulatory networks that
periodically express a specific set of genes®, thus creating a cellular form of
timekeeping. Elowitz and Leibler constructed a synthetic oscillatory network based on
a set of three repressor proteins and their corresponding negatively regulated
promoters, hence termed the repressilator®. In their design, the first repressor protein,
Lacl, inhibits expression of the second repressor gene, tetR, whose translational
product represses the transcription of the third gene, cl. Cl in turn inhibits expression
of lacl, completing the cyclic negative feedback loop (Figure 1.3b). In both cases, the
toggle switch and the repressilator, a fluorescent protein reporter gene was
incorporated into the synthetic circuit to monitor the dynamics of the systems. These
are only two examples where regulatory elements of transcription factor-based
inducible systems were utilised to build synthetic regulatory networks. Other
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examples of electronics-inspired genetic devices include digital logic gates®® > %8,

pulse generators®®, and band-pass filters®°.

1.4.3 Genetically encoded biosensors

The throughput of the design- and build-steps of the typical design-build-test cycle of
synthetic biology has increased by several orders of magnitude due to advances in in
silico pathway design and automated genome engineering. Combinatorial DNA
assembly methods enable the construction of thousands of metabolic pathway variants
in a rapid manner®. However, the quantification of metabolites by liquid
chromatography or mass spectrometry is commonly limited to fewer than 10% samples
per instrument per day, posing a bottleneck for the evaluation of the generated
constructs®?,

Linking a metabolite-responsive transcription factor-based inducible gene
expression system to a genetic actuator (e.g., fluorescent reporter, selection marker or
regulatory switch) overcomes such bottleneck. It enables each cell to measure the
intracellular concentration of a target molecule and convert it into a detectable and
quantifiable output, or alternatively, dynamically control a metabolic pathway®?.

Employing a fluorescent protein as output signal allows the multiplexed
evaluation of metabolite biosynthesis within single cells in a rapid and iterative
manner using high-throughput screening methods, such as fluorescence-activated cell
sorting (FACS)®3. Numerous examples exist, where genetically encoded biosensors
have been used to screen libraries of metabolically engineered strains and isolate
individual cells with improved product formation capabilities®®®¢. For example,
Mustafi and co-workers utilised the transcriptional regulator Lrp from
Corynebacterium glutamicum to isolate amino acid-producing mutant strains after

random mutagenesis of a non-producing wild type strain using FACS®. In another
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study, AraC, the activator protein which regulates L-arabinose utilisation in E. coli,
was engineered to respond to triacetic acid lactone (TAL) and exploited to screen for
2-pyrone synthase enzyme mutants that led to increased TAL biosynthesis in E. coli®’.

When linked to a selection marker, such as an antibiotic resistance gene, the
biosensor output represents a fitness advantage and can be implemented to enable a
product-dependent selection. In a study of van Sint Fiet and co-workers, the
NahR/Psa-inducible system, responding to benzoate and 2-hydroxybenzoate, was
fused to the gene encoding the tetracycline efflux pump®. Biocatalytically active
E. coli, which are able to oxidise benzaldehyde and 2-hydroxybenzaldehyde, were
identified through supplementation with the respective antibiotic.

In biological systems, the biosynthesis of small molecules is controlled by a
complex regulatory machinery that enables optimal metabolic flux and prevents the
accumulation of toxic intermediate compounds’. The integration of a heterologous
pathway, however, may result in detrimental effects on the host metabolism.
Biosensors linked to structural genes can be used as regulatory switches to
dynamically control metabolic pathways and alleviate the accumulation of molecules
that may interfere with other biological processes®®. For example, Zhang and co-
workers employed the fatty acyl-CoA-responsive repressor protein FadR for the
biosynthesis of fatty acid ethyl esters (FAEES) in a fatty acid-overproducing strain of
E. coli®®. Upon accumulation of fatty acyl-CoAs, FadR dissociates from three target
promoters, resulting in the biosynthesis of ethanol, the activation of free fatty acids to
fatty acyl-CoAs, and the condensation of ethanol and fatty acyl-CoAs to FAEESs. This
dynamic pathway control prevented the accumulation of toxic ethanol and efficiently

pulled the metabolic flux toward FAEE biosynthesis.
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In addition to biosensors that are based on TR-based inducible systems, RNA
switches have been developed that respond to small molecules and control gene
expression at the translational level. In this case, the genetic actuator harbouring the
riboswitch is expressed constitutively. However, its mRNA secondary structure
prevents translation to be initiated. Upon binding of the effector molecule, the

riboswitch undergoes structural changes allowing the mRNA to be processed?.

1.5 Approaches to find a suitable transcription factor-based inducible

gene expression system
After a target compound has been identified or an objective has been defined, the
challenge remains to find a suitable TR-based inducible system. Online databases,
such as DBD™* (www.transcriptionfactor.org), PRODORIC"? (www.prodoric.de), or
RegPrecise’ (regprecise.lbl.gov/RegPrecise), provide useful information on
prokaryotic TRs and their corresponding target DNA sequences. Unfortunately, only
a limited number of orthogonal metabolite-responsive promoters has been well
characterised’®. Inducible systems are said to be orthogonal if they are controlled
exclusively by their corresponding TRs and when the TR itself is regulated solely by
its unique effector molecule. Cross-reactivity caused by unspecific regulator- or ligand
binding may interfere with the circuit design and generates noise®. In this case, a
TR-promoter pair from a different organism can be used to decrease the background
activity or promoter- and protein engineering may be performed to increase sensitivity.
If the compound of interest is not listed, or if regulatory elements for a specific
microorganism have not been researched, different strategies may be pursued to

identify a suitable inducible system.
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1.5.1 Strategies to identify promoters responding to a specific molecule

Two primary strategies have proven to be efficient in discovering promoters that
respond to a given effector molecule’™ 8. By using genome-wide transcriptional
analyses, single genes or operons can be identified that are differentially expressed in
the presence of the compound of interest. This approach was followed by Dahl and
co-workers for the identification of a farnesyl pyrophosphate (FPP)-responsive
promoter in E. coli®. A second strategy may involve the screening of a
promoter-reporter fusion-library for reporter gene expression after supplementation
with the inducer. For example, the Alon library, containing 2,000 different E. coli
promoter-gfpmut2 fusions, vyielded the Pmy promoter that responded to L-
phenylalanine’®. Both strategies have their limitations. They do not exclude promoters
that are indirectly activated, nor do they guarantee the identification of the
corresponding TR which is required for the application of the inducible system in a

host organism different to the one the promoter was mined from.

1.5.2 Strategies to identify TR-promoter pairs responding to a specific molecule
To identify both controllable promoters and their corresponding TRs, entire DNA
fragments may be analysed for their ability to mediate gene expression in response to
a target molecule. Uchiyama and Miyazaki cloned DNA fragments from a
metagenomic library into an open trap vector harbouring a promoter-less fluorescent
protein reporter gene’’. Following this strategy, several TR-promoter pairs were
identified that responded to a range of aromatic compounds. However, it relies on the
assumption that the inducible system is functional in a host organism different to the

one from which it was sourced.
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1.5.3 Predicting the effector molecule for a given inducible system

The reverse strategy relies on predicting the effector molecule for a putative inducible
system based on genetic context or comparative genomics. In some instances, such as
the majority of TRs belonging to the TetR-family, the regulated genes are divergently
oriented with an intergenic region of less than 200 bp’®. Cuthbertson and co-workers
developed a methodical workflow based on this genetic arrangement’. Using
phylogenomics, TetR-family regulators known to bind similar effectors were clustered
in order to predict ligands for TRs of unknown function in the same subfamily.
Following this approach, the kijanimicin-responsive TR KijR was identified.
Moreover, comparative genomics have been leveraged for the prediction of TFBSs for
members of the Lacl- and ROK-family of TRs® &, Using the known TFBSs, target
genes were identified and metabolic pathways were reconstructed, allowing putative
effector molecules to be proposed. Both strategies have resulted in the identification
of TR-promoter pairs and their corresponding effectors, but are limited to a specific

family of TRs or class of compounds.

1.6 Cupriavidus necator — a promising microbial host organism for the

conversion of CO; into value-added products
Cupriavidus necator H16, formerly known as Ralstonia eutropha, Alcaligenes
eutrophus, Wautersia eutropha, and Hydrogenomonas eutropha, is a facultative
chemolithoautotrophic, soil-dwelling Gram-negative -proteobacterium. It has been
extensively studied for its capacity to store large amounts of organic carbon, up to
80% of its cell dry weight (CDW)#, in the form of poly[R-(-)-3-hydroxybutanoate]
(PHB). Because PHB is a biodegradable polymer, the main focus of C. necator
research had been the production of sustainable bioplastics®®. It has gained

increasing attention recently for the biosynthesis of a range of value-added
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compounds, achieved by redirecting the metabolic flux from carbon storage toward
the product of interest. Compounds that have been synthesised by recombinant
C. necator include alkanes, fatty acids, alcohols, methyl ketones, and hydroxy acids®®-
95_

The genome of C. necator H16 comprises three circular replicons, two of
which are chromosomes and one a megaplasmid, with a total size of 7,416,678 bp®.
Due to an impressive array of genes related to carbon and energy metabolism,
C. necator is able to grow under heterotrophic, lithoautotrophic or organoautotrophic
conditions®”. Substrates that permit heterotrophic growth include tricarboxylic acid
cycle intermediates, sugar acids, fatty acids, amino acids or other organic acids,
alcohols, polyols, and aromatics® %. C. necator possesses the ability to use both
organic compounds and molecular hydrogen (H2) as sources of energy®, utilising
them to power metabolic processes and chemolithoautotrophically fix CO; via the
Calvin-Benson-Bassham (CBB) cycle®®. Alternatively, it is capable of growing
organoautotrophically by oxidising formate to CO2 by the action of a formate
dehydrogenase. During this reaction, energy is generated in form of NADH. The
released CO is subsequently assimilated via the CBB cycle!® 101 |n the absence of
oxygen (0O), it can switch to anaerobic respiration-denitrification, exploiting
alternative electron acceptors, such as nitrite (NO2) or nitrate (NO3)%’. Its metabolic
versatility is furthermore highlighted by the existence of 688 genes for potential
regulatory proteins, 521 of which are one component regulators®®. Thus, the genome
of C. necator itself may serve as a rich basis for mining inducible systems that can be
used as regulatory elements in synthetic regulatory network design and biotechnology

applications.
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1.7 Inducible systems for gene expression control in C. necator H16
Despite its early recognition as promising host organism for the autotrophic
biosynthesis of value-added compounds, significant progress in the development of
genetic tools for gene expression control in C. necator has mainly been made in the
last decade. A number of constitutive and inducible promoters for the production of
homologous and heterologous proteins have been developed since. Initially limited to
a handful of constitutive promoters, including the well characterised heterologous Piac,
Ptac, Pjs, and the native Pphac and Ppane!®1%, the operational range has been vastly
increased recently to span more than two orders of magnitude by promoter engineering
or by investigating a broader range of promoters sourced from different organisms®
16 Constitutive promoters, however, do not allow gene expression to be auto
regulated or externally controlled, which plays a vital role in synthetic circuit design
and the implementation of heterologous metabolic pathways. These limitations can be
overcome by using transcription factor-based inducible systems. Although native
promoters that are auto induced under autotrophic or phosphate-limiting growth
conditions have been successfully utilised in C. necator!?” 1% inducible systems that
can be controlled independently of growth conditions are generally more
advantageous. To date, a few of these effector-inducible gene expression systems have
been established in C. necator (Table 1.2).

Of these systems, the L-arabinose-inducible gene expression system has been
utilised the most for production of value-added compounds in C. necator®” % 9 |t
exhibits several beneficial features over most of the other characterised systems. For
example, in contrast to the IPTG-inducible system, it does not require additional
expression of a transport system in order for the inducer to be taken up by the cell®.

Secondly, it is not metabolised by C. necator unlike acetoin, thus mediating a
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sustained gene expression throughout the cultivation®

. Thirdly, Parasap demonstrates
low background expression levels in the absence of L-arabinose®®. Lastly, the inducer
itself is relatively inexpensive. In addition to the L-arabinose-inducible system, the
RhaSR/Prmasap-L-rhamnose-inducible system has great potential due to low basal
promoter activities. However, the range of inducer concentration over which the

system can be controlled was reported to be less than one order of magnitude in

minimal medium?°°,

Table 1.2 Summary of effector-inducible gene expression systems employed in C. necator. Note that
the dynamic range, the ratio of expression level in the presence of inducer to basal promoter activity,
may be difficult to compare from different studies due to unstandardised evaluation methods.

Effector Inducible Origin Dynamic Application Refe-
system range rence

Acetoin ACOR/Pcoe C. necator H16 ND? Production of poly- 104
hydroxyalkanoates

L-arabinose  AraC/Paragap E. coli K12 > 12-fold Production of methyl 92102
ketones

m-Toluic XylIS/Pp, P. putida KT2440 N/A Production of 8

acid hydrocarbons

IPTG Lacl/Piacuvs E. coli K12 N/A Production of 8
hydrocarbons

IPTG Lacl/Pjs E. coli K12/ < 7-fold N/AP 110

bacteriophage T5

p-Cumic CymR/P;s P. putida F1/ > 33-fold Production of 110

acid bacteriophage T5 esterase protein

Anhydro- TetR/Prrsc Tn10/ C. necator > 10-fold Controllable 11

tetracyline H16 expression of alsS

Anhydro- TetR/Puic Tn10/ C. necator  180-fold Production of 112

tetracyline H16 mevalonate

L-rhamnose  RhaSR/Prasap  E. coli > 140-fold  N/AP 109

aNot determined. "Not applicable.
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1.8 Research aims

The aims of this research can be divided into the following sections:

Identification of inducible gene expression systems - A few TR-based inducible
gene expression systems exist for metabolic engineering of C. necator H16 and other
bacteria. To make promising microbial cell factories accessible to more advanced
engineering strategies, however, additional orthogonal highly inducible and
ligand-specific inducible systems need to be identified. To achieve this goal,
heterologous inducible systems will be investigated. Furthermore, the genomes of a
range of bacteria will be explored to source inducible systems that can be specifically
employed for the monitoring of industrially relevant platform chemicals, such as
3-hydroxypropionic acid and itaconic acid.

Development of a genome scale approach for inducible system mining - A generic
approach will be developed to mine inducible systems from annotated bacterial
genomes. The potential of this strategy will be demonstrated by applying it to
identifying novel or little characterised metabolite-inducible systems in C. necator
H16.

Parametric characterisation of inducible systems - Heterologous and native
inducible systems will be quantitatively evaluated for their ability to control gene
expression in a comparative manner. They will be parameterised to facilitate forward
engineering efforts and their orthogonality will be determined.

Application of inducible systems - Selected inducible systems will be applied for
isoprene biosynthesis in C. necator. Other novel inducible systems will be developed
into biosensors. The itaconate biosensor will be employed for improving itaconate

biosynthesis.
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2 Materials and methods

2.1 Chemicals

Chemicals were purchased from Acros Organics (Thermo Fisher Scientific), Alfa
Aesar (Thermo Fisher Scientific), Honeywell, Fluorochem, and Sigma-Aldrich unless

stated otherwise. All chemicals are listed in Supplementary Table 1 in the Appendix.

2.2 Bacterial strains, cultivation media and growth conditions
2.2.1 Bacterial strains

Bacterial strains used in this work are listed in Table 2.1.

Table 2.1 Bacterial strains used in this work.

Reference or

Strain Characteristic

source
Cupriavidus Wild type strain DSM 428
necator H16
Escherichia coli Wild type strain DSM 18039

MG1655

Escherichia coli F ompT hsdSg(rs” mg’) gal decm (DE3) pRARE  Novagen
Rosetta DE3 (CamR)

Escherichia coli F mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 Thermo Fisher
TOP10 AlacX74 recAl araD139 A(araleu)7697 galU Scientific
galK rpsL (StrR) endAl nupG

Pseudomonas Wild type strain Kindly provided
putida KT2440 by Dr. Stephan
Heeb

2.2.2 Cultivation media
All bacterial strains were propagated in lysogeny broth (LB). Fluorescence reporter
assays were performed in minimal medium unless indicated otherwise. The M9

minimal medium!*® for cultivation of E. coli MG1655 was supplemented with 1
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ug/mL thiamine, 20 pg/mL uracil** and 4 g/L glucose. C. necator was grown in

minimal medium?®

supplemented with 4 g/L sodium gluconate unless stated

otherwise. Antibiotics for plasmid maintenance were added at the following

concentrations: 25 pg/mL chloramphenicol, 12.5 pg/mL tetracycline, 50 pg/mL

kanamycin, or 100 pg/mL ampicillin for E. coli; 50 pg/mL chloramphenicol or 15

pug/mL tetracycline for C. necator; 25 pg/mL tetracycline for P. putida. The

composition of the media is as follows:

LB Tryptone
Yeast extract
NaCl

M9 minimal medium?*3 NaHPO4-7H,0
KH2PO4
NaCl
NH4CI
MgSO4
CaCl;

C. necator minimal medium*®  NaHPO4-12H,0
KH2POq4
NH4CI
MgSQO4-7H20
CaCl2-2H.0
Fe(1IT)NHs-citrate
SL7 solution

10 g/L
59/L
10 g/L

12.8 g/L

3g/L

0.5¢g/L

1g/L

0.24 g/L (2 mM)
11.1 mg/L (0.1 mM)

9¢g/L
1.5¢9/L
1g/L
0.2 g/L
20 mg/L
1.2 mg/L
1 mL/L

SL7 solution®® is composed of 1.3 mL/L 25% (w/v) HCI, 62 mg/L HsBOs,

190 mg/L CoCl2-6H.0, 17 mg/L CuCl;-2H,0, 100 mg/L MnCl2-4H20, 36 mg/L

Na:Mo0s-2H20, 24 mg/L NiCl,-6H20, and 70 mg/L ZnCl..

For solid media preparation 15 g/L agar were added.
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2.2.3 Growth conditions
E. coli was routinely grown at 37 °C unless indicated otherwise. For comparison,
E. coli, C. necator, and Pseudomonas putida fluorescent protein reporter gene assays

were performed at 30 °C.

2.2.4 Maintenance of strains

To prepare a permanent stock of a bacterial strain, 200 uL of an overnight culture were
resuspended in the preservation medium of a CRYOBANK™ tube (COPAN
Diagnostics Inc.). The supernatant was removed and the beads were stored at -80 °C.
To revive the strain, a bead was streaked onto an LB agar plate or directly used to

inoculate liquid medium.

2.3 Molecular cloning

2.3.1 Extraction of plasmid and genomic DNA

Plasmid DNA was purified by using the New England Biolabs (NEB) Monarch
Plasmid Miniprep Kit or the QIAprep Spin Miniprep Kit (Qiagen). Microbial genomic
DNA was extracted by employing the GenElute Bacterial Genomic DNA Kit
(Sigma-Aldrich). All DNA purifications were performed according to the

manufacturer’s instructions.

2.3.2 Quantification and storage of DNA
Purified DNA was eluted in nuclease-free water and quantified using a SimpliNano™

spectrophotometer (Biochrom). DNA was stored at -20 °C.

2.3.3 Oligonucleotide primers
Oligonucleotide primers were synthesised by Eurofins Genomics or Sigma-Aldrich.
Primers used for restriction enzyme-based cloning were designed to harbour at least

three nucleotides upstream of the restriction site at the 5” end to allow for restriction
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enzyme binding. Primers used for Hifi DNA assembly were designed to have 5’
overhangs of 12 to 28 nucleotides to generate overlapping homologous DNA
sequences. The annealing temperature was calculated using the NEB T Calculator
(https://tmcalculator.neb.com). All oligonucleotide primers used in this work are listed

in Supplementary Table 2.

2.3.4 Polymerase chain reaction
For cloning, DNA was amplified by polymerase chain reaction (PCR) using Phusion-
or Q5 High Fidelity DNA polymerase from NEB in 50 uL reactions following the

manufacturer’s instructions.

2.3.5 Agarose gel electrophoresis

Agarose gel electrophoresis was performed on PCR products and DNA digests using
a 1% agarose gel. The gel was stained with SYBR™ Safe DNA Gel Stain (Thermo
Fisher Scientific). DNA samples were prepared by adding Purple Gel Loading Dye
(6x, NEB). The 2-Log DNA Ladder (NEB) was used to determine DNA fragment
sizes. Electrophoresis was performed using a Bio-Rad electrophoresis system with a
PowerPac™ Universal Power Supply (Bio-Rad) at 100 V until DNA fragments were

clearly separated.

2.3.6 Agarose gel imaging
Agarose gels were imaged using a Bio-Rad Molecular Imager GelDoc XR+ Imaging
System running software Image Lab™ (Bio-Rad). DNA that was used for cloning was

visualised using a blue light LED transilluminator (Syngene).
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2.3.7 Extraction of gel-purified DNA
Gel-purified linearised DNA was extracted using the NEB Monarch DNA Extraction
Kit or the Zymoclean Gel DNA Recovery Kit (Zymo Research) according to the

manufacturer’s instructions.

2.3.8 DNA restriction digestion
Restriction enzymes were purchased from NEB. Reactions were set up according to

the manufacturer’s protocol and incubated over night.

2.3.9 Hifi DNA assembly

The NEBuilder Hifi DNA Assembly Master Mix (2x) was used for vector assembly
of two or more DNA fragments with overlapping homology regions. For assemblies
of 2 to 3 fragments, a 1:2 vector:insert molar ratio with 50 ng of vector was used.
Assemblies with 4 to 6 fragments were performed using a 1:1 vector:insert molar ratio
with 50 ng of vector. Reactions were set up according to the manufacturer’s

instructions with a total volume of 10 pL.

2.3.10 DNA ligation
DNA ligations were performed using the NEB T4 ligase. Reactions were set up

typically with a 1:3 vector:insert molar ratio following the manufacturer’s instructions.

2.3.11 Plasmid construction

All plasmids generated in this thesis were constructed by employing either
conventional restriction enzyme-based cloning techniques or the Hifi DNA assembly
method and are based on the pBBR1 replicon!’. Key features of all plasmids used and
generated in this thesis are summarised in the individual chapters. A detailed
description of how each plasmid was assembled is provided in the Appendix

(Chapter 9.1).
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2.3.12 DNA sequencing

Constructs were verified by DNA Sanger sequencing performed by Source Bioscience

(Nottingham).

2.4 Preparation and transformation of microbial strains
2.4.1 Preparation and transformation of chemically competent E. coli
Chemical competent E. coli were prepared and transformed by heat shock as described

by Sambrook and Russel'*2,

2.4.2 Preparation and transformation of electrocompetent C. necator
Electrocompetent C. necator were prepared and transformed by following a method
reported by Ausubel et al.*8, Briefly, 25 mL of SOB medium (Hanahan’s broth) were
inoculated with 1 mL of a C. necator overnight culture in a 250-mL baffled shake
flask. The culture was incubated with orbital shaking at 30 °C and 200 rpm until an
ODeoo 0f 0.2-0.3 was reached. Cells were harvested by centrifugation at 12.000g and
4 °C for 10 min. The pellet was resuspended in chilled 10 mL of buffer A [1 mM
HEPES (pH 7.0)] and centrifuged as before. It was washed a second time with chilled
5 mL of buffer A and centrifuged as before. Subsequently, the pellet was resuspended
in buffer B [(1 mM HEPES (pH 7.0), 10% glycerol (v/v)] to an ODsoo of 5. Aliquots
of 100 uL were stored at -80 °C.

100 pL of electrocompetent cells were added to 100 ng plasmid DNA in an
electroporation cuvette (0.2 cm electrode gap, Bio-Rad) and chilled on ice for 5 min.
Electroporation was performed using a Bio-Rad Micropulser at 2.5 kVV/cm (200, 25
UF). Immediately after electroporation, 900 puL of SOC medium was added and the
suspension was transferred to a 50-mL conical centrifuge tube. After an incubation
with orbital shaking at 30 °C and 200 rpm for 2 h, 100 pL of transformed cells were
spread on an LB agar plate containing the respective antibiotic.
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2.4.3 Preparation and transformation of electrocompetent P. putida

Electrocompetent P. putida were freshly prepared from overnight cultures grown in
LB medium with orbital shaking at 30 °C and 200 rpm. Per reaction, 1 mL of cells
were harvested by centrifugation at 16,000g for 5 min and washed three times with
1mL of ice-cold 10% (v/v) glycerol. Electroporation was conducted in an
electroporation cuvette (0.2 cm electrode gap, Bio-Rad) using a Bio-Rad Micropulser
at 12.5 kV/cm by following a method reported by Sambrook and Russel'®.
Preparation and transformation of P. putida was performed with assistance of Ana

Paiva.

2.5 Analytical techniques
2.5.1 ODeoo measurement
Cell absorbance was measured in a 1-cm-path-length cuvette using a BioMate 3S

UV-visible (UV-Vis) spectrophotometer at 600 nm (Thermo Fisher Scientific).

2.5.2 Fluorescence measurement

For quantification of red fluorescent protein (RFP) fluorescence at a single time-point,
individual colonies of freshly transformed bacterial cells were used to inoculate 5 mL
of LB medium in 50-mL conical centrifuge tubes. After incubation over night with
orbital shaking at 30 °C and 200 rpm, E. coli and P. putida were diluted 1:50, and
C. necator was diluted 1:20 into 5 mL of fresh LB medium. The exponentially
growing cells were supplemented with inducer at an ODsgo of 0.5. After a further
incubation with orbital shaking at 30 °C and 200 rpm for 6 h, cells were pelleted by
centrifugation at 16,0009 for 4 min and resuspended in an equal volume of phosphate
buffered saline (PBS). Subsequently, 100 pL of cells were transferred to a 96-well
microtiter plate (flat and clear bottom, black; Greiner One International) and RFP
fluorescence was quantified using an Infinite M1000 PRO microplate reader (Tecan).
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Fluorescence excitation and emission wavelengths were set to 585 nm and 620 nm,
respectively. The gain factor was set manually to 100%. Absorbance was measured at
600 nm to normalise fluorescence by optical density. Prior normalisation, fluorescence
and absorbance values were corrected by subtracting the auto fluorescence and
absorbance of the culture medium. Following changes were made if quantification of
RFP fluorescence was performed in minimal medium: (i) the precultures were set up
in 2 mL of minimal medium, (ii) all strains were diluted 1:20 into 5 mL of fresh
minimal medium, (iii) 100 pL of the bacterial culture was directly used to measure
fluorescence and absorbance.

For the growth and fluorescence time course experiments, bacterial precultures
were set up as for the single time-point measurements. Cells were diluted 1:40 into 5
mL of fresh minimal medium and incubated with orbital shaking at 30 °C and 200 rpm
until an ODego of 0.2 was reached. Subsequently, 142.5 pL of the exponentially
growing cells were transferred to a 96-well microtiter plate. To the cultures, 7.5 pL
stock inducer was added at the desired concentration. Fluorescence and absorbance
were quantified using the same settings as for the single time-point measurements

every 5 min for 16 h.

2.5.3 HPLC-UV analysis

High-performance liquid chromatography with ultraviolet absorption detection
(HPLC-UV) analysis was performed as described previously'!® with slight
modifications. Briefly, to the cell-free supernatant, an equal volume of mobile phase
was added which was spiked with 50 mM valeric acid as internal standard. The mobile
phase was composed of 0.005 M H2SOa. The mixture was vortexed and subsequently
passed through a 0.22 pm pore size membrane filter. Samples were analysed using a

Thermo Scientific Ultimate 3000 HPLC system equipped with a Phenomenex Rezex
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ROA-organic acid H+ (8%) 150 mm x 7.8 mm x 8 um column and a diode array
detector with the wavelength set at 210 nm. The column was operated at 35 °C with
an isocratic flow rate of 0.5 mL/min. Samples were run for 30 min and the injection

volume was 20 uL. HPLC-UV analysis was performed with assistance of Matthew

Abbott.
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Chapter 3

The following chapter is mainly based on the work presented in the publications:

Functional genetic elements for controlling gene expression in
Cupriavidus necator H16

S. Alagesan*, E. K. R. Hanko*, N. Malys*, M. Ehsaan, K. Winzer & N. P. Minton
(2018)

Applied and Environmental Microbiology 84 (19), e00878-18.1%
*Authors contributed equally to this work
&

Design, cloning and characterization of transcription factor-based inducible gene
expression systems

E. K. R. Hanko, N. P. Minton & N. Malys (2019)
in Methods in Enzymology, A. K. Shukla, ed. Elsevier, 621, 153-169.1%°
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3 Evaluation of heterologous inducible systems and
application in isoprene biosynthesis

3.1 Introduction
To develop and optimise biosynthetic pathways in metabolically engineered
microorganisms, genome alterations often require either an adjustment of gene
expression or an introduction of heterologous genes, in both cases utilising functional
genetic elements, such as transcription factor-based inducible systems, to control gene
expression’?, A few studies have reported on the characterisation of inducible systems
in C. necator. The heterologous inducible promoters Parasap (L-arabinose)'%?, Pp
(m-toluic acid)®®, Piac (lactose)®®, and Prmasap (L-rhamnose)'®, the synthetic
anhydrotetracycline- and cumate-inducible promoters*® ' and a few native
inducible promoters'®*197.108 'have been shown to be suitable to control and drive gene
expression in this microorganism. In addition, Bi and co-workers demonstrated that
incorporation of a 5> mRNA stem-loop structure upstream of the ribosome binding
site (RBS) sequence increased gene expression from Parasap 2.3-fold in C. necator®.
A strong need to expand the synthetic biology toolbox remains, aiming to
broaden the range of inducible systems for controlling gene expression in C. necator
and to extend the repertoire of positive and negative regulators that are required for
highly controllable circuits in synthetic biology and biotechnology applications. After
an initial screen of nine heterologous inducible systems, responding to the ligands
L-arabinose,  acetate,  propionate,  L-rhamnose, = D-mannitol, acrylate,
4-isopropylbenzoate (cumate), 2,4-diacetylphloroglucinol (2,4-DAPG), and D-xylose,
two positively and two negatively regulated inducible systems were selected to be
characterised in more detail. The AraC/Paraap-L-arabinose-, RhaRS/Pihagap-L-

rhamnose-, and CymR/Pjs-cumate-inducible systems have been employed previously
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in C. necator® 10 110 The fourth system is regulated by AcuR, a repressor protein
from Rhodobacter sphaeroides mediating gene expression from Pacuri in the presence
of acrylate'??. Whereas expression from the L-arabinose-, cumate-, and acrylate-
inducible promoters is controlled by a single TR, the L-rhamnose-inducible system
differs from the other investigated systems as it comprises two regulator proteins
(Figure 3.1). When present, L-rhamnose binds to RhaR, which in turn initiates
expression of the operon encoding both regulatory proteins RhaR and RhaS.
Subsequently, expression of the L-rhamnose catabolic operon, rhaBAD, is activated

by the L-rhamnose-bound RhaS*?3,

Rhamnose ~

/' Prhasr PrhaBAD

~rhaRH rhas] Al £ [ vhaBAD »>-
\@ /

Rhamnose -/

|_’ Promoter D Coding sequence

(O Ribosome binding site O Operator

Figure 3.1 Schematic illustration of the L-rhamnose-inducible system. Expression of the genes
encoding the regulators RhaS and RhaR is activated by RhaR in the presence of L-rhamnose. The

promoter Prhasap in turn is activated by L-rhamnose-bound RhaS.

Gene expression can result in different output patterns for metabolites and
reporter molecules, such as fluorescent proteins. To evaluate how the variation in gene
expression can affect product biosynthesis, a simple, one enzymatic reaction pathway
extension based on a single gene addition was chosen as a suitable model for
investigation. Among several potential targets particularly relevant to the industrial
application, production of isoprene emerged as the most significant. Isoprene is a

naturally occurring volatile terpenoid emitted by plants to protect against
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environmental stress factors including heat, drought, or singlet reactive oxygen
species'?® 125 It is synthesised in chloroplasts by an isoprene synthase (IspS)
enzyme'?®. Currently, it is mainly produced from petroleum. However, in light of
environmental concerns and due to its versatile application in synthetic chemistry for
the manufacture of synthetic rubber, medicines, pesticides, or as aviation fuel*?’, the
sustainable biological production of isoprene has gained increasing interest. IspS has
been demonstrated previously to catalyse the production of isoprene from
dimethylallyl pyrophosphate (DMAPP)*?8 129 \which in C. necator can be produced
via the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate
(MEP/DOXP) pathway. Notably, due to poor catalytic properties of the enzyme (high
Km and low kcat), isoprene synthase is considered as one of key bottlenecks in isoprene
biosynthesis°.

The aim of this chapter was to assemble and quantitatively evaluate several
heterologous inducible systems in a comparative manner. To ensure an evaluation of
gene expression independent of genetic context, a modular reporter vector was
designed comprising an insulated application-specific module. After nine inducible
systems had been initially evaluated for their ability to mediate gene expression, four
of them were selected to be quantitatively characterised for their Kinetics and
dynamics. From the dynamic data, which was generated by monitoring the expression
output of the gene encoding the fluorescent protein over time at various inducer
concentrations, the maximum protein synthesis rate of each inducible system was
determined using a mathematical model. This type of parameterisation is key in order
to aid in part selection and to facilitate forward engineering efforts. The four inducible
systems were subsequently used to investigate how gene expression correlates with

formation of the industrially relevant platform chemical isoprene. Furthermore, the
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influence of the mMRNA stem-loop structure was evaluated for the

L-arabinose-inducible system and compared to previous findings.

3.2 Materials and methods specific to this chapter

3.2.1 Chemicals

L-arabinose, sodium acetate, propionic acid, L-rhamnose monohydrate, D-mannitol,
magnesium acrylate, 4-isopropylbenzoic acid (cumic acid),
2,4-diacetylphloroglucinol (2,4-DAPG), and D-xylose were used as inducers for
assaying inducible systems. Isoprene was used as a standard for isoprene yield

quantification. All chemicals are listed in Supplementary Table 1 in the Appendix.

3.2.2 Plasmids

Key features of all plasmids used and generated in this chapter are summarised in
Table 3.1. A detailed description of how each plasmid was assembled is provided in
the Appendix. Plasmids for isoprene production were constructed to harbour Populus
alba ispS gene optimised for C. necator codon usage under control of different
inducible systems. The DNA sequence of ispS was truncated by 49 amino acids at the
N-terminus and can be found in the Appendix. The nucleotide sequence of plasmid
pEHO006 has been deposited in the public version of the JBEI registry (https://public-

registry.jbei.org) under the accession number JPUB_008750.

Table 3.1 Plasmids used in chapter 3.

_ o Reference
Plasmid Characteristic
or source
pBBRIMCS-2- Kan'; Pphac-eyfp 131
PphaC-eyfp-cl
pBBR1IMCS-2-  Kan"; Pphac-RBS1-ispS 106
RBS:-ispS
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pJOE7784.1
pJOE7801.1
pKTrfp
pPNEW
pEHO002
pEHO002-ispS
pEHO003
pEHO005
pEHO006
pEHO006-ispS
pEHO06E
pEH015
pEHO16
pEHO020
pEHO020-ispS
pEHO38
pEHO040
pEHO040-ispS
pEHO043
PEH176

Kan'; Prhasr-rhaSR; Prhasan-egfp-Trme
Kan'; Pretr-tetR; Preta-egfp-Trrms

Cm"; Parac-araC; Parasap-rfp-Tbl

Kan"; Pun-CymR; Pem-gfp-Tr7

Cm"; Prhasr-rhaSR-Trma1; Prhasap-T 7SI-rfp-Tapi

Cm"; Prhasr-rhaSR-Trmgi; PrhaBAD‘T75|'iSpS'Tde

Cm"; Pmur-mtIR-Trrg1; Pmue-T7sl-rfp-Tapi
Cm"; Plac-tetR-Trmgz; Preta-T75I-rfp-Tabl

Cm"; Parac-araC-Trma1; Parasap-T7sI-rfp-Tapi
Cm"; Parac-araC-Trme1; Parasap-T 7Sl-iSpS-Tapi
Cm"; Trmp1-rfp-Tapi

Cm"; Pprpr-prpR-Trme1; Pproecpe-T78I-rfp-Tabi
Cm"; Paisr-alSR-Trrg1; Paissp-T7sI-rfp-Tapi
Cm'"; Piac-aCuR-Trmsz2; Pacur-T7sl-rfp-Tapi
Cm"; Plac-aCUR-Tmg2; Pacur-T7SI-iSpS-Tapi
Cm"; Piac-XyIR-Trmg2; Pxyia-rfp-Tabi

CmM"; Plac-CymR-Trmgz; Prs-rfp-Tapi

Cm"; Plac-CymR-Trmg2; Prs-ispS-Tabi

Cm"; Piac-phlF-Trrng2; Pphia-rfp-Taoi

Cm"; Parac-araC-Trma1; ParaBap- rfp-Taol

132
132
86

133

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

3.2.3 Growth conditions

To be consistent with other measurements performed in the study of Alagesan et al.*%,

C. necator strains were grown in minimal medium containing 4 g/L of fructose as
carbon source. The initial experiments to determine which inducible systems are

functional in C. necator were performed in minimal medium supplemented with 4 g/L

of sodium gluconate as carbon source.

3.2.4 Fluorescence measurements

To capture the full range of fluorescence output, the gain factor was set manually to

80% unless indicated otherwise.
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3.2.5 Estimation of protein synthesis rate and Hill coefficient

The rate at which the fluorescent reporter protein is produced can be calculated for
each ligand concentration at any time t using the normalised absolute fluorescence
values from the time course fluorescence measurements with formula (3.1)":

RFP, RFP,_,

ARFP,, =
»t 7 0D, OD,_

(3.1)

The time that is required from the activation of reporter gene expression to the
maturation of the fluorescent protein was defined as At (At = 30 min for mRFP1%3,
monomeric RFP). The rate of mRFP1 degradation was neglected in equation (3.1) as
it was reported to demonstrate slow protein unfolding kinetics'®. As protein synthesis
rates depend not only on the genomic context of the inducible system, but also on
growth rate-dependent parameters, such as the plasmid copy number and the
abundance of RNAP and ribosomes®®®, it is not surprising that these change over the
time course of the experiment. The RFP synthesis rate as a function of time for the L-
rhamnose-inducible system is provided as example in Supplementary Figure 1. From
this plot, the maximum rate of RFP synthesis vmax can be determined. The value of
Vmax IS Subsequently fit to the corresponding ligand concentration using a Hill function,
taking into account the basal rate of protein synthesis of the uninduced cells vmin™:

Ih

(ARFP) _ 4 (32)
At max = VUmax Ih + Kmh Umin .

Parameters correspond to the ligand concentration I, the Hill coefficient h, and the

ligand concentration that results in half-maximal RFP synthesis K.

3.2.6 Isoprene production

Freshly grown overnight cultures of plasmid-transformed C. necator H16 strains were
inoculated to an ODegoo 0f 0.1 into 10 mL of minimal medium containing 4 g/L fructose

and 50 pg/mL chloramphenicol and incubated at 30 °C with vigorous shaking in sealed
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60-mL serum bottles. The medium was supplemented with either 1.25 mM
L-rhamnose, 1.25 mM L-arabinose, 0.5 mM acrylate, or 3.13 uM cumate. Gas samples

from the headspace were taken for isoprene analysis 18 h after induction.

3.2.7 Analytical methods

For isoprene quantification, gas samples were collected from the headspace of sealed
60-mL serum bottles containing 10 mL of culture. Isoprene was detected by gas
chromatography (GC) using instrument Focus GC (Thermo Fisher Scientific)
equipped with a flame ionisation detector and an HP-AL/S column (30 m length, 0.25
mm diameter, Agilent Technologies). Nitrogen gas was used as the carrier gas at a
flow rate of 2 mL/min. The injector, oven, and detector temperatures were maintained
at 220 °C, 120 °C, and 250 °C, respectively. The injection volume was 1 mL. The
yields of isoprene per gram of CDW were estimated from standard curves generated
by analysing known quantities of isoprene. CDW was determined by washing cells
from a 20-mL culture in distilled water and separation by centrifugation, followed by
vacuum-freeze-drying and weighting the cell pellet using a microbalance. GC analysis

was performed with assistance of Naglis Malys.

3.3 Results

3.3.1 A modular reporter vector for evaluation of inducible systems

To compare different inducible systems for their ability to control gene expression in
response to their corresponding effectors, an insulated and preferably standardised
plasmid backbone is desirable. Consequently, a modular reporter vector was designed
that served as the basis for the construction of all inducible systems (Figure 3.2). It
comprises the following features: (i) a pPBBR1MCS derived broad-host range vector
replicon!’, which allows for replication in Gram-negative bacteria; (ii) compatibility
with the pMTL vector series enabling rapid exchange of replication origin and
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selection marker™®’; (iii) various restriction sites within the application-specific
module to facilitate replacement of inducible system and reporter gene, and; (iv)
transcriptional terminators flanking the application-specific module to prevent
background reporter gene expression. The modular reporter plasmid which has been
employed as origin for all other constructs, pEH006, contains the
L-arabinose-inducible system. It was used to validate the modular reporter vector
design and to make the results comparable to previously reported data. The vector was
constructed in such a way that the TR gene is transcribed in opposite direction of the
reporter gene encoding mMRFP1'** (Figure 3.2). The gene encoding the activator
protein AraC is expressed from its native promoter to maintain TR-mediated
autoregulation3. Moreover, the L-arabinose-inducible promoter Paragap Was designed
to harbour the bacteriophage T7 gene 10 (T7910) mRNA stem-loop structure with the
aim to enhance gene expression through improved RNA stability®*®. As a control
vector, an identical plasmid lacking both the AraC TR and the L-arabinose-inducible
promoter was assembled (denoted pEHOO6E). Plasmids pEH006 and pEHOO6E were
transformed into C. necator H16. The resulting strains were cultured in minimal
medium supplemented with sodium gluconate as carbon source and the single time-
point fluorescence of the logarithmically growing cells was determined in the absence
or presence of 0.1% (w/v) L-arabinose. At 6 h after induction, the L-arabinose-
inducible system demonstrated more than a 1,200-fold increase in RFP synthesis
(Figure 3.3). Fluorescence of cells containing pEHOOGE was similar to the background
fluorescence of the medium, indicating no transcriptional read-through from the vector
backbone. Based on these results, its modular design and insulating backbone makes
pEHO006 a suitable original vector for the construction and evaluation of inducible

systems.
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Figure 3.2 Schematic illustration of the modular reporter vector. It contains the four unique restriction
sites Ascl, Fsel, Pmel, and Sbhfl which are used for modular assembly. The application-specific module
harbours the rfp reporter gene and the inducible system composed of transcriptional regulator (TR) and

inducible promoter (Ping).

3.3.2 Design and construction of heterologous inducible system-reporter

vectors
A significant number of transcription factor-based inducible systems has been reported
to be utilised for controlling gene expression in other microorganisms®2. In this
chapter, some of these systems were selected from a variety of different prokaryotes
to evaluate their potential to mediate gene expression in C. necator (Table 3.2). The
activator-type TRs that were investigated include: (i) AlsR, which binds acetate in
order to activate the acetoin forming pathway in Bacillus subtilis**°; (ii) the E. coli
propionate- and L-rhamnose-responsive PrpR and RhaRS! 42 and; (iii) MtIR from
Pseudomonas fluorescens DSM50106, which activates transcription of the D-
mannitol utilisation operon in response to D-mannitol, arabitol, and glucitol*®2, The
repressor-type TRs that were investigated included: (i) AcuR, which regulates
dimethylsulfoniopropionate (DMSP) degradation in Rhodobacter sphaeroides 2.4.1
and is induced by acrylate'??; (ii) CymR, which activates transcription of the 4-
isopropylbenzoic acid (cumate) degradation cluster of genes in Pseudomonas putida
F1'43 (iii) PhIF, which autoregulates 2,4-DAPG biosynthesis in Pseudomonas
fluorescens CHAO, acting as an antimicrobial inhibitor of soil-borne plant
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pathogens#*

, and; (iv) XylR, which mediates utilisation of D-xylose in Bacillus
megaterium#®,

Table 3.2 Summary of heterologous metabolite-inducible systems evaluated for gene expression

control in C. necator.

Regulator name Regulator type Inducer Origin Reference
AlsR Activator Acetate B. subtilis 140
PrpR Activator Propionate E. coli 141

RhaRS Activator L-rhamnose E. coli 142
MtIR Activator D-mannitol P. fluorescens 152
AcuR Repressor Acrylate R. sphaeroides 122
CymR Repressor Cumate P. putida 143
PhIF Repressor 2,4-DAPG P. fluorescens 144
XyIR Repressor D-xylose B. megaterium 145

Inducible system-reporter vectors were designed identical to the L-arabinose-
inducible system in the modular reporter vector pEH006, with the TR gene being
transcribed in opposite direction of the rfp reporter gene (Figure 3.2). Similarly to
AraC, the genes encoding the activator proteins are expressed from their native
promoters to maintain TR-mediated autoregulation®®> 140142 For the negatively
regulated systems, however, a constitutive promoter was required. Expression of the
repressor protein must be well balanced to ensure both complete binding to the
operator sequence under uninduced conditions and efficient dissociation from the
operator in the presence of the ligand to allow gene transcription to be initiated. Here,
the E. coli lac promoter including the lacl operator was used to control transcription
of the genes encoding the transcriptional repressors. In C. necator, Piac was shown to
mediate moderate strength gene expression without the necessity of IPTG addition due
to absence of Lacl*®?. Expression of rfp is driven by the corresponding inducible

promoter including TR binding sites. In cases where the transcription start site (TSS)
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of the inducible promoter, including the acetate-, propionate-, L-rhamnose-, D-
mannitol-, and acrylate-inducible promoter, was known, and the binding site of the TR
is located upstream of the TSS, the sequence downstream of the TSS was replaced by
the T7g10 mRNA stem-loop structure sequence similarly to the L-arabinose-inducible
system. For the cumate-inducible system, a synthetic promoter composed of the phage
T5 promoter and the operator sequence of the cmt operon was employed®. The same
strong RBS, a 20-nucleoide upstream sequence of the T7g10'6, was used in all of the
constructs (except in case of the 2,4-DAPG-inducible system where the native RBS

was employed).

