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ABSTRACT

Transcription factor (TF)-based biosensors have proven useful for increasing biomanufacturing yields, large-scale functional
screening, and in environmental monitoring. Most yeast TF-based biosensors are built from natural promoters, resulting in
large DNA parts retaining considerable homology to the host genome, which can complicate biological engineering efforts.
There is a need to explore smaller, synthetic biosensors to expand the options for regulating gene expression in yeast. Here,
we present a systematic approach to improving the design of an existing oxidative stress sensing biosensor in Saccharomyces
cerevisiae based on the Yap1 transcription factor. Starting from a synthetic core promoter, we optimized the activity of a
Yap1-dependent promoter through rational modification of a minimalist Yap1 upstream activating sequence. Our novel
promoter achieves dynamic ranges of activation surpassing those of the previously engineered Yap1-dependent promoter,
while reducing it to only 171 base pairs. We demonstrate that coupling the promoter to a positive-feedback-regulated TF
further improves the biosensor by increasing its dynamic range of activation and reducing its limit of detection. We have
illustrated the robustness and transferability of the biosensor by reproducing its activity in an unconventional probiotic
yeast strain, Saccharomyces boulardii. Our findings can provide guidance in the general process of TF-based biosensor design.

Keywords: synthetic biology; cell-based biosensor; promoter engineering; oxidative stress; reactive oxygen species;
Saccharomyces boulardii

INTRODUCTION

Biosensors are a broad class of detection devices in which a
biological molecule or system is employed to detect a molecule
or chemical state of interest. In recent years, there has been
increasing interest in cell-based or ‘living’ biosensors, in which
the detection is accomplished by a living cell (often a microbe).

Such biosensors offer key advantages: (i) since the detection
mechanism is encoded in a replicating cell, creating additional
copies of the sensor is easily accomplished; (ii) cells are robust
to environmental perturbations and can repair themselves
when damaged; (iii) some types of cell can be easily intro-
duced into environments that are otherwise inconvenient to
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sample (the human intestine, for example) and (iv) cells can
be engineered to use an internal biosensor’s output to drive a
metabolic (or other) response, allowing cells to act as individual
or collective feedback systems, sensing a state and generating a
response without external intervention. Cell-based biosensors
have been successfully used to dynamically regulate metabolic
pathways in microorganisms with the aim of optimizing chem-
ical production yields (Farmer and Liao 2000; Zhang, Carothers
and Keasling 2012; Dahl et al. 2013; Xu et al. 2014; Venayak
et al. 2015), for large-scale screening of mutant cell strains for
functionality (Zhang, Jensen and Keasling 2015; Dietrich et al.
2013; Umeyama, Okada and Ito 2013; Siedler et al. 2014; Lee and
Oh 2015), for environmental monitoring of pollutants (Wang,
Barahona and Buck 2013; Cai et al. 2018; Wan et al. 2019), and
for diagnostic and therapeutic applications (Archer, Robinson
and Süel 2012; Daeffler et al. 2017; Landry and Tabor 2017; Riglar
et al. 2017; Riglar and Silver 2018; Woo et al. 2020).

One common method for creating cellular biosensors is to
couple a transcription factor (TF) with a target promoter. The
TF is selected for its ability to change its activity level or func-
tion upon exposure to the chemical signal of interest; the modi-
fied TF then activates or represses the promoter’s transcriptional
activity, modulating the production of a protein that serves as
the biosensor’s output. In both yeast and bacterial cells, TF-
based biosensors have been successfully designed to detect a
variety of molecules and environmental states, including, but
not limited to, arsenic and mercury (Wan et al. 2019), fatty acids
(Zhang, Carothers and Keasling 2012), malonyl-CoA (Xu et al.
2014), xylose (Teo and Chang 2015), naringenin (Wang et al. 2019),
S-adenosylmethionine (SAM) (Umeyama, Okada and Ito 2013),
tetrathionate and thiosulfate (Daeffler et al. 2017; Riglar et al.
2017), nitrate (Daeffler et al. 2017), and oxidative stress (Zhang
et al. 2016). Equipping cells with the capacity to detect the oxida-
tive stress induced by increased intracellular reactive oxygen
species (ROS) concentrations could be important in a number of
contexts, including in microbial bioproduction (where respond-
ing to changes in the redox state can help optimize lipid biosyn-
thesis (Qiao et al. 2017; Xu, Qiao and Stephanopoulos 2017) or
the yields of secreted proteins (Raimondi et al. 2008)) and dis-
ease diagnosis or surveillance (where the presence of ROSs is
strongly correlated with intestinal inflammation (Grisham 1994;
Tian, Wang and Zhang 2017)). Here, we will describe how we
have improved the design of a biosensor that uses the oxidative
stress response pathways in yeast to respond to ROSs.

Beyond specificity for the target molecule, there are other
parameters to be tuned and optimized in a cell-based biosensor.
The ability to control the biosensor’s response curve is key to the
process of matching a biosensor to the requirements of a par-
ticular application; this includes the magnitude of the response
(or dynamic range of activation), the slope (or sensitivity) of
the response, and the linear range of detection (or operational
range). One attractive candidate for facilitating such tuning is
the output promoter itself. Well-established molecular cloning
techniques make it straightforward and inexpensive to synthe-
size, assemble, and modify the DNA sequence of the promoter.
Previously-designed promoters in yeast have often been engi-
neered by adding TF-binding sites inside various regions of trun-
cated natural yeast promoters (Bovee et al. 2007; Khalil et al. 2012;
McIsaac et al. 2014; Ottoz, Rudolf and Stelling 2014; Mukher-
jee, Bhattacharyya and Peralta-Yahya 2015; Teo and Chang 2015;
David, Nielsen and Siewers 2016; Skjoedt et al. 2016; Ikushima
and Boeke 2017; Rantasalo et al. 2018). However, this can result in
relatively large promoters that retain substantial regions homol-
ogous to the natural promoter sequences, negatively affecting

