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Aim and scope of the thesis
The aim of this thesis was to investigate different strategies for the 
development of biosensors to detect secondary metabolites from filamentous 
fungi. We selected the β-lactam antibiotic penicillin, which is produced by the 
filamentous fungus Penicillium chrysogenum on industrial scale, as a model 
metabolite for sensor development. 
 Chapter 1 briefly outlines the benefits and challenges of secondary 
metabolite production from filamentous fungi, presents the mechanisms of 
established nucleic acid, protein, and whole sensors for the detection of small 
molecules, and proposes different strategies for the development of penicillin 
biosensors.
 Chapter 2 assesses the feasibility of DNA aptamers to sense penicillin 
in fungal cultures. We reevaluated the binding properties of published 
β-lactam aptamers and performed SELEX experiments to enrich for new 
penicillin aptamers. However, neither the analysis of published aptamers nor 
the selection of new aptamers resulted in suitable penicillin aptamers for 
sensor development. In addition, the analysis of DNA aptamer stability in P. 
chrysogenum culture samples revealed that aptamers cannot be applied for 
metabolite detection in fungal cultures as they are rapidly degraded by fungal 
enzymes.
 Chapter 3 focuses on the interactions of the transcription factor TcaR 
with its ligands to lay the basis for the development of TcaR-based penicillin 
biosensors. The interactions of TcaR with DNA and β-lactam antibiotics were 
characterized with Thermal Shift Assays and Microscale Thermophoresis. 
Multiple TcaR-ligand interactions were quantified, thereby proving a solid 
foundation for sensor development. Additionally, targeted site-directed 
mutagenesis of the TcaR penicillin-binding pocket resulted in TcaR mutants 
with improved penicillin and DNA binding properties. 
 Chapter 4 explores the development of a cell-free penicillin biosensor 
using the TcaR system and a GFP reporter system. We demonstrated that 
TcaR can repress GFP expression in a reconstituted cell-free system. Due to 
an adverse effect of high penicillin concentrations on translation, we found 
the TcaR system to be unsuitable for the development of a cell-free penicillin 
biosensor. Nevertheless, the chapter presents a new microtiter plate-based 
method to study transcription factor-DNA binding in cell-free systems. 
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In Chapter 5 we transplanted the bacterial transcription factor TcaR into the 
genome of P. chrysogenum to construct a whole-cell penicillin biosensor. It 
was demonstrated that the choice of promoter and codon usage significantly 
impacts TcaR expression levels in vivo.  A fungal strain showing high TcaR 
expression levels was found to detect high concentrations of penicillin using 
a fluorescent reporter cassette. Different fungal growth phases were classified 
to dissect a specific, penicillin-dependent transcriptional regulation by TcaR 
from gene expression noise.
 Chapter 6 summarizes the findings from this thesis and provides an outlook 
on the prospects of metabolite biosensor in fungal biotechnology. 
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Chapter 1 

Strategies to detect 
secondary metabolite 
production of filamentous 
fungi using biosensors
Esther Magano Volz1,2

(1)  DSM Biotechnology Center, DSM Food Specialties B.V., Alexander Fleminglaan 1, 2613 
AX, Delft, The Netherlands

(2)  Molecular Systems Biology, Groningen Biomolecular Sciences and Biotechnology 
Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
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Introduction

Introduction

Filamentous fungi play an essential role in human welfare and the 
bioeconomy due to their ability to produce a wide range of compounds such 
as organic acids, enzymes, secondary metabolites, and active pharmaceutical 
ingredients1,2. The potential of fungal natural products is enormous, as, from 
1500 compounds isolated between 1993 and 2001, more than half displayed 
antibacterial, antifungal, or antitumor activity3,4. Many fungal species that 
are used for the biotechnological production of natural compounds belong 
to the genus Aspergillus5,6 or Penicillium7,8, with P. chrysogenum being the 
most relevant member of the latter9. P. chrysogenum is well-known for the 
production of secondary metabolites11, particularly the β-lactam antibiotic 
penicillin10, which saved tens of millions of lives and paved the road for the 
development of other microbial bioprocesses11. It was further predicted that 
P. chrysogenum contains a large number of silent gene clusters encoding for 
many more, so far unknown, compounds that could be beneficial for human 
kind12 (Figure 1). 
 Lately, new gene-editing methods such as CRISPR-Cas913–15 as well as 
metabolic modeling approaches16,17 improved the genetic engineering of 
filamentous fungi remarkably, allowing a precise manipulation, deletion 
or insertion of genetic pathways to improve the expression of secondary 
metabolites12,18. After successful engineering, highly productive fungal strains, 
so-called cell factories, can be scaled-up in bioprocesses to enable production 
of the secondary metabolite in a cost-effective manner19,20. However, the 
efficient identification and selection of strains that have improved expression 
properties after engineering is often a bottleneck during secondary metabolite 
production, since commonly used high-throughput screening methods like 
Fluorescence-activated cell sorting (FACS)21,22 cannot be used for filamentous 
fungi as they easily form large multicellular aggregates23. As a consequence, the 
analysis of secondary metabolites predominantly relies on advanced methods 
like mass spectrometry24,25 and nuclear magnetic resonance techniques26,27, 
which makes the detection and selection of new fungal cell factories a costly 
and laborious endeavor.
 In recent years, metabolite biosensors attracted significant attention 
for the selection and metabolic engineering of microbial cell factories28,29. 
Being inspired by naturally occurring systems, the detection of metabolites 
by biosensor is based on highly diverse mechanisms involving multiple 
biomolecules. After binding to the metabolite, the biosensor undergoes 
a conformational change that results in a measurable output signal which 
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correlates with the metabolite concentration30. Even though metabolite 
biosensors are already applied successfully for the screening and engineering 
of bacterial31 and yeast32 cell factories, the development of biosensors for 
filamentous fungal cell factories is lagging behind. Given the challenges 
associated with the high-throughput screening of fungal strains, metabolite 
biosensors have the potential to improve current screening methods and 
further expand the metabolic engineering toolbox of fungal cell factories and 
thereby boost the production of secondary metabolites. 
 In this chapter, different strategies to detect secondary metabolite production 
of filamentous fungi using metabolite biosensors will be discussed. We will 
present a broad range of biosensors that are currently used for the detection 
of small molecules and will use them as a basis to propose new biosensor 
designs for the detection of secondary metabolites. Specifically, nucleic acids, 
proteins, and whole cells will be evaluated as potential biosensors for the 
detection of penicillin G produced by the filamentous fungus P. chrysogenum. 
Furthermore, advantages and disadvantages of each of these sensor concepts 
for the development, characterization, and application of penicillin biosensors 
will be discussed.  

Nucleic acid-based small molecule biosensors 
Aptamers are single-stranded DNA or RNA oligonucleotides that can fold into 
specific ligand-binding structures44–46. Their ability to bind ligands such as 
small molecules47, proteins48 or cells49 with high affinity and specificity can be 
exploited for the development of aptamer-based biosensors50. RNA aptamers 
occur naturally within bacteria, archaea, fungi, and plants, where they regulate 
protein translation in a ligand-dependent manner as part of so-called 
riboswitches51–54. However, most aptamers used for biosensor development are 
artificially generated in an in vitro selection process called SELEX (Systematic 
Evolution of Ligands by Exponential enrichment)44. In this iterative process, a 
primary library of up to 1015 different DNA or RNA sequences is first incubated 
with the target ligand. Afterwards, unbound sequences are removed during 
a washing step, and bound sequences are eluted, amplified and used as new 
starting library for the following SELEX cycle. After 10-15 rounds of selection, 
the ligand binding properties of the enriched sequences are evaluated in 
ligand-binding assays55 (Figure 2).  
 Aptamer-based biosensors exist for a multitude of small molecular 
targets, including toxins57, food contaminants58, explosives59, drugs60, protein 
cofactors61, as well as antibiotics62. To demonstrate how aptamers can be 
applied for the development of small-molecule biosensors, we selected 
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thee illustrative examples of frequently used sensors. A DNA-, RNA- and 
RNA riboswitch-based sensor for the detection of small molecules will be 
presented.  

Figure 2 Schematic representation of a classical SELEX cycle to enrich new DNA 
aptamers for a small molecular target. A pool of up to 1015 different ssDNA sequences 
is incubated with the small molecular target, after which sequences bound to the target a 
separated from non-binding sequences in a wash step. Binding sequences are then eluted 
from the target, amplified by PCR, regenerated into ssDNA, and used to start the next SELEX 
cycle. Sequences are usually evaluated for target binding after several rounds of selection. 
Adapted from 56. SELEX: Systematic Evolution of Ligands by Exponential enrichment.

 The Ochratoxin A biosensor is an example of a DNA aptamer sensor for 
the detection of Ochratoxin A63 (OTA), a mycotoxin produced by different 
Aspergillus and Penicillium species64 (Figure 3A). DNA aptamers were 
enriched during 15 cycles of SELEX whereby OTA was immobilized to the 
surface of selection beads. After affinity measurements, the aptamer showing 
the greatest response to OTA was selected for sensor development. The OTA 
aptamer folds into a specific stem-looped structure, which allows binding of 
the dye SYBR Green. In the presence of OTA, the stem-loop structure of the 
aptamer is disrupted, which reduces the amount of SYBR Green that can bind 
to the aptamer. A linear correlation was found between the signal fluorescence 
of SYBR Green and OTA, allowing for the detection of OTA in a range of 9 nM 
to 100 nM63. 
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Figure 3 Examples of nucleic acid-based biosensors for the detection of small molecules. 
A) Ochratoxin A biosensor based on a DNA aptamer. Binding of the fluorescent dye SYBR 
Green to the aptamer is reduced in the presence of Ochratoxin A, resulting in a decrease in 
fluorescence63. B) Small molecule biosensor based on multiple RNA aptamers. The spinach 
aptamer (black) is fused to the small molecule aptamer (blue) via a linker sequence (orange). 
Both aptamers undergo a conformational change upon binding of the small molecule, 
consequently enabling binding of a fluorophore (DFHBI)66.  C) Thiamine pyrophosphate 
(TPP) biosensor based on an RNA riboswitch. In the absence of TPP, the TPP aptamer forms 
a stem-looped structure with the ribosome binding site (RBS, red), which prevents binding 
of the ribosome (brown) and prevents translation of a coding RNA sequence (blue) into a 
detectable protein. Once TPP is present, it binds to the TPP aptamer sequence and induces 
a conformational change that frees the ribosome binding site and hence enables protein 
translation69. DFHBI: 3,5-difluoro-4-hydroxybenzylidene imadazolinone. Adapted from70. 
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 A well-known aptamer for the development of RNA-based small molecule 
biosensor is the so-called Spinach aptamer which can form a fluorescent 
complex with the fluorophore DFHBI (3,5-difluoro-4-hydroxybenzylidene 
imidazolinone)65,66 (Figure 3B). The spinach aptamer was selected after 10 
cycles of SELEX whereby DFHBI was immobilized to selection beads. For 
sensor development, the spinach aptamer is fused to another small molecule-
binding RNA aptamer using a linker sequence. Together, both aptamers form 
a large RNA structure, which is reinforced by binding of a specific ligand to 
the small molecule-binding RNA aptamer. Only after binding of the ligand, the 
fluorescent complex between DFHBI and the spinach aptamer can be formed. 
Spinach-based biosensors were shown to detect a range of small molecules 
in vitro and were used to monitor dynamic changes of intracellular metabolite 
levels in E. coli66.
 In contrast to that, the thiamine pyrophosphate (TPP) riboswitch enables the 
sensing of intracellular TPP levels by regulating the translation of mRNA gene 
sequences in E. coli (Figure 3C). TPP riboswitches occur naturally in bacteria, 
archaea, fungi and plants to control expression of thiamine biosynthetic 
proteins67. As the E. coli TPP riboswitch was identified first68, it is one of the 
most studied riboswitches and was applied for the development of multiple 
biosensors69. In this sensor, the TPP aptamer forms a stem-looped structure 
with the ribosome binding site, which prevents ribosome binding and 
translation of an mRNA sequence downstream of the binding site. Binding of 
TPP to the aptamer induces a conformational change of the riboswitch, freeing 
the ribosome binding site and enabling translation of an antibiotic-resistant 
gene. E. coli cells containing the sensor can only grow in the presence of the 
antibiotic in the presence of high TPP concentrations69. 

Strategies for the development of nucleic acid-based 
penicillin biosensors 
From the previous section, it is evident that nucleic acids represent interesting 
candidates for the development of biosensors targeting small molecules, 
such as metabolites. They were shown to recognize their target molecule 
with high specificity and selectivity both, in vitro and in vivo. With the help of 
fluorescent dyes such as SYBR Green of DFHBI, an easily detectable signal can 
be generated and used to quantify metabolite concentrations. Consequently, 
we see different opportunities for the development of biosensors for the 
detection of fungal secondary metabolites, such as penicillin. While DNA-
based sensors could be applied for the in vitro detection of penicillin, e.g. 
for the development of different bioassays71, RNA-based sensors could be 
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integrated into the genome of P. chrysogenum to monitor penicillin production 
in vivo, and hence can be used to select for improved production strains. 
 A recently published penicillin G DNA aptamer72 could be used for the 
construction of a fluorescent biosensor, similar to the one developed for the 
detection of the fungal metabolite Ochratoxin A (Figure 3A). For this, several 
penicillin G aptamers should be evaluated regarding their ability to bind SYBR 
Green in the absence and presence of penicillin G and subsequently assessed 
regarding their ability to monitor penicillin G in different environments, such 
as cultures of P. chrysogenum. Since no RNA-aptamer was published for 
penicillin to date, the development of an intracellular penicillin biosensor 
would require the selection of a penicillin RNA aptamer using SELEX. After 
aptamer selection, Spinach-fusion aptamers or riboswitches like the TPP 
riboswitch could be designed and characterized regarding their ability to 
monitor penicillin production in P. chrysogenum.
 However, the development, characterization, and application of the 
proposed DNA and RNA penicillin sensors could pose particular difficulties. 
To construct a DNA-based SYBR Green sensor, dissociation constants of the 
aptamer-penicillin interaction should be reevaluated to assess whether the 
aptamers exhibit the desired specificity for penicillin in different environments, 
such as fungal cultures. Furthermore, chemical modifications of the penicillin 
aptamers might be necessary to ensure the aptamers are sufficiently stable 
to sense penicillin fungal culture samples73. Since the selection of aptamers 
targeting small molecules is often accompanied by some particular technical 
problems, and it has been estimated that less than 30% of selections result 
in an aptamer47,74, the generation of new RNA aptamers could represent the 
main bottleneck during the development of intracellular nucleic acid-based 
penicillin biosensors. 

Protein-based small molecule biosensors
In contrast to nucleic acid-based sensors, practically all protein sensors 
described in the literature are derived from naturally occurring proteins and 
are not generated in vitro as most aptamers. To function as a biosensor, a 
protein must exhibit allosteric ligand-binding properties, meaning that ligand 
binding induces a conformational change of the protein structure, which can 
be transferred into a detectable readout signal. As a consequence, protein-
based biosensors are frequently based on allosteric transcription factors32,75, 
allosteric membrane proteins, such as periplasmic binding proteins76–78, or 
fusion proteins consisting of at least one allosteric protein79–81. Amongst others, 
ligand-binding can be coupled to a detectable readout signal by generating 
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fluorescent fusion proteins or via site-specific cysteine labeling with fluorescent 
dyes82. At this, the positioning of the fluorescent label within the protein structure is 
critical to avoid folding issues and allow ligand-detection using Förster resonance 
energy transfer (FRET)83. FRET sensors can detect changes in the energy transfer 
between a donor and a receptor fluorescent protein and are frequently used 
for the development of protein-based biosensors as small changes in distance 
are sufficient to generate detectable changes in FRET signal84. Alternatively, 
ligand-binding of the allosteric protein can be linked to the catalytic activity of an 
enzyme by creating protein-enzyme fusion proteins. We selected three examples 
to illustrate how proteins can be converted into small molecule biosensors. 
 In our first example, a yellow and cyan fluorescent protein was attached to a 
glutamine periplasmic binding protein to detect millimolar concentrations of 
glutamine using FRET (Figure 4A). Binding of glutamine causes a contraction 
of the protein structure, which moves both fluorescent proteins closer together, 
resulting in an increased FRET signal. The glutamine sensors was successfully 
applied in vivo to monitor glutamine concentrations for up to eight days of cell 
culture85.
 Another method to visualize protein-small molecule interactions is based 
on bimolecular fluorescence complementation86,87. A protein sensor for 
estrogenic compounds was built by taking advantage of two complementary 
fragments of a fluorescent protein, which solely form a functional protein 
complex when brought into proximity (Figure 4B)88. Two complementary parts 
of a yellow fluorescent protein were fused to an allosteric estrogen receptor 
protein, which adapts a closed confirmation in the presence of estrogenic 
compounds, enabling complementation of the yellow fluorescent protein. 
Multiple different agonistic and antagonistic estrogenic compounds could be 
discriminated using this BiFC-based biosensor88. 
In our last example, a fusion protein was created of a maltose-binding protein 
(MBP) and a β-lactamase enzyme for the detection of maltose in E. coli cells 
(Figure 4C)89. In the absence of maltose, the MBP adapts an open structure, 
thereby rendering the catalytic site of the enzyme inactive. Once maltose 
binds to the MBP, it changes from an open to a closed form, which restores the 
catalytic activity of the β-lactamase. Hence, cells expressing the fusion protein 
can grow on β-lactam antibiotics in the presence of maltose as signal output89.  

Strategies for the development of protein-based penicillin 
biosensors 
Protein-based sensors are useful tools for the in vivo detection of small molecules. 
However, the number of known proteins that undergo a conformational 
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change in the presence of the desired target molecule determines the number 
of potential protein-based sensors and hence represents a major bottleneck in 
sensor development. To assess the potential of proteins for the development of 
a penicillin biosensor, we identified a range of proteins interacting with penicillin, 
which are either involved in the production of penicillin, affected by penicillin or 
causing penicillin resistance. 
 A critical protein involved in the production of penicillin G, is the enzyme 
isopenicillin N acyltransferase (IAT), which catalyzes the final step during 
penicillin G synthesis in P. chrysogenum90. In its active form, IAT consists of two 
protein subunits, which were shown to undergo a conformational change during 
binding of the penicillin G precursor molecule 6-aminopenicillanic acid (6-
APA)91–93. Therefore, the design of fluorescent IAT fusion proteins could allow to 
link catalytic activity of IAT to changes in FRET intensity and consequently allow 
biosensing of penicillin production in P. chrysogenum. 
 Another class of protein that is well-known for its interactions with penicillin 
is the bacterial penicillin-binding proteins (PBPs)94. Since PBPs are essential for 
cell wall synthesis in many bacteria, binding of penicillin to PBPs is directly linked 
to cell death38. Since PBPs were not shown to undergo a conformational change 
upon binding of penicillin94, the development of PBP-based biosensors would 
require engineering of the PBP protein structure to ensure that penicillin binding 
induces a conformational change which can be linked to a fluorescent signal or 
the catalytic activity of an enzyme fused to PBP. The presented maltose biosensor 
(Figure 4C) could serve as a blueprint for such a sensor, even though an enzyme 
without catalytic activity for β-lactams should be chosen in this case. 
 We further identified two bacterial proteins involved in penicillin resistance, 
that could be used for biosensor development, namely β-lactamases, which 
are secreted by different bacteria to degrade β-lactam antibiotics95 and the 
transcription factor TcaR which is expressed by different Staphylococcus species 
to induce biofilm formation in the presence of penicillin96,97. To link the activity of 
a β-lactamase to a detectable readout, engineering of the β-lactamase protein 
structure would be required to generate mutant proteins exhibiting the desired 
allosteric properties, e.g. by directed evolution98. In the case of TcaR, different 
fluorescent biosensor designs are conceivable, since crystal structures revealed 
that TcaR undergoes a conformational change upon binding to penicillin to 
dissociate from its promoter DNA97.
 Even though we could identify several proteins that directly interact with 
penicillin, the development of penicillin biosensors based on those proteins 
could face some severe challenges. In the case of the IAT and the TcaR protein, 
the generation of fluorescent fusion proteins could interfere with protein folding83 
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as frequently used fluorescent proteins, such as GFP, YFP, and CFP, are relatively 
large (~ 27 kDa99) compared to the IAT (11 and 29 kDa93) and TcaR subunits (both 
17 kDa97). Instead of creating fluorescent fusion proteins, cysteines within the 
protein structure could be labeled with fluorophores enabling FRET detection82. 

Figure 4 Examples of allosteric protein-based biosensors for the detection of small 
molecules. A) FRET-based glutamine sensor. Binding of glutamine induces a conformational 
change of a glutamine binding protein equipped with a yellow and a cyan fluorescent 
protein, which moves both fluorophores into closer proximity, resulting in an increased 
FRET85. B) Sensor for estrogenic compounds based on fluorescence complementation. Two 
complementary fragments of a yellow fluorescent protein were fused to an estrogen receptor 
protein. In the presence of estrogenic compounds, the protein adopts a closed structure, 
resulting in the complementation of the fluorescent protein88. C) Maltose biosensor based 
on the fusion of a maltose-binding protein (MBP, green) and a β-lactamase enzyme (blue). In 
the absence of maltose, the structural conformation of the MBP disturbs the structure of the 
enzyme, rendering it inactive. When maltose is presence, the enzyme’s structure is restored 
which results in the enzymatic hydrolysis of β-lactam antibiotics, allowing cells expressing 
this biosensor to grow in the presence of β-lactam antibiotics89. Adapted from70. FRET: 
Förster resonance energy transfer.
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While TcaR would need to be engineered to contain cysteines for labeling, 
IAT contains cysteines in both protein subunits93,97. In the case of PBPs and 
β-lactamases, the development of penicillin biosensors would require random 
mutagenesis of both protein structures individually or different fusion proteins, 
followed by high-throughput screening to identify mutants exhibiting the desired 
ligand-induced switching properties9870. Even though protein-based biosensors 
were successfully selected using similar strategies, such as the shown maltose 
biosenor89, the generation of mutant libraries and the subsequent screening for 
improved functions are laborious and complex processes. 

Whole-cell and cell-free small molecule biosensors 
Many nucleic acid- and protein-based small molecule sensors can be 
engineered to function inside cells or cell-free systems. In both cases, the 
transcription and translation machinery of the cell or the cell-free system is 
used to generate a fluorescent signal in a metabolite dependent manner. In 
this section, we will first present whole-cells and subsequently cell-free system 
for the development of small molecule biosensors.  
 Whole-cell biosensors are commonly applied for selection of single, 
high metabolite-producing cells. For instance, a range of riboswitches were 
engineered to enable selection of new cell factory strains, with the Spinach-
TPP100 and the so-called suicide riboswitch101 being prominent examples. 
Besides riboswitches, transcription factors are frequently used for the 
development of genetically encoded whole-cell metabolite biosensors102. 
In one example, a whole-cell E. coli sensor was developed, where β-lactam 
antibiotics trigger a series of pathway reactions, which eventually result in 
expression of GFP (Figure 5A)103. Hereby, metabolite detection is based on the 
transcriptional repressor AmpR, which turns into a transcriptional activator in 
the presence of a cell wall degradation product formed upon β-lactam uptake. 
The whole cell sensor was shown to detect a broad range of β-lactam antibiotics 
including amoxicillin, ampicillin and penicillin G in the low nanomolar to high 
picomolar range, well below concentrations that are cytotoxic to bacteria103. 
 In another example, the prokaryotic transcriptional activator BenM was 
engineered as a cis,cis-muconic acid (CCM) sensor in the yeast Saccharomyces 
cerevisiae (Figure 5B)104. After optimization of the sensor design by high-
throughput engineering and screening of BenM variants with improved CCM 
inducibility, the sensor enabled high-throughput in vivo selection of high 
producing yeast cells. Up to 1.4 mM CCM could be detected using the BenM 
sensor, rendering it a suitable candidate for screening high-producing CMM 
strains during early stages of cultivation103.   
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 Two-component regulatory systems (TCSs) are another major source for the 
development of whole-cell biosensors105. TCSs are most common in bacteria 
and typically consist of a membrane-bound histidine kinase that senses the 
input stimulus and a response regulator protein that mediates the expression 
of a target gene106. A range of highly sensitive TCS-based sensors has been 
developed for the detection of small molecules in E. coli such as aspartate, 
tetrathionate and thiosulfate107.
 In comparison to whole-cells, biosensors based on cell-free systems are less 
frequent and are mostly applied for the development of in vitro diagnostics. 
In bacterial cell-free systems, all essential components for transcription and 
translation are derived from either E. coli extract or from purified components, 
thereby reducing the complex interactions found in a whole cell to the bare 
minimum. In our example, a cell-free system was combined with a synthetic 
gene network to detect a tetracycline analog (Figure 5C)108. When incubated 
with the cell-free transcription-translation system, the transcriptional repressor 
TetR is expressed from the synthetic gene network and binds to the promoter 
of a GFP-encoding gene, thereby preventing GFP expression. Binding of 
TetR to the promoter is reversed in the presence of the tetracycline analog, 
resulting in GFP expression. A great advantage of cell-free sensors, such as the 
presented TetR-sensor, is that they can be coupled to a colorimetric output for 
metabolite detection by eye and freeze-dried onto paper, thereby enabling a 
simple application of the sensor108.   

Strategies for the development of whole cell and cell-free 
penicillin biosensors 
Taken together, whole cell sensors are beneficial for the screening of 
microbial cell factories, whereas cell-free biosensors are convenient to detect 
metabolites in liquid samples. While whole sensors are genetically integrated 
into cells producing the target metabolite, cell-free biosensors require a 
synthetic gene networking encoding for the sensor and a reporter system, 
as well as a compatible cell-free system. As both sensor concepts are usually 
built upon existing nucleic acid- and protein-based biosensors, a new sensor 
does not only require the availability of a well-studied nucleic acid- or protein-
based sensor but further needs to be fine-tuned to function in a cellular or 
cell-free environment. In the case of whole cell sensors, 
 synthetic biology and metabolic engineering tools are therefore required 
to successfully integrate the sensor into the cells. For cell-free systems, sensor 
expression and metabolite recognition need to be conducted by the cell-free 
transcription and translation machinery. 
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Figure 5 Examples of two whole-cell and one cell-free biosensor for the detection of 
small molecules. A) E. coli was genetically engineered in such a way that cell-wall breakdown 
byproducts induced by β-lactam antibiotics cause expression of a green fluorescent protein 
(GFP)103. B) The yeast S. cerevisiae was genetically engineered to express the transcriptional 
activator BenM (green), which increases expression of GFP in the presence of cis,cis-muconic 
acid104. C) A synthetic gene network encoding for the TetR repressor and a GFP protein is 
transcribed and translated in cell-free E. coli extract. GFP is only expressed in the presence of 
a tetracycline analog, which causes dissociation of TetR from the GFP promoter108. 
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 As a consequence, we currently see three options for the development of 
a penicillin sensor, namely engineering of bacterial cells for the detection of 
penicillin in the surrounding of the penicillin producer P. chrysogenum, the 
integration of a penicillin sensor into the genome of P. chrysogenum, or the 
construction of a sensor in a cell-free system for the detection of penicillin in 
P. chrysogenum culture samples.
 To monitor penicillin production in the surrounding of P. chrysogenum, E. coli 
biosensor cells (Figure 5A) could be co-cultured with P. chrysogenum producer 
strains to enable selection of high penicillin-producers based on GFP expression. 
One way to enable screening of those co-cultures in high-throughput could be 
the application of nanoliter reactors, as they were successfully applied to select 
B. subtilis strains with improved vitamin B2 production using co-cultured E. coli 
vitamin sensor strains109. Lately, a library of the filamentous fungus A. niger was 
successfully screened for improved enzyme activity using nanoliter droplets110. 
However, further research on the co-cultivation of filamentous fungi and 
bacteria in nanoliter reactors would be needed to assess the robustness of this 
screening system. Furthermore, the E. coli biosensor operates best at nanomolar 
concentrations of penicillin103, making the sensor unsuitable for the screening 
of high producing P. chrysogenum strains reaching penicillin concentrations in 
the high millimolar range10.
 A genetically encoded penicillin sensor in P. chrysogenum could be 
developed with the transcriptional regulator TcaR from S. epidermidis, which 
was shown to dissociate from DNA in the presence of penicillin97. Similar to 
the BenM sensor in yeast, TcaR could control the expression of a fluorescent 
protein (Figure 5B), whereas expression is turned off in the absence, and 
on in the presence of penicillin. Only recently, a synthetic transcription 
factor was expressed in P. chrysogenum to improve expression of secondary 
metabolites111, thereby demonstrating that tuned expression of heterologous 
transcription factors in possible in this fungus. However, additional information 
on the TcaR-DNA and -penicillin-binding properties would be necessary to 
rationally engineer a TcaR-based biosensor in P. chrysogenum. 
 Similar to the genetically encoded penicillin sensor, a synthetic gene 
network could be constructed based on the TcaR system for the detection 
of penicillin in a cell-free transcription translation system. As for the TetR 
biosensor (Figure 5C), penicillin would be detected via the expression of a 
GFP protein which is solely transcribed in the presence of penicillin. As the 
TcaR regulator and the TcaR promoter are derived from S. epidermidis, their 
feasibility to function in an E. coli cell-free system would need to be assessed 
in the first place. 
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Conclusions
Given the tremendous chemical diversity and specificity of biomolecules such 
as nucleic acids, proteins and enzymes for the detection of small molecules, 
metabolite biosensors have the potential to revolutionize current strategies 
for cell factory development. Especially for the engineering and screening of 
filamentous fungal cell factories, biosensors represent an exciting alternative 
to current screening methods, as they could boost the production of beneficial 
secondary metabolites.   
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Abstract

Aptamers are short nucleic acids that have attracted intense interest in the 
development of small molecule biosensors. Aptamer-based sensors are not 
only able to detect a broad range of molecular structures with high affinity 
and selectivity but were also shown to function in complex environments such 
as urine or blood serum. In recent years, chemical modifications of aptamers 
further extended the range of molecular targets and improved aptamer 
stability. However, it is unknown whether aptamers can be applied to sense 
small molecules in microbial cell cultures. In this study, we assessed the 
feasibility of DNA aptamers to detect the metabolite penicillin and assessed 
the stability of selected aptamer libraries in cell culture samples of the 
penicillin-producing fungus P. chrysogenum. Here, we show that the selection 
and nuclease vulnerability of aptamers represent significant challenges to 
allow for aptamer-based biosensing of metabolites in microbial cell cultures. 
Classical aptamer selection processes did not lead to enrichment of specific 
penicillin aptamers, and we could not confirm aptamer binding data of an 
independent study. Furthermore, we found that an endonuclease causes 
rapid degradation of aptamer libraries in fungal cell culture samples and that 
chemical modifications of the libraries are unable to prevent degradation. Our 
results demonstrate that the selection of aptamers targeting small molecules 
remains a challenging research field of its own and that further improvements 
of the biophysical properties of aptamers are needed before they can be 
applied as biosensors in cell cultures. 
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Introduction

Aptamers are short single-stranded RNA or DNA oligonucleotides that 
can recognize a great variety of small molecules with high specificity and 
selectivity1,2. The specific aptamer-target interaction can be exploited for 
the development of biosensors, where the aptamer functions as a biological 
recognition element, which induces a detectable signal upon molecule 
binding, with the help of a reporter system3,4. Once an aptamer is successfully 
selected in vitro5, a variety of biosensors can be developed depending on 
the type of aptamer, the target molecule, and the envisioned application. For 
instance, RNA aptamers are frequently used to build synthetic riboswitches, 
which are intracellular mRNA switches that can regulate translation of a 
fluorescent protein in a ligand-dependent manner6,7. DNA aptamers are 
often used for the development of diagnostics, for which they are coupled to 
different materials, such as gold nanoparticles8, fluorophores9, or electrodes10, 
which allows for a quantitative colorimetric, optical or electrochemical ligand 
detection, respectively.
 The application fields of aptamer-based small molecule biosensors are 
highly diverse, from monitoring of drinking water contaminates such as toxins11 
or hormones12 to the detection and quantification of metabolites in metabolic 
pathways13 or molecules associated with the energy state of cells14. In recent years, 
selection trends of small molecule aptamers shifted significantly from RNA to DNA 
libraries, which is likely due to more straightforward selection procedures, higher 
stability, and lower synthesis costs2,15. Furthermore, several DNA-based sensors 
showed sufficient specificity and stability to detect their target molecule in complex 
matrices, such as urine16,17, blood serum18,19 or milk20,21, thereby expanding their 
application spectrum. At this, aptamers are often chemically modified to obtain 
improved biophysical properties, such as improved stability22,23. 
 Aptamers can bind numerous small molecules that vary greatly in their 
chemical structures and properties, ranging from small molecular dyes24 to 
large glycoside structures25. Microbial secondary metabolites, which are not 
essential for growth, represent an extensive collection of complex and diverse 
small molecules, with many commercial applications. To obtain secondary 
metabolites in high quantity, microorganisms are often grown in specific 
metabolite-producing media, where the secondary metabolite is typically 
secreted into the culture from which it can be harvested and processed. 
 Even though a small number of DNA aptamers can bind secondary 
metabolites26,27, research on their application to monitor the production of 
secondary metabolites in microbial cell cultures is limited so far. Given the 
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increasing number of DNA-based small molecule sensors and the possibility 
to generate highly stable aptamer variants, aptamer-based biosensors 
could accelerate the selection of microbial strains that produce important 
metabolites in high quantity. To assess this opportunity, we evaluated the 
ability of DNA aptamers to bind a fungal secondary metabolite and further 
examined the stability of aptamers in fungal cultures.  For this purpose, 
we selected the β-lactam antibiotic penicillin which is produced by the 
filamentous fungus Penicillium chrysogenum28. We reevaluated the binding 
properties of published β-lactam aptamers and performed in vitro selections 
experiments targeting penicillin. Furthermore, we examined the stability 
of aptamers in fungal culture samples to assess their feasibility to monitor 
penicillin production using an aptamer-based biosensor. 