3.3.3 Quantitative evaluation of heterologous inducible systems

C. necator strains carrying the different inducible systems were cultured in minimal
medium supplemented with sodium gluconate as carbon source and the single
time-point fluorescence of the logarithmically growing cells was determined in the
absence or presence of their corresponding effectors. Inducers were used at
concentrations that have been employed in previous studies and were as follows: 40
mM acetate!®®, 10 mM propionate*’, 0.2% (w/v) L-rhamnose'*®, 0.2% (w/v) D-
mannitol**2, 2.5 mM acrylate’, 10 pM cumate'3, 0.1 mM 2,4-DAPG* and 1% (w/v)
D-xylose'®®. Of the analysed activator-type inducible systems, the L-rhamnose-
inducible system mediated the highest induction (factor of nearly 2000-fold), mainly
due to exceptionally low basal promoter activities (Figure 3.3). High background
reporter gene expression in case of the positively regulated systems may result from
metabolites naturally present in the cell that are structurally similar to the effector
molecule. Of the analysed repressor-type inducible systems, the promoters controlled
by AcuR and CymR showed the highest absolute normalised fluorescence levels. In

their cases, high basal promoter activities may be caused by an insufficient amount of

43



repressor protein present in the cell to sufficiently repress transcription of the structural

genes in the absence of the effector.
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Figure 3.3 Quantitative evaluation of heterologous inducible systems. Single time-point fluorescence
measurements of C. necator H16 carrying the L-arabinose-, acetate-, propionate-, L-rhamnose-, D-
mannitol-, acrylate-, cumate-, 2,4-DAPG-, and D-xylose-inducible systems. The fluorescence output
was determined in the absence of inducer and 6 h after extracellular supplementation with the
corresponding effector. Ligand concentrations were as follows: 0.1% (w/v) L-arabinose, 40 mM
acetate, 10 mM propionate, 0.2% (w/v) L-rhamnose, 0.2% (w/v) D-mannitol, 2.5 mM acrylate, 10 uM
cumate, 0.1 mM 2,4-DAPG, and 1% (w/v) D-xylose. Induction factors are indicated. The gain factor
was set manually to 100%. Error bars represent standard deviations of three biological replicates. The
differences between the fluorescence output of the uninduced and induced samples are statistically

significant for all evaluated inducible systems (p < 0.01; unpaired t test).

3.3.4 Induction kinetics of selected heterologous inducible systems in C. necator
H16

Based on the results of the preliminary screen, four inducible systems, two positively
and two negatively regulated ones, were selected to be further characterised. The
activator-type systems controlled by L-arabinose and L-rhamnose were chosen mainly
due to low basal promoter activities and high induction factors, whereas the repressor-

type systems controlled by acrylate and cumate were selected based on their overall
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performance. To provide a better overview of the system’s architectures, their modes

of action are illustrated in Figure 3.4.
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Figure 3.4 Architectures of the four selected heterologous inducible systems. Synthetic biology open
language (SBOL)™ visual representations of the reporter vector’s application-specific modules that
contain the L-arabinose-, L-rhamnose-, acrylate-, and cumate-inducible systems. SBOL visual icons

are specified.

To gain insight into their induction kinetics, plasmids harbouring the four selected
inducible systems were transformed into C. necator H16 and analysed for fluorescent
protein reporter gene expression over time at different inducer concentrations (Figure
3.5a). The resulting dose-response curves provide information about each system’s
dynamic range (Figure 3.5b). For example, gene expression controlled by the L-
arabinose-inducible system can be fine-tuned in the range between 0.313 and 2.5 mM
L-arabinose for a linear output. The exponential increase in fluorescence output
stretches more widely, between 0.016 and 1.25 mM. Furthermore, absolute normalised
fluorescence values were used to calculate the RFP synthesis rate at any time point
during the time course of experiment (see Chapter 3.2.5). The resulting maximum
synthesis rate was fit to the corresponding inducer concentration using a Hill function
(Figure 3.6), yielding key parameters, such as the maximum possible rate of RFP
synthesis, the Hill coefficient, or the inducer concentration mediating half-maximal

RFP synthesis Kr (Table 3.3). According to the resulting parameters, the L-rhamnose-
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inducible system demonstrates the highest induction cooperativity (h = 3.88).

requires a minimum concentration of 0.156 mM L-rhamnose to be activated and
achieves about 85% of maximum expression at 2.5 mM. The acrylate- and cumate-
inducible systems generally require lower inducer levels to initiate gene expression.
Moreover, the range of inducer concentration mediating a linear fluorescence output
spans more than one order of magnitude (5 to 125 uM and 0.08 to 1.56 UM, for acrylate

and cumate, respectively), and therefore can be fine-tuned more easily.
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Figure 3.5 Induction kinetics and dose-response of the L-arabinose-, L-rhamnose-, acrylate-, and
cumate-inducible systems. (a) Normalised relative fluorescence of C. necator H16 carrying the
L-arabinose-, L-rhamnose-, acrylate-, and cumate-inducible systems (pEH006, pEH002, pEH020, and
pEHO040, respectively). Inducers were added at time zero and fluorescence was monitored for 14 h. The
darker the colour shade, the higher the inducer concentration. L-arabinose was supplemented to a final
concentration of 10, 2.5, 1.25, 0.625, 0.313 mM and no inducer. L-rhamnose was supplemented to a
final concentration of 10, 5, 2.5, 1.25, 0.625 mM and no inducer. Acrylate was supplemented to a final
concentration of 5, 1, 0.5, 0.25, 0.05 mM and no inducer. Cumate was supplemented to a final
concentration of 12.5, 3.13, 1.56, 0.78, 0.16 uM and no inducer. The standard deviation of three
biological replicates is illustrated as lighter colour ribbon displayed lengthwise of the induction kinetics
curve. (b) Dose-response of C. necator H16 carrying the L-arabinose-, L-rhamnose-, acrylate-, and
cumate-inducible systems 4 (square) and 8 (circle) h after inducer addition. Error bars represent

standard deviations of three biological replicates.

a s b
< 44 ~
o o w34
T e, E e
g &7 g E
=) S o0 24
Ew Ew
= @ 24 = @
T < T <
= E = E ]
> >
w11 7]
0 oy - T 0 >—e
0.01 0.1 1 10 0.01 0.1
Inducer concentration (mM) Inducer concentration (mM)
C 20 d 1o
o Yo 151 o OB
™ o
x 2 x 2
£ & £ ® 0.6+
2 & 1.01 Z g
— 1] —— ] -
5 & g2
= E o5 = E
@ # 0.2-
0.0 r . . r 0.0 ; '. T
0.1 1 10 100 1000 10000 1 10 100 1000 10000
Inducer concentration (uM) Inducer concentration (nM)

Figure 3.6 Promotor activity of the L-arabinose, L-rhamnose, acrylate-, and cumate-inducible systems.
The normalised maximum rate of RFP synthesis was fit to the corresponding inducer concentration
using a Hill function for the (a) L-arabinose-, (b) L-rhamnose-, (c) acrylate-, and (d) cumate-inducible
systems. Error bars represent standard deviations of three biological replicates. The inducer

concentration that mediates half-maximal RFP synthesis Ky, is indictaed by a dotted line.
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Table 3.3 Minimum and maximum reporter protein synthesis rate of the L-arabinose-, L-rhamnose-,
acrylate-, and cumate-inducible systems. RFP synthesis rates were fit using a Hill function yielding key
parameters, including the Hill coefficient h and the inducer concentration that mediates half-maximal
RFP synthesis Kp.

. . Half
Minimum Maximum Hill el
Plasmid RFP RFP L Induction
S Inducer . - coefficient, RFP
identifier synthesis synthesis . factor
rate, Vmin (1) rate, Vmax (s%) L SRR
y vmin y Vmax Km (I.LM)
0.0058 + 3.292
pEHO002  L-rhamnose 3.88+0.23 1057 £ 19 1960
0.0022 0.032
. 0.0122 + 3.836
pEHO006 L-arabinose 1.70£0.11 1116 +56 1232
0.0023 0.085
0.0474 + 1471+
pEH020 Acrylate 1.03+£0.09 84.32+8.08 33
0.0056 0.035
0.0472 = 0.828 = 0.877 =
pEHO040 Cumate 1.56 + 0.08 22
0.0076 0.011 0.029

3.3.5 Acrylate is consumed by C. necator H16

Regardless of the inducer concentration, the absolute fluorescence, corrected by
fluorescence that derives from basal promoter activity, generally increased during the
time course of experiment. This was not the case for the acrylate-inducible system. At
6 h after inducer addition, the increase in absolute fluorescence output facilitated by
acrylate concentrations of 1.25 mM and less was at the same level as mediated by
basal Pacuri activity. This behaviour is also reflected in its dose response curve (Figure
3.5b). Normalised fluorescence values for acrylate concentrations of 1.25 mM and less
were lower after 8 h of induction than that after 4 h, whereas acrylate concentrations
of more than 1.25 mM enabled an extended expression of the reporter gene. This type
of transient gene expression was hypothesised to be caused by inducer metabolism?*°?,
To test whether acrylate is catabolised by C. necator H16, a metabolite consumption
assay was performed. As predicted, acrylate was co-consumed simultaneously with

the primary carbon source fructose (Figure 3.7). At 4 h after supplementation with 5
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mM acrylate, 49% of the initial amount was consumed. Upon depletion of inducer,
gene expression was maintained at the level of basal promoter activity. C. necator H16
was not able to grow in minimal medium supplemented with either of the three

inducers L-arabinose, L-rhamnose, or cumate as sole carbon source.
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Figure 3.7 Consumption of acrylate in C. necator H16. Acrylate was added at time zero. Consumption
of acrylate and the primary carbon source fructose was monitored by HPLC-UV analysis of the culture
supernatant over the time course of 48 h. The means of three biological replicates are presented. Error
bars are too small to be visible.

3.3.6 Induction factors of the selected heterologous inducible systems

In addition to their dynamic range, another important characteristic of inducible
systems is their induction factor. It was calculated for cells in exponential growth
phase, 6 h after the inducer was added. Dividing the maximum normalised
fluorescence resulting from the highest inducer concentration by the normalised
fluorescence of the uninduced sample yielded induction factors of 1232, 1960, 33, and
22 for the L-arabinose-, L-rhamnose-, acrylate-, and cumate-inducible systems,
respectively (Table 3.3). The induction factors that were achieved by ACUR/Pacuri and
CymR/Pcmt were much lower than for the two positively regulated systems due to high
background levels of reporter gene expression in the absence of inducer (Figure 3.8).

The order from the highest to the lowest normalised absolute fluorescence achieved
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by the four tested systems throughout the time course of experiment for the highest
inducer concentration is as follows: L-arabinose > L-rhamnose > acrylate > cumate.
The same order applies to the maximum possible RFP synthesis rate with L-arabinose
demonstrating the highest value (Table 3.3). All of the systems can be considered to
activate reporter gene transcription immediately after inducer addition. Fluorescence
above background levels could be detected within 30 min, representing the time which

is required for RFP synthesis and maturation®**,
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Figure 3.8 Induction dynamics of the L-arabinose-, L-rhamnose-, acrylate-, and cumate-inducible
systems. Normalised absolute fluorescence of C. necator H16 carrying the L-arabinose-, L-rhamnose-,
acrylate-, and cumate-inducible systems. Fluorescence was determined for cells in exponential growth
phase 6 h after inducer addition. Inducer concentrations are indicated for each system. The standard
deviation of three biological replicates is illustrated as lighter colour ribbon displayed lengthwise of the

dynamics curve.

3.3.7 Influence of the T7g10 mRNA stem-loop structure sequence on inducible

gene expression
To evaluate the influence of the T7g10 mRNA stem-loop structure sequence on
inducible gene expression, it was removed from the plasmid containing the
L-arabinose-inducible system, resulting in vector pEH176. The relationship between

fluorescence response and inducer concentration for the newly designed L-arabinose-
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inducible system was similar to the construct harbouring the stem-loop (Figure 3.9).
A linear fluorescence output was achieved by addition of L-arabinose from 0.313 to
2.5 mM. The induction is considerably higher (factor of 2,900-fold), mainly due to an
8-fold lower background level of RFP synthesis. However, removing the stem-loop
structure sequence also decreased absolute normalised fluorescence levels by 3.6-fold

at an inducer concentration of 10 mM (Figure 3.8 and Figure 3.9).
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Figure 3.9 Induction dynamics of the L-arabinose-inducible system lacking the stem-loop structure
sequence (pEH176). Normalised absolute fluorescence of C. necator H16 cells carrying pEH176 in
exponential growth phase 6 h after L-arabinose addition. The standard deviation of three biological

replicates is illustrated as lighter colour ribbon displayed lengthwise of the dynamics curve.

3.3.8 Control of isoprene biosynthesis using inducible promoters

To establish whether production of isoprene can be achieved in C. necator H16, and
to investigate how gene expression of the enzyme (isoprene synthase) translates into
the product of the enzymatic reaction (isoprene), the Populus alba ispS gene under the
control of the two positively (AraC/Paraeap and RhaRS/Prmasap) and two negatively
(ACUuR/Pacuri and CymR/Pcmt) regulated inducible systems was introduced into
C. necator on a multicopy episomal vector based on the pBBR1 replicon. Induction of
iSpS expression with L-arabinose, L-rhamnose, acrylate, or cumate confirmed that

isoprene was biosynthesised to different levels, resulting in up to 7 pg/g of cells (dry
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weight) (Figure 3.10). Moreover, the isoprene yield showed a moderate positive linear
correlation with gene expression (measured as fluorescence output) of their
corresponding inducible systems (r = 0.625, only data of induced samples were used

in the analysis).
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Figure 3.10 Correlation between fluorescent protein reporter gene expression levels and isoprene yields
using the L-arabinose, L-rhamnose, acrylate-, and cumate-inducible systems. Normalised absolute
fluorescence of C. necator H16 strains carrying the AraC/Paasap-L-arabinose-, RhaRS/Pinagap-L-
rhamnose-, ACUR/Pacri-acrylate-, and CymR/P.mi-cumate-inducible systems is plotted against isoprene
yield, resulting from strains carrying the ispS gene under control of the corresponding inducible system
in the presence [(+), green dots] or absence [(-), red dots] of inducers. The plotted values represent the
normalised fluorescence 6 h and isoprene yield 18 h after induction with 1.25 mM L-arabinsoe, 1.25
MM L-rhamnose, 0.5 mM acrylate, or 3.13 uM cumate. Error bars represent standard deviations from

three biological replicates.

3.4 Discussion

Several heterologous inducible promoters, mediating gene expression in response to
the effectors L-arabinose, m-toluic acid, lactose, L-rhamnose, and cumate, have been
individually characterised previously®: 102 109 110 |n this work, a more systematic
approach has been taken by evaluating nine heterologous inducible systems using
standardised experimental conditions. Four of them, two positively (L-arabinose and
L-rhamnose) and two negatively (acrylate and cumate) regulated inducible systems
were selected to be characterised in more detail. Using minimal medium and the
formulated experimental design, the positively regulated inducible systems exhibited
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a tighter control of gene expression than the negatively regulated ones. The highest
level of reporter output was achieved using the L-arabinose-inducible system. The
L-rhamnose-inducible system exhibited the highest induction factor mainly due to
basal promoter activities just above the level of background autofluorescence. The
acrylate- and cumate-inducible systems showed significantly lower induction and
higher background levels. The application of the acrylate-inducible system in
C. necator is limited due to effector consumption by this bacterium. The L-arabinose-,
L-rhamnose-, and cumate-inducible systems are suitable for continuous activation of
gene expression as well as biosensors. Notably, the cumate-inducible system appeared
to be most sensitive, responding to a nanomolar to micromolar range of inducer
concentrations. Overall, the systems’ dose-responses, as well as the influence of the
MRNA stem-loop structure sequence on gene expression, are consistent with previous
induction experiments with C. necator and E. coli’® 1% 10 For example, the
L-rhamnose-inducible system has been reported to possess a narrow range of inducer
concentration over which gene expression can be fine-tuned'®. Furthermore, the
sensitivity of the cumate-inducible system could be confirmed®: %, However, even
though the induction factor of the L-arabinose-inducible system, obtained using
minimal medium supplemented with the carbon sources sodium gluconate or fructose,
is roughly the same, the induction factors of both positively regulated systems were
higher than in other published studies® 12 1° This variation between independent
studies may be the result of: (i) transcriptional read-through from the reporter vector
backbone; (ii) the use of complex medium, such as LB, instead of minimal medium
which might contain compounds that are structurally similar to the effector and cross-
react with the inducible system; (iii) the use of a fluorescent reporter protein, such as

GFP, whose excitation and emission wavelengths overlap with chemical species
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naturally present in living cells, resulting in elevated background fluorescence levels,
and; (iv) the time-point at which the sample was taken. Ideally, the fluorescence output
of logarithmically growing cells should be measured. Often, however, the induction
factor is calculated using samples taken at the end of the cultivation, which might
result in incorrect values. Firstly, background fluorescence levels often increase at
later stages of the cultivation as more chemical species are released into the culture
medium due to cell lysis. Secondly, fluorescent proteins, unless tagged with a
degradation signal, are very stable and will accumulate in cells even though they have
entered the stationary growth phase. All the above-mentioned factors contribute to
variation and exemplify the importance of comparative studies and standardised
experimental conditions. Lastly, it was demonstrated that C. necator can be used as
microbial cell factory for the biosynthesis of the industrially relevant building block
chemical isoprene. The variation in gene expression by using different inducible
systems was shown to correlate with product biosynthesis. Future research may be
directed towards improving the metabolic flux for the autotrophic biosynthesis of

isoprene.

3.5 Conclusion

A modular reporter vector was constructed that served as the basis for the evaluation
of a range of heterologous transcription factor-based inducible gene expression
systems in C. neactor. Four of them, the L-arabinose-, L-rhamnose, acrylate-, and
cumate-inducible systems were characterised in detail for their range of induction. The
dynamic fluorescence data was used to calculate the maximum level of protein
synthesis for each of the selected inducible systems with the L-arabinose-inducible

system showing the highest rate of RFP synthesis. In correlation with the fluorescence
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data, the L-arabinose-inducible system mediated the highest production of isoprene in

C. necator.
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Chapter 4

The following chapter is mainly based on the work presented in the publication:

A genome-wide approach for identification and characterisation of metabolite-
inducible systems

E. K. R. Hanko, A. C. Paiva, M. Jonczyk, M. Abbott, N. P. Minton & N. Malys
(2020)

Nature Communications 11 (1), 1-14.%

The accepeted manuscript can be found in the Appendix.
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4 A genome-wide approach for identification and
characterisation of metabolite-inducible systems

4.1 Introduction

Inducible gene expression systems execute a pivotal role in establishing a sustainable
balance of gene expression and protein synthesis at the genome or single
pathway/circuit level in response to changes in the intra- and extracellular
environment. Such systems have been historically utilised for gene overexpression and
protein production. Nowadays, inducible systems and their underlying genetic
elements have become essential tools in synthetic biology®3. Initially harnessed for
the design of synthetic regulatory circuits*’, metabolite-responsive TRs and their
cognate inducible promoters have received increasing attention due to their application
as genetically encoded biosensors®? 141 Although whole-cell biosensors or cell-free
transcription/translation systems have advanced the fields of clinical diagnostics,
environmental remediation, spatiotemporal regulation of signalling networks and
metabolic engineering®®’1%!, the number of compounds that can be detected is still
limited. Thus, to increase diversity and to offer unique specificities, novel inducible
systems must be sought and researched.

In instances where an inducible system is to be found for a specific effector
molecule, transcriptome analyses’ %2 and the evaluation of promoter libraries’® have
proven to be efficient strategies to discover effector-responsive promoters. They do
not, however, exclude promoters that are indirectly activated nor guarantee
identification of their associated TRs. Some of these issues may be solved by cloning
sequence clusters containing TR-promoter pairs as demonstrated in the screening of
metagenome libraries’’, but this methodology relies on the inducible system being

functional in an organism different to the one from which it was sourced. The reverse
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strategy relies on predicting the effector molecule based on genetic context’® or
comparative genomics®® 8L, This approach has successfully resulted in the
identification of effectors and their corresponding TR-promoter pairs, but it is limited
to specific families of TRs and specific classes of compounds.

This chapter addresses the deficiencies associated with the identification of
metabolite-responsive inducible systems by pairing TR genes with gene clusters
responsible for the catabolism of the corresponding ligand and establishes a
generalised workflow to discover new native systems independent of their belonging
to a specific family of regulators or the class of compounds they respond to. In total,
15 novel inducible systems are mined from the genome of C. necator H16 and their
broad-host range of applicability demonstrated in three industrially relevant
microorganisms. Also addressed is a typical issue that may arise when employing a
system in a host organism different to the one from which it was sourced. To facilitate
forward engineering efforts, the identified inducible systems are parameterised and
their utility for controlling orthogonal gene expression demonstrated. Finally, their
potential to be applied for investigation of metabolism and to expand the number of
biologically detectable chemical species is highlighted by evaluating the cross-
reactivity between the library of biosensors and a comprehensive list of selected

compounds.

4.2 Materials and methods specific to this chapter

4.2.1 Chemicals

B-Alanine, sodium formate, xanthine, phenylglyoxylic acid, sodium salicylate, sodium
benzoate, potassium sodium tartrate, sulfoacetic acid, L-kynurenine, 3-HP,
L-phenylalanine, y-aminobutyric acid (GABA), L-tyrosine disodium salt,

cyclohexanecarboxylic acid, 3,4-dihydroxybenzoic acid, 3-hydroxy-2-butanone
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(acetoin), L-arabinose, L-rhamnose monohydrate, magnesium acrylate,
4-isopropylbenzoic acid (cumate), itaconic acid, glycine, L-alanine, 3-aminobutanoic
acid, propionic acid, butyric acid, phenyl acetate, D,L-2,3-diaminopropionic acid
monohydrochloride, D,L-isoserine (D,L-3-amino-2-hydroxypropanoate),
D,L-2-phenylglycine, glyoxylic acid monohydrate, D,L-mandelic acid, hippuric acid
(N-benzoylglycine), 1-cyclohexene-1-carboxylic acid, shikimic acid,
cyclopentanecarboxylic acid, hypoxanthine, caffeine, theobromine, uracil, tartronic
acid (hydroxypropanedioate), L-a-hydroxyglutaric acid disodium salt, L-malic acid,
sodium succinate dibasic hexahydrate, L-aspartic acid potassium salt, oxalacetic acid,
sodium L-lactate, sodium D-lactate, levulinic acid (4-oxopentanoate), sodium
fumarate dibasic, taurine, isethionic acid sodium salt, catechol, resorcinol,
hydroquinone, phenol, L-glutamine, dopamine hydrochloride, cis,cis-muconic acid,
4-hydroxybenzoic acid, 2,6-dihydroxybenzoic acid, L-tryptophan, nicotinic acid,
4-hydroxyquinoline-2-carboxylic acid hydrate (kynurenic acid), D-saccharic acid
potassium salt (glucarate), D-mannitol, and tricarballylic acid were used as inducers
for assaying the native inducible systems. All chemicals are listed in Supplementary

Table 1 in the Appendix.

4.2.2 Plasmids

Key features of all plasmids used and generated in this chapter are summarised in
Table 4.1. A detailed description of how each plasmid was assembled is provided in
the Appendix. The gene encoding the transcriptional regulator of the
B-alanine-inducible system, oapR, was optimised for E. coli codon usage (oapRcoEc)
and synthesised by Life Technologies. The corresponding DNA sequence can be
found in the Appendix. Two versions of each plasmid containing an inducible system

or an inducible promoter were constructed. One of the two versions contains a
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chloramphenicol resistance gene, the other one confers resistance to tetracycline. The
former version was employed for evaluation of reporter gene expression in C. necator

and E. coli, whereas the latter version was used in P. putida.

Table 4.1 Plasmids used in chapter 4.

Reference or

Plasmid Characteristic

source
pl7ACKHEP Kan"; Phis_rso1325-0apRCOEC, Phis rso13so Life

Technologies
pJOE7801.1  Kan'; Pew-tetR; Preta-€gfp-Trms 132
pMEG6000 Tet"; Piac-lacZa 163
pEHO006 Cm"; Parac-araC-Tmg1; Paragap-T7sI-rfp-Tani This work
pEHO006E CmM"; Trnpa-rfp-Tapi This work
pEHO010 Cm"; Phis_rs18300-hPdR-Trmb1, PHie_rs18295-TfP-Tai This work
pEHO035 Cm"; Phie_rsis205-Ifp-Tabi This study
pEH042 Cm"; Phis_rsos130-NANR-Trmb1, PHie_rsos125-TfP-Tabi This study
pPEHO052 Cm"; Prie_rs19440-COR-Tremb1, Prie_rs10aas-rfp-Tapi This study
pEH083 Cm"; Phie_rsi0670-ttdR-Trrnb1, Prie_rsi0665-rfP-T bl This study
pEHO095 Cm"; Phis_rsosi2s-rfp-Tabi This study
pEHO096 Cm"; Phis_rs19445-rfp-Tabi This study
pEHO097 Cm"; Phis_rsi0665-rP-Tabl This study
pEH101 Cm"; Phis_rso1330-rfP-Tabl This study
pEH134 Cm"; Phie_rsos160-fASR-T b1, Pris rsosies-Ifp-Tabi This study
pEH136 Cm"; Phie_rs14025-KYNR-Trrnb1, PHis_rs14030-rfP-Tabi This study
pEH137 Cm"; Phie_rsi8360-PhNR-Trmb1, PHie_rs183es-rfP-Tbi This study
pEH147 Cm"; Phis_rs01325-0a2PR-Trmb1, PHie_rso1330-TfP-Tabi This study
pEH148 Cm"; Phie_rsoa795-DENM-T b1, Prizs_rsosreo-rfp-Tabi This study
pEH149 Cm"; Phis_rsosro-rfp-Tabi This study
pEH151 Cm"; Phis_rsosies-Ifp-Tabi This study
pEH152 Cm"; Phis_rs14030-Tfp-Tabi This study
pEH153 Cm"; Phis_rsisses-Ifp-Tabi This study
PEH154 Cm"; Pris rsos060-XANR-T rrnb1, PHis_rsososs-rfp-Tabi This study
PEH155 Cm"; Pris rsoss25-PhGR-Trrnb1, Pris rsoss30-rfp-Tbi This study
PEH156 Cm"; Pris rs23650-9aDR-Trrnb1, Pris rs23655-rfP-Tabi This study
pEH157 Cm"; Phie_rs13690-SQUR-Trrnb1, PHis_rs13695-rfP-Tabi This study
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pEH158
pEH159
pEH160

pEH161
pEH167
pEH168
pEH169
pEH170
pEH171
pEH173
pEH176
pEH194
pEH195
pEH196
pEH197
pEH198
pEH199
pEH200
pEH201
pEH202
pEH203
pEH204
pEH205
pEH206
pEH207
pEH208
pEH209
pEH210
pEH211
pEH212
pEH213
pEH214
pEH215
pEH216
pEH217
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Cm"; Pris_rs24180-NPAA-Trrmbt, Prite_rs2a175-rfp-Tapi

Cm"; Phis_rs27205-bAAR-T i1, Prite_rs27200-1fp-Tapi

Cmry PHlG_R329645'H16_R829645'Trmb1, PH16_R529650'rfp'

Tabi

Cm"; Pris Rrs30150-PCAQ-Trrmb1, PHie_rszo14s-IfP-Tapi
Cm"; Phis_rsososs-Ifp-Tabi

Cm"; Phis_rsizees-Ifp-Tani

Cm’; Phie_rs2a175-rfp-Tapi

Cm"; Phis_rs27200-rfp-Tani

Cm"; Phis_rsso14s-fp-Tani

Cm"; Phs_Rrso1325-0aPRCOEC-T rrnb1, PHis_rso1330-TfP-Tawi

CM'; Parac-araC-Trrmbt, Paragap-ECRBS-rfp-Ti
Tet'; Prie_rsos130-NANR-T b1, Prie_rsosizs-rfp-Tabi
Tet"; Phie_rsosizs-fp-Tapi

Tet"; Phis_rso1330-rfp-Tabi

Tet"; Puis rs18300-NPAR-Trenb1, Pris_Rrsiszes-rfp-Tapi
Tet"; Phis_rs18205-rfp-Tabi

Tet", Puie_rsi0670-ttdR-Trrmb1, Pie_rsioses-rfp-Tabi
Tet"; Pris_rsi0665-1fp-Tabi

Tet'; Pris_rs10a4s-rfp-Tabi

Tet", Puie_rsos60-TASR-Trrmp1, Prie_rsosies-rfp-Tai
Tet"; Pris_rsosies-Ifp-Tabi

Tet"; Phis_rsososs-rfp-Tabi

Tet"; Pris_rsos795-DENM-Trrnb1, Pie_rsos7e0-rfp-Tani
Tet"; Prie_rsos790-TP-Tapi

Tet"; Phis_rs13s05-rfp-Tabl

Tet"; Pris rs14025-KYNR-T b1, Prie rs14030-rfp-Tapi
Tet"; Phis_rs14030-rfp-Tabl

Tet'; Pris rsis360-PhNR-T b1, Phie_rsis3ss-IfP-Tabl
Tet"; Prie_rs18365-1fP-Tapi

Tet"; Prie_rs24180-NPAA-T rrnb1, Prite_rs24175-1fP-Tapi
Tet"; Phis_rs2a175-rfp-Tabi

Tet"; Pris_rs27205-b@0R-Trrnb1, Prie_rs27200-1fp-Tabi
Tet"; Phis_rs27200-rfp-Tabi

Tet"; Pris_rs30150-PCaQ-Trrmb1, Pris_rsso14s-rfp-Tapl

Tet'; Pris_rsso145-rfp-Tabi

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study



pEH218
pPEH220
pEH221
pEH222
pEH223
pEH224
pPEH225
pPEH226
pEH229
pPEH234
pPEH235
pEH240

PEH256

pPEH257

PEH263

PEH266

PEH268

pEH269

Tet"; Phis_rsos525-PNYR-Trrnb1, Phie_rsossso-rfp-Tani
Tet"; Parac-araC-Trmbi, Paragap-ECRBS-rfp-Ti
Tet"; Pris_rs01325-08PR-Trrnbt, Prie_Rrso13s0-rfp-Tai
Tet"; Pris_rs19440-2COR-Trrmb1, Pris_rs19445-rfp-Tap
Tet"; Prie_rsos060-XdNR-Trrnv1, Pr1s_rsososs=fp-Taol
Tet"; Phis_Rrs13690-SAUR-Trrnb1, Prie_Rrs13695-rfp-Tabi
Cm"; P13-0apR-T b1, PHis_rso1330-TfP-Tabi

Cm'"; P13-0apRCOEC-Trmb1, Pris_rso13s0-rfp-Tapi
Cm"; Pris_rsoss30-Ifp-Tapi

Tet"; P13-0apR-Trmb1, PHis_rso1330-TfP-Tabi

Tet"; P13-0apRCOEC-T rb1, Prie_rso1330-fP-Tapi

Cm"; Phie_rs20645-H16_RS29645-T rnb1, Prizs rs296s0-
H16_RS29650-H16_RS29655-15:rfp-T i

Cm"; Phize_rs23650-§aOR-Trrnba, Priie_rs23ess-

H16 RS23655-H16 RS23660-9::rfp-Tgp

Tet"; Pris_rsoss30-rfp-Tapi

Tet"; Pris_rsos130-NaNR-Tiuxicoasec, Pris_rsos12s-€gfp-
Trrnbt, PHis_rsso150-PCaQ-Tiuxicpases, PHie_rssoras-Ifp-

Trrnbz
Cm"; Phie_rs23ss5-H16_RS23655-H16_RS23660-9::rfp-

Tl

Tet"; Pris_rs23s50-gabR-T b1, PHis_rs23655-

H16 RS23655-H16 RS23660-9::rfp-Tgp

Tet"; Phis_rs2asss-H16_RS23655-H16 RS23660-9::rfp-
T

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study

This study

This study

This study

This study

4.2.3 Growth conditions

For single time-point fluorescence measurements and flow cytometric analyses,

bacterial strains were propagated in LB medium. To determine the dose-responses and

to evaluate inducer-TR cross-reactivity, C. necator was cultivated in minimal medium

containing 4 g/L sodium gluconate.
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4.2.4 Fluorescence measurements

Single time-point and time course measurements were performed as described in
Chapter 2.5.2. For the time course measurements, the gain factor was set to 80%. The
fluorescence and absorbance values, recorded 80 min after the inducer had been added,
were obtained from the time course data and used to calculate the absolute normalised
fluorescence values corresponding to each inducer concentration in order to generate

the dose-response curves.

4.25 Mathematical modelling

To obtain system parameters that can be used for synthetic circuit design, absolute
normalised fluorescence values (RFP) were plotted as a function of inducer
concentration using software GraphPad Prism 7. Subsequently, a non-linear
least-squares fit was performed using the Hill function (4.1):

Ih

RFP(I) = Dmax 'm'i‘bmi

n (4.1)

The parameters correspond to the maximum level of reporter output (bmax), the
concentration of inducer (1), the Hill coefficient (h), the inducer concentration that
mediates half-maximal reporter output (Km), and the basal level of fluorescence output
(bmin). Relative normalised fluorescence values as shown in Figure 4.7a were obtained
by dividing absolute normalised fluorescence values at a specific inducer
concentration, after subtraction of the absolute normalised fluorescence of the
uninduced cells, by the corresponding maximum level of fluorescence output bmax.

The dynamic range p was calculated with formula (4.2):

b
'L[ — max (42)

bmin

The corresponding standard error o, was calculated using equation (4.3):
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o, =" ( max) +< mm) (43)
# \/ bmax bmin
The standard error of the maximum level of reporter output was obtained from Prism,

whereas the standard error of the basal level of fluorescence output was calculated

from the absolute normalised fluorescence values of the uninduced cells.
4.2.6 Cross-reactivity screen

The activity of effectors against non-cognate promoters was evaluated using an
integrated robotic platform (Beckman Coulter). The C. necator preculture was set up
by inoculating 2 mL of chloramphenicol-containing minimal medium with a single
colony of freshly transformed bacterial cells. After incubation for 18 h with orbital
shaking at 30 °C and 200 rpm, the bacterial culture was diluted 1:50 in 50 mL of fresh
minimal medium containing the antibiotic in 250-mL baffled shake flasks. The cells
were grown for another 4 h under the same conditions until an ODeoo of 0.15-0.2 was
reached. After pouring the bacterial culture into a 250-mL reservoir (Thermo Fisher
Scientific), 142.5 uL were dispensed into a black 96-well microtiter plate (the same
that was used for the fluorescence measurements) using a liquid handling robotic
platform (Biomek FXp, Beckman Coulter). The workflow generated using software
SAMI EX (Beckman Coulter) is illustrated in Supplementary Figure 2. Inducers were
dissolved to a final concentration of 100 mM (except in case of L-2-hydroxyglutarate
which was dissolved to a final concentration of 10 mM) and transferred to a 96-deep-
well plate (2.0 mL square wells with round bottoms, STARLAB International GmbH).
Using a Biomek FXp, 7.5 pL of stock inducer were added to the C. necator culture in
the microtiter plate. Fluorescence and absorbance measurements were taken
immediately, 6, 12, and 18 h after supplementation with inducer by an integrated

SpectraMax 3i plate reader (Molecular Devices). The same plate reader settings were
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used as for the measurements taken using the Infinite M1000 PRO microplate reader.

In between the measurements, the plates were kept in an integrated Cytomat2 shaking

incubator (Thermo Fisher Scientific) at 30 °C and 600 rpm. The workflow generated

using software SAMI EX (Beckman Coulter) is illustrated in Supplementary Figure 3.

The cross-reactivity screen was performed with assistance of Magdalena Jonczyk.
The relative induction (in %) is calculated using equation (4.4):

Relative induction (%)

— 100 - < FL¢ompound — FLuninduced ) (4.4)
FLprimary inducer — FLuninduced

FL corresponds to the OD-normalised absolute fluorescence values.

4.3 Results and discussion

4.3.1 Designing a method for identifying native inducible systems

Transcription factor-based inducible systems are composed of a TR protein and an
inducible promoter, including TR and RNAP holoenzyme binding sequences. In the
systems that control genes clusters associated with metabolism and catabolism in
particular, the level of gene expression from the inducible promoter is often controlled
by the TR which responds to small effector molecules, also referred to as ligands. To
make such systems universally applicable, all three components need to be identified:
the regulator, the inducible promoter, and its corresponding effector.

For the identification of inducible systems, the highly conserved genetic
arrangement, typical of LysR-type transcriptional regulators (LTTRS), but not
exclusive to other types of TRs, was chosen to serve as a platform for the genome
scale approach. In this commonly occurring arrangement, TRs are transcribed in
divergent orientation of target genes or operons®® 164, Once a complete list of annotated

genes belonging to one species is retrieved from GenBank*® (www.ncbi.nlm.nih.gov),

65



including information on coding strand orientation and protein function, it is manually
screened for TRs that are oriented in the opposite direction of operons involved in
metabolism. To constrain the search, the operon itself is to be composed of at least
two genes encoding annotated catalytic functions associated with a distinct metabolic
pathway. For each enzyme encoded by the operon, a list of metabolic substrates and
products is extracted from The Comprehensive Enzyme Information System!®
(BRENDA, www.brenda-enzymes.org). By comparing potential metabolite substrates
and products of each of the involved enzymes, the primary substrate is concluded
which is likely to be metabolised by the operon-encoded enzymes. This compound
was proposed to be the ligand that binds the TR initiating expression of genes which
encode the ligand-metabolising pathway enzymes (Figure 4.1). By following this
approach the TR is assigned a role in metabolism solely based on its proximity to a
metabolic cluster of genes. The methodical workflow was applied in the metabolically
versatile chemolithoautotrophic bacterium C. necator H16, resulting in the
identification of 16 putative transcription factor-based inducible gene expression
systems (Figure 4.2a,b; Supplementary Table 3).

Q~ — @

&

N

t\ Poporon

Enzyme A Enzyme Z
- s -

Figure 4.1 Schematic illustration of a transcriptional regulator controlling expression of a metabolic
cluster of genes. The primary substrate was proposed to be the ligand. Note that the enzyme which
converts the primary substrate into an intermediate product may be encoded by any of the genes in the

operon.
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Figure 4.2 Quantitative evaluation of native inducible systems. (a) Chemical structures of the proposed
primary effector molecules: B-alanine (1), formic acid (2), xanthine (3), phenylglyoxylic acid (4),
salicylic acid (5), benzoic acid (6), tartaric acid (7), sulfoacetic acid (8), L-kynurenine (9),
3-hydroxypropionic acid (10), L-phenylalanine (11), y-aminobutyric acid (12), L-tyrosine (13),
cyclohexanecarboxylic acid (14), L-glutamine (15), and 3,4-dihydroxybenzoic acid (16). (b) Summary
of the identified inducible systems including the inducible promoter, TR name and corresponding
ligand. (c) Single time-point fluorescence measurements (arbitrary units) of C. necator H16 carrying
the transcription factor-based inducible gene expression systems composed of TR and inducible
promoter in the same order as listed in panel (b). The plasmids harbouring the individual system-
reporter constructs are indicated. (d) Single time-point fluorescence measurements of C. necator H16
carrying the inducible ‘promoter only’ implementations in the same order as listed in panel (b). The
plasmids harbouring the individual promoter-reporter gene constructs are indictaed. Fluorescence
output was determined in the absence of inducer (-) and 6 h after extracellular supplementation with the
corresponding effector to a final concentration of 5 mM (+). Error bars represent standard deviations of
three biological replicates. Asterisks indicate statistically significant differences between the

fluorescence output of the uninduced and induced sample (p < 0.05; unpaired t test).

4.3.2 Quantitative evaluation of TR ligand-mediated gene expression

By the genome-wide analysis identified native systems were cloned into the modular
reporter vector to examine their response to the presence of the proposed compounds.
The original genetic organisation was conserved by positioning the TR gene in the
opposite orientation of the reporter gene encoding mRFP (Figure 4.3). The E. coli L-
arabinose-, and the C. necator acetoin-inducible systems have been tested

previously*®? 1% and were included for comparative purpose (Figure 4.2b).

P TR P ind

TR

Figure 4.3 Schematic illustration of an inducible system cloned into the reporter vector. The system is
composed of the transcriptional regulator (TR) gene, the TR promoter (P+gr), and the inducible promoter
(Ping)-

C. necator strains carrying the inducible systems were grown in rich medium

and fluorescence output of cells in late exponential growth-phase was quantified 6 h
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after addition of the inducer at an ODgoo of 1.4-2.0. It should be noted that the
metabolic gene cluster, which is putatively controlled by KynR despite converting L-
tryptophan into anthranilic acid and L-alanine, the intermediate compound L-
kynurenine was proposed to be the effector molecule and not the primary substrate L-
tryptophan based on thorough characterisation of KynR in other bacterial species'®’.
In addition to the acetoin- and L-arabinose-inducible systems, which were included as
positive controls, 14 of the 16 newly identified putative inducible systems showed an
increase in mRFP protein synthesis after supplementation with their proposed effector
molecules (Figure 4.2 and Supplementary Table 4). Systems responding to 3-
aminopropanoate (B-alanine) and phenylglyoxylate have not been reported and
highlight the potential of the developed methodical pipeline for mining novel
biosensors. Moreover, seven of the native systems exhibited higher levels of gene
expression than the commonly used heterologous L-arabinose-inducible system in the
presence of their corresponding effectors. Benzoate mediated the highest induction
(factor of 1063-fold) and the highest absolute normalised fluorescence with an
expression level of more than 11-fold higher than AraC/Paragap. LOw basal promoter
activities were observed for metabolites that are neither involved in primary
metabolism in C. necator nor likely to be present in the employed complex medium,
including sulfonatoacetate, tartrate, cyclohexanecarboxylate, and phenylglyoxylate.
However, the putative 4-aminobutanoate (GABA)- and L-glutamine-inducible
systems showed no induction, even though their proposed ligands are involved in
primary metabolism in C. necator and likely to be present in the rich medium. It was
hypothesised that translational start sites of the respective first gene in both operons
are incorrectly annotated, resulting in reporter constructs with ineffectual

5’ untranslated regions. To test this hypothesis, the GABA- and L-glutamine-inducible
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systems were redesigned comprising the TR gene, the intergenic region, the first gene
in the operon, and the intergenic region preceding the second gene cloned upstream of
the reporter (Figure 4.4a). Both inducible systems resulted in increased basal promoter
activities (Figure 4.4b and Supplementary Table 5). Remarkably, GabR/PH16_rs23655

mediated a 1.9-fold induction of gene expression in the presence of GABA.

a b

P R and

-~
v

TR m1

Absolute normalized
fluorescence (A.U.)

Figure 4.4 Redesigning the putative GABA- and L-glutamine-inducible systems. (a) Schematic
illustration of the modular reporter vector containing a putative inducible system, the first gene in the
operon (m1), and the intergenic region preceding the second gene of the operon upstream of the rfp
reporter gene. (b) Single time-point fluorescence measurements of C. necator H16 carrying the
redesigned putative GABA- and L-glutamine inducible systems (pEH256 and pEH240, respectively).
The fluorescence output was determined in the absence of inducer (bright pink) and 6 h after
extracellular supplementation with the corresponding effector to a final concentration of 5 mM (dark
pink). Error bars represent standard deviations of three biological replicates. The asterisk indicates a
statistically significant difference between the fluorescence output of the uninduced and induced sample
(p < 0.05; unpaired t test).