chromosomal integration efficiency. Furthermore, if assembling
a multiple-gene heterolgous pathway, the accumulated size of
each promoters necessarily increases the amount of additional
DNA required to synthetize and introduce within the cells. The
desire for reducing regulatory DNA size was one of the princi-
pal motivation in the development of synthetic minimal core
promoter sequences, a number of which have recently been
designed in yeast (Redden and Alper 2015; Portela et al. 2017).
These promoters contain only the necessary DNA sequences
required to recruit the eukaryotic RNA polymerase II and initiate
transcription, while also offering the potential to add TF-binding
sites to regulate the expression of a reporter gene; their small
size and minimalist construction made them an ideal starting
point for the design of our synthetic oxidative stress responsive
biosensor in yeast.

In this work, we have optimized the activity of a TF-based
yeast biosensor constructed from a small synthetic core yeast
promoter. Our starting point was a previously designed oxida-
tive stress sensor activated by the natural yeast TF Yap1 (Zhang
et al. 2016). Yap1 is an evolutionarily conserved TF in eukary-
otes responsible for the intracellular response to oxidative stress
caused by a redox imbalance (Morano, Grant and Moye-Rowley
2012). Starting from a minimal core promoter, we have created a
Yap1-dependent oxidative stress biosensor and confirmed that
it has a considerable dynamic range of activation in response
to oxidative stress induced by several distinct ROSs. During
the design and optimization process, we found that the spac-
ing between binding sites, number of Yap1 binding sites, and
especially the sequence of the binding site itself can affect the
dynamic range of activation of the biosensor. We have been able
to achieve biosensor response levels to oxidative stress that,
importantly, are far greater than previous oxidative stress sens-
ing biosensors, while also reducing the size of the promoter
to only 171 base pairs (including the 5’UTR). We have demon-
strated that the addition of a positive feedback loop can signifi-
cantly improve the dynamic range of activation of the biosensor.
Finally, we have established initial evidence for the ability of the
biosensor to operate in multiple biological contexts, by demon-
strating that it functions efficiently in the non-conventional pro-
biotic yeast strain Saccharomyces boulardii. Beyond the utility
of the biosensor itself, our results offer useful guidance in the
design of other TF-based biosensors in yeast.

MATERIALS AND METHODS

Media, reagents and chemicals

For yeast cultures, we used standard YPD broth (1% yeast extract,
2% peptone, 2% dextrose). Plasmids encoding the oxidative
stress sensors were maintained in S. cerevisiae with yeast syn-
thetic drop-out (SD-URA) media (0.174% yeast nitrogen base,
0.5% ammonium sulfate, 0.2% amino acid mix minus uracil, 2%
dextrose). Plasmids for S. boulardii were maintained in synthetic
complete (SC) media with 200 μg/mL G-418 (Wisent). For CRISPR-
Cas9 mediated integration, YED media (1% yeast extract, 2% dex-
trose) with 200 μg/mL G-418 was used to reduce the amount
of small background colonies after transformation. To grow E.
coli strains with cloned plasmids, we used standard LB Miller
broth (1% yeast extract, 0.5% Tryptone, 1% NaCl) with 100 μg/mL
of ampicillin. Agar plates were made by adding 2% agar to the
media before autoclaving. Hydrogen peroxide (30% w/v) was
diluted in water and added to yeast cultures at desired con-
centrations. Other oxidative stress inducing chemicals include
diamide (TCI Chemicals) and tert-butyl hydroperoxide (Thermo
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Fisher Scientific), which were diluted in water prior to use, as
well as diethyl maleate (Thermo Fisher Scientific), which was
diluted in dimethyl sulfoxide prior to use.

Yeast strains, oligos and plasmids

Yeast strains used for this study are listed in Table S1 (Sup-
porting Information). The yeast strain Saccharomyces cerevisiae
(mating type A, S288C background; ATCC:4040002) was used
for all initial sensor construction, characterization, and opti-
mization steps. The probiotic strain Saccharomyces boulardii
CNCM I-745 was purchased and isolated from the commercially-
available Fluorastor R© product. Oligonucleotides (for genomic
integrations), plasmids, and gene/DNA sequences used for this
study are listed in Tables S2, S3 and S4 (Supporting Infor-
mation), respectively. All primers were ordered unmodified
and salt-free from Eurofins Genomics. Plasmids for testing the
oxidative stress sensor in S. cerevisiae were cloned into the
pRS416 backbone or pRS415 backbone (Sikorski and Hieter 1989).
Original CRISPR-Cas9 plasmid and gRNA expressing plasmids
were purchased from Addgene, deposited by the Borodina lab
( Addgene:83946, 83947). The previously published oxidative
stress sensing biosensor (5XUAS-pTRX2) was purchased from
Addgene, deposited by the Jensen lab (Addgene: 124708). The
synthetic minimal promoter sequence from the previously char-
acterized core promoter, including the neutral A/T region and
the core promoter sequence (Redden and Alper 2015) number
1, was ordered as a gene fragment from Eurofins Genomics.
Yap1 binding sites, spacer sequences, and 5’UTR sequences were
added or modified by standard PCR cloning protocols and/or NEB
HIFI assembly protocols (New England Biolabs Canada). For stan-
dard PCR cloning, primers which included insertion or deletion
were used to amplify the plasmid following the NEB Q5 protocol.
The resulting PCR product was then digested with DpnI at 37◦C
for 15 min at and gel extracted using the NEB gel extraction kit.
Eluted PCR product was then co-treated with T4 polynucleotide
kinase and T4 ligase in 1X ligase reaction buffer for 2 hours at
room temperature. The resulting reaction mix was subsequently
transformed into the DH5 alpha E. coli strain and incubated
at 37◦C for 16 hours. Three to ten colonies were then picked
for plasmid extraction and sequencing. For NEB HIFI assembly,
primers were designed to include 20- to 25-nucleotides over-
hangs homologous to the desired insertion sites. NEB Q5 pro-
tocols were used to amplify all backbones and inserts. Ampli-
fied backbones were then treated with DpnI at 37◦C for 15 min
then gel extracted using the NEB gel extraction kit. Amplified
inserts were purified using the NEB PCR clean-up kit. Resulting
fragments and/or single-stranded oligos were then assembled
following the NEB HIFI master mix assembly protocol. Result-
ing reaction mix was subsequently transformed in DH5 alpha E.
coli strain and incubated at 37◦C for 16 h. Three to ten colonies
were then picked for plasmid extraction and sequencing. Iso-
lates were confirmed by sequencing using primers to span all
recombination regions.