Materials and Methods

Binding analysis of published aptamer sequences
The interaction of three ampicillin aptamers29 with ampicillin and one penicillin 
G aptamer30 with penicillin G was assessed in radioactive binding assays and 
Micro-Scale thermophoresis experiments, respectively (Table 1). Ampicillin 
was immobilized to Tosyl-activated Magnetic Dynabeads M-280 (Invitrogen), 
as described previously29. The amount of immobilized ampicillin was 
calculated based on a UV absorbance standard curve, which was generated 
by dissolving ampicillin sodium salt (Sigma-Aldrich) in 0.1 M borate buffer pH 
9.5 and measuring UV absorbance at 230 nm. In total 251.2 nmol ampicillin 
per mg magnetic bead was immobilized. Radioactive DNA labeling and 
binding assays were performed as described below with an incubation time 
of 1 h at room temperature (RT) in selection buffer. Penicillin G sodium salt 
(Sigma-Aldrich) was dissolved in binding buffer (0.1 M phosphate buffer, 5 
mM MgCl2, pH 7.5) with a concentration of 5 µM (Run 1) or 200 µM (Run 2) and 
was diluted 16 times in a two-fold dilution series. The Cy-5 labeled penicillin 
G aptamer p8 was dissolved in water, heated for 5 min at 90 °C, cooled on 
ice for 3 min, transferred into the binding buffer, and incubated at RT for 15 
min. Immediately after incubation, equal amounts of aptamer solution were 
added to the dilution series to a final concentration of 25 nM. All samples 
were loaded into standard-treated capillaries (NanoTemper) and measured 
with 40% MST infrared laser power and 60% LED laser power in a Monolith 
NT.115 (NanoTemper). 
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Table 1 List of aptamers used in this study. 

Aptamer Target 
molecule

Sequence (5’-3’) Labeling Characterization 
method

Published 
Kd

Ref.

AMP4 Ampicillin CACGGCATGGTG-
GGCGTCGTG

γ-32P-ATP Radioactive 
Binding Assay

9.4 nM (29)

AMP17 Ampicillin GCGGGCGGTTG-
TATAGCGG

γ-32P-ATP Radioactive 
Binding Assay

13.4 nM (29)

AMP18 Ampicillin TTAGTTGGGGT-
TCAGTTGG

γ-32P-ATP Radioactive 
Binding Assay

9.8 nM (29)

P8 Penicillin G GGGAGGACGAAG-
CGGAAC-
GAGATGTAGAT-
GAGGCTCGATC-
CGAATGCGT-
GACGTCTATCG-
GAATACTCGT-
TTTTACGCCT-
CAGAAGA-
CACGCCCGACA

5’-Cy5 Micro-Scale 
Thermophoresis

3 -12 nM (30)

Immobilization of penicillin G to sepharose beads and 
magnetic beads
Penicillin G was immobilized to the surface of sepharose beads, and magnetics 
beads in three consecutive steps and immobilization efficiencies were 
determined using a fluorescently labeled penicillin antibody (Figure 2). For 
this, a 10 mM Penicillin G sodium salt (Sigma-Aldrich) solution was prepared 
with ultrapure water, incubated at RT for two days, and was subsequently 
freeze-dried. An amide linker was coupled to the activated carboxyl-group 
of penicillin G as described previously31. Briefly, 1 eq. (mol) deprotonated 
Penicillin G was dissolved in dimethylformamide (DMF), mixed with 1.2 eq. (mol) 
3-(Ethyliminomethyleneamino)-N,N-dimethylpropane-1-amine hydrochloride 
(EDC-HCl), 1.2 eq. (mol) 1-hydroxy-benzotriazole (HOBt), incubated for 60 
minutes on ice, and regularly mixed by inverting. Subsequently, 1.2 eq. (mol) 
amide linker with a tert-butyloxycarbonyl (BOC) protection group and 0.1 eq. 
(mol) 4-Dimethylaminopyridine (4-DMAP) was added and incubated at RT for 
1 hour. The product was purified by preparative HPLC and was subsequently 
freeze-dried.  For deprotection of the BOC group, water was removed using 
a vacuum concentrator, and the dried pellet was dissolved in 200 µL 50 v% 
trifluoroacetic acid (TFA)/ dichloromethane (DCM) mixture and stirred for 
two hours at RT. BOC removal was verified with thin layer chromatography 
employing a DCM/methanol mixture (9:1) and ninhydrin staining of the free NH2 
group. All solvents were removed in a rotational evaporator with five rounds of 
methanol co-evaporation, and the deprotected penicillin G-linker molecules 
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were re-dissolved in dimethyl sulfoxide (DMSO). The deprotonation reaction 
of penicillin G, the coupling reaction of penicillin G to the amide linker, as well 
as the deprotection of the amide linker were verified by LC-MS. Subsequently, 
the penicillin G - linker molecules were immobilized onto Epoxy-activated-
Sepharose 6B beads (GE Healthcare) or Tosyl-activated Magnetic Dynabeads 
M-280 (Invitrogen) following the manufacturer’s instructions. Coupling was 
performed for 17 hours in an overhead shaker at 50 °C or at RT, using 0.1 M 
borate buffer pH 9.5 as coupling buffer. In parallel, beads were coupled in the 
same way with DMSO to obtain negative control beads. 

Verification of penicillin G immobilization using a 
fluorescently labeled penicillin antibody
Epoxy-activated sepharose beads with and without immobilized penicillin G 
were quenched with 1M ethanolamine pH 8.5 for four hours at 50 °C in an 
overhead shaker and were subsequently washed following the manufacturer’s 
instructions. The beads were then washed with 10 mM phosphate-buffered 
saline (PBS) buffer pH 7.4 containing 0.1 % Tween20 and 1 mg/mL bovine 
serum albumin (BSA). After incubation in an overhead shaker for 30 minutes 
at RT, a fluorescein isothiocyanate (FITC) labeled IgG polyclonal penicillin 
antibody (biorbyt;orb3450) was added to a final dilution of 1:100, and the 
mixture was incubated for another hour at RT in the dark. After three washing 
steps with 10 mM PBS, 0.1 % Tween20, the FITC emission of the wash fractions, 
the flow-through fractions, and the beads were measured in a fluorescent 
reader with an excitation wavelength of 494 nm and an emission wavelength 
of 520 nm. 

Selection strategies
A single-stranded DNA library with a random region of N=75 nucleotides 
was chosen for aptamer selection (5’-GCGCCAGTCTAGGGCACC-
(N75)-CATTGACTCGGTGGATCC-3’). For PCR amplification and 
single-strand digestion a 5’phosphorylated reverse primer (5’-Phos-
GGAGGATCCACCGAGTCAATG-3’) and an unmodified forward primer 
were used (5’-GCGCCAGTCTAGGGCACC-3’). All SELEX conditions such as 
selection buffer, temperature and incubation time were chosen in such a way 
that they mimic the environmental conditions of the final application as closely 
as possible. The selection buffer contained 2.2 g/L (NH4)2SO4, 5.8 g/L Na2SO4, 
2.38 g/L KH2PO4, 23.4 g/L K2HPO4.3H20, 5 mM MgCl2, 0.1 mg/mL salmon 
sperm DNA, pH 6.3; supplemented with 20 mL/L ml of a trace element solution 
containing (in g/l): FeSO4-7H2O, 24.84; MgSO4-7H2O, 0.0125; EDTA, 31.25; C6-
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H6Na2O7, 43.75; ZnSO4-7H2O, 2.5; CaCl2-2H2O, 1.6; MgSO4-H2O, 3.04; H3BO3, 
0.0125; CuSO4-5H2O, 0.625; Na2MoO-2H2O, 0.0125; CoSO4-7H2O, 0.625. All 
buffers and solutions were prepared as stocks and were filter-sterilized. 
 For the negative selection step, 100 µL beads were washed twice with 
selection buffer before ssDNA in water was added to a final volume of  
200 µL. For the binding, the bead-ssDNA-mixture was incubated for 15 min at  
25 °C and mixed by pipetting every 5 min. Subsequently, beads and unbound 
ssDNA were separated using a single-use spin column. For the first selection 
round, 100 µL beads with immobilized penicillin G were washed twice with 
selection buffer, incubated with 200 µL ssDNA from the negative selection 
step for 15 min at 25 °C and mixed by pipetting every 5 min. After binding, 
the beads were washed 4 times for 5 min with 1 mL selection buffer at RT. 
Bound ssDNA was eluted in a target elution step or a heat elution step in case 
a target elution did not result in a PCR product. For heat elution, the beads 
were resuspended in 4.25 M urea with 12.5 mM EDTA in water and incubated 
for 5 min at 80 °C. Beads and ssDNA were separated immediately afterwards 
and the ssDNA was put on ice. For target elution, the beads were resuspended 
in selection buffer containing 5 mM penicillin G and incubated for 15 min at  
25 °C. Beads and ssDNA were separated immediately afterwards and the 
ssDNA was put on ice. 
 Eluted ssDNA was recovered in an ethanol precipitation step. To 200 µL 
eluate, 0.5 µL glycogen, 20 µL 3M sodium acetate pH5.4 and 660 µL 100% 
ethanol were added and incubated at -80 °C for 20 min. Afterwards, the 
mixture was centrifuged at 4 °C, 14 000 rpm for 15 min and the supernatant 
was discarded. The tube was rinsed with 100 µL 70% ethanol and centrifuged 
at 4 °C, 14 000 rpm for 15 min. After removal of the supernatant, the sample 
was incubated at 95 °C for 2 min with open lid and subsequently dissolved 
in 200 µL water. Recovered ssDNA was amplified in a PCR reaction applying 
a denaturation temperature of 95 °C for 30 s, an annealing temperature of 
50 °C for 30 s and an elongation temperature of 72 °C for 60 s. After eight 
PCR cycles, PCR progress was analyzed on a 4 % agarose gel. In case no PCR 
product was visible, four more cycles were added before the PCR progress 
was analyzed on a 4 % agarose gel until a maximum number of 24 cycles 
was reached. After PCR clean-up, ssDNA was generated by incubating dsDNA 
with 5.66 µL 10x lambda exonuclease buffer (ThermoFisher) and 1 µL lambda 
exonuclease (ThermoFisher) per 50 µL eluate at 37 °C for 1 h. Digestions 
progress was analyzed on 4% agarose gel, and digestion was continued in 
case ssDNA and dsDNA were visible. ssDNA was purified using a NucleoSpin 
Gel and PCR Clean-up kit with NTC buffer (Macherey-Nagel). Depending on 
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the results of the radioactive binding assay, 7 -10 rounds of selection were 
performed. To increase selection pressure during the selection progress, 
either the number, volume or time of washing steps was increased, or the 
amount of ssDNA during the binding step was decreased. A summary of all 
the selection parameters is shown in Table 2.

Table 2 Overview of selection conditions of SELEX experiments conducted in this study

Wash conditions

Beads
SELEX 
Round

ssDNA 
[pmol] 

Number of 
cycles

Volume 
[mL]

Incubation 
time [min] Elution

Epoxy-activated 
sepharose

1 - 5 75 4 1 5 Heat

6 7.5 4 1 5 Heat

7 7.5 4 1 6 Heat

8 7.5 5 1 5 Heat

9 7.5 5 1 6 Heat

10 7.5 5 1 7 Heat

Tosyl-activated 
magnetic beads

1 150 2 0.2 1 Heat

2 13 2 0.2 1 Heat

3 13 3 0.2 10, 5, 5 Heat

4 13 2 0.2 10 Heat

5 13 2 0.2 10 Heat

6 13 3 0.2 10 Target 

7 12 3 0.2 10 Target 

Radioactive binding assays  
The amount of eluted ssDNA to beads with and without immobilized penicillin 
G was quantified in radioactive binding assays. For this, 10 pmol ssDNA were 
mixed with 10 pmol γ-32P-ATP and 20 U polynucleotide kinase (NewEngland 
Biolabs) in 1-fold PNK reaction buffer (NewEngland Biolabs) and incubated at 
37 °C for 1 h. After 1:2 dilution with distilled water, the mixture was purified 
with desalting spin columns (GE Healthcare). After a second purification with 
a NucleoSpin Gel and PCR Clean-up kit using NTC buffer (Macherey-Nagel), 
radioactive labeling was verified with a 10% denaturing PAGE gel. 100 µL beads 
w/o immobilized penicillin G were washed twice with selection buffer and 
incubated with 1 pmol γ-32P-DNA for 15 min at 25 °C and mixed by pipetting 
every 5 min. Subsequently, the beads were washed three times with 100 µL 
selection buffer, and the flow-through fraction, the three washing fractions, and 
the bead fraction were analyzed in a scintillation counter detecting Cherenkov 
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radiation. The detected Vavilov-Cherenkov radiation (VCR) of the supernatant 
collected after the incubation step (fraction I), the three wash fractions (fraction 
II-VI) and the bead fraction after washing (fraction V) were used to determine 
the percentage of bound ssDNA using the following formula:

Bound DNA [%]=
VCRfraction V

Ʃ VCR fraction I-V
×100 

 
 
 
 
 
 

Growth rate [
1
h

]	=
ln	(Δbiomass)

Δtime
                          Promoter activity	=

ΔDsRed
Δtime*biomass

 

 

DNA stability studies and proteomics analysis
The stability of ssDNA libraries in fungal fermentation supernatant was 
assessed in stability experiments.
 DNA libraries with a random region of N=30 were ordered with 
different 3’ and 5’ end modifications23. Besides an unmodified library 
(UM), a library with five phosphorothioated DNA bases on both ends (PS; 
5’-G*G*A*G*G*CTCTCGGGACGAC-(N30)-GTCGTCCCGATGCTGCAAT*C
*G*T*A*A-3’) and a library with five phosphorothioated-2’-O-methyl DNA 
bases on both ends (PSM; 5’-mG*mG *mA*mG*mG*CTCTCGGGACGAC-
(N30)-GTCGTCCCGATGCTGCAATmC*mG*T*mA*mA-3’) were purchased. All 
libraries had a total length of 72 bp. An industrial relevant strain of Penicillium 
chrysogenum was inoculated in a glucose-limited defined medium for the 
production of penicillins containing the following reagents in g/l: glucose, 
5.0; lactose, 36; urea 4,5; Na2SO4, 2,9; (NH4)2SO4, 1,1; K2HPO4, 4,8; KH2PO4, 
5.2; supplemented with 10 ml of a trace element solution containing (in g/l): 
FeSO4-7H2O, 24.84; MgSO4-7H2O, 0.0125; EDTA, 31.25; C6-H6Na2O7, 43.75; 
ZnSO4-7H2O, 2.5; CaCl2-2H2O, 1.6; MgSO4-H2O, 3.04; H3BO3, 0.0125; CuSO4-
5H2O, 0.625; Na2MoO-2H2O, 0.0125; CoSO4-7H2O, 0.625. The solution was 
adjusted to pH 6.3. The strain was grown in a shaking incubator at 280 rpm, 
25 °C. After three and seven days of fermentation, 1 mL sample was taken, 
centrifuged at 11000xg for 5 min and the supernatant was stored at -20 °C 
until further use. 7 µL DNA library (10 µM) were mixed with 63 µL medium or 
fermentation supernatant and incubated at 25 °C, 1000 rpm. After 0, 15 and 
30 min, 20 µL sample was taken, incubated at 95˚C for 5 min to denature all 
proteins and diluted with 13,4 µL water and 6,6 µL 6x loading dye. ssDNA 
stability in fermentation supernatant was analyzed in a high-throughput 
gel electrophoresis system (Caliper LifeSciences) using a 5k DNA chip 
(LabChip GXII). 
 Furthermore, the fermentation samples were analyzed regarding their 
protein content by LC-MS/MS after enzymatic protein digestion with Trypsin. 
All LC-MS/MS results were processed using Proteome Discoverer 1.4 Sequest 
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HT (Thermo Fisher Scientific, San Jose, CA, USA). Sequest HT was set up using 
a P. chrysogenum database, including protein sequences of BSA, Trypsin, and 
a Uniprot database containing all validated protein sequences of bacteria 
and fungi (“UniprotSprot100_bacteria_fungi”). Only proteins with at least two 
unique peptides were considered for confident identification. 

Results and Discussion

To assess the feasibility of DNA aptamers to detect the secondary metabolite 
penicillin in cultures of its fungal production host  Penicillium chrysogenum, 
we (i) reevaluated binding of published β-lactam aptamers to penicillin G30 
and ampicillin29, (ii) strived to select new aptamers that bind penicillin G in 
fungal growth medium using SELEX and (iii) assessed the stability of aptamer 
libraries in fungal culture samples. 

Target-binding of published aptamers could not be 
reproduced 
Aptamers from two different studies were selected to reevaluate their 
interaction with β-lactam antibiotics. First, we assessed the binding properties 
of aptamers that were selected with beads carrying immobilized ampicillin on 
their surface29. Since the ampicillin molecules were immobilized to the beads 
via the amine group, we presumed that aptamers selected with those beads 
could bind not only ampicillin but also penicillin G, due to the high structural 
similarity of the molecules after immobilization (Figure 1A). We immobilized 
ampicillin to beads as described previously29 and assessed the binding of 
three ampicillin aptamers to those beads in selection buffer using radioactive 
binding assays. Here, we found that the aptamers bind to a similar or better 
extent to beads without ampicillin then to beads with ampicillin (Figure 1B). 
Since those findings indicate that the chosen aptamers do not even bind to 
ampicillin in the tested conditions, we did not further assess their ability to 
bind penicillin G.  
 Next, we evaluated the binding properties of a penicillin G aptamer that 
was selected using a SELEX approach in which the molecule is present in 
solution30 and hence maintains all of its functional groups for interaction 
with the aptamer. The interactions of the Cy-5 labeled penicillin G aptamer 
to a concentration range of penicillin G in phosphate buffer were assessed 
in Micro-Scale Thermophoresis experiments (MST). Also, here, we did not 
observe a clear binding pattern and were not able to calculate a binding 
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constant (Figure 1C). Thus, we could neither reproduce target-binding data 
for the ampicillin aptamers nor the penicillin aptamer. 

Figure 1 Binding analysis of published β-lactam aptamers to ampicillin and penicillin. 
A) Molecular structures of ampicillin and penicillin G.  B) Radioactive DNA binding assay of 
three selected ampicillin aptamers (AMP4, AMP17, AMP18). The percentage of DNA binding 
to beads with ampicillin and without ampicillin (empty beads) is shown. Data of two technical 
replicates is shown. C) Interaction of the Cy5-labeled p8 aptamer with penicillin G in two 
Micro-Scale Thermophoresis experiments (Run1, Run2). Data of one replicate per run is 
shown. 

Since both, the radioactive binding assay32, as well as MST33, are highly 
sensitive methods to determine aptamer-ligand interactions, we do not expect 
that our chosen characterization methods are responsible for the observed 
lack of reproducibility. One explanation for the non-binding of the ampicillin 
aptamers could be the difference in buffer compositions. While selection and 
binding analysis of the ampicillin aptamers was initially performed in Tris-
buffer29, we used a highly complex fungal growth medium to mimic the final 
application environment of fungal culture. Since aptamer folding depends on 
several environmental conditions such as pH and ion content of the buffer, 
differences in binding results due to changes in buffer composition are not 
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unlikely34,35. However, an influence of buffer composition can be primarily 
excluded in case of the penicillin G aptamer since all binding studies were 
performed in 0.1M phosphate buffer containing 5 mM MgCl2

30. Even though 
Cy-5 labels are commonly used to characterize aptamer-ligand interactions 
using MST33,36, one explanation for the observed non-binding of the penicillin 
G aptamer could be that the Cy-5 label attached to the 5’-end of the ssDNA 
influences aptamer folding and thereby prevents target binding. Since the 
selected aptamers did not exhibit binding in our studies, they were not 
considered for the further development of biosensors for the detection of 
β-lactam antibiotics in fungal cultures.

Non-specific DNA enrichment in SELEX experiments 
An in vitro selection technique named SELEX was applied5 to select for 
aptamers that bind to penicillin G in fungal growth medium. Briefly, an 
extensive library of oligonucleotides is exposed to beads that carry the target 
molecule penicillin G on their surface. Oligonucleotides that do not interact 
are removed by washing. Subsequently, bound sequences are eluted from 
the beads by heat or an excess of penicillin G and amplified by PCR to start 
the next selection round. In each round the selection stringency is increased 
by altering binding, wash or elution conditions (Table 2) to finally enrich for 
individual aptamers that bind penicillin with high affinity. The progress of 
DNA enrichment is analyzed after different selection rounds by calculating 
the percentage of eluted DNA that binds to the beads in radioactive binding 
assays.
 First, we needed to immobilize penicillin G to the surface of selection beads. 
For this, a new workflow was generated in which we first coupled an amide 
linker to penicillin G to improve the spatial availability of penicillin G on the 
bead surface (Figure 2A), before we attached the penicillin-linker-molecule 
to either epoxy-activated sepharose beads or tosyl-activated magnetic beads 
and assessed the penicillin G immobilization efficiency using a fluorescently 
labeled penicillin antibody (Figure 2B). 
 Here, we found an increase in fluorescence when penicillin G was immobilized 
at 50°C compared to control beads or coupling at room temperature (Figure 
3A). Compared to sepharose beads, magnetic beads showed a higher initial 
fluorescence level for the control beads and a smaller absolute increase when 
penicillin G was immobilized.
 Next, two SELEX experiments were performed with either sepharose beads 
or magnetic beads to which penicillin G was immobilized at 50°C. An increase 
in bound DNA with an increasing number of selection rounds was observed 
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for the SELEX performed with sepharose beads, whereas no trend was seen 
for the magnetic bead SELEX (Figure 3B,C). However, we found that DNA did 
not only bind to beads with penicillin G but to a considerable amount also to 
empty beads in both experiments. 
 Consequently, the selection with sepharose beads resulted in a non-
specific enrichment of DNA, meaning that a fraction of enriched DNA 
species binds to empty beads and beads with immobilized penicillin G. In 
the SELEX with magnetic beads, no DNA enrichment was observed. The lack 
of DNA enrichment for the magnetic bead selection could be explained by 
a lower amount of immobilized penicillin G compared to sepharose beads, 
as indicated by the antibody assay. This is likely since sepharose beads have 
a notably higher density of active chemical groups (19-40 µmol/mL) than 
magnetic beads (1-2 µmol/mL) and thus allow to immobilize more penicillin G 
on their surface. One explanation for the non-specific DNA enrichment during 
the sepharose SELEX could be that the penicillin G molecule does not display 
sufficient functional groups after immobilization via the carboxyl group to 
allow for a strong structural DNA recognition. As a consequence, the DNA-
penicillin interaction is not strong enough to completely differentiate from the 
DNA-bead interaction. The lack of epitopes and functional groups that allow 
for stronger aptamer binding is a well-known challenge during the selection 
of aptamers for small molecules1,15. 
 Consequently, we found that (i) penicillin G can be immobilized to sepharose 
beads using our presented workflow, that (ii) DNA is enriched after 10 rounds 
of selection with sepharose beads, but that (iii) the selection method chosen 
here does not allow to discriminate between specific penicillin G and non-
specific bead binding sequences. Hence, the SELEX method applied in this 
study is not suitable for the selection of aptamers targeting penicillin G. 

Endonuclease causes rapid degradation of aptamer libraries 
in fungal culture samples 
Next to specific binding to penicillin G, aptamer stability in fungal cultures 
would be the central requirement to exploit aptamers as penicillin biosensors to 
accelerate the selection of high penicillin-producing fungal strains. Therefore, 
the stability of DNA aptamers in fungal culture samples was assessed in 
parallel to aptamer binding studies. To mimic penicillin production conditions, 
the fungus Penicillium chrysogenum was grown in a defined medium and cells 
were separated from their supernatant after 3 and 7 days of fermentation. 
Subsequently, the stability of DNA aptamers was assessed by incubating one 
unmodified and two chemically modified aptamer libraries (Figure 4A) with 
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fungal culture supernatant obtained after 3 and 7 days or medium without 
fungal growth (Day 0) as negative control. After incubation for 0, 15 or 30 
minutes, the size of the aptamer libraries was analyzed by gel electrophoresis. 
Here, all three aptamer libraries showed clear signs of degradation when 
incubated with fungal culture samples for 15 or 30 minutes, whereas no 
degradation was observed when incubated with medium alone (Day 0) (Figure 
4B). Thus, neither the modified nor the unmodified DNA libraries are stable in 
fungal culture samples. 

Figure 3 Selection of penicillin G aptamers by SELEX. A) Validation of penicillin G 
immobilization efficiency to magnetic beads (blue) and sepharose beads (yellow) using 
a fluorescently labeled penicillin antibody. Data of three technical replicates is shown. B) 
Radioactive DNA binding assay to sepharose beads with (black) and without (yellow) 
penicillin after 1, 5, and 10 rounds of SELEX. Data of two technical replicates is shown. C) 
Radioactive DNA binding assay to magnetic beads with (black) and without (blue) penicillin 
after 0, 5, and 7 rounds of SELEX. Data of two technical replicates is shown.
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Figure 4 Stability assessment of chemically modified DNA libraries in fungal cultures. A) 
Chemical structures of DNA libraries with modifications depicted in red. B) Gel electrophoresis 
images of DNA libraries and controls after 0, 15 or 30 min of incubation with fungal culture 
supernatant obtained after 3 or 7 days of fermentation and medium without fungus (Day 0). 
C) List and description of nucleases found during the protein analysis of fungal fermentation 
supernatant samples.
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To investigate the cause of the degradation further, we analyzed which proteins 
are present in fungal culture supernatant obtained after 3 and 7 days using a 
high-throughput LC-MS/MS method. We detected three proteins with strong 
similarity to nucleotide hydrolyzing enzymes, so-called nucleases (Figure 4C). 
According to the protein database UniProt, two of them have ribonuclease 
T2 activity, indicating that they are solely active on RNA37. However, the third 
enzyme has a strong similarity to the nuclease Nuc1, which acts on RNA and 
DNA as both endo38- and exonuclease39. Even though chemical end-capping 
was shown to increase aptamer stability by increasing exonuclease resistance40, 
a significantly smaller stabilizing effect was reported for endonucleases23. 
Thus, we assume that the endonuclease Nuc1 causes the rapid degradation 
of DNA aptamer libraries in fungal fermentation samples, implying that DNA 
aptamers are not stable and cannot be chemically stabilized to function in 
fungal fermentation supernatant. 