Increase in construct size can ultimately become the limiting factor in synthetic
biology as transformation efficiencies linearly decrease with increasing plasmid
sizel®, Utilising an inducible system which is endogenous to the organism provides
the advantage to possess a copy of the TR encoded in the genome enabling truncation
of the controllable element to the sole inducible promoter, thus reducing construct size

considerably. Although promoter activities under both uninduced and induced
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conditions generally decreased when the TR gene was removed from the multicopy
episomal vector, a majority of inducible promoters significantly facilitated gene
expression in the presence of their corresponding effectors (Figure 4.2d and
Supplementary Table 6). Whereas the ‘promoter only’ construct containing
Ph1s_rs27200, Which lacks the copy of the TR gene badR, exhibited a greater
fluorescence level in the absence of effector than that of the BadR/Phis rs27200-
cyclohexanecarboxylate-inducible system, suggests that BadR acts as a repressor,
similar to its homologue in Rhodopseudomonas palustrisi®®. All other native TRs
might be classed as activators or dual-function TRs. Furthermore, the induction factor
was smaller for all of the systems as a result of an altered ratio between transcription
factor binding sites and available TR proteins. In fact, the promoters controlled by
formate, phenylglyoxylate, GABA, and acetoin showed no significant induction. Two
of the inducible promoters, however, demonstrated an exceptionally strong activation
of rfp expression: Phis rsos790, responding to benzoate, and Phis rsosizs, Which is
activated by salicylate, mediated inductions by 403- and 292-fold, respectively. The
146 bp long intergenic region containing the benzoate-inducible promoter itself
showed a stronger activation of gene expression than the majority of the ‘complete’
inducible systems, including the commonly used L-arabinose-inducible system
(Figure 4.2c). This characteristic highlights the potential of Pis_rsos790 (responding to
benzoate) to be employed as individual genetic element to control high levels of gene
expression by reducing construct size by 7-fold. Even in cases where a TR gene cannot
be mapped to a cluster of genes involved in metabolism, the methodical approach
described in this study can be employed for mining endogenous metabolite-inducible

promoters.
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4.3.3 Orthogonal gene expression control in Escherichia coli and Pseudomonas

putida
To assess the potential of the constructed biosensors to be applied in other
microorganisms, the transcription factor-based inducible systems that were mined
from the genome of the B-proteobacterium C. necator were evaluated in the
industrially relevant y-proteobacteria Escherichia coli TOP10 and Pseudomonas
putida KT2440.

Regardless of their origin, the majority of systems responding to the 16
primary effectors, including acetoin, have never been tested in E. coli and P. putida.
Thus, the broad host-range applicability of the identified systems is highlighted by the
outcome that a total of 8 and 12 of the 16 systems mediated a significant increase in
reporter gene expression after inducer addition in E. coli (Figure 4.5a, Supplementary
Table 7) and P. putida (Figure 4.5¢, Supplementary Table 8), respectively. Three of
them, activated by salicylate, benzoate, and 3,4-dihydroxybenzoate induced by more
than 75-fold in both tested microorganisms. Compared to systems that were sourced
from other prokaryotes and tested in E. coli for controllable gene expression,
PcaQ/PHie rs30145 and BenM/Phis rsog7e0 from C. necator outperform previously
evaluated 3,4-dihydroxybenzoate- and benzoate-inducible systems by approximately
5-, and 50-fold*’® ™t (Supplementary Table 9). Specifically, benzoate mediated the
highest induction (factor of 4428-fold) in E. coli and the highest absolute normalised
fluorescence in P. putida with an expression level of more than 15-fold higher than
AraC/Paraap demonstrating its potential for high level gene expression across

different species.
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Figure 4.5 C. necator native systems mediate controllable gene expression in E. coli and P. putida.
Single time-point fluorescence measurements of (a, b) E. coli and (c, d) P. putida carrying the
C. necator inducible gene expression systems composed of TR and promoter (a, ¢) or ‘promoter only’
version (b, d). The plasmids harbouring the individual system- or promoter-reporter gene constructs are
indicated. Fluorescence output was determined in the absence of inducer (-) and 6 h after extracellular
supplementation with the corresponding primary effector to a final concentration of 5 mM (+). Error
bars represent standard deviations of three biological replicates. Asterisks indicate statistically
significant differences between the fluorescence output of the uninduced and induced sample (p < 0.05;

unpaired t test).

To test for regulator-dependant orthogonality the ‘promoter only’ versions of
the inducible systems were evaluated for controllable gene expression in E. coli and
P. putida. Without the episomal copy of the TR gene, none of the promoters showed
an increase in activity even in the presence of the effector in E. coli (Figure 4.5c,
Supplementary Table 10), whereas in P. putida RFP synthesis was significantly
induced from the phenylglyoxylate-, salicylate-, benzoate-, and acetoin controllable
promoters (Figure 4.5d, Supplementary Table 11). Activation of reporter gene
expression may be explained by cross-reactivity of chromosomally encoded TRs. A
protein blast revealed homologues of BenM and AcoR to be encoded in the genome
of P. putida (Table 4.2) which might be able to activate gene expression from the
C. necator benzoate- and acetoin-inducible promoters, respectively. NahR and PhgR
homologues could not be identified indicating that transcriptional activation from the
salicylate- and phenylglyoxylate-inducible promoters may result from unspecific TR

binding.
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Table 4.2 P. putida KT2440 BenM and AcoR homologues. The genome of P. putida KT2440 was
searched for homologues of C. necator H16 BenM and AcoR. Amino acid sequence identity (coverage)
in %.

C. necator H16 P. putida KT2440
REgIEL Y Identity Identity
Locus tag ] Locus tag .
(coverage) in % (coverage) in %
BenM H16_RS09795 100 (100) PP_3716 50 (95)
AcoR H16_RS19440 100 (100) PP_0557 45 (93)

4.3.4 Engineering the p-alanine-inducible system for gene expression control in

E. coli and P. putida

Each inducible system harbours several functional genetic elements which
independently contribute to its overall performance. These regulatory elements,
including promoters and RBSs, which control the expression of the TR gene and its
associated regulon, may vary in their usage and efficiency across different species. As
a consequence, inducible systems may perform differently when transferred from one
into another organism. For example, the B-alanine-inducible system mediated a
moderate activation of reporter gene expression in C. necator (Figure 4.2c), whereas
in E. coli and P. putida the fluorescence output remained at basal levels even in the
presence of the inducer (Figure 4.5a,c). B-Alanine is an intermediate compound for
the synthesis of industrially relevant nitrogen-containing platform chemicals,
including acrylamide, acrylonitrile and poly- B-alanine (also known as nylon-3)*72 173,
Furthermore, it is a precursor of the dipeptides carnosine and anserine that have been
demonstrated to improve cognitive functions and physical capacities in humanst’ 17,
To expand the host range and due to its usefulness as biosensor in synthetic biology
and biotechnology applications, the B-alanine-inducible system from C. necator was
pursued to be modified to enable its utilisation for gene expression control in E. coli
and P. putida.
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Although the system did not demonstrate an increase in RFP synthesis after
addition of B-alanine, the promoter Puis_rso13so sShowed the fifth highest activity of all
evaluated systems under uninduced conditions in E. coli (Figure 4.5a). This indicated
that the regulatory elements of Pris_rsosso, including promoter and RBS, are
functional in E. coli and that the lack of induction is more likely to be attributed to
inducer uptake or regulator gene expression. A poor ligand transport as a cause of the
absence of induction could be excluded as B-alanine has been reported to be actively
taken up by the cells!’®. Strikingly, the GC-content of the TR gene (71%) is
significantly higher than the GC-content of the E. coli K12 genome (51%). To rule out
that a high GC-content impairs TR synthesis, H16_RS01325 (oapR) was codon-
optimised for E. coli codon usage (pEH173, Figure 4.6a). However, this modification

did not improve the response of the system to B-alanine (Figure 4.6b).

b E. coli c P, putida
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Figure 4.6 Engineering the B-alanine-inducible system. (a) Schematic illustration of the different
versions of the B-alanine-inducible system and their corresponding plasmid identifiers. Absolute
normalised fluorescence of (b) E. coli and (c) P. putida carrying different versions of the B-alanine-
inducible system in the absence (-) and presence (+) of 5 mM B-alanine. Single time-point fluorescence
measurements were taken 6 h after effector addition. Error bars represent standard deviations of three
biological replicates. Asterisks indicate statistically significant differences between the fluorescence

output of the uninduced and induced sample (p < 0.05; unpaired t test).

Subsequently, to ensure that the regulator is expressed in E. coli and P. putida,

the C. necator native promoter of the TR was replaced by a host-specific promoter.
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The 24 bp DNA sequence upstream of the oapR translational start site was replaced
by the core sequence of a medium-strength insulated constitutive promoter, P13'%,
including the phage T7 gene 10 RBS. The substitution was implemented in both
plasmids containing the native (pbEH147 and pEH221) and the codon-optimised oapR
(PEH173, Figure 4.6a). The addition of B-alanine resulted in a 40- and 29-fold increase
in fluorescence output for E. coli cultures carrying pEH225 and pEH226, respectively
(Figure 4.6b). This suggests that the original promoter CnPoapr is not functional in
E. coli and that codon optimisation might even lead to a lower TR synthesis rate which
results in a decreased induction level. Moreover, a lower background reporter gene
expression under uninduced conditions in case of pEH225 and pEH226 indicates that
OapR, a member of the MocR family, may act as dual-function TR, repressing
transcription of oapTD in the absence of B-alanine but acting as activator in its
presence. The dual mode of action has been observed for other member of this family
of TRs!’’. In P. putida, the promoter and RBS exchange also resulted in a 3-fold
induction of gene expression for both versions the native (pEH234) and the codon-
optimised (pEH235) oapR (Figure 4.6a,c). In contrast to E. coli, however, induction

levels are significantly lower which may be attributed to a higher basal promoter

activity in P. putida.

4.3.5 Characterisation of induction dynamics and homogeneity
The 16 functional native inducible systems, including the acetoin-inducible system,
were subsequently evaluated for their dose-response, dynamic range, induction
homogeneity, and orthogonality.

The dose-response curve of a metabolite-responsive inducible system
describes the level of gene expression as a function of ligand concentration, thus

indicating the range of effector concentration in which the inducible system is able to
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operate. It provides key parameters which aid in part selection and the computational
design of synthetic circuits. To simplify mathematical modelling approaches, effector
concentrations are usually considered constant, mediating a sustained gene expression
throughout the course of cell growth. In this case, however, the ligands are metabolised
by C. necator resulting in a decrease in gene expression to basal levels once the
inducer has been depleted. Therefore, the time point, at which the reporter output is
correlated with the ligand concentration, must be chosen carefully. By postulating that
the inducer-metabolising enzymes are not synthesised faster than the primary
induction of reporter gene expression, and to account for the minimum amount of time
required for RFP synthesis and maturation®4, the minimal induction interval of 80 min
was determined. C. necator strains harbouring the inducible systems were grown in
minimal medium and reporter gene expression was monitored after supplementation
with the corresponding inducer at a wide range of concentrations over the time course
of 16 h. The dose-responses were obtained by plotting the relative normalised
fluorescence values of the 80-min minimal induction interval as a function of inducer
concentration (Figure 4.7a). Data points were fit using a Hill function (see Chapter
4.2.5), taking into account the basal level of fluorescence output of the uninduced cells.
Consequently, on the basis of the mathematically modelled dose-response curve, key
parameters that distinguish one inducible system from another were obtained (Table

4.3).
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Figure 4.7 Response function and induction homogeneity of the native inducible systems.(a) Relative
normalised fluorescence of C. necator carrying the various inducible system-reporter constructs in
response to different concentrations of their corresponding primary inducers. Measurements were taken
80 min after the inducer had been extracellularly added. The dose-responses were fit using a Hill
function (see Chapter 4.2.5). The maximum level of reporter output bmax Was set to 100% (except in
case of the GABA-inducible system where the absolute normalised fluorescence corresponding to the
highest GABA concentration tested was set to 100%). The inducer concentration that mediates half-
maximal reporter output Ky is indicated by a dotted line. Error bars represent standard deviations of
three biological replicates. (b) Evaluation of induction homogeneity by flow cytometry. The
fluorescence intensity of 100,000 individual cells was determined for each inducible system 2 h after
extracellular addition of inducer. Uninduced cells (grey) are compared to cultures supplemented with
their cognate effector at final concentrations corresponding to 50% (orange) and 95% (blue; 90% in
case of the phenylglyoxylate-inducible system) of the maximum level of reporter output bmax. The
tartrate- and sulfonatoacetate-inducible systems were only evaluated for induction homogeneity at 50%
of bmax due to solubility limits and inducer toxicity, respectively. Since bmax could not be calculated for
the GABA-inducible system, induction homogeneity was determined using a final concentration of 250

mM (purple).
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Table 4.3 Parameters of the native inducible systems.

Dynamic range,

Inducible system Inducer Kmn® h¢
in -fold?

OapR/Phi1s_rs01330 B-Alanine 8.0+0.4 201 =24 uM 0.75+0.05
FdSR/PH1s_rso3i6s Formate 45+0.2 130+ 7 pM 1.05+0.04
XdhR/Ph16_rsososs Xanthine 16.0+1.0 13.0+14puyM 1.03+0.10
PhgR/PHz1s_rsoss30 Phenylglyoxylate 144.8 + 106.5 595+133uM  0.96+0.13
NahR/Pui6_rsosi2s Salicylate 650.8+317.4 2.12+049puM 0.66 +0.08
BenM/Ph1s_rsos790 Benzoate 74.1+10.7 126+08puM 1.64+0.14
TtdR/PH16_rsi0665 Tartrate 370.6+2322 615+229mM 0.80+0.09
SauR/Ph16_rs13695 Sulfonatoacetate 395.4 +£193.7 7.3+49mM  0.57 +£0.06
KyYnR/Phz16_rs14030 L-kynurenine 26921 264 +0.18puM 0.98 +0.05
HpdR/Pris rsis20s  3-Hydroxypropanoate 252+ 1.7 13.2+19puM  0.64+0.03
PhhR/PH1s_rs183s5 L-phenylalanine 9.0+0.8 16.9+22uM 0.59+0.04
GabR/Pui1s_rs23sss GABA ND ND ND
HpdA/Phi1s_rs24175 L-tyrosine 38.3+£5.0 9.9+22uM 0.72 £0.07

BadR/Phis rs27200  Cyclohexanecarboxylate 11.4+10.9 43.8+13.0uM  1.11+0.28
PcaQ/Phis rszo1ss  3,4-Dihydroxybenzoate 77.2+29.8 8.63+£0.40puM 0.98£0.03

ACOR/PHle_R519445 Acetoin 11.1+16 1.23 +0.07 HM 1.36 +£0.10

Data are mean + standard deviation of three biological replicates. ND — not determined.
aDynamic range is defined as the —fold increase in fluorescence calculated by dividing the
maximum level of fluorescence output by the basal level of fluorescence output. °Kp
represents the inducer concentration at which the half-maximal activation of the inducible

system is achieved. °h - Hill coefficient.

One of the most important parameters when choosing an inducible system to
tightly control different levels of gene expression is the dynamic range. It is defined
as the maximum level of reporter output relative to basal expression levels (see
Chapter 4.2.5, formula 4.2). It was found that the NahR/Phis rsosizs-salicylate-

inducible system has the highest dynamic range of the evaluated native systems
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followed by SauR/PHz1s rs13e95 and TtdR/PHis_rsioses. In general, the dynamic range is
higher than the induction level of cells grown in rich medium at an effector
concentration of 5 mM (Figure 4.2c). This effect does not apply to the
BenM/Phz1s_rsos790-benzoate- and PcaQ/PHis rs3o145-3,4-dihydroxybenzoate-inducible
systems which show a lower dynamic range in minimal medium. Whereas a lower
induction level in complex medium might be the consequence of structurally similar
molecules that are able to interact with the respective TR, the lower dynamic range in
minimal medium might be attributed to catabolic repression as it has been
demonstrated to be the case for both benzoate and 3,4-dihydroxybenzoate in
P. putida'’®. In addition to a high dynamic range in minimal medium,
NahR/PHis_rsosios has the lowest Km of all evaluated native inducible systems. This
parameter is defined as the inducer concentration that mediates half-maximal reporter
output, suggesting that only small quantities of salicylate are needed to induce the
system. Similar effector concentrations have been shown to mediate gene expression
from the P. putida salicylate-inducible system NahR/Psa*’®. In contrast to most of the
inducible systems that operate in the uM-range, GabR, TtdR, and SauR seem to
respond to effector concentrations three to five orders of magnitude higher than NahR.
Moreover, in case of GabR, the Kn appeared to be higher than the concentration of
GABA the growth medium can be supplemented with. It should be noted that the
extracellular effector concentration may not necessarily correlate with the ligand
concentration inside the cell ultimately dictating the level of gene expression. Ligand
uptake limitations may therefore result in inaccurate parameters, as it might be the
case for the GABA-, tartrate-, and sulfonatoacetate-inducible systems. For the other
13 systems ligand uptake is assumed not to be limiting. The Hill coefficient h indicates

the range of inducer concentration over which the system results in a change in
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reporter output. Inducible systems with a low Hill coefficient, such as
SauR/PHie_rs13695, PhNR/PH1e rsisses, Of HPAR/PHie rsis20s exhibit a flatter dose-
response function indicating that gene expression is tuneable over a wider range of
inducer concentration. On the contrary, systems with a higher Hill coefficient,
including BenM/PHie rsog70 and ACOR/PHis rs19445, ShOW a steeper dose-response
function suggesting that they behave more like an on/off switch (Figure 4.7a).

The homogeneity of induction was evaluated by flow cytometry. This method
allows to determine whether intermediate inducer concentrations give rise to
subpopulations of uninduced and fully induced cells. Their existence may indicate a
more complex type of transcriptional regulation or inducer transport limitations€°.
Cell cultures of C. necator carrying the 16 functional native systems were subjected
to inducer concentrations corresponding to 50% and 95% (90% in case of the
phenylglyoxylate-inducible system) of the maximum level of fluorescence output bmax.
The tartrate- and sulfonatoacetate-inducible systems were only evaluated for induction
homogeneity at 50% of bmax due to solubility limits and inducer toxicity, respectively.
Since bmax could not be calculated for the GABA-inducible system, induction
homogeneity was determined using a final concentration of 250 mM. The reporter
output was measured 2 h after the inducer had been extracellularly added. Each of the
16 evaluated systems demonstrated a unimodal induction behaviour after addition of
the corresponding ligand at both medium and nearly saturating concentrations (Figure
4.7b). Generally, the fluorescence distribution of the uninduced cells is wider than the
distribution in the presence of effector. This generalisation does not apply to the
BadR/PH1s_rs27200-cyclohexanecarboxylate-inducible system which may be a further

indicator of it being a repressor-based type of inducible system.

83



4.3.6 Orthogonality of inducible systems

To establish whether any of these systems can be used in combination to independently
control expression of more than a single gene the activity of the ligands against
non-cognate promoters was evaluated. A total of 21 inducible systems was selected to
test for orthogonality in C. necator. It includes the 16 native, the heterologous
L-arabinose-, L-rhamnose-, acrylate-, and cumate-inducible systems that are described
in Chapter 3, and the itaconate-inducible system that is described in Chapter 6.

To screen the 441 combinations of inducer and biosensor for cross-reactivity,
an automated platform was employed (see Chapter 4.2.6). Strains of C. necator
carrying the inducible systems were grown in minimal medium and transferred to a
96-well microtiter plate format. After the inducers had been extracellularly added,
cells were cultured for 6 h before RFP fluorescence and cell density were measured.
15 of the 21 inducible systems exhibited a strong affinity to their primary ligands,
showing less than 5% cross-reactivity of non-target metabolites relative to the
fluorescence output mediated by the primary effector (Figure 4.8a, Supplementary
Table 12). The remaining six inducible systems were activated by one or more
metabolites other than their cognate inducers. This cross-reactivity may be the result
of either structural resemblance, a metabolic relationship, or a combination thereof.
For example, L-phenylalanine is converted into L-tyrosine by the phenylalanine
4-monooxygenase PhhA  (H16_RS18365). Therefore, activation of the
HpdA/PHie_rs24175-L-tyrosine-inducible system by L-phenylalanine is more likely to
be due to biological conversion of the added compound into the primary effector rather
than direct interaction of L-phenylalanine with HpdA. However, since the difference
between the two molecules lies in a singly hydroxyl-group, an induction by structural

resemblance cannot be entirely ruled out. The same applies to phenylglyoxylate which

84



activated the BenM/PHis rsos790-benzoate-inducible system. Phenylglyoxylate is
converted by C. necator into benzoate via a two-step reaction with benzaldehyde as
intermediate compound. During the first reaction, CO> is generated which may also
explain induction of the formate-inducible system by the structurally dissimilar
phenylglyoxylate. Since CO can subsequently be converted into formate!®!, it is
rational to postulate that the FdsR/Pnie_rsosies-formate-inducible system is activated
in this case by its primary inducer. In addition to phenylglyoxylate, the
BenM/PHie_rsoe7e0-benzoate-inducible  system was activated by extracellular
supplementation with cyclohexanecarboxylate and cumate. Cyclohexanecarboxylate
shares both a structural resemblance to benzoate and downstream degradation
pathways in C. necator which makes it difficult to conclude its cause of cross-
reactivity. In cases like these, advantage can be taken of the system’s transferability.
Moving the inducible system from one organism into another host with a dissimilar
metabolism may allow to distinguish more easily between induction by structural
resemblance and metabolic relationship. To investigate the cause of cross-reactivity
of the compounds that resulted in a fluorescence output of more than 10% relative to
the primary inducer in C. necator, their induction behaviour was evaluated in E. coli.
Single time-point fluorescence measurements of E. coli revealed that the
BenM/PHie_rsoe7e0-benzoate-inducible  system is activated by addition of
cyclohexanecarboxylate and cumate (Supplementary Table 12). E. coli has not been

reported to metabolise any of these compounds suggesting that cross-reactivity is

caused by structural resemblance.
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Figure 4.8 Orthogonality of native inducible systems. (a) Cross-reactivity of a set of 21 inducible
systems and their corresponding primary inducers. The heat map illustrates induction of reporter gene
expression in the presence of the metabolite (in %) relative to the induction mediated by the
corresponding primary effector. Measurements were taken 6 h after supplementation with inducer at a
final concentration of 5 mM. Values represent the average of four replicates. (b) Fluorescence output
of individual cells of C. necator containing pEH263 measured by flow cytometry. The vector pEH263
contains the 3,4-dihydroxybenzoate- and salicylate-inducible systems controlling expression of rfp and
egfp, respectively. Fluorescence was determined in the absence of inducer (orange), in the presence of

3,4-dihydroxybenzoate (blue), salicylate (green), and both 3,4-dihydroxybenzoate and salicylate
(purple).

More difficult to explain is the cause of activation of the B-alanine- and
3-HP-inducible systems by acrylate. It has been shown that C. necator is able to
degrade acrylate (see Chapter 3.3.5), however, relatively little is known about its
metabolism. Activation by structural resemblance to the primary effector is less likely
as addition of acrylate to E. coli carrying the engineered -alanine-inducible system
(pEH225) only resulted in a relative induction of 2.7% in contrast to 68% in C. necator
(Supplementary Table 12). Therefore, activation by structural resemblance of a
degradation product or direct conversion into the primary effectors 3-HP and B-alanine
in C. necator may be more likely. Acrylate can be activated into acryloyl-CoA by acyl
CoA:acetate/3-ketoacid CoA transferase (H16_RS22005/H16_RS22010) or by the
propionate CoA-transferase Pct (H16_RS13535)82, which, as it has been proposed by
Peplinski et al*®, can be converted into 3-HP via its CoA intermediate. However,
pathways from acrylate or 3-HP to B-alanine or a metabolic intermediate, which is able
to activate the 3-alanine-inducible system, will have to be elucidated.

Based on the results of the cross-reactivity screen, two orthogonal inducible
systems were employed to independently control expression of two fluorescent protein
reporter genes. Plasmid pEH263 was constructed containing rfp under control of the
3,4-dihydroxybenzoate-, and egfp under control of the salicylate-inducible system
(Supplementary Figure 4). The salicylate- and 3,4-dihydroxybenzoate-inducible
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systems were selected due to their potential to mediate high levels of gene expression
and their specificities to their corresponding inducers. Cultures of C. necator
harbouring pEH263 were left uninduced, subjected to the individual inducers, or the
combination of both at final concentrations corresponding to Kn (Table 4.3). The
output of the two non-overlapping fluorescent proteins was determined by flow
cytometry 2 h after the inducer/inducers had been extracellularly added. Employing
every possible inducer combination, four distinct cell states could be observed (Figure
4.8b). RFP and eGFP fluorescence in the absence of both inducers remained at
background levels comparable to the single-system implementations (orange
population). Addition of 3,4-dihydroxybenzoate resulted in synthesis of RFP only as
represented by the blue population. Similarly, the presence of salicylate activated
expression of egfp but not rfp (green population). The final cell state is represented by
the purple population where both inducers were added to mediate the simultaneous
expression of both fluorescent protein reporter genes.

In conclusion, the identified native systems can be used in combination to
independently control expression of multiple genes expanding the list of available
switches in synthetic circuit design. Importantly, inducible systems for structurally
similar (phenylglyoxylate, salicylate, cyclohexanecarboxylate, and
3,4-dihydroxybenzoate) and distinctive (xanthine, tartrate, sulfonatoacetate, and

GABA) compounds (Figure 4.2a) were demonstrated to be fully orthogonal.

4.3.7 Screening of structurally similar and metabolically related compounds

TRs often recognise molecules that are structurally similar to their primary effectors.
For example, IPTG is a commonly used structural analogue of allolactose, employed
to control the expression of genes regulated by Lacl. Here, the TR’s specificity was

investigated to identify novel ligand-TR interactions and consequently extend the
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biosensor application to the detection of structurally similar or metabolically related
compounds. To do so, the library of 21 native and heterologous inducible systems was
screened against 46 compounds using an integrated robotic platform as described in
the previous section. Of the 46 metabolites, 12 demonstrated an induction of at least
5% relative to the induction mediated by the corresponding primary effector and an
absolute induction factor of at least 5 (Figure 4.9, Supplementary Table 13). Similarly
to the former orthogonality screen (Figure 4.8a), it should be noted that activation of
reporter gene expression by the extracellularly added compounds likely indicates a
structural resemblance to the primary ligand, a metabolic relationship, or a
combination thereof. To shed light on their cause of system activation, cultures of
E.coli carrying the functional FdsR/PHis rsosies-formate-, NahR/PHie rsosi12s-
salicylate-, BenM/Pn16 rsos790-benzoate-, PcaQ/PHis rs3o145-3,4-dihydroxybenzoate-,
ACOR/PH16_rs194a45-acetoin-, and OapR/PHis_rso1330-B-alanine-inducible systems, active
in this host organism, were evaluated for the same cross-reactivity (Supplementary

Table 13).
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Metabolite

DL-3-Aminc-2-hydroxypropanoate

DL-2,3-Diaminopropanoate
D, L-¢-phenylglycine

Cyclopentanecarboxylate

Hypoxanthine

Cyclohexenecarboxylate
Caffeine

Shikimate
2,6-Dihydroxybenzoate
L-Tryptophan

Hydroxypropanedioate
Nicotinate

3-Aminobutanoate
Propanoate
L-2-Hydroxyglutarate
L-Malate
4-Hydroxybenzoate

N-Benzoylglycine
cis, cis-Muconate

4-Oxopentanoate
Fumarate

Taurine
Tricarballylate

L-Alanine
Butanoate
Phenyl acetate
Glyoxylate
DL-Mandelate
Theobromine
Succinate
L-Aspartate
Oxaloacetate
L-Lactate
D-Lactate
Isethionate
Catechol
Resorcinol
Hydroquinone
Phenol
L-Glutamine
Dopamine
Kynurenate
Glucarate
D-Mannitol

Glycine
Uracil
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Figure 4.9 Screening of structurally similar and metabolically related compounds. Cross-reactivity of
a set of 21 inducible systems and a library of 46 compounds. The heat map illustrates induction of
reporter gene expression in the presence of metabolite (in %) relative to the induction mediated by the
corresponding primary effector. Measurements were taken 6 h after supplementation with inducer at a
final concentration of 5 mM (except in case of L-2-hydroxyglutarate which was added at a final

concentration of 0.5 mM). Values represent the average of four replicates.

Based on the results of this screen, 11 of 12 metabolites may be classed into
four groups. The first group comprises the compound/regulator pairs
3-aminobutanoate/OapR, DL-3-amino-2-hydroxypropanoate/OapR and
cyclohexenecarboxylate/BenM. Neither of the three compounds has been reported to
be metabolised by E. coli suggesting that they directly act as ligands. The response of
the OapR/PH1s_rso1330-P-alanine-inducible system to non-natural compounds, such as
3-aminobutanote and 3-amino-2-hydroxypropanoate, supports the initial claim of the
structurally nearly identical -alanine (3-aminopropanoate) being the primary ligand
of OapR. The other three groups contain the compound/regulator pairs that did not
result in an induction in E. coli. For example, nicotinate, hippurate, L-tryptophan, and
4-hydroxybenzoate fall into the category of metabolites that are likely to be converted

into the primary effectors in C. necator mediating gene expression from the
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FASR/PH1s_rsosies-formate-,  BenM/Pris_rsos79o-benzoate-,  KynR/Phis rs14030-L-
kynurenine-, and  PcaQ/PHis rs3o14s-3,4-dihydroxybenzoate-inducible  system,
respectively. None of these catabolic pathways exist in E. coli which may explain their
lack of induction. In the case of the hypoxanthine inducing the
XdhR/PHz1s_rsososs-xanthine-controllable system it is less clear whether hypoxanthine
itself interacts with XdhR, due to structural resemblance to xanthine, or if activation
of gene expression is mediated by its catabolic product, the primary effector.
Interaction of hypoxanthine with XdhR could be tested by electrophoretic mobility
shift assay. In Streptomyces coelicolor, hypoxanthine was not able to bind the
regulator of the gene cluster encoding xanthine dehydrogenase enzyme*4. However,
in contrast to the S. coelicolor XdhR, which belongs to the TetR family of TRs!®, the
C. necator XdhR is a LTTR which may operate in a different manner. The last group
comprises the remaining compounds that could not be confirmed in E. coli but are
likely to induce because of structural resemblance to the primary ligand. Direct
interaction of cyclohexenecarboxylate and cyclopentanecarboxylate with BadR could
not be confirmed due to dysfunctionality of the BadR/Phis rs27200-
cyclohexanecarboxylate-inducible system in E. coli. The other two compounds,
including 2,6-dihydroxybenzoate and catechol, might not be taken up by, or diffused
into, E. coli cells and the activation of reporter gene expression by metabolically
related compounds may be excluded as their consecutive degradation products,
resorcinol and cis,cis-muconate, respectively, were not able to induce the
NahR/PHie_rsosizs-salicylate- and BenM/Puis_rsoo790-benzoate-inducible systems in
C. necator (Figure 4.9). Whole-cell extracts of E. coli carrying the salicylate- and
benzoate-inducible systems could be used to test whether 2,6-dihydroxybenzoate and

catechol are able to activate the respective systems in vitro.
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Lastly, significant activation of the ACOR/PHis rsio445-acetoin-inducible
system by L-lactate was observed in C. necator, but not in E. coli. Since there is no
characterised metabolic pathway for L-lactate to be converted into acetoin, and the
ACOR/PH1s_rs1oass5-acetoin-inducible system is highly activated by acetoin in both
bacterial species, the response to L-lactate cannot be explained by either structural

similarity or metabolic association.

4.4 Summary
Thus far, inducible gene expression systems have been discovered primarily by
research focussed on the experimental characterisation of individual metabolic
pathways and their regulation. This traditional approach has allowed the identification
of a substantial number of such systems, some of which have been developed into the
widely used gene expression control devices, e.g. AraC/Paraap and Lacl/Prr.
However, this empirical approach, principally driven by interest in the pathway
characterisation, usually delivers only a limited amount of new information on a
specific inducible system. Recently, high throughput applications such as
transcriptomics analysis, comparative genomics, and promoter or metagenome library
screens, have proved to be efficient methodologies and substantially enhanced the
speed of discovery of effector responsive promoters or even corresponding
TR-promoter pairs”™ 7162 However, even these strategies suffer from several
limitations, since they either do not ensure identification of all essential components
of an inducible system or are TR- or ligand-type specific.

In this chapter, a methodical workflow was developed that allows inducible
systems to be mined at the genome scale level enabling the extraction of information
on all three components - the regulator, the inducible promoter, and its corresponding

effector. To demonstrate the utility of the approach, it was applied to the genome of
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the catabolically versatile C. necator H16. Sixteen putative inducible systems resulting
from a pool that comprised over 400 TRs were identified in this single bacterium. Of
these, inducible systems (OapR/PHis rso1330 and PhgR/Phis rsossso) responding to
B-alanine and phenylglyoxylate have never previously been reported. Furthermore,
tartrate- and sulfonatoacetate-inducible systems (TtdR/PHie_rsi0665, SAUR/PH16_Rs13695)
were experimentally validated. Amongst the characterised inducible systems, different
types of TR were identified including LysR, AsnC, MocR, IcIR and MarR. Fifteen of
these were activator or dual function-type regulators, whereas the latter exhibited
characteristics of a repressor (BadR/PH16_Rrs27200).

To further evaluate inducible systems, they were subjected to thorough
quantitative characterisation assessing induction level, dynamics, and homogeneity.
Several inducible systems exceeded induction levels of the frequently utilised
L-arabinose-inducible system!’!, with the BenM/Puis_rsosreo-inducible system
achieving expression level of more than 11-fold higher than AraC/Paragap in response
to benzoate, highlighting its potential to be used for high level protein production in
C. necator. Four inducible systems responding to salicylate, sulfonatoacetate, tartrate,
and phenylglyoxylate exhibited a dynamic range of over 100-fold revealing that these
systems are highly suitable to tightly control different levels of gene expression®.
Along with a very high dynamic range of 650.7-fold, the NahR/PH16_rsos125-salicylate-
inducible system responds to nM concentrations of salicylate. This degree of
sensitivity is equivalent to the most sensitive of characterised inducible systems, those
based on anhydrotetracycline and cumate®®’: 18,

Orthogonal compatibility of inducible systems is a very important
characteristic for designing multi-component and scalable circuits as well as sensory

devices. These ideally require that functional genetic elements cross-react neither with
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the host genetic background nor between different heterologous systems. Twelve of
the newly discovered inducible systems showed distinctive response only to their
primary ligands. The capacity to independently drive the expression of multiple genes
was exemplified by combining the salicylate- and 3,4-dihydroxybenzoate-inducible
systems exquisitely demonstrating the potential of newly characterised orthogonal
switches for circuit design and other synthetic biology applications.

The utility of inducible systems was further demonstrated by applying
individual promoter elements to control high levels of gene expression in C. necator
(Figure 4.2d) and by employing TR-promoter pairs in the model bacteria E. coli and
P. putida (Figure 4.5). Significantly, the adaptability of heterologous inducible system
for gene expression control in other hosts was exemplified by engineering the
B-alanine-inducible system for application in E. coli and P. putida (Figure 4.6).

To conclude, the genome scale approach and inducible system evaluation
pipeline presented in this chapter, aids the discovery of new metabolite-controlled
systems. Further, it delivers quantitative data on inducible systems dynamics and
orthogonality expanding the potential of developing tuneable regulatory circuits and
biosensors. Moreover, this generic approach can be utilised for mining inducible
systems in any bacterial species facilitating the expansion of the toolbox for synthetic

biology and biotechnology applications.
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Chapter 5
The following chapter is mainly based on the work presented in the publication:

Characterisation of a 3-hydroxypropionic acid-inducible system from
Pseudomonas putida for orthogonal gene expression control in
Escherichia coli and Cupriavidus necator

E. K. R. Hanko, N. P. Minton & N. Malys (2017)
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5 Characterisation of a 3-hydroxypropionic acid-inducible
system from Pseudomonas putida for orthogonal gene
expression control in Escherichia coli and Cupriavidus
necator

5.1 Introduction
Chemicals and fuels can be produced from renewable or waste feedstocks using
metabolically engineered microorganisms, which may aid to reducing greenhouse gas
emissions® 19191 'Recently, significant research efforts have been directed towards
developing microorganisms for the biosynthesis of value-added chemicals, including
3-hydroxypropionic acid (3-HP)¥21%  3-HP is a biotechnologically attractive
platform chemical that can be used as precursor for the biosynthesis of acetaldehyde,
acrylate, acrylamide, methylacrylate, and 1,3-propanediol*®, as well as biodegradable
polymer poly-3-HP%. A number of recombinant strains using Corynebacterium
glutamicum, E. coli, Klebsiella pneumoniae, Lactobacillus reuteri,
Pseudomonas denitrificans, Synechocystis sp., Synechococcus elongates and
Saccharomyces cerevisiae as chassis!®’-?%, and a few alternative metabolic pathways
have been developed for 3-HP biosynthesis using intermediates such as B-alanine,
malonyl-CoA, propionyl-CoA, glycerol and lactate?®5-2%°, Although relatively high
titres of 3-HP have been reported in E. coli and K. pneumoniae?®® 21, the challenge
remains to develop a sustainable biotechnological production of this carboxylic
acid?!,

3-HP can be efficiently assimilated and utilised as a carbon and energy source
by  bacteria.  P.denitrificans  possesses  3-HP  dehydrogenase-  and
3-hydroxyisobutyrate dehydrogenase activities which contribute to 3-HP

degradation®®® 12, The expression of some genes related to 3-HP metabolism in
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P. denitrificans have been shown to be strongly induced by 3-HP and putatively
controlled by TRs?*2, which belong to the family of LTTRs®.

LTTRs contain a conserved protein structure with a DNA-binding
helix-turn-helix motif at the N-terminus and an effector-binding domain at the
C-terminus. Typically activated by small effector molecules, they regulate the
transcription of metabolism-related genes. Most often, LTTRs are encoded in opposite
direction of the gene or operon that they regulate. They usually interact with at least
two TR-binding sites in the intergenic region®® 1%, The regulatory binding site is
located 60 to 80 nucleotides upstream with respect to the transcriptional start site of
the ligand-metabolising gene. The motif has been characterised as T-N11-A, which can
vary in length and/or both nucleotide composition. Frequently, this site overlaps with
the promoter of the LTTR gene mediating negative autoregulation. The
activator-binding site is usually adjacent or overlaps with the -35 box of the
promoter®®. Besides, examples with a single and multiple LTTR-binding sites have
also been reported?! 214, Based on full length and domain analysis, in Pseudomonas
LTTRs can be dissected into nine evolutionary different phylogenetic groups?s.

LTTR- and other TR-based-inducible (positively or negatively regulated)
systems control microbial gene expression in response to the change of intracellular
levels of metabolites and play an important role in governing metabolic pathways and
networks. Recently, a number of such inducible systems have been adapted as
genetically encoded biosensors that respond to a variety of native and non-native
compounds®: 74 216218 Both native and synthetic systems, in combination with a
reporter gene, have been used to screen for metabolically engineered microbial strains
enabling the selection for microorganisms with improved production of target

compounds® 219221 They have also been applied as metabolite-responsive gene
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switches and dynamic regulators of metabolic pathways, in which levels of upstream
or downstream gene expression are continuously adjusted to balance metabolic
intermediate levels increasing the flux towards the product of interest??! 222,

Pseudomonas are an attractive source for exploration of novel gene targets
such as TR-based inducible systems. Particularly, P. putida KT2440 exhibits
combinations of features characteristic to aquatic oligotrophs and terrestrial
copiotrophs indicating that this bacterium has adapted functional capabilities
permitting to thrive in various environments??. This genetically diverse
microorganism contains a high affinity nutrient acquisition and metabolic efflux, as
well as catabolic enzymes such as mono- and dioxygenases, oxidoreductases, and
dehydrogenases. Additionally, P. putida possesses a wide range of gene expression
control systems involving various sigma factors and regulators which form arich basis
for the exceptional metabolism versatility.

Here, a 3-HP-inducible system from P. putida is identified and characterised.
Composed of a LTTR and a corresponding 3-HP-responsive promoter, the data in this
chapter demonstrate that it can be used to control gene expression orthogonally in
E. coli and C. necator. A comprehensive analysis of the promoter region is performed
to establish a consensus sequence required for potential TR binding. The characterised
inducible system can be exploited as 3-HP biosensor, as it shows a high specificity
and a wide induction range for this compound, as well as genetic element for the
construction of autoregulated metabolic pathways aiming to improve the production

of bio-based 3-HP.
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5.2 Materials and methods specific to this chapter

5.2.1 Chemicals

3-Hydroxypropionic acid (3-HP), glycerol, pyruvic acid, pB-alanine, ethanol,

1-propanol, 2-propanol, 1-butanol, 2-butanol, 1,3-butanediol, sodium acetate,

propionic acid, butyric acid, malonic acid, sodium succinate dibasic hexahydrate,

D-malic acid, L-malic acid, sodium glycolate, lactic acid, D,L-2-hydroxybutyric acid

sodium salt (2-HB), D-3-hydroxybutyric acid (D-3-HB), L-3-hydroxybutyric acid

(L-3-HB), and sodium salicylate were used as inducers for assaying the

3-HP-inducible system. All chemicals are listed in Supplementary Table 1 in the

Appendix.

5.2.2 Plasmids

Key features of all plasmids used and generated in this chapter are summarised in

Table 5.1. A detailed description of how each plasmid was assembled is provided in

the Appendix. The nucleotide sequence of plasmids pEH007, pEH008, pEH009, and

pEHO010 have been deposited in the public version of the JBEI registry (https://public-

registry.jbei.org) under the accession numbers JPUB_008751-JPUB_008754.

Table 5.1 Plasmids used in chapter 5.

Reference or

Plasmid Characteristic
source

pGEX-6P-1  Amp"; Pac-gst GE Healthcare
pEHO006 Cm"; Parac-araC-Trme1; Parasap-T 7SI-rfp-Tapi This work
pEHO007 Cm"; PpPrmsr-mMSR-Tma1; PPPmmsa-rfp-Taoi This work
pEHO008 Cm"; PpPhpar-hpdR-Trrne1; PPPhpdH-rfp-Tabi This work
pEHO009 Cm"; CnParac-araC-Trme1; CNPmmsaz-rfp-Tapi This work
pEHO010 Cm'"; CnPrpar-pdR-Trrme1; CNPmmsar-rfp-Tai This work
pEHO022 Cm"; PpPrpan-rfp-Tapi This work
pEHO034 Cm"; PpPmmsa-rfp-Tabi This work
pEH036 Cm"; PpPnpar-hpdR-Trrng1; PPPhpdr(-118)-rfp-Tapi This work
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pEHO053 Cm"; PpPhpar-hpdR-Trme1; PPPhpdar(-106)-rfp-T b This work

pEH068 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mut2)-rfp-Tas  This work
pEH069 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mut3)-rfp-Tas  This work
pEH070 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mutd)-rfp-Tas  This work
pEH071 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mut5)-rfp-Tas  This work
pEHO72 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mut6)-rfp-Taw  This work
pEHO73 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mut7)-rfp-Taw  This work
pEHO74 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mut8)-rfp-Taw  This work
pEHO75 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mut9)-rfp-Taw  This work
pEHO76 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mutl0)-rfp-Tas  This work
pEHO077 Cm"; PpPhpar-hpdR-Tmg1; PPPhpan(-118_mutll)-rfp-Tas  This work
pEHO79 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mutl)-rfp-Tas  This work
pEHO080 Cm"; PpPhpar-hpdR-Trme1; PPPhpar(-118_mutl2)-rfp-Taw  This work
pEHO089 Amp"; Pic-gst-hpdR This work

5.2.3 Determination of consensus sequence

The nucleotide sequences of all Pseudomonas hpdR/hpdH intergenic regions were
retrieved from GenBank'®® at NCBI (www.ncbi.nlm.nih.gov) and aligned using
Clustal Omega??* 2%, Subsequently, a sequence similarity motif was generated using
WebLogo??®. Putative RNAP binding sites and the hpdH TSS were predicted using

programs BPROM??” and NNPP??8, respectively.

5.2.4 Expression and purification of HpdR

Multiple attempts to purify the transcriptional regulator HpdR by His- or Strep-tag
affinity chromatography resulted in insoluble protein, confirming previous
observations that a majority of members from the LysR family of TRs tend to readily
form inclusion bodies??°. However, a small amount of soluble protein was obtained as
a glutathione S-transferase (GST)-tagged version of HpdR. To decidedly ensure that
potential DNA-shifts are caused by HpdR binding, gst was simultaneously expressed
from the original vector that was employed to construct the GST-HpdR fusion protein

(pGEX-6P-1), purified and subjected to electrophoretic mobility shift assay.
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A 100 mL volume of fresh LB medium containing ampicillin (100 pg/mL)
were inoculated 1:100 with an overnight culture of E. coli Rosetta DE3 harbouring
either pGEX-6P-1 or pEH089. The cultures were grown in 0.5-L baffled shake flasks
with orbital shaking at 37 °C and 200 rpm. At an ODsoo of 0.5, protein expression was
induced using 0.5 mM IPTG. The cultures were grown for another 3 h with orbital
shaking at 20 °C and 220 rpm. Subsequently, cells were harvested by centrifugation
at 6,000g and 4 °C for 8 min, resuspended in 2 mL of PBS and centrifuged as before.
The supernatant was removed and bacterial pellets were frozen at -20 °C for 24 h.