Yeast transformation

Plasmid transformation into both S. cerevisiae and S. boulardii fol-
lowed the standard LiAc/PEG protocol. Briefly, cells were grown
to logarithmic growth phase, harvested, washed once with
100 mM LiAc, then resuspended in transformation mix (240 μL
50% w/v P.E.G. (M.M. 3350), 36 μL 1M LiAc, 50 μL 2 mg/mL salmon
sperm DNA). Roughly 100 ng of plasmid were added to each
reaction mix and dH2O was used to complete volume to 360 μL.
The reaction mixes were vortexed for 30 sec, incubated at 30◦C
for 20 min, then heat-shocked at 42◦C for 20 min. Afterwards,

cells were harvested and resuspended in YPD. If plasmid selec-
tion used auxotrophic markers, transformed cells were immedi-
ately plated unto selective media (synthetic drop-out agar media
minus the selective amino acid). If plasmids were selected for
G-418 resistance, transformed cells were left to recover in 1–
2 mL of YPD at 30◦C for 4–24 h (longer recovery time (24 h) was
required for S. boulardii) with shaking (200-250 rpm) before plat-
ing on selective media (YED media plus G-418 (200 μg/mL).

CRISPR-Cas9 mediated integration into yeast
chromosome

Cas9 and gRNA expression cassettes were initially on two sep-
arate plasmids derived from a previous publication (Stovicek,
Borodina and Forster 2015). To simplify the transformation pro-
cess, the gRNA cassette, including the structural gRNA gene
expressed from the SNR52 promoter, was cloned into the Cas9
plasmid at the BsiWI cut site. Expressing gRNA from this plas-
mid (low-copy CEN plasmid) rather than its original plasmid
(high-copy 2 micron plasmid) considerably reduced integration
efficiency due to increased background colony formation. How-
ever, it was discovered that by screening three or four different
gRNA sequences in the region of the desired integration site,
we could find at least one gRNA that caused very efficient cut-
ting, resulting in low background colony formation and over 80%
integration efficiency of a 1400 bp GFP cassette. For integrat-
ing Yap1 cassettes into both S. cerevisiae and S. boulardii, gRNA
was designed for efficient cutting and integration in the region
adjacent to the previously characterized chromosomal integra-
tion site 20, (YPRC�15, Chromosome XVI), site 21 (YPRCτ3, chro-
mosome XVI), and site 19 (YORW�22, chromosome XV) (Table
S4) (Flagfeldt et al. 2009). The Yap1 cassette was amplified by
PCR using primers with 50 bp overhangs homologous to the
sequence immediately surrounding the gRNA target region. For
transformation, we added between 4 μg of Cas9-gRNA plas-
mid with 3 to 6 μg of purified PCR product into the reaction
mix and proceeded with the same protocol as described in
the previous section. After recovery in YPD media, cells were
plated on YED + G-418 agar plates (using YED media instead of
YPD media reduced the amount of small background colonies).
Genomic DNA was extracted from resulting colonies and veri-
fied for integration by PCR. Resulting PCR product was also veri-
fied by sequencing to confirm there weren’t any mutations. After
PCR confirmation, positive colonies were cured of their plasmid
by successive passaging in YDP media for 1–2 days and selec-
tion for loss of G-418 resistance. For multiplex genome editing in
S. boulardii, GFP reporters (pTDH3 GFP tADH1) were successively
integrated at sites 20, 21, and 19 in the genome making strains
with either 1, 2, or 3 GFP reporters. After which, a gRNA was
designed and tested for efficient cutting within the GFP gene. To
integrate Yap1 cassettes in these strains, healing fragments were
created by PCR as described above with 50 bp overhangs homol-
ogous to the integration sites. For transformation, the cells were
prepared as above before adding 4 μg of the CRISPR-Cas9 plas-
mid with the GFP-specific gRNA and roughly 3 μg of purified
PCR products of the healing fragments and proceeding with the
transformation protocol. Colonies were screened for loss of fluo-
rescence using a blue-light illuminator (Safe Imager, Invitrogen)
as well as confirmed by PCR and sequencing.

