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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 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.

Keywords biosensor, transcriptional regulators, operator position, yeast,

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 . At the heart of robust successful microbial cell factory engineering is
the equilibrium between cell growth and the production of valuable metabolites. Finding
equilibrium between native growth-supporting metabolism and burdening expression of metabolic
pathway 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 23,

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 °.

Indeed, engineering aTFs to couple the abundance of a target metabolite or chemical of interest,
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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 5-°.

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 promoter engineered with one or more prokaryotic aTF binding sites (ie. operators) °. While
no generally applicable design exists, a few guiding principles should be adopted to increase the
chances of successfully onboarding prokaryotic aTFs in yeast and other eukaryotes. First, when
employing repressor-type aTFs, a strong promoter driving the expression of both the aTF and the
reporter gene has been successfully reported 81224, In principle, this allows both a high level of
repression in the absence of the ligand (OFF state), and a high dynamic range of the aTF-based
biosensor upon ligand-induced derepression of reporter gene expression when the aTF detach from
the DNA (ON state). In the case of transcriptional activators, employing a stronger promoter to
drive the transcription of the reporter gene has been shown to cause leaky expression, and also to
reduce the dynamic range, while optimal choice of promoter for controlling the expression of the
allosteric transcriptional activator should be determined by testing a few native promoters covering
a large expression range *°. While aTF expression is easily regulated by the use of native
promoters, synthetic reporter promoters driving the conditional expression of biosensor outputs
often rely on a number of engineering parameters, including dampened native regulation by
removal of upstream-regulatory sequences (URSs)>18, in combination with searches for optimal
operator positioning within the eukaryotic promoter 81315, 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
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and mode-of-action of the specific aTF 7. 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 1°. 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 819 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 1520, By systematic evaluation of more than three-hundred
reporter promoter designs we here lay out design principles that enable successful small-molecule

biosensing of a total of seven new and previously engineered biosensors in yeast.

Results and Discussion

To identify optimal 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 %2122, Initially, VanR from Caulobacter crescentus
was chosen as a candidate repressor-type biosensor aTF 23, whereas the LTTR BenM from
Acinetobacter baylyi ADP1 was chosen as a candidate for an activator-type biosensor 1°. VanR

enables de-repression of gene expression when dislocated from promoter binding upon binding to
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vanillate 2425, 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. PcaQ has previously been
reported to be non-functional in eukaryotes, yet protocatechuic acid is an important precursor
chemical for a broad range of value-added chemicals for which a biosensor could be a promising
metabolic engineering tool 2/-2°. Here, we sought to further investigate if deep-scanning operator
site positions would enable successful biosensing of protocatechuic acid in yeast using PcaQ.

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),
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 since the only
transcriptional activators reported so far in S. cerevisiae rely on this promoter to drive the
expression of the reporter gene (Fig. 1A)®. The strong TEF1 promoter was chosen because
transcriptional repressors have previously been demonstrated to rely on strong reporter promoters
to enable simple validation of successful expression of aTF repressors in non-native hosts driving
the expression of the reporter gene (i.e. low OFF state when aTF repressor is expressed)81%:12.14.30,
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 *>3!, 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), spanning all single nucleotide positions between the TATA-like element and the TSS
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of the TEF1 promoter 3%, were constructed (Fig. 1A, Supplementary Table S1). This double
operator design, spaced by the Eco4711l restriction site was used since it was previously reported
to have the highest dynamic range among tested VanO design in mammalian cells.*® 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 S1). Because of the relatively large size of the operator sequences
compared to the length of the truncated CYC1-based promoter, we originally included only one
BenO operator site when constructing the first successful activator-type biosensor for BenM *°,
and this design was therefore also adopted for the BenO and PcaO operator libraries in this study.
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 into 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 283, Because of the
low OFF state provided by the truncated 209bp_pCY C1 promoter, we initially collected only ON
state data assuming that any significant increase in fluorescence could be a direct result of PcaQ-
mediated activation of GFP expression. All the following analysis performed on selected PcaO
positions will be then compared to strains without the inducer. (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.
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For the deep-scanning of optimal VVanO 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, corroborating earlier findings
that expanding the distance between TATA box and operator can lead to increases in basal
transcription levels of engineered promoters®, and thus lowering the overall fold-change, as
observed here in response to vanillic-acid (Fig. 1B). We speculate that increasing the distance from
the TATA box can compromise the ability of the repressor to obstruct RNA polymerase
progression or assembly of the transcriptional machinery, and highlight operator positioning
within 40-50 bases from the TATA-box to enable the strongest repression.

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 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 5. Furthermore, as for the VanO
library screen, CCM feeding did not lead to changes in yeGFP expression of the control reporter

promoter 209bp _pCYCL1 (Fig. 1C).
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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).