Thawed cells were resuspended in 1 mL of lysis buffer (50 mM HEPES pH
7.5, 300 mM NaCl, 10 mM MgSOs, 0.2% NP-40, 5 pL of protease inhibitor cocktail
I11 (Calbiochem), 10 ng DNase | (Thermo Fisher Scientific)) and lysed by sonication
(10 cycles a 10 micron, 30 seconds on ice in between cycles). The cell lysate was
cleared by centrifugation at 21,130g and 4 °C for 30 min. The supernatant was added
to 100 pL of glutathione sepharose 4B beads (GE Healthcare) which had been
equilibrated three times with 0.5 mL of wash buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 0.2% NP-40). The suspension was incubated at 150 rpm and 4 °C for 2 h on a
horizontal shaker. Subsequently, the sepharose beads were pelleted by centrifugation
at 5009 at 4 °C for 5 min and washed with wash buffer. This step was repeated four
times. The supernatant was removed, beads were resuspended in 100 pL of elution
buffer A (50 mM HEPES pH 7.9, 10 mM reduced L-glutathione (Sigma-Aldrich),
0.2% NP-40) and incubated at 100 rpm and 4 °C for 1 h. To the suspension, 100 pL
of protease cleavage buffer (50 mM HEPES pH 7.9, 300 mM NaCl, 2 mM EDTA, 2
mM DTT, 0.2% NP-40) were added together with 12 units of PreScission Protease
(Protease-GST fusion, GE healthcare) and shaken at 100 rpm and 4 °C for another 16

h. The PreScission Protease-cleaved and in the supernatant released proteins (elution
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fraction A) were separated from the beads by centrifugation at 500g and 4 °C for 5
min. Remaining unbound proteins were collected by washing twice with 150 pL of
elution buffer B (50 mM HEPES pH 7.9, 150 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.2% NP-40). Protein samples derived from the pGEX-6P-1 and pEHO089 cultures
were analysed by NUPAGE (4-12% Bis-Tris gel in MES running buffer, Invitrogen)

according to the manufacturer’s protocol.

5.2.5 Electrophoretic mobility shift assay (EMSA)

The purified proteins from elution fraction A were analysed for specific binding to the
native P. putida KT2440 hpdR/hpdH intergenic region. Prior EMSA, the
concentration of HpdR was determined by comparison to NUPAGE of a bovine serum
albumin (BSA) dilution series.

To visualise TR binding, the hpdR/hpdH intergenic region was labelled with
the fluorescent dye ATTO 700. The labelled DNA was generated by PCR of pEH008
with oligonucleotide primers EHseq018 and EHseq003. EHseq018 is ATTO
700-1abelled at its 5° end. The resulting PCR product of 310 bp was gel-purified. The
total volume of the DNA-protein-binding reaction was 10 pL and contained 50 pM
labelled PCR product, 10 ng/uL salmon sperm DNA, 25 mM HEPES pH 7.9, 75 mM
NaCl, 0.5 mM EDTA, 0.5 mM DTT, 0.1% NP-40, 150 mM KClI, and 2.5 mM MgCl..
A high KCI concentration has been demonstrated to facilitate DNA-protein-complex
formation?®. Furthermore, the binding reaction contained 300 nM HpdR (elution
fraction A of the culture harbouring pEHO089), an equal volume of the elution fraction
A derived from the culture harbouring pGEX-6P-1 or no protein. If required, 3-HP
was added at the final concentration of 1 mM. Samples were incubated at 20 °C for 30
min. 10 pL of 50% (v/v) glycerol were added to each sample before being loaded onto

a non-denaturing 8% Tris-Glycine gel (Invitrogen). Electrophoresis was performed in
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Tris-Glycine native running buffer (Invitrogen) at 4 °C for 2 h and 120V. The gel was
scanned using the Odyssey CIx infrared imaging system (Model 9120, LI-COR
Biosciences) and analysed using software Image Studio Lite version 5.2 (LI-COR

Biosciences).

5.2.6 Growth conditions
Single time-point and time course fluorescence measurements in E. coli MG1655 and

C. necator H16 were performed in minimal medium.

5.3 Results

5.3.1 Identification of a 3-HP-inducible system in P. putida KT2440 and
C. necator H16

Three enzymes have been identified in P. denitrificans to be involved in 3-HP
degradation??. They are arranged in two operons. The 3-hydroxypropionate
dehydrogenase (hpdH) in one operon and the methylmalonate-semialdehyde
dehydrogenase (mmsA) and 3-hydroxyisobutyrate dehydrogenase (mmsB, also
referred to as hbdH-4) in the second operon. In opposite direction of each operon, a
gene encoding a LTTR is located which was proposed to be required for
3-HP-inducible activation of gene expression of its respective operon?*2. Homologues
of the 3-HP catabolic genes have been found in various microbial genera including
Cupriavidus?'?. Here, putative HpdH, MmsA, and MmsB homologues were identified
in the genomes of P. putida KT2440 and C. necator H16 by protein-protein blast.

In P. putida, the 3-HP catabolic genes and their respective LTTRs are arranged
as in P. denitrificans (Figure 5.1). In C. necator, however, their arrangement is
different. A P. denitrificans MmsA homolog with 49% protein sequence identity and
96% coverage is encoded between the C. necator hpdH and its putative LTTR (here

termed HpdR). The short intergenic region of 27 bp between the mmsA homolog (here
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termed mmsAl) and hpdH suggests a polycistronic transcription of genes from a
promoter located in the hpdR/mmsAl intergenic region. For mmsA (here termed
mmsA2) and mmsB, both arranged in one operon, no LTTR was found upstream of the
genes. An acyl-CoA dehydrogenase, encoded by acaD, is annotated upstream of
mmsA2. Both genes are oriented in the same direction. They are separated only by a
short intergenic region of 44 bp suggesting an operonic arrangement of genes. In
opposite orientation of acaD, a TR is located which is annotated to belong to the AraC
family of TRs. It does not share protein sequence similarity with the P. denitrificans
LTTR, which is putatively required to activate transcription of the mmsAB operon.
However, it was included in the analysis for 3-HP-inducible gene expression as
potential regulator of the C. necator acaD-mmsA2-mmsB operon.

P. putida KT2440

—<hde — hdeI\

Vv
—<mmsR —{ mmsA mmsB%

C. necatorH16

—<hde — mmsA1> hde>—
—< araC_|— acaD>| mmsA2> mmsB>—

Figure 5.1 Operons putatively involved in 3-HP metabolism in P. putida KT2440 and C. necator H16.

They are composed of the TR genes hpdR, mmsR, or araC, and divergently transcribed genes putatively
required for 3-HP degradation: hpdH, 3-hydroxypropionate dehydrogenase; mmsA, methylmalonate-
semialdehyde dehydrogenase; mmsB, 3-hydroxyisobutyrate dehydrogenase; and acaD, acyl-CoA

dehydrogenase.

5.3.2 P. putida 3-HP-inducible systems outperform systems derived from

C. necator
To evaluate whether expression of the identified catabolic gene clusters is activated in
the presence of 3-HP, the putative inducible systems were cloned upstream of the rfp

reporter gene in pEH006. They comprise the TR and the intergenic region between the
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regulator gene and the translational start site of the 3-HP catabolic gene clusters. The
two systems from P. putida KT2440 are referred to as PpMmsR/Pmmsa (PEHO007) and
PpHpdR/Pnpar (PEH008) and those from C. necator H16 as CnAraC/Pacap (PEH009)
and CnHpdR/Pmmsa1 (PEH010). The constructs were tested in E. coli MG1655 and C.
necator H16 for rfp reporter gene expression in response to 3-HP.

Both 3-HP-inducible systems from P. putida exhibit statistically significant
induction in E. coli and C. necator 6 h after addition of 3-HP at a final concentration
of 10 mM (Table 5.2). PpHpdR/Phyan demonstrates the highest level of normalised
fluorescence and the strongest inductions, 23.3-fold in E. coli and more than 500-fold
in C. necator. In contrast to C. necator in which CnHpdR/Pmmsa1 shows an 88.4-fold
induction, neither of the TRs derived from Cupriavidus seem to be able to activate
reporter gene expression from their proposed cognate promoters in E. coli. Besides,
CnAraC/Pacap does not mediate a statistically significant induction after extracellular

addition of 3-HP in C. necator.
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Table 5.2 Quantitative evaluation of 3-HP-inducible systems in E. coli and C. necator. Absolute
normalised fluorescence of cells carrying different versions of putative 3-HP-inducible systems from
P. putida KT2440 (Pp) and C. necator H16 (Cn) in the presence or absence of 10 mM 3-HP. Each
system is composed of either a putative 3-HP-inducible promoter and its corresponding TR or a
3-HP-inducible promoter only. The mean values and standard deviations represent the absolute
normalised fluorescence of biological triplicates 6 h after addition of 3-HP. Asterisks indicate

statistically significant induction values for p < 0.01 (unpaired t test).

E. coli MG1655 C. necator H16
Inducible Normalised absolute Normalised absolute
system fluorescence Rl fluorescence e
ratio ratio
Uninduced Induced Uninduced Induced
PpMmMSR/Pmmsa 59+3 721 £ 24 12.3* 444 + 80 22,857 + 51.5*
1808
PpHpdR/Phpa 1,259 + 68 29,351 + 23.3* 304 £ 46 157,052 £ 516.6*
756 8,409
CnAraC/Pacap 00 0+0 0 311+£16 464 £ 69 15
CnHpdR/Pmmsa1 22+6 265 1.2 847 £ 27 74,839 88.4*
1,763
PpPmmsa 193+ 16 243 £ 23 1.3 44 + 8 42 £4 1.0
PpPhpdn 908 £ 60 1,077 £ 47 1.2 42+1 40+ 3 1.0

5.3.3 The P. putida 3-HP-inducible systems demonstrate a TR-dependent

orthogonality in E. coli and C. necator

Ideally, TR-based inducible gene expression systems are specific to a certain effector
and solely controlled by its corresponding TR. To examine the cross-reactivity of
host-originating transcription factors on reporter gene expression, the regulator genes
were removed from the plasmids that initially contained the PpMmsR/Pmmsa and
PpHpdR/Phpan inducible systems. The new constructs are composed solely of the 3-
HP-inducible promoters Pmmsa and Pnpgn transcriptionally fused to the rfp reporter
gene. CnHpdR/Pmmsa1 and CnAraC/Pacap Were not further investigated since they

demonstrated no induction of RFP synthesis upon supplementation with 3-HP in
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E. coli and only in case of CnHpdR/Pmmsa1 a statistically significant induction in
C. necator.

In both E. coli and C. necator, neither of the promoters demonstrated a
significant induction of rfp expression in the presence of 3-HP (Table 5.2). This
suggests that their corresponding LTTRs are required for transcription activation and
that neither of the two tested microorganisms have cross-reacting TR homologues.
Since Pnpgn exhibited the highest induction level of the analysed 3-HP-inducible
systems, and is controlled independently from host-originating TRs in E. coli and
C. necator, it was chosen to be further characterised.

5.3.4 Identification of a conserved sequence motif within the hpdH promoter

and in vivo analysis of the HpdR binding site

Control of gene expression in response to small effector molecules is mainly mediated
by TRs. They interact with conserved TFBSs in the promoters of genes which are
involved in effector-metabolising pathways. A simple approach to identify TFBSs is
to perform a phylogenetic footprinting analysis?®!. By multiple sequence alignment of
upstream regions of orthologous genes extracted from a variety of divergent species,
conserved functional elements can easily be distinguished from sequences that are
prone to evolve more quickly.

P. putida KT2440 HpdR and HpdH homologues were screened in other
Pseudomonas species by searching the NCBI database for non-redundant protein
sequences. Forty different Pseudomonas species were selected with HpdR and HpdH
protein sequence identities of at least 70% (Table 5.3). To aid in the identification of
the putative HpdR binding site, the consensus sequence was determined in the
intergenic region as described in 5.2.3. The P. putida KT2440 hpdR/hpdH intergenic

region is illustrated in Figure 5.2. Upstream of the -35 region, a range of nucleotides
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was identified which is highly conserved across the analysed Pseudomonas species.
This region is illustrated as a sequence similarity motif in Figure 5.3. It corresponds
to the nucleotide sequence between position -118 and -68 relative to the P. putida
KT2440 hpdH translational start site. Two partially similar and conserved sequence
motifs can be identified. The first one is an imperfect inverted repeat, sequence
GCCCCTGTGC-Ne-GCACAGCGGC in P. putida, located between positions -109
and -84 and is referred to as TFBS1. The second motif is located between positions -83
and -68 and is denoted TFBS2. In order to test if the highly conserved nucleotides
spanning positions -109 to -68 are essential for promoter activation mediated by HpdR
in response to 3-HP, the P. putida KT2440 hpdR/hpdH intergenic region was truncated

and subsequently mutated.
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Table 5.3 P. putida KT2440 HpdR and HpdH homologues. List of HpdR and HpdH homologues extracted from various Pseudomonas species sharing at least 70% protein

sequence identity with P. putida KT2440 HpdR and HpdH.

) Size Coverage % (identity Size Coverage % (identity

Species HpdR locus tag HpdH locus tag
(aa) %) (aa) %)

P. putida KT2440 PP_0055 295 100 (100) PP_0056 550 100 (100)
P. entomophila L48 PSEEN_RS00045 295 100 (96) PSEEN_RS00050 549 99 (91)
P. parafulva NBRC 16636 PPA02S_RS02005 295 100 (96) PPA02S_RS02000 548 99 (91)
P. plecoglossicida NBRC PPLO1S_RS04640 295 100 (95) PPLO1S_RS04635 548 99 (95)
103162
P. monteilii GTC 10897 APH46_RS25120 295 99 (95) APH46_RS25115 548 99 (94)
P. mosselii SJ10 0165_RS23295 295 100 (95) 0165_RS23300 549 99 (89)
P. alkylphenolia KL28 PSAKL28 RS00210 295 100 (94) PSAKL28 RS00215 549 99 (83)
P. vranovensis DSM 16006 H621_RS0106435 295 100 (94) H621 RS0106440 549 99 (84)
P. japonica NBRC 103040 PJAO1S RS05195 295 100 (93) PJAO1S RS05200 549 96 (81)
P. gingeri NCPPB 3146 PGING_RS31890 295 99 (88) PGING_RS31885 553 96 (81)
P. fuscovaginae IRRI 6609 PF66_RS17780 295 100 (88) PF66_RS17775 545 97 (81)
P. taetrolens DSM 21104 TU78_RS12205 295 99 (87) TU78_RS12200 553 96 (79)
P. fragi B25 O5A _RS0119340 295 99 (86) O5A _RS0119330 553 97 (80)
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P. psychrophila HA-4
P. fluorescens AU12597
P. agarici NCPPB 2289

. helleri DSM 29165

P. chlororaphis 30-84

P
P
P
P

. deceptionensis DSM 26521
. batumici UCM B-321
.lini ZBG1

. umsongensis

UNC430CL58Col

P
P
P
P
P
P
P

. cremoricolorata NDO7

. protegens Cab57

. frederiksbergensis S18

. mediterranea TEIC1105
. brassicacearum PA1G7
. corrugata TEIC1148

. trivialis IHBB745

B347_RS0107760
AA053_RS20570

PAGAR_RS011339

0
TU84_RS23875

PCHL3084_RS1216

5
TR67_RS22630
UCMB321_5547

ACS73_RS06805
N519_RS0117920

LK03_RS06240

PPC_RS12670

JZ00_RS11015
ADY55_RS24405
AW?28_RS07090
ADY50_RS18415
AA957_RS03805

295
295
295

295
297

295
295
294
308

295
297
294
294
294
294
297

99 (86)
99 (86)
100 (87)

100 (85)
100 (85)

99 (86)
100 (89)
99 (85)
98 (85)

100 (87)
99 (83)
99 (84)
99 (84)
99 (83)
99 (82)
100 (79)

B347_RS0107770
AA053_RS20565

PAGAR_RS011338

5
TU84_RS23880

PCHL3084_RS1216

0
TR67_RS22625
UCMB321_5548

ACS73_RS06800
N519_RS0117915

LKO03_RS06245
PPC_RS12665
JZ00_RS11010

ADY55_RS24410

AW28_RS07085

ADY50_RS18420

AA957_RS03810

553
553
553

553
548

553
549
548
549

549
548
o547
o547
o547
547
548

96 (80)
96 (78)
96 (80)

96 (80)
96 (79)

96 (79)
99 (80)
96 (80)
99 (79)

99 (81)
98 (77)
97 (79)
97 (80)
95 (81)
97 (79)
96 (78)
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P
P
P
P
P
P
P
P
P
P
P
P

. orientalis DSM 17489

. poae DSM 14936

. tolaasii 6264

. veronii R4

. synxantha DSM 18928

. marginalis ICMP 9505

. rhizosphaerae IH5

. aeruginosa AZPAE14918
. denitrificans ATCC 13867
. knackmussii B13

. nitroreducens Aramco J

. citronellolis TTU2014-

008ASC

TU82_RS23530
TU75_RS20075
UQW_RS0110215
SU91_RS20320
TU77_RS19905
A0391_RS22020
LT40_RS16020
NS34_RS16205
H681_RS18595
PKB_RS05640
QX33 _RS11735
AO742_RS16215

296
298
297
297
297
297
295
301
304
301
300
297

100 (80)
99 (79)
100 (79)
99 (79)
100 (79)
100 (79)
99 (83)
99 (73)
99 (73)
99 (72)
99 (74)
99 (70)

TU82_RS23535
TU75_RS20070
UQW_RS0110210
SU91_RS20325
TU77_RS19910
A0391_RS22025
LT40_RS16015
NS34_RS16200
H681_RS18590
PKB_RS05645
QX33_RS11740
AO742_RS16210

548
548
548
555
548
548
550
557
554
552
554
552

96 (77)
96 (78)
98 (78)
96 (78)
99 (77)
96 (77)
98 (78)
96 (74)
96 (73)
97 (72)
96 (73)
97 (73)

111



hpdR
—
CATGCTTGTCCTTTATGGCAGTTCGTTCCGGCCTCTTAACGGGCATGCCCACAGGTGCGGTGAACACCCTGAAGGTAACG
TGATCCCTGAGCTGCGGGCGAGCCCGTGAAGAGGTCGGTACAGGCTTGCCCCTGTGCTAAAACGCACAGCGGCTGC%CgA
pdH
- -10 +1
AATCTCGTGTTTCATCCACGAAATTACTCACTAAGAT GGATCGGGACAAGAATAAAAAACAGGCGCGAGGTTGCACATG

Figure 5.2 The P. putida KT2440 hpdR/hpdH intergenic region. Translational start sites are bold and
italicised. The predicted hpdH -35 and -10 promoter elements are bold and highlighted in grey. The
nucleotide sequence between position -118 and -68 relative to the hpdH translational start site is

underlined.

2

bﬂs

o e ITEﬂA CGA Acece f%c%A '&cTé‘?gA

-118 -108 -98 -88 -78 -68

Figure 5.3 DNA sequence similarity motif of the putative HpdR binding site. The sequence similarity
motif corresponds to the underlined sequence in Figure 5.2. The motif represents highly conserved

nucleotides in the hpdR/hpdH intergenic regions of forty Pseudomonas species.

Firstly, the -233 bp long intergenic region was analysed for secondary
structures using the mfold web server?®, A palindromic sequence was identified which
can form a 97 bp spanning stem-loop structure (Supplementary Figure 5).
Interestingly, from the forty selected Pseudomonas species, this secondary structure
is only present in P. putida KT2440 and the closely related Pseudomonas entomophila
L48 and Pseudomonas plecoglossicida NBRC 103162 (Table 5.3). Likely, it has a
species specific functional role, but is not evolutionary conserved. The reporter gene
construct harbouring the native P. putida KT2440 hpdR/hpdH intergenic region is
referred to as hpdH-233::rfp. The promoter truncation hpdH-118::rfp was generated
by removing the palindromic sequence and incorporating an Avrll restriction site to
allow further promoter modification (Figure 5.4a). It contains the 118 bp long
sequence upstream of the hpdH translational start site. Using hpdH-118::rfp, the
promoter was truncated by additional twelve nucleotides, resulting in hpdH-106::rfp.

The promoter-reporter gene constructs were analysed in E. coli MG1655 for their
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response to 3-HP (Figure 5.4b). Compared to the native intergenic region
(hpdH-233::rfp), the induction level slightly increased when the palindromic sequence
was removed (hpdH-118::rfp). However, further truncation of the hpdH promoter by
12 nucleotides (hpdH-106::rfp) resulted in a 10-fold decrease in induction compared

to hpdH-233::rfp.

a b
ATG T 5
en. IS
hpdH-233::rfp I | | l 5
233 209 -118 1 £ 2
c
S
hpdH-118::rfp | [ccTaca] g w0
oaal ool 1l Iy S
233" -209 118 1 £ 5 —
RO
hpdH-106::1fp [ [ccTaca] | F & &
233l 2000 106l Fi1 <o T

Figure 5.4 P. putida KT2440 hpdH promoter truncations and effect on 3-HP-inducible gene expression.
(@) Schematic illustration of the hpdH promoter truncations that were evaluated for 3-HP-inducible
activation of reporter gene expression. The native promoter-reporter construct is denoted hpdH-
233::rfp. The bioinformatically identified palindromic sequence is illustrated as a dashed box. This
sequence was replaced by an Avrll restriction site, CCTAGG, resulting in promoter truncations hpdH-
118::rfp and hpdH-106::rfp. (b) Induction levels mediated by the original promoter and the promoter
truncations. The promoter-reporter gene constructs were analysed in E. coli MG1655 for RFP synthesis
in the absence and presence of 10 mM 3-HP. Error bars represent standard deviations of three biological

replicates.

Since hpdH-118::rfp demonstrated similar induction levels to the native,
untruncated intergenic region, it was used to generate hpdH promoter mutants. The
use of random mutagenesis was deemed to be a combinatorial challenge, seeking to
achieve a full set of completely random mutants covering the 60-bp long conserved
motif. Therefore, mutations were designed in such a way that they enabled a complete
coverage by employing a previously reported mutagenesis strategy*2. In total, twelve
promoter variants were constructed, harbouring single or multiple nucleotide
mutations between position -118 and -68 (Figure 5.5a). They were analysed in E. coli
MG1655 for reporter gene expression in the absence and presence of 3-HP (Figure

5.5b). By comparing the sequence similarity motif (Figure 5.3) with the induction
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levels of the different promoter variants, it can be observed that the extent of
nucleotide conservation correlates with their importance for inducible gene
expression. Mutations 1, 2, and 3, which are upstream of the -109 to -68 region, show
a minor impact on promoter activity (1.5- to 1.7-fold decrease in induction) compared
to hpdH-118::rfp. Mutations 4, 8, and 11, which are located in less conserved stretches
of the -109 to -68 region, decrease induction of reporter gene expression by 5.5-, 5.4-,
and 1.6-fold, respectively. The remaining five mutations, 5, 6, 7, 9, and 10 alter the
most conserved nucleotides in either TFBS1 or TFBS2. These mutations abolish the
ability of the promoter to mediate controllable gene expression by decreasing
induction levels from 11.5- (mutation 6) to 25.2-fold (mutation 7). The in vivo analysis
of various hpdH promoter truncations and mutations suggests that a 50 bp long

sequence upstream of the -35 region is involved in 3-HP-inducible gene expression.

a hpdH-118 tacaggcttgcccctgtgectaaaacgcacagecggctgegegaaatctegtg

mutl ittt
mut2 cgtg-------------- - -
mut3 ----aatCC-——-——————-=--— - ——mm———— -
mut4  ------—-- atttt------—-------—————- -
muts  --m-mmmmm----- cacatc------------mmmmmmmmmm oo
muté = - ---m—m—-o-—-——- ggggt---—---—---------———-————-
mut7 = ---—---mm————— oo atgtg-------------------—--
mut8 - ataat----------—---—---
mut9 = - catata----------
mutl0 - gggct-----

Induction factor

Figure 5.5 P. putida KT2440 hpdH-118::rfp promoter mutations. (a) Nucleotide sequences of the
different hpdH-118::rfp promoter mutations that were evaluated for 3-HP-responsive activation of
reporter gene expression. Unchanged nucleotides are represented as a dash. (b) Induction levels
mediated by the different promoter mutations. Promoter-reporter gene constructs were evaluated in
E. coli MG1655 for RFP synthesis in the absence and presence of 10 mM 3-HP. Error bars represent

standard deviations of three biological replicates.
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Finally, to confirm that HpdR binds directly to the hpdH promoter region, the
TR was purified and an electrophoretic mobility shift assay (EMSA) was performed.
A DNA shift can be observed in the absence of 3-HP (Figure 5.6), suggesting that
regulator binding to the intergenic region occurs even under uninduced conditions.
Addition of 3-HP to the binding reaction results in formation of a slower migrating
complex 2. A similar observation was made for the catBC promoter, where a tighter
and potentially higher-order ligand-regulator-DNA complex was proposed to facilitate

activation of gene expression?3,

<= DNA-protein complex 2

<= Lagging unbound DNA

<= DNA-protein complex 1

<= Unbound DNA

DNA + + + +
Protein - GST HpdR HpdR
3-HP - - - +

Figure 5.6 EMSA of the native P. putida KT2440 hpdR/hpdH intergenic region. Effect of purified TR
and 3-HP on migration of labelled DNA. GST and HpdR refer to elution fractions A from pGEX-6P-1
and pEHO89 cultures, respectively.
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5.3.5 Determination of inducer-dependent orthogonality of the PpHpdR/PhpdH

inducible system in E. coli and C. necator
In addition to host-originating TRs, which may interfere with the heterologous
inducible system, other metabolites than the primary inducer may be able to activate
gene expression. These can be compounds that are involved in the cell’s metabolism,
components of the culture medium, or additional effectors that were added to control
independent gene expression from other inducible promoters. Compounds that were
investigated for cross-reactivity with the PpHpdR/Pnpan inducible system include
(Figure 5.7a): (i) the commonly used inducers L-arabinose and IPTG, (ii) fructose as
an alternative carbon source, (iii) the 3-HP precursors glycerol (2), pyruvic acid (3),
and B-alanine (4) (shown in blue)?*, and (iv) a broad range of compounds that are
structurally similar to 3-HP such as mono- and dihydric alcohols (shown in red),
mono- and dicarboxylic acids (shown in green), as well as a- and -hydroxycarboxylic
acids (shown in purple). Evaluation of these compounds may aid in the determination
of structural features of the ligand that are required to interact with HpdR.
Additionally, it may assist to identify a 3-HP analogue to be employed as inducer if
3-HP is metabolised as shown in P. denitrificans?'2. In order to achieve a sustained
gene expression from the hpdH promoter, either genes encoding 3-HP metabolising
enzymes need to be deleted or a metabolically inert analogue inducer should be

employed.
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Figure 5.7 Determination of inducer-dependent orthogonality. (a) Chemical structures of the
compounds that were investigated for cross-reactivity with the PpHpdR/Phper inducible system:
3-hydroxypropionic acid (1), glycerol (2), pyruvic acid (3), B-alanine (4), ethanol (5), 1-propanol (6),
2-propanol (7), 1-butanol (8), 2-butanol (9), 1,3-butanediol (10), acetic acid (11), propionic acid (12),
butyric acid (13), malonic acid (14), succinic acid (15), D-malic acid (16), L-malic acid (17), glycolic
acid (18), lactic acid (19), 2-hydroxybutyric acid (20), D-3-hydroxybutyric acid (21),
L-3-hydroxybutyric acid (22), and salicylic acid (23). (b) Relative induction levels of the PpHpdR/Phpan
inducible system subjected to a variety of metabolites. The various compounds were tested in E. coli
MG1655 (light grey) and C. necator H16 (dark grey) harbouring pEH008. (-) uninduced. Error bars
represent standard deviations of three biological replicates. Asterisks indicate statistically significant
induction values for p < 0.01 (unpaired t test). (c) Consumption of D- (compound 21, square) and L-3-
HB (compound 22, circle) in E. coli MG1655 and C. necator H16. Error bars represent standard
deviations of three biological replicates.

Single time-point fluorescence measurements were performed in E. coli

MG1655 and C. necator H16 carrying the reporter plasmid with the native
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PpHpdR/Phpar inducible system (pEHO008). The compounds were added at a final
concentration of 5 mM, except for D,L-2-hydroxybutyrate (20) which, due to toxic
effects, was used at 2.5 mM in C. necator. The response of the reporter system to the
different molecules is illustrated as induction level relative to the one which was
achieved by adding 5 mM 3-HP to the culture (Figure 5.7b). In addition to 3-HP, the
monocarboxylic acids propionate (12) and butyrate (13), along with the structurally
very similar D-3-hydroxybutyrate (D-3-HB, 21) and L-3-hydroxybutyrate (L-3-HB,
22) demonstrate statistically significant inductions of reporter gene expression in both
E. coli and C. necator. The highest level of induction relative to 3-HP was achieved
with the D-enantiomer of 3-HB in E. coli. It induced RFP synthesis almost to one third
of the level that had been obtained with 3-HP. The observation that in E. coli the
L-enantiomer of 3-HB only induces to half of the level of D-3-HB indicates a
stereospecific preference of HpdR for the D-enantiomer.

Whereas the relative induction levels for propionate and butyrate are roughly
the same in both microorganisms after RFP levels of the uninduced cultures had been
subtracted, a similar correlation cannot be observed for the 3-HB enantiomers. The
relative induction mediated by D-3-HB is 1% in C. necator as opposed to 28% in
E. coli, whereas the L-enantiomer demonstrates a higher relative induction in
Cupriavidus. This antagonistic behaviour in both investigated microorganisms was
hypothesised to be caused by rapid metabolism of the natural D-enantiomer in
Cupriavidus. It encodes two D-3-hydroxybutyrate dehydrogenases (E.C.1.1.1.30),
which can convert D-3-HB into acetoacetate. E. coli MG1655 lacks these enzymes.
To test this hypothesis, C. necator and E. coli were cultivated in the presence of D- or
L-3-HB. Consumption of these compounds was monitored by HPLC analysis of

cell-free supernatant samples.
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As hypothesised, the concentration of D-3-HB in the supernatant of the
C. necator culture decreased rapidly (Figure 5.7c). From the initial concentration of 5
mM D-3-HB, only 0.3£0.1 mM remained in the culture supernatant 3 h after it had
been added. Surprisingly, the non-natural L-enantiomer was consumed as well. Its
concentration does not decrease as quickly as D-3-HB, however, even L-3-HB is fully
depleted 6 h after its supplementation. E. coli consumes neither of the 3-HB
enantiomers. Varying consumption rates of D- and L-3-HB in C. necator may explain
the discrepancy between the relative induction levels of both microorganisms. In
C. necator, the rate of D-3-HB consumption appears to be higher than the rate of
ligand-regulator-DNA complex formation, subsequently resulting in decreased gene
transcription. Even though it is metabolised, the concentration of L-3-HB still remains
high enough over the period of cultivation to mediate transient reporter gene

expression.

5.3.6 System kinetics and dynamics

The PpHpdR/Pnpan inducible system was analysed for fluorescence output over time
at different concentrations of 3-HP. This time course experiment was performed in
both microorganisms and provides information about the time that is required to
activate reporter gene expression, the influence of different inducer levels on growth,
and the dynamic range’ %8, In both microorganisms, RFP synthesis above the level
of the uninduced culture started 30 min after addition of 3-HP (Figure 5.8a). However,
the profile of induction kinetics differs strongly in E. coli and C. necator. The
variability can be explained by their growth kinetics and their dose response. In E. coli,
growth is not affected by the 3-HP concentrations that were tested. In C. necator,
however, the growth profile changes as a result of an increase in 3-HP concentration.

The addition of 10 mM 3-HP has a growth-retarding effect at the beginning of

119



cultivation. The stationary growth phase is reached earlier in the presence of higher
inducer concentrations, most likely due to an increased 3-HP metabolism as it has been

reported for P. denitrificans'®®

and other species that possess mmsR-mmsA-hbdH and
hpdR-hpdH regulons?*2. The metabolism of inducer in C. necator in turn results in
transient gene expression and only higher levels of 3-HP are able to maintain a
fluorescence output over the time course of experiment. This behaviour is reflected in
the dose-response curve of C. necator, which illustrates the correlation between
inducer concentration and fluorescence output 4, 6, and 8 h after 3-HP addition (Figure
5.8b). Since 3-HP is not metabolised by E. coli, a sustained gene expression can be
observed throughout the time course of experiment. As it can be seen in the dose-
response curve, HpdR demonstrates a high induction cooperativity and gene

expression can be tuned precisely in the range of 0.1-3 mM for a linear fluorescence

output.

120



Q

100

—~ E. coli C. necator
X 807 ;
]
52 0
s @
g
S @ 404
rg
S
3 201
=
u __._—_—-/—_
100
2 £ 75
BE 501
T =
@ O 254
o 0 _
0 200 400 600 800 100G O 200 400 600 800 1000
b Time (minutes) Time {minutes}
15
93 E. coli 9 C. necator
¢ g g & 107
%8 58
© ©
& 9 €8 s
o S
2 =
- =
r 0 T T .
0.01 01 1 10 0.01 0.1 1 10
Concentration (mM) Concentration (mM)

Figure 5.8 Induction dynamics and Kinetics of the PpHpdR/Pnean inducible system. (a) Relative
fluorescence and absorbance curves of E. coli MG1655 and C. necator H16 cultures harbouring the
native PpHpdR/Phpan inducible system. 3-HP was added at time zero at the final concentrations of 10,
5, 2.5, 1.25, 0.625, 0.156, 0.016 mM and no inducer. The darker the shade of the colour, the higher the
concentration of 3-HP. The standard errors from three biological replicates are illustrated as lighter
shading above and below the induction kinetics curve. (b) Dose response curve of the PpHpdR/Phpan
inducible system in E. coli MG1655 and C. necator H16. It illustrates the relation between inducer
concentration and fluorescence output 4 (circle), 6 (square), and 8 (triangle) h after 3-HP addition.
Inducer concentrations range from 0, 0.016, 0.078, 0.156, 0.313, 0.625, 1.25, 2.5, 5, and 10 mM. Error
bars represent standard deviations of three biological replicates.

5.4 Discussion

Biosustainable production of chemicals and fuels is becoming increasingly important
in the global need to reduce air pollution and greenhouse gas emissions. 3-HP is an
important platform chemical used as a precursor for the synthesis of acrylic acid and

production of other value-added compounds. Recently, substantial metabolic
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engineering efforts have been made to develop microbial cell factories and
biosynthetic pathways for the biological production of 3-HP.

TR-based inducible systems are suitable for controlling metabolic pathways
and screening microorganisms with improved production of target compounds. They
have been shown to be indispensable in the iterative design—build-test cycles of
synthetic biology and biotechnology, and can lead eventually to the development of
improved and sustainable biosynthesis processes®’” 2%, In this chapter, potential
3-HP-inducible systems in P. putida KT2440 and C. necator H16 were identified, each
encoding two regulons putatively involved in 3-HP metabolism. They were analysed
for functionality in the well-characterised microorganism E. coli and the
chemolithoautotrophic bacterium C. necator which is of industrial interest due to its
ability to utilise CO2 gas as sole carbon source.

The mmsR-mmsA-hbdH and hpdR-hphH regulons are widespread amongst
proteobacteria and actinobacteria as shown previously?'2. In this chapter, it was
established that neither the PpmmsA nor PphpdH promoter can be induced by the
chromosomally encoded CnHpdR in the absence of P. putida MmsR or HpdR
homologues, respectively. This suggests that MmsR and HpdR homologues and/or
their respective mmsA and hpdH promoter regions in C. necator (betaproteobacteria)
and P. putida (gammaproteobacteria) have diverged to the extent that their
corresponding species-specific LTTRs are required for transcription activation. These
findings indicate that the PpMmsR/Pmmsa and PpHpdR/Phpan indcible systems can be
utilised for TR-dependent orthogonal gene expression control in biotechnologically
relevant microorganisms from two different bacterial classes, gammaproteobacterium
E. coli and betaproteobacterium C. necator. It was observed that absolute reporter gene

expression from both P. putida inducible systems is much higher in C. necator than in

122



E. coli, which results in overall higher induction levels in Cupriavidus. This behaviour
may be due to a better expression of the P. putida transcriptional regulators in
C. necator. The GC content of the TR genes (62% and 64% for PpMmsR and
PpHpdR, respectively) is more similar to the median whole genome GC content of C.
necator (66.3%) when compared to E. coli (50.6%). Codon-optimisation of the
regulator genes for E. coli codon-usage may result in higher absolute reporter gene
expression in this microorganism. Since PpHpdR/Phpan sShowed the highest induction
level of the analysed 3-HP-inducible systems (516.6-fold induction in C. necator) and
is controlled independently from host-originating TRs in both analysed organisms, it
was subjected to further characterisation.

Although in this chapter the aim was to uncover an orthogonal 3-HP-inducible
system that can be utilised for synthetic biology and biotechnology applications, a
significant attempt was made to characterise the molecular mechanisms involved in
PpPhpan activation and PpHpdR-PhpaH interaction. A thorough understanding of these
mechanisms is crucial for genetic part design in order to build synthetic metabolic
pathways for the production of added-value compounds such as 3-HP. The
bioinformatically identified conserved 40-nucleotide sequence within Phyan and the
in vivo analysis of various promoter mutations suggests, that two proposed TFBSs are
potentially required for promoter region interaction with HpdR to mediate
transcriptional activation. The length, location and the motif complexity of the TR
binding site is common for almost all LysR-type inducible promoters characterised to
date!®*. All Pseudomonas LTTRs have been clustered into 9 phylogenetic groups on
the basis of full length and domain sequence analysis?*®. Interestingly, HpdR belongs
to group VI, which includes only a few LysR-type proteins. None of the regulators or

their potential target DNA-binding sites have been characterised to date. The novelty
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of the motif identified in this study can be further highlighted by the observation that
neither TFBS1 nor TFBS2 contains the typical LysR T-Nii-A binding motif.
Furthermore, the two motifs T-N1:-A and TTA-N7s-GAA which were proposed by
Zhou et al.?*? to be the HpdR regulatory binding site in P. denitrificans ATCC 13867
could neither be detected in the P. putida hpdH promoter upstream of the predicted -35
box, nor do these motifs seem to be conserved across the analysed Pseudomonas
species. It should be noted that in vitro binding of HpdR to the native hpdH promoter
region was confirmed by EMSA. Protein-DNA complex formation occurs even under
uninduced conditions likely indicating that HpdR is involved in negative
autoregulation of hpdR transcription. The mechanism of negative autoregulation is
typical for LTTRs®. Interestingly, a stronger retardation effect of protein-DNA
complex was observed in the presence of 3-HP. Ligand binding may facilitate
formation of tighter and higher order protein-DNA complexes required for
transcription activation as reported for catBC promoter?®,

In addition to characterisation of molecular mechanisms involved in promoter
activation, the ligand-specificity of the system was determined as well as induction
kinetics and dynamics. The analysis of structurally similar compounds revealed a set
of ligand features that are necessary to interact with HpdR. The minimum requirement
for the ligand to be functional is one carboxyl group, as in propionate (12) and butyrate
(13). The presence of a hydroxyl group at the B-position enhances regulator activity.
However, replacing the hydroxyl group by an amine- or a carboxyl group, changing
the position of the hydroxyl group from B to a, or adding more functional groups,
renders the ligand inactive. Cross-induction by these compounds appears to be caused
by a lack of specificity of HpdR, rather than by their conversion into the primary

inducer 3-HP. In this context, it was shown that the structurally similar 3-HB was a
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metabolically inert analogue inducer in E. coli. However, due to their metabolism in
C. necator, none of the compounds that were able to activate the PpHpdR/Phpdan
inducible system can be applied as 3-HP analogue inducer for control of sustained
gene expression. Metabolism and growth-retarding effects of the primary inducer were
demonstrated to impact induction and growth kinetics in C. necator. Finally, the data
suggests that the PpHpdR/Pnrpan inducible system can be a useful genetic tool to: (i)
build a 3-HP or 3-HB biosensor which reports intracellular metabolite concentrations
by fluorescence output; (ii) implement directed-evolution strategies for
high-throughput screening of strains with improved production titres, and; (iii) to
balance enzyme levels in metabolic pathways that accumulate these compounds as

final product or utilise them as intermediate compound.

5.5 Conclusion

3-HP-inducible promoters and their corresponding LTTRs were identified in P. putida
and C. necator. The PpHpdR/Pnpan-inducible system is highly inducible by 3-HP in
E. coli and C. necator (23- and 517-fold, respectively). Bioinformatics and
mutagenesis analysis revealed a conserved 40-nucleotide sequence in the hpdH
promoter, which plays a key role in HpdR-mediated transcription activation. The
kinetics and dynamics of the 3-HP-inducible system were investigated. Moreover, it

was shown that this system is also induced by both enantiomers of 3-HB.
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Chapter 6
The following chapter is mainly based on the work presented in the publication:
A transcription factor-based biosensor for detection of itaconic acid

E. K. R. Hanko, N. P. Minton & N. Malys (2018)
ACS Synthetic Biology 7 (5), 1436-1446.2%
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6 A transcription factor-based biosensor for detection of
itaconic acid

6.1 Introduction

The use of biological processes for the production of chemicals and fuels is a
promising alternative to the traditional approach of chemical manufacture!®l. They
offer the opportunity to convert renewable or waste feedstocks into higher value
compounds of industrial interest’®. Although many biological processes have the
potential to replace synthetic chemistry, product titres and productivity often remain
to be optimised in order to achieve economically competitive conversion rates* 19 191,
To facilitate and expedite the implementation of biocatalysts with improved
performance, low-cost and high-throughput microbial engineering strategies need to
be developed.

Itaconic acid is an attractive platform chemical with a wide range of industrial
applications, such as in rubber, detergents, or surface active agents®*. In 2004, it was
reported by the US Department of Energy to be one of the top twelve building block
chemicals from biomass®®’. The C5-dicarboxylic acid can be converted into
poly(acrylamide-co-itaconic acid) which is used as a superabsorbent for aqueous
solutions, or poly(methyl methacrylate), also known as Plexiglas®®.

Itaconate is a naturally occurring metabolite formed by decarboxylation of
aconitate, an intermediate of the citric acid cycle. A number of microorganisms,
including Aspergillus terreus®®, Ustilago maydis (also known as U. zeae)?®, and
Candida sp.?*°, have been described as natural producers of itaconic acid. It is also
produced as an antimicrobial compound by macrophages, mammalian immune
cells?*l: 242 In A, terreus and macrophages, itaconate is synthesized from the

tricarboxylic acid cycle intermediate cis-aconitate through the action of a cis-aconitate
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decarboxylase (CadA). In contrast, in U. maydis it is produced via the unusual
intermediate trans-aconitate?®, Heterologous expression of the A. terreus cadA gene
has demonstrated that the biosynthesis of itaconic acid can be achieved in different
host organisms than the natural producer?®. So far, the highest titre of
biotechnologically produced itaconate has been obtained by fermentation of
A. terreus?®>24’. However, due to feedback inhibition of itaconate biosynthesis at
higher concentrations®*®, considerable research efforts have been directed towards
developing alternative microbial biocatalysts. Other microorganisms that have been
investigated for the biosynthesis of itaconic acid include Pseudozyma antarctica,
Corynebacterium glutamicum, Escherichia coli, Saccharomyces cerevisiae, Yarrowia
lipolytica and species of Candida and Ustilago?*® 24°-255 Although some of these
microorganisms exhibit beneficial traits, such as a high tolerance to itaconate and a
low pH?%% 253 production titres need to be considerably improved.

Genetically encoded biosensors have gained increasing interest as molecular
tools enabling high-throughput strain development®?. They are composed of
transcription factor-based inducible gene expression systems linked to a reporter or an
antibiotic resistance gene’ 2%, By using a fluorescent reporter gene, changes in
intracellular metabolite concentrations can easily be monitored by a fluorescence
output enabling the screen of millions of single-cells in a rapid manner®. Biosensors
have been successfully applied to increase products titres of platform chemicals such
as acrylate, 3-hydroxypropionate (3-HP) and glucarate’ 2. To date, no itaconate
biosensor has been developed which could facilitate the screening process for both
metabolically engineered strains and alternative feedstocks, such as biomass

hydrolysates, to improve yields and decrease production costs?’.
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The work described in this chapter was aimed to identify an
itaconate-inducible gene expression system and to construct a fluorescence-based
biosensor. Several natural compounds were screened for biosensor induction and
induction kinetics measured. Moreover, the developed biosensor was exploited in the
optimisation of itaconate production in E. coli and its output compared to analytically

determined itaconate titres.

6.2 Materials and methods specific to this chapter

6.2.1 Chemicals

Itaconic acid, sodium succinate dibasic hexahydrate, D-malic acid, L-malic acid,
sodium fumarate dibasic, oxalacetic acid, L-aspartic acid potassium salt,
methylsuccinic acid, masaconic acid, citraconic acid, a-ketoglutaric acid, L-glutamic
acid monosodium salt hydrate, sodium acetate, propionic acid, butyric acid, 3-butenoic
acid, valeric acid, magnesium acrylate, methacrylic acid, tiglic acid, citric acid
trisodium salt, cis-aconitic acid, trans-aconitic acid, tricarballylic acid, and D,L-
Isocitric acid trisodium salt hydrate were used as inducers for assaying the itaconate-

inducible system. All chemicals are listed in Supplementary Table 1 in the Appendix.

6.2.2 Plasmids

Key features of all plasmids used and generated in this chapter are summarised in
Table 6.1. A detailed description of how each plasmid was assembled is provided in
the Appendix. The nucleotide sequences of plasmids pEH086 and pEH177 have been
deposited in the public version of the ACS registry (https://acs-registry.jbei.org) under

the accession numbers ACS_000716 and ACS_000717, respectively.
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Table 6.1 Plasmids used in chapter 6.