Testing the oxidative stress responsive sensor

Three separate colonies containing the oxidative stress respon-
sive reporter were inoculated in a 96 deep well plate (VWR
Canada) in 1 mL of SD-URA (S. cerevisiae) or SC + 100 μg/mL of
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G-418 (S. boulardii) and grown at 30◦C overnight on a plate shaker
(600-700 rpm) (VWR Canada). In the morning, cultures were
diluted 1/60 in 1 mL of fresh media and grown for 4–5 hours
under the same conditions. After which, the oxidative stress
inducing chemicals were prepared at 100X concentration in its
appropriate vehicle and 10 μL were added to the cultures. Cul-
tures were incubated for another 3 hours under the same growth
conditions. At the end of the induction, 200 μL aliquots of each
samples were transferred into a 96 black well plate (Thermo)
and measured on a Tecan M1000 Pro plate reader: optical den-
sity (600 nm), mCherry fluorescence (Exc. 587 ±5 nm/Em. 610
±5 nm). For the data analysis, the average OD600 and mCherry
fluorescence of the media without cells were subtracted from
the values of the samples. Then, fluorescence of each sample
was normalized to its corresponding OD600 and averaged
between its three biological replicates. Fold activation was cal-
culated based on the ratio of the OD-normalized fluorescence
between the treated samples and the untreated samples: Fold
activation = ((mCherrytreatment—mCherrymedia)/(OD600treatment—
OD600media))/((mCherrycontrol—mCherrymedia)/(OD600control—
OD600media)). Dose response curves were fitted by nonlinear
regression (curve fit) analysis (log[agonist] vs. response- variable
slope (four parameters), least squares fit) using GraphPad Prism
(version 9.0.0 for Mac OS X, GraphPad Software, San Diego,
California USA, www.graphpad.com) with the ‘Bottom’ value
fixed to 1.0. Curves were fitted up to an ROS concentration
beyond which the response levels of one of the biosensor
variants dropped significantly from peak activation (In the case
of hydrogen peroxide, for example, the observed decrease in
fluorescence became apparent at 600 μM for pSynOs 4(alt1)+,
and thus defined as the cut-off concentration for the curve
fitting for all curves; see Fig. S1A, Supporting Information) The
dynamic range of activation for each curve was calculated from
the relative fold activation of the fitted curve at the highest
ROS concentration used in the curve fitting. Limit of detection
was arbitrarily defined as the lowest ROS concentration needed
to induce 2-fold relative expression above the baseline (zero
concentration of ROS). Sensitivity was defined as the estimated
Hill coefficient of the fitted curves.

RESULTS AND DISCUSSION

Design and characterization of the oxidative stress
responsive TF-based biosensor

The yeast TRX2 promoter is a natural Yap1-dependent oxida-
tive stress sensing promoter of approximately 275 base pairs
(bp) long containing two Yap1 binding sites within its upstream
activating sequence (UAS) (Kuge and Jones 1994). A previously
published oxidative stress TF-based biosensor was designed by
adding multiple tandem repeats of a Yap1 responsive element
upstream to the existing TRX2 promoter (as well as other natu-
ral core promoters), creating hybrid promoters with sizes reach-
ing over 700 bp (Zhang et al. 2016). To improve on this design, we
assembled a promoter using minimal elements, which consisted
of: (i) a minimal upstream activating sequence to recruit Yap1;
(ii) a synthetic core promoter containing elements required for
the recruitment of the RNA polymerase and (iii) an untranslated
sequence of nucleotides directly upstream of the start codon of
the reporter gene (5’UTR) (Fig. 1A). For the UAS, we added mul-
tiple copies of the preferred Yap1 binding site of Yap1 (TTAC-
TAA) (Fernandes, Rodrigues-Pousada and Struhl 1997) while also
including a spacer element between each Yap1 binding site,

taken from the spacer element between the two Yap1 bind-
ing sites in the native TRX2 promoter (nucleotides -182 to -210
of pTRX2; see Table S4, Supporting Information). For the core
promoter, we chose a previously characterized synthetic mini-
mal yeast promoter containing a consensus TATA box and tran-
scription start site separated by optimal spacing and sequences
(Redden and Alper 2015). Finally, to complete our promoter, we
added a 5’UTR whose sequence was taken from the 5’UTR of the
TRX2 promoter directly upstream of the start codon (see Table
S4, Supporting Information). These promoters were cloned in
front of a mCherry reporter on a low-copy vector and tested in
S. cerevisiae for activation upon addition of hydrogen peroxide,
a reactive oxygen species commonly used to induce oxidative
stress in yeast. Initially, we characterized the activity of an ear-
lier version of the synthetic promoter (pSynOS 4) to determine
optimal growth and fluorescence measurement conditions (Fig.
S1A, Supporting Information), while also confirming it was com-
pletely dependent on Yap1 (Fig. S1B, Supporting Information)
and that it could be activated by other oxidative stress induc-
ing chemicals (diethyl maleate, tert-butyl hydroperoxide and
diamide (Kuge and Jones 1994)) (Fig. S1C, Supporting Informa-
tion). Altogether, this confirms that the base, initial design of the
oxidative stress sensing synthetic promoter can achieve simi-
lar function to the previously designed hybrid promoter (Zhang
et al. 2016), but it is much smaller in size (171 bp) and modular,
which simplified the next steps in the process of optimization.
Two major factors were studied to improve biosensor activity
and ultimately surpass the function of the previously published
biosensor: (i) elements within the promoter sequence itself and
(ii) positive-feedback-regulated Yap1 expression.

