
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

New genetically-encoded biosensors for yeast cell factory optimization

Ambri, Francesca

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Ambri, F. (2019). New genetically-encoded biosensors for yeast cell factory optimization. Technical University of
Denmark.

https://orbit.dtu.dk/en/publications/30a83bcb-30c1-40fa-911c-30cf4e75fcfb


 
  

NEW GENETICALLY-ENCODED 
BIOSENSORS FOR YEAST CELL 

FACTORY OPTIMIZATION 
PH.D. THESIS 

FRANCESCA AMBRI 
      
       



 1  

 

 

New Genetically-Encoded Biosensors for Yeast Cell Factory Optimization 

Ph.D. Thesis 

Francesca Ambri 

 

 

The Novo Nordisk Foundation Center for Biosustainability 

Technical University of Denmark 

  



 2  

 

 

 

 

 

 

New Genetically-Encoded Biosensors for Yeast Cell Factory Optimization 

Ph.D.Thesis 2019 © Francesca Ambri 

The Novo Nordisk Foundation Center for Biosustainability 

Technical University of Denmark 

Cover Design: http://clipart-library.com/clipart/264107.htm 

 

  



 3  

Preface 
This thesis serves as partial fulfillment of the requirement to obtain the Ph.D. degree at the 

Center for Biosustainability Ph.D. school of Technical University of Denmark (DTU). This thesis 

includes research carried out at the Novo Nordisk Center for Biosustainability, and partly at the 

Keasling Lab at the Joint BioEnergy Institute, University of California, Berkeley (USA) between 

2015 and 2019 under the supervision of Senior Researcher Michael Krogh Jensen, DTU.  

This work presented here has the aim of developing conceptual designs to implement 

prokaryote biosensor systems into Saccharomyces cerevisiae for screening and optimization of 

yeast cell factories.  

The work presented here was funded by the Novo Nordisk Foundation. 

 

Francesca Ambri 

September 2019 
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Abstract 
The baker’s yeast Saccharomyces cerevisiae was the first eukaryotic organism to have its 

genome completely sequenced. Its extensive characterization as a model organism naturally led to 

its adoption as industrial workhorse in cell factories for the biosustainable production of value-

added compounds. The development of cell factories is notoriously laborious and predominantly 

dependent on costly and time-consuming screening techniques for the identification of improved 

yeast strains. The establishment of biosensor systems as high-throughput screening tool is 

auspicious to advance cell factories optimization.  

This thesis embodies some of the research I have partaken during my Ph.D. towards both the 

optimization of biosensors’ response curve, and the characterization of universal patterns for a rapid 

implementation of novel prokaryote biosensor systems in yeast.  

The biosensors discussed in this thesis are prokaryotic mono-component regulatory systems in 

which an allosteric transcription factor (aTF), by binding the ligand (input) through its effector 

binding domain (EBD), triggers either its release or binding of specific DNA sequences (operators) 

to perturb transcription of a target gene (output). The more detailed presentation of the system 

components and mechanism is included in the first work presented in this thesis, and, using BenM 

as example, serves as an introductory guide to the experimental design for biosensor systems 

implementation in yeast. 

The work presented in the second chapter of this thesis, aiming at investigating the 

repercussions that different operator placements along the sequence of a defined promoter have on 

gene transcription, resulted in the identification of potential common designs and in the 

implementation of 2 novel biosensors. The VanR repressor displayed an increased reporter 

gene  expression of 9-fold, and the activator PcaQ displayed a remarkable 20-fold increase.  
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The study presented in the third chapter of this thesis successfully focused on using FACS-

based toggle selection to enrich a BenM EBD mutated population for the isolation of biosensor 

variants with user-defined response curves and specificity.  

Combined, these results led to conceptualize powerful future applications for the use of biosensor 

systems established in this thesis in assisting in vivo evolution strategies, also described in this 

thesis.  
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Resumé (Danish abstract) 

Bagegær, Saccharomyces cerevisiae, var den første eukaryote organisme til at få hele sit 

genom sekventeret. Den omfattende karakterisering og udstrakte brug af bagegær som 

modelorganisme i grundvidenskabelig forskning har gjort gæren til en naturlig arbejdshest for 

industrielle cellefabrikker til bæredygtig og biobaseret produktion af værdifulde kemikalier. 

Udviklingen af cellefabrikker er en notorisk arbejdskrævende proces, som kræver brug af dyre og 

tidskrævende screeningsmetoder til identifikation af forbedrede gærstammer. En lovende ny 

metode er at anvende biosensorsystemer som effektive screeningsværktøjer til at identificere 

optimerede cellefabrikker. 

Denne afhandling redegør for en del af den forskning, som jeg har udført i løbet af min 

Ph.D., med det formål at optimere reaktionskurver for biosensorer samt at karakterisere 

universelle veje til implementering af nye prokaryote biosensorsystemer i gær. 

Biosensorerne som diskuteres i denne afhandling, er prokaryote monokomponente 

reguleringssystemer, hvor en allosterisk transskriptionsfaktor (aTF) binder en ligand (input) 

gennem dets effektor-bindingsdomæne (EBD). Dette udløser enten aTF frigivelse fra eller binding 

til specifikke DNA-sekvenser (operatorer), hvorved transskriptionen af et bestemt gen (output) 

enten fremmes eller undertrykkes. En detaljeret præsentation af systemkomponenterne og 

mekanismen gives i afhandlingens første kapitel. Her præsenteres BenM som et eksempel, og 

denne del fungerer som en introduktionsvejledning til det eksperimentelle design, som ligger bag 

implementeringen af biosensorsystemer i gær. 

Arbejdet, som præsenteres i andet kapitel, sigter mod at undersøge, hvilken virkning 

forskellige operator-placeringer langs sekvensen af en defineret promotor har på gentranskription. 

Dette resulterede i identifikationen af potentielle generelle designs og i implementeringen af to 
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nye biosensorer.  Repressoren VanR viste et forøget reportergen ekspressionsniveau på 9-fold, og 

aktivatoren PcaQ viste et bemærkelsesværdigt højt ekspressionsniveau på 20-fold. 

Undersøgelsen præsenteret i tredje kapitel fokuserer på at isolere forbedrede 

biosensormutanter ved at udvikle en procedure for FACS-baseret udvælgelse af populationer af 

biosensorer med brugerdefinerede responskurver ud fra et bibliotek af BenM med muteret EBD. 

Tilsammen viser disse resultater nye virkefulde anvendelsesmuligheder for biosensorsystemer 

som værktøj til forbedring af cellefabrikker i in vivo evolutionsbaserede optimeringsstrategier. 
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Introduction 

 
Yeast cell factories 
  

Since its first isolation in the 19th century, Saccharomyces cerevisiae (S. cerevisiae) has 

undoubtedly become the most intensively used eukaryotic model organism in cell biology 1,2. Today, 

yeast has moved beyond its traditional applications for baking and brewing toward establishing itself 

as the ideal biosustainable and commercial platform for producing fuels, chemicals, and 

pharmaceuticals 1, 2. 

For both regulatory (e.g. GRAS organism) and scientific reasons (e.g. established fermentation 

processes), the commonly chosen strategy to produce valuable compounds is to transfer the metabolic 

pathway responsible for the molecule biosynthesis from its native organism into an industrially 

preferred host, such as yeast 2. 

One of the general impediments encountered when attempting to engineer yeast for 

heterologous production of value-added molecules is that only very rarely do such products offer easy 

visible phenotypes that can be correlated with the productivity of the cell.  As such, screening and 

selection of optimal cell designs within a population of engineered variants, through conventional 

analytical methods like mass spectrometry and chromatographic techniques, can become a time 

consuming and costly procedure, and is likely to ultimately hamper the identification of cell designs 

with optimal titers, rates and yields. To even the efficiency of genome diversification (i.e. parts 

assembly, CRISPR/Cas9 etc.)3-5, metabolic engineers are in need of sensitive, specific, and preferably 

orthogonal biosensors that can couple input (production) with a high-throughput screenable output 

(i.e. GFP, antibiotic resistance)1.  
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Transcription factors 
  

Allosterically regulated transcription factors (aTFs) are generally found in nature as one-

component regulatory system capable of reacting to environmental stimuli by binding a specific target 

(ligand) through an effector-binding domain (EBD), which consequently triggers conformational 

changes in the aTF DNA-binding domain (DBD) altering at DNA level the affinity between the aTF 

and its binding site (operator), to eventually promote or repress transcription by modulating RNA 

polymerase-promoter association  (Fig 1A)6,7. aTFs are de-facto natural detecting tools and their 

engineering for sensing chemicals abundance holds the key to resolving bottlenecks in cell factories 

production 7,8. 

Transcriptional regulation based on one-component systems is predominantly found in 

prokaryotes 9-11, and naturally main efforts have primarily focused on transferring aTFs into bacterial 

hosts. Transcriptional biosensors have already been engineered and successfully employed for 

biosynthetic optimization of bacterial cell factories. For instance, in Escherichia coli (E. coli), AraC 

has been used for the high-throughput screening of gene expression patterns that resulted in a 27% 

increase in salicylate production 12. Also, in E. coli, the flavonoid biosensor TtgR have been used to 

enrich an evolved mutant library for strains with 36-fold increased naringenin production 13.  

Despite an increasing knowledge on aTFs, the higher complexity of eukaryotic transcription 

machinery makes prokaryotic transcriptional regulators not directly transferable into higher 

organisms 14, but nevertheless, the remarkable potential role of biosensors for yeast cell factory 

development has caught the interest of the scientific community and more and more studies have 

been published on the use of biosensors to ease and increase the screening capacity for metabolic 

engineering purposes. 

In the following sections I introduce both rational and evolutionary studies I have partaken in 

for the optimal implementation of prokaryotic aTFs as biosensors in S. cerevisiae. 
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 “How-to”: prokaryote regulators in yeast 
 

Chapter 1 presents a detailed “how-to” beginner’s guide to biosensor implementation as a 

eukaryotic transcription unit, using the prokaryotic transcriptional activator BenM, sensing cis,cis-

muconic acid (CCM), as an example 15. Firstly, a thorough identification of the candidate system and 

of its basic characteristics is presented, namely: 1) components of transcription units (transcription 

factor, transcription factor binding site, possible cofactors) (Fig. 1A); 2) mode of action classifying 

aTFs as either a repressor or an activator (Illustrated in Chapter 1); 3) ligand chemical property and 

availability. Secondly, designing an optimal experimental set up based upon the information obtained, 

more specifically, genetic reagents (genes and oligonucleotides), mode of expression in yeast (i.e. 

genome integration or plasmid 16, optimal cultivation conditions depending on de novo production or 

feeding of the ligand in the media, and ultimately means of screening and analysis (e.g. . fluorescence 

by flow cytometry or antibiotic resistance)7. Even though it is relatively simple to obtain the 

information needed to express these non-native systems, in the majority of cases the biosensor output 

needs further engineering to functionally fit application needs.  

 

Transcription factor and operator expression optimization  
 

In virtue of transcription regulation carried out in the nucleus in eukaryotes, a common 

strategy to improve aTFs expression is to fuse it to sequences that facilitate nuclear import (NLS). 

Furthermore, to facilitate the accessibility to the yeast transcription machinery, a domain that enhance 

transcription activation or repression is often added to the aTFs 17-19.  

Most importantly, promoter choice is a crucial step for a valid implementation of both the 

transcription factor and the operator sequence in a non-native host 8.  
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aTF expression levels have to be carefully tuned for the reason that aTF-operator ratio has 

been shown to affect biosensor output 17,20. For instance, the implementation in S. cerevisiae of the 

bacterial fatty acid-responsive aTF FadR, has shown a remarkable difference in transcriptional 

repression by changing aTF promoter strength, with the strong promoter TEF1 resulting in a 50% 

repression, and the weak promoter CYC1 negligibly affecting expression levels 20.  

Concerning the operator sequence, the common strategy is to utilize engineered yeast native 

promoters in which control elements have been removed to abate endogenous regulation 15,18,21. 

As might be expected, adding genetic elements, such as operator sequences, to constitutive or 

synthetic promoters can directly affect multifarious promoter characteristics, such as basal expression 

and gene expression noise 22. To that end, it is worth mentioning the work of Murphy and colleagues 

in which combinations of single, double, and triple copies of the TetR operator have been inserted in 

the area between the TATA box and TSS of the GAL1 promoter 23. The analysis of the reporter gene 

outputs displays a significant trend of increased basal expression level by moving the operator 

sequence(s) further downstream of the TATA box, ultimately increasing the leakiness of the system 

23. Often is the case that the insertion of the operator sequence is based upon the repressors mode of 

action that mostly rely on the physical hindrance of the RNA polymerase machinery, suggesting that 

simply by placing the operator adjacent to TATA or TATA-like elements can produce the desired 

conditional expression output (transcription repression)18,19. Additionally, to tune the level of 

repression, rather than characterizing the optimal operator conditions, multiple copies of the sequence 

are inserted randomly in the promoter until the desired output is synergistically or gradually achieved 

18,19. Following the same approaches, in Skjoedt et al15 we observe for the first time a functional 

transplant of a LysR Type Transcriptional Regulator (LTTR) activator in yeast, BenM. While the 

promoter in charge of the TF expression level is only investigated in function of the basal expression 

of the biosensor system in the absence of the ligand, once again the operator positioning is assessed 
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by randomly assessing diverse placement upstream of the main TATA box of the engineered 209bp-

CYC1 core promoter 15. While the improvement of TF expression follows standardized conceptual 

designs (i.e. domain fusion, promoter strength, native promoter engineering)15,17-19, only individual 

approaches have been undertaken for the operator arrangement 17-19,23. 

Aiming at finding common conceptual designs for the operator positioning, the research 

presented in Chapter 2 expands on the hypothesis that different operator positions along a promoter’s 

sequence can dramatically affect the biosensor output, hence being instrumental to fine-tune gene 

expression and improve screening capacity.  

 

Engineering the transcription factor 
 

The value of a biosensor implementation entirely depends upon the specificity toward the 

desired ligand (Fig. 1B) and an adequate correlation between ligand input concentration and reporter 

output strength (response curve) (Fig. 1C). The response curve is characterized based upon three 

distinctive parameters: 1) ligand concentration at which the biosensor displays a significant change 

in output (operational range = InputMAX - InputMIN); 2) difference between highest induced output and 

lowest basal output (dynamic range = ON - OFF); and 3) the slope of the curve (sensitivity = ΔOutput 

/ ΔInput) which can be deduced as dynamic range divided by the different ligand concentration at 

half maximal threshold (Hill’s coefficient)24. 

While, as mentioned in the previous section, operator sequence placement can affect the 

basal expression, hence the response curve 23, a strategy focused on engineering the aTF structure is 

usually the preferred approach, because the aTF hold the keys to both ligand binding, through the 

effector binding domain, and the operator interaction, through the DNA-binding domain 6.  
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 While the EBD/DBD modularity has been rationally exploited to tailor alternative biosensor 

specificity by swapping domains and generating chimeric systems 21,25,26, the strategy is seemingly 

not suitable for improving the native specificity and dynamic range 27. A valid alternative is presented 

by Skjoedt and coworkers 15. In their research they have been able to successfully identify BenM aTF 

mutants displaying improved response curve by screening a library generated by PCR-based high-

throughput mutagenesis of the EBD 15.  

Figure 1. Schematic of biosensor composition and output phenotypes. 

 

The manuscript in Chapter 3, inspired exactly by the work of Skjoedt et al 15, is focused on 

sequence to function characteristics of an aTF biosensor, and to what degree mutations and directed 

evolution of aTF key structural components, such as the effector-binding domain, can optimize aTF 

response curve and ligand specificity. Equally important, the study shows how relatively simple 

random approaches, such as error prone PCR and flow cytometric toggle selection, can be 

successfully employed to screen aTF mutant libraries in order to identify evolved biosensor 

functionalities. 
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 Biosensors applications in yeast 
  

Prokaryotic transcriptional regulators have been successfully applied in yeast for different 

purposes, and many comprehensive reviews have been published collecting a various array of 

applications 2,8,28,29. Here follows a few examples that I believe are especially relevant to show the 

impact that aTFs can have on sustainable bio-production. 

While Skjoedt et al (2016)15 have demonstrated the potentiality of the activator BenM as 

screening tool for CCM production 15, Snoek et al (2018)30 directly applied BenM as sensor-selector 

system to enrich a mutant population for higher producer strains. The rate limiting step in the de novo 

CCM biosynthesis in yeast is the conversion of protocatechuic acid (PCA) into catechol carried out 

by the enzyme AroY 30.  Snoek et al. work is based on the construction of a mutant library that differ 

in the number of AroY integration. In order to test in vivo BenM functionality as sensor-selector tool, 

CCM production is coupled to cell fitness (growth) by placing BenM in control of the kanamycin 

resistance gene transcription. Growing the mutant library under increasing selective pressure have 

allowed the identification of 2 g/L producer candidates with a displayed 0.5% increase in productivity 

compared to literature 30,31. Likewise, in the work of Li and colleagues 17, the repressor FapR has 

been used for the high-throughput screening of a genome-wide overexpression library aiming at 

identifying target genes responsible for increase malonyl-CoA pool and consequently obtained 120% 

boost in 3-hydroxypropionic acid (3-HP) due to overexpression of TPI1 and PMP1 genes involved 

in glycolysis and regulation of plasma membrane proton-ATPase, respectively 17. Considering that 

both CCM and 3-HP are main precursors for bioplastic manufacturing 32,33, the environmental and 

economic value of tools that can augment and accelerate their production is indisputable 34.  

In addition to monitor and quantify ligand concentration, aTFs have shown potential as 

biosynthetic pathway regulators. Tuning the sensitivity of the repressors FadR (i.g optimizing aTF 

expression, operator copy number and placement, using aTF from different organism) have resulted 
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in the construction of a sensor-regulator that can dynamically control the transcription of the reporter 

gene based on malonyl-CoA internal pool 20. Malonyl-CoA is the rate-limiting substrate for fatty 

acids biosynthesis, which in turn is the common precursor for biopolymers and biofuels production 

35. The FadR sensor-regulator can help alleviate the cell fitness burden of fatty acids derived 

production by tuning the expression level of balancing metabolic pathways in a fashion directly 

correlated to fatty acids availability.  

 
Despite aTFs simple mechanistic, their expression in non-native organisms is defined by a 

multitude of variants that ultimately hinders the identification of common design principles for 

readily transplant into eukaryotes. Chapter 4 will focus on the reasons hampering the easy transplant 

of aTFs into yeast, and the use of biosensors in industrial settings, and also, why, nevertheless, 

biosensor-based tools development is of greater importance for microbial cell factory development. 
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Chapter 17

Design, Engineering, and Characterization of Prokaryotic
Ligand-Binding Transcriptional Activators as Biosensors
in Yeast

Francesca Ambri, Tim Snoek, Mette L. Skjoedt, Michael K. Jensen,
and Jay D. Keasling

Abstract

In cell factory development, screening procedures, often relying on low-throughput analytical methods, are
lagging far behind diversity generation methods. This renders the identification and selection of the best cell
factory designs tiresome and costly, conclusively hindering the manufacturing process. In the yeast Saccha-
romyces cerevisiae, implementation of allosterically regulated transcription factors from prokaryotes as
metabolite biosensors has proven a valuable strategy to alleviate this screening bottleneck. Here, we present
a protocol to select and incorporate prokaryotic transcriptional activators as metabolite biosensors in
S. cerevisiae. As an example, we outline the engineering and characterization of the LysR-type transcrip-
tional regulator (LTTR) family member BenM from Acetinobacter sp. ADP1 for monitoring accumulation
of cis,cis-muconic acid, a bioplast precursor, in yeast by means of flow cytometry.

Key words Biosensor, Transcription factor, Cell factory, Synthetic biology, Screening, Yeast

1 Introduction

In the last two decades, metabolic engineering has proven itself as a
key technology for the manufacturing of valuable molecules from
renewable feedstocks [1–3]. The constant development of syn-
thetic biology tools for cloning, library construction, and genome
engineering, coupled with the sharp decrease in DNA synthesis
costs, has greatly aided the process of building more efficient
microbial cell factories [1–3]. Adversely, when aiming to engineer
a high-performing cell factory, most heterologous compounds do
not give a clear phenotype, rendering the screening procedure of a
population of cell factory designs through conventional
spectrophotometry-based analytics methods slow and often costly.
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The fact that screening and selection methods lag far behind the
techniques that allow the generation of large libraries ultimately
hampers the identification of cell factory designs with optimal
titers, rates, and yields.

Genetically encoded biosensors convey a huge potential to
overcome this screening bottleneck. In general, biosensors are
able to sense input, like extra- or intracellular metabolite perturba-
tions, and subsequently actuate an adequate output akin to logic
gates in electrical circuits. Natural biosensors include molecular
gating components like RNA aptamers and allosterically regulated
transcription factors, which can regulate transcription of target
genes in the presence of an adequate input [1–6]. In the case of
ligand-binding allosterically regulated transcription factors, placing
a reporter gene or non-native selection gene under the control of
the ligand-binding transcription factor offers a sensitive and specific
synthetic system that can couple input (intracellular ligand concen-
tration) to a high-throughput screenable output (e.g. fluorescence
or antibiotic resistance) [1–7].

Prokaryotes harbor an enormous reservoir of ligand-binding
transcriptional regulators, which can be applied as biosensors [8].
These transcriptional regulators can be grouped into transcriptional
repressors and transcriptional activators (Fig. 1). Transcriptional
repressors have abundantly been applied as biosensors both in
prokaryotes and eukaryotes [1–7]. Perhaps the most famous exam-
ple is the TetR system. Specifically, when tetracyclin (tc) is absent,
the transcription factor TetR represses the expression of a mem-
brane protein (TetA) through binding to an operator in the tetA
promoter (TetO), thereby preventing transcription. In contrast,
the presence of tc induces a conformational change of TetR render-
ing it unable to bind TetO and thereby relieving the repression of
tetA expression, ultimately forcing tc out of the cell [9]. Because of
the efficiency of TetR to sense sub-inhibitory tc concentrations
(Ka ¼ 1010 M"1) and its high specificity for TetO, the prokaryote
TetR-TetO system has been engineered and transplanted into
eukaryote hosts for monitoring and regulation purposes [10–12].
Other examples of prokaryotic repressors that have been success-
fully transplanted as biosensors into Saccharomyces cerevisiae
include FapR, for the detection of malonyl-CoA, and XylR, detect-
ing xylose [13–15].

Until recently, transcriptional activators had not been reported
as metabolite biosensors in a eukaryote, limiting the reservoir of
transcriptional regulators that can be tapped from for biosensor
development. The different mode of action for activators compared
to repressors, as well as the inherent need for more extensive
engineering of the biosensor in order obtain a relevant input to
output relationship (Fig. 1), are possible explanations for why
prokaryotic transcriptional activators had not been transplanted as
biosensors into eukaryotes yet. Indeed, in our recent study, both
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tuning of the expression level of transcriptional activators and
extensive engineering of reporter promoters turned out to be
important for establishing small-molecule biosensors based on
prokaryotic transcriptional activators [16].