Reference or

Plasmid Characteristic
source
pBBR1MCS-2- Kan'; Pphac-eyfp 131
PphaC-eyfp-cl
pEHO006 Cm"; Parac-araC-Timsi; Paragap-T 7SI-rfp-Tai This work
pEHO06E Cm"; Trmer-rfp-Tapl This work
pEH086 Cm"; YPPitr-itCR-Trrme1; YPPec-rfp-Tabi This work
pEH164 Cm"; Parac-araC-Tabi; Parasap-T7Sl-Trmez; This work
YPPitcr-itCR-Trme1; YPPec-rfp-Tabi
pEH165 Cm"; Parac-araC-Tani; Paragap-T7sl-cadA-Trmsz2;  This work
YPPitcr-ItCR-Trme1; YPPec-rfp-Taol
pEH172 Cm"; YPPco-rfp-Tabi This work
pEH177 Cm'"; PaPitr-itCR-Trmg1; PaPich-rfp-Tapi This work
pEH178 Cm"; PaPich-rfp-Tapi This work

6.2.3 Production of itaconate

Real-time biosynthesis of itaconate was monitored quantitatively by HPLC-UV
analysis and by fluorescence output in E. coli TOP10 harbouring pEH165. Single
colonies of freshly transformed cells were used to inoculate 5 mL of LB medium. The
preculture was incubated for 18 h with orbital shaking at 37 °C and 200 rpm.
Subsequently, it was diluted 1:100 in 6 mL of fresh LB medium. The main cultures
were grown in 50-mL conical centrifuge tubes with orbital shaking at 30 °C and 225
rpm. At an ODeoo Of 0.5, 50 pL of L-arabinose stock solutions were added to achieve
the final concentrations of 5, 10, 25, 50, 100, 250 and 1000 puM. One sample per
biological replicate remained uninduced. Samples of 0.5 mL were taken immediately,
6, 9, 12, 18, 24, and 48 h after inducer supplementation. They were directly used for

evaluation by flow cytometry, ODeoo, and fluorescence measurement. The remaining
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sample was centrifuged for 5 min at 16,000g, and the cell-free supernatant was

subjected to HPLC-UV analysis.

6.2.4 Metabolite extraction
To determine intracellular itaconate concentrations when added extracellularly or
synthesised by the cells, cultures of E. coli TOP10 harbouring pEH164 or pEH165
were grown overnight to saturation and diluted 1:100 in 200 mL of LB medium. The
main cultures were grown in 1-L non-baffled shake flasks with orbital shaking at 30 °C
and 225 rpm. At an ODego of 0.5, inducers were added at final concentrations of 2.5
mM itaconate or 100 uM L-arabinose to cultures of E. coli TOP10 harbouring pEH164
(control plasmid) or pEH165 (plasmid harbouring cadA gene), respectively. Samples
of cells carrying pEH164 were taken 0, 6 and 12 h after addition of itaconate. Samples
of cells carrying pEH165 were taken 0, 18 and 36 h after addition of L-arabinose. Each
time, the culture volume corresponding to an ODeoo Of 50 was centrifuged for 10 min
at 16,000g. The supernatant was removed and stored at -80 °C for HPLC-UV analysis.
Subsequently, the cell pellet was washed once in 1 mL of PBS, transferred to a
microcentrifuge tube and centrifuged as before. The supernatant was completely
removed, the pellet was weighed using microbalance and frozen overnight at -80 °C.
The extraction of intracellular metabolites including itaconate was performed
by modification of a previously described method?®. Briefly, 250 pL of -40 °C cold
methanol-water solution (60% v/v) was added to the wet cell pellet with the volume
of 50-70 uL. Subsequently, the sample was mixed vigorously using vortex until it was
completely resuspended. The cell suspension was frozen at -80 °C for 30 min, thawed
on ice and vortexed vigorously for 1 min. This step was repeated three times before
the sample was centrifuged at -10 °C and 26,0009 for 20 min. The supernatant was

collected and kept at -80°C. To the pellet, another 250 pL of -40 °C cold
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methanol-water solution (60% v/v) was added. The cells were resuspended completely
using vortex, three freeze-thaw cycles performed as above and centrifuged as before.
The supernatant was pooled with the first collection and stored at -80 °C until

subjected to HPLC-UV analysis.

6.2.5 Calculation of intracellular itaconate concentration

The total cell volume (Vpeliet) in the sample was calculated by dividing the weight of
wet cell pellet by the cell density of 1.105 g/mL?*°. Together with the volume of
extraction solvent added to the sample, Vpeliet Was used to calculate the dilution factor
required to determine the intracellular molar concentration of itaconate. Subsequently,
the intracellular itaconate concentration in the cell culture (Cintraceliularrcc) was
calculated using equation (6.1):

FWitaconic acid * Cmolar * Vpellet

(6.1)

Cintracellular/CC = Veul
culture

The remaining parameters correspond to the formula weight of itaconic acid (FWitaconic
acid), the intracellular molar concentration of itaconate determined by HPLC-UV

analysis (Cmolar) and the culture volume sampled (Veuiture).

6.2.6 Calculation of half-maximal rfp expression

Because of toxicity at higher levels, the concentrations of mesaconate, cis-, and
trans-aconitate, which mediate half-maximal rfp expression (Kj), were predicted using
a phenomenological model as described previously*®. The model describes the
change in dynamic range of an inducible system as a function of inducer concentration.
It assumes that: (i) the maximum dynamic range of a biosensor (max) remains constant
as long as the genetic context does not change, and (ii) Ki is dependent on

metabolite-TR affinity.
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The dynamic range [ for each concentration of itaconate was calculated using
the absolute normalised fluorescence values from the time course experiment 6 h after
itaconate addition. After subtraction of the basal output, the resulting dynamic range
was fit to the corresponding inducer concentration using the Hill function (6.2):

Ih

_— 6.2
AT (6.2)

/1(1) = Umax *

The remaining parameters correspond to concentration of inducer (1), and the Hill
coefficient (h). Subsequently, the itaconate pmax Was used as fixed parameter to
calculate Ki for mesaconate, cis-, and trans-aconitate employing the same Hill

function. Calculations were performed using software Prism GraphPad version 7.03.

6.3 Results

6.3.1 Ildentification of an itaconic acid-inducible system

To build an itaconate biosensor, which can be applied across different species, both
elements of a transcription factor-based inducible system, a TR and the corresponding
inducible promoter, are needed. Bacterial degradation pathways, which are often
activated exclusively in the presence of the compound to be degraded, represent a rich
source of inducible promoters. Even though the pathway for itaconate catabolism had

been known for more than 50 years®®

, and a few bacteria including Pseudomonas
spp., Salmonella spp., and Micrococcus sp. have been shown to possess enzymatic
activities for itaconate degradation®®!, the genes encoding these enzymes have only
recently been identified in Yersinia pestis and Pseudomonas aeruginosa®®?. The
pathway comprises three enzymatic reactions (Figure 6.1a). The first reaction is
catalysed by itaconate CoA transferase (Ict) which converts itaconate to itaconyl-CoA.

The CoA ester is subsequently hydrated to (S)-citramalyl-CoA by itaconyl-CoA

hydratase (Ich) which is then cleaved into acetyl-CoA and pyruvate by
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(S)-citramalyl-CoA lyase (Ccl). The production of the Ict and Ich homologues (RipA
and RipB, respectively) by Salmonella enterica was shown to be strongly induced
after macrophage infection?®®. The upregulation of ripA and ripB was suggested by
Sasikaran and co-workers to result from macrophagic itaconate secretion as part of the
defence mechanism against pathogenic bacteria?®> 264, Most likely, the promoters of
the gene clusters encoding the enzymes for itaconate catabolism in Y. pestis and
P. aeruginosa harbour regulatory elements required for transcription of these genes in
the presence of itaconate. Interestingly, a gene encoding a LysR-type transcriptional
regulator (LTTR, here termed ItcR) is located in opposite direction of both the Y. pestis
ccl-ich-ict operon (also referred to as ripABC operon) and the P. aeruginosa putative
six-gene operon encoding Ich, Ict, Ccl, and three other proteins (Figure 6.1b). The
genes encoding LTTRs are often transcribed in divergent orientation with respect to
the cluster of genes they regulate®*, which led to the hypothesis that transcription of
the Y. pestis and P. aeruginosa itaconate degradation pathway genes is mediated by
their corresponding divergently oriented LTTR genes from an inducible promoter

located in their intergenic regions.

a Ict

Itaconate ———— ltaconyl-CoA

(S)-Citramalyl-CoA Pyruvate + Acetyl-CoA

b Y. pestis/Y. pseudotuberculosis P. aeruginosa
ek P“ & Qﬂwn}@
Y, pestis  y2382 y2383 2384 2385 PACST7 PA0B78 PACSS2 PA0BS3

Y. pseudotuberculosis YPK2265 YPK2266 YPK2267 YPK2268

Figure 6.1 Bacterial itaconate degradation pathway. (a) The enzymes involved in bacterial itaconate
degradation include itaconate CoA transferase (Ict), itaconyl-CoA hydratase (Ich), (S)-citramalyl-CoA
lyase (Ccl). (b) The gene clusters in Y. pestis, Y. pseudotuberculosis, and P. aeruginosa encoding the
enzymes required for itaconate catabolism. Divergently oriented LTTR genes (itcR) and putative
itaconate-inducible promoters are depicted. Gene names and locus tags are shown under the schematic

illustration of each gene cluster.
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6.3.2 Itaconic acid-inducible gene expression is mediated by a LysR-type

transcriptional regulator
To test the hypothesis that the itaconate degradation pathway is controlled by the
transcriptional regulator and corresponding inducible promoter, both the
P. aeruginosa PAOL1 and the Yersinia pseudotuberculosis YPIII DNA fragments with
the putative itaconate-inducible system were cloned, containing an intergenic region
with promoters Pich and Pcc, respectively, and gene of the transcriptional regulator
(itcR) (Figure 6.1Db), into the reporter plasmid pEHO006. The nucleotide sequence of
the Y. pseudotuberculosis itaconate-inducible system is identical to the Y. pestis one,
except for three single nucleotide polymorphisms in the itcR gene (YPK_2265)
resulting in one amino acid difference. The nucleotide sequences of the intergenic
regions containing putative itaconate-inducible promoters are provided in
Supplementary Figure 6. To investigate the potential applicability of the two putative
itaconate-inducible systems across different species, RFP reporter gene expression in
response to itaconate was measured by fluorescence output in the model
y-proteobacterium E. coli MG1655 and the pB-proteobacterium C. necator H16. Single
time-point fluorescence measurements of E. coli and C. necator harbouring the
putative itaconate-inducible systems, composed of transcriptional regulator and
inducible promoter (ItcR/P), were performed in the absence and presence of itaconate
(Figure 6.2). In both microorganisms, reporter gene expression from the
Y. pseudotuberculosis (Yp) inducible system (pEH086) is induced significantly (p <
0.01) 6 h after supplementation with 5 mM itaconate (215-fold in E. coli and 105-fold
in C. necator, Figure 6.2a,b, respectively). In contrast, the P.aeruginosa (Pa)
inducible system PaltcR/Pich (PEH177) does not mediate reporter gene expression in
response to itaconate in E. coli, whereas in C. necator it demonstrates an 18.5-fold

induction. In comparison, in E. coli MG1655, the level of induction mediated by the
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Y. pseudotuberculosis itaconate-inducible system is considerably higher than the
commonly used L-arabinose-inducible system which is subject to catabolic repression.
A culture of E. coli MG1655 harbouring pEH006 demonstrated a 39-fold increase in
RFP synthesis 6 h after addition of L-arabinose to a final concentration of 0.1% (w/v)

in minimal medium.

1x10%+ [ -itaconate 1x10% [ -itaconate

. 1x10% O +itaconate 1x10% O +itaconate

* *

£ 1x10° 4 1x10%4

1x10% 1x102

1x10" 1x10" 4
1x10° |l||l| 1x10° 4 |l|r| rl
1x10- 1x10-

-control YpltcRIP.;; YpPgo PaltcRIPy; PaPg, -control YpltcRIP.; YpP..; PaltcRIPyy, PaPgg
pEHO06E pEH086 pEH172 pEH177 pEH178 pEHO06E pEH086 pEH172 pEH177 pEH178

Absolute normalised
fluorescence (A.U.)
Absolute normalised
fluorescence (A.U.)

Figure 6.2 Itaconate-inducible gene expression and influence of ItcR. Absolute normalised
fluorescence (arbitrary units) of (a) E. coli MG1655 and (b) C. necator H16 harbouring the
Y. pseudotuberculosis (Yp) and P. aeruginosa (Pa) itaconate-inducible systems composed of promoter
and transcriptional regulator (ItcR/P), and promoter only (P) implementation in the absence and
presence of 5 mM itaconate. Single time-point fluorescence measurements were taken 6 h after inducer
addition. The promoterless reporter construct pPEHOO6E was employed as negative control. Error bars
represent standard deviations of three biological replicates. Asterisks indicate statistically significant

induction values for p < 0.01 (unpaired t test).

To confirm that itaconate-inducible reporter gene expression is indeed
controlled by the episomally encoded ItcR, their genes were removed from the vectors
containing YpItcR/Pcq and PaltcR/Pich. Single time-point fluorescence measurements
were repeated for E. coli and C. necator solely harbouring the itaconate-inducible
promoters in the absence and presence of itaconate (Figure 6.2). Without YpltcR,
induction of reporter gene expression from the Y. pseudotuberculosis itaconate-
inducible promoter (YpPca, pEH172) is abolished in both microorganisms. This
confirms that transcription of the Y. pseudotuberculosis itaconate degradation pathway
genes is mediated by their divergently oriented itcR gene and that neither of the two

tested microorganisms encodes cross-reacting TR homologues. In E. coli, the level of
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normalised fluorescence from PaPich (pPEH178) and PaltcR/Pich (PEH177) is higher
than the negative control, indicating that the promoter itself is active. However, the
normalised fluorescence levels are of equal height, suggesting that the TR might not
be produced or able to interact with its cognate operator sequence to activate gene
expression in the presence of the effector. Interestingly, in C. necator, even though the
gene of PaltcR was removed from the plasmid, reporter gene expression from PaPich
(pEH178) is induced significantly (p < 0.01) after addition of itaconate indicating the

presence of a cross-reacting PaltcR homologue encoded in the genome of C. necator.
6.3.3 Sensor characterisation

Because of its functionality in both tested microorganisms, regulator-dependent
orthogonality and high level of induction, the itaconate-inducible system from
Y. pseudotuberculosis was selected to be further characterised. The sensor was
evaluated for its kinetics — the time that is required for the system to respond to a
change in itaconate levels; dynamics — the range of inducer concentration that
mediates a linear fluorescence output, and; inducer-dependent orthogonality — the
specificity towards itaconate.

E. coli MG1655 was transformed with the plasmid harbouring the
YpltcR/Pcc-inducible system (pEHO086), cultivated in M9 minimal medium, and
fluorescence output was monitored over time after supplementation with different
concentrations of itaconate. As can be seen from the fluorescence curve of induction
kinetics, reporter gene expression is activated immediately after inducer addition,
taking into account the time that is required for RFP maturation®3* (Figure 6.3a). This
immediate response suggests, that the system is solely controlled by ItcR and that it is
not affected by host-originating TRs. Furthermore, it suggests that itaconate is a

primary inducing molecule, which starts instantly to be uptaken by or diffused into the
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E. coli cells in minimal medium. It should be noted that the growth was similar for all

itaconate concentrations tested.
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Figure 6.3 Kinetics and dynamics of the YpltcR/P¢ inducible system. (a) Absolute normalised
fluorescence of E. coli MG1655 harbouring the YpltcR/Pcg-inducible system (pEHO86) in response to
different concentrations of itaconate added at time zero. The standard deviation of three biological
replicates is shown as lighter colour ribbon displayed lengthwise of the induction kinetics curve. For
the lower itaconate concentrations, the standard deviation is too small to be visible. (b) Dose-response
curve of the YpltcR/Pcg-inducible system in E. coli MG1655, illustrating the correlation between
inducer concentration and fluorescence output 4 and 8 h post induction (hpi) with itaconate. Error bars

represent standard deviations of three biological replicates.

The correlation between extracellular inducer concentration and fluorescence
output, 4 and 8 h after itaconate supplementation, is illustrated in the dose response
curve (Figure 6.3b). It indicates that gene expression can be tuned in the range of
approximately 0.07 to 0.7 mM for a linear fluorescence output. The minimum
concentration of exogenously added itaconate required for activation of the system is
approximately 0.016 mM. A saturation of the YpltcR/Pc-inducible system on the
other hand can be observed for itaconate levels above 2.5 mM. Notably, the
concentration of exogenously added itaconate required to induce the system in E. coli
MG1655 is lower in LB medium than in M9 minimal medium. At a time point 4 h
after the addition of 0.016 mM itaconate, reporter gene expression is induced 7.7-fold
in LB medium compared to a culture without itaconate (Figure 6.4). This is in contrast
to a 1.4-fold induction in M9 minimal medium. The dose-response curve indicates that

the itaconate concentration, required for a linear fluorescence output in LB medium,
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ranges between approximately 0.016 and 0.16 mM (Figure 6.4). Despite a 5-fold
reduced induction threshold for itaconate, the linear output range of the
YpltcR/Pcq-inducible system spans one order of magnitude, similar to what is observed
in M9 minimal medium. This suggests that different growth conditions can contribute
to the variation of both lower and upper induction thresholds, whereas the magnitude

of system response is likely to remain constant.
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Figure 6.4 Dose-response of the YpltcR/Pc-inducible system in LB medium. Dose-response curve of
the YpltcR/Pc-inducible system in E. coli MG1655 grown in LB medium. The graph illustrates the
correlation between inducer concentration and fluorescence output 4 and 8 h post induction (hpi) with

itaconate. Error bars represent standard deviations of three biological replicates.

In addition, the analysis of extracellular and intracellular itaconate by
using HPLC-UV spectroscopy shows no significant change in the itaconate
concentration during the 12-hour period in the actively growing E. coli culture (Table
6.2). This demonstrates that itaconate is not metabolised and therefore is a primary
inducing molecule. Moreover, the analysis confirms that itaconate is taken up by or
diffuses into the E. coli cell and reaches a relatively high concentration of at least 1.3
mM after 6 h. It should be noted that the actual intracellular molar concentration could
be even higher, since the approximation is based on the assumption that the
intracellular cell volume is equal to the total cell volume including the space occupied

by cell membranes, lipids, etc. Interestingly, the intracellular itaconate concentration
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becomes reduced when E. coli cells reach the stationary phase (12-h time point, Table

6.2); however, the total itaconate concentration in the culture remains unchanged.

Table 6.2 Extracellularly added and intracellularly produced itaconate and its distribution between the

supernatant and cells of an E. coli culture grown in LB medium.

Itaconate extracellularly added

Molar concentration (mM)? Concentration in cell culture (mg/L)
Time Resulting from .
() Extracellular  Intracellular supematant Resulting from cells Total
0 2.5 nd® 325.253 nd 325.253
6 2.454 +0.050 1.309+0.132 319.242 + 6.437 0.685 + 0.067 319.927 +6.437
12 2.462+0.059 0.551 +0.058 320.243 £7.715 0.411 £0.074 320.654 +7.715

Itaconate intracellularly produced

. Normalised concentration in cell culture
Molar concentration (mM)

(mg/L/OD)
Time Resulting from Resulting from cells
) Extracellular  Intracellular supernatant (% of total) (% of total) Total
nd nd nd nd nd
18 0.071+0.021 0.145+0.008 2.149 +0.638 (98.67) 0.029 + 0.003 (1.33) 2.178
36 0.242+0.117 0.241+0.181  7.010 +2.506 (99.38) 0.044 £ 0.028 (0.62) 7.054

aArithmetic mean * standard deviation is derived using data of three biological replicates.
PJtaconate concentration added to the cell culture at 0 h time point. °Not detected.

6.3.4 Sensor specificity

The YpltcR/Pcq-inducible system was analysed for cross-reactivity by metabolites that
may activate reporter gene expression in the absence of the primary inducing molecule
itaconate. These can be exogenously added compounds or intermediates naturally
involved in cellular metabolism. Compounds that were investigated for cross-
reactivity mainly include citric acid cycle intermediates and structurally similar
variants thereof (Figure 6.5a). Evaluation of these molecules may shed light on
structural features required for TR-binding and TR affinity toward itaconate.
Furthermore, screening potential candidate compounds might expand the list of
metabolites to be detected by TR-based controllable systems and offer the possibility

to be utilised as analogue inducers to control gene expression.
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Figure 6.5 Inducer-dependent orthogonality of the YpltcR/Pcq-inducible system. (a) Compounds that
were investigated for cross-reactivity with the YpltcR/Pcq-inducible system: itaconic acid (1), succinic
acid (2), D-malic acid (3), L-malic acid (4), fumaric acid (5), oxaloacetic acid (6), L-aspartic acid (7),
methylsuccinic acid (8), mesaconic acid (9), citraconic acid (10), a-ketoglutaric acid (11), L-glutamic
acid (12), acetic acid (13), propionic acid (14), butyric acid (15), 3-butenoic acid (16), valeric acid (17),
acrylic acid (18), methacrylic acid (19), tiglic acid (20), citric acid (21), cis-aconitic acid (22), trans-
aconitic acid (23), tricarballylic acid (24), isocitric acid (25). (b) Normalised fluorescence (in %) of
E. coli MG1655 harbouring the YpltcR/Pc-inducible system 12 h after addition of different compounds
at a final concentration of 5 mM, relative to the fluorescence output obtained by adding 5 mM itaconate.
(), uninduced sample. Error bars represent standard deviations of three biological replicates. Asterisks

indicate statistically significant induction values for p < 0.01 (unpaired t test).

The fluorescence output from cultures of E. coli MG1655 harbouring the
YpltcR/Pcc-inducible system, and cultivated in M9 minimal medium, was monitored
over time after individual addition of each compound at a final concentration of 5 or
10 mM. Normalised fluorescence levels (in %), relative to the output obtained by
adding 5 mM itaconate, were determined 12 h after compound supplementation. In
addition to the primary inducer itaconate and under the assumption that all tested
metabolites are able to enter the cell, the compounds succinate (2), methylsuccinate

(8), mesaconate (9), a-ketoglutarate (11), propanoate (14), butanoate (15), 3-butenoate
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(16), acrylate (18), methacrylate (19), cis-aconitate (22), and trans-aconitate (23)
induce reporter gene expression at a final concentration of 5 mM with high statistical
significance (p < 0.01) (Figure 6.5b). Of these eleven compounds, succinate,
mesaconate, propanoate, butanoate, 3-butenoate, cis-aconitate, and trans-aconitate
demonstrated a significant increase in RPF synthesis at a final concentration of 10 mM
(Figure 6.6). Increased activation of reporter gene expression suggests that these
inducers may exhibit a weak binding to ItcR inducing the system to some extent. The
highest level of cross-reactivity is mediated by trans-aconitate. At a concentration of
10 mM, it reached 9.9% of the absolute normalised fluorescence that was achieved by
using 5 mM itaconate. Since E. coli has not been reported to encode a trans-aconitate
decarboxylase, converting trans-aconitate into itaconate, induction of reporter gene
expression from YpPcc is more likely to be caused by ItcR promiscuity rather than by

decarboxylation of trans-aconitate forming itaconate.
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Figure 6.6 Specificity of the YpltcR/Pcy-inducible system at effector concentrations of 10 mM.
Normalised fluorescence (in %) of E. coli MG1655 harbouring the YpltcR/Pc-inducible system 12 h
after addition of different compounds at final concentrations of 10 mM, relative to the fluorescence
output obtained by adding 5 mM itaconate (second bar). (-), uninduced sample. Error bars represent

standard deviations of three biological replicates.
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cis-Aconitate and trans-aconitate showed more than a 2-fold change in
induction level when the inducer concentration was increased by 2-fold from 5 to 10
mM suggesting that these compounds may activate the system at higher
concentrations. To obtain a more accurate resolution of their dose-responses, the
YpltcR/Pcq-inducible system was subjected to a range of concentrations of cis-, and
trans-aconitate. Since mesaconate has been previously shown to act as CoA acceptor
by Yplct, with the second lowest Kn after itaconate?®?, this compound was also
included in the dose-response experiment.

It did not prove possible to obtain a saturation in fluorescence output when
using mesaconate, cis-, or trans-aconitate as the inducer. All three inducers
demonstrated some degree of toxicity inhibiting cell growth at higher concentrations.
However, based on a phenomenological model for metabolite biosensors®, it can be
postulated that the maximal dynamic range of an inducible system, which is the
maximal level of expression relative to basal promoter activity, is not affected by
metabolite-TR affinity. Therefore, the maximal dynamic range calculated for itaconate
as inducer was employed to fit the dynamic range data for mesaconate, cis-, and
trans-aconitate using a Hill function (Figure 6.7). The resulting K, the extracellularly
added inducer concentration which mediates half-maximal rfp expression, is different
for each of these compounds. They reveal that mesaconate, cis- and trans-aconitate Ki;
values are higher (45.2 mM, 31.1 mM, and 13.2 mM, respectively) and therefore
activate the YpltcR/Pcq-inducible system at much higher extracellular concentrations

than itaconate (Ki= 0.43 mM).
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Figure 6.7 Dynamic range of the YpltcR/Pc-inducible system in response to different inducers.
Dynamic range of the YpltcR/Pc-inducible system in E. coli MG1655 in response to various
concentrations of itaconate, mesaconate, cis-aconitate, and trans-aconitate 6 h after inducer addition.
The dynamic range was fit to the corresponding inducer concentration using a Hill function. The
maximum dynamic range (umax) is indicated for itaconate. For the other three inducers, the values for
1 were extrapolated to reach umax using the available data points. The inducer concentration mediating
half-maximal rfp expression (Ki) is indicated for each compound. Error bars represent standard

deviations of three biological replicates.

6.3.5 Biosensor-assisted optimisation of itaconic acid production

Itaconic acid can be synthesized by decarboxylation of the citric acid cycle
intermediate cis-aconitic acid. This reaction is catalysed by cis-aconitate
decarboxylase (CadA). The A. terreus cadA gene has previously been expressed in
E. coli for the biosynthesis of itaconate by using either a constitutive promoter, or an
inducible T7 polymerase-based expression system?# 251265 Qyerexpression of cadA
was reported to impair cellular growth?®®, suggesting that fine-tuning of CadA levels
is essential to ensure optimal metabolic flux. Even though the pathway for itaconate
biosynthesis in E. coli solely requires the introduction of one additional gene,

144



balancing its expression and quantitatively evaluating its impact on itaconate
production can be laborious when using standard analytical techniques. It was of
interest to apply the YpltcR/Pcq-inducible system to monitor itaconate production by
fluorescence output in response to different levels of CadA.

A single plasmid (pEH165) was constructed that contains two modules: one
for itaconate production and one for itaconate sensing (Figure 6.8). The A. terreus
cadA (ATEG_09971) gene was cloned downstream of the L-arabinose-inducible
system and a T7 mRNA stem-loop structure sequence, which was incorporated to
enhance cadA mRNA stability®®. The itaconate sensing module contains the
YpltcR/Pca-inducible system in combination with the rfp reporter gene. Addition of L-
arabinose to cells harbouring this plasmid was expected to initiate cadA expression,
resulting in biosynthesis of itaconate and subsequent activation of reporter gene
expression. E. coli TOP10 was transformed with plasmid pEH165 and cells in early
exponential growth phase were transferred to a 96-well microtiter plate. Subsequently,
growth and fluorescence were monitored over time after supplementation with
different concentrations of L-arabinose ranging from 1 to 1000 uM. As it can be seen
in the fluorescence curve of induction kinetics, higher concentrations of L-arabinose
mediate a faster fluorescence output (Figure 6.9a). Reporter gene expression above
background levels can be observed 150 min after addition of 100 uM L-arabinose,
whereas 10 UM require about one hour more. The dose-response curve indicates that
maximum absolute normalised fluorescence is achieved by supplementation with 250
MM L-arabinose (Figure 6.9b). This suggests that expression of cadA can be fine-tuned
when using inducer concentrations in the range between 1 and 100 uM. L-arabinose
concentrations of 0.5 and 1 mM, however, appear to negatively impact reporter gene

expression, indicating a drop in itaconate levels. The negative effect of high inducer
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levels becomes even more evident from the absorbance data, showing that L-arabinose

concentrations of 250 UM and more reduce cell density considerably (Figure 6.9c).

Most likely, this behaviour results from an increased metabolic burden caused by

overproduction of CadA, as mentioned earlier®®®,

L-arabinose w
ED— .K
K araBAD HO
araC }—I:{ cadA

OH

Figure 6.8 Schematic illustration of plasmid pEH165. It contains both an itaconate production- and

sensing module. Exogenous addition of L-arabinose initiates synthesis of the cis-aconitate

decarboxylase CadA which converts cis-aconitate into itaconate. Reporter gene expression is

subsequently mediated by ItcR in the presence of itaconate.
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Figure 6.9 Biosensor-assisted optimisation of itaconate production. (a) Absolute normalised
fluorescence of E. coli TOP10 carrying pEH165, grown in microtiter plates, in response to 1-100 uM
of L-arabinose supplemented at time zero. The means of three biological replicates are presented. Error
bars are too small to be visible. (b) Dose-response curve of E. coli TOP10 carrying pEH165, grown in
microtiter plates, 6, 9, 12, and 15 h post induction (hpi) with 1-1000 uM of L-arabinose. The means of
three biological replicates are presented. Error bars are too small to be visible. (c) Absorbance at 600
nm of E. coli TOP10 carrying pEH165, grown in microtiter plates, in response to 50-1000 pM of
L-arabinose supplemented at time zero. The means of three biological replicates are presented. The
standard deviation for 50 pM of inducer is illustrated as lighter colour ribbon displayed lengthwise the
growth curve. The error bars for the other inducer concentrations are too small to be visible. (d)
Itaconate titres of E. coli TOP10 carrying pEH165, grown in small-volume cultures, 0, 9, 18, and 48 h
post induction with 5, 10, 25, 50, 100, 250, and 1000 uM of L-arabinose. Error bars represent standard
deviations of three biological replicates. () Flow cytometric analysis of E. coli TOP 10 carrying
pEH165, grown in small-volume cultures, in response to 100 uM of L-arabinose. Samples were taken
0, 3, 6, 12, 18 and 24 h after inducer addition. For the time points T=6, T=12, T=18 and T=24,
fluorescence from more than 99% of cells are displayed in the histogram, whereas for time points T=0
and T=3, less than 25% of cells are below 429 A. U. fluorescence threshold in the histogram. (f)
Fluorescence intensity (median) and percentage of uninduced and induced cells corresponding to the
data presented in panel e. Error bars represent standard deviations of three biological replicates.

To quantitatively validate the data which was generated from cultures grown
in microtiter plates, the experiment was repeated in small culture volumes. E. coli
TOP10 pEH165 was grown in 50-mL culture tubes and expression of cadA was
initiated by supplementation with different concentrations of L-arabinose. To
determine itaconate titres, samples were subjected to the analysis using HPLC-UV.
The highest itaconate concentration was achieved in cultures containing 100 uM
L-arabinose, resulting in 0.78 £ 0.31 mM itaconate 48 h after inducer addition (Figure
6.9d). This represents a 4.3-fold improvement over cultures containing only 5 uM
L-arabinose. It should be noted that these and the data in Table 6.2 demonstrate that
the intracellularly synthesised itaconate was actively excreted or diffused into the
media.

Addition of an excessive amount of 1 mM inducer also decreased itaconate

levels by 1.3-fold. Therefore, the quantitative data obtained from the small-volume
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cultures match well with the fluorescence output measured in the microtiter plate
(compare Figure 6.9b and Figure 6.9d). Particularly when itaconate titres are
OD-normalised, 250 UM L-arabinose results in the highest OD-normalised itaconate
titre (Figure 6.10). This experiment illustrates that cadA expression needs to be

carefully fine-tuned to guarantee both optimal metabolic flux and viability of cells.
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Figure 6.10 OD-normalised itaconate titres of E. coli TOP10 harbouring pEH165. E. coli was grown
in small-volume cultures and samples were taken 6, 9, and 12 h post induction (hpi) with 5, 10, 25, 50,
100, 250, and 1000 uM of L-arabinose. Error bars represent standard deviations of three biological

replicates.

Moreover, using 100 uM of L-arabinose yields itaconate concentrations of
0.24,0.56 and 0.78 mM after 9, 18 and 48 h post induction, respectively (Figure 6.9d).
These itaconate concentrations fall within the linear range of dose response (Figure
6.3b) and result in a fluorescence output with a unimodal distribution suggesting that
almost all cells in the population were activated (Figure 6.9¢,f). As demonstrated here,
the itaconate biosensor can be employed to facilitate a fluorescence-based
high-throughput screen to evaluate various conditions for their impact on itaconate

biosynthesis.
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6.3.6 Correlation between biosensor output and itaconate concentration

In addition to HPLC-UV analysis, the samples from the small-volume cultures of
E. coli TOP10 carrying pEH165 were analysed for fluorescence output. The obtained
data were used to evaluate whether quantitatively determined itaconate titres correlate
with reporter gene expression from the biosensor. The five tested inducer
concentrations that did not impair bacterial growth produced a 59-fold range in
fluorescence after 6 h (Figure 6.11a). The addition of 25, 50 and 100 uM L-arabinose
resulted in itaconate titres that were sufficiently high to be detected by the biosensor.
Notably, in the linear response range of the YpltcR/Pc-inducible system, the
fluorescence output shows a high level of correlation with HPLC-UV-measured
extracellular itaconate titres (Figure 6.11a) and unimodal fluorescence distribution in
the cell population (Figure 6.11b). L-arabinose concentrations of 5 and 10 UM result
in a bimodal fluorescence response, suggesting an all-or-none induction in which
intermediate inducer concentrations give rise to subpopulations. However, when
different levels of itaconate are synthesised in the range between 0.1 and 0.78 mM,
which corresponds to the linear response range, the fluorescence output becomes
unimodal (Figure 6.9d,e and Figure 6.11a). This confirms that for itaconate levels in
the linear range, the YpltcR/Pcq-inducible system mediates a homogenous induction
of cells, exemplifying its potential to fine-tune gene expression across cell populations

and to be utilised as a quantitatively reliable biosensor.
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Figure 6.11 Correlation between biosensor output and itaconate concentration. (a) Absolute normalised
fluorescence values of E. coli TOP10 carrying pEH165 are correlated with their corresponding itaconate
concentration in the culture supernatant. Samples were taken 6 h after inducer addition. The different
concentrations of exogenously added L-arabinose, ranging from 5 to 100 pM, are highlighted. Error
bars represent standard deviations of three biological replicates. (b) Flow cytometric analysis of samples
from panel a. For L-arabinose (inducer) concentrations of 25, 50, and 100 uM, fluorescence from more
than 99% of cells are displayed in the histogram, whereas for concentrations of 10, 5 and 0 pM, less

than 2, 10 and 25% of cells, respectively, are below 429 A. U. fluorescence threshold in the histogram.

6.4 Discussion

Itaconic acid is an important platform chemical that can easily be incorporated into
polymers and has the potential to replace petrochemical-based acrylic or methacrylic
acid. A number of microorganisms have been developed for the biosynthesis of
itaconate including A. terreus, E. coli, and S. cerevisiae?” 2% 252 However, the
number of strains and conditions that can be tested for increased itaconate titres are
currently limited due to the lack of high-throughput screening methods. In the previous
chapters, the highly conserved genetic arrangement typical of LTTRs was chosen to
serve as the basis for mining inducible systems associated with metabolic gene
clusters. This strategy was further expanded to identify itaconate-inducible promoters
and their corresponding LTTRs in the genomes of Y. pseudotuberculosis YPIII and
P. aeruginosa PAO1. Their functionality was evaluated in the model

y-proteobacterium E. coli and the B-proteobacterium C. necator.
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Of the two systems, the Y. pseudotuberculosis ItcR/Pc-inducible system was
demonstrated to be orthogonal to host-originating transcriptional regulation in both
tested microorganisms. The P. aeruginosa Pich, however, was induced by itaconate
even in the absence of its cognate TR in C. necator. A PaltcR homology search in
C. necator revealed the presence of several chromosomally encoded LTTRs
exhibiting 40-50% protein sequence identity (96-98% coverage). One of the LTTR
genes is located within close proximity to the cluster that includes genes potentially
involved in itaconate degradation similar to P. aeruginosa (Supplementary Figure 7).
C. necator ItcR homologues can potentially activate gene expression from the
heterologous P. aeruginosa itaconate-inducible promoter even in the absence of its
corresponding LTTR. However, since both the induction level and the absolute
normalised fluorescence in the presence of itaconate are higher in the plasmid carrying
PaltcR/Pich (pEH177) than the one harbouring the inducible promoter PaPich
(pEH178) alone (by 3.5- and 52-fold, respectively), it can be concluded that PaltcR is
involved in activation of gene expression of the itaconate degradation cluster of genes
in P. aeruginosa and therefore enables persistence in macrophages similar to YpltcR.
The finding that expression of the genes encoding enzymes involved in itaconate
catabolism is mediated by their divergently oriented LTTR genes in
Y. pseudotuberculosis and P. aeruginosa may aid in developing new antimicrobial
agents.

Because of its regulator-dependent orthogonality and high dynamic range in
both E. coli and C. necator, the itaconate-inducible system from Y. pseudotuberculosis
was selected to be characterised in more detail. It was observed in minimal medium
that itaconate concentrations above 2.5 mM resulted in a saturation of the

YpltcR/Pco-inducible system However, in order for this system to be applied as
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biosensor for concentrations higher than 2.5 mM, its elements require modification.
This is commonly accomplished by promoter or protein engineering, both strategies
aiming to alter the binding affinity of the TR for either the operator sequence or the
ligand itself!86: 266,267

In addition to its regulator-dependent orthogonality, this system was subjected
to a range of compounds that are structurally similar to itaconate to determine its
ligand-specificity. Three of the investigated metabolites, namely mesaconate, cis-, and
trans-aconitate were shown to activate gene expression from the YpltcR/Pcq-inducible
system in addition to itaconate. As E. coli has not been reported to metabolise
mesaconate or trans-aconitate, induction of the YpltcR/Pcc-inducible system may
result from structural resemblance of all three compounds to the primary effector.
Indeed, mesaconate, cis-, and trans-aconitate have structural similarities to itaconate,
with the latter two harbouring the complete itaconate element. However, the
observation that all three compounds have a much higher K; than itaconate suggests,
that for maximal activation of the YpltcR/Pc-inducible system, the unmodified
itaconate structure is indispensable. On the other hand, it cannot be excluded that the
change in inducer dynamic range is affected by the differential uptake of these
compounds by the E. coli cell.

It should be noted that acetate, propanoate, butanoate, methylsuccinate, and
mesaconate have previously been demonstrated to act as CoA acceptors by Yplct,
albeit at a much higher Km than itaconate?®?, suggesting that these compounds might
be secondary effectors of the YpltcR/Pcq-inducible system. Interestingly, their level of
induction correlates with their ability to act as CoA acceptors, with acetate,
propanoate, and butanoate having a higher, and mesaconate having a lower Km2%2.

Furthermore, the catalytic efficiency (kca/Km) of Yplct with itaconate, mesaconate,
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methylsuccinate, butanoate, propanoate, and acetate?®?

, shows a high level of direct
correlation with the level of induction by these compounds. This suggests that there
might be a structural evolutionary link between enzyme (Yplct) and transcriptional
regulator (ItcR), where both proteins have coevolved enabling a hierarchical ranking
of metabolites as enzyme substrates and TR activators in the following order: itaconate
> mesaconate > methylsuccinate > butanoate > propanoate > acetate. The direct
correlation between catalytic efficiency and level of induction potentially ensures that
the hierarchy is supported at the gene expression and enzyme activity levels by
securing the highest level of Yplct synthesis and highest catalytic efficiency when
itaconate is present in the environment. Overall, the YpltcR/Pc-inducible system
demonstrates a high specificity toward itaconate and may therefore be used in
combination with other inducible systems as outlined in Chapter 4 to orthogonally
control gene expression in biosynthetic pathways composed of multiple genes.

To conclude, this chapter highlights the potential of the YpltcR/Pc-inducible
system to be applied as biosensor for high-throughput microbial strain development in
order to facilitate improved itaconate biosynthesis. It expands the genetic toolbox for

engineering C. necator, however, to unlock its full potential, itaconate metabolic

pathways must be identified and eliminated.

6.5 Conclusion

Itaconic acid-inducible promoters and their corresponding LTTRs were identified in
Y. pseudotuberculosis and P. aeruginosa. The YpltcR/Pcq-inducible system is highly
inducible by itaconate in E. coli and C. necator (215- and 105-fold, respectively). In
addition to itaconate, the genetically encoded biosensor is capable of detecting
mesaconate, cis-, and trans-aconitate in a dose-dependednt manner. The fluorescence-

based biosensor was applied in E. coli to identify the optimum expression level of
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cadA, the protein product of which catalyses the conversion of cis-aconitate into
itaconate. The fluorescence output is shown to correlate well with itaconate

concentrations quantified using HPLC-UV.
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7 Conclusions and outlook

The main research aims of this thesis were the identification, characterisation, and
application of orthogonal and highly inducible transcription factor-based controllable
gene expression systems for metabolic engineering of C. necator H16 and other
bacteria. Specifically, inducible systems responding to the industrially relevant
building block chemicals 3-HP and itaconate were to be identified and assembled into
biosensors. A genome-wide approach to mining inducible systems from annotated
bacterial genomes was to be developed and applied in C. necator to expand the range
of metabolites that can be detected using biosensors. The inducible systems identified
by following this strategy, along with previously reported heterologous inducible
systems, were to be quantitatively evaluated for their ability to control gene expression
in a comparative manner, parameterised to facilitate forward engineering efforts and
analysed for their orthogonality. Selected heterologous inducible systems were to be
applied for production of isoprene in C. necator and the itaconate biosensor was to be
leveraged to improve microbial itaconate biosynthesis.

In the past, inducible gene expression systems have been successfully
implemented in the design, construction, and evaluation of metabolically engineered
strains. These success stories, however, are based on a few inducible systems that have
been reused across different research groups for more than two decades. Although the
number of available metabolite-inducible systems continuously increases, the
differences between their evaluation methods limits these regulatory elements from
being used to their full potential. More comparative studies are needed to aid in part
selection. For example, the benzoate-inducible system sourced from the genome of
C. necator may be a more cost-effective alternative for high levels of protein

production in a wide range of bacteria. Compared to inducers that mediate a similar
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expression output at 5 mM, it is approximately 20 (L-arabinose) to 60 (L-rhamnose)
times less expensive. Taking the minimum concentration of inducer that is required to
fully induce the system into consideration, these factors may even be multiplied by at
least one order of magnitude. The developed library of metabolite-responsive
inducible systems represents only a small fraction of available biosensors. Its
expansion offers significant potential to be applied as universal synthetic biology tool
kit. The modular design of the reporter vectors enables rapid exchange of selection
markers and replicons, thus allowing the evaluation of metabolite-induced gene
expression in any prokaryotic organism.

In this context, the developed genome-wide approach to identifying native
inducible systems led to the discovery of 15 novel or little characterised transcription
factor-based inducible systems in C. necator. To simplify the manual screen of the
genome for catabolic gene clusters, the search was constrained to annotated genes.
This limitation, though necessary to conclude the ultimate effector molecule, reveals
the immense potential for the discovery of even more regulatory switches since the
majority of genes had not been annotated. With the rapidly growing genomic data
these new capabilities offer a platform to vastly increase the number of biologically
detectable molecules.

The orthogonality screen yielded a number of inducible systems that can be
used in combination to independtly control gene expression or built synthetic
regulatory networks. As a consequence of the screen, the cross-reactivity of a number
of metabolites with non-cognate inducible systems was investigated. The exploration
of metabolism by using metabolite-responsive biosensors as devices to uncover
unknown catalytic functions represents a completely new field of molecular biology.

Once a more sophisticated libraray of transcription factor-based inducible systems
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becomes available, the kinetics and dynamics of biocatalytical conversions may be
easily visualised in vivo using fluorescence-based biosensors.

A significant part of this research was dedicated to the identification of
inducibe systems and the construction of biosensors that respond to the platform
chemicals 3-HP and itaconic acid. Their dynamic ranges may suffice to act as switches
for dynamic pathway control, however, in order to determine product titres of already
high-producing strains, their dynamic ranges may have to be modulated. This will be
achieved through promoter- or protein engineering, both strategies aiming to change
the TR ligand- or DNA-binding affinity. In addition to addressing the range of ligand
concentration that results in a change in expression output, future engineering efforts
should be directed towards decreasing unspecific basal promoter activities of inducible
systems. High levels of background gene expression in the absence of ligand limit
their application. Naturally occurring regulatory circuits, such as feedforward loops,
may be used as blueprints for the design of novel synthetic controllable systems that
are more robust and less prone to spurious activation.