Modifying the promoter sequence to improve the
dynamic range of the biosensor

The minimal design of our biosensor facilitated the process of
modifying the promoter to improve its dynamic range of activa-
tion. Increasing the dynamic range (that is, the ratio between the
maximal response and the no-ROS response) serves to reduce
the detection limit of the biosensor, allowing lower ROS con-
centrations to be reliably distinguished from the basal zero-
concentration response. There were four parameters that were
varied in the promoter design: (i) the length of the spacer region
between the Yap1 binding sites; (ii) the number of Yap1 binding
sites; (iii) the length of the 5’UTR and (iv) the sequence of the
Yap1 binding site. To optimize the oxidative stress biosensor, we
chose to investigate the effect for each of these parameters on
the sensor activity under oxidative stress. We first examined the
effect of the spacer element in between Yap1 sites on promoter
activity. In the TRX2 promoter of S. cerevisiae, the two Yap1 bind-
ing sites within its UAS are separated by a 29 nucleotide spacer
region (Kuge and Jones 1994). To determine the optimal spacer
length for our sensor, we designed promoters with 0, 9, 19 and
29 nucleotides between 4 Yap1 binding sites. The 29 nucleotide
spacer is drawn directly from the spacing region between the
two Yap1 binding sites of the TRX2 promoter (nucleotides -182
to -210 of pTRX2), and the 9 and 19 nucleotide spacers are trun-
cated versions of this spacer element starting from the -182 posi-
tion (see Table S4, Supporting Information) (Fig. 1B). Surpris-
ingly, we found that a 9 nucleotide spacer, and not the orig-
inal 29 nucleotide spacer, was not only functional but in fact
necessary for promoter activation, since increasing the spacing
region beyond 9 nucleotides prevented significant activation of
our reporter upon addition of hydrogen peroxide. On the other

http://www.graphpad.com
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Figure 1. Optimizing the synthetic oxidative stress responsive promoter through promoter modifications. A) Schematic of the synthetic oxidative stress biosensor.
Various copies of the Yap1 binding site were added in the UAS region of a synthetic core promoter separated by a spacer element. A 30 bp 5’UTR was added after the core

promoter.Upon increasing levels of reactive oxygen species, Yap1 will be recruited to the promoter and increase expression of the fluorescent reporter (mCherry). B)
The effect of different spacer region length on promoter activity. Synthetic promoters were designed with either 0, 9, 19, or 29 nucleotides spacer length between 4 Yap1
binding sites. Spacer sequences were derived from the TRX2 promoter in yeast directly upstream of the first Yap1 binding site. C) The effect of increasing Yap1 binding
units on promoter activity. 0 to 8 copies of a minimal Yap1 binding element were added upstream of the synthetic core promoter. D) The effect of different 5’UTR

length on promoter activity. Synthetic promoters were created with 5’UTRs of either 0, 10, 20, or 30 nucleotides in length. Sequences of the 5’UTR were derived from
the TRX2 promoter in yeast directly upstream of the start codon. E) The effect of alternative Yap1 binding sites on promoter activity. Synthetic promoters were created
using two alternative Yap1 binding sites (pSynOS 4(alt1): TTAGTAA and pSynOS 4(alt2): TTAGTCA). Bar graph illustrates the mean OD-normalized mCherry fluorescence
plus standard deviation of three biological replicates under indicated concentration of the hydrogen peroxide. Fold fluorescent change of biosensor compared to basal,

non-stressed conditions (0 μM) is reported over each bar.
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hand, adding four consecutive Yap1 binding sites without spac-
ing was still functional but did not respond as well as the pro-
moter with 9 nucleotide spacing. This suggests that there is
a previously unknown cooperation between closely separated
consecutive Yap1 binding sites that helps to activate transcrip-
tion upon oxidative stress. The 9 nucleotide spacer sequence
was selected for subsequent promoter design.

The second modification we employed was to vary the num-
ber of copies of Yap1 binding sites in the upstream activat-
ing sequence. We made variant promoters that included up
to eight copies of the Yap1 binding site with the 9 nucleotide
spacer. Through this approach, we found that we could achieve
an oxidative stress sensitive promoter with the addition of at
least three Yap1 responsive elements, but the promoter with
four Yap1 sites (pSynOS 4) was more responsive to hydrogen
peroxide (Fig. 1C). Using a two-way ANOVA test with multiple
comparisons (on all pairs of numbers of binding sites), we con-
firmed that the differences at 100 μM were statistically signif-
icant between four and six Yap1 binding sites, while the dif-
ferences at 200 μM were not. Adding eight Yap1 binding sites
decreased the fold activation of the promoter due to higher basal
level of expression. A positive correlation between the number
of Yap1 TF-binding sites and biosensor activity had been pre-
viously reported (Zhang et al. 2016); however, the trade-off we
encountered between the number of TF binding sites and the
basal level of activation of our biosensor underscores that in TF-
based biosensor designs, more TF binding sites is not always
better. Not only does it increase the size of the promoter, but
it might also lead to an undesirable decrease in fold activation.
To achieve the best available results while minimizing the size
of the system, the promoter with four Yap1 binding sites was
selected for subsequent optimization.

The third modification we employed was to vary the length of
the 5’UTR. We originally added a 30 nucleotide 5’UTR upstream
of the mCherry reporter with the assumption that it would help
with translation of the protein due to the inclusion of potentially
necessary elements for efficient ribosomal translation. To deter-
mine the effect of the 5’UTR on the sensor activity, we designed
promoters with 0, 10, 20 and 30 nucleotide 5’UTRs drawn from
the sequence directly preceding the start codon of TRX2 (Fig. 1D).
In general, addition of a 5’UTR improved protein expression lev-
els but did not sustantially affect the fold activation. Compared
to the 10 and 20 nucleotide 5’UTR, the longer 30 nucleotide 5’UTR
achieved higher absolute protein levels without compromising
the fold activation of the sensor. Therefore, the 30 nucleotide
5’UTR was kept in the promoter.