In this protocol we present the (1) selection criteria, (2) design,
(3) engineering, and (4) application of a biosensor for cis,cis-muco-
nic acid (CCM) in the budding yeast S. cerevisiae as we previously
reported [16]. CCM is an important bioplastics precursor, the
production of which from renewable carbon sources has been
engineered in yeast [17]. In the bacterium Acinetobacter sp.
ADP1, BenM is a LysR-type transcriptional regulator (LTTR)
that upon binding of CCM undergoes a conformational change
resulting in transcriptional activation of genes involved with catab-
olism of aromatic compounds (Fig. 1) [18]. BenM is a well-studied
gene and protein; with annotated gene sequence, crystal structure,
and operator sequence [19]. In our original study, we optimized
various parameters to establish BenM as a CCM biosensor in yeast,

Fig. 1 Mechanisms for gene expression regulation. (a) Repressor-based repression: in the presence of the
ligand, the transcription factor (TF) binds to the operator site within the promoter region and physically hinders
the RNA polymerase activity; (b) Activator-based regulation: in the presence of the ligand, the TF acts as a
recruiter for RNA polymerase when bound to the operator site; (c) Repressor-based activation: the repressor is
constitutively bound to the operator site and the presence of the ligand triggers a conformational change in the
TF impairing the binding, consequently relieving the repression; (d) BenM-based gene regulation in Acineto-
bacter sp. ADP1: CCM, a degradation compound from aromatic acid catabolism, triggers a conformational
change in BenM that results in a shift of the sites being bound, facilitating access of RNA polymerase and
activate transcription of the downstream operon (see Note 1 for more details)
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and proved the validity of the biosensor design for other biosensors
based on LTTR-type of regulators. In this protocol we will focus on
the engineering of the optimal CCM biosensor design and how to
characterize its performance.

2 Materials

2.1 Strains, Media
and Reagents

1. Bacterial strain: Escherichia coli DH5α is used as a host for
cloning and plasmid propagation.

2. Yeast strain: S. cerevisiae CEN.PK113-5A (MATa, trp1 his3Δ1
leu2-3/112 MAL2-8c SUC2) is used as the basic strain in which
the biosensor-reporter will be built in.

3. Media: For E. coli; Luria-Bertani (LB) medium with ampicillin
(10 g tryptone, 5 g yeast extract, 10 g NaCl, deionized water
up to 1 L, autoclave, add 100 μg/mL ampicillin). For S.
cerevisiae; Synthetic Complete (SC) medium (6.7 g yeast nitro-
gen base without amino acids, appropriate amount of drop-out
medium supplement (Sigma-Aldrich), deionized water up to
approximately 880 mL, adjust pH to 5.6, deionized water up
to 900mL, (20 g agar in case of plates), autoclave, 100mL 20%
(w/v) glucose); mineral medium with tryptophan (per L: 7.5 g
(NH4)2SO4, 14.4 g KH2PO4, 0.5 g MgSO4·7H2O, 20 g glu-
cose, 2 mL trace metals solution, 1 mL vitamin solution, 4 mL
tryptophan solution (5 g/L)); and yeast extract peptone dex-
trose (YPD) complete medium (10 g BactoYeast extract, 20 g
BactoPeptone, 20 g Dextrose, (20 g agar in case of plates),
deionized water up to approximately 1000 mL, autoclave);
pre-mineral medium (75 mL ammonium solution
(NH4)2SO4 (100 g/L), 120 mL phosphate solution
KH2PO4 (120 g/L), 10 mL magnesium solution MgSO4,
7H2O (50 g/L), 100 mL 20% (w/v) glucose, 2 mL trace
metals, 1 mL vitamins, 4 mL 250! tryptophan stock solution
(5 g/L) deionized water up to 900 mL, mix using stirring rod,
filter sterile, store at 4 "C).

2.2 Molecular
Biology

1. DNA polymerases: High-fidelity Phusion U Hot Start DNA
Polymerase (Thermo Fisher Scientific, Inc.), 2xOneTaq® Mas-
ter Mix DNA Polymerase (New England Biolabs).

2. Synthetic genes: Commercially synthesized (Integrated DNA
Technologies, Inc.). Genes are codon-optimized for expression
in yeast using manufacturer’s software (Table 1).

3. Oligonucleotides: Commercially synthesized (Integrated DNA
Technologies, Inc.) (Tables 2, 3, 4).
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4. Plasmids: The EasyClone plasmids used in this protocol are
from Jensen et al. [20]. All constructed plasmids are sequence-
verified by Sanger sequencing.

5. Gel purification: Amplified genes, promoters and digested vec-
tors are gel-purified using NucleoSpin®Gel and PCR Clean-up
kit (Machery-Nagel).

6. Restriction enzymes: FastDigest® SfaAI and FastDigest® NotI
with the corresponding FastDigest® buffer; Nb.BsmI and
corresponding buffer 3.1 (New England Biolabs).

7. USER cloning: USER™ enzyme (New England Biolabs), 5!
Phusion HF Buffer (Life Technologies).

2.3 Reagents 1. 0.02 M NaOH is used for yeast cell lysis.

2. 1% Agarose is used for routine analysis of nucleic acids by gel
electrophoresis.

Table 1
Synthetic DNA fragments

BenM coding sequence codon-optimized for S. cerevisiae:

1 ATGGAATTGA GACACTTGAG ATACTTCGTT GCCGTTGTTG AAGAACAATC TTTTACAAAG 61
GCTGCCGACA AGTTGTGTAT TGCTCAACCA CCATTATCCA GACAAATCCA AAACTTGGAA
121 GAAGAATTGG GTATCCAATT ATTGGAAAGA GGTTCCAGAC CAGTTAAGAC
TACTCCAGAA 181 GGTCATTTCT TTTACCAATA CGCCATCAAG TTGTTGTCCA
ACGTTGATCA AATGGTCAGT 241 ATGACCAAGA GAATTGCCTC TGTTGAAAAG
ACCATTAGAA TCGGTTTTGT TGGTTCCTTG 301 TTGTTCGGTT TGTTGCCAAG
AATTATCCAC TTGTACAGAC AAGCTCATCC AAACTTGAGA 361 ATCGAATTAT
ACGAAATGGG TACTAAGGCT CAAACCGAAG CTTTGAAAGA AGGTAGAATT 421
GACGCTGGTT TTGGTAGATT GAAGATTTCT GATCCAGCCA TCAAGAGAAC CTTGTTGAGA
481 AACGAAAGAT TGATGGTTGC TGTTCATGCT TCCCATCCAT TGAATCAAAT
GAAGGATAAG 541 GGTGTTCACT TGAACGATTT GATCGACGAA AAGATCTTGT
TGTACCCATC TTCTCCAAAG 601 CCAAACTTCT CTACTCATGT TATGAACATC
TTCTCTGACC ATGGTTTGGA ACCTACCAAG 661 ATTAACGAAG TTAGAGAAGT
CCAATTGGCC TTGGGTTTGG TTGCTGCTGG TGAAGGTATT 721 TCATTGGTTC
CAGCTTCTAC CCAATCCATT CAATTATTCA ACTTGTCCTA CGTCCCATTA 781
TTAGATCCAG ATGCTATTAC CCCAATCTAC ATTGCTGTTA GAAACATGGA AGAATCCACC
841 TACATCTACT CATTATACGA AACCATCAGA CAAATCTACG CCTACGAAGG
TTTTACTGAA 901 CCACCAAATT GGTAA

Sequence of 209bp_CYC1p_BenO_T1: the minimal CYC1 promoter with BenO (underlined) inserted
6 bp upstream of TATA-1β (indicated in bold):

1 CCAGGCAACT TTAGTGCTGA CACATAATAC TCCATAGGTA TTTTATTATA CAAATAATGT 61
GTTTGAACTT ATTAAAACAT TCTTTTAAGG TATAAACAAC AGGCATATAT ATATGTGTGC
121 GACGACACAT GATCATATGG CATGCATGTG CTCTGTATGT ATATAAAACT
CTTGTTTTCT 181 TCTTTTCTCT AAATATTCTT TCCTTATACA TTAGGACCTT
TGCAGCATAA ATTACTATAC 241 TTCTATAGAC ACACAAACAC AAATACACAC
ACTAAATTAA TA
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3. Phosphate buffered saline (PBS) is used for cell dilution prior
to flow cytometry.

4. Cis,cis-muconic acid (Sigma-Aldrich).

5. Trace metals solution (per L: 4.5 g CaCl2·2H2O, 4.5 g
ZnSO4·7H2O, 3 g FeSO4·7H2O, 1 g H3BO3, 1 g
MnCl2·4H2O, 0.4 g Na2MoO4·2H2O, 0.3 g CoCl2·6H2O,
0.1 g CuSO4·5H2O, 0.1 g KI, 15 g EDTA. Add the salts
(without EDTA) one by one to 900 mL deionized water and
dissolve them, while keeping the pH at 6. Then, gently heat the
solution and add EDTA. Finally, adjust pH to 4, bring final
volume to 1 L, autoclave and store at 4 !C).

Table 2
Primers for USER cloning of genes and promoters

Description primer Sequence 50-30

Forward primer for USER cloning
of REV1p

CGTGCGAUTTCTTAGGCACAACAATATTTATAAAAGAAG

Reverse primer for USER cloning
of REV1p

ATGACAGAUCGCTGGATATGCCTAGAAATGC

Forward primer for USER cloning
of BenM (Kozak, start codon)

ATCTGTCAUAAAACAATGGAATTGAGACAC

Reverse primer for USER cloning
of BenM

CACGCGAUTTACCAATTTGGTGGTTCAG

Forward primer for USER cloning
of 209bp_CYC1p_BenO_T1

CGTGCGAUCCAGGCAACTTTAGTGCTGACAC

Reverse primer for USER cloning
of 209bp_CYC1p_BenO_T1

ATGACAGAUTATTAATTTAGTGTGTGTATTTGTGTTTGTG

Forward primer for USER cloning
of yeGFP (Kozak, start codon)

ATCTGTCAUAAAACAATGTCTAAAGGTG

Reverse primer for USER cloning
of yeGFP

CACGCGAUTTATTTGTACAATTCATCCA

Uracil-containing overhangs are indicated in bold

Table 3
Universal primers binding common EasyClone backbone vectors are used to confirm the correct
assembling of the expression cassette into the integrative vector backbone

Primer ID Sequence 50-30 Description

224 GAAATTCGCTTATTTAGAAGTGTC Universal forward primer

225 CTCCTTCCTTTTCGGTTAGAG Universal reverse primer
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6. Vitamin solution (per L: 50mg biotin, 200mg p-aminobenzoic
acid, 1 g nicotinic acid, 1 g Ca-pantothenate, 1 g pyridoxine-
HCl, 1 g thiamine-HCl, 25 g myo-inositol. Dissolve biotin in
20 mL 0.1 M NaOH, and then add 900 mL deionized water.
Adjust pH to 6.5 and add the remaining vitamins. Readjust pH
to 6.5 just before and after adding m-inositol. Adjust the final
volume to 1 L. Filter-sterilize and store at 4 !C).

7. Yeast transformation mix: 50% w/v Polyethylene glycol solu-
tion MW 3350 (PEG3350), 1 M Lithium acetate pH 7.5
(LiAc), 2 mg/mL Deoxyribonucleic acid (DNA) single
stranded from salmon testes (ssDNA) dissolved in sterile TE
(10 mM Tris–HCl, 1 mM Na2EDTA pH 8.0) boil for 5 min
and then keep on ice (Sigma-Aldrich).

2.4 Flow Cytometry 1. Culturing: Regular 96-well plates (volume: 360 μL per well)
are used for pre-culturing, polypropylene deep well plates
(volume: 1 mL per well) are used for the subculturing in
induction (þ CCM) or control (# CCM) medium prior to
flow cytometry analysis.

2. Instrument: Becton Dickinson LSR FORTESSA with a blue
488 nm laser.

3. Software: BD FACSDIVA™ is used by the BD LSR FOR-
TESSA machine for data acquisition; FlowJo is used for data
analysis.

3 Methods

In the following section the step-by-step design, engineering, and
characterization of BenM as a CCM biosensor in S. cerevisiae is
described (see Note 2). The procedure starts with identification of

Table 4
Primers 2220 and 2221 are universal primers annealing to any EasyClone vector of choice. The other
primers correspond to an insertion into a particular genomic integration site. Either one or both
primer pairs can be used for verification of the particular correct integration

Site Primer ID Sequence 50-30 Description Fragment size (bp)

X-3 2220 CCTGCAGGACTAGTGCTGAG X-3 DOWN 667
904 CCGTGCAATACCAAAATCG

2221 GTTGACACTTCTAAATAAGCGAATTTC X-3 UP 1059
903 TGACGAATCGTTAGGCACAG

XII-4 2220 CCTGCAGGACTAGTGCTGAG XII-4 DOWN 667
898 CGTGAAATCTCTTTGCGGTAG

2221 GTTGACACTTCTAAATAAGCGAATTTC XII-4 UP 828
897 GAACTGACGTCGAAGGCTCT
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the candidate transcription factor and its corresponding operator
sequence and ligand from literature. Based on this information, the
protocol describes how to generate a yeast strain that incorporates
a sensor-reporter system that basically consists of two constructs:
(1) the gene encoding the TF driven by a yeast promoter, and
(2) the yeast-enhanced GFP (yeGFP) reporter gene driven by an
engineered yeast promoter with the operator sequence for the
ligand-binding TF. For the former, it is generally advisable to
compare different expression levels (i.e. promoters with various
strengths), whereas for the latter, the design of the reporter pro-
moter, in particular the number and positioning of the operator
sequence, is important [9, 21]. In the case of transcriptional
activator-based biosensors, an ideal scenario is a low basal activity
of the reporter (output) in the absence of the ligand (input),
combined with a strong dose-response output with increasing
concentrations of the target ligand. Indeed, finding this optimal
input–output configuration required the generation of a library of
strains, in which each reporter promoter variant was combined with
various expression levels of the TF. The resulting library covered a
wide range of modulated responses to the same inducer enabling a
more reliable and sensitive detection of the ligand permitting ad
hoc high-throughput screening of strains [16]. For simplicity, this
protocol only outlines the design and engineering of the optimal
sensor-reporter design as identified in our study [16]. Next, this
protocol also describes how to characterize the performance of the
biosensor using flow cytometry.

3.1 Selection of
Candidate Biosensor

The first step to construct a transcription factor-based biosensor is
the identification of a transcription factor, which can bind, or in
other indirect ways sense, the chemical of interest.

Consider whether the following criteria are fulfilled:

1. Gene sequence of the ligand-binding TF is known.

2. Operator sequence of the TF is known.

3. The ligand is commercially available, is not toxic to yeast at
relevant concentrations, and can be taken up by yeast at a
tolerable pH (3.5–7.5).

4. Optional: Consideration of the need for expression of additional
genes in yeast that would allow for the TF to function (e.g.
cofactors) or for the ligand to be taken up (e.g. transporters)
(seeNote 3).

Predictably the starting point to identify these elements is
literature mining for either publications of transcription factor
discovery, operator sequence, molecule of interest, motifs’ similar-
ity or distinctive characteristics of the system under study. In addi-
tion, public databases are available for browsing the genome of
many species enabling a direct approach when looking for operator
sites (e.g. http://www.pseudomonas.com/).
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In the case of BenM, both gene sequence and operator
sequence are known, CCM is commercially available and its pro-
duction has been engineered in yeast before [17–19].

3.2 Preparation
of Gene and Promoter
Fragments for USER
Cloning

The next step is the design and ordering of synthetic DNA con-
structs for both the gene encoding the transcription factor and the
reporter promoter, as well as primers that can amplify these parts,
which will result in fragments for cloning into the appropriate
vectors. In order to robustly characterize biosensor designs, it is
advisable to stably integrate both the sensor and the reporter
construct into defined genomic loci. In this protocol USER cloning
and the EasyClone system are used for creating integrative vectors
and inserting the resulting constructs into the genome using
homologous recombination [20, 22].

3.2.1 Design of Synthetic

DNA Constructs

In order to engineer a genetically encoded biosensor based on a
transcription factor, two synthetic DNA constructs have to be
synthesized (Table 1):

1. Open reading frame BenM (sensor): copy and paste gene
sequence (see Note 4) and use the codon optimization for S.
cerevisiae option in the web tool on the IDT website (http://
eu.idtdna.com/CodonOpt).

2. Reporter promoter: In the optimal CCM biosensor design
identified in our study, the BenM operator sequence is
integrated 6 bp upstream of TATA-1β in the truncated
209 bp CYC1 minimal promoter [16]. We will refer to this
promoter as 209bp_CYC1p_BenO_T1.

In addition to these two synthetic constructs, two other parts,
i.e. the promoter driving expression of the transcription factor, and
the reporter gene coding for yeGFP (see Note 5), can be obtained
from amplification of genomic DNA or commercially available
resources (e.g. Addgene plasmid ID 40235), respectively. We will
illustrate the example for constructing the optimal CCM biosensor
using the weakREV1 promoter (REV1p) to control the expression
of BenM.

3.2.2 Primer Design Primers with uracil overhangs are used for the amplification of
genes and promoters. As illustrated in the article describing the
EasyClone system [20], the overhangs vary depending on the
chosen combination of promoter-gene and insertion position in
the backbone [20]. In this example genes and promoters are always
inserted into position 2 (see Fig. 2).

3.2.3 PCRs All the genes and promoters are amplified with primers containing
uracil, which requires the use of a DNA polymerase that can read
through uracil without hindering its proofreading activity (Fig. 2a).
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The primers used for the optimal BenM biosensor design are listed
in Table 2.

1. Prepare the PCRs as follows:

Add to 50 μL nuclease-free water.

10 μL 5! Phusion HF Buffer.

Fig. 2 Cloning genes and promoters into EasyClone vectors: (a) The basic vector backbone includes genetic
element for vector replication—pUC—and selection—AmpR—in bacteria; NotI restriction sites flanking yeast
homologous regions—UP and DOWN; an auxotrophic selectable marker gene; two yeast terminators—ADH1
and CYC1—T1 and T2 separated. (b, c) A two-step digestion of the vector generates long overhangs
complementary to the USER tails of the amplified gene and promoter fragments. (d) The resulting vector
carrying the expression cassette is propagated and purified from E. coli. (e) The purified plasmid is linearized
by NotI digestion. (f) The linearized construct from the backbone is then transformed into yeast, where the
homology regions (UP and DOWN) trigger homologous recombination of the construct into the yeast genome
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2 μL forward primer (10 μM).

2 μL reverse primer (10 μM).

1 μL dNTP mix (10 mM each).

X μL template DNA (typically 1–100 ng of plasmid or synthetic
DNA).

1 μL Phusion U Hot Start DNA Polymerase.

2. Run the following PCR program:
98 !C for 30 s.

30 cycles of

98 !C for 10 s.

58 !C for 30 s (or another suitable annealing temperature).

72 !C for 30 s per 1 kb of the PCR product.

72 !C for 5 min.

10 !C hold.

3.2.4 Analysis

and Purification of PCR

Results

PCR products are analyzed by 1% agarose gel electrophoresis and
purified from the gel using the NucleoSpin® Gel and PCR Clean-
up from Macherey Nagel, eluting with 50 μL of elution solution.
Amplified genes and promoters are stored at " 20 !C.

3.3 Vectors
Preparation

We use yeast-integrative plasmids from the EasyClone system as
vector backbones (see Note 6). The biosensor and reporter will
ultimately each be cloned into a different integration vector. In this
example vector pCfB257 (targeting EasyClone integration site
X-3) and pCfB262 (targeting site XII-4) will be prepared.

EasyClone vectors are composed of: pUC plasmid origin of
replication and the ampicillin-resistance gene (AmpR), which
allow for replication and selection in E. coli; NotI USER restriction
sites flanking 500 bp homologous regions—named UP and
DOWN—for homologous recombination into a target yeast geno-
mic locus; an auxotrophic selectable marker gene (Kl.LEU2 for
pCfB257 and Sp.HIS5 for pCfB262) to select yeast transformants;
and, two yeast terminators ADH1 and CYC1 separated by an SfaAI
restriction site. USER-cloned constructs of the biosensor and the
reporter are designed to be inserted between the double termina-
tors (Fig. 2c).

3.3.1 Composition

of Expression Cassettes

To construct the CCM biosensor in yeast, we originally tested
several promoters for controlling the expression of BenM and the
yeGFP reporter gene. In the following we illustrate the example for
constructing the optimal CCM biosensor using REV1p to control
the expression of BenM, and 209bp_CYC1p_BenO_T1 to control
the yeGFP reporter gene [16].
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3.3.2 Vector

Linearization

The backbone linearization is a two-step digestion to create first a
double-strand cut and then a single-strand cut to generate long
overhangs compatible with USER overhangs (Fig. 2b).

1. Prepare the reaction as follows:

Add to 50 μL nuclease-free water.

x μL of EasyClone vector (5 μg).
5 μL of FastDigest® buffer.

5 μL of FastDigest SfaAI® restriction enzyme.

2. Incubate for at least 2 h at 37 !C (see Note 7).

3. Purify the plasmid from solution, using NucleoSpin® Gel and
PCR Clean-up kit from Macherey Nagel, eluting with 50 μL
elution buffer.

4. Determine the DNA concentration.

5. Prepare the reactions as follows:

Eluent (all).

1 μL of Nb.BsmI/μg of digested vector.

x μL of Buffer 3.1 (making up a 1:10 of the total volume).

6. Incubate for 1 h at 65 !C.

7. Purify the digested and nicked vector from the gel, using
NucleoSpin® Gel and PCR Clean-up from Macherey Nagel.
Elute with 50 μL of elution buffer (see Note 8).

8. Determine DNA concentration.

9. Store the USER-ready vectors at " 20 !C.

3.4 Cloning of Genes
and Promoters into
Yeast Integration
Vectors

The next step is USER cloning of the genes and promoters, gener-
ated in Subheading 3.2, into USER-ready integration vectors,
generated in Subheading 3.3. Two integration vectors will be
created. The first vector will contain BenM under the control of
REV1p and will be targeted to EasyClone integration site X-3,
whereas the second vector will contain the yeGFP reporter gene
driven by 209bp_CYC1p_BenO_T1, and will be targeted to inte-
gration site XII-4.

3.4.1 USER Cloning

(Fig. 2d )

1. Prepare the USER reaction as follows:

Add to 6 μL nuclease-free water.

1 μL of SfaAI/Nb.BsmI-treated vector (pCfB257 or pCfB262
(see Note 9)).

1 μL of promoter fragment for position Promoter 2 (REV1p or
reporter promoter).

1 μL of gene fragment for position Gene 2 (BenM or yeGFP).

1.2 μL 5# Phusion HF buffer.

0.5 μL USER™ enzyme.
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2. Incubate the mixture in PCR machine at the following
conditions:

37 !C for 25 min.

25 !C for 10 min.

20 !C for 10 min.

15 !C for 10 min.

10 !C pause.

3.4.2 Plasmid

Amplification

The reaction mix is transformed into DH5α competent E. coli cells
(kept at " 80 !C)

1. Cool the USER reaction tubes on ice and add 50 μL of com-
petent cells.

2. After 10 min on ice, perform heat shock at 42 !C for 45 s and
place the tubes on ice for 1–2 min.

3. Plate the cells on LB plates with ampicillin and incubate at
37 !C overnight.

3.4.3 Vector Verification

and Purification

The correct cloning of gene and promoter fragments into the
EasyClone vector is established by PCR on bacteria colonies
employing standard primers (see Note 10) that amplify the entire
expression cassette (Table 3).

The colony PCR is performed as following:

1. Mix the following in a PCR tube:

5 μL 2xOneTaq Master Mix polymerase.

1 μL forward verification primer (10 μM) ID224.

1 μL reverse verification primer (10 μM) ID225.

3 μL nuclease-free water.

2. Add a small amount of E. coli colony biomass (it is enough to
touch the colony with a pipette tip) to the PCR tube.

3. Run the following PCR program:

94 !C for 3 min.

35 cycles of

94 !C for 20 s.

50 !C for 30 s (or another suitable annealing temperature).

68 !C for 1 min per 1 kb of the PCR product.

68 !C for 5 min.

10 !C pause.

4. Analyze the PCR reactions on 1% agarose gel.
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5. The colony corresponding to the correct gel band size
(see Note 11) is inoculated into 3 mL LB medium with ampi-
cillin and cultivated at 37 !C overnight.