Conclusion and Outlook

In this study, we assessed the potential of DNA aptamers to sense penicillin 
in fungal cultures to determine whether aptamer-based sensors can be 
developed to monitor penicillin formation. To this end, we performed different 
experiments to first, assess the ability of DNA aptamers to bind to penicillin 
and second, to evaluate the stability of different aptamer libraries in fungal 
culture samples. The reevaluation of published β-lactam aptamers showed 
no target-binding in radioactive and thermophoretic binding assays, which 
might be attributed to the fact that different buffers were used for aptamer 
selection and in the binding assays34. Thus, our results suggest that aptamers 
are preferably selected directly in the conditions of the planned application 
and underline that a reevaluation of aptamer binding under final conditions 
is essential. 
 To generate new aptamers that could bind penicillin in a buffered fungal 
culture medium, the SELEX method was applied using sepharose and magnetic 
beads with immobilized penicillin and an aptamer library in solution. However, 
no penicillin specific DNA enrichment was found under the conditions 
employed. Alternative selection methods, such as capture SELEX, in which the 
aptamer library is immobilized to beads and the molecular ligand is presented 
in solution41,42 could circumvent non-specific DNA enrichment and hence 
represent an exciting alternative for selections targeting small molecules. 
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Finally, we found that standard, as well as chemically modified aptamer 
libraries, are degraded in fungal culture supernatant which is likely due to 
both endo and exonuclease activity. Measures to prevent DNA degradation in 
fermentation broth could include the addition of specific nuclease inhibitors43 
or the use of modified aptamers, such as locked nucleic acids44, or nucleic 
acid-like synthetic polymers, such as XNA aptamers45.  
 Taken together, our results show that the selection of aptamers for small 
molecules is a highly complex and challenging process and that current 
aptamer modification methods are insufficient to prevent aptamer degradation 
by endonucleases in fungal cultures. Furthermore, our data suggest that the 
selection of aptamers against β-lactam antibiotics is especially challenging 
due to the limited number of functional groups that are available for DNA 
interaction. Our feasibility assessment contributes to revealing the technical 
boundaries of the development and application of aptamers-based small 
molecule biosensors.  
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Abstract

In recent years, transcription factors attracted significant attention for their 
potential to be deployed as molecular biosensors. The ability of transcription 
factors to undergo a conformational change upon binding to a target molecule 
to result in altered gene expression makes them versatile tools to monitor 
the production of metabolites with the help of fluorescent reporter proteins. 
TcaR is a prokaryotic transcription factor shown to interact with multiple 
antibiotics, such as the β-lactam antibiotic penicillin, in order to regulate 
biofilm formation in Staphylococcus epidermidis. However, biochemical 
interaction data that would allow for development of a TcaR-based biosensor 
system for penicillin is missing. Here, we found in thermal shift assays that TcaR 
is specifically destabilized by penicillin antibiotics, indicating that TcaR has a 
higher binding affinity towards penicillin compared to other antibiotics. Using 
rational redesign, we engineered the penicillin binding pocket of TcaR to 
generate mutants with different penicillin affinities, and thereby broaden the 
applicability of TcaR for penicillin biosensor development. The site-directed 
mutagenesis of TcaR resulted in mutants with improved penicillin G and 
DNA binding properties as determined with microscale thermophoresis. The 
determined dissociation constants for TcaR-DNA and TcaR-DNA-metabolite 
interactions will enable the development of TcaR-based biosensors for the 
detection of β-lactam antibiotics.
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Introduction

Transcription factors (TF) play a vital role in all cells since they orchestrate the 
transcription of genes in response to intra- and extracellular stimuli. Their ability 
to detect and respond to a plentitude of small molecules can be exploited for the 
development of biosensors that generate a signal depended on the presence 
or absence of those molecules1,2. Bacterial TF-based sensors were successfully 
transferred into other prokaryotic3,4 and even eukaryotic5,6 hosts to improve our 
understanding of metabolism7 or to screen for strains with increased metabolite 
production4,8. The development of novel TF-based biosensors is, however, often 
hampered by a lack of quantitative interaction data2. 
 Different methods are available to characterize TF-DNA and TF-DNA-
small molecule interactions. While classical methods such as electrophoretic 
mobility shift assays (EMSA)9,10 can only determine whether or not a protein is 
capable of binding to a given DNA sequence in the absence or presence of 
a small molecule, more recent methods such as microscale thermophoresis 
(MST)11 provide quantitative binding parameters of either the protein, the 
DNA or the small molecule to generate binding curves from which dissociation 
constants can be determined. Besides that, high-throughput methods such as 
thermal shift assays can be applied to rapidly screen TF-ligand interactions by 
measuring ligand-induced changes in the protein melting temperature12,13.
 TcaR is a prokaryotic transcriptional regulator belonging to the MarR TF 
family, which was found to regulate different elements of gene expression in 
Staphylococci14. While in vivo studies in Staphylococcus aureus suggest a dual 
role for TcaR as both transcriptional activator and repressor14, in vitro analyses 
of TcaR from S. epidermidis underline its role as a repressor15,16. In all studies, 
TcaR was found to induce biofilm formation in response to the presence of 
antibiotics. As all MarR family members, TcaR exhibits a homodimeric protein 
structure with a triangular topology with each monomer containing a winged 
helix-turn-helix DNA-binding domain and a ligand binding pocket that is 
present at the interface of both monomers. TcaR was found to form crystal 
structures with a broad range of antibiotics, ranging from β-lactam antibiotics 
to aminoglycoside antibiotics and broad-spectrum antibiotic16, suggesting 
that it acts as a multi-drug regulator protein.
 However, a quantitative analysis of TcaR-DNA and TcaR-DNA-antibiotic 
interactions that would allow for the development of TcaR-based biosensors 
is missing. Thus, in this study, we characterized TcaR from S. epidermidis and 
its interactions with DNA and multiple antibiotics using thermal shift assays 
and microscale thermophoresis. Our results demonstrate that TcaR preferably 
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interacts with β-lactam antibiotics, specifically penicillin G and V. Furthermore, 
targeted site-directed mutagenesis of the TcaR penicillin G binding pocket 
resulted in a range of TcaR protein mutants with different penicillin G and DNA 
binding affinities, thereby broadening the applicability of TcaR as a biosensor 
for the detection of different penicillin concentrations. Our findings give new 
insights into the interplay of TcaR proteins and antibiotics and lay a basis for 
the development of TcaR-based β-lactam, and especially penicillin, sensing 
systems. 

Materials and Methods

Protein expression and purification
Expression cassettes containing the E. coli codon-optimized TcaR wild-type 
and TcaR mutant genes fused to a carboxyl-terminal His6 tag were purchased 
at ATUM (Table S1). All cassettes contained the IPTG-inducible T5 promoter 
and an antibiotic resistance gene for kanamycin. The plasmids were transferred 
into E. coli ArcticExpress™ (DE3) RIL Competent Cells (Agilent Technologies) 
following the supplier’s instructions. Single clones were selected on agar 
plates containing 50 µg/mL kanamycin and grown overnight in Luria Bertani 
(LB) broth containing 50 µg/mL kanamycin at 30°C and 250 rpm. Plasmid 
DNA was isolated and digested with HindIII-HF and PvuI restriction enzymes 
(Thermo Fisher Scientific) and analyzed on an agarose gel to confirm that 
the appropriate plasmid DNA was obtained. As negative control the AE RIL 
wild-type strain was carried along in LB broth without antibiotics. Overnight 
cultures of E. coli clones containing the correct plasmid were used to prepare 
10% (v/v) glycerol stocks and were stored at -80°C.
 For protein expression, 20 µL of the glycerol stock was used to induce 4 mL 
LB broth supplemented with 50 µg/mL neomycin and grown at 30°C and 250 
rpm overnight. Subsequently, 400 µL of the pre-culture was added to 25 mL LB 
broth with 50 µg/mL neomycin and grown for approximately four hours until 
an OD:600 of 0.6 - 0.8 was reached. Cells were then cooled at 13°C for 15 min 
and subsequently, protein production was induced with a final concentration 
of 0.5 mM IPTG. Cells were incubated for 48 hours at 13°C and 250 rpm, after 
which cells were collected by centrifugation at 5000 xg for 10 min at 4°C and 
stored at -20°C for at least two hours. Cells were resuspended in fresh Lysis 
buffer (50mM Tris-HCl pH 7.5, 25 µM MgSO4, 0.1 mg/mL DNase I) and lysed via 
sonication by a Soniprep 150 Ultrasonic Disintegrator (MSE (UK) Ltd) with a 3 
mm probe during 10 cycles with an amplitude of -10 µm and 15 seconds on/15 
seconds off each. Lysates were centrifuged at 20000 xg for 20 min at 4°C and 



61

3

supernatants were transferred to a fresh tube and diluted 1:2 in Equilibration 
buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl).
 Protein purification was performed using columns with HisPur™ Ni-NTA Resin 
beads (Thermo Fisher Scientific). The beads were washed and equilibrated with 
Equilibration buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl). Subsequently, the 
diluted cell supernatant was added, and columns were incubated on an orbital 
shaker for 30 min at 4°C. The flow-through was collected by centrifugation at 
700 x g for 2 min. After binding of the protein to the beads, the columns were 
washed with a continuous flow of 28 mL Wash buffer (50 mM Tris-HCl pH 7.5, 
300 mM NaCl, 50 mM imidazole). Subsequently, 2 mL Elution buffer 1 (50 mM 
Tris-HCl pH 7.5, 300 mM NaCl, 150 mM imidazole) was applied, and columns 
were again incubated on an orbital shaker for 20 min at 4°C before elution. This 
first elution step was repeated, followed by a total of three elution steps with 1 
mL Elution buffer 2 (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 250 mM imidazole). 
6.5 µL of the first two protein elution fractions or 3.5 µL of the last three protein 
elution fractions diluted in 3 µL MilliQ were added to 2.5 µL 4x NuPAGE™ 
LDS Sample Buffer (Thermo Fisher Scientific) and 1 µL 10x NuPAGE™ Sample 
Reducing Agent (Thermo Fisher Scientific). Mixtures were heated for 5 min at 
94°C. Subsequently, 10 µL of the mixtures were loaded on a NuPAGE™ 4-12% 
Bis-Tris Protein Gel (Thermo Fisher Scientific) and ran at 150 V for 30 min in MES 
buffer (Thermo Fisher Scientific) supplemented with NuPAGE™ Antioxidant 
(Thermo Fisher Scientific) to assess protein size and purity (Figure S). Protein 
fractions were subsequently concentrated with a 3k MWCO 0.5 mL Centrifugal 
Filter Unit (Merck Millipore) for 25 min at 14000 xg and 4°C. The concentrated 
proteins were recovered by inverting the filter unit and centrifugation for 2 
min at 2000 xg and 4°C. Purified protein concentrations were measured on a 
Qubit™ 2.0 Fluorometer (Invitrogen) using a Protein Assay Kit (ThermoFisher). 
To reduce the amount of imidazole in control experiments, purified protein was 
dialyzed using a 3.5k MWCO 22 mm SnakeSkin Dialysis Tubing (Thermo Fisher 
Scientific). Samples were dialyzed for two hours in 200-fold excess Dialysis 
buffer 1 (20 mM sodium succinate pH 4.0, 100 mM NaCl) at 4°C. Subsequently, 
samples were dialyzed for another two hours in 200-fold excess Dialysis buffer 2 
(20 mM sodium succinate pH 4.0, 50 mM NaCl) at 4°C. Purified, dialyzed protein 
was recovered by pipetting.

Thermal shift assays
TSA was performed using the Protein Thermal Shift™ Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. In short, a 64 µL master 
mix for each condition was created containing 10 µM purified TcaR protein 
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diluted with Protein buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl), 3.2 µL 5x 
Protein Thermal Shift™ Dye, 16 µL 1x Protein Thermal Shift™ Buffer and 12.8 
µL of varying concentrations of ligands or controls. 20 µL of the mixture was 
aliquoted in triplo in a 96-wells plate (BioRad), and TSA was performed on a 
qPCR machine (BioRad) with a temperature gradient ranging from 4°C to 96°C 
and with an incremental increase of 0.2°C per 30 sec. All protein fractions 
were present in Elution buffer 2, except for the dialyzed protein to assess 
the influence of imidazole, which was present in Dialysis buffer 2. A 44 kDa 
expandase protein diluted in Protein buffer was used as a non-interacting 
control protein. In total, eight different small molecular ligands were purchased 
from Sigma-Aldrich and dissolved in MilliQ water to a final concentration of 
100, 200 or 400 mM: amoxicillin, ampicillin sodium salt, penicillin G sodium 
salt, penicillin V potassium salt, 6-aminopenicillanic acid (6-APA), kanamycin 
sulfate, streptomycin sulfate, sodium salicylate. For 6-APA and amoxicillin, 4N 
HCl was added dropwise until a clear solution was obtained. As a control, MilliQ 
water samples with the same pH as the dissolved ligands were prepared and 
added to the assay instead of the ligands. Ligand solutions varied between 
pH 1 (6-APA, amoxicillin), pH 5 (penicillin G sodium salt, penicillin V potassium 
salt, sodium salicylate, streptomycin sulfate), pH 7 (kanamycin sulfate) and pH 
9 (ampicillin sodium salt). All TSA experiments included a ligand only control 
and a buffer only control. 

Microscale thermophoresis 
Cy5-labelled promoter DNA with and without TcaR binding sites was obtained 
via PCR (Table S2) and diluted to a final concentration of 40 nM. All experiments 
were performed under the same buffer conditions (50 mM Tris-HCl pH 7.5, 
50 mM NaCl, 0.05% Tween-20). To remove potential TcaR aggregates, TcaR 
protein fractions were centrifuged for 10 min at 15000 xg at 4°C directly before 
use. For TcaR-DNA binding studies, a two-fold dilution series of purified TcaR 
protein was created, and equal volumes of Cy5-labelled promoter DNA were 
added to the series to a final concentration of 20 nM. For TcaR-DNA-antibiotic 
binding studies, a two-fold dilution series of antibiotics or TcaR protein 
was created. When TcaR was kept constant, a two-fold dilution series of an 
antibiotic was created, and equal volumes of a Cy5-labeled DNA/TcaR mixture 
were added. A final concentration of 20 nM Cy5-labelled promoter DNA was 
reached, and the purified TcaR protein was added with a final concentration 
close to its determined Kd (500 nM for WT TcaR and S41T, 250 nM for the triple 
mutant). When the antibiotic was kept constant, a two-fold dilution series of 
TcaR was created, and equal volumes of a Cy5-labeled-DNA/antibiotic mixture 
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were added. A final concentration of 20 nM Cy5-labelled DNA was obtained 
and antibiotic concentrations were kept at either 0, 0.02, 20, 50, or 130 mM. 
Samples were loaded into standard-treated capillaries (NanoTemper) and 
measured with 20% MST infrared laser power and 60% LED laser power in a 
Monolith NT.115 (NanoTemper). Binding curves, dissociation constants (EC50 
coefficient), and hillslopes were obtained from a four-parameter logistic 
regression based on normalized fluorescent values during the T-jump using 
SigmaPlot 11.0 (Systat Software).

Results

Characterization of TcaR-small molecule interactions in 
thermal shift assays
To study the interaction of TcaR and small molecules, we determined how 
the TcaR melting temperature changes in the presence of different small 
molecules in thermal shift assays (TSA). To account for experimental and 
sample variability in our TSA experiments, only temperature changes ≥ 2 °C 
were considered as significant17, indicated by red lines. First, we incubated 
TcaR with increasing concentrations of penicillin G and compared the 
resulting melting temperatures with the TcaR melting temperature measured 
in the absence of ligands, which was found to be at 59.7 ± 1.2 °C. We found 
that millimolar concentrations of penicillin G significantly decrease the 
melting temperature of TcaR, with a maximum decrease of almost 20°C at 80 
mM penicillin G (Figure 1A). The decrease in TcaR melting temperature with 
increasing penicillin G concentrations indicates that the TcaR protein structure 
is destabilized by high concentrations of penicillin G. 
 As TcaR was shown to interact with a range of small molecules besides 
penicillin G, such as kanamycin, streptomycin, and salicylate16, we wanted to 
investigate whether other small molecules have a similar impact on the thermal 
stability of TcaR as penicillin G. Consequently, we determined TcaR melting 
temperatures in the presence of 40 mM penicillin G, kanamycin, streptomycin, 
and salicylate, as well as 40 mM of β-lactam antibiotics related to penicillin G, 
namely amoxicillin, ampicillin, penicillin V and 6-amino penicillanic acid (6-
APA) (Figure 1B). Here, we observed that only penicillin G and penicillin V 
cause a significant decrease in the TcaR melting temperature, and none of 
the other tested small molecules (Figure 1C). These findings suggest that the 
observed TcaR destabilization is specific to penicillin antibiotics. 
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 To verify that the decrease in TcaR melting temperature is not caused 
by reasons other than a direct interaction of penicillin G with TcaR, control 
experiments were performed to assess the influence of (i) high concentrations 
of imidazole present in the TcaR elution buffer, (ii) high concentrations of sodium 
chloride in the small molecule solutions stocks and (iii) high or low pH values 
of the small molecule solutions stocks. Specifically, we determined the change 
in TcaR melting temperature for 0 mM imidazole, 40 and 80 mM NaCl, and 
water with a pH of 1, 5.5, or 9. All control experiments resulted in a insignificant 
change of the TcaR melting temperature (Figure 1D), which indicates that the 
TcaR stability is not impaired by high imidazole concentrations, high sodium 
chloride concentrations or extreme pH values and that the reported decrease 
in melting temperature is due to binding of penicillin to TcaR. 

Broadening of the TcaR biosensor applicability by site-
directed mutagenesis
Since we found that penicillin G and V destabilize TcaR, while other small 
molecules do not, we assume that TcaR has a higher affinity towards penicillin 
antibiotics compared to the other tested small molecules. 
 Furthermore, the observed penicillin-induced changes in TcaR melting 
temperatures indicate that TcaR interacts with penicillin G and V when present 
in high millimolar concentrations. Consequently, TcaR-based biosensors 
could be applied for the detection of high millimolar penicillin G and V 
concentrations, e.g. during industrial penicillin production18. To facilitate 
the development of TcaR-based penicillin sensors with higher affinity, and 
therefore allow a broadening of the range of applications where TcaR can be 
employed, we rationally redesigned the penicillin G binding pocket of TcaR. 
We used a crystal structure of TcaR bound to penicillin G and our knowledge 
about the function of TcaR to introduce precise changes in the proteins amino 
acid sequence to alter the affinity of TcaR for penicillin and consequently 
broaden the dynamic range of TcaR-based sensors19–22. Amino acid residues 
interacting with, or in proximity to, penicillin G (Figure 2A) were substituted to 
other naturally occurring amino acids using site-directed mutagenesis.
 In this way, seven single and one triple TcaR amino acid mutant were created 
with the goal to (i) improve the interaction with the penicillin G phenyl ring 
(S41A, S41T), to (ii) introduce an additional hydrogen bond to the penicillin 
G carboxyl group (H42N, H42Q), to (iii) improve the hydrophobic interaction 
with penicillin G (V63I), to (iv) improve the hydrophobic interaction with the 
sulfur atom in the penicillin G thiazolidine ring (R71K, R71M) and to (v) increase 
the overall hydrophobicity of the ligand binding pocket and thereby improve 
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penicillin G binding (H42N, Q61M, R71M) (Figure 2B). Since the binding pocket 
is formed by different amino acids of each monomer, we expect some mutations 
to interact with the ligand via one monomer (S41A, S41T, V63I) whereas others 
are likely to interact via both protein monomers from adjacent sides of the 
binding pocket (H42N, H42Q, R71M, R71K) as illustrated in Figure 2C.

Figure 2 Site-directed mutagenesis of the TcaR penicillin binding pocket. A) Three-
dimensional visualization of the TcaR binding pocket with penicillin G (PDB ID: 3KP2). Blue 
dotted lines represent hydrogen bonds, and gray dotted lines represent hydrophobic 
interactions. B) List of TcaR mutants generated in this study and their expected interaction 
with penicillin G. C) Schematic representation of the expected interactions of TcaR mutants 
with penicillin G. The individual monomers are colored in red and blue. A triple amino acid 
mutant affecting the overall TcaR binding pocket is shown in green. Atom color code: sulfur: 
yellow; oxygen: red; nitrogen: blue; hydrogen: white.

Characterization of TcaR mutants and their interaction with 
β-lactam antibiotics in thermal shift assays
To assess the effect of the site-directed mutagenesis on thermal stability, we 
determined the melting temperature of the TcaR wild-type and mutant proteins 
in the absence of ligands. Here, five out of the eight TcaR mutants exhibited 
a melting temperature comparable to wild-type TcaR of around 60 ± 2 °C, 
whereas two TcaR mutants showed a definite increase in melting temperature 
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(R71M, triple) by up to 14.3 °C (Triple) and one mutant a significant decrease 
in melting temperature by 4.5 °C (S41T) (Figure 3A). Notably, the introduction 
of hydrophobic residues (isoleucine (I), alanine (A), methionine (M)) increased 
the melting temperature in all cases, which could indicate that an increased 
hydrophobicity of the penicillin G binding pocket positively influences the 
proteins thermal stability. 
 Subsequently, the effect of the site-directed mutagenesis on penicillin 
affinity was assessed by measuring melting temperatures of the wild-type TcaR 
and mutant proteins at 0 mM, 10 mM, and 40 mM penicillin G. Here, we found 
significant changes in melting temperatures of ≥ 2 °C for all proteins in the 
presence of 40 mM penicillin G, whereas only minor changes were observed 
at 10 mM penicillin G (Figure 3B). As we expect changes in penicillin affinity 
to correlate with changes in melting temperature, we compared melting 
temperatures of all mutant proteins at 40 mM penicillin G with the melting 
temperature of the wild-type protein at 40 mM penicillin G (dashed line, 
Figure 3B). As the most considerable changes were observed for the S41T 
and the Triple mutant, with melting temperatures ~ 8.5 °C below or ~ 20.7 °C 
above the TcaR wild-type melting temperature (~ 59.9 °C), we expect the S41T 
to have an increased and the Triple mutant to have a decreased affinity for 
penicillin G compared to wild-type TcaR. 
 As a consequence, we wanted to analyze the interactions of the S41T 
and the Triple mutant with β-lactam antibiotics in more detail. To this end, 
we determined melting temperatures for both mutants and the wild-type 
protein at increasing concentrations of penicillin G. We found the melting 
temperatures of the triple mutant to be decreased less by increasing penicillin 
G concentrations compared to the S41T mutant and the wild-type protein 
(Figure 3C). For the S41T mutant no distinct melting temperatures could 
be determined for penicillin G concentrations > 40 mM due to highly noisy 
raw data, suggesting that penicillin G concentrations above 40 mM cause 
a complete denaturation of the S41T protein. These findings support our 
hypothesis that the S41T mutant has a similar or higher affinity, and the Triple 
mutant a lower affinity for penicillin compared to wild-type TcaR. 
 However, it is likely that the observed penicillin-induced changes in melting 
temperature of the mutant proteins are not solely influenced by penicillin 
affinity but also by the inherent thermostability of the proteins. Consequently, 
the increased thermostability of the Triple mutant could render the protein 
less susceptible to penicillin-induced melting temperature changes, whereas 
the opposite could apply to the S41T protein (Figure 3A). 
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 Lastly, we analyzed whether the site-directed mutagenesis altered the 
interactions of TcaR with other small molecules. The analysis of melting 
temperatures of the wild-type, the S41T and the triple mutant protein in the 
presence of 40 mM penicillin G, penicillin V, ampicillin or 6-APA revealed that 
the melting temperatures of all three proteins are significantly decreased 
when incubated with penicillin G and penicillin V, whereas only non-significant 
changes were observed for ampicillin and 6-APA (Figure 3D). These findings 
demonstrate that the S41T and the Triple mutant maintained the specificity 
towards penicillin G and V observed for the wild-type protein (Figure 1C). 
However, we found the melting temperature of the S41T mutant to be 
influenced less by penicillin V than by penicillin G, whereas a stronger effect of 
penicillin V compared to penicillin G was observed for the Triple mutant. These 
changes in melting temperature indicate that the site-directed mutagenesis 
did not only alter penicillin G, but also penicillin V binding affinities. 

Quantification of DNA- and DNA-antibiotic interactions of TcaR 
and selected TcaR mutants using Microscale Thermophoresis 
To function as a biosensor, it is crucial that a transcription factor exhibits 
allosteric properties to enable a ligand-induced transcriptional regulation23. 
Consequently, the quantification of transcription factor-DNA interactions in 
response to small molecular ligands is essential to assess the allosteric function 
of a transcription factor and determines its applicability as a biosensor. We 
therefore characterized TcaR-DNA and TcaR-DNA-antibiotic interactions 
using Microscale Thermophoresis (MST). Furthermore, the DNA and ligand 
binding properties of the S41T and the Triple mutants were characterized, to 
assess the effect of the site-directed mutagenesis on the allosteric properties 
of the proteins and to evaluate their potential as penicillin biosensors. To 
analyze molecular interactions using MST, the promoter DNA is labeled with 
a fluorophore, and changes in diffusion upon a thermal upshift are monitored 
in the presence of different concentrations of TcaR or a mixture of TcaR and 
β-lactam antibiotics10. 
 First, the interactions of the TcaR wild-type and both protein mutants with 
promoter DNA were assessed. Since TcaR was shown to interact with three 
pseudo-palindromic sequences of the Ica promoter from S. epidermidis using 
electrophoretic mobility shift assays (EMSA)16, we determined dissociation 
constants (Kd) for the three TcaR proteins with Ica promoter DNA. To assess the 
sequence specificity of TcaR-DNA interactions, we additionally determined 
dissociation constants of all three proteins with a scrambled version of the Ica 
promoter sequence (Scrambled Ica promoter) and a random fungal promoter 
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sequence (pgndA promoter). Here, the wild-type TcaR protein was found to 
bind to all tested DNA sequences with an affinity in the high nanomolar range 
(Figure 4A). Even though an approximately two-fold higher binding affinity was 
observed for the native Ica promoter compared to its scrambled counterpart, 
our data suggests that the DNA interaction of the TcaR wild-type protein is 
mostly sequence-independent. Both the S41T mutant (Figure 4B) as well 
as the triple mutant (Figure 4C) showed higher binding affinities for the Ica 
promoter and its scrambled version compared to the wild-type protein. As in 
the case of the wild-type protein, both protein mutants were found to bind the 
Ica promoter and its scrambled version to a similar extent, suggesting rather 
generic DNA binding properties. The highest affinity for the Ica promoter 
was measured for the triple mutant protein, with an almost 2.5-fold increase 
compared to the binding of the wild-type protein.
 Most likely, the high similarity between TcaR-DNA dissociation constants 
can be related to the general degeneracy of TF-DNA interactions that was 
shown for multiple bacterial TFs24, i.e., that different sites can recruit the same 
TF. The TcaR-DNA dissociation constants found here are within the range of 
dissociation constants found for other TFs from the MarR family (Figure S3) 
and demonstrate that site-directed mutagenesis of the penicillin binding 
pocket did not impair the DNA binding properties of the S41T and the Triple 
mutant. 

To assess whether all three proteins bind DNA in a ligand-dependent manner, 
we subsequently determined protein-DNA dissociation constants in the 
presence of penicillin G, penicillin V, ampicillin or kanamycin. To ensure that 
sufficient protein is bound to DNA, the wild-type, S41T, and triple mutant 
proteins were pre-incubated with Ica promoter DNA at protein concentrations 
close to the determined dissociation constants (Figure 4). The TcaR-DNA 
mixtures were then exposed to different concentrations of the antibiotics and 
analyzed using MST. 
 When antibiotics were present in a high millimolar range, the binding 
of wild-type TcaR to the Ica promoter DNA was reversed (Figure 5A), with 
dissociation constants for penicillin V (40.7 ± 4.0 mM), penicillin G (68.5 ± 8.3 
mM) and ampicillin (93.4 ± 38.0 mM) in the millimolar range. For kanamycin, 
no dissociation constant could be determined. Also, for both mutant proteins 
binding to the Ica promoter DNA was reversed by penicillin G and V, when 
present in the high millimolar range. We found an almost two-fold improved 
affinity for penicillin G (38.9 ± 5.4 mM) and a similar affinity for penicillin V 
(35.5 ± 3.3 mM) for the S41T mutant compared to wild-type TcaR (Figure 5B), 
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indicating that the introduced mutation solely increased the proteins affinity 
for penicillin G. The Triple mutant exhibited a similar affinity for penicillin G  
as the wild-type protein (67 ± 13.2 mM) and a lower affinity for penicillin  
V (55.9 ± 8.1 mM)(Figure 5C).

Figure 4 Characterization of the interactions of wild-type TcaR, the S41T, and the Triple 
mutant with fluorescently labeled promoter DNA using Microscale Thermophoresis. 
TcaR-DNA interactions and dissociation constants (Kd) for wild-type TcaR (A), the S41T 
mutant (B), and the Triple mutant (C) to the Ica promoter DNA, a scrambled version of the 
Ica promoter DNA or a random fungal promoter DNA (pgndA) are shown. A temperature 
gradient induces thermophoretic movements of TcaR and the fluorescently labeled DNA, 
which alter depending on the TcaR-DNA interaction. Fluorescent values obtained before 
(Finitial) and after the laser-induced temperature gradient (Fhot) were used to determine 
normalized fluorescent values (Fnorm=Fhot/Finitial) at different TcaR concentrations. Binding 
curves, dissociation constants, and standard errors were obtained from a four-parameter 
logistic regression. n=1, except for Ica promoter DNA where n=3.
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As our findings indicate that TcaR dissociates from promoter DNA in the 
presence of high millimolar penicillin G concentrations, we hypothesized that 
TcaR-DNA binding could be hindered in the first place in case sufficiently 
high penicillin G concentrations are present. To prove our hypothesis, we 
pre-incubated Ica promoter DNA with different concentrations of penicillin 
G (0, 0.02, 20, 50, or 130 mM) and subsequently exposed the DNA-penicillin 
mixtures to a concentration range of the wild-type TcaR or S41T mutant protein. 
Both the wild-type and S41T protein exhibited reduced binding affinities to 
DNA with increasing concentrations of penicillin G (Figure 5D,E). We found 
that at a concentration of 130 mM penicillin G, a protein concentration of 
>5000 nM is needed before a TcaR-DNA interaction is detectable. These 
results show that at high millimolar concentrations, penicillin G hinders the 
binding of wild-type TcaR and the S41T mutant to the Ica promoter DNA, 
thereby proving our hypothesis. 
 Overall, the concentrations of penicillin needed to reverse TcaR-DNA 
binding in MST are in the same order of magnitude as the concentrations 
needed to cause significant thermal shifts in TSA, indicating that the 
penicillin-induced changes in the thermal stability of TcaR partly correlate 
with penicillin affinity. However, our MST data demonstrates that TSA is not 
suitable to determine binding constants for protein-ligand interactions, likely 
because protein denaturation depends not only on ligand affinity but to a 
large extent on the inherent melting temperature of the protein. Especially 
for the extremely thermostable Triple protein, penicillin G-induced changes 
in melting temperature during TSA did not reflect the actual affinity of the 
protein for penicillin G, which was found to be as high as the affinity of the 
wild-type protein in MST. Also, in the case of the S41T mutant, substantial 
deviations were noted between TSA and MST data, especially regarding the 
protein’s affinity for penicillin V.