Lastly, we examined the effect of modifying the Yap1 bind-
ing sequences in our promoter. The original Yap1 binding site
(TTACTAA) was used because it was previously determined to
be the preferred Yap1 binding site in the native TRX2 pro-
moter (Fernandes, Rodrigues-Pousada and Struhl 1997). To deter-
mine how the Yap1 binding sequence affected fold activation of
the sensor, we designed promoters with two alternative Yap1
binding sequences: TTAGTAA (pSynOS 4(alt1)) and TTAGTCA
(pSynOS 4(alt2)). The first alternative binding site is the less effi-
cient Yap1 binding site within the TRX2 promoter and is sim-
ply the inverse (reverse complement) sequence of the preferred
binding site, effectively reversing the orientation of the binding
site. The second alternative binding site is the inverse sequence
of the AP-1 protein (a mammalian analog of Yap1) recognition
motif. The original assumption was that these alternative bind-
ing sites would reduce basal level of expression of the sensor
by changing the optimal orientation and binding affinity of the
sites. Surprisingly, although using alternative Yap1 binding sites

did reduce basal level of expression under control conditions, it
also maintained relatively high levels of expression upon addi-
tion of hydrogen peroxide comparable to the preferred Yap1
binding site, thus leading to a substantially improved fold acti-
vation (Fig. 1E). Specifically, the promoter with the alternative
site TTAGTAA (pSynOS 4(alt1)) improved the fold activation of
the sensor from 4.1X to 11.7X and 6.2X to 21.0X at 100 μM and 200
μM of hydrogen peroxide, respectively. This effect of reducing
basal level of expression while also retaining much of its activ-
ity under stressed conditions is likely the result of the improved
spacing and cooperativity between adjacent Yap1 binding sites.
The alternative Yap1 binding site TTAGTAA was therefore
included in the final design of the oxidative stress sensor.

Controlling Yap1 expression with a positive feedback
mechanism improves biosensor activation

Another method we used to improve the dynamic range of our
biosensor was through the transcriptional regulation the TF
Yap1. Positive feedback loops have been used in the past to con-
trol the expression of a metabolite-responsive TF to build an
organic acid biosensor in yeast (Williams et al. 2017). In that
work, an organic acid responsive promoter, pPDR12, was used
to control the expression of War1, a transcriptional regulator
responsive to organic acids, as well as control the expression
of the output signal of the biosensor. This positive feedback
loop design improved the dynamic range of their output sig-
nal, and we applied this method to improve our oxidative stress
biosensor (Fig. 2A). In this design, an additional copy of Yap1
is placed under the control of an oxidative stress responsive
promoter (either pTRX2 or pSynOS 4). This way, Yap1 activation
under oxidative stress would lead to increased Yap1 expression,
leading in turn to increased binding and activation of the down-
stream oxidative stress sensor. In an initial experiment, we com-
pared the activity of pSynOS 4 expressed in S. cerevisiae with a
second plasmid expressing Yap1 from one of the oxidative stress
responsive promoters on a low-copy plasmid (Fig. 2B). However,
this design led to a substantial increase in basal level of expres-
sion of our reporter, while not increasing the high-end expres-
sion enough to result in an improvement in the fold activation
of the sensor. Additionally, growth was severally impaired for
cells containing two plasmid expression vectors. To improve this
design, we instead created strains of S. cerevisiae containing one
genomically-integrated copy of Yap1 under an oxidative stress
responsive promoter (Fig. 2C). Using this design, expressing Yap1
from the native TRX2 promoter did in fact improve the activa-
tion of the biosensor from 3.3X to 5.9X and from 5.8X to 9.4X
at 100 μM and 200 μM of hydrogen peroxide, respectively. How-
ever, expressing Yap1 from the synthetic promoter (pSynOS 4)
proved to be ineffective. This seems to indicate that Yap1 expres-
sion levels need to surpass a certain threshold before having an
effect on the biosensor. This also indicates that there is a trade-
off between the number of Yap1 copies we can use in our posi-
tive feedback loop and the basal level of expression of our sen-
sor’s reporter. To try to maximize the fold induction capability
of our positive feedback design, we created strains with up to
three integrated copies of Yap1 under the control of the pTRX2
promoter (Fig. 2D). Although increasing the copy number of the
pTRX2-Yap1 did lead to a slight increase in reporter expression,
the basal level of expression under non-stressed conditions also
increased, yielding a decreased fold activation. In summary, con-
trolling Yap1 expression using a positive feedback loop improved
the fold activation of the oxidative stress biosensor. However,
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Figure 2. Implementing a positive feedback loop to improve the fold activation

of the oxidative stress biosensor. A) Schematic of the positive feedback loop for
controlling the expression of Yap1 with two different oxidative stress respon-
sive promoters: pTRX2 and pSynOS 4. We tested the activity of the oxidative
stress biosensor pSynOS 4-mCherry with the positive feedback loop design using

either B) plasmids or C) genomically integrated Yap1 reporters under two dif-
ferent oxidative stress responsive promoters. D) Testing the effect of integrated
copy numbers of the positive feedback loop on the activity of the oxidative stress
biosensor. Bar graph illustrates the mean OD-normalized mCherry fluorescence,

with error bars indicating one standard deviation over three biological replicates.
Fold fluorescent change of biosensor output compared to basal, non-stressed
conditions (0 μM) is reported over each bar.

its effectiveness depends on the oxidative stress responsive pro-
moter regulating Yap1 expression, and on copy numbers.

Comparing the activity of the fully optimized synthetic
biosensor against a previously published oxidative
stress sensing biosensor

To summarize the results from the optimization steps, maximal
fold activation of the oxidative stress biosensor is achieved by
adding four tandem repeats of a Yap1 binding element in front
of the synthetic core promoter which includes a 30 nucleotide
5’UTR. The Yap1 binding element consists of the sub-optimal
Yap1 binding sequence (TTAGTAA) separated by a 9 nucleotide
spacer element. Finally, the sensor is completed by integrating a
Yap1 reporter under the TRX2 promoter into the genome. Within
the context of the S. cerevisiae strain, a single copy of the positive-
feedback regulated Yap1 reporter is sufficient to achieve the best
fold activation of our biosensor.