6. The plasmid is purified from the culture using NucleoSpin® kit
from Macherey-Nagel.

7. The constructed vector is sequence validated using standard
Sanger sequencing and DNA alignment tools.

3.5 Genomic
Integration of
Expression Constructs

Genomic integration ensures stable expression and reduced cell-to-
cell variation in fluorescence output. Therefore, it is advised to
integrate both the sensor and reporter constructs into defined loci
(see Note 12). In this example the sensor construct is integrated
into EasyClone site X-3, whereas the reporter construct is
integrated into site XII-4.

3.5.1 Expression Vector

Linearization

NotI restriction sites flanking UP and DOWN regions in the vector
permit the release of the expression cassette needed for homolo-
gous recombination in yeast (Fig. 2e).

1. The reaction is set up as follows:

x μL of expression vector (5 μg).
2 μL of FastDigest® buffer.

X μL of FastDigest NotI® (use 0.2 μL per 1 μg DNA).

Add to 20 μL nuclease-free water.

2. Incubate the reaction at 37 !C for 1 h (see Note 13).

3. If the fragment is not purified from agarose, deactivate the
enzyme by incubating the reaction at 65 !C for 15 min.

4. The digested vector can be stored at " 20 !C for future use.

3.5.2 Transformation

of Expression Vector

into Yeast (Fig. 2f)

1. Streak CEN.PK113-5A on YPD agar and incubate at 30 !C for
1–2 days.

2. Inoculate 3–5 mL liquid YPD with CEN.PK113-5A and incu-
bate at 30 !C O/N.

3. In the morning: Measure the OD600 of the O/N culture. To a
culture flask containing 25–50 mL YPD (or media of choice)
(see Note 14) add cells to give a starting density of approxi-
mately 5 # 106 cells/mL. Incubate the flask on a shaker at
30 !C and 200 rpm for two population doublings (typically
4–5 h).

4. When the culture has reached a density of at least 2 # 107 cells/
mL harvest the cells by centrifugation, 3000 rpm (1630 # g in
a 16.2 cm radius rotor) for 5 min.

5. Remove the supernatant and resuspend the cells in 25 mL
sterile H2O, centrifuge 3000 rpm (1630 # g) for 5 min and
discard the supernatant.
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6. Resuspend the cells in 1 mL sterile H2O and transfer to an
Eppendorf tube.

7. Centrifuge 3000 rpm (1630 ! g) for 30 s and discard the
supernatant.

8. Resuspend cells in a total volume of 1 mL H2O.

9. For each transformation, including a water control, transfer the
volume of cell suspension corresponding to 1 ! 108 cells (typi-
cally 100 μL) to an Eppendorf tube.

10. Centrifuge at 3000 rpm (1630 ! g) for 30 s and discard
supernatant.

11. Make a transformation mix for the planned number of trans-
formations plus one extra and keep it on ice. For each transfor-
mation prepare as follows:

240 μL of PEG3350.

36 μL of LiAc 1 M.

10 μL of ssDNA (10 mg/mL).

X μL DNA to transform.

74–x μL of MilliQ water.

12. First add X μL of linearized vector corresponding to
300–700 ng (typically 1–10 μL) directly to the cells. Then
make a master mix of PEG, LiAc, and ssDNA and add 360-X
μL for each transformation. Resuspend the cells by vortex
mixing vigorously or pipetting up and down.

13. Incubate the tubes at 42 "C for 40 min.

14. Centrifuge at 3000 rpm (1630 ! g) for 30 s and remove the
transformation mix with a pipette.

15. For selection of amino acid markers: resuspend cells in 100 μL
H2O, and plate on SC-his-leu plates (or markers of choice) and
incubate at 30 "C.

16. Check the transformation plate after 2–3 days.

17. Pick a chosen number – we recommend 8 – of colonies and
replicate them on selective media. Incubate for 1–2 days at
30 "C.

3.5.3 Genome

Integration Verification

The growth of transformants on selective media is not definitive
proof of integration in a specific locus. To verify correct genome
integration of the linearized fragments, carry out yeast colony PCR
as follows:

1. Take a small amount of colony material and resuspend it in
50 μL of 20 mM NaOH.

2. Incubate for 10 min at 100 "C.

3. Spin down the debris and keep the supernatant (DNA).
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4. Set up the following genotyping PCR:

6 μL water.

2 μL 2xOneTaq Master Mix polymerase.

1 μL primer 1 (10 μM).

1 μL primer 2 (10 μM).

2 μL of DNA.

5. Run the following PCR program:

94 !C for 1 min.

35 cycles of

94 !C for 20 s.

50 !C for 30 s (or another suitable annealing temperature).

68 !C for 1 min/kb of the PCR product.

68 !C for 7 min.

10 !C pause.

6. Analyze the samples on 1% agarose gel (see Table 4).

3.6 Flow Cytometry In this protocol, biosensor performance is determined using flow
cytometry. In short, each strain is pre-cultured individually, and
then subcultured both in control medium and in medium with
added inducer followed by flow cytometry analysis. Both the level
of background fluorescence and the fold induction (fluorescence
intensity in the induced state divided by fluorescence intensity in
the non-induced state) are important parameters to determine the
performance of the biosensor design.

There are two reasons a flow cytometer is used for this purpose.
First, the reporter promoter activity of the biosensor design illu-
strated in this protocol is low, and therefore characterization
requires sensitive apparatus to detect the fluorescent signal. Second,
flow cytometry allows for single-cell measurements of fluorescent
intensity, which allows for insight in the distribution of the signal
within the population (Fig. 3).

3.6.1 Induction Media

Preparation

It is advisable to prepare pre-mineral medium as described in Sub-
heading 2.1 (see Note 15). The reason for this is that some indu-
cers, such as CCM, are unstable, and should only be added to the
medium on the day the medium is needed.

For the preparation of 100 mL of the induction medium,
dissolve 20 mg CCM in 90 mL of pre-mineral medium with a
magnetic stirrer, adjust the pH to 4.5 (see Note 16) and finally
adjust the final volume to 100 mL using deionized water, filter-
sterilize and use the same day (see Note 17).

For 100 mL of control mineral medium, the recipe is the
aforementioned but without the addition of CCM.
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3.6.2 Culturing Strains

and Induction of Biosensor

Ultimately, the performance of each strain is judged by fluorescence
measurements of the culture grown in mineral medium with and
without inducer. When analyzing a large number of strains, it is
advisable to use 96-well plates both for the pre-culture as well as the
subculturing step. In addition to the strains containing the biosen-
sor design(s) of interest, it is recommended to analyze the following
control strains:

1. WT CEN.PK strain: to assess auto-fluorescence.

2. No sensor, reporter-only control strain: to assess background
expression of the reporter gene in the absence of the biosensor.

Day 1: Inoculate 3 single colonies of each strain into 3 different
wells of a 96-well plate containing 150–500 μL SC-his-leu per well.
Incubate at 250 rpm, 30 !C for 16–20 h.

Day 2: Subculture the strains 1:100 by transferring 5 μL of the
overnight culture to both 500 μL control mineral medium and
500 μL induction mineral medium. Incubate at 250 rpm, 30 !C
for 20–24 h.

Day 3: After 20–24 h growth, transfer 30 μL of each culture to
150 μL PBS in a 96-well plate right before flow cytometry analysis.

3.6.3 Flow Cytometry

and Data Analysis

1. Analyze each culture by flow cytometry with a 488 nm laser for
validation of single strains.

2. For each biological replicate of each strain, record 10,000
single-cell events by gating in the forward scatter (FSC) and
side scatter (SSC) channels.

3. Export .FSC files.

Fig. 3 Flow cytometry analysis of biosensor performance. The yeast strain harboring the sensor and reporter is
inoculated for a 24 h pre-culture; subsequently the cells are subcultured into two fresh cultivations either in
the absence or presence of the ligand and incubated for another 20–24 h. The cells are diluted in PBS and
subjected to flow cytometry for single cell recording of fluorescence level. The output data are exported and
more thoroughly analyzed with the use of external software
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4. Data can be analyzed using for example FlowJo software
(TreeStar Inc.).

5. Calculate the mean fluorescence intensity (MFI) of each
biological replicate.

6. Calculate the fold change induction by dividing the MFI of the
induced (ON) state by the MFI of the control (OFF) state.

7. Calculate the average and standard deviation of each strain of
the MFIs and fold-change induction based on the biological
replicates (n ¼ 3).

3.6.4 Determining the

Operational Range and

Specificity of the Biosensor

In order to apply a biosensor for screening cell factory perfor-
mance, the operational range and specificity of the biosensor
needs to be determined. In order to do this, the same steps as in
Subheadings 3.6.1–3.6.3 are followed with the following
modifications:

1. To determine the operational range: grow each strain in a series
of different media that contain increments in the concentration
of inducer, for examples 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 mM
CCM. Plot the average of the mean fluorescence intensity
against the inducer concentration to obtain a response curve
(Fig. 4a).

2. To determine the specificity: grow each strain in a series of
media that have been supplemented with different inducers
(see Note 18), such as pathway intermediates or chemicals
that are structurally similar to the compound of interest. In
the case of CCM, malonic acid, protocatecuic acid, fumaric
acid, and succinic acid can be tested. Plot the average of the
mean fluorescence intensity for both control medium, media
with different inducers, as well as mediumwith CCM (Fig. 4b).

4 Notes

1. A minimal transcription unit (TU) in prokaryotes is composed
of several genetic elements: a regulatory region termed a pro-
moter, a transcription start site (TSS), open-reading frames
(ORFs) encoding one or more genes, and a transcription termi-
nation sequence (TTS) termed a terminator. Importantly, the
regulatory region contains the promoter where RNA polymer-
ase and transcription factors (TFs) bind in order to modulate
the activity of the promoter. Also, in many cases, prokaryotic
transcription initiation requires proteins known as sigma factors
(s) that enable proper promoter recognition by RNA polymer-
ase. In general transcription regulation can have a negative
effect on promoter activity when the TF, also known as a
repressor, binds to the promoter and thereby physically
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interferes with RNA polymerase binding to the promoter
(Fig. 1a). In contrast, a positive effect on promoter activity
can occur when the regulator, known as activator, bind to the
promoter’s upstream region to recruit RNA polymerase and
initiate transcription (Fig. 1b), or when the repressor under-
goes a conformational change disabling its DNA binding and
thereby relieving repression (Fig. 1c). In the case of BenM, the
TF is constitutively bound to DNA, and only in the presence of
CCM the BenM tetramer changes conformation enabling a
shift in its binding to the operators. This shift is believed to
allow access to DNA binding of the RNA polymerase and
thereby CCM-induced activation of expression [18] (Fig. 1d).
In native hosts, TFs work jointly and a regulatory region can be
occupied by several TFs. Moreover, different sites are able to
recruit the same TF, and different TFs can recognize similar
sites. Theoretically, the regulatory effect on expression depends
on the TF concentration and TF–operator binding affinity:
to function, strong sites work with a lower amount, likely for

Fig. 4 Operational range and specificity of CCM biosensor. (a) Response function for a yeast harboring the
optimal CCM biosensor design (BenM) as well as a control strain only expressing yeGFP from 209bp_CYC1p_-
BenO_T1 (No sensor). The mean fluorescence intensity (MFI) was measured by flow cytometry 24 h after
subculturing in the presence of different concentrations of CCM. (b) Specificity of CCM biosensor was
determined by measuring yeGFP expression 24 h after subculturing in the presence of various dicarboxylic
acids (1.4 mM) and in control medium
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fine-tuning regulation of important genes, while weak sites
require high concentrations of TFs, such as global TFs that
are known to be less specific. Furthermore, there are TFs
with a dual regulatory role, functioning as activators and repres-
sors at the same time. This is a common theme in sugar catabo-
lism [23].

2. Our design has been tested and validated for other transcrip-
tional activators of the LTTR superfamily as well. Here we just
present the protocol for the transplantation of BenM.

3. For the malonic acid biosensor described in our research paper,
we first integrated the SpMAE1 gene, coding for a dicarboxylic
acid plasma membrane transporter, to allow for uptake of
malonic acid.

4. In case the bacterial sequence has the alternative start codon
GTG, change this to ATG.

5. Other fluorescent proteins can be used as well. We also have
good experience with sfGFP.

6. Any given integrative plasmid backbone can be used.

7. It is advised to incubate overnight for efficient digestion.

8. The quality of the digest can be tested by gel electrophoresis
analysis.

9. Use vector to insert molar ratio 1:3.

10. Standard verification primers are suitable for the amplification
of fragments no longer than 5 kb.

11. The sizes are 2025 bp for the construct REV1p-BenM;
1109 bp for 209bp_CYC1p_BenO_T1-yeGFP.

12. Integration of the reporter is in our experience most crucial.
We have seen comparable results when the sensor is expressed
from a centromeric plasmid.

13. Optional step to confirm linearization on the gel and if desired
purify the correct fragment from the gel using NucleoSpin®

Gel and PCR Clean-up from Macherey Nagel. NotI-digested
fragment sizes are 6099 bp for the REV1pr-BenM expression
cassette and 4102 bp for the 209bp_CYC1p_BenO_T1-
yeGFP. Be aware of the other backbone fragment of 2.8 kb.

14. Adjust depending on the number of transformations needed.
5 mL culture is typically needed per transformation.

15. Add amino acids depending on the auxotrophies of your strain.
Since our strains are auxotrophic for tryptophan, we add tryp-
tophan here.

16. Only protonated acids will passively diffuse across the yeast cell
membrane. In order to characterize the CCM biosensor we
used medium with pH 4.5 in order to leave most of acid in the
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protonated state (CCM pKa ¼ 3.87). The pH of the medium
should be tuned with the pKa of your inducer in case uptake of
the chemical relies on passive diffusion.

17. It is essential to add and dissolve CCM in mineral medium on
the same day the medium is used. We noticed decreased induc-
tion of the sensor-reporter when using medium that has been
standing for more than a few days. Other inducers might be
more stable, though.

18. Use the same molarity of these inducers as the most relevant
molarity that was used for the compound of interest (typically
the highest molarity).
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Abstract 
 

Small-molecule binding allosteric transcription factors (aTFs) derived from bacteria enable 

real-time monitoring of metabolite abundances, high-throughput screening of genetic designs, and 

dynamic control of metabolism. Yet, engineering of reporter promoter designs of prokaryotic aTF 

biosensors in eukaryotic cells is complex. Here we investigate the impact of aTF binding site positions 

at single-nucleotide resolution in >300 reporter promoter designs in Saccharomyces cerevisiae. From 

this we identify biosensor output landscapes with transient and distinct aTF binding site position-

effects for aTF repressors and activators, respectively. Next, we present positions for tunable reporter 

promoter outputs enabling metabolite-responsive designs for a total of four repressor-type and three 

activator-type aTF biosensors with dynamic output ranges up to 8- and 26-fold, respectively. This 

study highlights aTF binding site positions in reporter promoters as key for successful biosensor 
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engineering, and that repressor-type aTF biosensors allows for more flexibility in terms of choice of 

binding site positioning compared to activator-type aTF biosensors.  

 

Introduction 
 

The upsurge of genetic editing capacity in the last decades has allowed microbial cells to reach 

the spotlight as key players in establishing bio-sustainable alternatives to the production of fine 

chemicals and fuels 1. At the heart of robust successful microbial cell factory engineering is the 

equilibrium between native metabolism and its de-branching toward the production of valuable 

heterologous metabolites. Finding equilibrium between native growth-supporting metabolism and 

burdening expression of heterologous genes is often investigated by targeted perturbations of gene 

regulation using regulatory parts libraries with diversity in their genetic components, expression level, 

and copy number 2,3. 

Following successful design and construction of cell factory libraries, screening isoclonal cell 

factory designs for optimal product titers is often inferred from chromatography techniques in a low- 

to semi-throughput manner, ultimately impacting both cost and time required for optimal cell factory 

development 4. As a means to mitigate high costs and long development time-spans for cell factory 

engineering, development of small-molecule binding biosensors based on allosteric transcription 

factors (aTFs) from prokaryotes has emerged as a promising research strategy 5. Indeed, engineering 

aTFs to couple the abundance of a target metabolite or chemical of interest, and report a screenable 

output which can be analysed in high-throughput (e.g. fluorescence or growth), has enabled screening 

and selection of cell factory libraries in multiplex, as well as dynamic control of metabolism, and 

production stability 6–9.  

However, when engineering aTF-based biosensors in eukaryotes the general strategy needs to 

include means to express both the prokaryotic candidate aTF(s), and a reporter gene controlled by a 
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promoter engineered with one or more prokaryotic aTF binding sites (ie. operators) 10. While tuning 

the aTF expression level is easily regulated by the use of native constitutive or inducible promoters 

11,12, synthetic reporter promoters driving the conditional expression of biosensor outputs often rely 

on dampened native regulation by removal of upstream-regulatory sequences (URSs)13,14, in 

combination with searches for optimal operator positioning within the eukaryotic promoter 6,14,15. 

Indeed, the evolutionary encoding of prokaryotic aTF designs is often aTF-specific with respect to 

combination of operator length, sequence motif, and position relative to the core promoter, impacted 

by both aTF oligomerization  and mode-of-action of the specific aTF 16. Based on this, the 

optimization of reporter promoters for aTF-based biosensor designs in eukaryotes has proceeded by 

trial and error, most often by investigation of a few random insertion sites for single or multi-copy 

operator positioning around TATA boxes and/or the transcription start site (TSS) of the chosen 

promoter 10. As such, in order to quantitatively assess the impact of operator positioning, and from 

this elucidate designs for optimal biosensor outputs, there is a need for systematic scanning of 

operator positions in eukaryotic reporter promoter designs.  

Here we report the deep-scanning of operator positioning in weak and strong yeast promoters. 

As initial benchmarks, we investigated the repressor-type vanillic acid-responsive biosensor VanR 

from the GntR aTF family 17,18, and the activator-type cis, cis-muconic acid (CCM) and 

protocatechuic acid biosensors BenM and PcaQ, respectively, from the Lys-R type transcriptional 

regulator (LTTR) family 14,19. By systematic evaluation of more than three-hundred reporter promoter 

designs we here lay out design principles that enable successful small-molecule biosensing and 

optimization of a total of seven new and previously engineered biosensors in yeast.  
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Results and Discussion 
 

To identify consensus designs for aTF-binding sites in yeast promoters, we choose biosensor 

systems with different modes of action, oligomerization, and operator lengths for an introductory 

deep-scanning of optimal operator positioning 18,20,21. Initially, VanR from Caulobacter crescentus 

was chosen as a candidate repressor-type biosensor aTF 22, whereas the LTTR BenM from 

Acinetobacter baylyi ADP1 was chosen as a candidate for an activator-type biosensor 14. VanR 

enables de-repression of gene expression when dislocated from promoter binding upon binding to 

vanillate 23,24, whereas BenM serves as a transcriptional activator upon binding of its cognate ligand 

CCM 25. In addition to VanR and BenM, we also included the LTTR activator protocatechuic acid 

biosensor PcaQ from Sinorhizobium meliloti, not previously reported functional in eukaryotes 26.  

In terms of reporter promoter design for the three aTF-based biosensors, we analysed the 

VanO operator library in the context of the strong constitutive TEF1 promoter (pTEF1) (Fig. 1A)27, 

while the weak truncated CYC1 (209bp_pCYC1) promoter was used as a chassis to screen for optimal 

operator positions for the activator-type biosensors BenM or PcaQ (Fig. 1A)14. In all three instances 

the libraries were constructed to enable control of expression of the reporter gene encoding yeast-

enhanced green fluorescence protein (yeGFP).   

Taking into account the presence of TATA boxes, TATA-like elements, and transcription start 

site (TSS) in the two chosen yeast promoters 14,28, we constructed a total of 320 synthetic reporter 

promoters for the three candidate biosensors (Fig. 1A). For the vanillic acid biosensor VanR, 91 

synthetic TEF1 promoters carrying two VanR-operator sites separated by six nucleotides (2xVanO) 

17, spanning all single nucleotide positions between the TATA-like element and the TSS of the TEF1 

promoter 28, were constructed (Fig. 1A, Supplementary Table S1). For the CCM and protocatechuic 

acid biosensors BenM and PcaQ, libraries covering a total of 106 and 133 single nucleotide positions 

of either BenO or PcaO operators in 209bp_pCYC1, were constructed (Fig. 1A, Supplementary Table 
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S1). Each design controlling the expression of yeGFP was genomically integrated in strains 

expressing the corresponding aTF (Fig. 1A). Next, for VanR and BenM, fluorescence values collected 

in the presence (ON state) and in the absence (OFF state) of inducers, vanillic and cis,cis-muconic 

acid, respectively, supplemented to the medium (Fig. 1B and Fig. 1C). The PcaO reporter promoter 

library was integrated in a protocatechuic acid (PCA)-producing strain expressing the gene encoding 

3-dehydroshikimate dehydratase (3DSD) from dung mold Podospora pauciseta known to catalyze 

the conversion of 3-dehydroshikimic acid to PCA in S. cerevisiae 30,31, and only ON state data were 

collected initially (Fig. 1A and Fig. 1D). Yeast strains expressing the aTFs and yeGFP under the 

control of strong pTEF1 and weak 209bp_pCYC1 promoters were used as controls throughout the 

study. 

For the deep-scanning of optimal VanO positions, we tested 81/91 (89%) pTEF1-2xVanO 

designs resulting in significant changes (t-test, p < 0.05) in ON state compared to OFF state  reporter 

outputs in all positions tested, with the majority of the library (80%) showing ligand-induced changes 

in yeGFP expression > 2-fold (Fig. 1B). Of particular interest in terms of biosensor dynamic output 

range, the region covering VanO operator positions 95-78 enabled gradual increases and decreases in 

vanillic acid-induced reporter outputs spanning fold-changes of 4.2-8.6, while maintaining low OFF 

state expression (Fig. 1B). Contrastingly, operator library designs extending from position 71 to TSS 

had higher OFF states confirming that expanding the distance between the TATA box and the 

operator placement can increase basal transcription levels of engineered promoters 29, while 

concomitantly lowering the fold-change observed in response to vanillic-acid (Fig. 1B). The control 

TEF1 design did not lead to vanillic acid-induced changes in yeGFP expression (Fig. 1B). For the 

209bp_pCYC1_BenO library screen, 96 out of the 106 constructed and characterized designs had < 

2-fold changes in yeGFP readout upon CCM feeding (Fig. 1C). However, among the 10 designs with 

ligand-induced fold-changes higher than 2-fold, we observed a distinct hotspot for BenM activation 
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within the minimal design space covering positions 181-183, enabling CCM-induced fold-changes 

from 9.3-10.6, while BenO at position 197 enabled a fold-change of 4.3 (Fig 1C). The identification 

of position 183 for functional prokaryotic activator-type biosensor designs in yeast corroborates our 

earlier studies 14. Furthermore, as for the VanO library screen, CCM feeding did not lead to changes 

in yeGFP expression of the control reporter promoter 209bp_pCYC1 (Fig. 1C).  

Finally, for the PcaO reporter promoter library, we characterized yeGFP expression for all 

possible 133 209bp_pCYC1_PcaO promoter designs in yeast strains expressing 3DSD. Following 16 

hours of cultivation, yeGFP expression was measured and compared to control expression from the 

209bp_pCYC1 promoter without PcaO (Fig. 1A). From this analysis, we observed that while the 

majority (85/133) of operator positions enabled > 2-fold higher expression compared to the 

209bp_pCYC1 control promoter, distinct activation of yeGFP expression was observed for positions 

163, 144, 145, and 108, enabling changes in yeGFP expression from 8- to 30.3-fold compared to a 

“no-operator” control strain (Fig. 1D).  