Discussion

In this study, we characterized the bacterial transcriptional regulator TcaR for 
interactions with DNA and β-lactam antibiotics to facilitate the development of 
TcaR-based antibiotic biosensors. The analysis of TcaR melting temperatures 
in Thermal Shift assays (TSA) indicated that TcaR specifically interacts with 
penicillin G and V but not with other antibiotics. As we found TcaR to interact 
with penicillin in the high millimolar range, we rationally redesigned the TcaR 
penicillin binding pocket intending to obtain protein mutants with altered 
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Figure 5 Characterization of the interactions of wild-type TcaR, the S41T, and Triple mutant with 
fluorescently labeled Ica promoter DNA and antibiotics using Microscale Thermophoresis. Left: 
Antibiotic-induced TcaR-DNA dissociation with a constant amount of Ica promoter DNA and TcaR protein 
(Wild-type/S41T: 500nM, Triple: 250 nM) and concentration ranges of penicillin G, penicillin V, ampicillin or 
kanamycin. Dissociation constants (Kd) were calculated for wild-type TcaR (A), the S41T mutant B), and the 
Triple mutant (C). n=1, except for wild-type TcaR/Penicillin G where n=3. Right: Penicillin-induced hindrance 
of TcaR-DNA binding with a constant amount of Ica promoter DNA and penicillin G (0, 0.02, 20, 50 or 130 
mM) and concentration ranges of TcaR protein. Dissociation constants were calculated for wild-type TcaR 
(D) and the S41T mutant protein (E). n=1 except for 0 mM penicillin G where n=3. Fluorescent values 
obtained before (Finitial) and after the laser-induced temperature gradient (Fhot) were used to determine 
normalized fluorescent values (Fnorm=Fhot/Finitial) at different antibiotic or TcaR concentrations. Binding 
curves, dissociation constants, and standard errors were obtained from a four-parameter logistic regression
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penicillin affinities, to allow for a broad range of potential TcaR biosensor 
applications. In TSA, two TcaR mutant proteins were identified with altered 
penicillin binding properties. Protein-DNA, as well as protein-DNA-antibiotic 
interactions of the wild-type and the two mutant proteins, were characterized 
using Microscale Thermophoresis (MST). Our findings demonstrate that all 
three TcaR proteins bind DNA in a ligand-dependent manner, and further 
show that DNA and penicillin binding affinities can be altered by applying 
rational redesign and site-directed mutagenesis. A summary of all dissociation 
constants determined in this study can be found in Table 3. Consequently, this 
in-depth characterization of TcaR and engineered mutants lays the foundation 
for the development of TcaR-based biosensors with different DNA and ligand 
binding properties. As we found TcaR binding affinities to be in the millimolar 
range, we expect TcaR and TcaR mutants to be suitable transcription factors 
for the detection of industrial levels of β-lactam antibiotics such as penicillin.
 As expected for multi-drug regulators of the MarR family25 and as proposed 
by Chang et al.16 we found that TcaR interacts with multiple antibiotics. In 
contrast to earlier findings16, however, we found TcaR to interact specifically 
with β-lactam antibiotics like penicillin G and V and not with aminoglycoside 
antibiotics such as kanamycin and streptomycin. Based on our TSA and MST 
data, we propose that TcaR preferably interacts with an unmodified phenol 
ring (Penicillin V, Penicillin G, Ampicillin) and that this interaction is weakened 
by the presence of hydrophilic hydroxy groups (Amoxicillin, Salicylate) and 
charged primary amino groups (Amoxicillin, Ampicillin). This assumption is 
supported by findings that MarR proteins respond to anionic lipophilic, usually 
phenolic, compounds25 and by the fact that a TcaR protein mutant, which was 
engineered to establish an improved contact with the phenyl ring of penicillin 
G (S41T), exhibited a two-fold increase penicillin G affinity in MST experiments. 
Both our TSA and MST data further suggest that TcaR interacts with antibiotics 
in the millimolar range (~40-100 mM). Compared to ligand-binding data 
obtained for other MarR regulators, those concentrations are at the higher 
end, with only a few other regulators recognizing their ligands at millimolar 
concentrations (Table S3). Since antibiotic minimum inhibitory concentrations 
(MIC) for bacteria are typical in the low micromolar range26, a large fraction of 
dissociation constants determined for MarR-ligand interactions in vitro appears 
to be non-physiological. Possibly, conditions applied during in vitro assays 
deviate from conditions inside a cell. Since the role of TcaR in metabolism is not 
fully understood yet, there might be  other, so far unknown, DNA sequences or 
ligands that bind TcaR with higher affinity. This hypothesis is supported by the 
fact that TcaR was reported to play a dual role as both transcriptional activator 
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Table 3 Summary of the TcaR-DNA and TcaR-DNA-antibiotic interactions determined by 
Microscale Thermophoresis in this study. Kd: dissociation constant. 

TcaR-DNA-interactions

Protein [gradient] Cy5-DNA [20 nM] Kd [nM] p value Kd
TcaR wild-type Ica promoter 536.8 ± 45.6 < 0.0001

Scrambled Ica prom. 
pgndA promoter

932 ± 111.7
680.8 ± 55.7

< 0.0001
< 0.0001

S41T Ica promoter 455.7 ± 18.9 < 0.0001

< 0.0001

< 0.0001

< 0.0001

Scrambled Ica prom. 395.3 ± 16.4

Triple Ica promoter 219.8 ± 17.1

(H42N/Q61M/R71M) Scrambled Ica prom. 370.3 ± 21.4

Antibiotic-induced TcaR-DNA dissociation 
Protein [Kd]* Cy5-DNA [20 nM] Ligand [gradient] Kd [mM] p value Kd
TcaR wild-type Ica promoter Penicillin G 68.5 ± 8.3 < 0.0001

Ica promoter Penicillin V 40.7 ± 4.0 < 0.0001

Ica promoter Ampicillin 93.47 ± 37.9 0.0335

Ica promoter Kanamycin n.d.

S41T Ica promoter Penicillin G 38.9 ± 5.4 < 0.0001

Ica promoter Penicillin V 35.5 ± 3.3 < 0.0001

Triple
(H42N/Q61M/R71M)

Ica promoter Penicillin G 67 ± 13.2 < 0.0001

Ica promoter Penicillin V 55.9 ± 8.1 < 0.0001

*500 nM (TcaRwt, S41T), 250 nM (triple)

Penicillin G-induced hindrance of TcaR-DNA binding
Protein [gradient] Cy5-DNA [20 nM] Penicillin G [mM] Kd [nM] p value Kd
TcaR wildype Ica promoter 0 536.8 ± 45.6 < 0.0001

0.02 637.5 ± 44.4 < 0.0001
20 1113 ± 66.5 < 0.0001

130 > 5000
S41T Ica promoter 0 455.7 ± 18.9 < 0.0001

50 661.7 ± 18.5 < 0.0001
130 > 5000
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and repressor in different bacterial species14. Further, the transcriptional 
control of TcaR is influenced by another transcription factor named IcaR in 
Staphylococci, suggesting a complex gene regulation mechanism15,27. Our 
data suggests that TcaR acts as a repressor of transcription in in vitro assays, 
whose DNA binding is reversed in the presence of high millimolar penicillin 
concentrations. Consequently, this in-depth characterization of TcaR and 
engineered mutants lays the foundation for the development of TcaR-based 
biosensors with different DNA and ligand binding properties. As we found 
TcaR binding affinities to be in the millimolar range, we expect TcaR and TcaR 
mutants to be suitable transcription factors for the detection of industrial 
levels of β-lactam antibiotics such as penicillin. 
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Supplementary Material

Table S1 Sequences of TcaR wild-type16 and mutant genes. All sequences were codon-
optimized for E.coli. Sequence mutations are shown in bold and underlined.

Wild-type TcaR (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGC-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGT-
GTGAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

S41A (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAGCG-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGT-
GTGAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

S41T (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAACG-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGT-
GTGAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

H42N (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGCAAT-
GTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGTGT-
GAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

H42Q (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGCCAA-
GTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGTGT-
GAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA
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V63I (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGC-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGG-
TATTAACAAAGCTGCAGTTAGCCGTCGTGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

R71K (5’- 3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGC-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGT-
GTGAACAAAGCTGCAGTTAGCCGTAAAGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

R71M (5’-3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGC-
CACGTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGCAAGGT-
GTGAACAAAGCTGCAGTTAGCCGTATGGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA

H42N-Q61M-R71M (5’-3’)

ATGGTGCGCCGTATTGAAGATCACATCAGCTTTCTGGAAAAGTTTATCAATGACGTTAACACCCT-
GACGGCGAAGCTGCTGAAAGACTTGCAGACCGAGTATGGTATTAGCGCAGAGCAAAGCAAT-
GTGCTGAATATGCTGTCTATCGAAGCCCTGACTGTTGGCCAGATTACCGAGAAGATGGGTGT-
GAACAAAGCTGCAGTTAGCCGTATGGTGAAAAAGCTGCTGAACGCCGAACTGGTCAAACT-
GGAGAAACCGGATAGCAACACCGATCAGCGCCTGAAGATTATCAAGTTGAGCAATAAAGG-
CAAGAAATACATCAAAGAGCGCAAAGCGATTATGTCCCATATCGCGTCGGACATGACGAG-
CGATTTCGATTCCAAAGAAATCGAAAAAGTCCGTCAGGTCTTAGAGATTATTGATTACCGCATC-
CAAAGCTATACCAGCAAGCTGGGTCATCACCACCACCACCATTGA
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Figure S1 His-tag purification of TcaR and TcaR mutants. SDS-PAGE of the final elution 
fractions of wild-type TcaR (WT) and TcaR mutants. The expected size of TcaR monomer is 
18 kDa. L: ladder.    
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Table S2  Promoter sequences used for Microscale thermophoresis. All sequences were 
obtained by PCR from a template plasmid DNA using a Cy-5 labeled forward primer and an 
unlabeled reverse primer.

Wild-type promoter containing six TcaR binding sites

Ica promoter 
(238 bp/ 5’ to 3’)
 

TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTTCTAAAATCTCCCCCTTATTCAAT-
TTTCTAAAAATATATTACAGAAAAATTAAGTTAAAATTACAAATATTACTGT-
TTCAGTATAACAACATTCTATTGCAAATTGAAATACTTTCGATTAGCATATGCT-
TTACAACCTAACTAACGAAAGGTAGGTGAAAAATACTAAGTCTTCTT

Forward primer 
(90 bp/ 5’ to 3’)

Cy5-TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCAT CTTTTCTAAAATCTCCCCCTTATTCAATTTTCT

Reverse primer
(44 bp/ 5’ to 3’)

AAGAAGACTTAGTATTTTTCACCTACCTTTCGTTAGTTAGGTTG

Scrambled wild-type promoter without TcaR binding sites*

Scrambled Ica 
promoter 
(238 bp/ 5’ to 3’)
 

GTATTCATCTTCCAAACGCTCCCGTTATTGCTGAGACCTGGACGATTTA-
GAGACAAATAGTCAAACTTATCTTTACAAGAGATCCGTATAAAAGG-
CAGGCTAATATCACAAGCATCACGACTCTTTATACCTTTTTTTTTATATAATCCC-
TCTCTTTTTTATATAGTTGACCGTAATAAGGTGGTTAGACAGTTAGACAACAT-
ACCTCTAAGCACACTAGTTACATTACTATTCATTA

Forward primer 
(25 bp/ 5’ to 3’)

Cy5-GTATTCATCTTCCAAACGCTCCCGT

Reverse primer   
(25 bp/ 5’ to 3’)

TAATGAATAGTAATGTAACTAGTGT

*Scrambled version obtained from http://www.bioinformatics.org/sms2/shuffle_dna.html

Part of fungal promoter sequence without TcaR binding sites

pgndA promotor 
(224 bp/ 5’ to 3’)
 

GCAACGAATCCTGCTCTGACATCTTCGAACGCCTTCTCCCTTTCGCTCGCT-
TCTCTGCCTCTTTCCTCTCTTCCCTTTCCTTCCCCTCCAAACTAAACCT-
TCCTCCTTTTCTCCATCATCCTCTAGGCAGTTGGTTCTTCCTGACTGTAC-
ATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCTTCTC-
CAGAGTTCATACCCCCCAC

Forward primer 
(24 bp/ 5’ to 3’)

Cy5- TGCAACGAATCCTGCTCTGACATC

Reverse primer 
(25 bp/ 5’ to 3’)

GTGGGGGGTATGAACTCTGGAGAAG
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Table S3  DNA dissociation constants of selected MarR family members. EMSA: electrophoretic 
mobility shift assay, SPR: surface plasmon resonance, DSF: differential scanning fluorimetry, 
ITC: isothermal titration calorimetry, FPA: fluorescence polarization assay, DIF: DNase I 
footprinting, AU: analytical ultracentrifugation, FS: fluorescence spectroscopy.

Transcription factor Dissociation 
constant (M)

Method References

Activators AgrA 0.16 - 192 x 10-9 EMSA, SPR (28,29)

ExpG 1.2 x 10-9 EMSA (30)

RepC 0.1 x 10-6 EMSA (31)

Repressors BifR 1.4 ± 0.1 x 10-9 EMSA (32)

BldrR2 15.8 ± 5.2 x 10-6 EMSA (33)

CouR 68 ± 8 x 10-6 DSF (34)

HucR 0.1 - 1.0 x 10-9 EMSA (35, 36)

MarR 1 - 5 x 10-9 EMSA (37, 38)

MepR 6.3 - 40 x 10-9 ITC, FPA (39, 40, 41, 42)

MftR 6.9 ± 1.9 x 10-9 EMSA (35)

OhrR 5 x 10-9 DIF (43)

PcaV 4.6 - 11.9 x 10-9 EMSA (44)

PecS 4 - 23 x 10-9 EMSA (45, 46, 47)

Rdh2R 63 x 10-9 AU (48)

SarZ 13 - 50 x 10-12 EMSA (49)

ST1710 189 - 618 x 10-9 FS (50)

TcaR 536.8 ± 45.6 10-9 MST This study

TcaR-S41T 455.7 ± 18.9 10-9 MST This study

TcaR-H42N/Q61M/R71M 219.8 ± 17.1 10-9 MST This study

TamR 16.5 ± 1.2 x 10-12 EMSA (51)

YetL 6 - 24 x 10-9 EMSA (52)
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Table S4 Ligand dissociation constants of selected MarR repressors. BAD: benzaldehyde, pcc: 
p-coumaroyl–CoA, CCCP: carbonyl cyanide m-chlorophenyl hydrazine, DNP: dinitrophenol, 
FCCP: p-trifluoromethoxy carbonyl cyanide phenyl hydrazine, R6G: rhodamine 6G, 2,5-DHBA: 
2,5-dihydroxybenzoate, 3,5-DHBA: 3,5-dihydroxybenzoate, 3-HBA: 3-hydroxybenzoate, 
4-HBA: 4-hydroxybenzoate, PCA: protocatechuate, PASA: para-amino salicylic acid. 
EMSA: electrophoretic mobility shift assay, BS: in vivo biosensor, ITC: isothermal titration 
calorimetry, SF:  stopped-flow fluorescence spectroscopy, FS: fluorescence spectroscopy, 
RSBB: radioactive sepharose beads binding, FPA: fluorescence polarization assay, DIF: 
DNase I footprinting.

Transcription factor Ligand Dissociation 
constant (M)

Method References

BldrR2 Salicylate, BAD 10 - 30 x 10-3 EMSA (33)

CouR pcc 11 ± 1 x 10-6 ITC (53)

EmrR CCCP, DNP, FCCP 1.3 - 11.1 x 10-6 SF (54)

GbsR Choline 193 ± 40 x 10-6 FS (55)

HucR Uric acid 11.6 ± 3.7 x 10-6 FS (56)

MarR Salicylate 1 x 10-3 RSBB (37)

MepR DAPI, ethidium, R6G 2.6 - 62.6 x 10-6 FPA (41)

MftR Urate 6.1 ± 2.1 x 10-6 FS (35)

OpuAR Choline, glycine betaine 165 - 301 x 10-6 FS (57)

PcaV 2,5-DHBA, 3,5-DHBA, 
3-HBA, 4-HBA, PCA

0.67 - 146.86 x 10-6 ITC (44)

PecS Urate, xanthine 0.10 ± 0.17 x 10-3 FS (58)

Rv2887 Gemfibrozil, PASA, 
salicylate

7.9 – 183 x 10-6 ITC (59)

ST1710 Ethidium, CCCP, 
salicylate

0.019 – 1 x 10-3 FS (50)

XylR Xylose 26.6-666.1 x 10-3 BS (60)

TcaR Penicillin G 68.5 ± 8.3 x 10-3 MST This study

TcaR Penicillin V 40.7 ± 4.0 x 10-3 MST This study

TcaR Ampicillin 93.5 ± 38.0 x 10-3 MST This study

TcaR-S41T Penicillin G 38.9 ± 5.4 x 10-3 MST This study

TcaR-S41T Penicillin V 35.3 ± 3.3 x 10-3 MST This study

TcaR- H42N/ Q61M/
R71M

Penicillin G 67 ± 13.2 x 10-3 MST This study

TcaR- H42N/ Q61M/
R71M

Penicillin V 55.9 ± 8.1 x 10-3 MST This study
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Abstract

Certain transcription-factors (TF) respond to small molecules inside 
cells to regulated gene expression in response to environmental cues. 
Characterization of TF-DNA, as well as TF-DNA-small molecule interactions 
is essential to improve our understanding of TF-based gene regulation. 
Current methods that provide insights into TF-DNA interactions often require 
sophisticated, costly equipment for in vivo analysis or are based on cheaper in 
vitro binding studies, which deviate from the actual conditions in vivo. Cell-free 
transcription-translation systems could offer an intermediate step from a pure 
biophysical TF interaction analysis in vitro towards an in vivo characterization 
as they are less complex, but functionally similar to in vivo. To date, only a 
small number of E. coli derived transcription factors were used to prototype 
different gene circuits in cell-free systems. However, the potential of cell-free 
transcription-translation systems to quantify heterologous TF-DNA and TF-
DNA-small molecule interactions has not been assessed so far. In this study, 
we used the transcriptional regulator TcaR from S. epidermidis and a GFP 
expression cassette to showcase that cell-free systems can be used to study 
TF-DNA interactions using a new plate-based screening method. The analysis 
of GFP expression rates revealed that TcaR represses gene expression in the 
low millimolar range. However, we found the TcaR system to be unsuitable to 
study TF-DNA-small molecule interactions using cell-free systems, since we 
discovered that the high concentrations of small molecular antibiotics needed 
to cause TcaR-DNA dissociation negatively affect the translation reaction 
of the cell-free system. Our results demonstrate that cell-free systems can 
be used to rapidly characterize TF-DNA interactions using our plate-based 
method. We expect our cell-free method to be a suitable starting point for the 
characterization of other TF systems as it represents a new possibility for the 
fast characterization of TF-DNA interactions in an environment resembling in 
vivo conditions. 
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Introduction

Transcription factors are essential for the regulation of gene expression and 
are found in all living cells. The activation or repression of genes depends on 
the type of transcription factor and the way it interacts with its ligands such 
as DNA, small molecular inducers or other proteins1. In many cases, TF-DNA 
interactions are enhanced or reduced by small molecules that bind to the 
TF in a specific manner2,3. Since both, low-affinity and high-affinity TF-DNA 
interactions play critical roles in gene regulation4, the measurement of TF-DNA 
binding affinities in the absence or presence of small molecules can provide 
new insights into the function of a certain TF in gene expression. 
 While the identification of new TF-DNA pairs is relatively straightforward 
with a large number of predictive tools5–7 and public databases8–10 available, 
current methods to characterize TF-ligand interactions remain challenging, 
which results in few well-characterized TF-ligand pairs. The primary reason 
for the lack of comprehensive TF-interaction data is that current in vivo 
characterization methods such as ChIP-seq12 or DNA microarrays11 require 
specialized machinery which is absent in most laboratories. Alternative 
methods that are more practicable, such as Electrophoretic Mobility Shift 
Assays (EMSA)13 or Micro-Scale Thermophoresis (MST)14 are performed in 
vitro, meaning that TF-ligand affinities are determined in the absence of other 
cellular components and therefore deviate from the conditions TF experience 
in vivo. 
 One way to bridge the gap between in vivo methods and pure biophysical 
characterizations in vitro could be the use of cell-free protein synthesis systems. 
Cell-free systems allow to study and engineer basic cellular mechanisms in an 
environment less complex, but functionally similar to in vivo15. Nowadays, a 
range of cell-free protein synthesis systems are commercially available, ranging 
from bacterial to plant cell extracts or reconstituted systems which consist of 
a defined number of purified components16. To date, several E. coli-based 
transcriptional regulator proteins, so called sigma factors, were successfully 
used to characterize synthetic gene circuits in cell-free systems17,18. 
 However, so far cell-free systems were not assessed regarding their 
potential to characterize heterologous TF-DNA interactions in the absence 
or presence of small molecules in a quantitative manner. In this study, we 
used the TcaR TF from S. epidermidis which binds to DNA in the absence of 
β-lactam antibiotics and dissociates from DNA in their presence19. The TcaR 
system was applied to establish a plate-based TF characterization method 
using the cell-free PURExpress system, which is a reconstituted cell-free 
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transcription-translation system where all necessary components are purified 
from E. coli20. To facilitate gene expression from a non-E. coli promoter, we first 
engineered the TcaR promoter and obtained promoter mutants that showed 
improved GFP expression in PURExpress. We subsequently analyzed how 
GFP expression can be attenuated by the TcaR repressor and finally studied 
the effect of β-lactam antibiotics on the system. Taken together, our method 
was successfully applied to quantify TF-DNA interactions using the cell-free 
PURExpress system. Since we found that high concentrations of β-lactam 
antibiotics adversely affect protein translation of the PURExpress system, 
further research is needed to verify the methods’ applicability to study the 
influence of small molecules on TF-DNA binding. 

Materials and Methods

Protein expression and purification
An expression cassette containing an IPTG-inducible T5 promoter, a kanamycin 
resistance gene and an E. coli codon optimized TcaR19 gene with a C-terminal 
6x histidine tag were purchased at ATUM and transformed into ArcticExpress 
(DE3) RIL Competent Cells (Agilent Technologies). After transformation, 
cells were plated on agar containing 50 µg /mL kanamycin and incubated at 
30°C overnight. Single colonies or 20 µL of a 10% (v/v) glycerol stock was 
used to inoculate 3 mL LB medium containing 50 µg /mL kanamycin. After 
incubation overnight at 30°C and 250 rpm, 25 mL LB medium containing 50 
µg/mL kanamycin was inoculated with 250 µL overnight culture and grown at 
30°C, 250 rpm until an optical density of 0.5 was reached. After cooling the 
culture at 13°C, 250 rpm for 15 minutes, protein production was induced with 
a final concentration of 0.5 mM IPTG and the cultures were grown at 13°C, 
250 rpm for another 48 h. Subsequently, the broth was centrifuged for 10 min, 
5000x g and the pellet was incubated at -20°C for at least 2 h. After thawing 
the pellet at RT for 10-20 min, it was dissolved in lysis buffer (50 mM Tris-HCl 
pH 7.5, 0.1 mg/mL DNaseI, 25 µM MgSO4, Milli-Q water) and disrupted by 
sonication (10 microns, 15 sec On/Off, 10 cycles). After centrifugation for 20 
min, 20 000 rpm, 4°C, the supernatant was separated from the pellet and was 
diluted with an equal volume of equilibration buffer (50 mM Tris-HCl pH 7.5, 
300 mM NaCl). Subsequently, the protein was purified using HisPur Ni-NTA 
Spin Columns (Thermo Scientific) following the manufacturer’s instructions. 
The following buffers and incubation times were applied for purification: 1x 
protein extract in binding buffer, 30 min (50 mM Tris-HCl pH 7.5, 300 mM 
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NaCl); 4x wash buffer, 10 min (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 20 mM 
imidazole); 2x elution buffer 1, 20 min (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 
50 mM imidazole); 2x elution buffer 2, 20 min (50 mM Tris-HCl pH 7.5, 300 
mM NaCl, 150 mM imidazole); 3x elution buffer 3 (50 mM Tris-HCl pH 7.5, 
300 mM NaCl, 250 mM imidazole). All purification steps were performed at 
4°C or on ice. As a control, the ArcticExpress (DE3) RIL Competent Cells were 
cultured and purified as described above without kanamycin. The progress 
of the purification was analyzed on a 4-12% bis-tris-gel NuPAGE (Invitrogen) 
in MES SDS buffer (Invitrogen) following the supplier’s instructions. The gel 
was incubated for 30 min at 150V and 5 µL SeeBlue Plus2 pre-stain protein 
standard was included in each run (Invitrogen). Protein concentrations were 
determined using a Qubit Protein Assay Kit (ThermoFisher). 

Molecular cloning 
DNA plasmids were assembled following a Golden-Gate based modular 
cloning approach described by Weber et al.21. The TcaR wild-type promoter 
sequence19 containing six TcaR binding sites was cloned upstream of a bacterial 
UTR sequence, followed by a meGFP gene and the T500 terminator (Table 
S1). Furthermore, four promoter mutants were designed in such a way that 
they contain conserved E. coli promoter consensus sequences in the -10 and 
-35 regions (Table S1). Briefly, restriction-ligation reactions were performed in 
one step and subsequently used to transform 10-beta Competent E. coli cells 
(New England Biolabs) according to the manufacturer’s protocol. Colonies of 
correct color were picked from antibiotic agar plates and analyzed in colony 
PCR reactions using the Phire Hot Start II PCR Master Mix (ThermoFisher 
Scientific). Clones showing the correct PCR produce size on agarose gel 
were grown overnight at 37°C, 250 rpm. Plasmid DNA was isolated using a 
NucleoSpin Plasmid Kit (Macherey-Nagel), digested with restriction enzymes 
and analyzed on agarose gel to validate if the cloning was successful. To 
obtain linear DNA, the generated plasmids were used as template DNA in 
PCR reactions using the Phire Green Hot Start II Master Mix (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. PCR products were 
analyzed on 0.8% (w/v) agarose gels with a 1 kb plus marker (Invitrogen) and 
purified with a PCR clean-up kit (Macherey-Nagel) whereat DNA was eluted 
in nuclease-free water. DNA concentrations were measured by a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific). All oligonucleotides 
were purchased at Integrated DNA Technologies (IDT) and their sequence 
was verified using a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems) and an illumina MiSeq sequencer according to the manufacturers 
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protocol. Sequencing reactions were purified using Nucleo-SEQ columns 
(Macherey-Nagel) according to the manufacturer’s instruction. 

Cell-free transcription-translation experiments
Cell-free transcription-translation experiments were performed employing 
the PURExpress In Vitro Protein Synthesis Kit (New England Biolabs). Every 
experiment was performed in triplicate with a final volume of 5000 nL 
consisting of 2000 nL Solution A, 1500 nL Solution B, 500 nL E. coli RNA 
polymerase Holoenzyme (New England Biolabs) and/or nuclease-free water, 
15 nM linear DNA, TcaR protein and β-lactam antibiotics. Penicillin V potassium 
salt, penicillin G sodium salt, ampicillin sodium salt and sodium chloride were 
purchased from Sigma-Aldrich and used to prepare fresh stocks before every 
experiment with a final concentration of 200 mM in nuclease-free water. For 
control experiments, 20 mM and 50 mM sodium chloride or 0.1 mg/mL BSA 
protein standard (Sigma-Aldrich) was added to the reaction. In every run a 
negative control was included which only contained Solution A, Solution B, 
Polymerase and nuclease-free water. 
 The final reaction mixtures were transferred into a 96/V-PP Microplate 
(Eppendorf), closed with an aluminum seal, transferred into a TECAN 
infinite M200 pro reader and incubated at 29°C for a maximum of 8h. GFP 
fluorescence was measured every 10 minutes from the bottom employing an 
excitation/emission wavelength of 485/538 nm. GFP expression rates were 
calculated within the linear GFP range between 0.5 and 1.5 h. Binding curves 
and dissociation constants were determined using SigmaPlot 11.0 (Systat 
Software).
 To evaluate the influence of penicillin antibiotics on transcription, 400 ng of 
linear DNA (pTcaR_mut4) were transcribed in a final volume of 20 µL using the 
E. coli RNA polymerase Holoenzyme (New England Biolabs) in the presence 
or absence of 10 mM penicillin G or penicillin V following the manufacturer’s 
instructions. After incubation at 37°C for 3h, RNA concentrations were measured 
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) which 
was previously normalized with a 10 mM penicillin G or penicillin V solution. 
All reactions were performed in triplicates. 
 The influence of penicillin antibiotics on translation was assessed by 
adding 1200 ng of RNA instead of linear DNA to a cell-free experiment. The 
experiments were performed in the presence or absence of 10 mM penicillin G 
or penicillin V without RNA polymerase. RNA was obtained by transcription of 
linear DNA (pTcaR_mut4) in the absence of antibiotics using RNA polymerase 
as described above. All reactions were performed in triplicates.
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To assess if GFP fluorescence is quenched by penicillin antibiotics, 500 nL 
of nuclease-free water (control) or penicillin G/ penicillin V (10 mM final 
concentration) was added to a cell-free experiment (15nM linear DNA/pTcaR_
mut4) after 8h of reaction. GFP fluorescence was measured before and after 
the addition and values were compared. The reactions were performed in 
triplicates.

Results and Discussion

To assess the ability of cell-free transcription-translation expression systems 
to characterize TF-ligand interactions, we first designed a new plate-based 
screening method which we subsequently evaluated using the TcaR system 
from S. epidermidis and the cell-free PURExpress system. 

Design of a new method to study TF-ligand interactions using 
a cell-free system 
To explore how cell-free expression systems can be used for the characterization 
of TF-DNA and TF-DNA-metabolite interactions, we designed a simple plate-
based screening method as shown in Figure 1. First, a set of TFs, potential 
promoters with TF-specific binding sites and relevant metabolites must be 
selected from the literature or databases, such as P2TF22. After heterologous 
expression and purification of the selected TFs, promoter-GFP-terminator 
cassettes can be assembled in plasmids using a modular golden gate-
based cloning method21 and used as templates for the production of linear 
DNA cassettes by PCR. Subsequently, up to 96 different combinations and 
concentrations of TFs, metabolites and linear DNA cassettes are mixed with the 
cell-free transcription-translation system and transferred to a 96-well plate by 
hand or with the help of a liquid handling machine, such as the ECHO system23. 
GFP fluorescence is measured online over time in a fluorescence plate reader 
and used to calculate GFP expression rates for all tested TF-ligand conditions. 
As the amount of GFP that is transcribed and translated in the cell-free system 
depends on the TF-DNA or TF-DNA-metabolite interaction, GFP expression 
rates can be used to quantify and compare different TF-ligand interactions. 
We hence designed a new method to rapidly characterize up to 96 different 
TF-ligand interactions in a cell-free transcription-translation system.
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Evaluation of a new cell-free TF characterization method 
using the TcaR system
To evaluate the designed cell-free TF characterization method, we selected 
the TcaR system from S. epidermidis and the cell-free PURExpress system. 
Here, we (i) defined a linear range of GFP expression to analyze TcaR-ligand 
interactions, (ii) developed a TcaR promoter mutant for improved GFP 
expression in PURExpress, (iii) quantified TcaR-DNA interactions and (iv) 
assessed the influence of β-lactam antibiotics on the PURExpress system.