C. necator is an attractive biocatalyst for the conversion of CO; into these
building block chemicals. Unfortunately, it possesses multiple gene clusters that are
involved in the catabolism of 3-HP and itaconate. To facilitate their biosynthesis in
this host organism these gene clusters must be identified and deleted. In contrast to
3-HP and itaconate, isoprene is a volatile compound and accumulates in the headspace
of the bacterial culture. Production of isoprene may be improved by introducing the
mevalonate pathway, the eukaryotic counterpart of the MEP/DOXP pathway, to
bypass the natural negative feedback mechanism that prevents the biosynthesis of

isoprenoids.
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To conclude, this thesis advances our abilities to control and evaluate
biological designs. On the basis of catabolic gene clusters, a range of novel
transcription factor-based inducible gene expression systems were discovered,
including the phenylglyoxylate-, B-alanine-, 3-HP-, and itaconate-inducible systems.
The identified and characterised regulatory switches will aid in the engieneering of
microbial cell factories for the sustainable production of bio-based chemcials from

renewable resources or waste.
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9 Appendix

9.1 Construction of plasmids

pEHO002 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO07_f and EHO08 r were used to amplify the L-rhamnose-inducible
system RhaSR/Prhasap from pJOE7784.1, and cloned into pEHO006 by Aatll and Xbal
restriction sites.

pEHO002-ispS was constructed by restriction enzyme-based cloning. Gene ispS was
cloned from pBBR1MCS-2-RBS:-ispS into pEH002 by Ndel and BamH]I restriction
sites.

pEHO003 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO09_fand EHO010_r were used to amplify the D-mannitol-inducible system
MtIR/Pmue from pJOE7771.1, and cloned into pEHO006 by Aatll and Xbal restriction
sites.

pEHO05 served as the backbone for assembly of negatively regulated inducible
systems. It was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH025 f and EH026 _r, EH0027 f and EH028 r were used
to amplify the vector backbone and tetR from pEHO006 and pJOE7801.1, respectively.
Primer overhangs were designed to contain Pjac and Preta.

pEHO006 served as the backbone for assembly of positively regulated inducible
systems. It was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EHO01_f and EH002_r, EHO003_f and EH004_r, EHOO5_f
and EHO006_r were used to amplify the replication origin and the chloramphenicol
resistance marker, the rfp reporter gene, and the L-arabinose-inducible system from
pBBR1MCS-2-PphaC-eyfp-c1 and pKTrfp, respectively. The primer overhangs were
designed to contain Pmel, Fsel, Ascl, and Sbfl restriction sites to allow for modular
assembly as well as Aatll and Ndel restriction sites to be able to replace the inducible
system. Since the transcriptional start site (+1) of the L-arabinose-inducible promoter
was known, the sequence between +1 and the translational start site was replaced by
a T7g10 mRNA stem-loop structure and a strong RBS, a 27-nucleotide upstream
sequence of the bacteriophage T7 gene 10.

pEHO006-ispS was constructed by restriction enzyme-based cloning. Gene ispS was
cloned from pBBR1MCS-2-RBS:-ispS into pEH006 by Ndel and BamH]I restriction
sites.

pEHOO6E was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO013_f and EH148 r were used to amplify the rfp reporter gene from
pKTrfp, and cloned into pEHO06 by Aatll and Sbfl restriction sites.

pEHO007 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO017_f and EHO18 r were used to amplify the putative 3-HP-inducible
system MmsR/Pmmsa from P. putida KT2440 genomic DNA, and cloned into pEH006
by Aatll and Ndel restriction sites.
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pEHO08 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO019 _f and EHO020 r were used to amplify the putative 3-HP-inducible
system HpdR/Pnpgn from P. putida KT2440 genomic DNA, and cloned into pEH006
by Aatll and Ndel restriction sites.

pEHO09 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH021_f and EHO022_r were used to amplify the putative 3-HP-inducible
system AraC/Pacap from C. necator H16 genomic DNA, and cloned into pEHO006 by
Aatll and Ndel restriction sites.

pEHO010 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH023 f and EH024 _r were used to amplify the putative 3-HP-inducible
system HpdR/Pmmsa1 from C. necator H16 genomic DNA, and cloned into pEH006 by
Aatll and Ndel restriction sites.

pEHO015 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO41 f and EHO042_r were used to amplify the propionate-inducible system
PrpR/Pprpecoe from E. coli MG1655 genomic DNA, and cloned into pEHO006 by Aatll
and Xbal restriction sites.

pEHO016 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EHO043_f and EHO044 r were used to amplify the acetate-inducible system
AlsR/Paissp from B. subtilis 168 genomic DNA, and cloned into pEH006 by Aatll and
Xbal restriction sites.

pEHO020 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH048_f and EHO51 r, EH056_f and EHO55_r were used to
amplify the vector backbone for negatively regulated inducible systems and the
acrylate-inducible system ACUR/Paciri from pEHO005 and R. sphaeroides 2.4.1
genomic DNA, respectively.

pEHO020-ispS was constructed by restriction enzyme-based cloning. Gene ispS was
cloned from pBBR1MCS-2-RBS:-ispS into pEH020 by Ndel and BamHI restriction
sites.

pEHO022 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH059_f and EHO60_r were used to amplify the putative 3-HP-inducible
promoter Pnpgn from P. putida KT2440 genomic DNA, and cloned into pEH006 by
Aatll and Ndel restriction sites.

pEHO034 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH096_f and EHO095 r were used to amplify the putative 3-HP-inducible
promoter Pmmsa from P. putida KT2440 genomic DNA, and cloned into pEH006 by
Aatll and Ndel restriction sites.

pEHO035 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH097 r and EH098 f were wused to amplify the putative
3-hydroxypropanoate-inducible promoter from C. necator H16 genomic DNA, and
cloned into pEHO06 by Aatll and Ndel restriction sites.
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pEHO036 (hpdH-118::rfp) was constructed by using the NEBuilder Hifi DNA assembly
method. Oligonucleotide primers EH061 f and EH099 r, EH100 f and EH062_r
were used to amplify the replication origin, the chloramphenicol resistance marker and
hpdR, as well as the truncated hpdR/hpdH intergenic region and the rfp reporter gene
from pEHO008. The bioinformatically identified mRNA stem-loop structure sequence
within the hpdR/hpdH intergenic region was replaced by an Avrll restriction site to
allow consecutive promoter modifications.

pEHO038 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH048 f and EHO012_r, EHO11 f and EH109 r, EH106_f
and EH105_r, EH108_f and EH107_r were used to amplify the vector backbone for
negatively regulated inducible systems and the xylose-inducible sytem XylR/Pyyiag
from pEHO005 and Bacillus megaterium DSM319 genomic DNA, respectively.

pEHO040 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH048 f and EHO012 r, EHO11 f and EH109 r, EH112 f
and EH111 r, EH113 f and EH114 r were used to amplify the vector backbone for
negatively regulated inducible systems, the transcriptional regulator cymR, and the
cumate-inducible promoter Pemt from pEHO005 and pNEW, respectively.

pEHO040-ispS was constructed by restriction enzyme-based cloning. Oligonucleotide
primers P009 ispS f and P010 ispS r were used to amplify ispS from
pBBR1MCS-2-RBS:-ispS, and cloned into pEHO040 by Ndel and Aflll restriction
sites.

pEHO042 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH118 rand EH119_f were used to amplify the putative salicylate-inducible
system from C. necator H16 genomic DNA, and cloned into pEH006 by Ascl and
Ndel restriction sites.

pEHO043 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH048 f and EHO51 r, EH121 f and EH120 r, EH123 f
and EH122 r were used to amplify the vector backbone for negatively regulated
inducible systems and the 2,4-DAPG-inducible system PhIF/Ppnia from pEHO05 and
Pseudomonas protegens CHAO genomic DNA, respectively.

pEHO052 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH133 r and EH134 f, EH135 r and EH136_f, EHO51 r
and EHO015_f were used to amplify acoR and the acetoin-inducible promoter from
C. necator H16 genomic DNA, and the vector backbone from pEHO006.

pEHO053 (hpdH-106::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH138 fand EH139 r were used to amplify the 106 bp long
DNA sequence upstream of the hpdH translational start site from pEHO008, and cloned
into pEHO036 by Avrll and Ndel restriction sites.

pEHO068 (hpdH-118_mut2::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH165 r were used to incorporate mutation 2
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
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start site. The sequence was amplified from pEHO008 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO069 (hpdH-118_mut3::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH166_r were used to incorporate mutation 3
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO36 by Avrll
and Ndel restriction sites.

pEHO70 (hpdH-118 mut4::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH167_r were used to incorporate mutation 4
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO71 (hpdH-118_mut5::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH168 r were used to incorporate mutation 5
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO36 by Avrll
and Ndel restriction sites.

pEHO072 (hpdH-118 mut6::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175 _f and EH169 r were used to incorporate mutation 6
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO073 (hpdH-118_mut7::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175 f and EH170 _r were used to incorporate mutation 7
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEH036 by Avrll
and Ndel restriction sites.

pEHO074 (hpdH-118_mut8::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH171_r were used to incorporate mutation 8
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO75 (hpdH-118 mut9::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175 _fand EH172_r were used to incorporate mutation 9
(Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO008 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO76 (hpdH-118 mutl0::rfp) was constructed by restriction enzyme-based
cloning. Oligonucleotide primers EH175_f and EH173_r were used to incorporate
mutation 10 (Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH
translational start site. The sequence was amplified from pEH008 and cloned into
pEHO036 by Avrll and Ndel restriction sites.
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pEHO77 (hpdH-118 mutll::rfp) was constructed by restriction enzyme-based
cloning. Oligonucleotide primers EH175_f and EH174 r were used to incorporate
mutation 11 (Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH
translational start site. The sequence was amplified from pEHO008 and cloned into
pEHO036 by Avrll and Ndel restriction sites.

pEHO79 (hpdH-118_mutl::rfp) was constructed by restriction enzyme-based cloning.
Oligonucleotide primers EH175_f and EH178_r were used to incorporate mutation 1
(Figure 5.52a) into the 118 bp long DNA sequence upstream of the hpdH translational
start site. The sequence was amplified from pEHO08 and cloned into pEHO036 by Avrll
and Ndel restriction sites.

pEHO080 (hpdH-118 mutl2::rfp) was constructed by restriction enzyme-based
cloning. Oligonucleotide primers EH175_f and EH179 r were used to incorporate
mutation 12 (Figure 5.5a) into the 118 bp long DNA sequence upstream of the hpdH
translational start site. The sequence was amplified from pEHO08 and cloned into
pEHO036 by Avrll and Ndel restriction sites.

pEHO083 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH182 r and EH183_f were used to amplify the putative tartrate-inducible
system from C. necator H16 genomic DNA, and cloned into pEHO006 by Ascl and
Ndel restriction sites.

pEHO086 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH191 f and EH190 r were used to amplify the itaconate-inducible system
ItcR/Pcei from Y. pseudotuberculosis YPIII genomic DNA, and cloned into pEH006
by Aatll and Ndel restriction sites.

pEHO089 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH197 f and EH196 r were used to amplify hpdR from
P. putida KT2440 genomic DNA, and cloned into pGEX-6P-1 by BamHI and Notl
restriction sites.

pEHO095 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH210_r and EH119_f were used to amplify the putative salicylate-inducible
promoter from C. necator H16 genomic DNA, and cloned into pEH006 by Aatll and
Ndel restriction sites.

pEH096 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH211 r and EH212_f were used to amplify the acetoin-inducible promoter
from C. necator H16 genomic DNA, and cloned into pEHO06 by Aatll and Ndel
restriction sites.

pEH097 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH213 r and EH183_f were used to amplify the putative tartrate-inducible
promoter from C. necator H16 genomic DNA, and cloned into pEH006 by Aatll and
Ndel restriction sites.

pEH101 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N31 asp r and EH217 f were used to amplify the putative
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[-alanine-inducible promoter from C. necator H16 genomic DNA, and cloned into
pEHO006 by Aatll and Ndel restriction sites.

pEH134 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH258 r and EH259_f were used to amplify the putative
formate-inducible system from C. necator H16 genomic DNA. The PCR product was
combined with Aatll/Ndel digested pEHO006.

pEH136 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH262 r and EH263 f were wused to amplify the putative
L-kynurenine-inducible system from C. necator H16 genomic DNA, and cloned into
pEHO006 by Aatll and Ndel restriction sites.

pEH137 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH264 r and EH265 f were wused to amplify the putative
L-phenylalanine-inducible system from C. necator H16 genomic DNA, and cloned
into pEHO06 by Aatll and Ndel restriction sites.

pEH147 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N31_asp r and N30 asp f were used to amplify the putative f-alanine-
inducible system from C. necator H16 genomic DNA, and cloned into pEH006 by
Aatll and Ndel restriction sites.

pEH148 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N36_f and N38_r were used to amplify the putative benzoate-inducible
system from C. necator H16 genomic DNA, and cloned into pEHO006 by Aatll and
Ndel restriction sites.

pEH149 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N37_f and N38 r were used to amplify the putative benzoate-inducible
promoter from C. necator H16 genomic DNA, and cloned into pEHO006 by Aatll and
Ndel restriction sites.

pEH151 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH272_r and EH259 _f were used to amplify the putative
formate-inducible promoter from C. necator H16 genomic DNA. The PCR product
was combined with Aatll/Ndel digested pEHO06.

pEH152 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH273 r and EH263 f were wused to amplify the putative
L-kynurenine-inducible promoter from C. necator H16 genomic DNA, and cloned
into pEHO06 by Aatll and Ndel restriction sites.

pEH153 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH274 r and EH265 f were wused to amplify the putative
L-phenylalanine-inducible promoter from C. necator H16 genomic DNA, and cloned
into pEHO06 by Aatll and Ndel restriction sites.

pEH154 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH275 r and EH276_f were used to amplify the putative
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xanthine-inducible system from C. necator H16 genomic DNA. The PCR product was
combined with Aatll/Ndel digested pEHO06.

pEH155 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH277_r and EH278_f were used to amplify the putative phenylglyoxylate-
inducible system from C. necator H16 genomic DNA, and cloned into pEH006 by
Aatll and Ndel restriction sites.

pEH156 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH279 r and EH280 f were used to amplify the putative
GABA-inducible system from C. necator H16 genomic DNA. The PCR product was
combined with Aatll/Ndel digested pEHO06.

pEH157 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH281 r and EH282 f were wused to amplify the putative
sulfonatoacetate-inducible system from C. necator H16 genomic DNA, and cloned
into pEHO06 by Aatll and Ndel restriction sites.

pEH158 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH283 rand EH284 f were used to amplify the putative L-tyrosine-inducible
system from C. necator H16 genomic DNA, and cloned into pEH006 by Aatll and
Ndel restriction sites.

pEH159 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH285 r and EH286 f were wused to amplify the putative
cyclohexanecarboxylate-inducible system from C. necator H16 genomic DNA, and
cloned into pEHO06 by Aatll and Ndel restriction sites.

pEH160 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH287 r and EH288_f were used to amplify the putative
L-glutamine-inducible system from C. necator H16 genomic DNA. The PCR product
was combined with Aatll/Ndel digested pEHO006.

pEH161 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH289 r and EH290 f were wused to amplify the putative
3,4-dihydroxybenzoate-inducible system from C. necator H16 genomic DNA, and
cloned into pEHO06 by Aatll and Ndel restriction sites.

pEH164 contains both the itaconate biosensor composed of YpltcR-Pcc-rfp and the
L-arabinose-inducible system including restriction sites for subsequent integration of
the cis-aconitate decarboxylase cadA gene (ATEG_09971) downstream of Paragap. It
was constructed by using the NEBuilder Hifi DNA assembly method. Oligonucleotide
primers EHO11_f and EHO75_r, EHO15 f and EHO012_r, EHO78 f and EH190 r,
EHO083 f and EHO79 r were used to amplify the replication origin and the
chloramphenicol resistance marker, YpltcR-Pcc-rfp, and the L-arabinose-inducible
system from pBBR1MCS-2-PphaC-eyfp-c1, pEH086, and pEHO0O06, respectively.

pEH165 contains both the itaconate production system AraC-Paragap-cadA and the
itaconate biosensor YpltcR-Pcc-rfp. It was constructed by using the NEBuilder Hifi
DNA assembly method. Oligonucleotide primers EH294 f and EH293 r, EH296 f
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and EH295 r were used to amplify exon 1 and 2 of ATEG_09971 from A. terreus
NIH2642 genomic DNA, and combined with Bgll1/Sbfl digested pEH164.

pEH167 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH297_r and EH276_f were used to amplify the putative xanthine-inducible
promoter from C. necator H16 genomic DNA, and cloned into pEH006 by Aatll and
Ndel restriction sites.

pEH168 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH298 r and EH282 f were wused to amplify the putative
sulfonatoacetate-inducible promoter from C. necator H16 genomic DNA, and cloned
into pEHO06 by Aatll and Ndel restriction sites.

pEH169 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH299 rand EH284_f were used to amplify the putative L-tyrosine-inducible
promoter from C. necator H16 genomic DNA, and cloned into pEHO006 by Aatll and
Ndel restriction sites.

pEH170 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH300 r and EH286 f were wused to amplify the putative
cyclohexanecarboxylate-inducible promoter from C. necator H16 genomic DNA, and
cloned into pEHO06 by Aatll and Ndel restriction sites.

pEH171 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH301 r and EH290 f were wused to amplify the putative
3,4-dihydroxybenzoate-inducible promoter from C. necator H16 genomic DNA, and
cloned into pEHO06 by Aatll and Ndel restriction sites.

pEH172 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH191 fand EH302_r were used to amplify the itaconate-inducible promoter
Pcar from Y. pseudotuberculosis YPIII genomic DNA, and cloned into pEHO006 by
Aatll and Ndel restriction sites.

pEH173 was constructed by restriction enzyme-based cloning. The [-alanine-
inducible system which was optimised for E. coli codon usage was cut from
p17ACKHEP and cloned into pEHO006 by Aatll and Ndel restriction sites.

pEH176 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH310 f and EHO016 r were used to amplify the L-arabinose-inducible
system AraC/Parasap from E. coli MG1655 genomic DNA, and cloned into pEH006
by Aatll and Ndel restriction sites.

pPEH177 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH312_f and EH311_r were used to amplify the itaconate-inducible system
ItcR/Pich from P. aeruginosa PAO1 genomic DNA, and cloned into pEH006 by Aatll
and Ndel restriction sites.

pEH178 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH312 fand EH313_r were used to amplify the itaconate-inducible promoter
Pich from P. aeruginosa PAO1 genomic DNA, and cloned into pEHO006 by Aatll and
Ndel restriction sites.
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pEH194 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG6000, and cloned into pEH042 by Pmel and Ascl restriction sites.

pEH195 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG000, and cloned into pEHO095 by Pmel and Ascl restriction sites.

pEH196 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH101 by Pmel and Ascl restriction sites.

pEH197 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG6000, and cloned into pEHO010 by Pmel and Ascl restriction sites.

pEH198 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG6000, and cloned into pEHO035 by Pmel and Ascl restriction sites.

pEH199 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH083 by Pmel and Ascl restriction sites.

pEH200 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH097 by Pmel and Ascl restriction sites.

pEH201 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH096 by Pmel and Ascl restriction sites.

pEH202 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH134 by Pmel and Ascl restriction sites.

pEH203 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH151 by Pmel and Ascl restriction sites.

pEH204 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH167 by Pmel and Ascl restriction sites.

pEH205 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH148 by Pmel and Ascl restriction sites.

pEH206 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH149 by Pmel and Ascl restriction sites.
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pEH207 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH168 by Pmel and Ascl restriction sites.

pEH208 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH136 by Pmel and Ascl restriction sites.

pEH209 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH152 by Pmel and Ascl restriction sites.

pEH210 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH137 by Pmel and Ascl restriction sites.

pEH211 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH153 by Pmel and Ascl restriction sites.

pEH212 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH158 by Pmel and Ascl restriction sites.

pEH213 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH169 by Pmel and Ascl restriction sites.

pEH214 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH159 by Pmel and Ascl restriction sites.

pEH215 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH170 by Pmel and Ascl restriction sites.

pEH216 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH161 by Pmel and Ascl restriction sites.

pEH217 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH171 by Pmel and Ascl restriction sites.

pEH218 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH155 by Pmel and Ascl restriction sites.

pEH220 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pME6000, and cloned into pEH176 by Pmel and Ascl restriction sites.

184



pEH221 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH147 by Pmel and Fsel restriction sites.

pEH222 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEHO052 by Pmel and Fsel restriction sites.

pEH223 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH154 by Pmel and Fsel restriction sites.

pEH224 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMTL74311, and cloned into pEH157 by Pmel and Fsel restriction sites.

pEH225 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N30_asp_fand N39_r were used to amplify oapR gene from pEH147 plasmid
DNA with the core sequence of constitutive promoter P13 including the phage T7 gene
10 RBS, and cloned into pEH147 by Aatll and BsrGl restriction sites.

pEH226 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers N30_asp_f and N40_r were used to amplify oapR gene optimised for E. coli
codon usage from p17ACKHEP plasmid DNA with the core sequence of constitutive
promoter P13 including the phage T7 gene 10 RBS, and cloned into pEH147 by Aatll
and BsrGl restriction sites.

pEH229 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH346 r and EHseq026 f were used to amplify the putative
phenylglyoxylate-inducible promoter from pEH155, and cloned into pEH006 by Aatll
and Ndel restriction sites.

pEH234 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG6000, and cloned into pEH225 by Pmel and Fsel restriction sites.

pEH235 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH344 f and EH345 r were used to amplify the tetracycline resistance
marker from pMEG6000, and cloned into pEH226 by Pmel and Ascl restriction sites.

pEH240 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH360_r and EH361_f were used to amplify the putative
L-glutamine-inducible system, H16_RS29650, and the intergenic region preceding
H16 RS29655 from C. necator H16 genomic DNA. The PCR product was combined
with Aatll/Ndel digested pEHOO06.

pEH256 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH397 r and EH398 f were used to amplify the putative
GABA-inducible system, H16 RS23655, and the intergenic region preceding
H16 RS23660 from C. necator H16 genomic DNA. The PCR product was combined
with Aatll/Ndel digested pEHOO0G6.
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pEH257 was constructed by restriction enzyme-based cloning. The tetracycline
resistance marker from pMTL74311 was cloned into pEH229 by Ascl and Pmel
restriction sites.

pEH263 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH421 f and EH415 r, EH423_f and EH422_r, EH425 f
and EH424 r, EH420 _f and EH426 r were used to amplify egfp, the salicylate-
inducible system, the 3,4-dihydroxybenzoate-inducible system and rfp from
pJOE7801.1, pEHO042, and pEH161. The PCR products were combined with Ascl and
Sbfl digested pEH220.

pEH266 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH436_f and EH435_r were used to amplify the putative GABA-inducible
promoter, H16_RS23655, and the intergenic region preceding H16_RS23660 from
C. necator H16 genomic DNA, and cloned into pEH006 by Ndel and Ascl restriction
sites.

pEH268 was constructed by using the NEBuilder Hifi DNA assembly method.
Oligonucleotide primers EH441 r and EH398_f were used to amplify the putative
GABA-inducible system, H16 RS23655, and the intergenic region preceding
H16 RS23660 from C. necator H16 genomic DNA. The PCR product was combined
with Ascl/Ndel digested pEH220.

pEH269 was constructed by restriction enzyme-based cloning. Oligonucleotide
primers EH436_f and EH435_r were used to amplify the putative GABA-inducible
promoter, H16_RS23655, and the intergenic region preceding H16_RS23660 from
C. necator H16 genomic DNA, and cloned into pEH220 by Ndel and Ascl restriction
sites.

9.2 Codon optimised DNA sequences

P. alba ispS optimised for C. necator codon usage:

ATGGAAGCCCGCCGCTCGGCCAACTACGAGCCGAACTCGTGGGACTACGACTACCT
GCTGTCGTCGGACACCGACGAGTCGATCGAGGTGTACAAGGACAAGGCCAAGAAGC
TGGAAGCCGAGGTCCGCCGCGAGATCAACAACGAGAAGGCCGAGTTCCTGACGCTG
CTGGAACTGATCGACAACGTGCAGCGCCTGGGCCTGGGCTACCGCTTCGAAAGCGA
CATCCGCGGCGCCCTGGACCGCTTCGTGAGCAGCGGCGGCTTCGACGCCGTGACCA
AGACCTCGCTGCATGGCACCGCGCTGTCGTTCCGCCTGCTGCGCCAGCACGGCTTC
GAGGTGTCGCAGGAAGCCTTCTCGGGCTTCAAGGACCAGAACGGCAACTTCCTGGA
AAACCTGAAGGAAGATATCAAGGCCATCCTGTCGCTGTACGAGGCCAGCTTCCTGG
CGCTGGAAGGCGAGAACATCCTGGACGAGGCCAAGGTGTTCGCCATCTCGCATCTG
AAGGAACTGTCGGAGGAAAAGATCGGCAAGGAACTGGCCGAACAGGTGAACCATGC
GCTGGAACTGCCGCTGCACCGCCGCACGCAGCGCCTGGAAGCCGTGTGGTCGATCG
AAGCCTACCGCAAGAAGGAAGACGCCAACCAGGTCCTGCTGGAACTGGCCATCCTG
GACTACAACATGATCCAGTCGGTGTACCAGCGCGACCTGCGCGAAACCAGCCGCTG
GTGGCGCCGCGTCGGCCTGGCCACCAAGCTGCACTTCGCCCGCGACCGCCTGATCG
AGTCGTTCTACTGGGCCGTGGGCGTCGCCTTCGAGCCGCAGTATTCGGACTGCCGC
AACTCGGTGGCCAAGATGTTCAGCTTCGTGACCATCATCGACGACATCTACGACGT
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GTACGGCACCCTGGACGAACTGGAACTGTTCACCGACGCGGTGGAACGCTGGGACG
TGAACGCCATCAACGACCTGCCGGACTATATGAAGCTGTGCTTCCTGGCGCTGTAC
AACACCATCAACGAGATCGCCTACGACAATCTGAAGGACAAGGGCGAAAATATCCT
GCCGTACCTGACCAAGGCCTGGGCCGACCTGTGCAACGCCTTCCTGCAGGAAGCGA
AGTGGCTGTATAACAAGTCGACCCCGACCTTCGACGACTACTTCGGCAACGCGTGG
AAGTCGTCGTCGGGCCCGCTGCAGCTGGTGTTCGCGTACTTCGCCGTGGTGCAGAA
CATCAAGAAGGAAGAGATCGAGAACCTGCAGAAGTACCACGACACCATCTCGCGCC
CGTCGCACATCTTCCGCCTGTGCAATGACCTGGCCTCGGCCTCGGCGGAAATCGCC
CGCGGCGAAACCGCCAACAGCGTGTCGTGCTACATGCGCACCAAGGGCATCTCGGA
AGAACTGGCGACCGAGTCGGTGATGAACCTGATCGACGAAACCTGGAAGAAGATGA
ACAAGGAAAAGCTGGGCGGCTCGCTGTTCGCCAAGCCGTTCGTGGAAACCGCGATC
AATCTGGCCCGCCAGTCGCACTGCACCTACCACAACGGCGACGCGCACACCTCGCC
GGATGAGCTGACCCGCAAGCGCGTGCTGAGCGTGATCACCGAGCCGATCCTGCCGT
TCGAGCGCTGA

C. necator oapR optimised for E. coli codon usage:

ATGCTGACCCTGAATCTGACCCGTACACGTCGTGATGGTGATACCCTGACCGAGCA
GATTGTTGCAGGTATTGCAGCACTGGTTGAACAGCGTGCACTGCGTGCAGGCACCG
CACTGCCGAGCGTTCGTCGTTTTGCACAGCATCATCATGTTAGCACCTTTACCGTT
GCCGAAGCCTATGGTCGTCTGACCGCACTGGGTTATCTGGCAGCACGTCCTGGTAG
CGGTTATACCGTTGCACATCGTCATGCACCGGCAGGTCATGCCCGTGCACCGCAGT
GGGAAGCACCGGGTCTGAATGCAGCATGGCTGCTGAGTGATGTTTTTGCAGATCAT
AGCGTTCCGATTAAAGCCGGTGCAGGTTGGCTGCCTGGTGATTGGCTGAATGAAGA
AGGCCTGCATCAGGCCATGCGTGCAAGCGCACGTGTTCCGGCAGCACAGCTGAGCG
GTTATGGTCATCCGTATGGTTTTGCACCGCTGCGTGAACACATTGCAGCAGGTCTG
GGTCAGTATGGTATTCCGCTGCAGGCACAGCAGGTTGTTCTGACCCAGGGTGCAAC
CCAGGCACTGGATCTGGTTGTTCGTACCCTGCTGCGTGCCGGTGATCGTGTTCTGG
TTGAAAGCCCGTGTTATTGTAATCTGCTGCAGATCCTGCGTCTGGCAGGTCTGCGT
GTTGTTGGTGTTCCGCGTAGCGCAGCCGGTCTGGATACCGATGCACTGGATGATGC
AATTCGTGCACATGCACCGCGTGCGCTGTTTATTAACACCGTGCTGCAGAATCCGA
CCGGTGCAAGCCTGAGCAGCATGAATGCATTTCGTGTGCTGCAGCTGGCAGAACAG
CATCGTCTGCTGGTTGTTGAAGATGATATTTATCGTGAACTGGCTCCGGCAGGTAG
CCCGATGCTGGCAGCAATGGATGGTCTGAGCCAGGTTGTTTATATCAATGGTTTTA
GCAAAACGATTACCCCGAGCCTGCGCGTTGGTTATTTAGCAGCAAGTCCGGATCTG
GCAAAAGCATTTGCACGTACCAAAATGGCAGTTGGTCTGACCAGCAGCGAAGTTAC
CGAACGTCTGGTTTATAGCGTGCTGACCAGCGGTCATTATGGTCGCCATGTTGCAG
CCCTGGCGGAACGTCTGCGTGCCCAGCAGGATCGTGTTACCGAAAAAATGGAAGCA
CATGGTCTGGAAGTTCTGCTGCGTCCTGAAGGTGGTATGTTTGCATGGGCACGCCT
GACCGAAGCCGCACAGGCACGTCTGCAGGCAAGCCGTCGTGGTGGTCCGCTGCATG
GTAATCGTCTGGCAACCCTGGCGCTGGAATATGGTATTTGGCTGGCACCGGGTAGC
TATTTTGAACCGGATGAAACCGATAGTCCGTGGATTCGTTTTAATGTTGCAACCGG
TGATGCTCCGCAGCTGTGGCAGTTTTTTGATCGCCTGGCGCAGGCACCTCGTGCAG
CATAA
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9.3 Supplementary Figures
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Supplementary Figure 1 RFP synthesis rate as a function of time for the L-rhamnose-inducible system.

The RFP synthesis rate of a culture of C. necator H16 carrying pEH002 after supplementation with 10

mM L-rhamnose was calculated using formula (3.1). Vmax, the maximum rate of RFP synthesis.
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Supplementary Figure 2 Workflow illustrating the automated dispensing of bacterial culture. In total,

one strain was dispensed into three black microtiter plates to test 67 compounds for cross-reactivity

(four replicates per compound). The workflow was generated using software SEMI EX (Beckman

Coulter).
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Supplementary Figure 3 Workflow illustrating the automated addition of inducer, fluorescence
measurement, and incubation. In total, three black microtiter plates were required to test one strain
against 67 compounds (four replicates per compound). The workflow was generated using software
SEMI EX (Beckman Coulter).

PH16_R308125 PnahR PpcaQ PH‘.’G_RSSOMS

egfp { nahR >— pcaQ {

Supplementary Figure 4 Schematic illustration of pEH263. The vector contains the egfp reporter gene
under control of the salicylate-inducible system NahR/Pis rsosios and rfp under control of the

3,4-dihydroxybenzoate-inducible system PcaQ/Pis_rs3o145.
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Supplementary Figure 5 Secondary structure analysis of the P. putida KT2440 hpdR/hpdH intergenic
region. The hpdR/hpdH intergenic region was analysed using the mfold web server for potential
secondary structures. Default settings were chosen to predict nucleic acid folding. The 5°- and 3’-ends

represent the translational start sites of hpdH and hpdR, respectively. The calculated minimum free

energy, AG, is -41.66 kcal/mol.
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a iR
‘C?TCTTCATATCCAAAAGCAATTAAACACACCGGTATCATATATTGGATA
AATGATAACGGCGACCATAGACTAAGCGAAGTTGGAGGAGGAACATC,IA;TC:~

ccl

b itcR

“
CATGGGCACTCCATGGCGTTCGGCAAATCCGAACGCGCCATTGCGTAATT
GCAAATTCTCAAAACGCTAGCATCCTATCATTCTCCTCCCATCACCCCCT
AGGTCATGGGAAGCCACGC{;TC:‘

ich

Supplementary Figure 6 Nucleotide sequences of intergenic regions containing putative itaconate-
inducible promoters. The (a) Y. pseudotuberculosis YPIII itcR/ccl and (b) P. aeruginosa PAOL itcR/ich
intergenic regions. Translational start sites are italicised. Transcriptional start sites of genes ccl and ich
were predicted using program NNPP?? and are underlined and bold. The putative promoter -35 and -10
sequences were annotated manually on the basis of typical characteristics of bacterial promoters and
shaded in grey. The putative ItcR Binding site in the P. aeruginosa itcR/ich intergenic region is
underlined. Speculative annotation of the ItcR binding site is based on palindromic sequences upstream
of the putative -35 and -10 promoter boxes. Palindromic sequences were identified using mfold?32 web

Server.

Pseudomonas aeruginosa PAO1 < —] >| >E>| >| >| >_

ifcR ich ict ccl
PA0BTT PA0STS PA08S2 PA0883
Cupriavidus necatorH16 .|:>_<::|_<:|_( >| >| >| > >_
IfcR ict ccl ich
H16_RS22160 H16_RS22140 H16_RS22130 H16_RS22125
(42/97%) (60/99%) (46/94%) (47/93%)

Supplementary Figure 7 Gene cluster putatively involved in itaconate degradation in C. necator H16.
C. necator H16 gene cluster encoding the homologues of P. aeruginosa PAOL1 Ict, Ich, and Ccl. An
ItcR homolog is located in close proximity to the gene cluster involved in itaconate degradation in the
same orientation. Gene names and locus tags are shown. Protein sequence identity and coverage is

indicated in brackets.
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9.4 Supplementary Tables

Supplementary Table 1 Chemicals used in this work.

Chemical Supplier Catalogue
number

1-butanol Sigma-Aldrich B7906

1-Cyclohexene-1-carboxylic acid Sigma-Aldrich 328367

1,3-butanediol Sigma-Aldrich 309443

1-propanol Sigma-Aldrich 279544

2-butanol Sigma-Aldrich 294810

2-propanol Sigma-Aldrich 19516

2,6-Dihydroxybenzoic acid Acros Organics, Thermo 114880250
Fisher Scientific

3-Aminobutanoic acid Sigma-Aldrich A44207

3-butenoic acid Sigma-Aldrich 134716

3-Hydroxy-2-butanone Alfa Aesar, Thermo Fisher Al13752
Scientific

3-Hydroxypropionic acid Fluorochem 147100

3,4-Dihydroxybenzoic acid Sigma-Aldrich 37580

4-Hydroxybenzoic acid Acros Organics, Thermo 120991000
Fisher Scientific

4-Hydroxyquinoline-2-carboxylic acid ~ Alfa Aesar, Thermo Fisher A12602

hydrate Scientific

4-isopropylbenzoic acid Acros Organics, Thermo 412800050
Fisher Scientific

a-ketoglutaric acid Alfa Aesar, Thermo Fisher A10256
Scientific

B-Alanine Sigma-Aldrich 146064

y-Aminobutyric acid Sigma-Aldrich A2129

Butyric acid Alfa Aesar, Thermo Fisher L13189
Scientific

Caffeine Alfa Aesar, Thermo Fisher 39214
Scientific

Catechol Acros Organics, Thermo 158980050
Fisher Scientific

cis-Aconitic acid Sigma-Aldrich A3412
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cis,cis-Muconic acid

Citraconic acid
Citric acid trisodium salt

Cyclohexanecarboxylic acid

Cyclopentanecarboxylic acid

D-3-hydroxybutyric acid
D-Malic acid

D-Mannitol
D-Saccharic acid potassium salt
D,L-2-Hydroxybutyric acid sodium salt

D,L-2-Phenylglycine

D,L-2,3-Diaminopropionic acid
monohydrochloride

D,L-Isocitric acid trisodium salt hydrate
D,L-lIsoserine

D,L-Mandelic acid

Dopamine hydrochloride

Ethanol

Fumaric acid

Glycerol

Glycine

Glyoxylic acid monohydrate

Hippuric acid

Hydroquinone

Hypoxanthine

Isethionic acid sodium salt
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Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Alfa Aesar, Thermo Fisher
Scientific

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific

Alfa Aesar, Thermo Fisher
Scientific

Honeywell

Sigma-Aldrich

Honeywell

Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific

Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

297760025

C82604
C3674
A14693

Al12375

54920
A11688

M9546
S4140
A18636

B21129

L09485

11252
286338
125311000

Al11136

32221
47910
49770
1042010100
G10601
150270050

219930500

H9377
220078



Isoprene

Itaconic acid

L-3-hydroxybutyric acid
L-a-Hydroxyglutaric acid disodium salt
L-Alanine

L-Arabinose

L-Aspartic acid potassium salt
L-glutamic acid monosodium salt
hydrate

L-Glutamine

L-Kynurenine

L-Malic acid

L-Phenylalanine

L-Rhamnose monohydrate
L-Tryptophan

L-Tyrosine disodium salt

Lactic acid
Levulinic acid
Malonic acid

Magnesium acrylate
Mesaconic acid
Methacrylic acid
Methylsuccinic acid
Nicotinic acid
Oxalacetic acid

Phenol

Phenyl acetate

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific

Acros Organics, Thermo
Fisher Scientific

Acros Organics, Thermo
Fisher Scientific

Acros Organics, Thermo

Fisher Scientific

L14619

129204
54925
90790
A26802
365181000

AB558
G1626

G3126
K8625
M1000
P2126
R3875
T0271
426410250

W261106
L2009
M1296
42002

131040

155721

M81209

128291000

416600050

149340500

148771000
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Phenylglyoxylic acid

Potassium sodium tartrate

Propionic acid

Pyruvic acid
Resorcinol

Shikimic acid

Sodium acetate
Sodium benzoate

Sodium D-lactate
Sodium formate
Sodium fumarate dibasic

Sodium glycolate

Sodium L-lactate

Sodium salicylate

Sodium succinate dibasic hexahydrate
Sulfoacetic acid

Tartronic acid

Taurine

Theobromine

Tiglic acid

trans-Aconitic acid

Tricarballylic acid

Uracil
Valeric acid

Xanthine

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific

Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Alfa Aesar, Thermo Fisher

Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich

Alfa Aesar, Thermo Fisher
Scientific

Sigma-Aldrich

Acros Organics, Thermo
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Acros Organics, Thermo

Fisher Scientific

L00648

1551140
L04210

P76209
132290500

132700010

52889
A15946

71716
71539
F1506
Al12341

L14500

S2378
242802
83620
A12403

T4500
Al17056

122750
139360050

u0750
240370
149170050

195



Supplementary Table 2 Oligonucleotide primers used in this work. Restriction sites that were

incorporated for cloning are underlined.