In summary, deep-scanning operator positions in > 300 reporter promoter identified an 18-bp 

(positions 78-95) region in the native TEF1 promoter that supported both low OFF state expression 

and up to 8.6-fold ligand-induced de-repression for the repressor-type biosensor VanR, while for 

activator-type biosensors BenM and PcaQ, optimal operator positioning was defined at single-

nucleotide resolution with BenO positions 197, 183, 182 and PcaO positions 163, 145 and 108, 

yielding up 10.6- and 30.3-fold ligand-induced activation of reporter promoters, respectively.  

To more broadly investigate the regional bias of operator designs for repressor-type 

biosensors and the functional dichotomy of BenO-PcaO operator designs, we next decided to test 

selected operator positions in other biosensor systems.  
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Figure 1. Single-nucleotide position scanning for optimal aTF biosensor operators in yeast reporter promoters. 
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Figure 1. Single-nucleotide position scanning for optimal aTF biosensor operators in yeast reporter promoters. 

(A) Schematic outline of the experimental design used to scan for optimal operator positions for prokaryotic aTFs VanR, 

BenM, and PcaQ in yeast promoters pTEF1 and 209bp_pCYC1. Red marks depict VanO, BenO and PcaO operator 

positioning in pTEF1 and 209bp_pCYC1 promoters. (B) Screening yeast strains expressing yeGFP controlled by 81 

different reporter promoters with VanO operator positioned in 81 out of 91 possible single-nucleotide positions between 

the TATA-like element and transcription start site (TSS) of pTEF1 promoter. Mean fluorescence intensity (MFI) values 

from flow cytometry measurements of yeGFP intensities in the presence or absence of 4 mM vanillic acid following 16 

hours of incubation. (C) Screening yeast strains expressing yeGFP controlled by 106 different reporter promoters with 

BenO operator positioned between the 5´-end and TSS of the 209bp_pCYC1 promoter. MFI values from flow cytometry 

measurements of yeGFP intensities in the presence or absence of 1.4 mM CCM following 22 hours of incubation. (D) 

Screening yeast strains expressing yeGFP controlled by 133 different reporter promoters with the PcaO operator 

positioned between the 5´-end and TSS of the 209bp_pCYC1 promoter. MFI values from flow cytometry measurements 

of yeGFP intensities in strains expressing the gene encoding the 3-dihydroshikimate dehydratase (3DSD) from dung mold 

Podospora pauciseta converting 3-dehydroshikimic acid to PCA following 16 hours of incubation. (B-D) MFI values are 

shown as mean ± s.d. from at least three (n = 3) biological replicate experiments. AU, arbitrary units. Dashed line indicates 

2-fold cut-off in MFI between yeGFP expression from cells cultivated in the presence or absence of inducer (B-C) or 

compared to control strains expressing yeGFP without any operator in 209bp_pCYC1 (D). Operator designs and 

genotypes of all strains are listed in Supplementary Tables S1 and S6.  

First, from the VanO operator library, positions 105, 94 and 83 were selected as low-, middle- 

and high-response operator sites, with ligand-induced fold-changes of 2.5-, 5-, and 8.4-fold, 

respectively (Fig. 1B, Fig. 2A). Next, the operators of three reporter promoter designs were replaced 

by operators for the new batch of repressor-type aTF biosensors; TetR from E. coli, XylR from 

Caulobacter crescentus, and FapR from Bacillus subtilis (Fig. 2B). The choice of candidate repressor-

type aTF biosensors were guided by the interest i) to cover archetypical variants of these three 

families of transcriptional regulators, and ii) to span variable operator sequence lengths, from a 

minimum of 17bp for TetR to 34bp in the case of FapR 6,15,32. Moreover, TetR, XylR, and FapR have 

previously been reported to work as functional biosensors for anhydrotetracycline, xylose, and 

malonyl-CoA, respectively, in yeast, thus enabling a relevant benchmark to previous studies 6,15,32. 

While TetR and XylR biosensor responses to non-native metabolites tetracycline and xylose are 

readily detected from feeding the ligands to the cultivation medium 15,32, the characterization of the  



 58  

Figure 2. Testing of selected operator-promoter designs in aTF repressors. (A) Overlay of fluorescence intensity 

profiles of the operator-promoter designs controlling the expression of yeGFP selected from the single nucleotide deep-

scanning of the VanO library (Fig. 1B). (B) Schematic outline of the experimental design used to test for optimal operator 

positions for prokaryotic repressor aTFs VanR, XylR, FapR and TetR. Red marks depict the selected operator positioning 

in pTEF1. (C) Mean fluorescence intensity (MFI) values from flow cytometry measurements of yeGFP intensities for the 

selected operator-promoter designs in the presence (ON state) and absence (OFF state) of 4 mM vanillic acid following 

16 hours of incubation (VanR + VanO); 13.3mM D-(+)-xylose following 6 hours of incubation (XylR + XylO); 13.5μM 

cerulenin following 2 hours of incubation (FapR + FapO); 2.3 μM anhydrotetracycline following 16 hours of incubation 

(TetR + TetO). MFI values are shown as mean ± s.d. from three (n = 3) biological replicate experiments. AU, arbitrary 

units. Dashed line indicates 2-fold cut-off in MFI between yeGFP expression from cells cultivated in the presence or 

absence of inducer. Operator designs and genotypes of all strains are listed in Supplementary Tables S1 and S6. 
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FapR biosensor output for detection of endogenous malonyl-CoA pools can be assessed by feeding 

of cerulenin, a fatty acid synthase (FAS) inhibitor that allows the increase of intracellular malonyl-

CoA pools 6. Similar to the VanR, for each of the three new biosensor systems we included a control 

strain without an aTF operator in the reporter promoter and screened all strain designs in the OFF and 

ON states (Fig. 2B-C). From this screen we observed that position 83, the best performing position 

selected from the VanO library screen, only supported 1.9- and 1.4-fold induction in fluorescence for 

XylR and FapR, respectively, while for the TetR biosensor no change in fluorescence was observed 

(Fig. 2C).  However, for XylR, XylO positions 105 and 94 enabled fluorescence induction by 3.4- 

and 5.2-fold, respectively, which is comparable to the fold-change observed for the XylR biosensor 

system in yeast previously published, albeit using another promoter chassis 27. Similarly, for the TetR-

TetO biosensor system, both positions 105 and 94 enabled ligand-induced changes in fluorescence of 

5.7- and 2-fold, respectively, while the FapR-FapO biosensor induced yeGFP expression by approx. 

2-fold for each of these two operator positions (Fig. 2C). As observed from the VanO library, the 

difference in ON/OFF fold-change is largely affected by the reporter promoter activity in the OFF 

state (Fig. 1B, Supplementary Figure S1). For instance, for the FapO-FapR designs without 

supplemented ligand (OFF state), positions 105 and 94 support 84% and 80% repression respectively, 

compared to modest 53% repression at position 83 (Supplementary Figure S1). Importantly, the OFF 

state repression for FapR observed in this study using a single operator site at position 105 is 

comparable to a design obtained with three operator sites, located ± 50bp from TSS, previously 

published 6. Likewise, it should be noted that FapR together with VanR were the only biosensors that 

did not completely de-repress under the tested ON conditions (13.5 μM cerulenin and 4 mM vanillic 

acid) as inferred from the highest ON state at position 83 compared to the control strains without 

FapR or VanR expressed (Supplementary Figure S1).   
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Next, for the activator-type biosensors, again based on designs supporting tunable outputs, we 

selected three designs from both the BenO (positions 197, 183, 182) and the PcaO (positions 163, 

145 and 108) library screens (Fig. 1B-C, Fig. 3A), and tested their relevance for biosensing based on 

other activator-type biosensors from the large LTTR family of aTFs (Fig. 3B). The new activator-

type biosensor candidates comprised the BenM homolog and CCM-responsive CatM from 

Acinetobacter baylyi ADP1 33, and the flavonoid-responsive nodulation genes regulator NodD from 

Rhizobium leguminosarum 34, neither of them previously successfully engineered in eukaryotes. 

Additionally, we tested two previously studied activator-type biosensors, namely the malonate-

responsive MdcR from Klebsiella pneumoniae and arginine-responsive ArgP from E. coli, 

respectively, of which ArgP has not previously been tested in yeast (Fig. 3B)14,35,36. As strong 

promoters were successfully used for repressor-type aTF biosensors (Fig. 2B), by default we also 

chose the strong constitutive TDH3 promoter (pTDH3) for expression of all activator-type aTFs, 

except NodD and BenM 14, which we expressed from the weak REV1 promoter (pREV1)(Fig. 3B). 

Interestingly, for NodD, we never succeeded in obtaining any viable transformants when we 

attempted to transform pTDH3::NodD into yeast (data not shown).  

As for the repressor screen, we tested all cognate aTF and operator designs in the presence 

(ON) and absence (OFF) of inducer ligands, and also included the ‘no operator’ 209bp-pCYC1 

reporter promoter as a control (Fig. 3B-C). From the analysis, beyond validation of the CCM and 

PCA biosensors (Fig. 1C-D, Fig. 3C), we observed that  the malonate biosensor MdcR enabled yeGFP 

induction ranging from 1.6- to 2.1-fold for all six tested operator positions, with the highest induction 

reached for reporter promoter with MdcO inserted at position 163, although this position also giving 

rise to high OFF state expression (Fig. 3C). MdcR was the only newly tested biosensor that enabled  
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Figure 3. Testing of selected operator-promoter designs in LysR-Type Transcriptional Regulators (LTTRs). (A) 

Overlay of fluorescence intensity profiles of the operator-promoter designs controlling expression of yeGFP selected 

from the single nucleotide deep-scanning of PcaO and BenO libraries (Fig. 1C-D). (B) Schematic outline of the 

experimental design used to test for optimal operator positions in LTTR members BenM, PcaQ, CatM, MdcR, NodD and 

ArgP. Red marks depict the selected operator positioning in the minimal 209bp_pCYC1 promoter. (C) Mean fluorescence 

intensity (MFI) values from flow cytometry measurements of yeGFP intensities for the selected operator-promoter 

designs were collected following 22 hours of incubation in the presence (ON state) and absence (OFF state) of 1.4 mM 

cis-cis muconic acid (BenM + BenO); 10 mM malonic acid (MdcR + MdcO); 3 mM cis-cis muconic acid (CatM + CatO); 

0.2 mM naringenin (NodD + NodO); and 10 mM L-arginine (ArgP + ArgO). PcaQ + PcaO MFI values were collected 

following 16 hours cultivation of strains expressing (ON state) or not expressing (OFF state) the gene encoding Podospora 

pauciseta 3-dehydroshikimate dehydratase (3DSD). MFI values are shown as mean ± s.d. from three (n = 3) biological 

replicate experiments. AU, arbitrary units. Dashed line indicates 2-fold cut-off in MFI between yeGFP expression from 

cells cultivated in the presence or absence of inducer. Operator designs and genotypes of all strains are listed in 

Supplementary Tables S1 and S6. * denotes strain not viable in ON state. 
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a > 2-fold change induction, whereas ArgP only sustained a negligible 1.2-fold induction of yeGFP 

expression for the best operator position 183. In contrast, the CCM and flavonoid biosensors CatM 

and NodD supported modest 1.3- and 1.6-fold yeGFP induction for design 108 (Fig. 3C).  With 

respect to NodD, cell viability was exclusive observed in the presence of the NodD operator, 

indicating that this system may be working properly; further characterization and engineering is 

needed to understand possible detrimental “off-target” events of NodD when no operator is present 

in the genome. Furthermore, despite LTTRs being structurally and functionally conserved 19, BenM, 

PcaQ, and MdcR were the only activator-type aTFs enabling > 2-fold reporter gene induction in this 

study (Fig 3C). Nevertheless, for BenM and PcaQ, the biosensors displayed drastic opposite readouts 

for their optimal operator-reporter designs, namely 183-182 and 108, respectively (Fig. 3B), implying 

deeper layers of complexity in the mechanism of induction. Indeed, more detailed knowledge of the 

specific promoter sequences is required for predictive aTF placement for efficient and conditional 

RNA polymerase recruitment 26,33.  

In summary, from the regional operator screen for functionalization of other repressor-type 

biosensors, we observed that all four tested aTFs, including VanR, employing operator positions 105 

and 94 gave rise to functional biosensor systems (Fig. 2C). Furthermore, we observed that the 

leakiness of repressor-type biosensor systems increased when the operator site was located more than 

40 nucleotides from the TATA-like element (Fig. 1B). Regarding the activator-type biosensors, 

although no universal design was established, we identified designs 183, 182 and 108 as initial ‘go-

to’ operator-position for operationalizing activator-type LTTR superfamily members in yeast, and 

potentially other eukaryotic hosts. Given its exceptional >20-fold increase in yeGFP expression in a 

PCA production strain without any further engineering of the aTF, we envision the PCA biosensor 

PcaQ could be useful for screening and selection of metabolic routes to the shikimate-based products 

like vanillin glucoside, catechol, and cis-cis-muconic acid 30,37.  
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Methods 
 
 
Strains, chemicals and media 
 

Escherichia coli strain DH5α was used as a host for cloning and plasmid propagation. Cells 

were grown at 37°C in 2xYT medium supplemented with 100 μg/mL ampicillin (900 mL deionized 

water, 16 g bacto tryptone, 10 g bacto yeast extract, 5 g NaCl, adjust the pH to 7, deionized water up 

to 1 L, autoclave). Saccharomyces cerevisiae strains CEN.PK102-5B (MATa ura3-52 his3Δ1 leu2-

3/112 MAL2-8cSUC2) and CEN.PK113-5A (MATa, trp1 his3Δ1 leu2-3/112 MAL2-8cSUC2) were 

used as basic strains for construction of biosensor systems. Strains were grown at 30°C in synthetic 

complete (SC) medium (6.7 g yeast nitrogen base without amino acids, appropriate amount of drop-

out medium supplement (Sigma-Aldrich), deionized water up to 900 mL, adjust pH to 5.6, (20 g agar 

in case of plates), autoclave, 100 mL 20% (w/v) glucose); yeast extract peptone dextrose (YPD) 

complete medium (10 g BactoYeast extract, 20 g BactoPeptone, 20 g Dextrose, (20 g agar in case of 

plates), deionized water up to 1 L, autoclave); and in Delft minimal medium (per L: 7.5 g/L 

(NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L MgSO4*7H2O, 2mL/L trace metals, 100mL/L 20% glucose, 

1mL vitamins) at pH 4,  4.5 or 6. Trace metal and vitamins solution were prepared according to Ambri 

et al. 38. All reagents were purchased from Sigma-Aldrich unless otherwise specified. 

Yeast strains carrying the different biosensor designs were inoculated in Delft minimal 

medium and grown over-night. Next, S. cerevisiae cells were diluted 1:50, with the exception of XylR 

and FapR strains which were diluted 1:25, into fresh Delft minimal medium in the presence or 

absence of inducer. Fluorescence data were collected following defined  periods of cultivation 

depending on the chemical characteristics of the ligand (Supplementary Table S2), and according to 

previous studies 6,14,27,32 More specifically, for strains expressing  repressor-type biosensor, TetR 

from E. coli and VanR from Caulobacter crescentus were grown in the presence of 2.3 μM 

anhydrotetracycline and 4 mM vanillic acid, respectively, for 16 hours prior to fluorescence 
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measurements. Strains carrying XylR from C. crescentus were cultivated in the presence of 13.3 mM 

D-(+)-xylose and cultivated for 6 hours before measuring the fluorescence, while strains carrying 

FapR from Bacillus subtilis were grown for 6 hours before addition of 13.5 μM cerulenin, following 

which fluorescence was measured 2h later. All strains expressing repressors were grown at pH 6, 

except for strains expressing VanR cultivated at pH 4. For strains expressing activator-type biosensor, 

BenM and CatM from Acinetobacter baylyi ADP1 were grown at pH 4.5 in the presence of 1.4 and 

3 mM of cis-cis-muconic acid, respectively; strains carrying ArgP from Escherichia coli were 

cultivated 4.5 at pH in the presence of 10 mM of L-Arginine;  strains expressing MdcR from 

Klebsiella pneumoniae were grown at pH 4.5 in the presence of 10 mM of malonate; strains carrying 

NodD from Rhizobium leguminosarum were grown at pH 6 in the presence of 0.2 mM of naringenin. 

All fluorescence data were collected after 22 hours (Skoedjt 2016). Finally, strains expressing PcaQ 

from Sinorhizobium meliloti in combination with genomic integration of the Podospora pauciseta 

3DSD gene were grown at pH 6, and fluorescence data were collected after 16 hours. 

 

Library design 
 

The VanO operator library was designed by inserting 2x VanO sequences linked by a 6 

nucleotide spacer, agcgct17,  in front of every nucleotide between the TATA-like box and the TSS of 

the native TEF1 promoter. The constructed and characterized library ultimately comprised 81 out of 

all 91 possible designs. The BenO and PcaO operator libraries were designed inserting BenO 

sequence (73 bp) or PcaO sequence (80 bp) in front of every nucleotide in the truncated 209bp-CYC1 

promoter, with the exception of the positions encoding the two TATA boxes and the TSS. The 

constructed and characterized BenO library comprised 106 out of all 133 possible designs, while the 

PcaO operator library spanned all 133 operator positions. For all reporter promoter designs, a 
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customized R script was used for the systematic insertion of operator sequences in TEF1 and 

209bp_pCYC1 promoters prior to DNA synthesis. 

 

Synthetic genes and plasmid construction 
 

Codon-optimized genes, promoter libraries, and oligonucleotides were commercially 

synthesized (Twist Bioscience; Integrated DNA Technologies, Inc). All genetic components were 

amplified with Phusion U Hot Start DNA Polymerase Master Mix (Thermo Fisher Scientific, Inc.). 

Plasmids were constructed, propagated, digested and transformed into yeast according to Jensen et 

al. 39(Supplementary Tables S3-6). All constructed plasmids are sequence-verified by Sanger 

sequencing (Eurofins). Agarose 1% was used for analysis of nucleic acids by gel electrophoresis. 

 

Flow cytometry measurements and data analysis 
 

Prior to flow cytometric acquisition, strains were pre-inoculated and sub-cultivated in 0.5 mL 

Delft minimal medium in regular 96-format polypropylene deep-well plates as specified for the 

cultivation conditions for each biosensor. Next, cells were diluted 1:20 in 0.2 ml  phosphate-buffered 

saline (PBS) in regular flat-bottom 96-well plates in order to arrest cell growth prior to flow cytometry 

acquisition using a Becton Dickinson LSR FORTESSA with a blue 488 nm laser set at FCS 150 V, 

SSC 250 V and FITC-A 510V or 450V, where the lower voltage was applied for strains carrying the 

reporter promoter without the operator because of detection limits. For each measurement 10,000 

single-cell events were recorded using BD FACSDIVATM software. Raw data were analyzed using 

FlowLogic software (Inivai Technologies). Mean fluorescence intensity (MFI) of gated populations 

were determined, and fold changes calculated as the ratio between induced (ON state) and non-

induced (OFF state). For all fluorescence measurements, data represent average of three biological 

replicates and error bars correspond to standard deviation between measurements.  
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Supplementary Figure S1. Activities of reporter promoter designs for various operators and positions (A) Mean 

fluorescence intensity (MFI) values from flow cytometry measurements of yeGFP intensities for the selected operator-

promoter designs. MFI values are shown as mean ± s.d. from three (n = 3) biological replicate experiments. AU, arbitrary 

units. 
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Supplementary tables available at https://tinyurl.com/AmbriPh.D. 

 

Table S1. Operator designs in reporter promoters. Here illustrated are VanO design 105 in pTEF1, BenO 

design 183 and PcaO design 108, both in 209bp_pCYC1; TATA box, TATA-like element and transcription start site are 

in bold; operator sequences are in italics. 

 

Table S2. Sub-cultivation conditions.  

 

Table S3. Synthetic gene sequences. 

 

Table S4. Oligonucleotides sequences. 

 

Table S5. Plasmids used in this study.  

 

Table S6. Strains used in this study.  

 

Table S7. Reporter promoters used in this study.  

  

Biosensor inducer concentration growth
BenM cis-cis muconic acid 1.4 mM 22 hours
PcaQ * * 16 hours
CatM cis-cis muconic acid 3 mM 22 hours
NodD naringening 0.2 mM 22 hours
MdcR malonic acid 10 mM 22 hours
ArgP L-arginine 10 mM 22 hours
VanR Vanillic acid 4mM 16h
XylR D-Xylose 13.3mM 6h
SV-40-FapR cerulenin 13.5μM 2h
TetR Anhydrotetracycline 2.35μM 16h
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Chapter 3: Evolution-guided engineering of 
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Abstract 

Allosteric transcription factors (aTFs) have proven widely applicable for biotechnology and 

synthetic biology as ligand-specific biosensors enabling real-time monitoring, selection and 

regulation of cellular metabolism. However, both the biosensor specificity and the correlation 

between ligand concentration and biosensor output signal, also known as the transfer function, often 

needs to be optimized before meeting application needs. Here, we present a versatile and high-

throughput method to evolve prokaryotic aTF specificity and transfer functions in a eukaryote chassis, 

namely baker’s yeast Saccharomyces cerevisiae. From a single round of directed evolution of the 

effector-binding domain (EBD) coupled with various toggled selection regimes, we robustly select 

aTF variants of the cis,cis-muconic acid-inducible transcription factor BenM evolved for change in 
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ligand specificity, increased dynamic output range, shifts in operational range, and a complete 

inversion-of-function from activation to repression. Importantly, by targeting only the EBD, the 

evolved biosensors display DNA-binding affinities similar to BenM and are functional when ported 

back into prokaryotic chassis. The developed platform technology thus leverages aTF evolvability 

for the development of new host-agnostic biosensors with user-defined small-molecule specificities 

and transfer functions. 

 

Introduction 

The ability to selectively control gene expression has fueled synthetic biology as an 

engineering discipline. Ever since the description of genetic systems inducible by small molecules, 

such as IPTG, arabinose or tetracycline 1, the repertoire of genetic switches for ligand-induced control 

of gene expression has vastly expanded, targeting diverse applications, including directed evolution 

of bio-based microbial production, in situ diagnosis of human gut microbiota, conditional control of 

mammalian cell differentiation, and synthetic cell-cell communication devices 2–5. 

Given the large number of allosteric transcription factors (aTFs) present in the prokaryotic 

kingdom 6, the diversity of chemical structures recognized 7, and their modular domain structure 

encoded by a conserved DNA-binding domain (DBD) linked to a diversified effector-binding domain 

(EBD) 8, small-molecule biosensors based on aTFs are a particularly valuable class of genetic 

switches. Ongoing biosensor research therefore seeks to prospect new biosensors from genomic 

resources 9, 10, while also developing general design rules and engineering strategies from existing 

aTFs. Indeed, due to the modular structure of aTFs, several studies have successfully adopted EBD-

swapping strategies into platform DBDs to rationally engineer new aTF logic 11–13, while engineering 

EBD destabilization for ligand-controlled biosensor stability also have proven successful 14–16. 

However, these rational design strategies for engineering new biosensors suffer from the introduction 
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of cross-talk between ligand specificities, difficulty in creating chimeras from different aTF 

superfamilies, and the risk of losing allostery 2, 11, 17. Ultimately, this may impact several aspects of 

biosensor performance, such as the operational and dynamic output ranges, the specificity, and mode-

of-action - collectively referred to as the biosensor transfer function or logic. 

Acknowledging that allosteric regulation relies on complex interdomain interactions, studies 

beyond pure rational engineering have successfully adopted directed evolution based on global and 

randomised mutagenesis approaches for engineering new aTF logic. For instance, the dynamic range 

of aTFs, i.e. the quantitative relationship between small-molecule inducer concentration and 

biosensor output signal, has been optimized by directed evolution to match biosensor performance to 

the experimental design and application needs 18. Likewise, when no available biosensor exists to the 

ligand of interest, attempts on both randomised and structure-guided directed evolution of new 

biosensor specificities and improved operational ranges from existing aTFs have also been 

successfully demonstrated 19–22. Moreover, starting from allosterically-dead aTF variants with 

constitutive DNA-binding, semi-structure-guided mutagenesis has been used to identify and evolve 

new biosensors with changes in both dynamic output range and inversion of function (ie. inverse-

repression) 23–25. In most of these library studies, the mutagenized aTF libraries were characterized 

based on ligand-induced expression of fluorescent reporter genes or antibiotic resistance genes for 

multiplexed selection of aTF variants responding to the ‘trait’ of interest using biosensor readouts 

based on fluorescence-activated cell sorting (FACS) or cell survival, respectively.  