While there is limited mechanistic evidence on how prokaryotic transcriptional activators
function in eukaryotes 34, aTF members of the LTTR subfamily exert transcriptional regulation in
prokaryotes by binding as tetramers to two operators, the regulatory binding site (RBS) and
activating binding site (ABS), simultaneously 2. In the OFF state this causes DNA bending,
thereby preventing access of the RNA polymerase to specific sequences of the target promoter
called UP, whereas in the ON state the aTF is displaced from the ABS which subsequently causes
relaxation of DNA bending and closer proximity of the RNA polymerase to UP, and ultimately
promotes transcription >3, Following this mechanism, we hypothesize that BenM and PcaQ, and
potentially a multitude of other aTF members of the LTTR subfamily, only function as aTFs in
eukaryotic transcriptional regulation in a narrow window of operator positions to ensure native
transcriptional machinery can discrimination between OFF and ON states, and that this likely
depends on both the size of the aTF operator and the aTF itself. Indeed, the operator sequence of
BenM is composed of three sub-binding sites, of which BenM is constitutively bound to site 1 and

shifting binding between site 2 or 3, depending on ligand presence 22, while only one binding site
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has been experimentally determined for PcaQ so far %/, further suggesting that PcaQ interacts with
the reporter promoter differently compared to BenM 3738,

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.

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 a single copy operator for the new batch of repressor-type aTF biosensors; TetR from
E. coli, XyIR 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 ©!33°. Moreover,
TetR, XyIR, 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 &122°, While TetR and XyIR biosensor responses to non-native

metabolites tetracycline and xylose are readily detected from feeding the ligands to the cultivation
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medium 339, the characterization of the 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 . Similar to the VVanR, 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 VVanO library screen,
only supported 1.9- and 1.4-fold induction in fluorescence for XyIR and FapR, respectively, while
for the TetR biosensor no change in fluorescence was observed (Fig. 2C). However, for XyIR,
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 XyIR biosensor system in yeast
previously published, albeit using another promoter chassis 4. 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 ©. 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 uM
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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).

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 %9, and the flavonoid-responsive nodulation genes regulator
NodD from Rhizobium leguminosarum 4, 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)>4243, 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 *°, 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-pCYCL1
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
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also giving rise to high OFF state expression (Fig. 3C). MdcR was the only newly tested biosensor
that enabled 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 2°, 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
27,40_

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 were able to develop a new activator-
based biosensor in yeast. Moreover, our results suggest that onboarding prokaryotic transcriptional

activators in S. cerevisiae may require deep-scanning of operator positions, and furthermore
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substantiate our previous finding °, demonstrating truncated minimal 209bp_pCYC1 promoter as
a platform promoter chassis for engineering reporter promoters for transcriptional activator-type
biosensors in yeast. LIkewise, 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 244,

Lastly, it should be mentioned that beyond testing of operator positioning, we envision that
libraries alike the one functionally characterized in this study, would be interesting to mine
biochemically by investigating aTF:DNA binding affinity, and also through further functional
characterization using combinatorial approaches of aTF biosensor design parameter (e.g. aTF
expression and translation initiation). Ultimately, such multivariate parameter testing should
enable more predictive engineering of new aTF biosensors for biotechnological and medical

applications.

Methods

Strains, chemicals and media

Escherichia coli strain DH5a was used as a host for cloning and plasmid propagation. Cells
were grown at 37°C in 2xYT medium supplemented with 100 pg/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 his341 leu2-3/112 MAL2-8°SUC2) and CEN.PK113-5A (MATa, trpl his341 leu2-3/112
MAL2-8°SUC2) 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,
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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 KH2PQO4, 0.5 g/L MgSO4*7H20, 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. 4. 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
XyIR 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 141539 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 pM
anhydrotetracycline and 4 mM vanillic acid, respectively, for 16 hours prior to fluorescence
measurements. Strains carrying XyIR 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 uM 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
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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, agcgct!®, 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 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
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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. “6(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.

The plasmids carrying the single-copy operator for FapR, XyIR and TetR in positions 105,
94 and 83 were constructed by PCR, then USER cloned into plasmids, and subsequently
propagated, sequence-verified, digested, and transformed into yeast according to Jensen et al. 46 .
The same approach was applied when constructing plasmids carrying single-copy operators for
CatM, MdcR, ArgP and NodR. All reporter promoter sequences can be found in (Supplementary

Table S7).

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 FACSDIVA™ 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
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represent average of three biological replicates and error bars correspond to standard deviation

between measurements.
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Figure legends

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
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209bp_pCYCL1 promoters. Black marks labelled T1 and T2 represent TATA boxes 1 and 2. (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, with numbers labelled relative to the 5" -end of the
truncated 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.
Horizontal dashed lines 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). Vertical dashed lines indicate TATA box
positions in the 209bp_pCYC1 promoter. Operator designs and genotypes of all strains are listed

in Supplementary Tables S1 and S6.
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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, XyIR, FapR and TetR. Red marks depict the selected operator
positioning in pTEF1. Black mark labelled T1 represents the TATA box. (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 (XyIR + XylO); 13.5uM cerulenin following 2 hours of incubation (FapR + FapO);
2.3 uM 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.

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. Black
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marks labelled T1 and T2 represent TATA boxes 1 and 2. (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 + ArgQO). 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.

Supplementary information

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.

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.
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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.
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