Data evaluation for the analysis of TcaR-ligand interactions 
To allow for a comparison between different TcaR-DNA and TcaR-DNA-
metabolite interactions in the PURExpress system, we monitored GFP 
expression from a linear DNA cassette containing a promoter with TcaR 
binding sites in the presence or absence of the TcaR repressor over a period 
of 12 hours. Here, we found a linear increase in GFP fluorescence between 0.5 
to 1.5 h (Figure 2A), which we used to calculate GFP expression rates using 
linear regression (Figure 2B). GFP fluorescence values were found to be linear 
in the time window when antibiotics were added to the reaction (data not 
shown). Thus, after two hours of measurement, the GFP fluorescent values can 
be used for the calculation of GFP expression rates, that enable an easy, direct 
comparison of different TF-DNA and TF-DNA-metabolite interactions. 

TcaR promoter engineering for improved protein expression in 
PURExpress 
Since the TcaR regulator originates from the gram-positive bacterium 
Staphylococcus epidermidis19, we introduced multiple mutations and 
deletions into the -10 to -35 region of the wild-type TcaR promoter (pTcaR) 
to mimic consensus sequences of typical E. coli promoters24 and hence make 
the engineered promoter more likely to be transcribed by the E. coli RNA 
polymerase in the cell-free PURExpress system. The remaining part of the 
promoter including the six TcaR binding sites was kept unchanged (Figure 3A).
 To evaluate the effect of the promoter engineering on GFP expression, the 
wild-type and four engineered promoters were analyzed with regards to their 
ability to drive GFP expression in the PURExpress system as described in our 
new method above. With the set of generated promoters, we could tune GFP 
expression rates in a range from 0.26 to 2-fold compared to the wild-type promoter. 
Highest expression rates were found for the engineered promoter number four 
(pTcaR_mut4) (Figure 3B). The high expression rates observed for pTcaR_mut4 
can be explained with findings in literature, showing that the base changes 
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introduced in the -35 (TTGACA) and -10 region (TATAAT), as well as an inter-
region spacing of 17 bp, are highly conserved in E. coli25. These results 
demonstrate that we could tune a non-E. coli promoter to reach improved GFP 
expression levels in an E. coli-based cell-free expression system. 

Characterization of TcaR-DNA interactions
To assess whether the binding of TcaR to DNA can be quantified in means of 
GFP repression using our new method, we determined GFP expression rates 
for different concentrations of TcaR. The pTcaR_mut4 promoter was selected 
to drive GFP expression in the linear DNA cassette, since the promoter 
showed highest expression levels in previous experiments (Figure 3B) and 
would therefore allow for the greatest possible fold-change between an DNA-
unbound and DNA-bound state of TcaR. Here, by addition of TcaR, we found 
a reduction in the GFP expression rate, which correlated with the amount of 
TcaR added (Figure 4). We determined an apparent TcaR-DNA dissociation 
constant of 2230 ± 164 nM, which is approximately 4-fold lower than affinities 
determined with Micro-Scale Thermophoresis26. This decrease in DNA 
binding can be explained by the fact that we monitored DNA repression in 
an environment containing all components necessary for cell-free protein 
transcription-translation. Thus, we could demonstrate that our designed 
method can be used to quantify TF-DNA interactions. 

β-lactam antibiotics hamper characterization of TcaR-DNA-
metabolite interactions 
After showcasing that our method can be used to examine TcaR-DNA binding, 
we next wanted to assess whether metabolite-induced changes in TcaR-
DNA interaction can be monitored in the PURExpress system. Since in vitro 
analyses showed that the TcaR-promoter binding is released in the presence 
of millimolar concentrations of β-lactam antibiotics26, we first evaluated the 
effect of millimolar concentrations of penicillin G, penicillin V and ampicillin 
on GFP expression in PURExpress in the absence of TcaR, using the linear 
pTcaR_mut4-GFP DNA cassette. Here, we observed a decrease in GFP 
expression rate with increasing concentrations of antibiotics (Figure 5). This 
finding indicates that concentrations above 1 mM penicillin G, penicillin V and 
ampicillin negatively affect GFP expression in the PURExpress system. Since 
significantly higher antibiotic concentrations in the range of 40-95 mM are 
needed to cause an antibiotic-induced TcaR-DNA dissociation26, we are hence 
not able to evaluate our new method regarding its potential to study TF-DNA-
metabolite interactions using the TcaR and the PURExpress system. 
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Figure 5 Influence of three β-lactam antibiotics and sodium chloride on GFP expression 
in the cell-free PURExpress system. Linear DNA consisting of the TcaR promoter mutant 4, 
a GFP gene and a T500 terminator was used to determine GFP expression rates at different 
concentrations of penicillin G, penicillin V, ampicillin and sodium chloride (NaCl). Average 
values and standard deviations of three experiments are shown. 

Figure 4 Characterization of TcaR-DNA interactions in the cell-free PURExpress system. 
Linear DNA consisting of the TcaR promoter mutant 4, a GFP gene and a T500 terminator 
was used to determine GFP expression rates at different TcaR concentrations. A dissociation 
constant (Kd) was calculated based on the binding curve depicted in the graph. Average 
values and standard deviations of three experiments are shown. 
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β-lactam antibiotics negatively affect translation of the 
PURExpress system
To pinpoint the cause for the decline in GFP fluorescence rate as observed 
with millimolar concentrations of antibiotics and to potentially find measures 
of prevention, five different control experiments were performed. 
 Since all tested β-lactam antibiotics were supplemented as either potassium 
or sodium salts, we first assessed whether high concentrations of salts negatively 
affect GFP expression rates. We therefore determined GFP expression rates 
from the linear pTcaR_mut4-GFP DNA cassette in the presence of 0 mM, 20 
mM and 50 mM sodium chloride (NaCl). Here, we observed a small decrease 
in GFP expression when 20 mM NaCl was added and no clear effect when 50 
mM NaCl was added when compared to the reaction without NaCl (Figure 6A). 
Since the observed NaCl effects are negligible when compared to the strong 
decrease in GFP expression caused by β-lactam antibiotics (Figure 5), we can 
exclude that high concentrations of salts cause the negative effect on the GFP 
expression rate. 
 Next, we wanted to know whether high concentrations of β-lactam 
antibiotics are quenching GFP fluorescence and therefore cause a lower 
GFP signal during the detection in the fluorescence plate reader. To obtain 
a saturated GFP signal in the plate reader, we performed transcription-
translation experiments using the linear pTcaR_mut4-GFP DNA cassette and 
the PURExpress system and measured GFP fluorescence after eight hours. To 
assess if the GFP signal is influenced by the presence of antibiotics, we directly 
added 10 mM penicillin G, 10 mM penicillin V or water to the wells containing 
the cell-free reaction mixture and GFP fluorescence signals were measured 
once again using the fluorescence plate reader. This resulted in slightly lower 
GFP fluorescent expression rates for all wells after the addition of water or 
penicillin compared to GFP fluorescence values obtained before the addition 
(Figure 6B). Since a significantly strong decrease in GFP expression rate was 
seen when 10 mM of penicillin G or V was added to the reaction mixture at the 
beginning of the experiment (Figure 5), we assume that the slight decrease 
seen in this control experiment can be attributed to the dilution of the reaction 
mixture by the addition of water or penicillin. We therefore exclude the 
possibility of antibiotic-induced GFP quenching.
 To gain a deeper understanding when antibiotic inhibition occurs, we 
subsequently dissected the overall protein production process of the 
PURExpress system into transcription (mRNA formation) and translation (mRNA 
translation into protein and protein folding). To evaluate the effect of β-lactam 
antibiotics on transcription, we transcribed the linear pTcaR_mut4-GFP DNA 
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cassette using the E. coli RNA polymerase Holoenzyme in the presence and 
absence of 10 mM penicillin G or V and subsequently measured the amount 
of transcribed RNA using a spectrophotometer. This resulted in equal levels of 
transcribed RNA whether antibiotics were added or not (Figure 6C). Thus, we 
can exclude that penicillin antibiotics have a negative effect on transcription. 
 To study the effect of β-lactam antibiotics on translation, we first transcribed 
the linear pTcaR_mut4-GFP DNA cassette using the E. coli RNA polymerase 
Holoenzyme in the absence of antibiotics to obtain RNA. Instead of linear DNA, 
we then added the transcribed RNA to the PURExpress system and determined 
GFP expression rates in the presence and absence of 10 mM penicillin G or V. 
Here, we found that GFP expression rates were significantly decreased when 
10 mM of penicillin antibiotics were present (Figure 6D), which suggests that 
millimolar concentrations of penicillin antibiotics negatively affect translation 
during protein expression in PURExpress. 
 Since it was shown that protein production in the PURE system can be 
boosted by up to 70% in the presence of BSA due to macromolecular crowding 
effects27, we finally wanted to test if the negative effect of β-lactam antibiotics 
on GFP expression in the PURExpress system can be prevented by addition 
of BSA. Therefore, we determined GFP expression rates from the linear 
pTcaR_mut4-GFP DNA cassette in the presence of 0.1 mg/mL BSA and 10 mM 
penicillin G or V. Here, we found no difference in GFP expression rates for a 
control without antibiotics, a slight increase in GFP expression rates when BSA 
was added in combination with penicillin G and a small decrease when it was 
added with penicillin V (Figure 6E). We hence could not prevent the negative 
effect of penicillin G an V on GFP expression in PURExpress by addition of  
0.1 mg/mL BSA. 
 Taken together, we could pinpoint that high millimolar concentrations 
of penicillin G and V negatively effect GFP translation and/or folding in the 
PURExpress system. We could further show that high salt concentrations do 
not affect GFP expression and that high concentrations of penicillin G and V 
have no adverse effect on transcription and do not quench GFP fluorescence. 
However, we could not prevent the negative effect on translation by the 
addition of BSA. Our findings underline that a combination of TcaR and 
PURExpress system does not allow for a characterization of our new method 
regarding its potential to study TF-DNA-metabolite interactions.
 Since the concentrations of penicillin used in this study are several orders 
of magnitude higher than minimum inhibitory concentrations (MIC) of 
bacteria in vivo28 and since we could not find any study that observed that 
penicillin antibiotics have a negative effect on translation in vivo, we expect 
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Figure 6 Control experiments related to the antibiotic-induced decrease of GFP expression 
in PURExpress. A) NaCl control experiment to study the effect of high salt concentrations 
on GFP expression. GFP expression rates from the linear pTcaR_mut4-GFP DNA cassette in 
PURExpress in the presence of 0, 20 or 50 mM NaCl are shown. B) Control experiment to 
assess the effect of penicillin antibiotics on transcription. The amount of transcribed RNA from 
the linear pTcaR_mut4-GFP DNA cassette using an E. coli RNA polymerase Holoenzyme in the 
presence or absence of penicillin G and V is shown. C) Control experiment to assess the effect 
of penicillin antibiotics on translation. GFP expression rates from pTcaR_mut4-GFP RNA in 
PURExpress in the presence or absence of penicillin G or V are depicted. D) Control experiment 
to exclude GFP quenching effects. GFP fluorescence values from the linear pTcaR_mut4-GFP 
DNA cassette in PURExpress are plotted before and after the addition of water, penicillin G or V. 
E) Control experiment to assess whether BSA can prevent a penicillin-induced decrease in GFP 
expression. GFP expression rates are shown in the presence and absence of BSA with addition 
of penicillin G or V. Average values and standard deviations of three technical replicates are 
shown. PenG: Penicillin G, PenV: Penicillin V. 
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the seen penicillin-induced translation inhibition to be solely specific for the 
PURExpress system. 

Conclusion

In this study, we designed and evaluated a new method to enable a 
straightforward characterization of TFs using cell-free transcription-translation 
systems. The proposed method allows to characterize up to 96 different 
combinations and concentrations of TF and ligands, such as different promoters 
and relevant small molecular metabolites, in a volume of 5 μL with the help of 
a fluorescent GFP reporter protein whose expression is regulated by the TF-
ligand interaction and monitored by a fluorescent plate reader. We selected 
the cell-free PURExpress system and the TcaR TF system from S. epidermidis 
to evaluate our method and could demonstrate that TcaR-DNA interactions 
can be quantified by the detection of GFP expression rates using our method. 
However, we could not evaluate our method regarding its potential to study 
TF-DNA-metabolite interactions using the TcaR and the PURExpress system, 
since the metabolites that are known to interact with TcaR had an adverse 
effect on the translation reaction of the PURExpress system. 
 Our data show that cell-free transcription-translation systems can constitute 
a valuable intermediate validation step from in vitro interaction characterization 
methods like MST towards in vivo characterization of TF-DNA interactions. 
Recent developments, such as a direct expression of the TF in the cell-free 
system29 and a combination of automated liquid handling and 384 well 
plates30, could further improve the throughput of our method. Furthermore, 
our method could become a valuable tool for the screening of novel TF-
based biosensors. Even though TF-based biosensors are versatile tools for 
various applications such as environmental monitoring of pollutants31 or for 
the selection of microbial strains that allow the biotechnological production of 
relevant compounds32,33, the development of new sensors is often limited to a 
small number of well-characterized TF32.
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Supplementary Material

Table S1 Sequences of the DNA cassettes used in this study. Promoter-UTR-
meGFP-T500 units were assembled by modular cloning21 and subsequently 
amplified from plasmid by PCR. Sequence mutations are underlined. 
pTcaR_UTR_meGFP_T500 (5’-3‘)
Forward and reverse primer sequences for PCR amplification are marked in bold, pTcaR in red, 
UTR in green, meGFP in blue and T500 in brown
…TAACACATTGCGGACGTTTTTAATGTACTGGGGTGGATGCAGTGGGCCCCACTCTGTGAA-
GACAAGCAAGAATTCAAGCGGAGTTCTAAAATCTCCCCCTTATTCAATTTTCTAAAAATATAT-
TACAGAAAAATTAAGTTAAAATTACAAATATTACTGTTTCAGTATAACAACATTCTATTGCAAATT-
GAAATACTTTCGATTAGCATATGCTTTACAACCTAACTAACGAAAGGTAGGTGAAAAAT-
ACTAATAATTTTGTTTAACTTTAAGAAGGAGATATAAATGGTGAGCAAGGGCGAGGAGCTGT-
TCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAG-
CGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTG-
CACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGG-
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGC-
CATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAA-
GACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG-
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGC-
CACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC-
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGG-
CGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAA-
GACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGAT-
CACTCTCGGCATGGACGAGCTGTACAAGTAAGCTTCAAAGCCCGCCGAAAGGCGGGCTTTTCT-
GTCGCTACTATTGTCTTCTGCACGAAGTGGTTTAAACTATCAGTGTTTGACAGGATATATTGGCG-
GG…
pTcaR_mut1 (5’-3’)

TTCTAAAATCTCCCCCTTATTCAATTTTCTAAAAATATATTACAGAAAAATTAAGTTAAAATTA-
CAAATATTACTGTTTCAGTATAACAACATTCTATTGCAAATTGAAATACTTTCGATTAGCATATTTGA-
CACAACCTAACTAACGAAATATAATTGAAAAA
pTcaR_mut2 (5’-3’)

TTCTAAAATCTCCCCCTTATTCAATTTTCTAAAAATATATTACAGAAAAATTAAGTTAAAATTA-
CAAATATTACTGTTTCAGTATAACAACATTCTATTGCAAATTGAAATACTTTCGATTAGCATATTTGA-
CACATTCGAAATTAGAAAATATAATTGAAAAA
pTcaR_mut3 (5’-3’)

TTCTAAAATCTCCCCCTTATTCAATTTTCTAAAAATATATTACAGAAAAATTAAGTTAAAATTA-
CAAATATTACTGTTTCAGTATAACAACATTCTATTGCAAATTGAAATACTTTCGATTAGCATATGCT-
TTACAACCTAACTAACGAAAGGTATAATAAAAA                                                   
pTcaR_mut4 (5’-3’)

TTCTAAAATCTCCCCCTTATTCAATTTTCTAAAAATATATTACAGAAAAATTAAGTTAAAATTA-
CAAATATTACTGTTTCAGTATAACAACATTCTATTGCAAATTGAAATACTTTCGATTAGCATATGCTT-
GACAACCTAACTAACGAAAGGTATAATGAAAAA
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Abstract

Transcription-factor based biosensors for the detection of metabolites 
are versatile tools for fundamental and applied research. To this end, small 
molecule-binding bacterial transcription factors are used to control expression 
of a fluorescent protein. Numerous transcription factors were exchanged 
between different bacterial species, and more recently even transplanted 
into the budding yeast Saccharomyces cerevisiae. However, research on 
whether bacterial transcription regulators can function as biosensors in even 
more complex organisms is lagging behind. Here we show that a bacterial 
transcription factor can be used to detect metabolites in filamentous fungi. 
We found that the bacterial TcaR regulatory system, integrated into the 
genome of the filamentous fungus Penicillium chrysogenum, can detect high 
concentrations of the β-lactam antibiotic penicillin G using a fluorescent 
reporter system. Our results demonstrate that bacterial transcription factors 
can be used to construct genetically encoded metabolite sensors in a cellular 
system as complex as filamentous fungi. We anticipate our research to be 
a starting point for the development of more transcription-factor based 
biosensors that will contribute to unwire cellular metabolism and improve 
engineering and screening of filamentous fungal cell factories.
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Introduction

Transcription factor-based biosensors are versatile tools to study cellular 
metabolism1, select for microbial cell factories2 or detect environmental 
pollutants3. Since transcription factor-based regulation is essential to every 
living cell, the pool of available transcription factor systems is tremendous, 
as is their potential field of application once transformed into a biosensor4. 
Information on DNA binding sequences as well as binding affinities between 
the TF, the DNA and different metabolites is an essential prerequisite for 
the development of novel TF-based sensors. In case sufficient information 
on TF consensus binding sequences and ligand interactions is available, TF 
expression cassettes can be combined with fluorescent reporter systems, 
integrated into the genome of the host strain and used for the selection of 
novel high production strains. 
 Nowadays, most TF-based biosensors for strain development and screening 
approaches are derived from and applied in bacteria5. Even though a great 
number of sensors is derived from and applied in Escherichia coli, such as the 
FadR-based sensor6 for fatty acid detection or the LacI-based sensor7 to study 
growth and metabolism on the single cell level, sensors of other bacterial 
species, such as Corynebacterium glutamicum are on the rise, expanding the 
sensor spectrum to, amongst others, amino acids8,9. Furthermore, multiple TFs 
were successfully exchanged between different bacterial species for metabolite 
sensing, such as FapR from Bacillus subtilis for detection of malonyl-CoA in  
E. coli10 or BmoR from Thauera butanivorans for the production of l-Butanol in 
E. coli 11.
 More recently, bacterial TF-based biosensors were further transplanted 
into the budding yeast Saccharomyces cerevisiae to improve screening and 
selection of yeast-based cell factories12. Besides well-known bacterial sensors 
like FadR13, a range of new sensors were specifically developed for yeast cell 
factories to improve the heterologous production of metabolites, such as the 
bioplastics precursor muconic acid using the transcriptional activator BenM14. 
Even though the development of TF-based sensors is considerably more 
complex in yeast than in bacteria, the number of functional biosensors in yeast 
is expanding rapidly15.
 However, research on whether bacterial TF can be transplanted into 
organisms even more complex then yeast to function as metabolite biosensors 
is lagging behind16. In this study, we assessed the ability of a prokaryotic TF to 
function as metabolite biosensor in a filamentous fungus. We transplanted the 
bacterial transcriptional repressor TcaR into the filamentous fungus Penicillium 
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chrysogenum as a biosensor for the β-lactam antibiotic penicillin. After the 
design of multiple biosensor cassettes, their integration into the genome of 
the fungus and analysis of expression data, we identified a functional biosensor 
design with the help of a fluorescent reporter system. The classification of 
different fungal growth phases enabled us to dissect the specific, penicillin-
dependent transcriptional regulation by TcaR from gene expression noise.
 To our knowledge, this is the first successful transplantation of a bacterial 
TF into a filamentous fungus for sensing of a secondary metabolite. We expect 
TF-based biosensors to play an important role in expanding the engineering 
toolbox of filamentous fungi and support the screening and selection of new 
strains for improved production of fungal secondary metabolites. Our findings 
underline the general applicability of bacterial TF as sensors in complex 
eukaryotic organisms. 

Materials and Methods

Fungal stains, media, and culture conditions
The P. chrysogenum strain DS54468 (ΔhdfA, ΔamdS) containing one copy of 
the penicillin gene cluster was kindly provided by Centrient Pharmaceuticals. 
The strain is derived from the industrial penicillin production strain DS1769017 
in which the hdfA gene which codes for a Ku70 protein homolog involved 
in non-homologous end-joining18 and the amdS gene encoding for an 
acetamidase used as selection marker were removed19. To start germination of 
P. chrysogenum, spores from agar plates or rice  were grown in YGG medium20 
at 25°C, 280 rpm. Agar plates and rice batches were incubated at 25°C in the 
presence of a water bath to increase humidity. 

Engineering and functional analysis of fungal promoters in  
P. chrysogenum
The fungal promoters ppcbC21 and pgndA22 were chosen for promoter 
engineering. Sequences upstream of the putative TATA motif were replaced 
with multiple DNA1 TcaR binding motifs23. To avoid high sequence similarity, 
the four base pairs between two TcaR binding sites were altered. The promoters 
were cloned upstream of a DsRed gene followed by the tact1 terminator using 
a Golden Gate based Modular Cloning System24. The plasmids (5 µg) were 
co-transformed with an amdS marker cassette (1.5 µg) into P. chrysogenum 
DS54468 protoplasts using a standard protocol25. Transformants were plated 
on selective media transformation plates containing acetamide20 and grown at 
25°C for 5 days. DsRed expression of colonies was analyzed using a fluorescent 
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plate reader. Details on plasmid construction and sequences can be found in 
the supplemental material.

Construction and transformation of transcriptional biosensor 
units 
Plasmids for in vivo biosensing were assembled in three consecutive steps 
using a Golden Gate based Modular Cloning technique24. Final plasmids 
contained a TcaR expression cassette, a terbinafine selection marker cassette 
containing the squalene epoxidase-encoding gene ergA26, an output cassette 
containing an engineered fungal promoter driving DsRed expression and 
flanking regions that are homologous to an intergenic region between 
Pc20g07090 and Pc20g0710022. TcaR expression cassettes were assembled 
with seven different promoters varying in strength and either the tcaR wild-type 
gene (TcaRwt) or a tcaR sequence that was codon optimized for expression in 
filamentous fungi (TcaRan)27. As a control, a plasmid without TcaR expression 
cassette was assembled. Biosensor cassettes were linearized by digestion 
with the DraIII enzyme and 4 µg of DNA was transformed into P. chrysogenum 
DS54468 protoplasts using a standard protocol25. Transformants were plated 
on selective media transformation plates containing a final concentration of 
1.1 µg/mL terbinafine26 and grown at 25°C for 5-7 days. Single colonies were 
transferred to fresh terbinafine plates to enable further growth and sporulation 
for another 2 days at 25°C. Rice batches and glycerol stocks were prepared 
for inoculation of conidia and long-term storage at -80°C, respectively. Details 
on plasmid construction and sequences can be found in the supplemental 
material (Table S1, Table S3-S7). 

gDNA extraction, total RNA extraction, and cDNA synthesis 
Genomic DNA (gDNA) was isolated after 48 h of growth in YGG medium using 
the E.Z.N.A. Fungal DNA Kit (VWR Life Science). To assess strain purity, PCR 
reactions were performed with gDNA targeting the TcaR expression cassette, 
output cassette or the intergenic region (Figure S1, Table S2). Only strains with 
a correct PCR product size for the TcaR expression and the output cassette, as 
well as no PCR product in the intergenic region were used further. For total 
RNA extraction, precultures were grown from rice in secondary metabolite 
production (SMP) medium containing 5 g/L glucose, 36 g/L lactose, 4.5 g/L 
urea, 2.9 g/L Na2SO4, 1.1 g/L (NH4)2SO4, 14.4 g/L K2HPO4·3H2O, 15.5 g/L 
KH2PO4, 0.65 g/L disodium-terephthalate and 10 mL of a trace element solution 
containing 20 g/L FeSO4·7H2O, 150 g/L MgSO4·7H2O, 150 g/L C6H8O7·H2O, 1.5 
g/L ZnSO4·7H2O, 0.99 g/L CaCl2·2H2O, 2.28 g/L MnSO4·H2O, 0.0075 g/L H3BO3, 
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0.24 g/L CuSO4·5H2O, 0.375 g/L CoSO4·7H2O. After 48h of incubation at 25°C 
and 800 rpm, cells were diluted eight times with fresh medium and grown 
for another 24h. Total RNA was isolated from ten engineered strains using 
the TRIzol (Invitrogen) extraction method and a RNeasy Midi kit (Qiagen). 
After DNase treatment (Turbo DNA-free kit, Ambion), RNA quality and purity 
were assessed using the Agilent Bioanalyzer (Agilent Technologies). RNA was 
transcribed to cDNA using the iScript cDNA synthesis kit (Bio-Rad) starting 
from 1000 ng of RNA in a final volume of 20 µL.

qPCR analysis  
Copy-numbers of the tcaR wild-type gene and the codon optimized tcaR gene 
were determined in triplicates with gDNA by qPCR for 12 engineered strains 
using the γ-actin gene as control for normalization. The expression levels of 
both tcaR genes were determined in triplicates with cDNA from RNA by qPCR 
for 10 engineered strains using the γ-actin gene as control for normalization. 
All primer sequences are listed in Table S2. Primer efficiencies were 
determined using four gDNA dilutions and resulted in efficiencies of 99.5% 
for the tcaR wild-type gene (R2=0.999), 100.21% for the codon optimized tcaR 
gene (R2=0.999) and 107.7% for the γ-actin reference gene (R2=0.997). qPCR 
reactions were performed with the iQ SYBR Green Supermix (Bio-Rad) with 10 
µM primers and 50 ng gDNA or cDNA in a final volume of 20 µL. The following 
thermo cycler conditions were used: 98°C for 10 min, followed by 40 cycles of 
98°C for 15 s, 63°C for 30 s, and 72°C for 30 s. Subsequently, a melting curve 
was generated to determine qPCR specificity. Expression levels and gene 
copy numbers were calculated based on threshold cycles (CT) using the ΔΔCT 

method.

Microbioreactor fermentations with online monitoring
Biomass formation and DsRed expression of the engineered strain ppcbC_
TcaRan (Strain_55/DS82631), the control strain (Strain_46/DS82629) and the 
wild-type strain (DS54468) were monitored over time using a BioLector bench 
top microbioreactor system (m2p-labs). Pre-cultures were started from rice in 
SMP medium. After 48h of incubation at 25°C and 800 rpm, cells were diluted 
eight times with fresh medium to a final volume of 1 mL and transferred 
into a 48 well microtiter flower plate (m2p-labs) which was covered with a 
breathable seal. Cells were grown for 100 h at 25°C, 800 rpm in the BioLector 
system. Biomass formation was monitored via scattered light at an excitation 
wave length of 620 nm (Gain 10) and DsRed fluorescence was detected at an 
excitation/emission wave length of 550/680 nm (Gain 100) every 20 minutes. 
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For all three strains, two biological replicates (individual pre-cultures) and two 
technical replicates were analyzed (Figure S2). Raw data points were centered 
with a moving average of nine time points. Growth rates and promoter 
activities were calculated between all adjacent time points applying the 
following formulas:

Bound DNA [%]=
VCRfraction V

Ʃ VCR fraction I-V
×100 

 
 
 
 
 
 

Growth rate [
1
h

]	=
ln	(Δbiomass)

Δtime
                          Promoter activity	=

ΔDsRed
Δtime*biomass

 

 

Results 

Design and construction of a metabolite biosensor in 
filamentous fungi 
To examine whether a bacterial TF-based regulator system can be brought to 
function in filamentous fungi, we assessed the ability of the transcription factor 
TcaR from Staphylococcus epidermidis23 to function as a metabolite biosensor in 
the fungus P. chrysogenum. TcaR is a well-characterized transcriptional repressor 
which was shown to dissociate from its promoter DNA at high millimolar 
concentrations of the β-lactam antibiotic penicillin G28, which is commonly 
produced by P. chrysogenum29,30. To enable intracellular sensing of penicillin 
by the TcaR system, we designed genetic biosensor units for integration into 
the genome of the fungus. Penicillin biosensing is facilitated by the functional 
interplay of two genetic cassettes, namely the TcaR expression cassette, and 
an output cassette where TcaR controls expression of a fast maturing red 
fluorescence protein (DsRed-T131) in a penicillin-dependent manner (Figure 1A). 
 To enable repression of the DsRed gene by the TcaR regulator in the output 
cassette, a promoter is needed that is functional in P. chrysogenum and at 
the same time contains binding sites for TcaR. Therefore, we designed four 
engineered versions of the two fungal promoters ppcbC21 and pgndA22, where 
we replaced native promoter sequences with TcaR binding sequences in 
different numbers and at different positions upstream of a TATA motif. To select 
a promoter that is functional in vivo, all engineered promoters were cloned 
upstream of a DsRed gene and transformed randomly into P. chrysogenum to 
assess their ability to drive DsRed expression, which eventually results in red 
fungal colonies. Here, we found that one out of four engineered ppcbC, and 
three out of four engineered pgndA promoters could drive DsRed expression 
(Figure 1B). To maintain most of the native fungal promoter sequence, the 
pgndA promoter containing 4 TcaR binding sequences was selected for the 
subsequent design of genetic biosensor units. 
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 To combine all transcriptional units for transformation into P. chrysogenum, 
different TcaR expression cassettes, a selection marker cassette and the output 
cassette containing the engineered pgndA promoter were assembled using a 
Golden-Gate based modular cloning technique (Figure 1C). To obtain a range 
of tcaR expression levels, seven different promoters were selected to drive 
tcaR expression (Table 1) as well as two different versions of the tcaR gene, 
namely the S. epidermidis23 wild-type gene sequence (TcaRwt) and a codon-
optimized version for improved polypeptide expression in filamentous fungi27 
(TcaRan). To compare DsRed expression levels from the output cassette in the 
presence and absence of TcaR and assess whether a TcaR-based biosensing is 
feasible, a control strain lacking the TcaR expression cassette was assembled 
in the same way. All transcriptional units were flanked by two homologous 
regions to enable genomic integration between two P. chrysogenum genes 
showing medium expression levels22. 

Table 1 Selected promoters for the assembly of TcaR expression cassettes. 