Even though transfer functions and specificities can be optimized using directed evolution 

and high-throughput read-outs, mutagenizing allosteric proteins is known to cause abundant loss-of-

function mutants related specifically to residues involved in ligand binding and those required for 

maintaining aTF structures 26, 27. Likewise, when mutating aTFs, trade-offs between transfer function 

parameters are frequently observed, such as variants with increased dynamic output ranges are diluted 
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by aTF variants in a constitutive allosterically active state 24. For this reason, several studies have 

further adopted toggled selection regimes with both positive (ON) and negative (OFF) selection 

regimes to robustly evolve aTFs, and other biomolecules, with user-defined changes in small-

molecule specificity 27–30, changes in dynamic and operational ranges 31, and inversion-of-function 

32. Such toggled selection regimes can successfully limit, or completely abolish, aTF variants with 

unintended trade-offs in transfer functions or ligand cross-reactivity. Also, as biosensor library sizes 

are typically limited by the transformation efficiency, the power of directed evolution enables 

identification of beneficial aTF mutations to accumulate over iterative rounds of screening from even 

relatively small library sizes 33. 

Still, no single strategy has demonstrated the evolvability of multiple transfer function 

parameters and small-molecule specificity from one existing aTF. Likewise, for all the studies on 

engineering prokaryotic aTFs as biosensors based on directed evolution, there is no evidence 

available for the portability of engineered aTFs as functional biosensors between different host 

organisms 19,22–24,27,32,34. From both an engineering and an application point of view, the 

demonstration of sequence-identifiers related to defined transfer function parameters and specificity, 

and aTF portability between different hosts is of broad interest for biotechnology and human health 

applications 7.  

Here, we present a simple and high-throughput method to generate tailor-made aTF 

biosensors with novel transfer function parameters and specificities by means of a single round of 

directed evolution coupled to stringent FACS-based toggled selection regimes. Selected archetypical 

aTF variants display change of specificity towards a non-cognate user-defined ligand, 15-fold 

increased dynamic output range, a 40-fold shift in operational range, and inversion-of-function from 

ligand-induced activation to repression, compared to parental aTF. Furthermore, we sequenced and 

further characterized selected aTF variants by kinetic analyses and functional studies in order to 
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pinpoint mutations linked to changes in functionality, thereby enabling the identification of 

mutational hotspots for defined transfer function parameters. The presented method leverages aTF 

evolvability and supports the high-throughput development of new biosensors with user-defined 

small-molecule specificities and transfer functions. Finally, the demonstration that evolved aTF 

variants can be ported back into bacteria as functional biosensors underscores the general usability of 

the method for biosensor development for a wide range of hosts. 

 

Results 

Experimental design and biosensor variant library construction  

In order to establish a method for the development of new genetically encoded biosensors 

based on allosterically regulated transcription factors (aTFs) with user-defined functionalities, we 

deployed directed evolution coupled with toggled selection using fluorescence-activated cell sorting 

(FACS) (Figure 1A). As for transfer function parameters, we focused on evolving biosensors with 

quantitative changes in dynamic and operational ranges, qualitative changes related to inversion-of-

function, as well as change of small-molecule specificity. These are frequently targeted parameters 

in biosensor optimization (Figure 1B).  Furthermore we chose to demonstrate the method in yeast 

because i) the number of biosensors implemented in yeast, and other eukaryotes, is small as compared 

to the plethora of ligand-sensing systems available in prokaryotes 7, 41, and ii) using yeast allowed us 

to leverage high efficiency of homologous recombination for library generation through plasmid gap 

repair 18, 42.  

 As a proof-of-concept, we used a randomised variant library of the LysR-type Acinetobacter 

sp. ADP1 cis,cis-muconic (CCM) acid-binding transcriptional activator BenM, previously 

engineered as biosensor in the budding yeast Saccharomyces cerevisiae 18. For the aTF variant library 

generation we considered several aspects in order to generate a high-quality aTF mutant library useful 
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for selection of variants with both changes in transfer function parameters and specificity. First, in 

order to limit the loss of allostery due to interdomain interactions and to bias the selection towards 

aTF variants with intact DNA-binding specificity maintained, we specifically focused on evolving 

the sequence-diverse aTF effector-binding domain (EBD) (Figure 1A). Next, since we aimed to 

uncover variants with either quantitative (operational and dynamic ranges) or qualitative (specificity 

and inversion-of-function) changes in functionality, we hypothesized a library spanning a variation 

in mutational loads would be most useful, and therefore created the aTF library consisting of approx 

85,000 variants generated from amplicon pools of 2-5 rounds of error-prone PCR (epPCR) targeting 

the non-conserved EBD residues 73-305 of BenM (Figure 1A, Suppl. Figure S1)(see Methods).  

Figure 1. Outline of directed evolution workflow and toggled-based selection of user-defined biosensor transfer 

functions and specificities. (A) Overview of experimental workflow using a single round of directed evolution followed 

by in vivo gap reair of aTF variant library in yeast, and finally toggled FACS-based selection of desired transfer function 

parameters. Protein structure depicts monomeric BenM (PDB 3k1n). (B) Illustration of a wild-type aTF transfer function 

(black) and evolved transfer functions (red) for the traits of interest, namely operational range, dynamic range, and 

inversion-of-function, as well as small-molecule specificity (light and dark green hexagons). 

 

For the evolution set-up, the diversified EDB templates were co-transformed with a linearized 

plasmid backbone encoding the BenM WT DBD, into a platform yeast strain expressing GFP from 

an engineered weak CYC1 promoter harboring a previously described  aTF binding site (aTF-O pro) 
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18 to allow for library construction by gap repair and aTF-controlled inducible expression of GFP, 

respectively (Figure 1A). For all designs, we genomically integrated aTF-O::GFP as a single reporter 

copy. Next, this library was subjected to various user-defined FACS-based toggled selection regimes 

in order to evolve aTF variants with new ligand specificity, extended operational and dynamic ranges, 

and inversion-of-function (Figure 1A-B). In general, first- and second-round sorting included 0.0032 

- 5.4% and 34.9 - 43.4% of the library, respectively, depending on the trait sought for (Suppl. Table 

S1).   

Finally, variants evolved in this study were sequenced (including promoter and terminator) 

and subsequently independently re-transformed into clean yeast background strains, before being re-

phenotyped to rule out phenotypic effects of potential secondary genomic mutations.  

 

Evolution-guided engineering of biosensor transfer function and specificity 

The first transfer function parameter to be improved was dynamic range. To this end, we first 

sorted BenM variants that specifically showed high fluorescent levels in the presence of 1.4 mM 

CCM (ON state) (Figure 1B, Figure 2A, and Suppl. Table S1), a concentration we previously reported 

relevant for screening in yeast cells 18. Next, we performed a second round of sorting to remove 

variants with high background fluorescence in the absence of inducer (OFF state) by sorting variants 

that did not display background fluorescence under uninduced conditions. Comparing mean 

fluorescence intensities of clonal variants isolated after one or two rounds of sorting, demonstrated a 

significant increase in fold-induction, as well as a significant decrease in OFF state (Figure 2A). More 

specifically, by sorting 0.17% and 43.4% of our library in ON and OFF states, respectively, we found  

that 83/94 (88%) of clonal variants obtained after toggled selection improved induction at 1.4 mM 

CCM with a maximum of 38-fold induction, compared to 2.8-fold induction of BenM WT (Figure 

2A). 
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Next, we sought to use directed evolution and toggled selection for evolving BenM for new 

ligand specificity towards adipic acid, a hydrogenated and chemically divergent ligand commercially 

used in chemical, food and pharmaceutical industries 43. When engineering new aTF biosensor 

specificity, it is important to acknowledge that relaxation of ligand specificity towards cognate 

ligands can impose a challenge in maintaining allostery in transcriptional regulators 16, and for this 

reason engineering specificity requires both negative selection (ie. loss of specificity for the native 

ligand) and positive selection (ie. gain of specificity for the new ligand) 28,44. Hence, similar to 

evolving dynamic range variants, we carried out a toggled selection procedure using adipic acid as 

an inducer in the ON state, and subsequently sorting variants without background fluorescence under 

uninduced conditions (OFF state) (Figure 2B). As we observed when we analyzed clonal variants for 

changes in dynamic range, we found that the toggled selection procedure significantly reduced the 

OFF state (Figure 2B). For the variants with changes in small-molecule specificity, we found that by 

sorting 0.032% and 40.5% of our library in ON and OFF states, respectively,  a total of 36/44 (82%) 

clonal variants obtained after toggled selection showed induction by 14 mM adipic acid, with a 

maximum of 15.7-fold induction (Figure 2B).  

Next, qualitative differences in aTF regulatory mode-of-action suggest that inversion-of-

function has occur in evolutionary history. For instance, PurR and TrpR act as repressors when in 

their ligand bound form 45, 46, LacI and TetR as repressors only in their apo-form 47, 48, while BenM 

acts as a co-activator when bound to CCM 49. Indeed, previous directed evolution studies have 

demonstrated the identification of aTFs with reversed mode-of-action 23–25, 32. To probe the 

evolvability of BenM towards an inversion-of-function (i.e., deactivator/CCM as a co-repressor) 

using toggled selection following one round of directed evolution, we first sorted the aTF variant 

library for highly fluorescent variants in the absence of any ligand, indicative of auto-induction (OFF) 

(Figure 2C). Next, we investigated 85 sorted clonal variants by flow cytometry in the presence and  
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Figure 2. Directed evolution of biosensor transfer functions and specificities by FACS-based toggled selection. 
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Figure 2. Directed evolution of biosensor transfer functions and specificities by FACS-based toggled selection. (A) 

Selection of aTF variants with improved dynamic range. Left and middle-left panels: Representative flow cytometry green 

fluorescence protein (GFP) intensity distributions showing the aTF library, or a sublibrary thereof, expressing BenM-

EBD variants in control medium (OFF - light green), 1.4 mM CCM inducer medium (ON - dark green), and a strain not 

expressing BenM in control medium (No BenM - light magenta). Middle-right panel: Swarm plot showing fold-changes 

in GFP intensities of selected evolved variants following one (selection I) or two (selection II) rounds of sorting, compared 

to BenM WT OFF state (dashed blue line). Right panel: Swarm plots showing OFF states of GFP intensities of evolved 

variants following selection I or selection II, compared to BenM WT OFF state (dashed blue line). (B) Selection of aTF 

variants with specificity towards adipic acid. Left and middle-left panels: Same layout as in (A), except for using 14 mM 

adipic acid, instead of CCM, as inducer medium (ON). Middle-right and right panel: Same lay-out of swarm plots as in 

(A), yet with BenM WT fold-change towards adipic acid instead of CCM. (C) Selection of aTF variants with inverse 

transfer functions compared to BenM WT. Left and middle-left panels: Same layout as in (A), except for sorting high-

GFP-variants in the OFF state in selection I, and variants with GFP intensities similar to yeast without expression of 

BenM WT in selection II (No BenM). Middle-right and right panel: Same lay-out of swarm plots as in (A). (D) Selection 

of aTF variants with changes in operational range towards CCM. Left and middle-left panels: Same layout as in (A), 

except for using inducer medium with either 0.035 mM or 0.07 mM CCM as inducer medium (ON). Middle-right and 

right panel: Same lay-out of swarm plots as in (A). Dashed blue line indicates fold-induction of WT BenM at the two 

CCM concentrations (0.90 +/- 0.05 and 1.02 +/- 0.14 for 0.035 mM CCM and 0.070 mM CCM, respectively). (A-D) For 

all histograms dashed double arrow-headed lines indicate sorting gates. For all swarm plots medians and interquartile 

ranges are indicated for all middle-right and right panels. Statistical differences between populations (selection I vs 

selection II) are indicated by asterisks as calculated by the Mann-Whitney test: ns, non-significant; **, P ≤ 0.01; ****, P 

≤ 0.0001. CCM = cis,cis-muconic acid. AA = Adipic acid. 

 

absence of inducer. From this screening we found three variants showing decreased reporter gene 

induction in the presence of CCM (ON). Because of the low success rate of 3.5% (3/85), we tested 

whether an additional round of sorting for cells that show low fluorescence in the presence of inducer 

would increase this fraction. From this second screen, we found that 185/285 (65%) after an 

additional round of negative selection in the presence of 5.6 mM CCM showed a reduction in 

fluorescence, with one variant showing a 3.9-fold reduction in fluorescence. Overall, mean OFF state 

significantly reduced comparing the second to the first selection regime, while mean fold-induction 

significantly decreased, respectively, with the bulk of the second selection variants indeed being 

deactivated in the presence of CCM (Figure 2C).  
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Lastly, a key parameter of biosensor performance is the operational range, i.e. the inducer 

concentration range in which the sensor shows a significant change in dose-responsive output. Since 

we found wild-type BenM to show significant induction by CCM from 0.56 mM CCM and upwards, 

we initially induced the BenM library with 0.035 or 0.070 mM CCM (Figure 2D). Here, even though 

the uninduced and induced populations overlapped, we found that a gate based on the top-1% most 

fluorescent cells under induced conditions (ON) contained, when projected on the uninduced library 

(OFF), a smaller fraction of the population (i.e., 15% less for 0.035 mM CCM and 20% less for 0.070 

mM CCM) (Figure 2D, Suppl. Table S1), suggesting the presence of variants induced by these low 

levels of CCM. Subsequent flow cytometry screening of sorted clonal variants showed that for both 

concentrations the median OFF state was much lower (1.7 for 0.035 mM CCM and 1.4 for 0.07 mM 

CCM) (Figure 2D) than after a single round of positive selection for dynamic range variants (Figure 

2A). Therefore, a second round of sorting to remove auto-inducing variants was deemed unnecessary 

when evolving operational range variants. In addition, 16/95 (17%) variants for 0.035 mM and 55/95 

(58%) variants for 0.070 mM CCM showed a notable fold-induction in the presence of ligand at the 

concentration they were sorted for (Figure 2D). Also, sorting at 0.07 mM versus 0.035 mM CCM 

turned out to yield a significantly lower OFF state as well as significantly higher fold induction at the 

population-level (Figure 2D). 

In conclusion, FACS-driven selection regimes for all four parameters yielded new biosensor 

candidates for desired phenotypes. Toggled selection for dynamic range, small-molecule specificity 

and inversion-of-function enabled a lowered mean OFF state compared to a single round of selection, 

whereas the operational range sorting strategy, by design, yielded low-OFF-state variants after a 

single round of selection. Similarly, fold induction in ON states were higher following toggled 

selection compared to a single round of selection for dynamic and operational range variants, as well 

as for the BenM variants with changes in small-molecule specificity. Finally, for inversion-of-
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function variants toggled selection enabled identification of high OFF state variants with CCM-

dependent transcriptional repression. 

 

Transfer functions and mutation landscapes of evolved aTF variants 

To further characterize the evolved variants, sequencing and dose-response experiments of 

selected isoclonal BenM variants identified from the toggled selection regimes (Figure 2A-D) were 

carried out. 

By design, our pooled epPCR approach targeted 233 amino acids of BenM, which constitutes 

the 14-aa DBD-EDB linker, and the two EBD subdomains (I & II) held together by hinge-like β-

strands resembling a periplasmic binding protein between which the ligand binds 50. For the sequence-

function analysis, we sequenced 20 BenM mutants, of which three variants with changes in small-

molecule specificity were identical. Sequence analysis of the 18 unique BenM variants covering the 

span of archetypical phenotypes (Figure 2A-D) identified a total of 75 mutations across 58 positions 

in the 233-aa window, with each BenM variant having between one (MP17_F12) and six 

(DAP1_H01) mutations (Figure 3A-B) illustrative of the pooled epPCR approach undertaken. 

Moreover, one position (P201S) was mutated in all four specificity variants, two positions (T288I/S 

and Q291H) were mutated in three variants each, seven positions mutated in two variants each, and 

the remaining 48 positions mutated in only a single variant (Figure 3A). 

For dynamic range variants we carried out a dose-response characterization of three variants 

(Figure 3B). Here we found that increased CCM induction was observed at all concentrations 

compared to WT BenM, and that the most highly-induced variant (MP2_G10) displayed a dynamic 

range of 58.8 +/- 1.0, a more than 15-fold improvement over BenM WT (Figure 3C).  Notably,  
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Figure 3. Sequence-function characterization of BenM WT and evolved archetypical variants. (A) Amino-acid 

substitution profiles for the four phenotypic categories (left) of evolved BenM variants, with heat-mapping to indicate the 

BenM variant fold-induction for the lowest inducer concentration with a significant (p < 0.05) response compared to 

control medium. The displayed score (right) for the archetypical variants of improved dynamic and operational range, as 

well as for change of specificity, is indicative of fold-change between inducer and control medium for the lowest inducer 

concentration significantly improving ON state compared to OFF state as indicated in Methods. For the inversion-of-

function variants, the score represents the correlation coefficient between dose-response curves for WT BenM and 

evolved variants calculated according to equation given Methods. (B) Depictions of BenM monomeric structures (PDB 

3k1n), with domains color-coded for mutational spaces for each of the four phenotypic categories. (C-F) Dose-response 

curves for BenM variants, BenM WT, and reporter-only control (No BenM). Data represents mean fold-induction for 

dynamic range (C), operational range (D), and specificity (E) variants, whereas for inversion-of-function variants (F), 

mean fluorescence intensities are displayed. For all plots data represents means +/- one standard deviation from three 

biological replicates. a.u. = arbitrary units.   
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different from other aTF engineering efforts 51, the increase in dynamic range was largely due to 

increased expression upon ligand induction, as only modest changes in OFF state expression was 

observed for the dynamic range variants compared to WT BenM (Figure 2A).  

For the operational range all seven titrated variants showed significant induction (p < 0.05) at 

CCM concentrations below the lower detection limit of WT BenM (i.e. 0.56 mM CCM) (Figure 3D). 

Specifically, MP17_D08 significantly induced GFP expression from 0.014 mM CCM, a 40-fold 

improvement over WT BenM, whereas the remaining variants showed significant induction from 

0.056 mM (Figure 3D). Interestingly, whereas most variants had shifted their operational range while 

maintaining a similar dynamic range as WT BenM, MP17_D08 also displayed an increased dynamic 

range (Figure 3D). Likewise, it should be noted, that while variants were indeed evolved for CCM 

biosensing at low concentration ranges, variant MP17_D08 maintained WT-like discriminatory 

power at CCM concentrations up to 1 mM (Figure 3D), while the other variants did not discriminate 

concentrations > 0.14 - 0.56 mM CCM. 

For the inversion-of-function variants, four variants were selected for dose-response analysis. 

Here, all variants showed dose-dependent deactivation for CCM (Figure 3D), with one variant 

(MP05_D07) showing similar fold-change (3.9-fold reduction) as WT BenM (5-fold induction) 

within the operational range of WT BenM, yielding a negative correlation coefficient of R2 = -0.68 

compared to the transfer function of WT BenM (Figure 3A and Figure 3D). 

Finally, for BenM variants with changes in small-molecule specificity, six mutants displayed 

>5-fold induction by adipic acid, of which three were sequence identical to variant MP04-B01. The 

response curve of the four unique variants was determined for adipic acid (Figure 3F). One variant 

(TiSNO120) showed significant (p < 0.05) induction from 1.4 mM adipic acid, whereas the three 

other variants were significantly induced by 5.6 mM adipic acid, whereas WT BenM was only 

induced from 14 mM (p = 0.03; Figure 3F). With the exception of TiSNO120, the other three BenM 
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variants responded only modestly to CCM, corroborating the toggled selection regime (Suppl. Figure 

S2, Figure 2B). 

In summary, the toggled sorting scheme of a randomly mutated aTF EBD library serves as a 

powerful first demonstration of the impressive evolvability of multiple aTF parameters from a single 

aTF platform, with aTF variants displaying up to 15-fold increased dynamic range, 40-fold change in 

operational range, new ligand-specificity, and inversion-of-function, compared to parental aTF. 

 

Structure-function relationships of evolved biosensor variants 

Interestingly, several of the amino acids mutated in this study (Figure 3A) are known to affect 

BenM-dependent regulation of aromatic compound catabolism in native Acinetobacter 52–54, 

revealing the structure-function relationships governing our observed phenotypes.   

Furthermore, for dynamic range mutants, mutations exclusively occur in EBD-I, while 

operational range variants are the only ones with mutations occurring in the linker hinge between 

EDB-I and the DBD (Figure 3A-B). The mutational space for aTF variants with inversion-of-function 

and specificity for adipic acid, on the other hand, all include broad mutation windows throughout 

both EBD subdomains (Figure 3B).  

 In order to investigate more deeply the mutational space involved in aTF variant calling, it is 

evident from our study, that single mutant E226V in variant MP17_F12 is causal to aTF operational 

range. Additionally, while all specificity variants were different, they all shared the P201S mutation 

(Figure 3A). Notably, residue 201 is involved in both binding of CCM and formation of the tetramer 

interface in BenM WT 55, and in order to gain a better understanding as to whether this residue is 

causal for changes in BenM ligand specificity, TiSNO120 (A130D, A153G, P201S, and E287V) was 

further investigated by analysing a series of single and combinatorial mutants introduced to WT 

BenM to evaluate their effects on biosensor read-out in response to 1.4 mM CCM or 14 mM AA 
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(Suppl. Figure S3A). This confirmed the role of P201S in the increased response to adipic acid and 

decreased induction by CCM, although the re-introduction of a second mutation (E287V) was 

necessary to fully recapitulate the TiSNO120 phenotype. Interestingly, P201 is part of an active site 

loop where it interacts with CCM through its backbone oxygen, and also forms part of the 

hydrophobic dimerization interface (Suppl. Figure 3B) 54. While both roles can in theory be filled by 

a serine at this position, substitution of a proline with a serine will enhance the flexibility of the active 

site loop. We hypothesize that adipic acid can more frequently match the resulting ensemble of 

conformations in a productive way, than can CCM, which is conformationally restricted by two 

double bonds. 

Taken together, the sequencing and in-depth titration studies highlight regional mutational 

hotspots for the four different phenotypic categories of aTF variants, and further exemplifies the 

impact that single residue changes can have on aTF transfer function and specificity as exemplified 

by position E226 and P201 of BenM.    