Primer name  Primer sequence (5° — 3’)

EHO01_f tggtgagaatccaagcttccattcaggtcgaggtggecec

EHO002_r ttatacctagggcgttcggetgeggetggegetgggect

EHO003_f gccgceagcecgaacgccctaggtataaacgcagaaaggecca

EHO004_r tgtttctccatagggagaccacaacggtttccctctagaaataattttggaattcaaaagatcttttaagaag
gagatatacatatgg

EHO005_f accgttgtggtctccctatggagaaacagtagagagttgcgataaaaagceg

EHO006 _r cctcgacctgaatggaagcttggattctcaccaataaaaaacgeccgg

EHO007_f atttctagagggaaaccgttgtggtctccctacgaccagtctaaaaagcgcect

EHO08_r atcgacgtcttaatctttctgcgaattgagatgacgc

EHO009 f atttctagagggaaaccgttgtggtctcectgegttgattacagcecttcaaacg

EHO010 r atcgacgtctcaggccaggttttgttccg

EHO11 f aatccaagcgtttaaacggaggcagacaaggtatagggc

EHO12 r tctgectecgtttaaacgcettggattctcaccaataaaaaacge

EHO013_f ggatgacctgcaggtataaacgcagaaaggcccacc

EHO015_f gcccagtctttcgactgagcectttegttttatggcgegecaggecggccgatatctggcgaaaatgagac
ottg

EHO16 r cgaaaggctcagtcgaaagactgggcctttcgttttatgacgtcttatgacaacttgacggctacatcattc

EHO17_f cgccatatgegttctecttggaattgttgte

EHO18 r tatgacgtctcagtcctgggcaaagceg

EHO019 f cgccatatgcaacctcgcgectg

EHO020_r tatgacgtcctactcggctagcaactcge

EHO021 f cgccatatgagatgagggtggggotttg

EHO022 r tatgacgtctcaaccttccgecacge

EH023 f cgccatatggcetggcttctgcaaggatg

EHO024 r tatgacgtcctaagtccggaacaccgact

EH025_f tcagaaggccatcctgacggatggccttttggcgcgecaggecggecgata

EHO026_r catacgagccggaagcataaagtgtaaagccgategttgttgacactctatcattgatagagttattttacce
acgggagaccacaacggtttcc

EH027_f tacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagcta
tgacaaagttgcagccgaat

EHO028 r ggccatccgtcaggatggcecttctgacgtctcaatcgtcaccctttctegg

EHO41 f atttctagagggaaaccgttgtggtctcccgataaagacaaagcaaggggtgtg
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EHO042_r
EHO043_f
EHO44_r
EHO48_f
EHO51_r
EHO55_r
EHO56_f

EHO59_f
EH060_r
EHO61_f
EHO062_r
EHO75_r
EHO78_f
EHO79_r
EHO83_f
EHO095_r
EHO096_f
EHO97_r
EHO098_f
EHO099 r
EH100_f
EH105_r
EH106_f

EH107_r
EH108_f
EH109 _r
EH111 r
EH112_f

EH113 f

EH114 r

197

tatgacgtctcagcttttcagccgeeg
atttctagagggaaaccgttgtggtctcectaagtttcactatacactctttggaaattgacc
tatgacgtctcatgtacctgcatcactctctttagt

gacgtcagaaggccatcct

atggcgagtagcgaagacgttatcaa
atccgtcaggatggccttctgacgtcttattectgtgtccgggteacy
tacactttatgcttccggctegtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagcta
tgcctctgacagacacce

gctactcgccatatgcaacctcgegectg

tcgttttatgacgtcgcttgtectttatggeagttcg

acttttacgcaacgcataattgttgt

acaacaattatgcgttgcgtaaaagt
aaggccatcctgacggatggecttttcctgcaggtcatcccaggtggeact
gttgtcataacctaggtataaacgcagaaaggcecace
tgcgtttatacctaggttatgacaacttgacggctacatcat
aaaaggccatccgtcaggatggecttctatgtatatctccttcttaaaagatcttttgaattcca
tcgttttatgacgtcgatgatceggtitttttgtgcgt

gctactcgccatatgegttctecttggaattgttgte

tcgttttatgacgtcggeagtgtcggggegaaa

gctactcgecatatggetggcettctgcaaggatg
gcctgtacctaggaacgaactgccataaaggacaag
gtcctttatggcagttcgttcctaggtacaggettgeecctgtg
atccgtcaggatggecttctgacgtcctaacttataggggtaacacttaaaaaagaatcaat
tccggctegtatgttgtgtggaattgtgageggataacaatttcacacaggaaacagctatggttattattca
aattgcagatcaagct
caattccacacaacatacgagccggaagcataaagtgtaaagccgatcgcattgaaataaacatttatttt
gtatatgatgagataaagttagtttatt
cgccatatgtatatctecttcttaaattaagtgaacaagtttatccatcaactatcttaattg
tttaagaaggagatatacatatggcgagtagc
atccgtcaggatggecttctgacgtcctagegcettgaatttcgegtac
ccggctegtatgttgtgtggaattgtgageggataacaatttcacacaggaaacagctatggtgatcatga
gtccaaagagaa
acaattccacacaacatacgagccggaagcataaagtgtaaagccgatcgaaatcataaaaaatttatttg
ctttgtgageg

atgtatatctccttcttaaagttaaacaaaattatttctagtaac



EH118 r

EH119 f
EH120 r
EH121 f
EH122 r

EH123 f
EH133 r
EH134 f
EH135 r
EH136_f
EH138 f
EH139 r
EH148 r
EH165 r
EH166_r
EH167 r
EH168_r
EH169 r
EH170 r
EH171 r
EH172_r

EH173_r

EH174 r

EH175_f

EH178 r

EH179 r

EH182_ r

EH183 f
EH190 r

ggccggcectggegegecataaaacgaaaggctcagtcgaaagactgggcctttegttttatgacgtecta
atccgaaaacaagccgacg

gctactcgecatatgtgtctccggcetatgtetetteg
atccgtcaggatggecttctgacgtctcaacgttgegtaccaggac
tcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatggetegtaccecctete
cgctcacaattccacacaacatacgagccggaagcataaagtgtaaagccgatcgaataaaaaatctce
aggcagggc

ttgataacgtcttcgctactcgecatatgectcttgattccattcttttcagaaaact
cgaaaggctcagtcgaaagactgggectttegttttatgacgtcttatgegtcggtgggete
gegegtgegecgtgetgectgecggeagectgaagacctcatcage
gccggeaggceageacggegeacgegegecgtetgtgegatacggttgtee
ttgataacgtcttcgctactcgecatatgctgtctectgttgtegt

aacacgttcccatttgaaaccttc

agttcgttcctaggcectgtgctaaaacgcacagc
tcgttttatgacgtcatggcgagtagcgaagacgtta
cagttcgttcctaggegtgggcttgeccctgtgctaaaa
cagttcgttcctaggtacaaatccgeccctgtgctaaaacgeac
cagttcgttcctaggtacaggcttatttttgtgctaaaacgcacagegg
cagttcgttcctaggtacaggcttgcccecacatcaaaacgcacageggctgeg
cagttcgttcctaggtacaggcttgeccctgtgctggggtgcacageggetgegegaaat
cagttcgttcctaggtacaggcttgeccctgtgctaaaacatgtggeggcetgegegaaatctegt
cagttcgttcctaggtacaggcttgeccctgtgctaaaacgcacaataattgcgegaaatctegtgttte
cagttcgttcctaggtacaggcttgeccctgtgctaaaacgcacagcggccatataaaatctegtgtttcat
ccacgaaat
cagttcgttcctaggtacaggcttgcccctgtgctaaaacgcacageggetgegeggggcttegtgtttca
tccacgaaattactcac
cagttcgttcctaggtacaggcttgcccctgtgctaaaacgcacageggetgcgegaaatectacatttca
tccacgaaattactcactaagatgga
ataacgtcttcgctactcgccatatgcaacctcgegectgttttttat
cagttcgttcctaggcacaggcttgcecctgtgetaa
cagttcgttcctaggtacaggcttgcccctgtgctaaaacgcacageggetgcgegaaatcteatgtttca
tccacgaaattactcactaagatg
ggccggcectggegegecataaaacgaaaggetcagtcgaaagactgggcctttegttttatgacgtctta
cttcccaaactcactgaacctgg

gctactcgecatatgtgtctcctggtccagatcga
aggctcagtcgaaagactgggectttcgttttatgacgtctcaaggaaacacggtcaggaca
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EH191 f gctactcgecatatggttcctcctccaacttcgct

EH196 r ttetgttccaggggcccctgggatccatgttcgactggaatgatetge

EH197 f gatcgtcagtcagtcacgatgcggccgcctactcggctagcaactcge

EH210 r tcgttttatgacgtcggtgecgtctattattgattttatgaatgt

EH211 r tcgttttatgacgtcgecggcaggcagceacggce

EH212_f gctactcgcecatatgctgtctectgttgtegttgtet

EH213 r tcgttttatgacgtctccatctttaatttcaggttaacaatggt

EH217_f tcgttttatgacgtccaggceactcgggceaggegtga

EH258 r cagtcgaaagactgggcctttcgttttatgacgtcctagegegectcagegtaat

EH259 f ttgataacgtcttcgctactcgecatatggtctcetgtgaggceattgege

EH262_r tcgttttatgacgtcctaggegecectcegeege

EH263 f gctactcgcecatatgggtgecgeggegcctttg

EH264 r tcgttttatgacgtctcagcgcaggtgcgacag

EH265 f gctactcgcecatatgtgegegtctecttgtaatge

EH272 r cagtcgaaagactgggcctttcgttttatgacgtcatgtagaaaatagcttattgaagggccgcet

EH273 r tcgttttatgacgtctcgaatttccttcgactaatcatcaattcttcgcattttatge

EH274 r tcgttttatgacgtcacacaaatcccgcattcttcagtt

EH275 r cagtcgaaagactgggcctttcgttttatgacgtctcagccggcectctgectc

EH276 f ttgataacgtcttcgcetactcgecatatgcttetetetcttggtgatggcgga

EH277 r tcgttttatgacgtctcagcccacgtccgatgtce

EH278 f gctactcgecatatgcgtggaggctccagtgeg

EH279 r cagtcgaaagactgggcctttcgttttatgacgtctcaacgetgcggggegeg

EH280 f ttgataacgtcttcgcetactcgecatatggeggtaaggactgtcggeaccgge

EH281 r tcgttttatgacgtcctattcgcagaacgtcttcaccatctc

EH282_f gctactcgccatatgttcgactccgeggtttgga

EH283 r tcgttttatgacgtctcaggectccageggeac

EH284 f gctactcgccatatgtttctcactaaaggggcgggaaataatattgt

EH285 r tcgttttatgacgtctcagtcccctgggcetgee

EH286 f gctactcgccatatggttctectttcaggattccggtgct

EH287_r tcgttttatgacgtctcactcccecttgtcgeggatagatggtgatg

EH288 f gctactcgccatatgeccggetggegecgcaag

EH289 r tcgttttatgacgtctcactgagcggaagcagg

EH290_f gctactcgcecatatggcagtctectegtegttg

EH293 r cggtttccctctagaaataattttggaattcaaaagatcttttaagaaggagatataaccatgaccaagcaat
ctgcgga

EH294 f tgcaacaggccccagtttctgcccatatccaatcaccctg
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EH295 r gtgattggatatgggcagaaactggggcctgttgca

EH296_f gcgcacatttccccgaaaagtgcecacctgggatgacctgcaggaaaaggccatcegtcaggatggectt
ctttataccagtggcgatttcacg

EH297 r tcgttttatgacgtcggegatggeggeccteeg

EH298 r tcgttttatgacgtcggatcaaatttaaaggattccgggacy

EH299 r tcgttttatgacgtctttgatttcctcacatcagagattcacg

EH300_r tcgttttatgacgtcagtctttttcacagtgttggegtcttg

EH301_r tcgttttatgacgtcgcctaaaagttatcgtatttaacagtaatcttaatttaca

EH302_r tcgttttatgacgtccttcatatccaaaagcaattaaacacac

EH310_f gctactcgccatatgtatatctccttcttaaaagatcttttgaattcccaaaaaaacgggtatggagaaac

EH311 _r tcgttttatgacgtcctacaggcetgtctcccaccct

EH312_f gctactcgecatatgtggcttcccatgacctaggg

EH344 f actagtactgtttaaaccgctcacaattccaca

EH345 r tcgttttatggcgcgecaggecggcecaattagaaggecgecagagagg

EH346 r tcgttttatgacgtcactggtccgcaagctttgtcac

EH360 r cagtcgaaagactgggcctttcgttttatgacgtctcactceccttgtcgeggat

EH361 f ttgataacgtcttcgcetactcgecatatggtgattccttcttcaaaagaattccaggt

EH397 r cagtcgaaagactgggcctttcgttttatgacgtcttgtctctcggeacggttc

EH398 f ttgataacgtcttcgcetactcgecatatgttceccttattcggecag

EH415 r ggcgctectgeggecggectggegegecataaaacgaaaggctcagtcgaaagactgggectttegttt
tatttacttgtacagctcgtccatge

EH420 f aaaagtgccacctgggatgacctgcaggaaaaggccatccgtcaggatggccttctggatccttaagea
cecgaty

EH421 f ccggagacacatatggtgagcaagggcgaggagetgt

EH422 r cttgctcaccatatgtgtctcecggcetatgtcet

EH423 f aaataataaaaaagccggattaataatctggctttttatattctctctaatccgaaaacaagccgacg

EH424 r attaatccggcttttttattattttcactgagcggaagcaggc

EH425 f gctactcgecatcgggceagtctectegteg

EH426 r ggagactgcccgatggcgagtagcgaagacg

EH435 r gccggectggegegcecataaaacgaaaggcetcagtcgaaagactgggectttegttttatgacgtcattg
gcaccatcggaattgc

EH436 f ctactcgccatatgttccccttattcggecag

EH441 r ttctggcgcetectgeggecggectggegegecataaaacga

EHseq003 catacgaactttgaaacgcatgaact
EHseq018 cgcagatcattccagtcgaaca
EHseq026_f  gtctgggtaccttcgtacgga
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P009 ispS_f  gacggcgaaggagatatacatatgg

P0O10 ispS r tatacttaagtctagattcagcgctcgaacgg
N30 _asp_f tcgttttatgacgtcttacatgctgeececgggtgetac
N31_asp_r gctactcgccatatgtcctcctagggggaatcgg

N36_f tttatgacgtcttacgttgcgcecttattccttcgg
N37_f tttatgacgtcttaaccgccacgaagtaacgc
N38_r atatatcatatgggtctccatagttgtggttggg
N39_r atatgtacaattcccttttaatcatccggetcgtataatgtgtggagacttgaattcactagtttaactttaaga

aggagatatatatatgctgaccctgaacctgac
N40_r atatgtacaattcccttttaatcatccggcetcgtataatgtgtggagacttgaattcactagtttaactttaaga
aggagatatatatatgctgaccctgaatctgacce

Supplementary Table 3 Putative transcription factor-based inducible systems mined from the genome
of C. necator H16.

Locus tag regulator Regulator name Regulator family Inducible promoter

H16_RS01325 OapR MocR Ph16_Rrs01330
H16_RS03160 FdsR LysR Ph16_rsos16s
H16_RS05060 XdhR LysR Ph16_Rrsos0s5
H16_RS05525 PhgR LysR Ph16_Rrsos530
H16 RS08130 NahR LysR PHi1s_Rrsos125
H16_RS09795 BenM LysR Ph16_Rrs09790
H16 RS10670 TtdR LysR Ph16_Rrs10665
H16_RS13690 SauR IcIR PH16_Rs13695
H16 RS14025 KynR AsnC Ph16_rs14030
H16 RS18300 HpdR LysR Ph16_rs18295
H16 RS18360 PhhR AsnC Ph16_rs18365
H16_RS23650 GabR MocR PH16_Rrs23655
H16_RS24180 HpdA AsnC Phits Rs24175
H16_RS27205 BadR MarR Ph16_Rrs27200
H16_RS29645 N/A XRE Phi16_Rrs29650
H16 RS30150 PcaQ LysR PH16_Rrs3o145
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Supplementary Table 4 Absolute normalised fluorescence values of C. necator carrying the various
transcription factor-based inducible gene expression system-reporter constructs in the presence and
absence of their proposed effector molecule. Single time-point fluorescence measurements were taken
6 h after supplementation with inducer at a final concentration of 5 mM. C. necator was grown in LB
medium. The standard deviation was calculated from the absolute normalised fluorescence values of

three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+ factor
inducer) inducer)

pEH147 3-Aminopropanoate 1774 £ 37 11413 + 682 6.4
pEH134 Formate 1062 £ 41 2564 + 190 2.4
pEH154 Xanthine 1044 + 35 3776 + 332 3.6
pEH155 Phenylglyoxylate 8x2 139+6 17.4
pEHO042 Salicylate 90+ 14 55943 + 1955 622
pEH148 Benzoate 61+4 64847 + 4986 1063
pEHO083 Tartrate 102 3749 374
pEH157 Sulfonatoacetate 51 772 +61 154
pEH136 L-Kynurenine 2178 + 61 34165 + 591 15.7
pEHO010 3-Hydroxypropanoate 1389 +41 15615 + 835 11.2
pEH137 L-Phenylalanine 1726 £53 2626 + 127 15
pEH156 4-Aminobutanoate 4+2 3x1 0.8
pEH158 L-Tyrosine 15932 + 343 38853 + 2021 2.4
pEH159  Cyclohexanecarboxylate 9+3 101+ 11 11.2
pEH160 L-Glutamine 61 4+1 0.7
pEH161  3,4-Dihydroxybenzoate 1095 13778 + 1212 126
pEHO052 Acetoin 601 + 38 1493 + 101 2.5
pEH176 L-Arabinose 16+2 5464 + 256 342
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Supplementary Table 5 Absolute normalised fluorescence values of C. necator carrying the
redesigned 4-aminobutanoate (GABA)- and L-glutamine-inducible gene expression system-reporter
constructs in the presence and absence of GABA and L-glutamine, respectively. Single time-point
fluorescence measurements were taken 6 h after supplementation with inducer at a final concentration
of 5mM. C. necator was grown in LB medium. The standard deviation was calculated from the absolute

normalised fluorescence values of three biological replicates.

) Absolute
) Absolute normalised ] )
Plasmid normalised Induction
o Effector fluorescence (no
identifier ) fluorescence (+ factor
inducer) ]
inducer)
pEH256 4- 180+ 10 346 + 47 1.9
Aminobutanoate
pEH240 L-Glutamine 6314 69 + 12 1.1
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Supplementary Table 6 Absolute normalised fluorescence values of C. necator carrying the various

inducible promoter-reporter gene constructs in the presence and absence of their proposed effector

molecule. Single time-point fluorescence measurements were taken 6 h after supplementation with

inducer at a final concentration of 5 mM. C. necator was grown in LB medium. The standard deviation

was calculated from the absolute normalised fluorescence values of three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+  factor
inducer) inducer)

pEH101 3-Aminopropanoate 685+ 16 2731 +55 4.0
pEH151 Formate 73+13 739 1.0
pEH167 Xanthine 162+ 6 580 £ 11 3.6
pEH229 Phenylglyoxylate 12+3 14+1 1.2
pEHO095  Salicylate 17+2 4959 + 211 292
pEH149 Benzoate 26+1 10485 + 157 403
pEHO097 Tartrate 10+1 46 + 6 4.6
pEH168 Sulfonatoacetate 9+2 24+ 8 2.7
pEH152 L-Kynurenine 270 £ 16 2461 + 44 9.1
pEHO035 3-Hydroxypropanoate 879 505+ 35 5.8
pEH153 L-Phenylalanine 1312 192+6 1.5
pPEH266  4-Aminobutanoate 65+5 765 1.2
pEH169 L-Tyrosine 541 + 23 1278 + 54 2.4
pEH170 Cyclohexanecarboxylate 39+ 1 150+ 7 3.8
pEH171 3,4-Dihydroxybenzoate 53+ 4 110+ 4 2.1
pEH096  Acetoin 40+ 4 507 1.3
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Supplementary Table 7 Absolute normalised fluorescence values of E. coli carrying the various

transcription factor-based inducible gene expression system-reporter constructs in the presence and

absence of their proposed effector molecule. Single time-point fluorescence measurements were taken

6 h after supplementation with inducer at a final concentration of 5 mM. E. coli was grown in LB

medium. The standard deviation was calculated from the absolute normalised fluorescence values of

three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+ factor
inducer) inducer)

pEH147 3-Aminopropanoate 319 +£117 311 +88 1.0
pEH134 Formate 1067 + 12 33722 £ 1223 31.6
pEH154 Xanthine 113+24 165 + 49 15
pEH155 Phenylglyoxylate 11+1 130+ 79 11.8
pEHO042 Salicylate 109 £ 15 12697 + 4341 116
pEH148 Benzoate 32+1 141707 + 4977 4428
pEHO083 Tartrate 6+2 93 +33 155
pEH157 Sulfonatoacetate 73 8x1 1.1
pEH136 L-Kynurenine 71 10+2 1.4
pEHO010 3-Hydroxypropanoate 83 14+£2 1.8
pEH137 L-Phenylalanine 247 £11 285+51 1.2
pEH256 4-Aminobutanoate 71 71 1.0
pEH158 L-Tyrosine 33+6 102 4 3.1
pEH159  Cyclohexanecarboxylate 445 + 36 417+ 12 0.9
pEH161  3,4-Dihydroxybenzoate 388 £ 95 57452 + 8153 148
pEHO052 Acetoin 7+5 824 + 84 118
pEH176 L-Arabinose 392 +121 508015 + 60936 1296
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Supplementary Table 8 Absolute normalised fluorescence values of P. putida carrying the various

transcription factor-based inducible gene expression system-reporter constructs in the presence and

absence of their proposed effector molecule. Single time-point fluorescence measurements were taken

6 h after supplementation with inducer at a final concentration of 5 mM. P. putida was grown in LB

medium. The standard deviation was calculated from the absolute normalised fluorescence values of

three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+ factor

inducer) inducer)
pEH221 3-Aminopropanoate 21987 + 1369 27923 + 3472 13
pEH202 Formate 25978 + 4736 63325 + 10034 2.4
pEH223 Xanthine 2102 + 157 1915 + 139 0.9
pEH218 Phenylglyoxylate 48 + 2 601 £ 57 125
pEH194 Salicylate 266 + 18 38100 + 763 143
pEH205 Benzoate 1949 + 855 320995 + 29072 165
pEH199 Tartrate 22+3 198 + 45 9
pEH224 Sulfonatoacetate 36+ 16 277 0.8
pEH208 L-Kynurenine 94 + 38 843 +£99 9.0
pEH197 3-Hydroxypropanoate 978 £ 35 5901 + 240 6.0
pEH210 L-Phenylalanine 67340 + 2748 79256 + 2008 1.2
pEH268 4-Aminobutanoate 1147 £ 98 1998 + 102 1.7
pEH212 L-Tyrosine 7969 + 3330 8642 + 1436 1.1
pEH214  Cyclohexanecarboxylate 26+ 3 38+1 15
pEH216  3,4-Dihydroxybenzoate 1266 £ 51 95517 + 803 75.4
pEH222 Acetoin 3865 + 84 16067 + 783 4.2
pEH220 L-Arabinose 62+5 21137 + 2616 341
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Supplementary Table 9 Previously employed transcription factor-based inducible gene expression systems. The dataset may not be complete.

Effector Inducible Source Host Induction  Application Reference
system factor
Salicylate NagR/Pragaa  Ralstonia sp. U2 Escherichia coli RFM443 N/A? Evaluation of reporter gene 268
expression
Salicylate SalR/Psaia Acinetobacter baylyi ADP1  Acinetobacter baylyi ADP1  N/A? Evaluation of cross-regulation 269
Salicylate NahR/Psa Pseudomonas putida NAH7  Escherichia coli Top10 <120 Evaluation of reporter gene 210
expression
Salicylate NahR/Psa Pseudomonas putida NAH7  Escherichia coli SAL1 ~1.8 Evaluation of reporter gene 179
expression
Salicylate NahR/Psal Pseudomonas putida Pseudomonas putida N/A2 Evaluation of reporter gene an
KT2440 KT2440 expression
Benzoate BenM/Ppena  Acinetobacter baylyi ADP1 Acinetobacter baylyi ADP1  N/A? Evaluation of cross-regulation 269
Benzoate NahR/Psaj Pseudomonas putida NAH7  Escherichia coli DH10B N/A2 Selection of biocatalysts 68
Benzoate BenR/Ppena  Metagneome Escherichia coli IM109 ~84 Screening for amidases 170
3-hydroxypropanoate MmsR/Pmmsa  Pseudomonas denitrificans Pseudomonas denitrificans <100 Evaluation of reporter gene 2ar2
ATCC 13867 ATCC 13867 expression
3-hydroxypropanoate MmsR/Pmmsa  Pseudomonas denitrificans Escherichia coli 14 Evaluation of reporter gene 2r2
ATCC 13867 expression
3-hydroxypropanoate MmsR/Pmmsa  Pseudomonas denitrificans Pseudomonas putida 28 Evaluation of reporter gene 2r2
ATCC 13867 expression
L-phenylalanine Tyr/Pyre Escherichia coli Escherichia coli N/A? Phenotype screening 213
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L-phenylalanine
L-tyrosine
3,4-dihydroxybenzoate

3,4-dihydroxybenzoate

3,4-dihydroxybenzoate

Tyr/Pmtr
TyrR/ParoF
POb R/ PpobA

PcaU/Ppcal

PcaU/Ppcal

Escherichia coli MG1655
Escherichia coli
Acinetobacter sp. ADP1

Acinetobacter baylyi ADP1

Acinetobacter baylyi ADP1

Escherichia coli MG1655
Escherichia coli
Escherichia coli BL21

Pseudomonas putida
KT2440
Escherichia coli BL21

4.5

N/A?

8-30

>12

14

Phenotype screening
Phenotype screening
Evaluation of reporter gene
expression

Evaluation of reporter gene
expression

Evaluation of reporter gene

expression

76

274

171

275

276

2Not available.
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Supplementary Table 10 Absolute normalised fluorescence values of E. coli carrying the various

inducible promoter-reporter gene constructs in the presence and absence of their proposed effector

molecule. Single time-point fluorescence measurements were taken 6 h after supplementation with

inducer at a final concentration of 5 mM. E. coli was grown in LB medium. The standard deviation was

calculated from the absolute normalised fluorescence values of three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+ factor
inducer) inducer)

pEH101 3-Aminopropanoate 377 £ 67 328 +£81 0.9
pEH151 Formate 1021 + 280 958 +41 0.9
pEH167 Xanthine 155 + 83 218 + 82 1.4
pEH229 Phenylglyoxylate 31 31 1.0
pEH095 Salicylate 131+20 220+ 12 1.7
pEH149 Benzoate 378 £ 196 441 + 109 1.2
pEHO97 Tartrate 12+2 12+2 1.0
pEH168 Sulfonatoacetate 7+5 8+1 1.1
pEH152 L-Kynurenine 1314 17+£2 1.3
pEHO035 3-Hydroxypropanoate 10+£2 11+7 1.1
pEH153 L-Phenylalanine 305 £+ 106 314 £ 111 1.0
pEH266 4-Aminobutanoate 9+1 8+1 0.9
pEH169 L-Tyrosine 37+10 111 +£50 3.0
pEH170  Cyclohexanecarboxylate ~ 15230 + 2135 25748 + 4854 1.7
pEH171  3,4-Dihydroxybenzoate 3806 + 419 5011 + 815 1.3
pEHO096 Acetoin 612 71 1.2
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Supplementary Table 11 Absolute normalised fluorescence values of P. putida carrying the various

inducible promoter-reporter gene constructs in the presence and absence of their proposed effector

molecule. Single time-point fluorescence measurements were taken 6 h after supplementation with

inducer at a final concentration of 5 mM. P. putida was grown in LB medium. The standard deviation

was calculated from the absolute normalised fluorescence values of three biological replicates.

Absolute Absolute
Plasmid normalised normalised Induction
identifier Effector fluorescence (no  fluorescence (+ factor
inducer) inducer)

pEH196 3-Aminopropanoate 7665 *+ 409 7887 + 826 1.0
pEH203 Formate 4569 + 824 4358 + 499 1.0
pEH204 Xanthine 2320 £ 120 2008 + 320 0.9
pEH257 Phenylglyoxylate 34+13 103+ 14 3.0
pEH195 Salicylate 300 + 33 3681 + 165 12.3
pEH206 Benzoate 2287 + 307 14062 + 1092 6.1
pEH200 Tartrate 52+8 60+ 6 1.2
pEH207 Sulfonatoacetate 205 18+3 0.9
pEH209 L-Kynurenine 66 + 16 525 0.8
pEH198 3-Hydroxypropanoate 801 £ 63 939 £ 53 1.2
pEH211 L-Phenylalanine 836 + 32 1346 + 789 1.6
pEH269 4-Aminobutanoate 92+4 101+38 1.1
pEH213 L-Tyrosine 377+6 382 + 26 1.0
pEH215 Cyclohexanecarboxylate — 26722 + 1051 25438 + 1810 1.0
pEH217  3,4-Dihydroxybenzoate 1238 £ 32 1169 £ 29 0.9
pEH201 Acetoin 67 £12 122 +11 1.8
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Supplementary Table 12 Induction of metabolites relative to the induction achieved using the primary

effectors in C. necator and E. coli. Relative induction in C. necator was calculated using fluorescence

values from the orthogonality screen performed in minimal medium. Relative induction in E. coli was

calculated using single time-point fluorescence measurements from cultures grown in LB medium.

Relative induction in

Relative induction

Compound Inducible system ) ) o
C. necator (in %) in E. coli (in %)

Acrylate OapR/Ph1s_rso133o 68 2.7*
Phenylglyoxylate FAdsR/PHz1s_rso3165 52 0

Phenylglyoxylate BenM/Pris_rsos79o 17 0.19
Cyclohexanecarboxylate BenM/Puis_rsograo 110 4.3
Cumate BenM/Pris_rsos790 100 2.0

Acrylate HpdR/PH1s_rs1s295 113 N/A
L-phenylalanine HpdA/Phis Rrs24175 77 0
Cumate ACOR/PH16_rs19445 18 0

*The engineered B-alanine-inducible system was used for evaluation of orthogonality in

E. coli.
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Supplementary Table 13 Induction of metabolites relative to the induction achieved using the primary

effectors in C. necator and E. coli. Relative induction in C. necator was calculated using fluorescence

values from the orthogonality screen performed in minimal medium. Relative induction in E. coli was

calculated using single time-point fluorescence measurements from cultures grown in LB medium.

Relative induction

Relative induction in

Compound Inducible system  in C. necator (in o
%) E. coli (in %)
3-Aminobutanoate OapR/Pu1s_rs1330 58 44*
D,L-3-Amino-2- OapR/PH16_rso1330 33 0.4*
hydroxypropanoate
Nicotinate FASR/PH1s_rsozies 113 0
Hypoxanthine XdhR/Pui1s_rsos0ss 166 N/A
2,6-dihydroxybenzoate  NahR/Puis_rsosizs 8 0.2
Hippurate BenM/Pras_rsosr9o 21 0
Cyclohexene-1- BenM/Pris_rsosr9o 156 94
carboxylate
Catechol BenM/Pras_rsosr9o 10 0.2
L-tryptophan KynR/Ph1s_rsi4030 66 N/A
Cylohexene-1- BadR/Ph1s_rs27200 80 N/A
carboxylate
Cyclopentane-1- BadR/Ph1s_rs27200 11 N/A
carboxylate
4-Hydroxybenzoate PcaQ/Phi1s_rs3oi4s 212 0.1
L-Lactate ACOR/PH16_prs19445 29 0

*The engineered PB-alanine-inducible system was used for evaluation of orthogonality in

E. coli.
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9.5 Manuscript: A genome-wide approach for identification and

characterisation of metabolite-inducible systems

E. K. R. Hanko, A. C. Paiva, M. Jonczyk, M. Abbott, N. P. Minton & N. Malys (2020).

Nature Communications 11 (1), 1-14.

The article is licensed under a Creative Commons Attribution 4.0 International license.
A copy of the license can be found at http://creativecommons.org/licenses/by/4.0/. No

changes were made to the article.
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characterisation of metabolite-inducible systems
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Naglis Malys@® '™

Inducible gene expression systems are vital tools for the advancement of synthetic biology.
Their application as genetically encoded biosensors has the potential to contribute to diag-
nostics and to revolutionise the field of microbial cell factory development. Currently, the
number of compounds of biological interest by far exceeds the number of available bio-
sensors. Here, we address this limitation by developing a generic genome-wide approach to
identify transcription factor-based inducible gene expression systems. We construct and
validate 15 functional biosensors, provide a characterisation workflow to facilitate forward
engineering efforts, exemplify their broad-host-range applicability, and demonstrate their
utility in enzyme screening. Previously uncharacterised interactions between sensors and
compounds of biological relevance are identified by employing the largest reported library of
metabolite-responsive biosensors in an automated high-throughput screen. With the rapidly
growing genomic data these innovative capabilities offer a platform to vastly increase the
number of biologically detectable molecules.
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nducible gene expression systems execute a pivotal role in

establishing a sustainable balance of gene expression and

protein synthesis at the genome or single pathway/circuit level
in response to changes in the intra- and extracellular environ-
ment. Such systems have been historically utilised for gene
overexpression and protein production. Nowadays, inducible
systems and their underlying genetic elements have become
essential tools in synthetic biology!. Initially harnessed for the
design of synthetic regulatory circuits?, metabolite-responsive
transcriptional regulators (TRs) and their cognate inducible
promoters have received increasing attention due to their appli-
cation as genetically encoded biosensors3-¢. Although whole-cell
biosensors or cell-free transcription/translation systems have
advanced the fields of clinical diagnostics, environmental reme-
diation, spatiotemporal regulation of signalling networks and
metabolic engineering’~11, the number of compounds that can be
detected is still limited. Thus, to increase the diversity and to offer
unique specificities, previously uncharacterised inducible systems
must be sought and researched.

In instances, where an inducible system is to be found for a
specific effector molecule, transcriptome analyses'213 and the
evaluation of promoter libraries!4 have proven to be efficient
strategies to discover effector-responsive promoters. They do not,
however, exclude promoters that are indirectly activated nor
guarantee identification of their associated TRs. Some of these
issues may be solved by cloning sequence clusters containing TR-
promoter pairs as demonstrated in the screening of metagenome
libraries!>, but this methodology relies on the inducible system
being functional in an organism different to the one it was
sourced from. The reverse strategy relies on predicting the
effector molecule based on genetic context!® or comparative
genomics!”18. This approach has successfully resulted in the
identification of effectors and their corresponding TR-promoter
pairs, but is limited to specific families of TRs and specific classes
of compounds.

In this work, we address the deficiencies associated with the
identification of metabolite-responsive-inducible systems by
interconnecting information on ligand metabolism, TR genes and
gene clusters responsible for the catabolism of the corresponding
ligand. A generalised genome-wide approach is established to
discover previously uncharacterised systems independent of their
belonging to a specific family of regulators, the class of com-
pounds they respond to or bacterial species utilised as a genetic
resource. The discovered systems are validated for their response
to proposed ligands and a comprehensive characterisation is

H Poperon

—  Regulator Gene A Gene Z —
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l l

Enzyme A Enzyme Z

_— —

Fig. 1 Schematic illustration of a TR controlling expression of a metabolic
cluster of genes. The primary substrate was proposed to be the ligand
(light blue diamond). Note that the enzyme that converts the primary
substrate into an intermediate product (grey regular pentagon) may be
encoded by any of the genes in the operon. TR gene and protein are shown
as green left arrow and pie, respectively. Metabolic cluster genes are yellow
and orange right arrows. Product of metabolic conversion is shown as an
orange octagon.

performed. Specifically, we demonstrate their broad-host-range
applicability in three industrially relevant microorganisms and
address a typical issue that may arise, when employing a system
in a host organism different to the one it was mined from. To
facilitate forward engineering efforts, the identified inducible
systems are parameterised and we demonstrate their utility for
controlling orthogonal gene expression. We highlight their
potential to be applied for investigation of metabolism and to
expand the number of biologically detectable chemical species by
evaluating the cross-reactivity between the library of biosensors
and a comprehensive list of selected compounds. Finally, the
biosensor responding to the industrially important intermediate
compound [-alanine is applied to screen a library of L-aspartate
1-decarboxylase homologues and enzymes with superior activities
are identified.

Results
A genome-wide approach to identify inducible systems. Tran-
scription factor-based-inducible systems are composed of a TR
protein and an inducible promoter, including TR and RNA
polymerase binding sequences. In the systems that control gene
clusters associated with metabolism and catabolism in particular,
the level of gene expression from the inducible promoter is often
controlled by the TR that responds to small effector molecules,
also referred to as ligands. To make such systems universally
applicable, all three components need to be identified: the reg-
ulator, the inducible promoter and its corresponding effector.
For the identification of inducible systems, we chose the highly
conserved genetic arrangement, typical of LysR-type TRs
(LTTRs), but not exclusive to other types of TRs, to serve as a
platform for the genome scale approach. In this commonly
occurring arrangement, TRs are transcribed in divergent
orientation of target genes or operons'®20. Once a complete list
of annotated genes belonging to one species is retrieved from
GenBank?! (www.ncbi.nlm.nih.gov), including information on
coding strand orientation and protein function, it is screened for
TRs that are oriented in the opposite direction of operons
involved in metabolism of any or specific ligands. To constrain
the search, the operon itself is to be composed of at least two
genes encoding annotated catalytic functions associated with a
distinct metabolic pathway. For each enzyme encoded by the
operon, a list of metabolic substrates and products is extracted
from The Comprehensive Enzyme Information System??
(BRENDA, www.brenda-enzymes.org). By comparing potential
metabolite substrates and products of each of the involved
enzymes, the primary substrate is concluded that is likely to be
metabolised by the operon-encoded enzymes. This compound
was proposed to be the ligand that binds the TR, initiating
expression of genes that encode the ligand-metabolising pathway
enzymes (Fig. 1). By following this approach, the TR is assigned a
role in metabolism solely based on its proximity to a metabolic
cluster of genes. To exemplify the utility of the approach, it was
applied in the chemolithoautotrophic bacterium Cupriavidus
necator H16, known for its metabolic versatility and diverse gene
expression regulation. Consequently, 16 putative metabolite-
responsive transcription factor-based inducible gene expression
systems were identified (Fig. 2a, b; Supplementary Table 1). Their
genomic organisation is illustrated in Supplementary Fig. 1.

Validation of inducible systems and quantitative evaluation. By
the genome-wide analysis identified native systems were cloned
into a modular reporter vector to examine their response to the
presence of the proposed compounds. The original genetic
organisation was conserved by positioning the TR-coding
sequence in the opposite orientation of a reporter gene
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Fig. 2 Quantitative evaluation of native inducible systems. a Chemical structures of the proposed primary effector molecules: -alanine (1), formic acid
(2), xanthine (3), phenylglyoxylic acid (4), salicylic acid (5), benzoic acid (6), tartaric acid (7), sulfoacetic acid (8), L-kynurenine (9), 3-hydroxypropionic
acid (10), L-phenylalanine (11), y-aminobutyric acid (12), L-tyrosine (13), cyclohexanecarboxylic acid (14), L-glutamine (15) and 3,4-dihydroxybenzoic acid
(16). b Summary of the identified inducible systems, including the inducible promoter, TR name and corresponding ligand. ¢ Single time-point RFP
fluorescence measurements (arbitrary units) of C. necator H16 carrying the transcription factor-based inducible gene expression systems composed of TR
and inducible promoter in the same order as listed in b. The plasmids harbouring the individual system-reporter constructs are indicated. d Single time-
point RFP fluorescence measurements of C. necator H16 carrying the inducible ‘promoter only’ implementations in the same order as listed in b. The
plasmids harbouring the individual promoter-reporter gene constructs are indicated. Fluorescence output was determined in the absence of inducer (light
magenta) and 6 h after extracellular supplementation with the corresponding effector to a final concentration of 5mM (dark magenta). Data are mean *
SD, n=3, *p<0.05, **p<0.001, ***p <0.0001, unpaired two-tailed t-test. Source data are provided as a Source Data file.

encoding a monomeric red fluorescent protein (mRFP)23 (Sup-
plementary Fig. 2). This arrangement enables reporter protein
synthesis in response to exogenous supplementation with the
proposed ligand to be measured by fluorescence output. The
Escherichia coli L-arabinose-, and the C. necator acetoin-inducible
systems have been tested previously?#2> and were included for
comparative purpose (Fig. 2b).

C. necator strains carrying the inducible systems were grown in
rich medium and fluorescence output of the logarithmically
growing cells was quantified 6 h after addition of the inducer. It
should be noted that the metabolic gene cluster, which is
putatively controlled by KynR, despite converting L-tryptophan
into anthranilic acid and L-alanine, the intermediate compound

| (2020)11:1213 | https://doi.org/10.1038/541467-020-14941-6 | www.nature.com/naturecommunications

L-kynurenine was proposed to be the effector molecule and not
the primary substrate L-tryptophan based on the thorough
characterisation of KynR in other bacterial species?®. Of the 16
analysed putative inducible systems, 14 showed a significant
increase in mRFP protein synthesis after supplementation with
their proposed effector molecules (Fig. 2¢). Systems responding to
3-aminopropanoate (B-alanine) and phenylglyoxylate have not
been reported, and highlight the potential of the developed
approach for mining biosensors. Moreover, seven of the native
systems exhibited higher levels of gene expression than the
commonly used heterologous L-arabinose-inducible system in the
presence of their corresponding effectors. Benzoate mediated the
highest induction (factor of 1063-fold) and the highest absolute
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normalised fluorescence with an expression level of >11-fold
higher than AraC/P,,,pap. Low basal promoter activities were
observed for metabolites that are neither involved in primary
metabolism in C. necator nor likely to be present in the employed
complex medium, including sulfonatoacetate, tartrate, cyclohex-
anecarboxylate and phenylglyoxylate.

However, the putative 4-aminobutanoate (GABA)- and L-
glutamine-inducible systems showed no induction, even though
their proposed ligands are involved in primary metabolism in C.
necator and likely to be present in the rich medium. We
hypothesised that translational start sites of the respective first
gene in both operons are incorrectly annotated, resulting in
reporter constructs with ineffectual 5’ untranslated regions. To
test this hypothesis, the GABA- and L-glutamine-inducible
systems were redesigned comprising the TR gene, the intergenic
region, the first gene in the operon and the intergenic region
preceding the second gene cloned upstream of the reporter
(Supplementary Fig. 3a). Both inducible systems resulted in
increased basal promoter activities (Supplementary Fig. 3b).
Remarkably, GabR/Pp;4 rs23655 mediated a 1.9-fold induction of
gene expression in the presence of GABA.

Increase in construct size can ultimately become the limiting
factor in synthetic biology. As it has been reported, the
transformation efficiency linearly decreases with increasing
plasmid size?’. Utilising an inducible system that is endogenous
to the organism provides the advantage to possess a copy of the
TR encoded in the genome enabling truncation of the
controllable element to the sole inducible promoter, thus
reducing construct size considerably. Despite that promoter
activities under both uninduced and induced conditions
generally decreased when the TR gene was removed from the
multicopy episomal vector, a majority of inducible promoters
significantly facilitated gene expression in the presence of their
corresponding effectors (Fig. 2d). Whereas the ‘promoter only’
construct containing Py rs27200, Which lacks the copy of the
TR gene badR, exhibited a greater fluorescence level in the
absence of effector than that of the BadR/Pyy;4 rs27200-inducible
system, suggests that BadR acts as a repressor, similarly to its
homologue in Rhodopseudomonas palustris?®. All other native
TRs might be classed as activators or dual-function TRs.
Furthermore, the induction factor was smaller for all of the
systems, as a result of an altered ratio between transcription
factor binding sites and available TR proteins. In fact, the
promoters controlled by formate, phenylglyoxylate, GABA and
acetoin showed no significant induction. Two of the inducible
promoters, however, demonstrated an exceptionally strong
activation of rfp expression: Ppjg rspeye0, responding to
benzoate, and Ppjs rspsizs» which is activated by salicylate,
mediated inductions by 403- and 292-fold, respectively. The
146 bp long intergenic region containing the benzoate-
inducible promoter itself showed a stronger activation of gene
expression than the majority of the ‘complete’ inducible
systems, including the commonly used L-arabinose-inducible
system (Fig. 2c). This characteristic highlights the potential of
Pris_rsooreo to be employed as individual genetic element to
control high levels of gene expression by reducing construct
size by sevenfold. Even in cases, where a TR gene cannot be
mapped to a cluster of genes involved in metabolism, the
methodical approach described in this study can be employed
for mining endogenous metabolite-inducible promoters.

Demonstration of broad-host-range applicability. To assess the
potential of the constructed biosensors to be applied in other
microorganisms, we evaluated the transcription factor-based-
inducible systems that were mined from the genome of the

B-proteobacterium C. necator in the industrially relevant y-
proteobacteria E. coli and Pseudomonas putida.

Regardless of their origin, the majority of systems responding
to the 16 primary effectors, including acetoin, has never been
tested in E. coli and P. putida. Thus, the broad-host-range
applicability of the identified systems is highlighted by the
outcome that a total of 8 and 12 of the 16 systems mediated a
significant increase in reporter gene expression after inducer
addition in E. coli (Fig. 3a) and P. putida (Fig. 3c), respectively.
Three of them, activated by salicylate, benzoate and 3,4-
dihydroxybenzoate induced by >75-fold in both tested micro-
organisms. Compared to systems that were sourced from other
prokaryotes and tested in E. coli for controllable gene expression,
PCaQ/PH167R530145 and BenM/PH167R509790 from C. necator out-
perform previously evaluated 3,4-dihydroxybenzoate- and
benzoate-inducible systems by ~5- and 50-fold!>2? (Supplemen-
tary Table 2). Specifically, benzoate mediated the highest
induction (factor of 4428-fold) in E. coli and the highest absolute
normalised fluorescence in P. putida with an expression level of
>15-fold higher than AraC/P,,,psap demonstrating its potential
for high-level inducible gene expression across different species.

To test for regulator-dependant orthogonality the ‘promoter
only’ versions of the inducible systems were evaluated for
controllable gene expression in E. coli and P. putida. Without
the episomal copy of the TR gene, none of the promoters showed
an increase in activity even in the presence of the effector in E.
coli (Fig. 3b), whereas in P. putida RFP synthesis was significantly
induced from the phenylglyoxylate-, salicylate-, benzoate- and
acetoin-controllable promoters (Fig. 3d). Activation of reporter
gene expression may be explained by cross-reactivity of
chromosomally encoded TRs. A protein blast revealed homo-
logues of BenM and AcoR to be encoded in the genome of P.
putida (Supplementary Table 3), which might be able to activate
gene expression from the C. necator benzoate- and acetoin-
inducible promoters, respectively. NahR and PhgR homologues
could not be identified indicating that transcriptional activation
from the salicylate- and phenylglyoxylate-inducible promoters
may result from unspecific TR binding.

Engineering the p-alanine-inducible system. Each inducible
system harbours several functional genetic elements that inde-
pendently contribute to its overall performance. These regulatory
elements, including promoters and ribosome binding sites
(RBSs), which control the expression of the TR gene and its
associated regulon, may vary in their usage and efficiency across
different species. As a consequence, inducible systems may per-
form differently when transferred from one into another organ-
ism. For example, the B-alanine-inducible system mediated a
moderate activation of reporter gene expression in C. necator,
whereas in E. coli and P. putida the fluorescence output remained
at basal levels even in the presence of the inducer (Fig. 3a, c). -
Alanine is an intermediate compound for the synthesis of
industrially relevant nitrogen-containing platform chemicals,
including acrylamide, acrylonitrile and poly-B-alanine (also
known as nylon-3)3%31. Furthermore, it is a precursor of the
dipeptides carnosine and anserine that have been demonstrated
to improve cognitive functions and physical capacities in
humans3233. To expand the host range and due to its usefulness
as biosensor in synthetic biology and biotechnology applications,
the B-alanine-inducible system from C. necator was pursued to be
modified to enable its utilisation for gene expression control in E.
coli and P. putida.

Although the system did not demonstrate an increase in RFP
synthesis after addition of p-alanine, the promoter Py6 rso1330
showed the fifth highest activity of all evaluated systems under
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Fig. 3 C. necator native systems mediate controllable gene expression in E. coli and P. putida. Single time-point fluorescence measurements of a, b E. coli
and ¢, d P. putida carrying the C. necator-inducible gene expression systems composed of TR and promoter a, € or ‘promoter only’ version b, d. The plasmids
harbouring the individual system- or promoter-reporter gene constructs are indicated. RFP fluorescence output was determined in the absence of inducer
(light purple and light blue) and 6 h after extracellular supplementation with the corresponding primary effector to a final concentration of 5mM (dark
purple and dark blue). Data are mean = SD, n=3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired two-tailed t-test. Source data are provided as

a Source Data file.
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Fig. 4 Engineering the f-alanine-inducible system. a Schematic illustration of the different versions of the p-alanine-inducible system and their
corresponding plasmid identifiers. Absolute normalised fluorescence of b E. coli and ¢ P. putida carrying different versions of the p-alanine-inducible
system-reporter construct in the absence (light purple and light blue) and presence (dark purple and dark blue) of 5mM B-alanine. Single time-point RFP

fluorescence measurements were taken 6 h after effector addition. Data are mean £SD, n=3,

data are provided as a Source Data file.

uninduced conditions in E. coli (Fig. 3a). This indicated that the
regulatory elements of Py;6 rso1330 are functional in E. coli and
that the lack of induction is more likely to be attributed to
inducer uptake or regulator gene expression. A poor ligand
transport as a cause of the absence of induction could be
excluded, as B-alanine has been reported to be actively taken up
by the cells’*. Strikingly, the GC-content of the TR-coding
sequence (71%) is significantly higher than the GC-content of
the E. coli K12 genome (51%). To rule out that a high GC-
content impairs TR synthesis, HI6_RS01325 (oapR) was codon
optimised for E. coli codon usage (pEH173, Fig. 4a). However,
this modification did not improve the response of the system to
B-alanine (Fig. 4b).

*p<0.05, **p <0.0001, unpaired two-tailed t-test. Source

Subsequently, to ensure that the regulator is expressed in E. coli
and P. putida, the C. necator native promoter of the TR was
replaced by a host-specific promoter. The 24 bp DNA sequence
upstream of the oapR translational start site was replaced by the
core sequence of a medium-strength insulated constitutive
promoter, P53 (ref. 3°), including the phage T7 gene 10 RBS.
The substitution was implemented in both plasmids containing
the native (pEH147 and pEH221) and the codon-optimised oapR
(pEH173, Fig. 4a). The addition of B-alanine resulted in a 40- and
29-fold increase in fluorescence output for E. coli cultures
carrying pEH225 and pEH226, respectively (Fig. 4b). This
suggests that the original promoter CnP,4,r is not functional in
E. coli and that codon optimisation might even lead to a lower TR
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synthesis rate, which results in a decreased induction level.
Moreover, a lower background reporter gene expression under
uninduced conditions in case of pEH225 and pEH226 indicates
that OapR, a member of the MocR family, may act as dual-
function TR, repressing transcription of oapTD in the absence of
B-alanine, but acting as activator in its presence. The dual mode
of action has been observed for other members of this family of
TRs3®. In P. putida, the promoter and RBS exchange also resulted
in a threefold induction of gene expression for both versions the
native (pEH234) and the codon-optimised (pEH235) oapR
(Fig. 4a, c). In contrast to E. coli, however, induction levels are
significantly lower that may be attributed to a higher basal
promoter activity in P. putida.