Promoter name Promoter Type Length [bp] Expected strength Reference

p40s Full length 1350 High (22)

ppcbC Full length 909 High (21)

An04g08190 (An081) Full length 790 Medium/high (22)

An16g01830 (An018) Full length 1003 Medium/low (22)

ppcbCcp Core 200 Low (32)

An008cp Core 193 Low (33)

An533cp Core 149 Low (33)

> Figure 1 Graphical summary of the development of a genetically encoded penicillin 
biosensor in Penicillium chrysogenum. A) Mode of action of the transcriptional repressor 
TcaR as biosensor. After the TcaR regulator is expressed from a range of promoters in the 
expression cassette, it binds to an engineered fungal promoter and controls expression of a 
DsRed gene in the output cassette in a penicillin-dependent manner.  B) Engineering of fungal 
promoters for construction of the biosensor output cassette. Sequences of the two fungal 
promoters ppcbC and pgndA were replaced with TcaR binding sequences, cloned in front 
of a DsRed gene and transformed randomly into P. chrysogenum. Functional promoters were 
selected based on their ability to express the DsRed gene, resulting in red fungal colonies on 
selection plates. Numbers indicate the total amount of TcaR binding sites in each engineered 
promoter. C) Molecular design for the construction of fungal biosensor strains and a control 
strain. All sensor designs consist of a TcaR expression cassette containing different promoters 
and either the wild-type (wt) or codon-optimized (an) tcaR gene, a selection marker cassette 
and the output cassette. The control strain lacks the TcaR expression cassette. All designs are 
flanked by two homologous regions to enable targeted recombination into the genome of  
P. chrysogenum. ergA - squalene epoxidase-encoding gene26
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Gene copy number and expression analysis of biosensor 
strains
To determine whether the homologous recombination of the combined 
transcriptional units occurred at the expected genomic location, genomic 
DNA was isolated from the obtained P. chrysogenum transformants and 
analyzed in multiple PCR reactions. Twelve different biosensor strains and one 
control strain were obtained that showed correct genomic integration of the 
transformed units (data not shown). Subsequently, we performed quantitative 
PCR analysis on the genomic DNA of the twelve selected biosensor strains 
to determine tcaR or tcaRan gene copy numbers, using the γ-actin gene as 
a single-copy reference34. Here, we found single-copy integrations in eight 
strains (Figure 2A) and multi-copy integrations ranging between three and 33 
copies in four strains (Figure 2B). 
 To assess the ability of different expression cassettes to drive tcaR expression, 
we selected ten strains to determine gene expression levels. From these strains, 
we extracted total RNA, transcribed the RNA to cDNA and subsequently 
performed quantitative PCR analysis on the cDNA using expression levels of the 
γ-actin gene as reference. Here, we found no or very low expression for designs 
containing the tcaR wild-type gene, whereas designs with the codon-optimized 
tcaR gene exhibited a wide array of expression (Figure 2C). Lowest tcaRan 
expression levels were found for the pAn008 core promoter as well as for a 
strain containing seven copies of the ppcbC core promoter, which suggests that 
the ppcbC core promoter is a very weak driver of expression. Compared to that, 
the promoters pAn081 and p40s showed higher, but relatively similar levels of 
tcaRan expression. Remarkably high tcaRan expression levels were found for the 
ppcbC promoter, reaching around 70% of the expression level of the highly-
expressed housekeeping gene γ-actin. Overall, the detected expression levels 
matched with the expected strength of the promoters (Table 1).
 Our findings suggest that tcaR expression levels do not only depend on 
promoter strength but to a large extent on codon-usage. Because of its highest 
tcaR expression levels, we subsequently chose the ppcbC-TcaRan strain to 
assess its biosensing properties in fermentation experiments.

Growth rates allow classification of distinct fungal growth phases
The ppcbC-TcaRan strain as well as a control strain lacking the TcaR expression 
cassette were characterized in microbioreactor fermentation experiments 
using the BioLector system. To this end, fungal biomass formation and DsRed 
expression were monitored online over time in the presence of 0 and 100 mM 
penicillin G for both strains.
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 Since global gene expression activity is known to be tightly coupled to 
growth rate35,36, we first decided to identify different fungal growth phases to 
be able to dissect the specific transcriptional regulation by TcaR from global 
gene expression activity. To classify distinct growth phases, we used the 
measured biomass data to determine growth rates for both strains at 0 mM and 
100 mM penicillin G over time. Here, we found similar growth rate patterns for 
both strains and penicillin conditions, which we used to classify seven different 
growth phases over the course of the fermentation (Figure 3, Table S8). Both 

Figure 2 Gene copy number and expression analysis of fungal strains. A+B) Biosensor 
strains containing a single copy (A) or multiple copies (B) of the tcaR gene as determined 
by qPCR on genomic DNA compared to expression of the γ-actin gene. Strains are labeled 
according to the promoter driving expression of the tcaR gene. Strains containing the same 
design are numbered. C) Fold expression of the tcaR gene as determined by qPCR on 
cDNA obtained from total RNA extraction compared to expression of the γ-actin gene. 
Strains are labeled depending on the promoter driving expression of the tcaR gene and 
gene copy number. TcaRwt – Wild-type TcaR gene sequence23; TcaRan – codon optimized 
TcaR gene sequence27. Values and error bars represent the mean and standard deviation 
from three replicates.
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strains exhibited maximum growth rates of 0.04 – 0.05 1/h which were reached 
at the end of phase I and VI as well as another distinct growth rate peak at 
0.025 – 0.035 1/h at the end of phase III for both penicillin conditions. Thus, we 
were able to distinguish and classify different time-dependent fungal growth 
phases on the basis of growth rates, which enabled us to assess the influence 
of growth rates on DsRed expression among different strains and conditions 
in different growth phases. 

Figure 3 Fungal growth rates and classification of growth phases (I-VII), for the ppcbC-
TcaRan biosensor strain (blue) and a control strain lacking the tcaR expression cassette 
(yellow) in the presence of 0 mM and 100 mM penicillin G in the growth medium. Growth 
rates were calculated based on fungal biomass formation measured online in microbioreactor 
fermentations. A list of all time phases can be found in Table S8. Data sets of technical 
duplicates are shown.
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Biosensing is feasible in a distinct growth phase
To assess the ability of the ppcbC-TcaRan strain to sense penicillin, we investigated 
whether DsRed expression of the strain is reduced in the absence of penicillin G 
and increased in the presence of penicillin G (Figure 1A). To be able to compare 
different DsRed expression rates among strains and penicillin conditions, DsRed 
promoter activities were determined for the ppcbC-TcaRan strain, the control 
strain lacking the TcaR expression cassette and a non-engineered wild-type 
strain in the absence and presence of 100 mM penicillin G. Promoter activities 
were calculated based on the previously obtained BioLector fermentation data 
as the production rate of expressed DsRed, normalized by the optical density 
of the fungal biomass37. To account for a potential influence of growth rates on 
DsRed expression, the previously defined growth phases were included into all 
promoter activity graphs. 
 First, we analyzed promoter activities of the ppcbC-TcaRan (biosensor) strain, 
the control strain and the wild-type strain in the absence of penicillin G. Here, 
we observed highly similar promoter activities for the biosensor strain and the 
control strain, except for growth phase IV (Figure 4 top). Both, the biosensor 
and the control strain exhibited a strong increase in promoter activity during 
the first two growth phases and a subsequent decline in activity in growth phase 
III, which is typical for a range of promoters derived from Aspergillus niger, 
such as the pgndA promoter22. However, in growth phase IV, the control strain 
exhibited another activity peak, whereas the biosensor strain was completely 
inactive. Promoter activities remained low for both strains during growth phase 
V, increased during growth phase VI and declined again during growth phase VII. 
As expected, the DsRed promoter activity remained zero for the non-engineered 
wild-type strain. 
 The fact that the promoter activities of the biosensor strain, which expresses 
high amounts of TcaR, and the control strain lacking a TcaR expression cassette 
are highly similar in all growth phases except for growth phase IV, suggests that 
the DsRed promoter is repressed by TcaR in the biosensor strain during growth 
phase IV in the absence of penicillin.
 We subsequently analyzed the promoter activities of the ppcbC-TcaRan 
(biosensor) strain, the control strain and the wild-type strain in the presence 
of 100 mM penicillin G. Here, we observed differences in promoter activity 
among the tested strains in various growth phases (Figure 4 bottom). During 
the first three phases, the biosensor and the control strain exhibited the same 
characteristic activity profile as seen in the absence of penicillin G. In growth 
phase IV, however, a low promoter activity was observed for the control strain, 
whereas the biosensor strain exhibited a clear peak in activity. We further 
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found the promoter activities of the control strain to remain very low after 
growth phase IV, indicating that high concentrations of penicillin negatively 
affect promoter activity during those growth phases. In contrast to that, high 
promoter activities were found in the biosensor strain in this period, suggesting 
no negative effect of penicillin on promoter activity. 
 Given the observation that the DsRed promoter, which was inactive in the 
absence of penicillin in growth phase IV, was found to be active in the presence of 
penicillin in growth phase IV, indicates that the DsRed expression of the biosensor 
strain is regulated by TcaR and penicillin during this distinct growth phase. 

Visualization of penicillin biosensing based on growth phases
To verify that the regulation of DsRed expression by TcaR and penicillin in 
the biosensor strain is limited to a distinct growth phase, we consequently 
plotted promoter activities as a function of the growth rate for all seven growth 
phases. Promoter activities of the ppcbC-TcaRan (biosensor) strain and the 
control strain at 0 mM and 100 mM penicillin G were analyzed and compared 
for the different penicillin conditions and growth phases. 
 Here, we observed different correlations between promoter activity and 
growth rates in the different conditions and growth phases (Figure 5). The 
promoter activities of both strains were found to be either largely independent 
of growth-rate (phase V) or to correlate positively (phase I, VI, VII) or negatively 
(phase II, III) with growth rate. During growth phase IV, however, distinct 
differences were found between the biosensor and the control strain for both 
penicillin conditions. While the biosensor strain was inactive in the absence 
of penicillin, the promoter activity of the control strain correlated positively 
with growth rate in phase IV. In contrast to this, the promoter was highly active 
in the biosensor strain in the presence of 100 mM penicillin G, exhibiting a 
slightly negative growth rate correlation. 
 Thus, we could verify that the DsRed promoter is repressed by TcaR in the 
absence and activated in the presence of penicillin in the biosensor strain 
during growth phase IV. Consequently, the classification of fungal growth 
phases combined with the plotting of promoter activities as a function 
of growth rate, enabled us to make precise distinctions between specific 
transcriptional regulation by TcaR and global gene expression activities and 
thereby visualize penicillin biosensing. 
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Figure 5 Analysis of promoter activities as a function of growth rate. DsRed promoter 
activities of the ppcbC-TcaRan biosensor strain expressing the TcaR regulator (blue) and 
a control strain lacking the tcaR expression cassette (yellow) were plotted as a function 
of growth rate at 0 mM and 100 mM penicillin G for seven different growth phases. As a 
consequence, a clear distinction of TcaR- and penicillin-regulated growth phases from non-
regulated growth phases was possible. Data of technical duplicates are shown.
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Discussion and conclusion

In this study we transplanted the prokaryotic transcription factor TcaR into the 
genome the filamentous fungus P. chrysogenum to function as a biosensor for 
the fungal secondary metabolite penicillin. Various genetic biosensor designs 
containing TcaR expression cassettes and a DsRed reporter cassette were 
integrated into P. chrysogenum. DsRed expression and biomass formation of a 
strain exhibiting high tcaR expression levels (ppcbC-TcaRan; biosensor; Figure 
2C) and a control strain lacking the TcaR expression cassette were monitored 
in microbioreactor fermentations experiments to classify fungal growth phases 
and determine DsRed promoter activities. The analysis of DsRed promoter 
activities showed that the DsRed promoter is repressed in the absence and 
active in the presence of penicillin G in the biosensor strain but not in the 
control strain, thus demonstrating that penicillin biosensing is feasible in the 
engineered P. chrysogenum strain. We further found that TcaR repression and 
de-repression in the biosensor strain occurs only during one distinct growth 
phase, indicating that the specific regulation by TcaR is superimposed by 
global transcriptional regulatory processes in all other growth phases. 
 The fact that expression levels of the tcaR wild-type gene were close to zero, 
while high expression levels were obtained for a codon-optimized version for 
improved polypeptide expression in filamentous fungi27, indicates that codon-
usage plays a critical role during transcription in P. chrysogenum. Since most 
genes that were expressed heterologous in P. chrysogenum either derive 
from other fungi, such as A. chrysogenum21 or S. cerevisiae38 or were codon-
optimized for expression39, a detailed study analyzing the influence of codon 
usage on gene expression in P. chrysogenum is missing. Even though a non-
codon optimized sequence of a bacterial enzyme encoded by the cmcH gene 
was shown to be functionally transcribed and translated in P. chrysogenum21, 
a later study found the enzyme to be mostly inactive in vivo and suggested 
changes in codon usage improved its activity40. As codon usage was found 
to be an important determinant of gene expression through its effects on 
transcription in the filamentous fungi  Neurospora41 and A. oryzae42 and codon 
optimized bacterial CRISPR nuclease genes are frequently used for genetic 
engineering of filamentous fungi including P. chrysogenum17,43–45, we suppose 
that codon optimization is crucial to make bacterial TF-based sensing systems 
work in filamentous fungal hosts like P. chrysogenum. 
 A main reason for the finding that TcaR repression and de-repression is only 
detectable during growth phase IV could be the choice of promoters driving 
tcaR and DsRed expression in the biosensor strain. The ppcbC promoter, which 
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drives expression of tcaR in the biosensor strain, is known to be expressed in 
later growth phases in P. chrysogenum22,46, partly due to a carbon catabolite 
repression which is mainly caused by glucose47,48 but not by lactose49. Since 
glucose is a preferred carbon source over lactose50,51, it is likely that the 
biosensor strain first consumes the glucose of the SMP medium, resulting in 
a repression of the ppcbC promoter and hence low tcaR expression levels. 
Once glucose is depleted, the biosensor strain switches to lactose as carbon 
source, resulting in a de-repression of the ppcbC promoter and high tcaR 
expression levels after 24h of cultivation (Figure 2C). Consequently, DsRed 
repression occurs in growth phase IV in the absence of penicillin G (Figure 5). 
Furthermore, a great number of promoters from A. niger were shown to be 
most active after around 10 hours of cultivation, resulting in a peak in protein 
production22. This includes the pgndA promoter which in this study was used to 
drive DsRed expression (Figure 4). Due to its high activity, the pgndA promoter 
is difficult to repress around 10 hours of cultivation, especially at potentially 
very low concentrations of TcaR repressor.  Hence knowledge about the 
growth and carbon catabolite dependencies of promoter activities is essential 
to select suitable promoters for the development of TF-based biosensors in 
organisms as complex as filamentous fungi. We further demonstrated that a 
classification of growth-rate dependent growth phases helps to dissect a TF-
based specific transcriptional regulation from global regulatory processes and 
consequently enables the assessment of TF-based metabolite sensors despite 
superimposed gene expression effects.  
 The fact that we found high concentrations of penicillin G to release promoter 
repression in growth phase IV (Figure 5) further indicates that the amount of 
penicillin that diffuses from the culture medium into the nucleus is sufficient 
to cause TcaR-DNA dissociation. We therefore anticipate the presented TcaR 
sensing system to be suitable for in vivo screening of penicillin production in P. 
chrysogenum strains that produce high millimolar concentrations of penicillin 
G in the presence of the essential precursor molecule phenylacetic acid. 
 Taken together, we demonstrated that the bacterial transcription factor 
TcaR can be brought to function in the filamentous fungus P. chrysogenum 
to sense high levels of the β-lactam antibiotic penicillin using a fluorescent 
reporter system. This is the first time that a prokaryotic transcription factor 
was shown to function as metabolite biosensor in an organism as complex as 
filamentous fungi. Although the current observations are a proof of principle, 
it is an important first step towards the development of TF-based sensors for 
the screening and selection of new filamentous fungal production strains. 
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Supplementary Material

Figure S1 PCR analysis of genomic DNA from P. chrysogenum strains. A) Schematic 
representation of three PCR reactions performed on gDNA to validate genomic integration of 
plasmid DNA. Locations of primers and the expected length of the PCR product are marked 
in red. B) Example agarose gel with loaded DNA from the three PCR reactions obtained from 
gDNA of two sensor strains and a control strain. Examples of a clean sensor strain, a sensor 
strain containing wild-type and engineered gDNA and a clean control strain without TcaR 
expression cassette are shown from left to right. 
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Table S1 Assembly of plasmid cassettes to study the functionally of engineered fungal 
promoters. All promoters were ordered as synthetic gene fragments. 

Plasmid name 
(Level 1)

Plasmid Name (Level 0)

Vector Promoter Promoter 
part ID

DsRed gene Terminator

pEV1_5

pICH47761

pEV0_10_ppcbC_6x a

pZB0_26 pYN0_9

pEV1_6 pEV0_11_ppcbC_6x2 b
pEV1_7 pEV0_12_ppcbC_8x c
pEV1_8 pEV0_13_ppcbC_12x d
pEV1_9 pZB0_23_ppcbC_full K
pEV1_10 pEV0_18_pgndA_full e
pEV1_11 pEV0_14_pgndA_4x O,4
pEV1_12 pEV0_15_pgndA_6x f
pEV1_13 pEV0_16_pgndA_6x2 g
pEV1_14 pEV0_17_pgndA_8x h

 
Table S2 Primer sequences for PCR and qPCR analysis of fungal strains.

Target Reaction Template Primer sequence (5’-3’)

TcaR 
expression 
cassette

PCR gDNA F:GGAGGAGGAGAGAGGTTCTC  
R:ACAGCGGAAGACAATACCGTGCTTGGGATGTTCCAT-
GGTAGCTGTG

Output 
cassette

PCR gDNA F:GTGAAGTTCATCGGCGTGAAC
R:CAATCCCTGCAGTCGTTCTCGAA

Intergenic 
region

PCR gDNA F:CCTTTAGGCTTTCTAACGCCG 
R:GCGTGTCCCTCGATAACGTCTAG

tcaRwt gene qPCR gDNA/ cDNA F:GACTTGCAAACTGAGTATGG
R:GACGTTGGTCAGTATT GGAATC

tcaRan gene qPCR gDNA/
cDNA

F:TCCGCCGTATCGAAGATCAC
R:GACAGCAGCCTTGTTGACAC

γ-actin gene qPCR gDNA/
cDNA

F:TTCTTGGCCTCGAGTCTGGCGG
R:GTGATCTCCTTCTGCATACGGTCG
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Table S3 Description and composition of final multi-gene biosensor cassettes using MoClo24. 

Plasmid 
Name 
(Level 2)

Description Plasmid Name (Level 1)

Vector 5’flank Expression 
cassette

Marker 
cassette

Output 
cassette

3’flank Linker

pEV2_41 pAn018_TcaRanNLS_
4xpgndA_DsRed

pA
G

M
46

73

pE
V1

_1
5

pEV1_69

pC
P1

_4
5

pE
V1

_5
0

pE
V1

_5
5

pI
C

H
41

80
0

pEV2_42 pAn081_TcaRanNLS_
4xpgndA_DsRed

pEV1_74

pEV2_43 ppcbCcp_TcaRanNLS_
4xpgndA_DsRed

pEV1_79

pEV2_44 pAn008cp_
TcaRanNLS_
4xpgndA_DsRed

pEV1_84

pEV2_45 pAn533cp_
TcaRanNLS_
4xpgndA_DsRed

pEV1_89

pEV2_46 dummy_4xpgndA_
DsRed

pICH54022

pEV2_48 pAn081_TcaRwtNLS_
4xpgndA_DsRed

pEV1_94

pEV2_49 pAn018_TcaRwtNLS_
4xpgndA_DsRed

pEV1_95

pEV2_50 ppcbcp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_96

pEV2_51 An008cp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_97

pEV2_52 An533cp_TcaRwtNLS_
4xpgndA_DsRed

pEV1_98

pEV2_53 p40s_TcaRanNLS_
4xpgndA_DsRed

pEV1_99

pEV2_54 p40s_TcaRwtNLS_
4xpgndA_DsRed

pEV1_100

pEV2_55 ppcbC_TcaRanNLS_
4xpgndA_DsRed

pEV1_101

pEV2_56 ppcbC_TcaRwtNLS_
4xpgndA_DsRed

pEV1_102
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Table S4 Description and composition of individual biosensor cassettes using MoClo24.

Plasmid name 
(Level 1)

Description Plasmid Name (Level 0)

Vector Part / 
Promoter

Gene Terminator

pEV1_15 5’flank pICH47732 pEV0_13 / /
pEV1_69

Expression 
cassette pICH47742

pEV0_73 TcaRan_NLS_stop

pYN0_10

pEV1_74 pFG0_2 TcaRan_NLS_stop
pEV1_79 ppcbCcp TcaRan_NLS_stop
pEV1_84 pAn008cp TcaRan_NLS_stop
pEV1_89 pAN533cp TcaRan_NLS_stop
pEV1_94 pFG0_2 pEV0_64
pEV1_95 pEV0_73 pEV0_64
pEV1_96 ppcbCcp pEV0_64
pEV1_97 pAn008cp pEV0_64
pEV1_98 pAN533cp pEV0_64
pEV1_99 pZB0_21 TcaRan_NLS_stop
pEV1_100 pZB0_21 pEV0_64
pEV1_101 pZB0_23 TcaRan_NLS_stop
pEV1_102 pZB0_23 pEV0_64
pCP1_45 Selection 

marker 
cassette

pICH47751 pLM0_12 pCP0_30 pZB0_20

pEV1_50 Output 
cassette 

pICH47761 pEV0_14 pZB0_26 pYN0_9

pEV1_55 3’flank pICH47772 3’flank / /
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Table S5 Description and origin of individual biosensor parts.

Plasmid/ Part 
name (Level 0)

Description Origin Vector Part 
ID

pEV0_13 Flanking region 5’ end 
targeting intergenic region 
P. chrysogenum between 
Pc20g07090 and Pc20g07100

synthetic gene fragment pICH41331 A, 1

pEV0_73 Promoter pAN018 synthetic gene fragment pICH41295 B, 2

TcaRan_NLS
_stop

tcaR gene codon optimized for 
A. niger27

synthetic gene fragment / C

pYN0_10 Terminator tTif35 PCR amplified from 
plasmid pDSM-JAK-
108YN

/ D

pFG0_2 Promoter pPathC synthetic gene fragment / E

ppcbCcp Core promoter of the pcbC gene synthetic gene fragment / F

pAn008cp Core promoter pAN008cp synthetic gene fragment / G

pAN533cp Core promoter pAN533cp synthetic gene fragment / H

pEV0_64 tcaR wild-type gene from S. 
epidermidis23

synthetic gene fragment pICH41308 I, 3

pZB0_21  Promoter p40s PCR amplified from 
plasmid pDSM-JAK-
108YN

/ J

pZB0_23 Promoter ppcbC PCR amplified from 
genome P. chry. 
DS54468

/ K

pLM0_12 Promoter pGpdA PCR amplified 
from plasmid 
pDONR221AMDS

/ L

pCP0_30 ergA gene PCR amplified from 
genome P. chry. 
DS54468

/ M

pZB0_20 Terminator tamds PCR amplified 
from plasmid 
pDONR221AMDS

/ N

pEV0_14 Engineered promoter pgndA 
(4x BS)

synthetic gene fragment pICH41295 O, 4

pZB0_26 DsRed-T1-SKL gene52 PCR amplified 
from plasmid 
pDONR221AMDS

/ P 

pYN0_9 Terminator tAct1 PCR amplified from 
plasmid pDSM-JAK-
108YN

/ Q

3 flank Flanking region 3’end 
targeting intergenic region 
P. chrysogenum between 
Pc20g07090 and Pc20g07100

synthetic gene fragment / R
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Table S6 Sequences of synthetic promoters, synthetic genes, and plasmids. Promoter 
sequence parts that were replaced with TcaR binding sites are highlighted in yellow and 
sequences linking two TcaR binding sites in green. The TATA-motif is shown in bold.

Part ID Name Sequence (5’-3’)

a ppcbC6 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GATAAGTACTTACTAaTCTTCGAGCGGGGGAGTGTTGCTCTGCCCGAGCAT-
CAACGATTTATTGCAAATTGAAATACTTTCGATTAGCATATCGGACCGACT-
GAAATCTCAGTATTGCAAATTGAAAATATTTCGATTAGCATATTACTAATTTTA-
CACTGGCTCTATTGCAAATTGAAAAAATTTCGATTAGCATATAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

b ppcbC6.2 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GTATTGCAAATTGAAATACTTTCGATTAGCATATTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTATATTGCAAATT-
GAAAAAATTTCGATTAGCATATGTAAGCATCTGGGCTGCAAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

c ppcbC8 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAG-
GTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGTATTGCAAATTGAAATACT-
TTCGATTAGCATATTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GTATTGCAAATTGAAAATATTTCGATTAGCATATTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTATTGCAAATTGAAAAAATTTCGATTAGCAT-
ATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTATATTGCAAATT-
GAAATTATTTCGATTAGCATATGTAAGCATCTGGGCTGCAAGCGTATAATGTCTC-
CAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAGGAAGA-
GAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTGCAG-
GAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTCCACGCCT-
TCAAGTTTTCACCATTATTTTTCTAGACACC
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d ppcbC12 CTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGAGACT-
TTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGTCAACT-
GTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGGGACAGC-
CAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCTGGTGC-
CAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGGATGC-
TATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAAGGTG-
GTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTTGAGT-
TATTGCAAATTGAAATACTTTCGATTAGCATATCCCACGAGCCCGATTGACTC-
TATTGCAAATTGAAAATATTTCGATTAGCATATTCTGGCACGGTAATGATAAG-
TATTGCAAATTGAAAAAATTTCGATTAGCATATCTGCCCGAGCATCAACGAT-
TTATTGCAAATTGAAATTATTTCGATTAGCATATCGGACCGACTGAAATCTCAG-
TATTGCAAATTGAAAATCTTTCGATTAGCATATTACTAATTTTACACTGGCTC-
TATTGCAAATTGAAATAATTTCGATTAGCATATAGCGTATAATGTCTCCAG-
GTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAGGAAGAGAGCT-
CAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTGCAGGAGAACT-
TCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTCCACGCCTTCAAGT-
TTTCACCATTATTTTTCTAGACACC

e pgndA TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATC-
CGCGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAG-
TACTCTTTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCT-
CAGGTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCG-
TAAGCCGTCCAGTTGCAACGAATCCTGCTCTGACATCTTCGAACGCCT-
TCTCCCTTTCGCTCGCTTCTCTGCCTCTTTCCTCTCTTCCCTTTCCTTCCCCTC-
CAAACTAAACCTTCCTCCTTTTCTCCATCATCCTCTAGGCAGTTGGTTCTTCCT-
GACTGTACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCAT-
ATCTCCTTCTCCAGAGTTCATACCCCCCAC

f pgndA6 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATC-
CGCGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAG-
TACTCTTTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCT-
CAGGTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCG-
TAAGCCGTCCAGTTGCAACGAATATTGCAAATTGAAATACTTTCGATTAGCAT-
ATTTCGCTCGCTTCTCTGCCTCTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATAAACCTTCCTCCTTTTCTCCTATTGCAAATTGAAAAAATTTCGATTAGCATAT-
TACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCT-
TCTCCAGAGTTCATACCCCCCAC



138

Engineering of TcaR as metabolite sensor in filamentous fungi

g pgndA6.2 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGATAT-
TTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTATAG-
CAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAACCAGAT-
CAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACTTCGTACTAT-
AGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCGCGGGCTTC-
CATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAGTACTCTTTGGTTAG-
TAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCTCAGGTGCTGCCCCG-
TATTGCAAATTGAAATACTTTCGATTAGCATATGTAAGCCGTCCAGTTG-
CAACGAATCCTGCTCTGACATCTTTATTGCAAATTGAAAATATTTCGATTAGCAT-
ATCTCTTTCCTCTCTTCCCTTTCCTTCCCCTCCAAACTAAACTATTGCAAATT-
GAAAAAATTTCGATTAGCATATTGGTTCTTCCTGACTGTACATATATCCAC-
CACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCTTCTCCAGAGTTCAT-
ACCCCCCAC

h pgndA8 TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACT-
TCGTACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCG-
CGGGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCTATTGCAAATT-
GAAATACTTTCGATTAGCATATCCGGAGGACTCTGCTCCTCTCCTGCTCAG-
GTGCTGCCCCGTATTGCAAATTGAAAATATTTCGATTAGCATATGTAAGC-
CGTCCAGTTGCAACGAATCCTGCTCTGACATCTTTATTGCAAATTGAAAAAAT-
TTCGATTAGCATATCTCTTTCCTCTCTTCCCTTTCCTTCCCCTCCAAACTAAAC-
TATTGCAAATTGAAATTATTTCGATTAGCATATTGGTTCTTCCTGACTGTACAT-
ATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCTTCTCCA-
GAGTTCATACCCCCCAC

A 5’flank CTAGGCTAAGGTCCGTTATCTAAAGGACTAAATAGGCCTATA-
GATCTAGGCTAGATTAAATACTAAAGCTATAATAAGAAAGGATATTACACTAAT-
TCGTATCTAAAGAACTAGAGGGGACTATAATAGTAAGTCGCTACTTATATAGCC-
CTCCCTACCCGTATCCTTAGTCGTAACGACTAGTAGGGCAATAACTCCTAGGG-
GGGATCACTATCCCTAGCGATATATATTATAACCGTGAGCCTAGATCTAGTTAT-
AGCTATAAGGGAACCTATATCGAAGAATTAAAGAGGGAAGTAGCTATAGCGA-
GAGACTATTTAGGAATTAGGGGTAGGATAACGTTTTCGAAATATCCGTTCGATA-
GATAATATTAATCGAGGGTAAGGATTATAAAGACTCTCTAACGACTAAGTCCTAT-
AGGTCGTACGATCGGTAGATAACTTCTAGCCCTATAAGCGGATAGAGATA-
GAAACGTTATAAACCACTATTTAATAGAGCGTAACTCCTAGGCCGTCCTAGGGA-
CACGCGGCTCCTAGACCGTTATAGGAATATACTACCTATAATCAGACTATAAATC-
CGTTAGGCACCTATCCCTTATATAAGATAGTGATAGAGATATACCGAAAGGA-
GAGGGTATAGATTAGTGCTAAACCGCCGAAGATACCTAGTCCTATCCGCG-
TAATCGGAGGAGGAGAGAGGTTCTCTATTAAAAAAGTGCTAAAGGAAACAT-
ACGTTACCCTCCCACTAGCCTAGCTACTAGACTAATCCGAACCGATATAGAAG-
GAGTTAGCTTAGTTCCT
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B pAN018 GTGCTAAGAATGGGGAAGGCGAAGGTACCGCCTTTGGGGTCCAGCCACG-
CGACTCCAACATGGAGGGGCACTGGACTAACATTATTCCAGCACCGG-
GATCACGGGCCGAAAGCGGCAAGGCCGCGCACTGCCCCTCTTTTTGGGT-
GAAAGAGCTGGCAGTAACTTAACTGTACTTTCTGGAGTGAATAATACTAC-
TACTATGAAAGACCGCGATGGGCCGATAGTAGTAGTTACTTCCATTACAT-
CATCTCATCCGCCCGGTTCCTCGCCTCCGCGGCAGTCTACGGGTAGGATCG-
TAGCAAAAACCCGGGGGATAGACCCGTCGTCCCGAGCTGGAGTTCCG-
TATAACCTAGGTAGAAGGTATCAATTGAACCCGAACAACTGGCAAAACAT-
TCTCGAGATCGTAGGAGTGAGTACCCGGCGTGATGGAGGGGGAGCACGCT-
CATTGGTCCGTACGGCAGCTGCCGAGGGGGAGCAGGAGATCCAAATATCGT-
GAGTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGACTGCTGGGGAACT-
GGGGAGCGGCGCAAGCCGGGAATCCCAGCTGACAATTGACCCATCCT-
CATGCCGTGGCAGAGCTTGAGGTAGCTTTTGCCCCGTCTGTCTCCCCGGT-
GTGCGCATTCGACTGGGCGCGGCATCTGTGCCTCCTCCAGGAGCGGAG-
GACCCAGTAGTAAGTAGGCCTGACCTGGTCGTTGCGTCAGTCCAGAGGT-
TCCCTCCCCTACCCTTTTTCTACTTCCCCTCCCCCGCCGCTCAACTTTTCT-
TTCCCTTTTACTTTCTCTCTCTCTTCCTCTTCATCCATCCTCTCTTCATCACT-
TCCCTCTTCCCTTCATCCAATTCATCTTCCAAGTGACTCTTCCTCCCCATCT-
GTCCCTCCATCTTTCCCATCATCATCTCCCCTCCCAGCTCCTCCCCTCCTCT-
CATCTCCTCACGAAGCTTGACTAACCATTACCCCGCCACATAGACACACCGT-
CAA