   

Biochemical characterization of evolved aTF variants 

Small-molecule inducible transcription factors undergo interdomain DBD-EBD allosteric 

transitions upon DNA and ligand binding 56. Also, HLH-type DBD of LTTRs bind DNA as dimers 

or tetramers, with BenM binding to the tripartite 73-nt binding site (benO) in the ben operon of 

Acinetobacter sp. ADP1 as a tetramer 57, 58. Specifically, BenM functions as a dimer of dimers with 

deduced constitutive binding to dyad-symmetrical subsite 1 (ATAC-N7-GTAT), together with either 

subsite 2 (ATAC-N7-GTGT) or subsite 3 (ATTC-N7-GTAT), in the presence or absence of CCM, 

respectively (Figure 4A-B) 58. Interestingly, and in line with the modular architecture of aTFs, Wang 

et al. have shown that substituting the cognate operator sequence with those of homologue aTFs can 

impact both dynamic and operational ranges of the biosensor 59.  
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Figure 4. Biochemical characterization of BenM WT and evolved archetypical variants. 
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Figure 4. Biochemical characterization of BenM WT and evolved archetypical variants. (A) Tetrameric 

representation of full-length BenM (PDB: 3K1N) superimposed on BenM-DBD-DNA complex (PDB:4IHT) 54. The 

dimeric structure of full-length BenM (PDB: 3K1N) was used to generate the probable tetrameric assembly using 

PDBePISA 66 and bioassembly 1 was chosen due to the higher ΔGdiss when compared to the alternative tetrameric 

bioassembly 2. The BenM-DBD-DNA complex (PDB:4IHT) was superimposed on the tetrameric assembly using 

PyMOL. (B) The sequence outline of DNA fragments 209bp_CYC1pro and 209bp_benO_CYC1pro, with BenM binding 

sites, according to Bundy et al. 58, highlighted in bold red. (C) Expression of His6-tagged BenM wild type (WT) and nine 

archetypal variants in E. coli (BL21). Following batch affinity purification, the eluents from WT BenM and BenM variants 

were visualized on SDS/PAGE by Coomassie blue staining. Arrow indicate expected size of purified proteins. (D) 

Interaction between WT BenM WT and DNA fragments 209bp_CYC1pro and 209bp_benO_CYC1pro measured using 

biolayer interferometry (BLI) for real‐time analysis of interactions between fragments 209bp_CYC1pro and 

209bp_benO_CYC1pro and increasing concentrations of BenM WT (1.56, 3.13, 6.25, 12.5, 25, 50 and 100 nM). 

Following initial loading of 100 nM biotinylated fragments 209bp_CYC1pro or 209bp_benO_CYC1 onto streptavidin 

tips, 600 sec of association and dissociation of BenM was performed (see Methods). The BLI signals for association at 

titrated BenM WT concentrations and dissociation, and the calculated Kd’s are shown. (E) Determination of binding 

affinity between benO and BenM variants by BLI. As for (C) the BLI signals for association at 100 nM BenM variant 

concentrations and dissociation, and the calculated Kd’s are shown. Dashed red line in (C-D) mark the fitting of the 

experimental association and dissociation data to a 1:1 model, with a cut-off of R2 > 0.95 between calculated and measured 

binding curves for calculating binding kinetics. n.d. = not determined.  

 

In order to determine if the transfer functions of aTF variants evolved from BenM EBD 

mutagenesis are coupled to changes in DNA-binding affinity, we performed biolayer interferometry  

(BLI). For this purpose, we heterologously expressed in E. coli and purified affinity-tagged WT 

BenM and archetypal variants from the four selection regimes (Figure 2A-D) with purity and 

expected 43-44 kDa size ranges validated by SDS-PAGE 58(Figure 4B). Here, by titrating purified 

WT BenM (1.6-100 nM) onto immobilized benO, binding was observed, whereas no binding was 

observed to the negative control cyc1 promoter element (Figure 4C). This finding is in agreement 

with earlier in vitro studies of Bundy et al. 58, and our earlier in vivo studies 18. Next, performing BLI 

of all purified archetypical BenM variants, we also observed DNA-binding affinity for benO (Figure  

4D). Interestingly, evolved archetypical BenM variants had similar equilibrium dissociation constant 

(KD) for benO (14.3 - 80 nM) as WT BenM (11.5 nM) (Figure 4E). In addition to KD’s, we calculated 

the Hill coefficient as described by Wang et al. 60(see Methods) by plotting log[Θ/(1 − Θ)] as a 
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function of the log [BenM] (Figure 4D-E, Suppl. Figure S4). Moreover, in line with the biochemical 

and structural evidence of WT BenM, all of the evolved BenM variants maintained WT BenM’s Hill 

coefficient of approx. 1, indicative of no cooperativity in DNA-binding (Figure 4C-D, Suppl. Figure 

S4). 

Taken together, the low nM-range DNA-binding affinities observed across all archetypical 

BenM indicate that the evolved functionalities of the archetypal BenM variants are not due to 

secondary effects arising from perturbed DNA binding affinity, but rather a direct effect of EBD 

mutagenesis. Moreover, the elucidation of nearly identical protein structures of full-length WT BenM 

and two constitutively active BenM variants imlies that even differences in vivo transcriptional 

activity is not well discriminated by structural studies 54. Together these observations highlight that 

evolution-guided EBD designs offer a powerful method for engineering aTF functionalities, even 

dispensable of structural information.  

 

Portability of evolved biosensor variants into bacteria 

Prokaryote aTFs have been ported into eukaryotes for use as biosensors for decades 61, 62. In 

order to demonstrate the broader usefulness of high-throughput directed evolution of aTF-based 

biosensors evolved in yeast, we sought to demonstrate chassis portability. As an example, biosensor 

we chose TiSNO120, a BenM variant evolved for adipic acid biosensing - a molecule being one of 

the primary targets for platform chemicals in biorefineries 63. As a recipient chassis we choose E. 

coli, a commonly used biotechnology workhorse, with adipic acid tolerance up to 50 mM (Figure 

5A)64. Transplanting the native BenM-binding (benO) birectional Acinetobacter promoter driving the 

expression of TiSNO120 and mCherry into E. coli resulted in TiSNO120-dependent expression of  

mCherry within the 0-35 mM adipic acid range (Figure 5B), exemplifying the robustness and broader 

usefulness of high-throughput biosensor prototyping in yeast.   
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Figure 5. Host portability of evolved aTF biosensors variants. (A) Schematic outline of biosensor prototyping on 

different chassis. (B) Dose-response curves for BenM variant TISNO-120 (BenM_TISNO120) with evolved specificity 

for adipic acid biosensing vs no BenM expression (reporter-only) in E. coli.  Data represents mean fluorescence intensities 

for mCherry/OD +/- SD from three biological replicates. a.u. = arbitrary units. 

 

Discussion 

In the present study, directed evolution coupled with toggled selection regimes was used to 

successfully identify novel aTF variants with user-defined transfer functions and change of 

specificity. To the best of our knowledge, the toggled sorting scheme of a randomly mutated aTF  
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EBD served as a powerful first demonstration of the evolvability of multiple aTF parameters from a 

single aTF platform. Moreover, this study demonstrate yeast as a robust model chassis for prokaryote 

biosensor prototyping, and that the high-throughput workflow outlined in this study not only arms 

synthetic biologists with new biosensors, but also enables broader host-agnostic usability, as 

exemplified by adipic acid biosensor variant being functional in E. coli. Lastly, in this study, the 

starting point was BenM from Acinetobacter sp. ADP1, a natively CCM-inducible transcription 

factor, which belongs to the largest family of prokaryotic aTFs, namely LTTRs, which could serve 

as platform aTFs for further expanding the functional space of other new-to-nature biosensors.  

Another important observation is the similar DNA-binding affinities broadly observed for all 

four classes of aTF variants (Figure 4). For operational range variants, this indicates that beyond the 

strategy of using degenerate or multi-copy operator sequences to change biosensor operational ranges 

59, engineering aTFs by EBD mutagenesis is a new route to change biosensor operational range. 

Beyond the operational range mutants, the DNA binding affinity of inversion-of-function variants is 

particularly alluring. Given WT-like DNA binding affinity, several hypotheses on the molecular 

mechanisms can explain the ligand-dependent repression. Firstly, it could be speculated that the 

variant aTF represses rather than activates transcription by binding elsewhere in the reporter 

promoter, or that the mutant has increased ligand-independent DNA affinity. However, as no 

mutations were targeted in the DBD region of BenM, and that the BenM variants are able to bind the 

cognate operon for wild-type BenM with similar KD (Figure 4), both of these scenarios are considered 

unlikely. More likely, given the occurrence of five mutations in variant MP05_D07 (E137D, V166I, 

E277D, Q291H, and G297R), we hypothesize that the inversion could be related to a modification of 

the allosteric transition itself. In this scenario, the evolved BenM would not bind the operator with 

CCM bound. Instead, the variants would have a high affinity, yet be in allosteric ON state, for the 

benO operator in the absence of CCM, analogously to the mechanism hypothesized for anti-LacI 
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variants 32. In addition, R225H is known to cause high OFF-state and decreased dynamic range 53, 

potentially adding to the full inversion-of-function of variant P2_H02 containing mutation R225K in 

addition to four other mutations.  

Although the phenotypic screen developed in this study proved useful for generating aTF 

variants with user-defined transfer function parameters, complementing biochemical characterization 

has also proven effective for understanding structural and mechanistic differences of mutant aTFs 65. 

Since a change in phenotype can occur due to one or any combination of (i) altered specificity and/or 

affinity for an inducer, (ii) expression levels and protein stability, (iii) DNA binding affinity, and (iv) 

presence of protein subunits in active or inactive conformations, the more detailed mechanistic effects 

should be investigated for purified aTF variants from different phenotypic categories 65. For instance, 

for any oligomeric DNA-binding aTF, it will be relevant to analyze oligomerization state and 

molecular dynamics, as well as ligand affinity to determine how each of these functions could affect 

aTF variant performance, and thus improve our understanding of how individual or combinations of 

mutations affect aTF structure and function. Ultimately, combining biochemical and computational 

designs, with the high-throughput evolution-guided method presented in this study, should enable a 

multi-faceted approach, necessary to gain a better understanding of biosensor allostery, and how this 

can be forward-engineered for future designer biosensors.  

 

Methods & Materials 

Medium and chemicals 

Stable S. cerevisiae strains were routinely cultivated at 30 °C on YPD (1% (w/v) yeast extract, 

2% (w/v) peptone 2% (w/v) dextrose, solidified with 2% (w/v) agar) medium, whereas plasmid-

containing strains or libraries were cultivated in synthetic complete medium lacking leucine (SC-Leu; 

6.7 g/L yeast nitrogen base without amino acids, 1.62 g/L yeast synthetic drop-out medium 
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supplement without leucine (Y1376, Sigma-Aldrich), 2% (w/v) dextrose, pH 5.6, 2% (w/v) agar in 

case of plates). Mineral medium supplemented with tryptophan (7.5 g/L (NH4)2SO4, 14.4 g/L 

KH2PO4, 0.5 g/L MgSO4•7H2O, 2 g/L dextrose, trace metals, vitamins, 0.02 g/L tryptophan, pH 4.5) 

was freshly prepared as described previously 35, and medium was handled as outlined by Ambri et 

al.36. Diacids, cis, cis-muconic acid (Sigma, CAS Number 1119-72-8, Product Number: 15992) or 

adipic acid (TCI, CAS Number:124-04-9 Product Number: A0161), were dissolved freshly to the 

medium on the day of handling, after which the pH was adjusted to 4.5 and the solution filter-

sterilized as previously described 36. 

EasyClone plasmids used in this paper are outlined in Jensen et al. 35. Escherichia coli strain 

DH5 was used as a host for cloning and plasmid propagation and cultivated at 37 °C in Luria-Bertani 

(LB) medium supplemented with 100 ug/mL ampicillin. PCR was carried out using Phusion® or 

Phusion U High-Fidelity DNA Polymerase (New England Biolabs) according to the manufacturer's 

instructions. Site-directed mutagenesis of BenM in pMeLS0076 was carried out using the 

QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) according to manufacturer’s 

instructions. 

Yeast transformation was performed according to Gietz & Schiestl 37, followed by selection 

on synthetic drop-out medium. 

All oligonucleotides, plasmids, strains, and synthetic DNA used in this study are listed in 

Suppl. Table S2. 

 

Library generation 

In order to generate a library of mutated fragments of the BenM-EBD the procedure described 

by Skjoedt et al. 18 was followed. In short, epPCR was carried out using the Agilent GeneMorph 

mutagenesis II kit following manufacturer’s instructions for high mutational load. Five consecutive 
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rounds of epPCR were carried out using primers MelS69-F and MelS93-R, using 50 ng pMelS0076 

as a starting template for the first round of PCR. After each round, the 735-bp band was gel-purified, 

and 50 ng was used as input for the next round.  To make a library of yeast strains, mutated fragments 

from rounds 2-5 were used as input for four regular PCRs (Phusion) using tailed primers MelS071-F 

and MelS094-R and column-purified. Pooled fragments from rounds 2 and 3 (sublibrary 1), as well 

as rounds 4 and 5 (sublibrary 2), were co-transformed with gapped vector pMelS0076 into strain 

MelS009 (CEN.PK with chromosomal integration of yeGFP reporter gene) in a molar ratio of 80:1, 

in order to allow for re-constitution of the plasmid. For each sublibrary two transformations were 

carried out (4x107 cells as input each), the total biomass was pooled afterwards, added to 48 mL SC-

leu, grown overnight to saturation and frozen in aliquots (sublibrary 1, TISNO-122; sublibrary 2, 

TISNO-123). From plating for single colonies right after transformation it was found that sublibrary 

1 contained 224,000 variants, and sublibrary 2 contained 198,000 variants. Colony PCR-and 

sequencing of 10 random colonies per sublibrary narrowed down the library size for sublibrary 1 to 

45,000 effective variants, and sublibrary 2 to 40,000 effective variants. In this article sublibrary 1 and 

2 are always combined for sorting purposes (effectively containing 85 000 variants) and referred to 

as ‘the BenM library’. 

 

FACS-based selection 

For all sorting steps S. cerevisiae cells containing the BenM library or subpopulations thereof 

previously frozen in 25% (v/v) glycerol at -80 °C were thawed and added to 5 mL SC-Leu to become 

OD600 = 0.2 (approx. 2 x 106 cells/mL). Cultures were grown overnight in 12-mL preculture tubes in 

a 30 °C incubator shaking at 300 rpm with 5 cm orbit diameter. The next day, cultures were diluted 

into minimal medium +/- inducer to OD600=0.2 and incubated under the same conditions. In parallel, 

control strains were processed similarly. After 22 h each culture was diluted in 2 mL sterile 1x PBS 
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to an OD600 of approx. 1.0 right before being analyzed on a Becton Dickinson Aria fluorescence-

assisted cell sorting (FACS) instrument with a blue laser (488 nm) to detect yeGFP fluorescence. For 

control strains 10,000 single-cell events were measured and for (sub)libraries 250,000 events were 

measured to assess mean fluorescence intensity and diversity of each population in medium with or 

without inducer. Depending on the phenotype under study, specific gates were drawn to select for 

single-cell events obeying the set criterion (Figure S2). In any case, cells were sorted in FITC-A vs 

FSC-A pot in order to select based on fluorescence intensity without bias for a certain cell size as 

carried out previously 38, 39. Sorted cells were collected in 2-5 mL SC-Leu (initial cell density < 5,000 

cells/ mL) and allowed to recover overnight (30 °C, 300 rpm) until a sufficient OD600 was reached 

after which cells were frozen down in 25% (v/v) glycerol at -80 °C in aliquots containing 2.5 OD600 

units each. 

 

Flow cytometry 

Flow cytometry screening was carried out as described previously 18. In short, clonal variants 

were inoculated into 150 μL SC-Leu in 96-well plates and grown overnight. The next day, strains 

were subcultured 1:100 into 500 μL medium +/- inducer in a deep-well plate and cultured for 22-23 

h before analyzed by flow cytometry. In parallel, control strains ST.1 (WT CEN.PK), MeLS0138 

(reporter-only) and MeLS0275 (BenM WT – reporter) were processed in the same fashion in 

biological triplicates in each experiment. The mean fluorescence intensity (MFI) of each strain was 

determined based on 10 000 gated single-cell events. The normalized OFF state of each variant was 

determined by dividing its MFI in control medium by the average MFI of MeLS0275 in control 

medium in the same experiment. The fold induction of each variant was computed by dividing the 

MFI in inducer medium by its MFI in control medium. 
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Populations of gated events were analyzed in GraphPad Prism. None of the populations tested 

positive for normality according to the D'Agostino-Pearson "omnibus K2" test (p < 0.05). Populations 

plotted in Figure 2 were tested for statistical differences using the Mann Whitney test calculating the 

two-tailed P-value. 

 

Protein expression and purification 

BenM and its variants were expressed in E. coli BL21 (DE3).  An overnight culture grown in 

2xYT was used to inoculate 0.5 L MagicMedia (Invitrogen), both supplemented with 50 µg/mL 

kanamycin, grown at 37 °C and shaking at 200 rpm. When the OD600 reached 0.6, cells were 

transferred to 18 °C and incubated for 36 hours. After harvest, cells were lysed by three passes through 

an emulsiflex C5 (Avestin, Mannheim, Germany) and cleared cell lysate was loaded onto a HisTrap 

FF column (GE Healthcare). After washing with 10 column volumes of buffer A (30 mM Tris-HCl, 

500 mM NaCl, 30% Glycerol, 5 mM Imidazole, 1 mM DTT pH 7.9), proteins were eluted with 4 

column volumes each of 5%, 10%, 15% and 100% buffer B (30 mM Tris-HCl, 500 mM NaCl, 30% 

Glycerol, 500 mM Imidazole, 1 mM DTT pH 7.9). When purity was unsatisfactory, protein was 

polished on a HiLoad 16/600 Superdex 200pg column equilibrated in 50 mM Tris-HCl, 150 mM 

NaCl pH 8.0. Proteins were frozen in N2(l) and stored at -80 °C. 

 

Biolayer interferometry   

Synthetic 5’-end biotinylated (forward) and non-modified (reverse) single-stranded DNA 

oligos were ordered from IDT (Integrated DNA Technologies, Coralville, IA), and resuspended to 

final concentrations of 200 nM in IDT Nuclease-free duplex buffer according to manufacturer’s 

instructions. Complementary single-stranded oligos for preparing 209bp_CYC1p (TISNO-110 and 

TISNO-113) and 209bp_benO_CYC1p (TISNO-112 and TISNO-114) were combined in 1:1 ratio 
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using 20 uL of each oligo, and incubated at 94 °C for 2 min. Next the mixtures were left at RT for 3 

hrs before storing them as 2.5 uL aliquots of 100 μM DNA (0.25 mol/aliquot).  Using 0.2 nmol of 

DNA for each experiment, all DNA binding experiments were performed using an FortéBio Octet 

RED96 (Pall, Menlo Park, CA, USA) mounted with black 96-well microplates at 30 °C with 200 μL 

volume. Streptavidin sensors (Pall, Menlo Park, CA, USA) were pre-equilibrated in PBS buffer for 

600s and loaded with biotinylated 209bp_CYC1pro or 209bp_benO_CYC1pro (100 nM, 600s). After 

reaching baseline for 300s, association and dissociation of the indicated concentrations of BenM WT 

and variants were measured for 600s each. All assay steps were performed in kinetics buffer (PBS 

containing 0.02% Tween-20 v/v and 0.1% BSA w/v, pH 7.4). Binding kinetics were calculated using 

the FortéBio Data Analysis v7.1 software by fitting the association and dissociation data to a 1:1 

model. A cut-off of R2 > 0.95 was used in order to ensure binding kinetics were calculated only when 

there was a good fit between calculated and measured binding curves. 

 The measured signal at equilibrium, noted Req, and the calculated Rmax for each protein 

concentration were used to calculate fractional saturation and plotted against the respective protein 

concentration to determine the Hill coefficient according to Engohang-Ndong et al. 40. 

 

Fractional saturation = ϴ = Req/Rmax 

X = log[BenM-His] 

Y = log(ϴ/(1-ϴ)) 

  

Analysis of BenM variants by sequencing 

Fold-change (FC) fluorescence induction was calculated for each data point comparing the 

fluorescence level in the control medium and the fluorescence level in the inducer media. The 

displayed score for the phenotypes of improved dynamic and operational range, as well as for change 
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of specificity, were computed normalising the mutants’ FC values by the FC value of the wild type 

protein at the same conditions. The Pearson correlation coefficient (PCC) was calculated using FC 

values of the mutated phenotype and FC values of the wild type phenotype at increasing 

concentrations. The dynamic ranges were calculated for the wild type (Rwt) and for the mutant (Rv) 

phenotypes, as the difference between the corresponding highest and lower values of FC: 

 

Rwt = (FChighest – FClowest) 

Rv = (FChighest – FClowest) 

 

Additionally, the ratio between Rv and Rwt was used as coefficient to indicate the similarity 

of dynamic range between the mutant and the wild type. The inversion-of-function phenotype score 

(X) was calculated multiplying the PCC and the ratio between Rv and Rwt: 

X = PCCv_vs_wt * (Rv /Rwt)  

 

Where the highest inversion-of-function corresponds to high anti-correlation (PCC ~ -1) and similar 

dynamic range (Rv /Rwt ~1). 

 

Biosensing in E. coli  

The adipic acid biosensing plasmid (JBx_101898) was assembled of 4 DNA parts by 

NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, MA): First, the 3.3 kb 

backbone was amplified from pBbS5c-RFP (JBp_000017) using primers 

j5_00193_(pBbS5c_backbone)_forward and j5_00194_(pBbS5c_backbone)_reverse. Next, the 0.9 

kb benM_Mu1 was amplified from pTS-56 using primers j5_00195_(BenM_Mu_rc)_forward and 

j5_00196_(BenM_Mu_rc)_reverse, while BP-01, the 0.3 kb DNA binding site of BenM (benO) with 
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overlap regions, was synthesized as gBlocks® Gene Fragment (Integrated DNA Technologies, Inc., 

IA). Lastly, the 0.7 kb mCherry was amplified from pSC-gapdhp(EL)-mCherry (JBx_065530) using 

primers j5_00198_(mCherry)_forward and j5_00199_(mCherry)_reverse. The negative control 

plasmid (JBx_101899) was constructed via self-circularization: primers BenM_KO_R and 

BenM_KO_F were used to amplify the 4.3 kb fragment from JBx_101898, the PCR product was self-

circularized by T4 ligase (Thermo Fisher Scientific Inc., MA). 

The E. coli DH10B transformed with JBx_101898 (JBx_101900) was used for adipic acid 

biosensing, while the E. coli DH10B transformed with JBx_101899 (JBx_101901) was used as 

negative control. The E. coli cell was grown overnight in Luria−Bertani (LB) medium containing 25 

μg/mL chloramphenicol at 37 °C. The overnight culture was inoculated 1:100 at 50 mL fresh LB 

medium containing chloramphenicol and grown at 37 oC. Once the OD600 reached 0.6, the culture 

was cooled down to room temperature and aliquoted into 96-well deep well plate (2 mL volume, V-

bottom) at 0.5 mL per well. The adipic acid aqueous stock was prepared at 1.7 M with pH = 7.0 

(adjusted by NaOH) and filtered with 0.22 μm filter. The working solutions with varying 

concentrations were diluted with sterile water from the stock. 10 μL of working solution was added 

to each well to make the adipic acid final concentrations (mM) at 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 

8, 16, 32. The deep well plate was sealed by AeraSeal film (Omega Bio-tek, Inc., GA) and wrapped 

by aluminum foil. The plate was shaken at 250 rpm in 30 oC for 16 h. After that, 100 μL culture from 

each well was transferred into 96-well Costar® assay plate (black with clear flat bottom, Corning 

Inc., NY) to measure the optical density at a wavelength of 600 nm absorbance and mCherry 

fluorescence (λex = 575 nm, λem = 620 nm, λcutoff = 610 nm) by SpectraMax M2 plate reader 

(Molecular Devices, LLC., CA). The assays were performed in triplicate wells for each concentration. 
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Supplementary Fig. S1. Multiple sequence alignment of the protein sequences of 12 LTTRs. Align-ment, including 

WT BenM and other yeast-implemented LTTRs FdeR, ArgP, MdcR and PcaQ, was generated using T-Coffee and 

visualized using Boxshade (1). Fraction cut-off for sequence shading was set at 0.7.  