The fully optimized oxidative stress sensor was compared
to the activity of the natural yeast promoter (pTRX2) and to the
previously published oxidative stress sensing promoter (5XUAS-
pTRX2) (Zhang et al. 2016). Both promoters were first cloned
within the same expression vector as the one used with our
synthetic promoter. The relative expression of the fluorescent
reporter under 5XUAS-pTRX2 in the new expression vector was
comparable to that of the original expression vector despite
using different fluorescent reporters and different normaliza-
tion procedures (Fig. S2, Supporting Information). We were
therefore able to directly compare activity of these two pro-
moters against the synthetic promoter alone (pSynOS 4(alt1))
and the synthetic promoter with the positive feedback regu-
lated Yap1 (pSynOS 4(alt1)+). The absolute protein expression
levels of pSynOS 4(alt1) and pSynOS 4(alt1)+ were lower com-
pared to 5XUAS-pTRX2, which was expected given our use of a
synthetic core promoter (Fig. S3, Supporting Information). But,
at its peak, pSynOS 4(alt1) and pSynOS 4(alt1)+ reaches protein
levels 24% and 58% of that of 5XUAS-pTRX2, respectively. Addi-
tionally, protein levels achieved by pSynOS 4(alt1)+ exceed those
of the native pTRX2 promoter. This demonstrates that the newly
developed biosensors can still achieve relatively high expres-
sion levels. The greatest improvement, however, was in terms
of the fold activation in response to ROSs. To demonstrate this,
we generated dose response curves against all four ROSs to
compare the relative responses of each biosensor (Fig. 3A-D).
Hill functions could be properly fitted on the dose responses
for both pSynOS 4(alt1) and pSynOS 4(alt1)+, which were used
to estimate the dynamic range of activation, the limit of detec-
tion, and the sensitivity of the biosensors. Hill functions could
not be fitted to all of the pTRX2 or the 5XUAS-pTRX2 datasets,
but approximate values could be estimated by fixing the Hill
coefficient at n = 1, yielding a non-sigmoidal function to be
used to compare with the other curves. Even without the pos-
itive feedback loop, the synthetic promoter (pSynOS 4(alt1)) out-
performed the natural yeast promoter (pTRX2) and the previ-
ous published promoter (5XUAS-pTRX2) by a wide margin, with
dynamic ranges of activation reaching 21.9X (vs. 5.0X and 3.4X),
56.6X (vs. 2.8X and 5.4X), 18.1X (vs. 5.1X and 5.4X), and 12.0X
(vs. 2.9X and 2.7X) with hydrogen peroxide, diethyl maleate, tert-
butyl hydroperoxide, and diamide, respectively. Moreover, these
improvements also generally led to decreased limits of detec-
tion (the lowest concentration of ROS needed to induce a 2X
induction of the output) and increased sensitivity (related to
the calculated Hill coefficient of the fitted curves) to the ROSs.
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Figure 3. Comparing the dose response of the fully optimized oxidative stress sensing biosensor with previous biosensors in Saccharomyces cerevisiae. Comparison of
the dose response curves of the fully optimized biosensor (pSynOS 4(alt1)+) with the synthetic promoter (pSynOS 4(alt1)), the natural yeast promoter (pTRX2), and the
previously published Yap1-dependent promoter (5XUAS-pTRX2) against the ROSs A) hydrogen peroxide, B) diethyl maleate, C) tert-butyl hydroperoxide, and D) diamide.
16 to 18 different concentrations of each ROS were used ranging from 10∧1 to 10∧4 μM. Mean fluorescence levels of the output (mCherry) from three biological replicates

is normalized to cell concentration (OD-normalized) and relative to basal levels of expression at 0 μM (±S.D.). Nonlinear regression models (lines) were fitted to the
datasets up to an appropriately chosen concentration. If nonlinear regression could not be appropriately fitted, certain variables (Hill coefficient, top value) were fixed (
= ) to allow an approximation of the other values. Table beneath the graph summarizes the calculated maximal dynamic range of activation, limit of detection (L.O.D.),

and Hill coefficient from the fitted curves.

When we also include the positive feedback loop, the responses
to hydrogen peroxide, tert-butyl hydroperoxide and diamide are
further improved (with dynamic ranges of activation reaching
33.6X, 25.1X and 18.0X, respectively), and the limit of detec-
tion is lowered. Interestingly, the positive feedback loop did not
affect the dose response curves to diethyl maleate: the dynamic
range of activation of the completed biosensor and that of the
synthetic promoter without positive feedback are comparable.
With or without the positive feedback, our biosensor does sig-
nificantly exceed the response of the previous oxidative stress
sensing promoter towards diethyl maleate.

To show how versatile our promoter can be, we fused
the smaller optimized Yap1-dependent upstream activating
sequence to non-synthetic core promoters (pCYC-core, pTRX2-
core, pTDH3-core,). And, when also coupled with the positive feed-
back regulated Yap1 (pCYC-core+, pTRX2-core+, pTDH3-core+), we
were able to create different versions of the sensors with variable
expression levels (Fig. S4, Supporting Information). Each version
of the sensor were activated by hydrogen peroxide although not
to the same extent as with the synthetic core promoter. This was

not all too surprising since all previous optimization steps were
completed using the synthetic core promoter; however, each
sensor can still achieve dynamic ranges of activation over ten-
fold, well above what could be previously acheived. Expression
levels of this small library of biosensors ranges from as low as 3%
of basal expression and up to 72% of peak expression relative to
what was achieved with 5XUAS-pTRX2 allowing for more precise
protein expression control. This demonstrates that, much like
the previously designed promoter, the smaller synthetic UAS is
not necessarily context-dependent and can be fused to any core
promoter to tune for an appropriate expression level.