C TcaRan_
NLS_
stop

ATGGTCCGCCGTATCGAAGATCACATCTCCTTCCTGGAGAAGTTCATCAACGAT-
GTCAACACTTTGACTGCCAAGCTTCTCAAGGATCTGCAGACCGAATACGG-
TATCTCTGCTGAGCAGTCTCACGTTCTCAACATGCTCTCCATTGAGGCTCT-
GACCGTTGGCCAGATCACCGAGAAGCAGGGTGTCAACAAGGCTGCT-
GTCTCTCGCCGTGTCAAGAAGCTCCTGAACGCCGAGCTTGTCAAGCTC-
GAGAAGCCCGACTCCAACACCGACCAGCGTCTGAAGATCATCAAGCTCTCC-
AACAAGGGCAAGAAGTACATCAAGGAGCGCAAGGCCATCATGAGCCA-
CATTGCCTCCGACATGACCTCCGACTTCGACAGCAAGGAAATTGAGAAGGTC-
CGCCAGGTTCTTGAGATCATTGACTACCGTATCCAGAGCTACACCTCGAAATTG

D tTif35 ACTTCTTTATCGGTTCTCTCTTACGACTTTTTGAATGGAACGTTTCCTTCTTCT-
CAGGCGGGCCTATCTTTGGGCCGAAGCTCTTTTCCTTGTACTGTAGGACCT-
GGTTGATAATGATTCCCAAAAAGACATCCAGCATGTCAGTTACTTGCATTCGT-
CAGTCTATACAAAAGCAATGGTTTAGAGAAATTTTGAACTTTATACATGGTTTTAT-
TTGTTGCTTCACGGCCGTACCTTCTGGAAATCCACGGTAGGAGTGTCAATTTG-
CGTTTTTGATAATCCTTCCAAGGTTCTTCTCGAAGTAGTTGTTCTATAATTGCT-
TCACAGCTACCATGGAACATCCCAAGCAC

E pPathC AAGGGAGGGACCCGTAGAGACAAGACAAGAATGTTTTTTTCTCTCCTTTTTGT-
GACGACACGAGGGAAAAAAGGAATTGAACGGAAGGGATCGGTTCATACAA-
GTGTAAAATACACACACGACTACGGAATAATCCCATCAGATGCAGCAATGGGT-
TATCTGAAGGGGAAGGAGATGTGTGAGTGAATGAGAGAGTAAGCCAATGCTC-
CATCGCGGACCAGCACGGTCAGGTGAAAACCCTGAAACCATTGGCTGTAC-
CAGTAGTAACTCCCCTGGTTACCCCCATCCCGAGTGATCCCGAAGGGTGTG-
TATGTGTGTATGTGTACACAGTATGTGTAAGGAAGTGTGGTAAGTGTGTATGTG-
CGGTGGAATGCCCACTGCTTTCCCGGGGGAAGGAAAAAGGATGATGAGC-
CAAAAACGAGGCGCCAAACACGGTGTAAGGGAAAAAGAAGGGAAAGGA-
TAAACTAGGGATAACGGATGATACCAAAGACAGACACAAACAGGAAAAA-
CAGGAACAATACAATACAAACAAACGGTGCCAAAACACCAAACAAAAAAG-
TAGGTAGGGCTTTTTTTTCTGGTCCCAACAAAGCGCACTAACACCCGACGGG-
GGGGCTGGGTGGGAAAAGGGCAAAAAACCGCGAAAATTTAGCGGGAGAG-
TATTTATGTCCCGGGGGGCCTTCTGTTGTCACTTTTCCTCCAGCTTTTTCCTC-
CAGAAAAGTTCTCCTTCCTTCTTTCCCTTCCCAATCCCATCATTTTCTA-
GAGAAACTCCTCTCTCAGAACCACCACA
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F ppcbCcp CGTATAATGTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGG-
CACACAGGAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACT-
CATTGTCATCTGCAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTC-
TTCGTCGTTGTCCACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

G pAn008cp AACCCAAAGTAATAAGTCTGTAGTAATTGGTCTGGCCCTGAATTCCAAAC-
TATAAATCAACCACTTTCCCTCCTCCCCCCCGCCCCCACTTGGTCGAT-
TCTTCGTTTTCTCTCTACCTTCTTTCTATTCGGTTTTCTTCTTCTTTTATTT-
TCCCTCTCCCATCAATCAAATTCATATTTGAAAAAAATTAACA

H pAN533cp CGCCCCAAGAGAGCTGAAGATGCTGAGTAGGGTTGTCCAGGCAGCACAT-
ATATAAGATGCTTCGTCCCCTCCCATCGAGTCCTTCTTTTCTCTCTCTCATCAAT-
CACTCTACTTCCTACTCTACCTTAAACTCTTCACTACTTCATACA

I tcaRwt 
gene

TTGAAGACAAAATGGTAAGAAGAATAGAAGATCACATCTCATTTTTAGAAAAAT-
TTATTAATGATGTTAATACATTAACGGCAAAGTTACTTAAAGACTTGCAAACT-
GAGTATGGCATATCAGCTGAGCAATCTCATGTGTTAAATATGCTTAGTATAGAGG-
CGTTAACTGTGGGGCAAATTACAGAGAAACAAGGTGTTAATAAAGCTGCT-
GTTAGTCGAAGAGTCAAAAAGTTGCTCAATGCTGAATTAGTTAAATT-
AGAAAAACCTGATTCCAATACTGACCAACGTCTTAAAATAATTAAAT-
TATCTAATAAAGGAAAAAAATATATTAAAGAGAGAAAAGCGATTATGAGCCA-
TATTGCTAGTGATATGACGAGTGACTTTGACAGTAAGGAAATTGAAAAAGTTA-
GACAGGTTTTAGAAATTATCGACTATCGTATACAATCTTATACTTCTAAACTTC-
CAAAGAAGAAGCGGAAGGTCTAAGCTTTTGTCTTCAA

J pZB0_21 GAGTTATAGACGGTCCGGCATAGGTAAGGAGAGATTAGATATTTCGACT-
TCCCGATTCCTTAGTCTCCTTAGTCTGGAAACTGAGAAAGGCCTGAACTCGT-
TCAATCTATTAGCTCTAATCACGTAGTCTCAACTAGAATCCTGAACAGGCGC-
CGGAACCAGTCCAAATGCGTGGAGTACAGCAAGTCCAGTCAAATCACGATT-
AGAATGGCCATATATAAGCAAAAAACCCTTGGACAATACGTCCGATCGACAC-
CAAAGCAATCTGGTACATCACCCTTCTTATATACAGGGTAGCCGGAATTG-
TATTGACTCTATACGAAGCCGCAGGTTTACCAGCACAGAGGTGCGATAGC-
TACACGAATGTAGAGTGAAGGCATTACAACCGATTGCTAAGTGTCATA-
GAGGCTAAGCTTCACGGCTCAAGGAGTCTGTGGAGGATACCTGATATAA-
GAATTGAGAGTTATACTCCGGAGGTTATGTTAGTACCTCAAAAATGTGAA-
GTACAACGAAACTCGAACTTCGAATGACAATAGCTTGGCTGGCTGTTAGT-
CAACTGAGGTACAACGTCATCTTGCAATTAGTTATGTTCTTTGCTAGATAGT-
GAGCTGCTGTAAACTTGTAGTTCTTAGAAACATGTCTGAAGTCTAGAGTCGA-
GACTTGTGATTGGTGTAAATTAGTGGGGGTCCGGAGCGGAATAACAATCGAG-
GTCAGCCTCCTGGGTCTGTCAGTAAGCTAACCACGAAAGGACAAGCGTAGAC-
GAGGTCACGGGGTACTGGCCTAGCCGGCTTCGGCTAGCGCCCACGAAAAT-
AGGGCAACGTCGAAGCGAGAGACACACACGGATTCCACGATCGCCGACGA-
CAAGCACTCAACTCCACGACAACCCACGACAACCCTTGCCGCTGCGTTCTTG-
GTGAAGGGCTGCAGGATTAGAGGTGAGTATTTTATTTTCTGGCTATTGTGATCT-
TTTTCCCCCCCGGTTTCCGCTGGTTCTATCTTGTCGAGCGAGTCGGTGCGCCT-
TCGATCGGTCTGTCAAATTTCCATCCGTCCACTCGTTCACCCGGTATCGATA-
CAAGAGGGAATGGAGCATTACGACAGGGGAGCAGAGGCAGAACTCTCGAT-
GTTGCTACTTTTTTTGCTTGGAACAACTTCCTTGAAAGATTCTTTTCTGAATG-
CGGCTGGGAAACTGCGAATTGGATATCCAGCGAAAGGTTACCGACAGACT-
CACGGCCATCGATACCACTCAGCGGGATAGAATTGAAGGCATTCGGACATT-
AGATGATCAGCTTCGCTTGTTTCGACTCGTGCTAATCAATTATCCCTGGA-
CAGTCCCCCACATAGACAGCAAAC
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K pZB0_23 GCTGCATTGGTCTGCCATTGCAGGGTATATATGGCTGACCTGGCCAATCTC-
CATCGAGAATCTGGGCGACTGAAGCACTGCCCGCAGACAAGATGGA-
GACTTTCGTCTAGCACGGTCTAGGGCAGATCCGATGCCATTGGCTCTGT-
CAACTGTCGACTACATGTATCTGCATGTTGCATCGGGAAATCCCACCACAGG-
GACAGCCAAGCGGCCCCGCGACTTGGCAGTGGGCAAACTACGCCCGATTCT-
GGTGCCAAGAACCGAGAAGAATGAGACAGACCCACGTTGCACTCTAACCGG-
ATGCTATCGACTTACGGTGGCTGAAGATTCAACACGCTGCAACGAGAGCCAA-
GGTGGTCCGGACATTTTCTACGTGCCGGTTTACCTTGGAACATCGCCGTCGTT-
GAGTGCACGTTGCCTACTCTCTCGTGGCTTGGCTGGGCCCACGAGCCCGATT-
GACTCGACGGTGTTACTTGGGTATCTATGGCCCCGTTTTCTGGCACGGTAAT-
GATAAGTACTTACTAATCTTCGAGCGGGGGAGTGTTGCTCTGCCCGAGCAT-
CAACGATTGGCCTGATCGCACCGTCTGCAAATGCCACGGTGCGGACCGACT-
GAAATCTCAGACCACCAAAGACCCTCCGACTTCGAGATACGGTTACTAATTTTA-
CACTGGCTCCAGCGGCCCCATCCAGTAAGCATCTGGGCTGCAAGCGTATAAT-
GTCTCCAGGTTGTCTCAGCATAAACACCCCGCCCCCGCTCAGGCACACAG-
GAAGAGAGCTCAGGTCGTTTCCATTGCGTCCATACTCTTCACTCATTGTCATCTG-
CAGGAGAACTTCCCCTGTCCCTTTGCCAAGCCCTCTCTTCGTCGTTGTC-
CACGCCTTCAAGTTTTCACCATTATTTTTCTAGACACC

L pLM0_12 TGGATCCCCCGGGCTGCAGGAATTCGAGCTCTGTACAGTGACCGGTGACTCT-
TTCTGGCATGCGGAGAGACGGACGGACGCAGAGAGAAGGGCTGAG-
TAATAAGCCACTGGCCAGACAGCTCTGGCGGCTCTGAGGTGCAGTGGAT-
GATTATTAATCCGGGACCGGCCGCCCCTCCGCCCCGAAGTGGAAAGGCTG-
GTGTGCCCCTCGTTGACCAAGAATCTATTGCATCATCGGAGAATATGGAGCT-
TCATCGAATCACCGGCAGTAAGCGAAGGAGAATGTGAAGCCAGGGGTGTA-
TAGCCGTCGGCGAAATAGCATGCCATTAACCTAGGTACAGAAGTCCAATTGCT-
TCCGATCTGGTAAAAGATTCACGAGATAGTACCTTCTCCGAAGTAGGTAGAG-
CGAGTACCCGGCGCGTAAGCTCCCTAATTGGCCCATCCGGCATCTGTAGGG-
CGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAA-
GGCCGCTCAGGAGCTGGCCAGCGGCGCAGACCGGGAACACAAGCTGG-
CAGTCGACCCATCCGGTGCTCTGCACTCGACCTGCTGAGGTCCCTCAGTCCCT-
GGTAGGCAGCTTTGCCCCGTCTGTCCGCCCGGTGTGTCGGCGGGGTTGA-
CAAGGTCGTTGCGTCAGTCCAACATTTGTTGCCATATTTTCCTGCTCTCCCCAC-
CAGCTGCTCTTTTCTTTTCTCTTTCTTTTCCCATCTTCAGTATATTCATCT-
TCCCATCCAAGAACCTTTATTTCCCCTAAGTAAGTACTTTGCTACATCCATACTC-
CATCCTTCCCATCCCTTATTCCTTTGAACCTTTCAGTTCGAGCTTTCCCACT-
TCATCGCAGCTTGACTAACAGCTACCCCGCTTGAGCAGACATCAC
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M pCP0_30 ATGACCTTGCTCAATGGCCACGCCTCCCTCTCCCCGGCCGCTCAACGCCG-
CATCGAACACCATGAAGCTGATATTGTAATTGTGGGTGCCGGAGTCCTCGGCT-
GTGCACTTGCAGTTGCACTGGGAAATCAAGGGCGCAGTGTAATCCTGCTG-
GAGAAGTCGTTGGAAGAGCCCAACCGTATTGTTGGTGAACTACTCCAACCG-
GGAGGTGTTCAGGCGCTCGAGCAACTAGGGCTACGGGATTGTCTGGAAGA-
TATCGATGGCATCAATGTGAAGGGATACTGGGTTACTTACTTTGGGGAGCCG-
GTTCTCCTCGAATACCCCAAGTCCAGCCCAACCTCGCCTACACCGTTGGGAC-
GAGCCTTCCACCATGGCCGATTCGTGATGAAACTACGGGCAGCCGCTCT-
GTCGTGCCCCAATGTCACGGTGGTCGAAACCAAGGTTACCGGCCTCATCA-
CATCCTCATATACTCAGGAAGTCCTTGGAGTCGAGTGTATAACCAAGGATGT-
CAAGGACTGCTACTTCGGTCAACTCACCGTGGCCGCCGACGGTTATAACTC-
CGTTTTCCGCAAGGAACACCACCAGTATACACCCAAACGGCGCTCAAAGTTC-
CATGGCTTGGAGCTCATCGATGCTAAACTGCCCGCTCCCAACACTGGTCAT-
GTGCTTCTCAGCGATAATCCACCCGTACTTATGTACCAGATCGGCACCCAT-
GAAACCCGAATCCTTATCGATATCCCTGATAACCTGCCTGCGGCCTCGGTCAA-
GAACGGTGGTGTCAAGGGTTACATGCGAAACAACATCCTGCCCAAGCTCCCA-
GAGGGTGTCCAGCAGTCGTTCTCCGATGCCCTAGAGAAGGGCCAGCTACG-
GTCAATGCCGAACTCGTTCCTGCCTGCCTCGGCCAACAAGACACCCGGCTT-
GATGATTCTGGGCGATGCGCTTAACATGCGGCACCCTCTCACAGGTGGAGG-
CATGACTGTGGCGCTCAACGATGTTTGTGTCATCCGCGAATTGCTCAGCCCA-
GAGCGCGTGCCCAACCTCTCCAATACAGGCCTTGTTCTCGAGCAGCTCGCA-
GAGTTCCACTGGAAACGAAAGAACTCATCTTCGGTCATCAATATCCTCGCA-
CAGGCTCTCTATGCGCTCTTCGCTGCAGACAGTACGCACGCTCACTCTTCAG-
GTTAATTTGCAATAACTAACTGTTCATTCAACAGACTATTACCTCAAAGCTCT-
TCAGCGTGGCTGTTTCCGCTACTTCCAGATTGGACCAGTTGGCGGCCCTGTCG-
GGTTGTTAGCCGGTCTAATCAAGAAACCCCTCGTCCTTGTCAGCCACTTCT-
TCTCCGTTGCCTTCCTCGCCATCTGGGTCCACATATGCGATACCCCTCTGTC-
CAAGCTATTCCTAGCCCCATACTACGCCGTCATGATATTGTACACAGCCTCT-
GTCGTGATTTTGCCATACATCTGGACCGAGATCTGGTACTGA

N pZB0_20 CTAATAAGTGTCAGATAGCAATTTGCACAAGAAATCAATACCAG-
CAACTGTAAATAAGCGCTGAAGTGACCATGCCATGCTACGAAAGAG-
CAGAAAAAAACCTGCCGTAGAACCGAAGAGATATGACACGCTTCCATCTCT-
CAAAGGAAGAATCCCTTCAGGGTTGCGTTTCCAGTCTAGACACGTATAACGG-
CACAAGTGTCTCTCACCAAATGGGTTATATCTCAAATGTGATCTAAGGAT-
GGAAAGCCCAGAATATTGGCTGGGTTGATGGCTGCTTCGAGTGCAGTCT-
CATGCTGCCACAGGTGACTCTGGATGGCCCCATACCACTCAACCCATGGTAC-
GAGCGGTA

O pEV0_14
pgndA4

TCTTGCGTTACGGGCGTATTTTGCTGCGGCCGGTGGTGCCCCTC-
CATGCCCCGCCATCTTTCAAAGCTCCTGGCGACGCCGTCATCTCCGAACAT-
TCTCCCCCCAAAGGAATCAATTGGCAATTGGAGTCTAGTAAAGTGGTGTTTGT-
CATCAGTAAGGAGTTGGTGAAACTACAATCTTCCATCATGAAGAGAAGGGA-
TATTTTTGGGGTTGTATTTTACGATGAAGGTACTGGAAATGGTGGGGGTTTTTAT-
AGCAGTAGACAGTCAGTCAGTAAGTAGTATGCTTGTTGTATTACCCAAAC-
CAGATCAATCCAAAGAAAGCCTGACAGACAGCCATCAATAGATACTACTTCG-
TACTATAGTTACCCACCTAACCATATTACTCAAAAAGCATCTATCTATCCGCG-
GGCTTCCATGCATGTCCCGGTAGCAAACTCCTCCCACCGGTGTAGTACTCT-
TTGGTTAGTAGTCTTGTTCACCGGAGGACTCTGCTCCTCTCCTGCTCAG-
GTGCTGCCCCGCCCTCCGTCCCACCATGACGGAAGAGATGCTCCGTAAGC-
CGTCCAGTTGCAACGAATCCTGCTCTGACATCTTCGAACGCCTTCTCCCT-
TTCGCTCGCTTCTCTGCCTCTATTGCAAATTGAAATACTTTCGATTAGCAT-
ATAAACCTTCCTCCTTTTCTCCTATTGCAAATTGAAAATATTTCGATTAGCATAT-
TACATATATCCACCACCTCCCCCCTCTATTCTTCCACCTCTTCCATATCTCCT-
TCTCCAGAGTTCATACCCCCCAC
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P  pZB0_26 ATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCG-
CATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGG-
CGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGAC-
CAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTC-
CAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTA-
CAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACT-
TCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAG-
GACGGCTCCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTC-
CGACGGCCCCGTAATGCAGAAGAAAACTATGGGCTGGGAGGCCTCCAC-
CGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACAA-
GGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTC-
CATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTG-
GACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAG-
CAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGACTCACGGTATG-
GACGAATTGTACAAGTCGAAGCTGTAA

Q pYN0_9 GTGCTTCTAAGGTATGAGTCGCAAAATTGTTTTTTATTTTTGGTCTT-
GAGTCTAATATGCTCGCAGCTCTTGCGTTGTATATGGTCGTTGTCGCGTATTTTCT-
GTTGTATTAAAAGATCAAACGAGATCAAGGGATGGCTCGCGGGCTGTCTCTCG-
CACTAGGAGGAAGAATGCCTGAAAAAGGAACTTTGATTTTAGCTGTGGAAT-
AGAGATGGCTTGTTTGAGGACGCTTGTCGCTTGGCGCAGGGACTTGAATGG-
CAGCTTGTGGAAACCGAAGGCGAGAAAAGTCGACGGATACTGTACGTGGT-
TCTATTGCCAGTGCGGTGGAAGCTTCCTTCTCATATAGTTCAATCCTTCTTT-
GAATCTGTTTGTTTCATATTTGGACTGTTTCATTCTCTGCTTGCGCATTCTCATCT-
TCGAGAACGACTGCAGGGATTGTTGGTTCTGTGGAGCTGATGAGCGCGCCTT-
GACCACCCTTGTTCTTGTTTTGCTCTTTTGTTCTCATTTAACCCGTTTCTCCCTTC-
CAACCCTTTGACCTTGCAACATTGTCTCCCAGCGCGTTGCCAAAGCGAACTT-
GATATCAGTATAGTATGACCAAGTAGTCTACCAAAATAAATTTTAGTACAG-
TATTGCTAGTTATACAAGATAAATTTTGTACAACAATGATTATGCAGAGCTGGTAT-
TCTGTAAGGAGTAAATTCATGCAGGTACAGAGCGTCCACGTCAGGCACACG-
CGCTTTAGTGCTGGGTACACATTATGCTACCTTTGGGGCAAGGTGCTATTCTAG-
GTAGGGTATGCCTAGCAATGCCATGATCTTATGACCTCAGTAATCTGACCTTG-
GATTTAAGATCGGAGTTCTCAAACCCTGCG

R 3’flank TTTTCCCGATTCGTATAGGCCTAGGTAACGGAAGGAGTAGGAGG-
TAAAGAGGTCGAGTTCTTTTTCGAACGTGTCATCGCTCCGATATTCG-
GATAGCTAGCTAACGTCTATAGTGATAATAGGCCCTATTTTATCGTAGA-
TAATATAATTAGGATATAGTCGCGAAGGGGTATATATTATTATATAGCTCCT-
GTTTATTATCTAAAGTCGGTCGGAATAGTAGAAAGGTCGGTATAACTTAT-
TATATCTATCCTTCGGAAGAGTTGTTATAGAAATCCTAGCCGCTTAGTAAGA-
TAGAGCGACGTCCTATAGGAGTTAATGCCCGCTATAAACACGCGTCTAGTC-
CGGGTATATAGTTATACGCCTACCGAGTTACTCCTTAGGTTTAATCCGT-
TATCTAAATATTACGACCTTAGTATTATCCACCTCGCCTTAAAGGAGGACTAG-
GAGTCAAACGATCTAGCTCCTAGACACTTACTCTAACTATATAATATATATCGG-
GGAGAACGTAGGTAGGGGAGTATAGAGGCTATCTCCCTAACTAATACGCTAG-
TAGAAGAGAAGGAACGAGCTAAGTCTAACGCGCGGCGGGAATCCTTCCGA-
GAGGGAGAGCTAGTATTAGTGCGACACCTTCGACGCGAGAAGGTAAATAA-
GGATAAGATAACACCGAAATAGTTCGGACTAAGAAAAATCGTTAGGAT-
CAATCTAGGGTATATCACCGCTATAGTTAGTCGGTTATACGGAGAAAAAACGAG-
TAAATATCATCTTAATAACTTACGGCCGTACTTCCGACGAGAATC
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Table S7 Sequences of primers. F: forward, R: reverse.

Part ID Name Sequence (5’-3’)

1 5 flank F: TTGAAGACAAGGAGCTAGGCTAAGGTCCGTTATC

R: TTGAAGACAAAGCGAGGAACTAAGCTAACTCCTTCTATATCGG

2 pAN018 F: TTGAAGACAAGGAGGTGCTAAGAATGGGGAAGGCG

R: TTGAAGACAACATTTTGACGGTGTGTCTATGT

3 tcaRwt gene F: TTGAAGACAAAATGGTAAGAAGAATAGAAGATCAC

R: TTGAAGACAAAAGCTTAGACCTTCCGCTTCTTCTTTGGAAGT-
TTAGAAGT

4 pEV0_14 F: ACAGCGGAAGACAAGGAGTCTTGCGTTACGGGCGTATTTTG

R: ACAGCGGAAGACAACATTGTGGGGGGTATGAACTCTGGAGAA

/ PCR Level 0 
cassettes

F: AGTCAGTGAGCGAGGAAGC

R: AATAGGCGTATCACGAGGC

/ PCR Level 1 
cassettes

F: CACATTGCGGACGTTTTTAATGTACTG

R: CCGCCAATATATCCTGTCAAACACTG

Table S8 Overview of P. chrysogenum growth phases defined in this study for the TcaR control 
strain (Strain_46/DS82629, left side) and the ppcbC_TcaRan biosensor strain (Strain_55/
DS82631, right side) in the presence of 0mM or 100 mM penicillin G.

Control strain Biosensor strain

Phase [h] 0 mM PenicillinG 100 mM PenicillinG 0 mM PenicillinG 100 mM PenicillinG

I 0-9 0-9 0-8 0-9

II 9-14 9-13 8-14 9-13

III 14-20 13-18 14-18 13-18

IV 20-24 18-24 18-24 18-28

V 24-32 24-39 24-36 28-34

VI 32-42 39-52 36-47 34-44

VII 42-65 52-58 47-61 44-50
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Summary and Outlook

Since decades microorganisms are employed in industrial biotechnology 
for the large-scale production of diverse valuable compounds, ranging from 
vitamins to antibiotics and bioplastics1–3. Filamentous fungi play an important 
role in industrial biotechnology for the production of secondary metabolites - 
low-molecular-mass compounds that frequently display antibiotic, antifungal, 
or antitumor activity4. Recent developments in genome editing, such as 
CRISPR-Cas9 facilitated the engineering of so-called fungal cell factories for 
the sustainable production of secondary metabolites5. However, monitoring 
the production of secondary metabolites in high throughput remains a 
laborious and time-consuming process. In order to improve the analysis of 
fungal cell factories, we explored biosensors as novel tools for rapid screening 
of secondary metabolites. Biosensors are able to sense metabolites and 
couple detection to a visual signal, thereby facilitating the fast detection of 
the metabolite, ideally at a single-cell level. 
 In this thesis, we investigated the characterization, development, and 
application of biosensors for the detection of filamentous fungal secondary 
metabolites. The β-lactam antibiotic penicillin G was selected as model 
secondary metabolite for sensor development. Penicillin G was the first fungal 
secondary metabolite produced in industrial scale by the filamentous fungus 
Penicillium chrysogenum, thereby laying the foundation of microbial strain and 
process development6. In Chapter 1, we review how nucleic acids, proteins, 
and whole cells can be applied for the construction of biosensors to detect 
small molecules. We further propose different strategies to develop penicillin 
biosensors based on the presented examples. 
 In order to assess the potential of nucleic acids to monitor penicillin 
production of P. chrysogenum, we investigated DNA aptamers in Chapter 2. 
Aptamers are short, single-stranded nucleic acids that specifically fold 
around their target molecule and are frequently applied to develop intra- 
and extracellular metabolite sensors7. We first analyzed the target binding 
properties of published β-lactam aptamers and observed no binding of the 
aptamers to penicillin and the structurally similar ampicillin in our tested 
conditions. Consequently, we performed selection experiments to enrich 
for new aptamers that can bind penicillin in P. chrysogenum culture medium. 
The analysis of our selection experiments showed that we enriched nucleic 
acid sequences that also bind to the matrix material used for selection, which 
renders the sequences useless for sensor development. We further observed 
that aptamers, as well as chemically stabilized aptamers, are degraded when 
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incubated with P. chrysogenum cultures as the fungus produces specific 
enzymes for the hydrolysis of nucleic acids. Therefore, it could be concluded 
that the selection of aptamers to detect small molecules remains a challenging 
research field of its own and that further improvements of the biophysical 
properties of aptamers are needed before they can be applied as biosensors 
in fungal cultures. 
 Towards a protein-based penicillin biosensor, we characterized the 
interactions of the transcription factor TcaR with β-lactam antibiotics in 
Chapter 3. TcaR is a bacterial protein that regulates gene expression in 
response to different antibiotics8, which makes it an interesting candidate for 
the development of a metabolite biosensor, e.g. by regulating the expression 
of a fluorescent protein in an antibiotic-dependent manner. We analyzed 
the interaction between TcaR and different antibiotics and observed that the 
stability of TcaR is decreased in the presence of penicillin but not by other 
antibiotics, indicating a penicillin-specific binding. To generate different 
versions of TcaR that would allow the detection of a range of penicillin 
concentrations, we mutated several amino acids that are known to be involved 
in penicillin binding. We subsequently characterized the DNA- and penicillin-
binding properties of TcaR and mutant proteins using molecular interaction 
analysis and found that two mutant proteins have improved DNA or penicillin 
binding properties. The determined binding constants for TcaR-DNA and 
TcaR-DNA-penicillin interactions lay the basis for the development of TcaR-
based biosensors for the detection of penicillin. 
 Based on our data obtained during the characterization in Chapter 3, we 
investigated if TcaR can be used to detect penicillin in a cell-free system 
in Chapter 4. Cell-free systems enable the transcription and translation 
of DNA to proteins in an environment less complex than a whole cell and 
were previously combined with transcription factors to build assays for the 
detection of small molecules by eye9. We observed that TcaR prevents the 
expression of a fluorescent protein in a cell-free system, indicating that TcaR 
binding hinders DNA transcription by blocking the RNA polymerase. When 
adding penicillin to the system to reverse the TcaR-DNA binding and enable 
expression of the fluorescent protein, we found that penicillin significantly 
inhibits the translation reaction of the cell-free system. With this work, we 
have provided experimental proof that cell-free systems are suitable for the 
characterization of TcaR-DNA interactions in a cell-like environment but not for 
TcaR-based penicillin biosensing. 
 Finally, we used our findings from Chapter 3 and Chapter 4 to design a 
genetically encoded biosensor to detect penicillin inside the filamentous 
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fungus P. chrysogenum in Chapter 5. We identified that TcaR could be 
expressed at high concentrations inside P. chrysogenum when using a 
biosensor design with a strong promoter and an optimized TcaR gene sequence. 
By characterizing the strain containing the biosensor and a control strain in 
microbioreactor experiments, we found that TcaR reduced the expression of a 
fluorescent protein in the absence and allowed expression of the fluorescent 
protein in the presence of penicillin during certain growth phases. This is the 
first time that a bacterial transcription factor was successfully transplanted into 
the genome of a filamentous fungus to sense the production of a secondary 
metabolite.
 Taken together, this thesis demonstrates that the design and construction of 
metabolite biosensors for filamentous fungi is a highly complex and challenging 
endeavor and that further research on the molecular mechanisms of biosensors 
in vitro and in vivo is necessary to ultimately establish biosensors as robust tools 
for screening and engineering of fungal cell factories. We currently see three main 
challenges for fungal biosensor development, namely (1) the implementation 
of fast and efficient genome engineering methods for filamentous fungi, (2) the 
availability of well-characterized nucleic acid and protein based small molecule 
sensors and (3) technologies enabling the high-throughput screening of fungal 
cell factories. 
 As for point 1, we expect major breakthroughs in the coming years with novel 
CRISPR and CRISPRi methods coming of age. Furthermore, a clear trend can be 
seen towards an automated, robot-based engineering of strains. Considering that 
current fungal engineering protocols are highly laborious and time consuming, 
we anticipate significant progress by the combination of novel genome editing 
methods and automated engineering processes in the coming years. 
 Regarding the availability of aptamers and riboswitches for sensor 
development (point 2), notable advancements can be expected within the 
next decade, mainly due to automated selection processes as well as novel 
selection approaches favorable for small molecular targets. For protein-based 
sensors, improved bioinformatic models based on large omics datasets are 
likely to ease the identification of potential sensor proteins. Nevertheless, the 
genomic integration, evaluation and fine-tuning of heterologous nucleic acid 
and protein- based sensors in filamentous fungi will remain highly laborious. 
Sensors that are naturally present in the fungal host itself represent interesting 
alternatives to heterologous sensors, as they require substantially fewer 
engineering steps and have a higher probability to function. Hereby, we expect 
genome-scale models to play a major role in the prediction and identification 
of homologous sensors. Another promising approach to discover naturally 
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occurring sensors, is the combination of genomic selection methods with 
high-throughput sequencing techniques10.
 Concerning the field of high-throughput screening of fungal cell factories 
(point 3), significant advancements are scarce. The filamentous phenotype of 
fungi as well as difficulties in generating single spore isolates hamper the usage 
of conventional screening approaches such as flow cytometry. Alternative 
techniques based on single spores encapsulated in nanoliter reactors might 
offer new screening possibilities in the future. However, a range of issues such 
as fungal growth beyond the capsule11, would need to be addressed before 
this techniques become generally applicable. 
 Besides the challenges discussed above, biosensors offer new 
opportunities for fungal cell factory development given their tremendous 
diversity and modularity. Only recently a control device was developed for P. 
chrysogenum that allows tuned expression of secondary metabolite encoding 
gene clusters10. Hence, a simultaneous expression of the control device and 
a metabolite biosensor appears promising to activate silent gene clusters 
and monitor metabolite production in real time. In this way a workflow could 
be established for filamentous fungi that enables metabolic engineering 
and strain selection in a single step. Furthermore, biosensors could help 
identifying low-producing cell populations during bioprocesses leading to 
suboptimal yields. Here, a combination of metabolite biosensors and single 
cell genomics could provide new insights into the metabolic processes of cell 
populations and single cells leading to heterogeneity in bioprocesses and 
lead to new approaches to counteract this challenge. We anticipate this thesis 
to be the starting point for the development of biosensors for applications in 
filamentous fungi. 
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Samenvatting en vooruitzicht 