  

BenM    1 ME--------LRHLRYFVAVV-EEQSFTKAADKLCIAQPPLSRQIQNLEEELGIQLLERG 
CatM    1 ME--------LRHLRYFVTVV-EEQSISKAAEKLCIAQPPLSRQIQKLEEELGIQLFERG 
CbnR    1 ME--------FRQLKYFIAVA-EAGNMAAAAKRLHVSQPPITRQMQALEADLGVVLLERS 
DntR    1 MDL---RDIDLNLLVVFNQLL-LDRSVSTAGEKLGLTQPAVSNSLKRLRTALNDDLFLRT 
CysB    1 MK--------LQQLRYIVEVVNHNLNVSSTAEGLYTSQPGISKQVRMLEDELGIQIFARS 
FdeR    1 MRF---NKLDLNLLVALDALL-TEMSISRAAEKIHLSQSAMSNALARLREYFDDELLIQV 
ArgP    1 MKR-----PDYRTLQALDAVI-RERGFERAAQKLCITQSAVSQRIKQLENMFGQPLLVRT 
MdcR    1 MKDDINQEITFRKLSVFMMFM-AKGNIARTAEAMKLSSVSVHRALHTLEEGVGCPLFVHK 
PcaQ    1 MID---ARVKFRHLQTFVEVA-RQKSVVKAAELLHVTQPAVTKTIRELEEVLGVAVFERE 
AlsR    1 ME--------LRHLQYFIAVA-EELHFGKAARRLNMTQPPLSQQIKQLEEEVGVTLLKRT 
NahR    1 MEL---RDLDLNLLVVFNQLL-VDRRVSITAENLGLTQPAVSNALKRLRTSLQDPLFVRT 
NagR    1 MDL---RDIDLNLLVVFNQLL-LDRSVSTAGEKLGLTQPAVSNSLKRLRAALKDDLFLRT 
 
 
BenM   52 SRPV-KTTPEGHFFYQYAIKLLSNVDQMVSMTKRIASV-E-KTIRIGF-VGSLLFGLLPR 
CatM   52 FRPA-KVTEAGMFFYQHAVQILTHTAQASSMAKRIATV-S-QTLRIGY-VSSLLYGLLPE 
CbnR   52 HRGI-ELTAAGHAFLEDARRILELAGRSGDRSRAAARG-DVGELSVAY-FGTPIYRSLPL 
DntR   57 SKGM-EPTPYALHLAEPVIYALNTLQTALTTRDSFDPFASTRTFNLAM-TDIGEMYFMPP 
CysB   53 GKHLTQVTPAGQEIIRIAREVLSKVEAIKSVAGEHTWP-DKGSLYVAT-THTQARYALPG 
FdeR   57 GRRM-EPTPRAEVLKDAVHDVLRRIDGSIAALPAFVPAESTREFRISV-SDFTLSVLIPR 
ArgP   55 VP-P-RPTEQGQKLLALLRQVELLEEEWL--GDEQTGS-TPLLLSLAVNADSLATWLLPA 
MdcR   60 GRNL-LPLQAAWTLLEYCQDVISLMNRGLEATRKVAGV-GQGRLRIGT-LYSLTLETVPR 
PcaQ   57 GRGI-KITRYGEVFLRHAGAALTALRQGLDSVSQERSG-EGPPIRVGA-LPTVSTRIMPR 
AlsR   52 KRFV-ELTAAGEIFLNHCRMALMQIGQGIELAQRTARG-EQGLLVIGF-VGSATYEFLPP 
NahR   57 HQGM-EPTPYAAHLAEPVTSAMHALRNALQHHESFDPLTSERTFTLAM-TDIGEIYFMPR 
NagR   57 SKGM-EPTPYALHLAEPVIYALNTLQTALTTRDSFDPFASTRTFNLAM-TDIGEMYFMPP 
 
 
BenM  108 IIHLYRQAHPNLRIELYEMGTKAQTEALKEGRIDAGFG---RL--KISDPAIKRTLLRNE 
CatM  108 IIYLFRQQNPEIHIELIECGTKDQINALKQGKIDLGFG---RL--KITDPAIRRIVLHKE 
CbnR  109 LLRAFLTSTPTATVSLTHMTKDEQVEGLLAGTIHVGFS---RF--FPRHPGIEIVNIAQE 
DntR  115 LMEALAQRAPHIQISTLRPNAGNLKEDMESGAVDLALG---LL--PELQTGFFQRRLFRH 
CysB  111 VIKGFIERYPRVSLHMHQGSPTQIAEAVSKGNADFAIA---TEALHLYD-DLVMLPCYHW 
FdeR  115 VLARAHAEGKHIRFAL-MPQVQDPTRSLDRAEVDLLVL---PQ--EFCTPDHPAEEVFRE 
ArgP  110 LAPVLADSP--IRLNLQVEDETRTQERLRRGEVVGAVS---IQHQ-----ALPSCLVDKL 
MdcR  117 IIMGMKLRRPELELDLTMGSNQMLLDMLEDDALDAILIATNEG--EFNNTAFDVVPLFED 
PcaQ  114 AIALFLKEKTGARIKIVTGENAVLLEQLRIGDLDLVVG---RLAAPDKMTGFSFEHLYSE 
AlsR  109 IVREYRKKFPSVKIELREISSSRQQEELLKGNIDIGIL---HP--PLQHTALHIETAQSS 
NahR  115 LMDVLAHQAPNCVISTVRDSSMSLMQALQNGTVDLAVG---LL--PNLQTGFFQRRLLQN 
NagR  115 LMEALAQRAPHIQISTLRPNAGNLKEDMESGAVDLALG---LL--PELQTGFFQRRLFRH 
 
 
BenM  163 R-LMVAVHASHPLNQ---MKDKGVHLNDLIDEKILLYPSSPKP-NFSTHVM---NIF-SD 
CatM  163 Q-LKLAIHKHHHLNQ---FAATGVHLSQIIDEPMLLYPVSQKP-NFATFIQ---SLF-TE 
CbnR  164 D-LYLAVHRSQSGKF---GK--TCKLADLRAVELTLFPRGGRP-SFADEVI---GLF-KH 
DntR  170 R-YVCMFRKDHPSAK---S---PMSLKQFTELEHVGVVAL--N-TGHGEVD---GLL-ER 
CysB  167 N-RSIVVTPDHPLAS---KG--SVTIEELAQYPLVTYTFG--F-TGRSELD---TAF-NR 
FdeR  169 R-HVCVVWRDSALAQ---G---ELTLERYMASGHVVMVPP--G-ANASSVE---AWMARK 
ArgP  160 GALDYLFVSSKPFAEKYFPN--GVTRSALLKAPVVAFDHL--DDMHQAFLQQ--NFD-LP 
MdcR  175 D-IFLAAPATERLDA---SR--LADLRDYADRKFVSLAEG--F-ATYAGFR---EAF-HI 
PcaQ  171 Q-VVFAVRAGHPLIS---GR--QSLFAHLSDYPVLMPTRA--S-IIRPFVEHFLIAN-GI 
AlsR  164 P-CVLALPKQHPLTS---KE--SITIEDLRDEPIITVAKEAWP-TLYMDFI---QFC-EQ 
NahR  170 H-YVCLCRKDHPVTR---E---PLTLERFCSYGHVRVIAA--G-TGHGEVD---TYM-TR 
NagR  170 R-YVCMFRKDHPSAK---S---PMSLKQFSELEHVGVVAL--N-TGHGEVD---GLL-ER 
 
 
BenM  214 HGLEPTKINEVREVQLALGLVAAGEGISLVPASTQSIQLFNLSYVPLLD------PDAIT 
CatM  214 LGLVPSKLTEIREIQLALGLVAAGEGVCIVPASAMDIGVKNLLYIPILD------DDAYS 
CbnR  213 AGIEPRIARVVEDATAALALTMAGAASSIVPASVAAIRWPDIAFARIVG------TRVKV 
DntR  216 AGIKRRMRLVVPHFIAIGPILHSTDLIATVPQRFAVRCEVPFGLTTSPHPAKLPDIAINL 
CysB  214 AGLTPRIVFTATDADVIKTYVRLGLGVGVIASMAVD-PVSDPDLVKLDA--N------GI 
FdeR  216 LGFARRVEVTSFSFASALALVQGTDRIATVHARLAQLLAPQWPVVIKESPLSLGEMRQMM 
ArgP  213 PGSVPCHIVNSSEA--FVQLARQGTTCCMIPHLQIEKELASGELIDLTP--GL-FQRRML 
MdcR  222 AGFEPEIVTRVNDIFSMISLVQAGVGFALLPGRMKKVYEKDVQLLKLAEPYQMRQLISIV 
PcaQ  221 AGL-PNQIETVSDS-FGRAFVRSSDAIWIISAGVVATDIADGVLAALPV--D------TS 
AlsR  213 AGFRPNIVQEATEYQMVIGLVSAGIGMTFVPSSAKKLFNLDVTYRKMDQ------IQLNA 
NahR  216 VGIRRDIRLEVPHFAAVGHILQRTDLLATVPIRLADCCVEPFGLSALPHPVVLPEIAINM 
NagR  216 AGIKRRMRLVVPHFIAIGPILHSTDLIATVPQRFAVRCEVPFGLTTSPHPAKLPDIAINL 
 
BenM  268 PIY-IA--VRNMEE-------STYIYSLY---------ETIRQIYAY----EG------- 
CatM  268 PIS-LA--VRNMDH-------SNYIPKIL---------ACVQEVFAT----HH------- 
CbnR  267 PIS-CI--FRKEKQ-------PPILARFV-------------E--------HV------- 
DntR  276 FWH-AK--YNRDP-G------NMWLRQLF----------------V-----EL------- 
CysB  265 FS---HSTTKIGFRR------STFLRSYMYDFIQRFAPHLTRDVVDTAVALRSNEDIEAM 
FdeR  276 QWH-RY--RSNDP-G------IQWLRRVF----------------L-----ES------- 
ArgP  268 YWH-RFAPESRMMRK-------VTD----A--LLDYGHKVLRQ----------------- 
MdcR  282 YSHHRE--RDADL-LALAAEGRMYARSIN----------------R-------------- 
PcaQ  271 ET---RGPVGLTMRT-------DAI----PSLPLSILMQTLREVAGTAM----------- 
AlsR  267 EWV-IA--YRKDNH-------NPLIKHFI-------------HISNC----QQ------- 
NahR  276 FWH-AK--YHKDL-A------NIWLRQLM----------------F-----DL------- 
NagR  276 FWH-AK--YNRDP-G------NMWLRQLF----------------V-----EL------- 
 
 
BenM  298 FTEP---PN--W---- 
CatM  298 IRPL---IE------- 
CbnR  289 RRSA---K---D---- 
DntR  298 FSE------------A 
CysB  316 FKDIKLPEK------- 
FdeR  298 AQE----MDAALPGIC 
ArgP  297 --------D------- 
MdcR      ---------------- 
PcaQ  306 AAEAKRTA-------- 
AlsR  293 TRTK--ESDAGT---- 
NahR  298 FT-------------D 
NagR  298 FSE------------A 
 

 
!

Supplementary Fig. S1. Multiple sequence alignment of the protein sequences of 12 LTTRs. Align-

ment, including WT BenM and other yeast-implemented LTTRs FdeR, ArgP, MdcR and PcaQ, was genera-

ted using T-Coffee and visualized using Boxshade (1). Fraction cut-off for sequence shading was set at 0.7.
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Supplementary Fig. S2. CCM-responsiveness of adipic acid affinity-matured BenM variants. Measurements are 

means +/- SEM from three independent biological replicates. a.u. = arbitrary units.  

 

 

Supplementary Fig. S3. Effects of single and double mutations on biosensor performance. Individual and 

combinations of mutations found in BenM variant TiSNO120 were introduced to WT BenM. While E287 increased 

OFF state and induction by both CCM and AA, single mutant P201S decreased CCM induction and increased AA 

induction. Double mutant P201S, E287V showed a phenotype similar to quadruple mutant TiSNO120, although with 

increased background, and induced expression levels. Error bars show standard deviation based from three replicate 

measurements. CCM = cis,cis-muconic acid. AA = adipic acid. a.u. = arbitrary units.  
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Supplementary Fig. S3. Effects of single and double mutations on biosensor performance. Individual 
and combinations of mutations found in BenM variant TiSNO120 were introduced to WT BenM. While E287 
increased OFF state and induction by both CCM and AA, single mutant P201S decreased CCM induction 
and increased AA induction. Double mutant P201S, E287V showed a phenotype similar to quadruple mutant 
TiSNO120, although with increased background, and induced expression levels. Error bars show standard 
deviation based from three replicate measurements. CCM = cis,cis-muconic acid. AA = adipic acid. a.u. = 
arbitrary units.  
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Supplementary Fig. S4. Hill plot for WT BenM and BenM variant binding to DNA fragment benO. The equation 

is indicated for each protein and the slope of 0.99-1.00 corresponds to the Hill coefficient. Req was measured and Rmax 

was calculated independently for each protein concentration. The calculations were performed as previously 

described63.  
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Supplementary Fig. S4. Hill plot for WT BenM and BenM variant binding to DNA fragment benO. The 
equation is indicated for each protein and the slope of 0.99-1.00 corresponds to the Hill coefficient. Req was 
measured and Rmax was calculated independently for each protein concentration. The calculations were 
performed as previously described63.
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Supplementary Table S1. Overview of FACS regimes for evolution-guided aTF transfer function engineering and 
change of specificity.  
 
    Selection  I     Selection II 
Dynamic range Exp. #116   Exp. #116 
  Sorted population TISNO-122+123   Sorted population TISNO-134 
  Sorted media, mode 1.4 mM CCM, ON   Sorted media, mode Delft, OFF 

  Gate based on 
TISNO-122+123, 

Delft   Gate based on MelS0138, Delft 
  %sorted 0.17   %sorted 43.4 

  
# variants sorted (non-specific 
variants) 144 (14)   # variants sorted (non-specific variants) 62 (36) 

Change of specificity Exp. #116   Exp. #116 
  Sorted population TISNO-122+123   Sorted population TISNO-135 
  Sorted media 14 mM AA, ON   Sorted media, mode Delft, OFF 

  Gate based on 
TISNO-122+123, 

Delft   Gate based on MelS0138, Delft 
  %sorted 0.032   %sorted 40.5 

  
# variants sorted (non-specific 
variants) 27 (14)   # variants sorted (non-specific variants) 11 (3) 

Operational range Exp. #164   Exp. #164 
  Sorted population TISNO-122+123   Sorted population TISNO-122+123 
  Sorted media 35 uM, ON   Sorted media 70 uM, ON 
  Gate based on top-1%   Gate based on top-1% 
  %sorted 1.13   %sorted 1.12 

  
# variants sorted (non-specific 
variants) 961 (816)   # variants sorted (non-specific variants) 952 (765) 

Inversion of function Exp. #116   Exp. #178 
  Sorted population TISNO-122+123   Sorted population TISNO-138 

  Sorted media Delft, ON   Sorted media 5.6 mM CCM, OFF 
  Gate based on MelS0138, Delft   Gate based on MelS0138, Delft 
  %sorted 5.49   %sorted 34.9 

  
# variants sorted (non-specific 
variants) 4667 (8262)   # variants sorted (non-specific variants) 1629(3323) 
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Supplementary Table S2. Overview of strain, plasmids, primers, and synthetic DNA used in this study. 
 

Strain name Description Plasmid/ modification (parent strain) Genotype Source 

CEN.PK113-
7D 

Prototrophic 
WT S. 
cerevisiae strain 

 - mat a URA3 HIS3 LEU2 
TRP1 

Peter Kötter 

MeLS0009 Donor strain 
library 

 - mat a his3 leu2 trp1 
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

Skjoedt et al, 2016 

MeLS0138 Reporter-only 
control strain 

 - mat a his3 leu2 trp1 
KI.LEU 
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

Skjoedt et al, 2016 

MeLS0275 Plasmid-based 
BenM WT + 
reporter strain 

 - mat a his3 leu2 trp1 + 
REV1p::BenM-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

Skjoedt et al, 2016 

TISNO-120 Variant TISNO-
120 re-
transformed 
(specificity) 

pTS-56 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenMTISNO-120-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-122 Library derived 
from second 
and third round 
of epPCR on 
BenM-EBD 

pMeLS0076* (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM*-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-123 Library derived 
from fourth and 
fifth round of 
epPCR on 
BenM-EBD 

pMeLS0076* (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM*-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-155 Variant 
BenM(P201S) 

pTS-66 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(P201S)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-158 Variant 
MP02_A7 
isolated by 
FACS (dynamic 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP02_A07-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-159 Variant 
MP02_D04 
isolated by 
FACS (dynamic 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP02_D04-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-160 Variant 
MP04_C06 
isolated by 
FACS 
(specificity) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP04_C06-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-161 Variant 
MP05_D07 
isolated by 
FACS 
(inversion of 
function) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP05_D07-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-185 Variant 
BenM(A130D) 

pTS-92 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A130D)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-186 Variant 
BenM(A153G) 

pTS-93 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A153G)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 
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TISNO-187 Variant 
BenM(E287V) 

pTS-94 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(E287V)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-188 Variant 
BenM(P201S,A
130D) 

pTS-95 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A130D, 
P201S)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-189 Variant 
BenM(P201S, 
A153G) 

pTS-96 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A153G, 
P201S)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-190 Variant 
BenM(P201S, 
E287V) 

pTS-97 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(P201S, 
E287V)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-193 Variant 
MP02_A7 re-
transformed 
(dynamic range) 

pTS-100 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(H110N, 
A142T, R160G, T280I)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-194 Variant 
MP04_C06 re-
transformed 
(specificity) 

pTS-101 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(L105M, 
G138D, K155E, K200E, 
P201S, N222S, F298S)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-195 Variant 
MP05_D07 re-
transformed 
(inversion of 
function) 

pTS-102 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(E137D, 
V166I, E277D, Q291H, 
G297R)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-196 Variant 
MP02_G10 
isolated by 
FACS (dynamic 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP02_G10-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-213 Variant P2_H02 
isolated by 
FACS 
(inversion of 
function) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMP2_H02-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-214 Variant 
DAP1_H01 
isolated by 
FACS 
(inversion of 
function) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMDAP1_H01-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-215 Variant 
DAP1_H02 
isolated by 
FACS 
(inversion of 
function) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMDAP1_H02-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-224 Variant 
MP16_C05 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP16_C05-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-225 Variant 
MP16_H11 
isolated by 
FACS 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP16_H11-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 
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(operational 
range) 

TISNO-226 Variant 
MP17_A07 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP17_A07-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-228 Variant 
MP17_F12 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP17_F12-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-229 Variant 
MP17_D08 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP17_D08-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-230 Variant 
MP17_G01 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP17_G01-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-231 Variant 
MP17_H05 
isolated by 
FACS 
(operational 
range) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP17_H05-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-232 Variant 
MP04_B01 
isolated by 
FACS 
(specificity) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP04_B01-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-233 Variant 
MP04_B02 
isolated by 
FACS 
(specificity) 

FACS isolate (TISNO-122 + 123) mat a his3 leu2 trp1 + 
REV1p::BenMMP04_B02-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-234 Variant 
MP02_D04 re-
transformed 
(dynamic range) 

pTS-105 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(L104S, 
T132S, D151E, T157A, 
I289T)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-235 Variant 
MP02_G10 re-
transformed 
(dynamic range) 

pTS-106 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(S279F, 
Y286N)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-236 Variant 
MP04_B01 re-
transformed 
(specificity) 

pTS-107 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(P201S, 
T205I, Y293H)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-237 Variant P2_H02 
re-transformed 
(inversion of 
function) 

pTS-109 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(L105F, 
R225K, I240V, T288S, 
Q291H)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-238 Variant 
DAP1_H01 re-
transformed 
(inversion of 
function) 

pTS-110 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(I108F, 
K155M, M177R, K220M, 
L233S, G297D)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 
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TISNO-240 Variant 
DAP1_H02 re-
transformed 
(inversion of 
function) 

pTS-112 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A167T, 
Q291H)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-241 Variant 
MP16_H11  re-
transformed 
(operational 
range) 

pTS-113 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(S73C, 
S80N, M126I, E133G, 
G251C, T299S)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-242 Variant 
MP17_F12  re-
transformed 
(operational 
range) 

pTS-114 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(E226V)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-243 Variant 
MP17_H05  re-
transformed 
(operational 
range) 

pTS-116 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(I154T, 
M165I, N209K, V258I, 
T288S, E300K)-KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

TISNO-244 Variant 
MP17_D08  re-
transformed 
(operational 
range) 

pTS-117 (MeLS0009) mat a his3 leu2 trp1 + 
REV1p::BenM(A230V, 
F253S, Y286N, Y293H)-
KI.LEU2  
209bp_CYC1p_BenO_T1
::yEGFP-SpHIS5 

This study 

ID7835 E. coli 
expression 
strain for 
variant 
BenMMP02_A07 

ID7819 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7819 

This study 

ID7836 E. coli 
expression 
strain for 
variant 
BenMMP02_G10 

ID7821 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7836 

This study 

ID7839 E. coli 
expression 
strain for 
variant 
BenMMP04_B02 

ID7824 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7839 

This study 

ID7840 E. coli 
expression 
strain for 
variant 
BenMMP05_D07 

ID7825 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7840 

This study 

ID7842 E. coli 
expression 
strain for 
variant 
BenMDAP1_H01 

ID7827 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7842 

This study 

ID7845 E. coli 
expression 
strain for 
variant 
BenMMP16_H11 

ID7830 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7845 

This study 

ID7846 E. coli 
expression 
strain for 
variant 
BenMMP17_F12 

ID7831 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7846 

This study 

ID7849 E. coli 
expression 
strain for 
variant 
BenMMP17_D08 

ID7834 (BL21Star(DE3)) F-ompT hsdSB (rB-, mB-
) galdcmrne131 (DE3) + 
ID7849 

This study 
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JBx_101900 E. coli 
biosensing 
strain for adipic 
acid 

JBx_101898 (DH10B) F- mcrA Δ(mrr-hsdRMS-
mcrBC) Φ80dlacZΔM15 
ΔlacX74 endA1 recA1 
deoR Δ(ara,leu)7697 
araD139 galU galK nupG 
rpsL λ- + JBx_101898 

This study 

JBx_101901 E. coli negative 
control strain 
for adipic acid 
biosensing 

JBx_101899 (DH10B) F- mcrA Δ(mrr-hsdRMS-
mcrBC) Φ80dlacZΔM15 
ΔlacX74 endA1 recA1 
deoR Δ(ara,leu)7697 
araD139 galU galK nupG 
rpsL λ- + JBx_101899 

This study 

 
 

Plasmid name Description Source 

pMeLS0076 YCp-KlLEU2-REV1p->BenM Skjoedt et al, 2016 

pNic28-Bsa4 pET expression vector E. coli (Addgene plasmid # 26103) Savitsky et al, 2010 

pTS-56 YCp-KlLEU2-REV1p->BenM(A130D, A153G, P201S, 
E287V) 

This study 

pTS-66 YCp-KlLEU2-REV1p->BenM(P201S) This study 

pTS-92 YCp-KlLEU2-REV1p->BenM(A130D) This study 

pTS-93 YCp-KlLEU2-REV1p->BenM(A153G) This study 

pTS-94 YCp-KlLEU2-REV1p->BenM(E287V) This study 

pTS-95 YCp-KlLEU2-REV1p->BenM(P201S, A130D) This study 

pTS-96 YCp-KlLEU2-REV1p->BenM(P201S, A153G) This study 

pTS-97 YCp-KlLEU2-REV1p->BenM(P201S, E287V) This study 

pTS-100 YCp-KlLEU2-REV1p->BenM(H110N, A142T, R160G, 
T280I) 

This study 

pTS-101 YCp-KlLEU2-REV1p->BenM(L105M, G138D, K155E, 
K200E, P201S, N222S, F298S) 

This study 

pTS-102 YCp-KlLEU2-REV1p->BenM(E137D, V166I, E277D, 
Q291H, G297R) 

This study 

pTS-105 YCp-KlLEU2-REV1p->BenM(L104S, T132S, D151E, 
T157A, I289T) 

This study 

pTS-106 YCp-KlLEU2-REV1p->BenM(S279F, Y286N) This study 

pTS-107 YCp-KlLEU2-REV1p->BenM(P201S, T205I, Y293H) This study 

pTS-109 YCp-KlLEU2-REV1p->BenM(L105F, R225K, I240V, 
T288S, Q291H) 

This study 

pTS-110 YCp-KlLEU2-REV1p->BenM(I108F, K155M, M177R, 
K220M, L233S, G297D) 

This study 

pTS-112 YCp-KlLEU2-REV1p->BenM(A167T, Q291H) This study 

pTS-113 YCp-KlLEU2-REV1p->BenM(S73C, S80N, M126I, 
E133G, G251C, T299S) 

This study 

pTS-114 YCp-KlLEU2-REV1p->BenM(E226V) This study 

pTS-116 YCp-KlLEU2-REV1p->BenM(I154T, M165I, N209K, 
V258I, T288S, E300K) 

This study 

pTS-117 YCp-KlLEU2-REV1p->BenM(A230V, F253S, Y286N, 
Y293H) 

This study 

ID7820 BenM TISNO-124 cloned into pNic28-Bsa4 This study 

ID7821 BenM TISNO-125 cloned into pNic28-Bsa4 This study 

ID7824 BenM-TISNO-128 cloned into pNic28-Bsa4 This study 

ID7825 BenM-TISNO-129 cloned into pNic28-Bsa4 This study 

ID7827 BenM-TISNO-131 cloned into pNic28-Bsa4 This study 

ID7830 BenM-TISNO-134 cloned into pNic28-Bsa4 This study 
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ID7831 BenM-TISNO-135 cloned into pNic28-Bsa4 This study 

ID7834 BenM-TISNO-138 cloned into pNic28-Bsa4 This study 

JBp_000017 pBbS5c-RFP Lee, T. S.; Krupa, R. A.; Zhang, F.; Hajimorad, M.; Holtz, W. J.; 
Prasad, N.; Lee, S. K.; Keasling, J. D. J. Biol. Eng. 2011, 5, 12. 