Parameterisation of inducible systems. The 16 functional native
inducible systems, including the acetoin-inducible system, were
subsequently evaluated for their dose-response, dynamic range,
induction homogeneity and orthogonality. To obtain a pre-
liminary overview of the kinetics of induction and to assess the
effect of the extracellularly added ligand on cell growth, C. necator
strains carrying plasmids with inducible systems were grown in
minimal medium (MM) supplemented with the corresponding
inducer at a final concentration of 5mM, and fluorescence and
absorbance were monitored over time. For all inducible systems,
increasing fluorescence above the level of the uninduced culture
was observed within 30 min after the effector had been added
(Supplementary Fig. 4). Maximum fluorescence was reached
within 2-4 h for most of the systems with exception of the sul-
fonatoacetate-, L-phenylalanine-, and cyclohexanecarboxylate-
inducible systems continuing to produce the reporter protein
after 6h. Most of the compounds had a beneficial effect on
growth and no toxicity was observed for any effector at the tested
concentration of 5mM (Supplementary Fig. 5). L-tyrosine and
3,4-dihydroxybenzoate had the most significant impact on
growth resulting in more than a twofold increase in cell density
most likely due to ligand catabolism. Therefore, the effector
consumption plays an important role in the kinetics of induction.
In order to parameterise the identified systems, assumptions must
be implemented that account for these factors, including ligand
uptake and metabolism.

The dose-response curve of a metabolite-responsive-inducible
system describes the level of gene expression as a function of
ligand concentration, thus indicating the range of effector
concentration in which the inducible system is able to operate.
It provides key parameters that aid in part selection and the
computational design of synthetic circuits. To simplify mathe-
matical modelling approaches, effector concentrations are usually
considered constant, mediating a sustained gene expression
throughout the course of cell growth. In this study, however,
the ligands are metabolised by C. necator resulting in a decrease
in gene expression to basal levels once the inducer has been
depleted. Therefore, the time point, at which the reporter output
is correlated with the ligand concentration, must be chosen
carefully. By postulating that the inducer-metabolising enzymes
are not synthesised faster than the primary induction of reporter
gene expression, and to account for the minimum amount of time
required for RFP synthesis and maturation, the minimal
induction interval of 80 min was determined. C. necator strains
harbouring the inducible systems were grown in MM and
reporter gene expression was monitored after supplementation
with the corresponding inducer at a wide range of concentrations
over time. The dose-responses were obtained by plotting the
relative normalised fluorescence values of the 80-min minimal
induction interval as a function of inducer concentration (Fig. 5a).
Data points were fit using a Hill function (see Methods section),

taking into account the basal level of fluorescence output of the
uninduced cells. Consequently, on the basis of the mathematically
modelled dose-response curve, key parameters that distinguish
one inducible system from another were obtained (Table 1).

One of the most important parameters when choosing an
inducible system to tightly control different levels of gene
expression is the dynamic range. It is defined as the maximum
level of reporter output relative to basal expression levels (see
Methods section, formula (3)). We found that the salicylate-
inducible system has the highest dynamic range of the evaluated
native systems followed by SauR/Pyjs rsizsos and TtdR/
Pris _rsi0sss- In general, the dynamic range is higher than the
induction level of cells grown in rich medium at an effector
concentration of 5 mM (Fig. 2¢). This effect does not apply to the
benzoate- and 3,4-dihydroxybenzoate-inducible systems, which
show a lower dynamic range in MM. Whereas a lower induction
level in complex medium might be the consequence of
structurally similar molecules that are able to interact with the
respective TR, the lower dynamic range in MM might be
attributed to catabolic repression as it has been demonstrated to
be the case for both benzoate and 3,4-dihydroxybenzoate in P.
putida®’. In addition to a high dynamic range in MM, NahR/
Pris_rsosizs has the lowest K, of all evaluated native inducible
systems. This parameter is defined as the inducer concentration
that mediates half-maximal reporter output, suggesting that only
small quantities of salicylate are needed to induce the system.
Similar effector concentrations have been shown to mediate gene
expression from the P. putida salicylate-inducible system NahR/
P,,%8. In contrast to most of the inducible systems that operate in
the uM-range, GabR, TtdR and SauR seem to respond to effector
concentrations three to five orders of magnitude higher than
NahR. Moreover, in case of GabR, the K;,, appeared to be higher
than the concentration of GABA the growth medium can be
supplemented with. It should be noted that the extracellular
effector concentration may not necessarily correlate with the
ligand concentration inside the cell ultimately dictating the level
of gene expression. Ligand uptake limitations may therefore result
in inaccurate parameters, as it might be the case for the GABA-,
tartrate- and sulfonatoacetate-inducible systems. For the other
13 systems ligand uptake is assumed not to be limiting. The Hill
coefficient h indicates the range of inducer concentration over
which the system results in a change in reporter output. Inducible
systems with a low Hill coefficient, such as SauR/Pp;¢ rsi3s9s
Pth/PHIG_R518365 or deR/PH16_R518295 exhibit a flatter
dose-response function, indicating that gene expression is
tuneable over a wider range of inducer concentration. On the
contrary, systems with a higher Hill coefficient, including BenM/
PH167R509790 and ACOR/PHI 6_RS19445> show a Steeper
dose-response function suggesting that they behave more like
an on/off switch.

The homogeneity of induction was evaluated by flow
cytometry. This method allows to determine whether inter-
mediate inducer concentrations give rise to subpopulations of
uninduced and fully induced cells. Their existence may indicate
a more complex type of transcriptional regulation or inducer
transport limitations3. Cell cultures of C. necator carrying the
16 functional native system-reporter constructs were subjected
to inducer concentrations corresponding to 50 and 95% of the
maximum level of fluorescence output b, (except in case of
the phenylglyoxylate-, tartrate-, sulfonatoacetate- and GABA-
inducible systems; refer to the legend of Fig. 5b; Supplementary
Fig. 6). The reporter output was measured 2 h after the inducer
had been extracellularly added. Each of the 16 evaluated
systems demonstrated a unimodal induction behaviour after
addition of the corresponding ligand at both medium and
nearly saturating concentrations. Generally, the fluorescence
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Fig. 5 Response function and induction homogeneity. a Relative normalised fluorescence of C. necator carrying the various inducible system-reporter
constructs in response to different concentrations of their corresponding primary inducers. Measurements were taken 80 min after the inducer had been
extracellularly added. The dose-responses were fit using a Hill function (see Methods section). The maximum level of reporter output b,,., was set to
100% (except in case of the GABA-inducible system where the absolute normalised fluorescence corresponding to the highest GABA concentration tested
was set to 100%). The inducer concentration that mediates half-maximal reporter output K, is indicated by a dotted line. Data are mean + SD, n = 3, non-
linear regression. Source data are provided as a Source Data file. b Evaluation of induction homogeneity by flow cytometry. The fluorescence intensity of
100,000 individual cells was determined for each inducible system-reporter construct 2 h after extracellular addition of inducer. Uninduced cells (grey) are
compared to cultures supplemented with their cognate effector at final concentrations corresponding to 50% (orange) and 95% (blue; 90% in case of the
phenylglyoxylate-inducible system) of the maximum level of reporter output b,.... The tartrate- and sulfonatoacetate-inducible systems were only
evaluated for induction homogeneity at 50% of b, due to solubility limits and inducer toxicity, respectively. Since bnax could not be calculated for the
GABA-inducible system, induction homogeneity was determined using a final concentration of 250 mM (purple).

Table 1 Parameters of the native inducible systems.

Inducible system Inducer Dynamic range, in -fold® K..b he
OapR/PH16_R507330 ﬁ-AIanine 8004 201+24 MM 0.75+£0.05
FdsR/Ppis rsozis Formate 45%0.2 1307 uM 1.05 % 0.04
XdhR/Pig rsososs Xanthine 16.01.0 13.0 £ 1.4 pM 1.03£0.10
Pth/PH15_R505530 Phenylglyoxylate 144.8 £106.5 595 +£133 HM 0.96+0.13
NahR/Ppis_rsogizs Salicylate 650.8£317.4 212+ 0.49 uM 0.66 £ 0.08
BenM/Ppi6_rso9790 Benzoate 741+£10.7 12.6 £ 0.8 uM 1.64+0.14
TtdR/Pris_rsi0ees Tartrate 370.6 £232.2 61.5+229mM 0.80+0.09
SauR/Pis rsize0s Sulfonatoacetate 395.4+193.7 73+£49mM 0.57+£0.06
KynR/PH767R574ogo L-kynurenine 26921 2.64+0.18 }.IM 0.98+0.05
HpdR/Pris rsig29s 3-Hydroxypropanoate 252+17 13.2+£1.9uM 0.64£0.03
PhhR/Pis rsis3ss L-phenylalanine 9.0+£0.8 16.9£2.2uM 0.59+0.04
GabR/PH16_R523655 GABA ND ND ND
HpdA/Pis rs2417s L-tyrosine 38350 9.9+2.2uM 0.72+0.07
BadR/Pis rs27200 Cyclohexanecarboxylate 1.4+10.9 43.8+13.0 uM 111+£0.28
PCaQ/PH16_R530145 3,4-Dihydroxybenzoate 77.2+29.8 8.63+0.40 HM 0.98+0.03
ACOR/PHjs_R519445 Acetoin n1+£1.6 1.23+0.07 }.IM 1.36+0.10
Data are mean = SD, n= 3. Source data are provided as a Source Data file. ND - not determined.

aDynamic range is defined as the -fold increase in fluorescence calculated by dividing the maximum level of fluorescence output by the basal level of fluorescence output.

bK,, represents the inducer concentration at which the half-maximal activation of the inducible system is achieved.

Ch—Hill coefficient.

distribution of the uninduced cells is wider than the distribu-  Orthogonality of inducible systems. To establish whether any of
tion in the presence of effector. This generalisation does not these systems can be used in combination to independently
apply to the cyclohexanecarboxylate-inducible system that may control expression of more than a single gene the activity of the
be a further indicator of it being a repressor-based type of ligands against non-cognate promoters was evaluated. A total of
inducible system. 21 inducible systems was selected to test for orthogonality in
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Fig. 6 Orthogonality of inducible systems. a Cross-reactivity of a set of 21 inducible systems and their corresponding primary inducers. The heat map
illustrates induction of reporter gene expression in the presence of the metabolite (in %) relative to the induction mediated by the corresponding primary
effector. Measurements were taken 6 h after supplementation with inducer at a final concentration of 5mM. Data are mean, n = 4. Source data are
provided as a Source Data file. b Fluorescence output of individual cells of C. necator carrying pEH263 measured by flow cytometry. The vector pEH263
contains the 3,4-dihydroxybenzoate- and salicylate-inducible systems controlling expression of rfp and egfp, respectively. Fluorescence was determined in
the absence of inducer (orange), in the presence of 3,4-dihydroxybenzoate (blue), salicylate (green), and both 3,4-dihydroxybenzoate and salicylate
(purple). Effector concentrations correspond to their respective K,,'s and fluorescence was measured 2 h after inducer addition.

C. necator. It includes the 16 native and the previously char-
acterised heterologous L-arabinose-, L-rhamnose-, acrylate-,
cumate- and itaconate-inducible systems3>40.

To screen the 441 combinations of inducer and biosensor for
cross-reactivity, we employed an automated platform (see
Methods section). Strains of C. necator harbouring the
inducible systems were grown in MM and transferred to a
96-well microtiter plate format. After the inducers had been
extracellularly added, cells were cultured for 6 h before RFP
fluorescence and cell density were measured. A total of 15 of the
21 inducible systems exhibited a strong affinity to their primary
ligands, showing <5% cross-reactivity of non-target metabolites
relative to the fluorescence output mediated by the primary
effector (Fig. 6a, Supplementary Table 4). The remaining six
inducible systems were activated by one or more metabolites
other than their cognate inducers. This cross-reactivity may be
the result of either structural resemblance, a metabolic
relationship or a combination thereof. For example, L-
phenylalanine is converted into L-tyrosine by the phenylalanine
4-monooxygenase PhhA (H16_RS18365). Therefore, activation
of the L-tyrosine-inducible system by L-phenylalanine is more
likely to be due to biological conversion of the added compound
into the primary effector rather than direct interaction of L-
phenylalanine with HpdA. However, since the difference
between the two molecules lies in a singly hydroxyl-group, an
induction by structural resemblance cannot be entirely ruled
out. The same applies to phenylglyoxylate that activated the
benzoate-inducible system. Phenylglyoxylate is converted by C.
necator into benzoate via a two-step reaction with benzaldehyde
as intermediate compound. During the first reaction, carbon
dioxide is generated that may also explain induction of the

formate-inducible system by the structurally dissimilar phe-
nylglyoxylate. Since carbon dioxide can subsequently be
converted into formate?!, it is rational to postulate that the
FdsR/Py;6 rsosiss-inducible system is activated in this case by
its primary inducer. In addition to phenylglyoxylate, the
benzoate-inducible system was activated by extracellular
supplementation with cyclohexanecarboxylate and cumate.
Cyclohexanecarboxylate shares both a structural resemblance
to benzoate and downstream degradation pathways in C.
necator, which makes it difficult to conclude its cause of cross-
reactivity. In cases like these, we can take advantage of the
system’s transferability. Moving the inducible system from one
organism into another host with a dissimilar metabolism may
allow to distinguish more easily between induction by structural
resemblance and metabolic relationship. To investigate the
cause of cross-reactivity of the compounds that resulted in a
fluorescence output of >10% relative to the primary inducer in
C. necator, their induction behaviour was evaluated in E. coli.
Single time-point fluorescence measurements of E. coli revealed
that the benzoate-inducible system is activated by addition of
cyclohexanecarboxylate and cumate (Supplementary Table 4).
E. coli has not been reported to metabolise any of these
compounds suggesting that cross-reactivity is caused by
structural resemblance.

More difficult to explain is the cause of activation of the
B-alanine- and 3-hydroxypropanoate (HP)-inducible systems by
acrylate. It has been shown that C. necator is able to degrade
acrylate3>; however, relatively little is known about its metabo-
lism. Activation by structural resemblance to the primary effector
is less likely as addition of acrylate to E. coli carrying the
engineered B-alanine-inducible system (pEH225) only resulted in
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a relative induction of 2.7% in contrast to 68% in C. necator
(Supplementary Table 4). Therefore, activation by structural
resemblance of a degradation product or direct conversion into
the primary effectors 3-HP and B-alanine in C. necator may be
more likely. Acrylate can be activated into acryloyl-CoA by acyl
CoA:acetate/3-ketoacid  CoA  transferase  (H16_RS22005/
H16_RS22010) or by the propionate CoA transferase Pct
(H16_RS13535)#2, which, as it has been proposed by Peplinski
et al.#3, can be converted into 3-HP via its CoA intermediate.
However, pathways from acrylate or 3-HP to (-alanine or a
metabolic intermediate, which is able to activate the p-alanine-
inducible system, will have to be elucidated.

Based on the results of the cross-reactivity screen, two
orthogonal inducible systems were employed to independently
control expression of two fluorescent protein reporter genes.
Plasmid pEH263 was constructed containing rfp under control of
the 3,4-dihydroxybenzoate-, and egfp under control of the
salicylate-inducible system (Supplementary Fig. 7). Cultures of
C. necator carrying pEH263 were left uninduced, subjected to the
individual inducers or the combination of both at final
concentrations corresponding to K, (Table 1). The output of
the two non-overlapping fluorescent proteins was determined by
flow cytometry 2h after the inducer/inducers had been
extracellularly added. Employing every possible inducer combi-
nation, four distinct cell states could be observed (Fig. 6b,
Supplementary Fig. 8). RFP and enhanced green fluorescent
protein (eGFP) fluorescence in the absence of both inducers
remained at background levels comparable to the single-system
implementations (orange population). Addition of 3,4-dihydrox-
ybenzoate resulted in synthesis of REP only as represented by the
blue population. Similarly, the presence of salicylate activated
expression of egfp but not rfp (green population). The final cell
state is represented by the purple population, where both inducers
were added to mediate the simultaneous expression of both
fluorescent protein reporter genes.

In conclusion, the identified native systems can be used in
combination to independently control expression of multiple
genes expanding the list of available switches in synthetic circuit
design. Importantly, inducible systems for structurally similar
(phenylglyoxylate, salicylate, cyclohexanecarboxylate and 3,4-
dihydroxybenzoate) and distinctive (xanthine, tartrate, sulfona-
toacetate and GABA) compounds were demonstrated to be fully
orthogonal.

Screening structurally and metabolically related compounds.
TRs often recognise molecules that are structurally similar to
their primary effectors. For example, isopropyl p-D-1-
thiogalactopyranoside is a commonly used structural analogue
of allolactose, employed to control the expression of genes
regulated by Lacl. Here, the TR’s specificity was investigated to
identify previously uncharacterised ligand-TR interactions and
consequently extend the biosensor application to the detection
of structurally similar or metabolically related compounds. To
do so, the library of 21 native and heterologous inducible sys-
tems was screened against 46 compounds using an integrated
robotic platform, as described in the previous section. Of the 46
metabolites, 12 demonstrated an induction of at least 5%
relative to the induction mediated by the corresponding pri-
mary effector and an absolute induction factor of at least five
(Fig. 7, Supplementary Table 5). Similarly to the former
orthogonality screen (Fig. 6a), it should be noted that activation
of reporter gene expression by the extracellularly added com-
pounds likely indicates a structural resemblance to the primary
ligand, a metabolic relationship or a combination thereof. To
shed light on their cause of system activation, cultures of E. coli

carrying the functional formate-, salicylate-, benzoate-, 3,4-
dihydroxybenzoate-, acetoin- and p-alanine-inducible systems,
active in this host organism, were evaluated for the same cross-
reactivity (Supplementary Table 5).

Based on the results of this screen, 11 out of 12 metabolites
may be classed into four groups. The first group comprises the
compound/regulator pairs 3-aminobutanoate/OapR, DL-3-
amino-2-hydroxypropanoate/OapR and cyclohexenecarboxy-
late/BenM. Neither of the three compounds has been reported
to be metabolised by E. coli suggesting that they directly act as
ligands. The response of the OapR/Ppjs rsor3so-inducible
system to non-natural compounds, such as 3-aminobutanote
and 3-amino-2-hydroxypropanoate, strongly supports our
initial claim of the structurally nearly identical B-alanine (3-
aminopropanoate) being the primary ligand of OapR. The other
three groups contain the compound/regulator pairs that did not
result in an induction in E. coli. For example, nicotinate, N-
benzoylglycine, L-tryptophan and 4-hydroxybenzoate fall into
the category of metabolites that are likely to be converted into
the primary effectors in C. necator mediating gene expression
from the formate-, benzoate-, L-kynurenine- and 3,4-dihy-
droxybenzoate-inducible system, respectively. None of these
catabolic pathways exist in E. coli, which may explain their lack
of induction. In the case of the hypoxanthine inducing the
XdhR/Py6_rsososs-controllable system, it is less clear whether
hypoxanthine itself interacts with XdhR, due to structural
resemblance to xanthine, or if activation of gene expression is
mediated by its catabolic product, the primary effector. In
Streptomyces coelicolor, hypoxanthine was not able to bind the
regulator of the gene cluster encoding xanthine dehydrogenase
enzyme*4. However, in contrast to the S. coelicolor XdhR, which
belongs to the TetR family of TRs#, the C. necator XdhR is a
LTTR that may operate in a different manner. The last group
comprises the remaining compounds that could not be
confirmed in E. coli, but are likely to induce because of
structural resemblance to the primary ligand. Direct interaction
of cyclohexenecarboxylate and cyclopentanecarboxylate with
BadR could not be confirmed due to dysfunctionality of BadR/
Pris_rs27200 in E. coli. The other two compounds, including 2,6-
dihydroxybenzoate and catechol, might not be taken up by, or
diffused into, E. coli cells and the activation of reporter gene
expression by metabolically related compounds may be
excluded as their consecutive degradation products, resorcinol
and cis,cis-muconate, respectively, were not able to induce the
salicylate- and benzoate-inducible systems in C. necator
(Fig. 7).

Lastly, significant activation of the acetoin-inducible system by
L-lactate was observed in C. necator, but not in E. coli. Since there
is no characterised metabolic pathway for L-lactate to be
converted into acetoin, and the AcoR/Ppjs rsioass-inducible
system is highly activated by acetoin in both bacterial species,
the response to L-lactate cannot be explained by either structural
similarity or metabolic association.

Biosensor-assisted screening of enzyme variants. The p-alanine
biosensor was employed to screen a library of six L-aspartate
1-decarboxylase (PanD) homologues for their ability to convert
L-aspartate into {-alanine. The whole-cell enzymatic conversion
of L-aspartate into f-alanine has been previously demonstrated in
E. coli*6. In this study, C. necator was selected as biocatalyst as it
may allow for the autotrophic biosynthesis of this industrially
relevant intermediate compound. To comparatively screen
homologues of PanD, plasmids were constructed that contain the
original B-alanine biosensor and each a panD gene under control
of the L-arabinose-inducible promoter (Supplementary Fig. 9).
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Metabolite
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Fig. 7 Screening of structurally similar and metabolically related compounds. Cross-reactivity of a set of 21 inducible systems and a library of 46
compounds. The heat map illustrates induction of reporter gene expression in the presence of metabolite (in %) relative to the induction mediated by the
corresponding primary effector. Measurements were taken 6 h after supplementation with inducer at a final concentration of 5mM (except in case of L-2-
hydroxyglutarate that was added at a final concentration of 0.5 mM). Data are mean, n = 4. Source data are provided as a Source Data file.
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Fig. 8 Correlation between biosensor output and intracellular -alanine
concentration. Absolute normalised fluorescence values of C. necator cells,
carrying plasmids containing the p-alanine biosensor and each a gene
encoding a different homologue of L-aspartate 1-decarboxylase enzyme,
correlated with their corresponding intracellular $-alanine concentration
quantified by HPLC-UV. Cells were grown in MM. Samples were taken 6 h
after supplementation with L-aspartate and L-arabinose. Data are mean +
SD, n=3. Source data are provided as a Source Data file.

C. necator cells carrying these plasmids were grown in MM
supplemented with both L-aspartate and L-arabinose to ensure an
excess of substrate and to initiate the expression of the panD
variants, respectively. The six selected homologues resulted in a
ninefold range in fluorescence after 6h (Fig. 8). To determine
whether the biosensor output is indicative of product formation,
metabolites were extracted from the cell pellets and the p-alanine
concentrations were quantified using high-performance liquid

10

chromatography coupled with ultraviolet spectroscopy (HPLC-
UV). Intracellular B-alanine titres correlated well with fluores-
cence levels (Fig. 8), highlighting the utility of this biosensor to
aid in the selection of enzyme variants. Of the six tested homo-
logues, the Bacillus megaterium PanD demonstrated the highest
fluorescence and product titre. Moreover, the obtained results are
in accordance with previous findings in E. coli, where PanD from
Corynebacterium glutamicum has been shown to be significantly
more active than the native E. coli PanD*0.

Discussion

Thus far, inducible gene expression systems have been discovered
primarily by research focussed on the experimental character-
isation of individual metabolic pathways and their regulation.
This traditional approach has allowed the identification of a
substantial number of such systems, some of which have been
developed into the widely used gene expression control devices,
e.g, AraC/P,,pap and Lacl/Py,. However, this empirical
approach, principally driven by interest in the pathway char-
acterisation, usually delivers only a limited amount of original
information on a specific inducible system. Recently, high-
throughput applications, such as transcriptomics analysis, com-
parative genomics and promoter or metagenome library screens,
have proved to be efficient methodologies and substantially
enhanced the speed of discovery of effector-responsive promoters
or even corresponding TR-promoter pairs’~!3. However, even
these strategies suffer from several limitations, since they either
do not ensure identification of all essential components of an
inducible system or are TR- or ligand-type specific.

In this study, we developed a methodical approach that allows
inducible systems to be mined at the genome scale level enabling
the extraction of information on all three components—the reg-
ulator, the inducible promoter and its corresponding effector. To
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demonstrate the utility of our approach, the method was applied
to the genome of the catabolically versatile C. necator H16. Six-
teen putative inducible systems resulting from a pool that com-
prised over 400 TRs were identified in this single bacterium. With
exception of the acetoin- and 3-HP-inducible systems?>%7, we
identify and characterise 14 systems from C. necator. Two pre-
viously proposed regulators*$49, responding to tartrate and sul-
fonatoacetate, were experimentally validated to be involved in
transcription activation of their corresponding metabolic genes in
this study. Furthermore, here, we report inducible systems
(OapR/Pp6 rsor3z0 and Pth/PH167R505530) reSponding to [3-
alanine and phenylglyoxylate. Both compounds play an impor-
tant role as building blocks in chemical synthesis or food
biotechnology31>%, Among the characterised inducible systems,
different types of TR were identified, including LysR, AsnC,
MocR, IcIR and MarR. Fifteen of these were activator or dual-
function-type regulators, whereas the latter exhibited character-
istics of a repressor (BadR/Pp6 rs27200)-

To further evaluate inducible systems, they were subjected to
thorough quantitative characterisation assessing induction level,
dynamics and homogeneity. Several inducible systems exceeded
induction levels of the frequently utilised L-arabinose-inducible
system?®, with the BenM/Pyy;6 rsooy90-inducible system achieving
expression level of more than 11-fold higher than AraC/P,,,z4p
in response to benzoate in C. necator. Four inducible systems
responding to salicylate, sulfonatoacetate, tartrate and phe-
nylglyoxylate exhibited a dynamic range of over 100-fold
revealing that these systems are highly suitable to tightly con-
trol different levels of gene expression®!. Along with a very high
dynamic range of 650.7-fold, the NahR/Pg4 rspsizs-inducible
system responds to nM concentrations of salicylate. This degree
of sensitivity is equivalent to the most sensitive of characterised
inducible systems, those based on anhydrotetracycline and
cumate®2°3,

Orthogonal compatibility of inducible systems is a very
important characteristic for designing multi-component and
scalable circuits as well as sensory devices. These ideally require
that functional genetic elements cross-react neither with the host
genetic background nor between different heterologous systems.
Twelve of the discovered inducible systems showed distinctive
response only to their primary ligands. The capacity to inde-
pendently drive the expression of multiple genes was exemplified
by combining the salicylate- and 3,4-dihydroxybenzoate-induci-
ble systems exquisitely demonstrating the potential of the char-
acterised orthogonal switches for circuit design and other
synthetic biology applications.

The utility of inducible systems was further demonstrated by
applying individual promoter elements to control high levels of
gene expression in C. necator (Fig. 2d) and by employing TR-
promoter pairs in the model bacteria E. coli and P. putida (Fig. 3).
Significantly, the adaptability of heterologous inducible system for
gene expression control in other hosts was exemplified by engi-
neering the P-alanine-inducible system for application in E. coli
and P. putida (Fig. 4). In addition, the utility of the p-alanine
biosensor was demonstrated by applying it to screen variants of
L-aspartate 1-decarboxylase from different species and by iden-
tifying the B. megaterium homologue as most prominent to
convert L-aspartate into P-alanine.

To conclude, the genome scale approach and inducible system
evaluation pipeline presented in this paper, aids the discovery of
metabolite-controlled systems. Further, it delivers quantitative data
on inducible systems dynamics and orthogonality expanding the
potential of developing tuneable regulatory circuits and biosensors.
Furthermore, this generic approach can be utilised for mining
inducible systems in any bacterial species, facilitating the expansion
of the toolbox for synthetic biology and biotechnology applications.

Methods

Chemicals. All chemicals employed as ligands in this study are listed in Supple-
mentary Table 6.

Base strains and media. All strains used in this study are listed in Supplementary
Table 7. E. coli TOP10 (Life Technologies) was used for cloning and plasmid
propagation. For single time-point fluorescence measurements and flow cytometric
analyses, bacterial strains were propagated in Luria-Bertani (LB) medium®%. To
determine the dose-responses and to evaluate inducer TR cross-reactivity, C.
necator was cultivated in MM containing 1 g/L NH,Cl, 9 g/L Na,HPO,-12H,0,
1.5 g/L KH,PO,, 0.2 g/L MgSO,-7H,0, 0.02 g/L CaCl,-2H,0 and 0.0012 g/L (NH,)
5[Fe(C¢H40,)2] with 1 mL/L trace element solution SL7 (1.3 mL/L 25% (w/v) HCI,
0.07 g/L ZnCl,, 0.1 g/L MnCl,-4H,0, 0.062 g/L H3BO3, 0.190 g/L CoCl,-6H,0,
0.017 g/L CuCl,-2H,0, 0.024 g/L NiCl,-6H,O and 0.036 g/L Na,MoO,2H,0)
supplemented with 0.4% (w/v) sodium gluconate. If required, antibiotics were
added to the growth medium at the following concentrations: 12.5 ug/mL tetra-
cycline or 25 pg/mL chloramphenicol for E. coli, 50 ug/mL chloramphenicol for C.
necator and 25 pg/mL tetracycline for P. putida. For solid media preparation,

15 g/L agar was added.

Cloning and transformation. Plasmid DNA was purified by using the QIAprep
Spin Miniprep Kit (Qiagen). Microbial genomic DNA was extracted by employing
the GenElute Bacterial Genomic DNA Kit (Sigma). DNA was amplified by PCR in
50 pL reactions using the Phusion High-Fidelity DNA polymerase from New
England BioLabs (NEB). The Zymoclean Gel DNA Recovery Kit was employed to
extract gel-purified linearised DNA. The NEBuilder Hifi DNA Assembly Master
Mix, restriction enzymes and T4 DNA Ligase were purchased from NEB. All PCR-,
digestion- and ligation reactions were set up according to the manufacturer’s
instructions.

For E. coli transformations, 50 uL of chemically competent E. coli TOP10 were
mixed with 50 ng plasmid DNA, incubated on ice for 30 min, followed by a heat
shock at 42 °C for 2 min and a subsequent incubation on ice for 2 min>%. Cells were
recovered in 450 uL of Super Optimal broth with Catabolite repression
(SOC) medium (Invitrogen) at 37 °C for 1h, plated on LB agar containing the
appropriate antibiotic and incubated over night at 37 °C.

For C. necator transformations, 100 ng plasmid DNA were added to 100 pL of
electrocompetent C. necator H16 in a pre-chilled electroporation cuvette (0.2 cm
gap width, Bio-Rad) and incubated on ice for 5 min®°. Electroporation was
performed using a Bio-Rad Micropulser at 2.5 kV. Cells were recovered in 1 mL of
SOC medium at 30 °C for 2 h, plated on LB agar containing the appropriate
antibiotic and incubated at 30 °C for 2 days.

Electrocompetent P. putida KT2440 were freshly prepared from overnight
cultures grown in LB medium at 30 °C and 200 rpm. A volume of 1 mL of cells
were harvested by centrifugation at 16,000 x g for 5 min and washed with 1 mL of
ice-cold 10% (v/v) glycerol. This step was repeated twice. Electroporation was
conducted in an electroporation cuvette (0.2 cm gap width, Bio-Rad) using a Bio-
Rad Micropulser at 12.5 kV>4. Transformants were recovered in 1 mL of LB
medium at 30 °C for 2 h, plated on LB agar containing the appropriate antibiotic
and incubated over night at 30 °C.

Plasmid construction. Oligonucleotide primers were synthesised by Sigma-
Aldrich (Supplementary Table 8). The oapR coding sequence was optimised for E.
coli codon usage and synthesised by Life Technologies. The sequence can be found
in the Supplementary Methods. Plasmids constructed by employing either the
NEBuilder Hifi DNA assembly method or restriction enzyme-based cloning
techniques®* were validated by Sanger sequencing (Source BioScience, Nottingham,
UK). A detailed assembly description for each plasmid is provided in the Supple-
mentary Methods. Two versions of each plasmid containing an inducible system or
an inducible promoter were constructed. One of the two versions contains a
chloramphenicol resistance gene, the other one confers resistance to tetracycline.
The former version was employed for evaluation of reporter gene expression in C.
necator and E. coli, whereas the latter version was used in P. putida. To quanti-
tatively evaluate the activity of various aspartate 1-decarboxylase (PanD) variants
to convert L-aspartate into B-alanine, vectors were constructed that contain the
original B-alanine biosensor and each one homologue of panD under control of the
L-arabinose-inducible system. The panD genes were amplified from genomic DNA
of the following species: E. coli MG1655, C. necator H16, C. glutamicum
ATCC13032, Pseudomonas aeruginosa PAO1, Synechocystis sp. PCC6803 and B.
megaterium DSM319. Key features of all plasmids used and generated in this study
are summarised in Supplementary Table 9. The nucleotide sequences of the plas-
mids containing the 15 functional inducible systems pEH147, pEH134, pEH154,
pEH155, pEH042, pEH148, pEH083, pEH157, pEH136, pEH137, pEH256,
pEH158, pEH159, pEH161 and pEHO052 have been deposited in the public version
of the JBEI registry (https://public-registry.jbei.org) under the accession numbers
JPUB_014465-JPUB_014479, respectively. The nucleotide sequence of plasmid
pEHO10 has been deposited under accession number JPUB_008754%7.

Fluorescence measurements. For quantification of RFP fluorescence at a single
time point, individual colonies of freshly transformed bacterial cells were used to
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inoculate 5mL of LB containing the appropriate antibiotic in 50-mL conical
centrifuge tubes. After incubation over night with orbital shaking at 200 rpm and
30°C, E. coli and P. putida were diluted 1:50, and C. necator was diluted 1:20 into
5mL of fresh LB medium containing the respective antibiotic. The exponentially
growing cells with an ODgg, of 0.05-0.1 were supplemented with inducer to
achieve a final concentration of 5 mM 4 h after the main culture had been set up or
left uninduced. After a further incubation with orbital shaking at 30 °C and 200
rpm for 6 h, uninduced and induced cells with an ODggq of 1.4-2.0 were pelleted by
centrifugation at 16,000 x g for 4 min and resuspended in an equal volume of
phosphate buffered saline (PBS). Subsequently, 100 pL of cells were transferred to a
96-well microtiter plate (flat and clear bottom, black; Greiner One International)
and RFP fluorescence was quantified using an Infinite M1000 PRO microplate
reader (Tecan). Fluorescence excitation and emission wavelengths were set to 585
nm and 620 nm, respectively. The gain factor was set manually to 100%. Absor-
bance was measured at 600 nm to normalise fluorescence by optical density. Prior
normalisation, fluorescence and absorbance values were corrected by subtracting
the auto fluorescence and absorbance of the culture medium.

To determine the dose-response of each individual inducible system, RFP
fluorescence and absorbance were quantified over time. The precultures of C.
necator cells were prepared as for the single time-point measurements in 2 mL of
MM containing the appropriate antibiotic. After incubation over night, cells were
diluted 1:20 into 5 mL of fresh MM containing the respective antibiotic and grown
with orbital shaking at 30 °C and 200 rpm. At an ODgq, of 0.2, 142.5 uL of the
exponentially growing cells were transferred to a 96-well microtiter plate. Each well
was supplemented with 7.5 uL of stock inducer at the desired concentration.
Fluorescence and absorbance were measured every 5 min over the time course of 6
h using the same excitation and emission wavelengths as for the single time-point
measurements with the gain factor set to 80%. The fluorescence and absorbance
values, recorded 80 min after the inducer had been added, were obtained from the
time course data and used to calculate the absolute normalised fluorescence values
corresponding to each inducer concentration.

Production of p-alanine and metabolite extraction. Real-time biosynthesis of p-
alanine was monitored quantitatively by HPLC and by fluorescence output of C.
necator harbouring both the B-alanine biosensor and different homologues of the
gene encoding aspartate 1-decarboxylase (PanD). Single colonies of freshly trans-
formed cells were used to inoculate 2 mL of MM in 50-mL conical centrifuge tubes.
The preculture was incubated for 18 h with orbital shaking at 30 °C and 200 rpm.
Subsequently, it was diluted 1:20 in 6 mL of fresh MM and incubated under the
same conditions. At an ODg of 0.15-0.2, L-arabinose and L-aspartate were added
to achieve the final concentrations of 1 mM and 20 mM, respectively. Samples of
0.6 mL were taken immediately, 2, 4 and 6 h after compound supplementation and
used for absorbance and fluorescence measurements with the gain factor set to
80%. To quantify metabolites in the supernatant, cells were pelleted by cen-
trifugation at 16,000 g for 5 min. A volume of 50 pL of the cell-free supernatant was
kept at —80 °C until subjected to HPLC analysis.

To determine the intracellular concentration of p-alanine 6 h after
supplementation with L-arabinose and L-aspartate, 1.5 mL of the remaining culture
was pelleted by centrifugation at 16,000 g for 5 min in a preweighed 1.5-mL
microcentrifuge tube. The supernatant was discarded and the same step repeated
with another 1.5 mL of the culture. The cell pellet was resuspended in 1 mL of PBS
and centrifuged as before. Subsequently, the supernatant was completely removed,
the weight of the wet cell pellet determined using a fine balance and frozen over
night at —80 °C. To extract metabolites, 50 uL of —40 °C methanol-water solution
(60% v/v) was added to the pellet. The sample was mixed vigorously using vortex
until completely resuspended. Cells were frozen at —80 °C for 30 min, thawed on
ice and vortexed vigorously for 1 min. The freeze-thaw cycle was repeated three
times. Subsequently, cells were pelleted by centrifugation at 26,000 g for 20 min at
—10 °C. The supernatant was removed and kept at —80 °C. Cells were resuspended
in another 50 pL of —40 °C methanol-water solution (60% v/v), subjected to three
freeze-thaw cycles and centrifuged as before. The supernatant was pooled with the
first collection and stored at —80 °C until used for HPLC analysis.

Quantification of amino acids. 3-Alanine was quantified using a Dionex UltiMate
3000 HPLC system (Thermo Scientific) equipped with a Kinetex 5um EVO C18
100 A LC 150 mm x 4.6 mm column (Phenomenex) and a photo diode array (UV-
VIS) detector measuring the absorption at 338 nm and 210 nm. The sample was
prepared by adding 950 pL of 50% methanol diluent (HPLC-grade) to 50 puL of
either the cell-free supernatant or the extract containing the intracellular meta-
bolites. After the sample was mixed by vortexing, it was filtered into a HPLC vial
using a 0.2 pm syringe filter. Derivatisation of amino acids with fluoraldehyde o-
phthalaldehyde (OPA) was performed automatically by the autosampler before
injection. The autosampler programming instructions can be found in Supple-
mentary Table 10. Preparation of OPA reagent was adapted from Roth®® with
slight modifications: the reagent is composed of OPA (0.8 g/L) diluted in HPLC-
grade methanol (10 mL/L), added to a 0.1 M KH,PO, buffer at pH 10.4 supple-
mented with B-mercaptoethanol (2 mL/L). The HPLC method was adapted from
Phenomenex HPLC application ID 23092 (https://phenomenex.com/Application/
Detail/23092). Briefly, two mobile phases were used: mobile phase A was 20 mM
KH,PO, adjusted to pH 7.2 with KOH, while mobile phase B was methanol/

acetonitrile (50/50 v/v, HPLC-grade). All samples and reagents were kept at 4 °C
throughout the analysis. The column was operated at 30 °C. The injection volume
was 5 pL and samples were run for 23 min. The separation was achieved with a flow
rate of 1 mL/min and followed the gradient programme in Supplementary

Table 11. Data analysis was performed using Chromeleon 7 (Thermo Scientific).
Metabolite concentrations were quantified using calibration curves generated from
running standards of known concentrations which were prepared the same as the
samples.

Calculation of intracellular f-alanine concentration. The volume of the cell
pellet (Vieier) Was calculated by dividing the weight of the wet cell pellet by the cell
density of 1.105 g/mL°7. The cell density of C. necator was denoted to be the same
as of E. coli, assuming that under the conditions tested no polyhydroxybutyrate
(PHB) had been accumulated. Together with the volume of extraction solvent
added to the pellet (Violvent)s Vpeller Was used to calculate the intracellular molar
concentration of B-alanine using formula (1):

Voetet + V.

_ pellet solvent

Cintracellular - ( Vv ) X Cextract (1>
pellet

The remaining parameters correspond to the intracellular molar concentration
of B-alanine (Ciptracellular) and the molar concentration of B-alanine in the extract
(Cextract) determined by HPLC-UV analysis.

Mathematical modelling. To obtain system parameters that can be used for
synthetic circuit design, absolute normalised fluorescence values (RFP) were
plotted as a function of inducer concentration using software GraphPad
Prism 7. Subsequently, a non-linear least-squares fit was performed using the Hill
function (2):
I
* Kh+ 1"
The parameters correspond to the maximum level of reporter output (bp,,y), the
concentration of inducer (I), the Hill coefficient (h), the inducer concentration that
mediates half-maximal reporter output (K,,) and the basal level of fluorescence
output (by;n). Relative normalised fluorescence values as shown in Fig. 5a were
obtained by dividing absolute normalised fluorescence values at a specific inducer
concentration after subtraction of the absolute normalised fluorescence of the
uninduced cells by the corresponding maximum level of fluorescence output bpqy.
The dynamic range y was calculated with formula (3):

RFP(I) = bmax + bmin (2>

bmax
b 3)

The corresponding standard deviation o, was calculated using Eq. (4):

2 2
T T
o=y (=) +(5=) @

The standard deviation of the maximum level of reporter output was obtained
from Prism, whereas the standard deviation of the basal level of fluorescence
output was calculated from the absolute normalised fluorescence values of the
uninduced cells.

Flow cytometry. For evaluation of induction homogeneity and cross-reactivity by
flow cytometry, single colonies of freshly transformed C. necator cells were used to
inoculate 5 mL of LB containing 50 pug/mL chloramphenicol in 50-mL conical
centrifuge tubes. After incubation over night with orbital shaking at 30 °C and 200
rpm, cells were diluted 1:50 in 5 mL of fresh LB medium containing the antibiotic.
Inducers were added to the logarithmically growing cells 4 h after further incu-
bation. Samples were taken 2 h after supplementation with inducer. Cells were
pelleted by centrifugation at 4,000 g for 5 min and resuspended in cold and sterile
filtered PBS to an ODg of 0.01. The cells were kept on ice until analysed using an
Astrios EQ flow cytometer (Beckman Coulter). REP fluorescence was measured
with a 561 nm laser and a 614/20 nm emission band-pass filter. GFP fluorescence
was quantified with a 488 nm laser and a 516/28 nm emission band-pass filter. The
voltage of the photomultiplier tube was set to 400 V and the area and height gain
was adjusted to 1.0. At least 100,000 events were collected for each sample. Data
analysis was performed using software Kaluza 1.5 (Beckman Coulter).

Cross-reactivity screen. The activity of effectors against non-cognate promoters
was evaluated using an integrated robotic platform (Beckman Coulter). The C.
necator preculture was set up by inoculating 2 mL of chloramphenicol-containing
MM with a single colony of freshly transformed bacterial cells. After incubation for
18 h with orbital shaking at 30 °C and 200 rpm, the bacterial culture was diluted
1:50 in 50 mL of fresh MM containing the antibiotic in 250-mL baffled shake flasks.
The cells were grown for another 4 h under the same conditions until an ODgg, of
0.15-0.2 was reached. After pouring the bacterial culture into a 250-mL reservoir
(Thermo Fisher), 142.5 pL were dispensed into a black 96-well microtiter plate (the
same that was used for the fluorescence measurements) using a liquid handling
robotic platform (Biomek FXp, Beckman Coulter). The workflow generated using
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software SAMI EX (Beckman Coulter) is illustrated in Supplementary Fig. 10.
Inducers were dissolved to a final concentration of 100 mM (except in case of L-2-
hydroxyglutarate which was dissolved to a final concentration of 10 mM) and
transferred to a 96-deep-well plate (2.0 mL square wells with round bottoms,
STARLAB International GmbH). Using a Biomek FXp, 7.5 pL of stock inducer
were added to the C. necator culture in the microtiter plate. Fluorescence and
absorbance measurements were taken immediately, 6, 12 and 18 h after supple-
mentation with inducer by an integrated SpectraMax 3i plate reader (Molecular
Devices). The same plate reader settings were used as for the measurements taken
using the Infinite M1000 PRO microplate reader. In between the measurements,
the plates were kept in an integrated Cytomat2 shaking incubator (Thermo Fisher
Scientific) at 30 °C and 600 rpm. The workflow generated using software SAMI EX
(Beckman Coulter) is illustrated in Supplementary Fig. 11.

The relative induction (in %) is calculated using Eq. (5):

FLcompound - FLuninduced ) (5)

FLprimary inducer — FL

uninduced

Relative induction (%) = 100 x (

FL corresponds to the OD-normalised absolute fluorescence values.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in this published article
(and its Supplementary Information files). The nucleotide sequences of the plasmids
containing the 16 functional inducible systems have been deposited in the public version
of the JBEI registry (https://public-registry.jbei.org) under the accession numbers
JPUB_014465-JPUB_014479 and JPUB_008754. The nucleotide sequences of the
plasmids containing the 15 functional inducible systems pEH042, pEH052, pEH083,
pEH134, pEH136, pEH137, pEH147, pEH148, pEH154, pEH155, pEH157, pEH158,
pEH159, pEH161 and pEH256 have been deposited NCBI GenBank under the accession
numbers MT024789, MT024790, MT024791, MT024792, MT024793, MT024794,
MT024795, MT024796, MT024797, MT024798, MT024799, MT024800, MT024801,
MT024802 and MT024803, respectively. The source data underlying Fig. 2c, d, 3a-d, 4b,
G, 5a, 6a, 7, 8, Table 1, Supplementary Figs. 3b, 4, 5, and Supplementary Tables 4 and 5
are provided as a Source Data file or available from the corresponding authors upon
reasonable request.
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