Al tientallen jaren worden micro-organismen gebruikt in de industriële 
biotechnologie voor grootschalige productie van diverse waardevolle 
componenten, variërend van vitamines tot antibiotica en bio-plastic1-3. 
Filamenteuze schimmels spelen een belangrijke rol in de industriële 
biotechnologie voor de productie van secundaire metabolieten – 
componenten met een lage moleculaire massa die vaak antibiotica-, 
antischimmel- of antitumor activiteit vertonen4. Recente ontwikkelingen in 
genoom-bewerkingstechnieken zoals CRISPR-Cas9, hebben het maken van 
zogenoemde schimmel-fabrieken, voor duurzame productie van secundaire 
metabolieten vergemakkelijkt5. Echter, het analyseren van de status van de 
productie van secundaire metabolieten in hoge aantallen en snelheden blijft 
een arbeidsintensief en tijdrovend proces. Om de analyse van schimmel-
fabrieken te verbeteren, hebben we onderzocht of biosensoren geschikt 
zijn als nieuw gereedschap voor het snel zoeken en vinden van secundaire 
metabolieten. Biosensoren zijn in staat om metabolieten waar te nemen 
en waarneming te koppelen aan een zichtbaar signaal, dit faciliteert snelle 
detectie van de metaboliet, idealiter op ééncellig niveau.
 In deze scriptie, hebben we de karakterisering, ontwikkeling en toepassing 
van biosensoren voor detectie van secundaire metabolieten van filamenteuze 
schimmels onderzocht. Het β-lactam antibioticum penicilline G is geselecteerd 
als model secundair metaboliet voor het ontwikkelen van een sensor. Penicilline 
G is de eerste secundaire metaboliet van een schimmel, geproduceerd op 
industriële schaal door de filamenteuze schimmel Penicillium chrysogenum, 
waardoor het fundament van microbiële stam en proces ontwikkeling 
gelegd werd6. In Hoofdstuk 1, bekijken we hoe nucleïnezuren, eiwitten en 
hele cellen toegepast kunnen worden voor het maken van biosensoren om 
kleine moleculen te detecteren. Verder, stellen we verschillende strategieën 
voor om penicilline biosensoren te ontwikkelen gebaseerd op de gegeven 
voorbeelden.
 Om het potentieel van nucleïnezuren, om toezicht te houden op de 
penicilline productie door P. chrysogenum, vast te stellen, onderzoeken we 
DNA aptameren in Hoofdstuk 2. Aptameren zijn korte enkelvoudige strengen 
van nucleïnezuren, die zich specifiek vouwen om hun doelwit molecuul en 
worden vaak toegepast om intra- en extra cellulaire metaboliet sensoren 
te ontwikkelen7. We hebben als eerste de bindingseigenschappen van 
gepubliceerde β-lactam aptameren geanalyseerd, maar geen binding van de 
aptameren aan penicilline, of aan, de qua structuur gelijkende component, 
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ampicilline  kunnen waarnemen in onze test condities. Zodoende hebben we 
selectie experimenten uitgevoerd om te verrijken voor nieuwe aptameren die 
penicilline kunnen binden in P. chrysogenum kweek medium. De resultaten van 
onze selectie experimenten liet zien dat we hadden verrijkt voor nucleïnezuren 
die ook binden aan het matrix materiaal gebruikt tijdens de selectie, deze 
sequenties zijn daardoor nutteloos voor sensor ontwikkeling. Verder 
hebben we geobserveerd dat aptameren en zelfs chemisch gestabiliseerde 
aptameren gedegradeerd worden tijdens incubatie met P. chrysogenum 
culturen, doordat de schimmel specifieke enzymen produceert voor de 
hydrolyse van nucleïnezuren. Hierdoor kon worden geconcludeerd dat de 
selectie van aptameren om kleine moleculen te detecteren een uitdagend 
onderzoeksgebied blijft en dat verdere verbeteringen van de biofysische 
eigenschappen van aptameren nodig zijn voordat zij gebruikt kunnen worden 
als biosensoren in schimmel culturen.
 Tijdens de ontwikkeling van een biosensor eiwit voor penicilline, hebben 
we de interacties tussen de transcriptie factor TcaR en β-lactam antibiotica 
gekarakteriseerd in Hoofdstuk 3. TcaR is een bacterieel eiwit dat gen 
expressie reguleert als reactie op verschillende antibiotica8, dit maakt 
TcaR een interessante kandidaat voor de ontwikkeling van een metaboliet 
biosensor, e.g. door het reguleren van de expressie van een fluorescerend 
eiwit op een antibioticum afhankelijke wijze. We hebben de interactie tussen 
TcaR en verschillende antibiotica geanalyseerd en observeerden dat de 
stabiliteit van TcaR is verlaagt in de aanwezigheid van penicilline maar niet 
in de aanwezigheid van andere antibiotica, indicatief voor een penicilline 
specifieke binding. Om verschillende TcaR varianten te genereren die 
mogelijk in staat zijn om een reeks verschillende penicilline concentraties te 
detecteren, hebben we verscheidene aminozuren, waarvan bekend is dat ze 
betrokken zijn bij de penicilline binding, gemuteerd. Vervolgens hebben we 
de DNA en penicilline bindingseigenschappen van TcaR en de gemuteerde 
eiwitten gekarakteriseerd, gebruikmakend van moleculaire interactie analyse 
en gevonden dat twee mutant eiwitten verbeterde DNA- of penicilline 
bindingseigenschappen hebben. De bepaalde bindingsconstanten voor TcaR-
DNA en TcaR-DNA-penicilline interacties leggen de basis voor ontwikkeling 
van TcaR gebaseerde biosensoren voor de detectie van penicilline.
 Gebaseerd op onze data verkregen tijdens de karakterisering in  
Hoofdstuk 3, hebben we onderzocht of TcaR gebruikt kan worden om 
penicilline te detecteren in een cel-vrij systeem in Hoofdstuk 4. Cel-vrije 
systemen zijn in staat om transcriptie en translatie van DNA naar eiwit te laten 
plaatsvinden in een omgeving die minder complex is dan een volledige cel. 
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Cel-vrije systemen zijn eerder gecombineerd met transcriptie factoren om 
analyse methodes te maken voor de visuele detectie van kleine moleculen met 
het blote oog9. We observeerden dat TcaR, expressie van een fluorescerend 
eiwit voorkwam in een cel-vrij systeem, dit wijst erop dat TcaR binding, DNA 
transcriptie belemmerd door het blokkeren van de RNA polymerase. Door 
het toevoegen van penicilline aan dit systeem, om de TcaR-DNA binding te 
verstoren en expressie van het fluorescente eiwit mogelijk te maken, vonden 
we dat penicilline een significante remming heeft op de translatie reactie van 
het cel-vrije systeem. Met dit werk hebben we experimenteel bewijs geleverd 
dat cel-vrije systemen geschikt zijn voor de karakterisering van TcaR-DNA 
interacties in een omgeving die lijkt op de cel, maar niet geschikt zijn voor 
detectie van penicilline met behulp van TcaR.
 Tenslotte hebben we met behulp van de bevindingen in Hoofdstuk 3 en 
Hoofdstuk 4, een genetisch gecodeerde biosensor ontworpen om penicilline 
te kunnen detecteren binnen de filamenteuze schimmel P. chrysogenum in 
Hoofdstuk 5. We identificeerden dat TcaR expressie tot hoge concentraties 
binnen P. chrysogenum kan leiden, wanneer een biosensor ontwerp met een 
sterke promotor en een geoptimaliseerde TcaR gen sequentie gebruikt wordt. 
Door het karakteriseren van de stam die de biosensor bevat en een controle 
stam in microbioreactor experimenten, vonden we dat TcaR de expressie 
van een fluorescerend eiwit reduceerde in de afwezigheid van penicilline 
en expressie van het fluorescerende eiwit toestond in de aanwezigheid 
van penicilline tijdens bepaalde groei fasen. Dit is de eerste keer dat een 
bacteriële transcriptie factor succesvol getransplanteerd is in het genoom van 
een filamenteuze schimmel om de productie van een secundaire metaboliet 
waar te nemen.
 Deze dissertatie toont aan dat het ontwerp en de constructie van metaboliet 
biosensoren voor filamenteuze schimmels een zeer complexe en uitdagende 
onderneming is en dat verder onderzoek naar de moleculaire mechanismen 
van biosensoren in vitro en in vivo noodzakelijk is om uiteindelijk biosensoren 
te verkrijgen als robuuste instrumenten voor het onderzoeken en bouwen van 
schimmel-fabrieken. We zien momenteel drie belangrijke uitdagingen voor de 
ontwikkeling van de biosensor voor schimmels, namelijk (1) de implementatie 
van snelle en efficiënte genoom-bewerkingstechnieken voor filamenteuze 
schimmels, (2) de beschikbaarheid van goed gekarakteriseerde nucleïnezuur- 
en eiwit gebaseerde kleine molecuul-sensoren en (3) technologieën die snelle 
selectie van grote aantallen schimmel-fabrieken mogelijk maken. 
 Wat punt 1 betreft, verwachten we de komende jaren grote doorbraken met 
nieuwe CRISPR- en CRISPRi-methoden. Bovendien is er een duidelijke trend te 
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zien naar een geautomatiseerde, op robots gebaseerde manier van stammen 
bewerken. Gezien het feit dat de huidige protocollen voor het bewerken van 
schimmels zeer bewerkelijk en tijdrovend zijn, verwachten we de komende 
jaren aanzienlijke vooruitgang te boeken door de combinatie van nieuwe 
genoom-bewerkingstechnieken en geautomatiseerde bewerkingsprocessen. 
 Wat betreft de beschikbaarheid van aptameren en riboswitches voor de 
ontwikkeling van sensoren (punt 2), kan er binnen het komende decennium 
opmerkelijke voortgang worden verwacht, voornamelijk als gevolg van 
geautomatiseerde selectie processen en nieuwe selectie methodes die 
gunstig zijn voor kleine moleculen. Voor sensoren op basis van eiwitten zullen 
verbeterde bio-informaticamodellen op basis van grote omics-datasets de 
identificatie van potentiële sensoreiwitten waarschijnlijk vergemakkelijken. 
Toch zal de genomische integratie, evaluatie en nauwkeurige afstemming 
van heterologe nucleïnezuur- en eiwit-gebaseerde sensoren in filamenteuze 
schimmels zeer moeizaam blijven. Sensoren die van nature aanwezig zijn in de 
schimmelgastheer, zijn interessante alternatieven voor heterologe sensoren, 
omdat ze aanzienlijk minder aanpassingen vereisen en een grotere kans 
hebben om te functioneren. We verwachten dat genoomschaalmodellen 
een grote rol zullen spelen bij de voorspelling en identificatie van homologe 
sensoren. Een andere veelbelovende methode om natuurlijk voorkomende 
sensoren te ontdekken, is de combinatie van genomische selectiemethoden 
met high-throughput sequencing technieken10.
 Op het gebied van het onderzoeken van schimmel-fabrieken in hoge 
aantallen en doorvoer (punt 3) is er nog maar weinig vooruitgang geboekt. 
Het filamenteuze fenotype van schimmels en de moeilijkheden bij het 
genereren van eencellige geïsoleerde sporen belemmeren het gebruik van 
conventionele onderzoeksmethoden zoals flowcytometrie. Alternatieve 
technieken gebaseerd op eencellige sporen ingekapseld in nanoliter 
reactoren kunnen in de toekomst nieuwe onderzoeksmogelijkheden bieden. 
Een aantal problemen, zoals schimmelgroei buiten de capsule12 , zou echter 
moeten worden aangepakt voordat deze technieken algemeen toepasbaar 
worden. 
 Naast de hierboven besproken uitdagingen bieden biosensoren, gezien 
hun enorme diversiteit en modulariteit, nieuwe mogelijkheden voor de 
ontwikkeling van schimmel-fabrieken. Pas recentelijk werd een controle 
instrument voor P. chrysogenum ontwikkeld dat een afgestemde expressie van 
secundaire metaboliet coderende genenclusters mogelijk maakt10. Daarom 
lijkt gelijktijdige expressie van zo’n controle instrument en een metaboliet 
biosensor veelbelovend om stille genenclusters te activeren en de metaboliet 
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productie in real time te monitoren. Op deze manier zou een workflow 
voor filamenteuze schimmels tot stand kunnen komen die het metabool 
aanpassen en selecteren van stammen in één enkele stap mogelijk maakt. 
Bovendien zouden biosensoren kunnen helpen bij het identificeren van laag-
producerende cel populaties tijdens bioprocessen die leiden tot suboptimale 
opbrengsten. Hier zou een combinatie van metaboliet biosensoren en genoom 
technieken per cel, nieuwe inzichten kunnen verschaffen in de metabole 
processen van cel populaties en losse cellen, die leiden tot heterogeniteit in 
bioprocessen en kunnen leiden tot nieuwe benaderingen om deze uitdaging 
tegen te gaan. We verwachten dat dit proefschrift het uitgangspunt zal zijn 
voor de ontwikkeling van biosensoren voor toepassingen in filamenteuze 
schimmels. 
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Zusammenfassung und Ausblick

Seit Jahrzehnten werden Mikroorganismen in der industriellen Biotechnologie 
für die großtechnische Herstellung verschiedener wertvoller Verbindungen, 
von Vitaminen über Antibiotika bis hin zu Biokunststoffen, eingesetzt1-3. 
Filamentöse Pilze spielen in der industriellen Biotechnologie eine wichtige Rolle 
bei der Herstellung von Sekundärmetaboliten - Verbindungen mit geringer 
Molekularmasse, die häufig antibiotische, antimykotische oder antitumorale 
Aktivität aufweisen4. Jüngste Entwicklungen in der Genombearbeitung, 
wie z.B. CRISPR-Cas9, haben die Konstruktion so genannter Pilzzellfabriken 
für die nachhaltige Produktion von Sekundärmetaboliten erleichtert5. Die 
Überwachung der Produktion von Sekundärmetaboliten im Hochdurchsatz 
bleibt jedoch ein mühsamer und zeitaufwändiger Prozess. Um die Analyse 
von Pilzzellfabriken zu verbessern, untersuchten wir Biosensoren als neuartige 
Werkzeuge für ein schnelles Screening von Sekundärmetaboliten. Biosensoren 
sind in der Lage, Metaboliten zu detektieren und deren Erkennung an ein 
visuelles Signal zu koppeln, wodurch ein schneller Nachweis des Metaboliten, 
idealerweise auf Einzelzellebene, ermöglicht wird. 
 In dieser Arbeit untersuchten wir die Charakterisierung, Entwicklung und 
Anwendung von Biosensoren für die Detektion von Pilz-Sekundärmetaboliten. 
Das β-Lactamantibiotikum Penicillin G wurde als Modell-Sekundärmetabolit 
für die Sensorentwicklung ausgewählt. Penicillin G war der erste Pilz-
Sekundärmetabolit, der im industriellen Maßstab vom filamentösen Pilz 
Penicillium chrysogenum produziert wurde, wodurch eine wichtige Grundlage 
für die mikrobielle Stamm- und Prozessentwicklung gelegt wurde6. In  
Kapitel 1 geben wir einen Überblick darüber, wie Nukleinsäuren, Proteine 
und ganze Zellen für den Bau von Biosensoren zum Nachweis kleiner Moleküle 
eingesetzt werden können. Ferner schlagen wir verschiedene Strategien zur 
Entwicklung von Penicillin-Biosensoren auf der Grundlage der vorgestellten 
Beispiele vor. 
 Um das Potenzial von Nukleinsäuren zur Detektion der Penicillinproduktion 
von P. chrysogenum zu bewerten, haben wir in Kapitel 2 DNA-Aptamere 
untersucht. Aptamere sind kurze, einzelsträngige Nukleinsäuren, die sich 
spezifisch um ihr Zielmolekül falten und häufig zur Entwicklung intra- und 
extrazellulärer Metabolitensensoren eingesetzt werden7. Hierbei analysierten 
wir zunächst die Bindungseigenschaften veröffentlichter β-Lactam-Aptamere, 
wobei wir  unter den getesteten Bedingungen keine Bindung der Aptamere an 
Penicillin und dem strukturell ähnliche Ampicillin feststellen konnten. Daraufhin 
führten wir Selektionsexperimente durch, um neue Aptamere anzureichern, 
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die Penicillin in P. chrysogenum-Kulturmedium binden können. Die Analyse 
unserer Selektionsexperimente zeigte, dass Nukleinsäuresequenzen 
angereichert wurde, die auch an das zur Selektion verwendete Matrixmaterial 
binden, was die Sequenzen für die Sensorentwicklung unbrauchbar macht. 
Wir beobachteten ferner, dass Aptamere, wie auch chemisch stabilisierte 
Aptamere, bei der Inkubation mit P. chrysogenum-Kulturüberstand abgebaut 
werden, da der Pilz spezifische Enzyme für die Hydrolyse von Nukleinsäuren 
produziert. Schlussfolgernd bleibt zu sagen, dass die Selektion und Anwendung 
von Aptameren zum Nachweis kleiner Moleküle ein eigenes, anspruchsvolles 
Forschungsgebiet ist und dass weitere Verbesserungen der biophysikalischen 
Eigenschaften von Aptameren erforderlich sind, bevor sie als Biosensoren in 
Pilzkulturen eingesetzt werden können. 
 Zur Entwicklung eines proteinbasierten Penicillin-Biosensors haben wir in 
Kapitel 3 die Wechselwirkungen des Transkriptionsfaktors TcaR mit β-Lactam-
Antibiotika charakterisiert. TcaR ist ein bakterielles Protein, das die Expression 
spezifischer Gene in Abhängigkeit verschiedener Antibiotika reguliert8. Dies 
macht TcaR zu einem interessanten Kandidaten für die Entwicklung eines 
Antibiotika-Biosensors, da man z.B. ein fluoreszierendens Protein Antibiotika-
abhängig exprimieren könnte. Aus diesem Grund analysierten wir die 
Interaktion zwischen TcaR und verschiedenen Antibiotika. Hier beobachteten 
wir, dass die Stabilität von TcaR durch Penicillin, jedoch nicht durch andere 
Antibiotika, vermindert wird, was auf eine Penicillin-spezifische Bindung von 
TcaR hinweist. Um unterschiedliche TcaR-Varianten zu erzeugen, und den 
Nachweis verschiedener Penicillin-Konzentrationen zu ermöglichen, mutierten 
wir mehrere TcaR Aminosäuren, von denen bekannt ist, dass sie an der 
Penicillin-Bindung beteiligt sind. Anschließend charakterisierten wir die DNA- 
und Penicillin-Bindungseigenschaften von TcaR und mutierten TcaR-Proteinen 
mit Hilfe molekularer Interaktionsanalysen und fanden heraus, dass zwei 
mutierte Proteine verbesserte DNA- oder Penicillin-Bindungseigenschaften 
haben. Die ermittelten Bindungskonstanten für TcaR-DNA- und TcaR-DNA-
Penicillin-Wechselwirkungen bilden die Grundlage für die Entwicklung von 
TcaR-basierten Biosensoren zum Nachweis von Penicillin. 
 Basierend auf unseren Daten, die wir bei der TcaR-Charakterisierung 
in Kapitel 3 gewonnen haben, wurde in Kapitel 4 untersucht, ob TcaR zum 
Nachweis von Penicillin in einem zellfreien System verwendet werden kann. 
Zellfreie Systeme ermöglichen die Transkription und Translation von DNA in 
Proteine in einer Umgebung, die weniger komplex ist als in einer ganzen Zelle. 
Sie wurden bereits erfolgreich angewendet um Assays zu entwickeln, die eine 
Transkriptionsfaktor-basierte Detektion kleiner Moleküle mit dem bloßen 
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Auge ermöglichen9. Hierbei beobachteten wir, dass TcaR die Expression 
eines fluoreszierenden Proteins im zellfreien System verhindert, was darauf 
hinweist, dass TcaR durch Bindung an die DNA eine DNA-Transkription  durch 
die RNA-Polymerase blockiert. Um die TcaR-DNA-Blockade aufzulösen und 
die Expression des fluoreszierenden Proteins zu ermöglichen, wurde dem 
zellfreien System Penicillin zugefügt. Hierbei fanden wir heraus, dass hohe 
Penicillinkonzentrationen die Translationsreaktion des zellfreien Systems 
signifikant hemmen. Durch unsere Experimente konnten wir nachweisen, 
dass zellfreie Systeme für die Charakterisierung von TcaR-DNA-Interaktionen 
geeignet sind, jedoch nicht für eine TcaR-basierte Detektion von hohen 
Penicillinkonzentrationen. 
 Abschließend nutzten wir unsere Erkenntnisse aus Kapitel 3 und Kapitel 4, um 
in Kapitel 5 einen TcaR-Biosensor zur intrazellulären Detektion von Penicillin 
in P. chrysogenum zu entwickeln. Mit Hilfe eines starken Promotors und einer 
optimierten TcaR-Gensequenz konnte ein neuer Pilzstamm entwickelt werden, 
in dem TcaR in hohen Konzentrationen exprimiert wird. Durch Mikrobioreaktor-
Experimente konnten wir zeigen, dass die Detektion von Penicillin mittels 
eines fluoreszierenden Proteins im Biosensor-Stamm während bestimmten 
Wachstumsphasen des Pilzes möglich ist. Genauer gesagt konnte gezeigt 
werden, dass in Abwesenheit von Penicillin keine und in Anwesenheit von 
Penicillin eine verstärkte Expression des fluoreszierenden Proteins stattfindet. 
Zum ersten Mal konnte hier ein bakterieller Transkriptionsfaktor erfolgreich in 
das Genom eines filamentösen Pilzes transplantiert werden um die Produktion 
eines Sekundärmetaboliten zu erfassen.
 Zusammenfassend zeigt diese Arbeit, dass das Design und die Konstruktion 
von Metabolit-Biosensoren für filamentöse Pilze hochkomplexe und 
anspruchsvolle Unterfangen darstellen und dass weitere Forschung über die 
molekularen Mechanismen von Biosensoren in vitro und in vivo notwendig ist 
um Biosensoren letztendlich als robuste Werkzeuge für das Screening und 
Engineering von Pilzzellfabriken etablieren zu können. Wir sehen derzeit drei 
wesentliche Herausforderungen für die Entwicklung von Pilzbiosensoren, 
nämlich (1) die Implementierung schneller und effizienter Methoden 
des Genom-Engineering für filamentöse Pilze, (2) die Verfügbarkeit gut 
charakterisierter nukleinsäure- und proteinbasierter Kleinmolekülsensoren 
und (3) einen Mangel an Technologien, die das Hochdurchsatz-Screening von 
Pilzzellfabriken ermöglichen. 
 Was Punkt 1 betrifft, so erwarten wir in den kommenden Jahren große 
Fortschritte durch die Weiterentwicklung neuartiger CRISPR- und CRISPRi-
Methoden. Darüber hinaus ist ein klarer Trend zu einem automatisierten, 
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roboterbasierten Engineering von Stämmen zu erkennen. In Anbetracht der 
Tatsache, dass derzeitige Gentechnik-Protokolle für Pilze sehr mühsam und 
zeitaufwendig sind, rechnen wir in naher Zukuft mit erheblichen Verbesserungen 
durch die Kombination neuartiger Genom-Editierungsmethoden und 
automatisierter Prozesstechnik.
 Was die Verfügbarkeit von Aptameren und Riboswitches für die 
Sensorentwicklung angeht (Punkt 2), so sind innerhalb des nächsten 
Jahrzehnts aufgrund automatisierter Selektionsprozesse sowie neuartiger 
Selektionsansätze für kleine Moleküle bemerkenswerte Fortschritte zu 
erwarten. Für proteinbasierte Sensoren dürften verbesserte bioinformatische 
Modelle auf der Grundlage großer Omics-Datensätze die Identifizierung 
potenzieller Sensorproteine erleichtern. Dennoch wird die genomische 
Integration, Auswertung und Feinabstimmung heterologer Nukleinsäure- 
und proteinbasierter Sensoren in filamentösen Pilzen weiterhin sehr 
aufwendig bleiben. Sensoren, die von Natur aus im Pilz vorhanden sind, 
stellen eine interessante Alternative zu heterologen Sensoren dar, da sie 
mit wesentlich weniger Aufwand implementiert werden können und eine 
höhere Wahrscheinlichkeit haben, zu funktionieren. Hierbei erwarten wir, 
dass Modelle auf der Genomebene eine wichtige Rolle bei der Vorhersage 
und Identifizierung homologer Sensoren spielen werden. Ein weiterer 
vielversprechender Ansatz zur Entdeckung natürlich vorkommender Sensoren 
ist die Kombination von genomischen Selektionsmethoden mit Hochdurchsatz-
Sequenzierungstechniken10.
 Im Bereich des Hochdurchsatz-Screenings von Pilzzellfabriken (Punkt 
3) gibt es kaum nennenswerte Fortschritte. Der filamentöse Phänotyp von 
Pilzen sowie Schwierigkeiten bei der Erzeugung einzelner Sporenisolate 
erschweren die Anwendung konventioneller Screening-Ansätze wie der 
Durchflusszytometrie. Alternative Techniken, die auf einzelnen Sporen 
basieren, welche in Nanoliterreaktoren eingekapselt sind, könnten in Zukunft 
neue Screeningmöglichkeiten bieten. Eine Reihe von Hindernissen, wie z.B. 
das Pilzwachstum über die Kapselgrenzen hinaus11, müssten jedoch noch 
überwunden werden, bevor diese Techniken allgemeine Anwendung finden 
können. 
 Trotz der oben diskutierten Herausforderungen, bieten Biosensoren 
aufgrund ihrer enormen Vielfalt und Modularität neue Möglichkeiten 
für die Entwicklung von Pilzzellfabriken. Erst kürzlich wurde ein neuer 
Kontrollmechanismus für P. chrysogenum entwickelt, der die regulierte 
Expression von Genclustern ermöglicht, die für Sekundärmetabolite 
kodieren10.  Eine simultane Nutzung dieses Kontrollmechanismus und eines 
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Metabolit-Biosensors scheint daher vielversprechend um inaktive Gencluster 
zu aktivieren und Metabolitproduktion in Echtzeit zu überwachen. Auf diese 
Weise könnte ein Arbeitsablauf für filamentöse Pilze etabliert werden, der 
das Metabolic Engineering und die Stammselektion in einem einzigen 
Schritt ermöglicht. Darüber hinaus könnten Biosensoren helfen, niedrig 
produzierende Zellpopulationen während Bioprozessen zu identifizieren, die 
zu suboptimalen Produktausbeuten führen. Hierbei könnte eine Kombination 
von Metabolit-Biosensoren und Einzelzellgenomik neue Erkenntnisse über 
die Stoffwechselprozesse von Zellpopulationen und Einzelzellen liefern, 
die folglich zu neuen Ansätzen zur Verringerung von Zellheterogenität in 
Bioprozessen führen. Diese Dissertation stellt einen wichtigen Ausgangspunkt 
für Entwicklung von Biosensoren für Anwendungen in filamentösen Pilzen dar. 
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