JBx_065530 pSC-gapdhp(EL)-mCherry Phelan, R. M.; Sachs, D.; Petkiewicz, S. J.; Barajas, J. F.; Blake-
Hedges, J. M.; Thompson, M. G.; Reider Apel, A.; Rasor, B. J.; 
Katz, L.; Keasling, J. D. ACS Synth. Biol. 2017, 6, 159–166. 

JBx_101898 Adipic acid biosensing plasmid This study 

JBx_101899 Negative control biosensing plasmid This study 

 
Primer name Sequence 5'--> 3' Description Source 

MelS69-F GATGAATGCGGCCGCTTTA Forward primer for random mutagenesis of BenM-EBD Skjoedt et 
al, 2016 

MelS93-R CAATACGCCATCAAGTTGCTAAG
C 

Reverse primer for random mutagenesis of BenM-EBD Skjoedt et 
al, 2016 

MelS071-F CTCCTTCCTTTTCGGTTAGAGCGG
ATGAATGCGGCCGCTTTA 

Tailed forward primer for BenM-EBD library assembly by 
gap repair 

Skjoedt et 
al, 2016 

MelS094-R TCATTTCTTTTACCAATACGCCAT
CAAGTTGCTAAGC 

Tailed reverse primer for BenM-EBD library assembly by 
gap repair 

Skjoedt et 
al, 2016 

TISNO-12F ACTACGAACTTGCTGATGTCC Forward BenM sequencing primer (anneals in REV1p) This study 

TISNO-13R CTCAAGCAAGGTTTTCAGTATAA
TG 

Reverse BenM sequencing primer (anneals in CYC1t) This study 

ID18723 GTTGTTCATATGGAGCTGCGCCA
CCTTCGCTATTTCGTTG 

Forward primer for amplifying E. coli codon-optimized 
synthetic DNA constructs BenM (benM-start) 

This study 

ID18724 GTTGTTGCGGCCGCCCAGTTAGG
TGGCTCTGTAAATCCTTC 

Reverse primer for amplifying E. coli codon-optimized 
synthetic DNA constructs BenM (benM-nostop) 

This study 

ID21258 GTTGTTGCGGCCGCCCAGTTAGG
TGGCTCTGTAAAACGTTC 

Reverse primer for amplifying E. coli codon-optimized 
synthetic DNA construct TISNO-129 (benM-rv-tisno129) 

This study 

ID21260 GTTGTTGCGGCCGCCCAGTTAGG
TGGCTCTGTAAAATCTTC 

Reverse primer for amplifying E. coli codon-optimized 
synthetic DNA construct TISNO-131 (benM-rv-tisno131) 

This study 

ID21261 GTTGTTGCGGCCGCCCAGTTAGG
TGGCTCGCTAAATCCTTC 

Reverse primer for amplifying E. coli codon-optimized 
synthetic DNA construct TISNO-134 (benM-rv-tisno134) 

This study 

ID21262 GTTGTTGCGGCCGCCCAGTTCTG
TGGCTCTGTAAATCCTTC 

Reverse primer for amplifying E. coli codon-optimized 
synthetic DNA construct TISNO-135 (benM-rv-tisno135) 

This study 

j5_00193_(pBbS5c_b
ackbone)_forward 

CGAGCTGTACAAGTGAGGATCCA
AACTCGAGTAAGGATCTCCAGGC 

Forward primer to amplify bacbone adipic acid biosensing 
plasmid 

This study 

j5_00194_(pBbS5c_b
ackbone)_reverse 

CAAATTGGTAAGCGCAACGCAAT
TAATGTAAGTTAGC 

Reverse primer to amplify bacbone adipic acid biosensing 
plasmid 

This study 

j5_00195_(BenM_Mu
_rc)_forward 

CATTAATTGCGTTGCGCTTACCA
ATTTGGTGGTTCAGTAAAACCTT
CGTAGGC 

Forward primer to amplify BenMTISNO-120 from pTS-56 This study 

 
j5_00196_(BenM_Mu
_rc)_reverse 

ACCTATGGAGTATTTTTAAATGG
AATTGAGACACTTGAGATACTTC
GTTGCCG 

Reverse primer to amplify BenMTISNO-120 from pTS-56 This study 
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Synthetic DNA 
name 

Sequence 5'--> 3' Description Source 

TISNO-113 /5Biosg/ATACTCCATAGGTATTTTATTATACAAATAATGTGTTTGAACTTATT
AAAACATTCTTTTAAGGTATAAACAA 

Synthetic 5’end 
biotinylated 
(forward) oligo 
209bp_benO_CY
C1 

This study 

TISNO-110 TTGTTTATACCTTAAAAGAATGTTTTAATAAGTTCAAACACATTATTTGTAT
AATAAAATACCTATGGAGTAT 

Non-modified 
(reverse) oligo 
209bp_benO_CY
C1 

This study 

TISNO-114 /5Biosg/ATTAGGACCTTTGCAGCATAAATTACTATACTTCTATAGACACACA
AACACAAATACACACACTAAATTAATA 

Synthetic 5’end 
biotinylated 
(forward) oligo 
209bp_CYC1 

This study 

TISNO-112 TATTAATTTAGTGTGTGTATTTGTGTTTGTGTGTCTATAGAAGTATAGTAAT
TTATGCTGCAAAGGTCCTAAT 

Non-modified 
(reverse) oligo 
209bp_CYC1 

This study 

TISNO-124 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTAATTTGTACCGTCAGGCGCACCCGAATTTG
CGCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAA
GGAGGGACGCATCGATACTGGATTTGGCCGCTTGAAAATCAGCGATCCAG
CAATCAAGCGCACGCTTCTTGGTAACGAGCGCCTGATGGTTGCCGTTCATG
CCAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGAC
TTGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTT
CAACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCAAA
ATCAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGG
AGAGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAA
TCTGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATC
GCCGTGCGTAACATGGAAGAGTCCATTTACATCTATAGCTTATACGAAACA
ATCCGCCAAATTTATGCTTACGAAGGATTTACAGAGCCACCTAACTGG 

BenMMP02_A07 
codon-optimized 
for E. coli 

This study 

TISNO-125 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCAAAA
TCAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGGA
GAGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAAT
CTGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCG
CCGTGCGTAACATGGAAGAGTTTACGTACATCTATAGCTTAAATGAAACAA
TCCGCCAAATTTATGCTTACGAAGGATTTACAGAGCCACCTAACTGG 

BenMMP02_G10 
codon-optimized 
for E. coli 

This study 

TISNO-128 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCTGTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGAGCAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTTGAGCCGACCAAAAT
CAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGGAG
AGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAATC
TGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCGC
CGTGCGTAACATGGAAGAGTCCACGTACATCTATAGCTTATACGAAACAAT
CCGCCAAATTTATGCTTACGAAGGATTTACAGAGCCACCTAACTGG 

BenMMP04_B02 
codon-optimized 
for E. coli 

This study 
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TISNO-129 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GATGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGATTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCAAAA
TCAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGGA
GAGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAAT
CTGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCG
CCGTGCGTAACATGGATGAGTCCACGTACATCTATAGCTTATACGAAACAA
TCCGCCATATTTATGCTTACGAACGTTTTACAGAGCCACCTAACTGG 

BenMMP05_D07 
codon-optimized 
for E. coli 

This study 

TISNO-131 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTTTTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCATGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAACGTAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCATGAT
CAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGAGCGTGGCAGCCGGAG
AGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAATC
TGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCGC
CGTGCGTAACATGGAAGAGTCCACGTACATCTATAGCTTATACGAAACAAT
CCGCCAAATTTATGCTTACGAAGATTTTACAGAGCCACCTAACTGG 

BenMDAP1_H01 
codon-optimized 
for E. coli 

This study 

TISNO-134 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTGTAACGTTGACCAGATGGTCAATATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATTGGTACAAAAGCGCAGACCGGTGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACTGTTTAGAGCCGACCAAAAT
CAACGAGGTCCGCGAAGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGGAG
AGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAATC
TGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCGC
CGTGCGTAACATGGAAGAGTCCACGTACATCTATAGCTTATACGAAACAAT
CCGCCAAATTTATGCTTACGAAGGATTTAGCGAGCCACCTAACTGG 

BenMMP16_H11 
codon-optimized 
for E. coli 

This study 

TISNO-135 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCAAAA
TCAACGAGGTCCGCGTTGTACAGCTTGCTCTGGGGTTGGTGGCAGCCGGAG
AGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGTTCAATC
TGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCGC
CGTGCGTAACATGGAAGAGTCCACGTACATCTATAGCTTATACGAAACAAT
CCGCCAAATTTATGCTTACGAAGGATTTACAGAGCCACAGAACTGG 

BenMMP17_F12 
codon-optimized 
for E. coli 

This study 
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TISNO-138 ATGGAGCTGCGCCACCTTCGCTATTTCGTTGCGGTCGTGGAGGAGCAATCT
TTCACCAAGGCTGCCGACAAGTTATGCATCGCACAACCGCCTCTTTCACGT
CAAATCCAAAATCTTGAGGAAGAACTGGGCATTCAATTACTTGAACGCGG
GTCTCGCCCAGTGAAGACCACCCCCGAGGGGCACTTCTTCTATCAGTATGC
CATCAAACTGCTGTCCAACGTTGACCAGATGGTCTCTATGACAAAGCGTAT
TGCATCTGTAGAGAAGACAATTCGTATTGGCTTTGTTGGCAGCCTGTTGTTT
GGCCTGTTACCACGTATTATTCATTTGTACCGTCAGGCGCACCCGAATTTGC
GCATTGAACTTTATGAAATGGGTACAAAAGCGCAGACCGAAGCCCTGAAG
GAGGGACGCATCGATGCAGGATTTGGCCGCTTGAAAATCAGCGATCCAGC
AATCAAGCGCACGCTTCTTCGTAACGAGCGCCTGATGGTTGCCGTTCATGC
CAGCCACCCACTGAACCAAATGAAGGACAAAGGGGTACACCTTAATGACT
TGATTGACGAGAAAATTTTGTTGTATCCTAGTTCTCCGAAGCCAAACTTTTC
AACCCACGTAATGAATATCTTCAGTGACCACGGGTTAGAGCCGACCAAAA
TCAACGAGGTCCGCGAAGTACAGCTTGTTCTGGGGTTGGTGGCAGCCGGA
GAGGGGATTAGCCTGGTACCCGCATCTACCCAGTCTATCCAGTTGAGCAAT
CTGTCATACGTCCCTCTTTTGGACCCTGACGCTATTACCCCCATCTATATCG
CCGTGCGTAACATGGAAGAGTCCACGTACATCTATAGCTTAAATGAAACA
ATCCGCCAAATTCATGCTTACGAAGGATTTACAGAGCCACCTAACTGG 

BenMMP17_D08 
codon-optimized 
for E. coli 

This study 

BP-01 TCTCAAGTGTCTCAATTCCATTTAAAAATACTCCATAGGTATTTTATTATAC
AAATAATGTGTTTGAACTTATTAAAACATTCTTTTAAGGTATAAACAAGCA
AGAAAGACAAGAAGAAGGCAGGGGCTTGACCCATTAAATGCTTTCTTCAA
TTTGGAAAATTGAAAGCTGAAATGGATATTCGTTTTATTTGTCGGTTCTGCC
GTTAAGTAAACATTTTATGCGTTGCGTTGTTTAATTGAATGTTTGACTAAGC
ACAGCGTTTTGCTCTGGCCTAGACAAGTTTCTTATTTTGGAATGTTGGAGA
AAGGATATGGTCTCCAAGGGCG 

0.3 kb DNA 
binding site of 
BenM (benO) 
with overlap 
regions 

This study 
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Postscript: BenM for in vivo evolution screening 
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Yeast production of CCM requires the heterologous expression of 3 genes to de-branch the 

shikimate pathway into production of protocatechuic acid (PCA), cathecol, and finally CCM (Fig. 1) 

1, 2. The decarboxylation of PCA to catechol by AroY is the rate limiting step of the biosynthetic 

pathway 1. AroY is composed of three different subunits: AroY.B, AroY.C, and AroY.D 1, 2. 

 

 
Figure 1: Schematic of de novo CCM biosynthetic pathway. Components are: 3-dehydroshikimic acid (3-DHS); 3-

DHS dehydratase (3-DHSD) (step 1); protocatechuic acid (PCA); PCA decarboxylase (PCA-DC) (step 2); catechol; 

catechol 1,2-dioxygenase (CDO) (step 3); cis-cis muconic acid (CCM). 
 

Admit suitable screening assays availability, in vitro directed evolution strategies (i.e. error-

prone PCR, degenerate primers) have proven a powerful resource to engineer proteins for desired 

functions 3, 4.  

But, with the reporting of OrthoRep5-8 the Liu Lab refashioned the field of evolution-guided 

protein engineering.  

OrthoRep is a recently improved methodology for fast and stable in vivo directed evolution. 

The system is founded on a nuclear plasmid expressing an engineered error-prone DNA polymerase 

(TP-DNAP1) that exclusively replicates a multi-copy, linear plasmid (p1) that resides in the cytosol 

and carries the gene(s) of interest to be evolved (Fig. 2). TP-DNAP1 does not affect the host genome 

mutation rate since it selectively recognizes specific terminal proteins (TPs) in p1 (Fig. 2). Compared 

to the natural yeast mutation rate (10-10substitutions per base (s.p.b)), the error rate of TP-DNAP1 
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(10-5 s.p.b) and is 100,000-fold higher, allowing for a rapid continuous in vivo evolution 5.  Also, with 

the engineered DNAP1 variant that we use, the plasmid copy number is 10 on average, meaning that 

error-rate per cell increases to 10-4. 

 

   
Figure 2. Schematic of the OrthoRep system. 

    
    

In order to evolve AroY, we have conceived a study combining the OrthoRep method with 

BenM-mediated high-throughput screening for CCM accumulation 9.  

The experimental design is built on a strain expressing genomically-integrated genes encoding 

the CCM production pathway with the exception of AroY.B and C being expressed from p1. BenM 

mutant MP17_D08 has been chosen as biosensor-reporter system for its increased dynamic range 

(Chapter 3). 
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 By combining these two powerful methods, the project concept is to subject the evolving 

population to rounds of flow cytometry-based sorting of the top 2% fluorescent outputs (Sort) to 

enrich for higher CCM producer mutants (Fig. 3). The p1 plasmids of single sorted mutants should 

then be isolated and sequenced, and reverse engineering experiment then follow to validate 

mutation(s) for improved AroY performance and CCM production. To investigate the effect of 

evolution on CCM production without selection (ie. sorting), a parallel continuous growth of the 

unsorted population (Bulk) is ensured by daily diluting the unsorted population (Fig. 3). In this 

fashion the populations are comparable every third passage (Sort1 = Bulk3; Sort2 = Bulk6; Sort3 = 

Bulk9; ...). 

 
 

Figure 3. Schematic of the experimental workflow. 
 
 

Following this workflow over a 2 weeks period, a total of 15 Bulk and 5 Sort populations are 

collected and their mean fluorescence intensity (MFI) compared.  

Preliminary results show a desired gradual increment in the Sort populations MFI with Sort4-

5 allowing for approximately 3-fold increase in GFP expression level (Fig. 4).  
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Comparably, the Bulk population maintained GFP expression level in a range of 0.7-1.2-fold 

compared to the parental population (Bulk1). 

 

 
Figure 4. Mean fluorescence intensity (MFI) comparison between non sorted (Bulk1-15) and sorted (Sort1-5) 

populations. MFI values of the Sort samples are shown as mean ± s.d. from at least three (n = 3) biological replicate 

experiments.  
 

At the moment of writing, considering the remarkable preliminary results, the project is 

ongoing and in the process of extracting and sequencing p1 plasmid(s) from selected Bulk and Sort 

populations in order to uncover sequence-GFP relationship and ultimately aim at the identification of 

superior AroY subunits.  
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Chapter 4: Discussion & Perspective 
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In literature we come across an overrepresentation of biosensor applications in yeast based on 

repressor-type aTFs 1, whereas with the studies of BenM and PcaQ we have the only examples of 

functionalized activators in S. cerevisiae 2(Chapter 2). The unbalanced representation of studies 

characterizing LTTRs members in yeast can be explained by comparing their modes of action. 

Transcriptional repression is accomplished by physical interference of the aTF repressor with 

the DNA-binding of the RNA polymerase at the core promoter 3, 4. Additionally, repressor systems 

are mostly characterized by short operator sequences (12-30 bp) proximal to native prokaryotic core 

promoters (-60 and +60 relative to the TSS) 5, making the mimicking of the systems easier to 

implement in engineered yeast core promoters. As the study in Chapter 2 shows, creating an 

obstruction for the RNA polymerase is simply achieved by enabling the binding of the aTF close to 

TATA and  TATA-like elements 3, 4. Also, the work presented in Chapter 2 partially justify the easier 

transplant of repressor in non-native hosts by identifying a 40 nucleotides flexible working area 

downstream of TEF1  TATA-like element in which the operator can be placed and the binding can 

occur without affecting the system basal expression, hence the leakiness of the system.  

In contrast, while simple activation depends on either directly recruiting RNA polymerase or 

promoting polymerase-promoter association 3, 4, the LTTR family controls transcription through 

DNA looping 6. 

LTTRs are defined by a homo-dimer bound to an upstream regulatory binding site (RBS) , 

and a homo-dimer bound to a core activation binding site (ABS) (Fig. 1A) 6-8. The oligomerization 

into a tetrameric form bends the DNA (Fig. 1B) 6-8, and the presence of the inducer trigger further 

DNA bending changes to bring the aTF in contact with the RNA polymerase and promote 

transcription 6-8 (Fig. 1C). DNase I protection assays show that the operator area protected by the 

active tetrameric forms span 50-80 base pairs, and its position relative to the TSS is pivotal to 

correctly place the aTF and bend the DNA 6-9. The complexity of the relations between RBS, ABS, 
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and bending form a difficult system to recreate in engineered yeast core promoters. Moreover, even 

though many native biosensor systems have been shown to be able to promote RNA polymerase 

interaction with only the association with RBS, limited knowledge exists on possible cofactors or 

RBS/ABS requirements in different hosts 7.  

 

 

Figure 1. Schematic mode of action of LysR Type Transcriptional Regulators. 

 

The results of Chapter 2 show how the necessary conditions for a correct induction of the 

LTTR members BenM and PcaQ were met, but remarkably, it also suggests they were met in different 

fashions. At equal conditions of cell environment and promoter content surrounding the operator 

sequence, different optimal operator-promoter biosensor designs were identified. Moreover, at these 

positions, the other LTTR candidates showed either no or limited responses. All taken into 

consideration the LTTRs activation mechanism seems to be controlled by still undefined intricacy 
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that so far has impeded identification of common design principles for making LTTR activators 

operational in yeast.  

Nevertheless, the level of transcription output exhibited by the non-engineered PcaQ (> 20X) 

exceeds the level reached so far by applying mutated repressor-type aTFs as transcription regulators 

1. Despite the challenges of obtaining a functional activator in yeast, the large size of the LTTR 

superfamily of aTFs deserves further attention towards the development of new activator-type 

biosensors. With today's all-time low price of DNA synthesis 10, a perspective for further deep-

screening of operator-promoter designs on alternative promoters is now tangible. 

After the successful development of a biosensor responding to the product of interest, the 

system can be further engineered to improve its response curve. As shown in Chapter 3, FACS-based 

toggled selection for biosensor mutants with user-defined response curve is a valid approach towards 

improving the response curve. In Snoek et al. work (Chapter 3), 5 rounds of mutagenesis and 2 FACS-

based toggled selections have already allowed the isolation of BenM mutants with a 15-fold increased 

dynamic range, and a 40-fold shift in operational range. 

Inadequately, even though many successful applications have been recorded 1, 2, including the 

research described in this thesis, the workflow required to construct, assess and optimize biosensor 

systems is a time consuming effort with no guarantee of success, as the failure in functionalizing 

additional LTTRs is shown in Chapter 2. 

Taking into account all the considerations presented in the previous paragraphs, the immature 

nature of the knowledge and control over the rational development of biosensing tools for high-

throughput screening of final products is ultimately hampering biosensor replacement of already 

established screening methodologies in the cell factory industry. 

Nevertheless, biosensors can still be powerfully employed in bettering cell factories. As 

discussed in Chapter 3 postscript, biosensors can facilitate in vivo protein engineering strategies by 
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enriching a population for mutants with increased titers, hence allowing the identification of improved 

pathway enzyme performance without costly and time-consuming in vitro engineering. Moreover, to 

dampen the fitness burden implied by the expression of heterologous pathways for de novo production 

11-13, a strategy to evolve the cell to balance the flux, and at the same time improve productivity, 

would be to place a biosensor, responding to a heterologous ligand, in charge of essential gene 

transcription 14, 15. As means of viability, the cell would be forcibly obliged to alter genome-wide 

transcription levels to better the metabolic pathway responsible for the heterologous ligand 

production. For the industry, strains evolved for robustness and production stability would be a 

striking advance in large scale fermentations, both for productivity and downstream processing costs 

16, 17.  

Finally, biosensors hold the potential to revolutionize cell factory development strategies,  

but despite the wide versatility that transcriptional regulator systems possess in nature, their 

mechanism of action (aTFs-operator, operator-promoter, aTFs-RNA polymerase, operator copy 

number and position) have evolved specifically in and for responding to their native environmental 

changes and endogenous cues 18, rendering their transfer into different hosts challenging and 

laborious and ultimately hampering the identification of common conceptual designs for successful 

biosensor transplant in yeast. Nevertheless, I believe biosensors potential for gene discovery and 

especially strain stabilization is too great to be forsaken, and I wish more research groups in the 

future will focus on characterizing and implementing novel aTFs in yeast. 
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