Transferring the oxidative stress responsive biosensor
into Saccharomyces boulardii

To demonstrate the transferability of our biosensor, we next
tried translating the different components into the probiotic
yeast strain S. boulardii. Implementing the biosensor in the pro-
biotic strain posed certain challenges. First, unlike S. cerevisiae,
S. boulardii is strictly diploid as it does not have the ability to
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Figure 4. Translating the oxidative stress biosensor into Saccharomyces boulardii. A) Pictures of plated S. boulardii strains to illustrate how we created S. boulardii strains

containing one to three Yap1 cassettes at different integration sites. Three separate GFP reporters were integrated at three different sites (see Methods) then used
as visual markers for successful integration of the Yap1 cassettes using a CRISPR-Cas9 system with a single gRNA designed to efficiently and specifically cut within
the GFP gene. B) Testing oxidative stress responsive promoters in S. boulardii. The three different oxidative stress sensing promoters with variant Yap1 binding sites
(pSynOS 4, pSynOS 4(alt1), pSynOS 4(alt2)) were transformed in S. boulardii and tested for their response to two concentrations of hydrogen peroxide, as described in the

Methods section. Bar graph illustrates the mean OD-normalized mCherry fluorescence plus standard deviation of three biological replicates. Fold fluorescent change
of biosensor compared to basal, non-stressed conditions (0 μM) is reported over each bar. C) Testing the effect of the positive feedback loop to control Yap1 expression
on the activity of the oxidative stress biosensor in S. boulardii. Three strains were generated from S. boulardii with one to three Yap1 copies under the control of the
pTRX2 promoter. Oxidative stress biosensor pSynOS 4(alt1) was transformed in each strains and tested for its response to two concentrations of hydrogen peroxide, as

described above.

sporulate (McCullough et al. 1998; Edwards-Ingram et al. 2007).
Furthermore, because it is a wild, non-laboratory yeast strain,
S. boulardii does not have specific auxotrophic mutations for use
as selective markers in plasmid transformation. Some modifica-
tions to the sensor were therefore required to simplify its imple-
mentation in the probiotic strain. To facilitate genomic integra-
tion of the positive feedback loop into S. boulardii, we modified a
CRISPR-Cas9 method for multiplex genome editing using a sin-
gle gRNA (Fig. 4A). We first generated strains with one to three
integrated GFP reporters at three previously established genomic
sites suitable for heterologous gene expression (Flagfeldt et al.
2009). Under a blue light illuminator, one can visually distin-
guish the GFP gradient between the different strains (Fig. 4A).
Next, a gRNA was designed and tested for efficient cutting within
the GFP gene. This gRNA was cloned within a Cas9 expression
vector and co-transformed with healing fragments containing
50 bp overhangs homologous to the different integration sites.
This technique allowed for the simultaneous integration of one
to three Yap1 copies using a single gRNA, with screening eas-
ily accomplished by visual inspection for loss of fluorescence
(Fig. 4A). The use of a single gRNA saves the trouble of having
to co-express multiple gRNAs at the same time and the pre-
integrated GFP reporter facilitates the confirmation of genomic
integration at the different sites.

Initially, we cloned the biosensors with different Yap1 bind-
ing sites (pSynOS 4, pSynOS 4(alt1), pSynOS 4(alt2)) into a high-
copy plasmid conferring G-418 resistance and tested its activity
in wildtype S. boulardii (Fig. 4B). As expected, the biosensors were
activated upon induction with hydrogen peroxide, although
their fold activation was lower than when it was tested in the
S. cerevisiae background. Despite this, we were able to demon-
strate that the oxidative stress sensor using the alternative Yap1
binding sites, pSynOS 4(alt1) and pSynOS 4(alt2), achieved a bet-
ter fold activation than the original sensor, pSynOS 4, lending
support to the idea that the optimization steps completed in
S. cerevisiae could be at least partially transferred to S. boulardii.
We then generated three S. boulardii strains that included mul-
tiple copies of Yap1 under the TRX2 promoter and compared
the activity of pSynOS 4(alt1) within these strains (Fig. 4C). The
fold activation of our biosensor improved significantly up to the
addition of two Yap1 copies but decreased in the strain with
three Yap1 copies. With two copies of Yap1, the sensor’s fold
activation was improved from 4.6X to 9.6X and from 11.3X to
25.3X at 100 μM and 200 μM of hydrogen peroxide, respectively,
which greatly exceeded the fold activity of just the synthetic
promoter.

To finalize our biosensor, the oxidative stress sensing
reporter (pSynOS 4(alt1)) was genomically integrated into the S.
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(A) (B)

(C) (D)

Figure 5. Evaluating the dose response of the fully optimized oxidative stress sensing biosensor in Saccharomyces boulardii. Dose response curves of the fully optimized
biosensor (pSynOS 4(alt1)+) integrated into S. boulardii against the ROSs A) hydrogen peroxide, B) diethyl maleate, C) tert-butyl hydroperoxide, and D) diamide. 16
different concentrations of each ROSs were used ranging from 10∧1 to 10∧4 μM. Mean fluorescence levels of the output (mCherry) from three biological replicates is

normalized to cell concentration (OD-normalized) and relative to basal levels of expression at 0 μM (±S.D.). Nonlinear regression models (lines) were fitted to each
dataset up to an appropriately chosen concentration. Calculated dynamic range of activation, limit of detection (L.O.D.), and Hill coefficient from the fitted curves are
presented next to each graph.

boulardii strain with two Yap1 cassettes. We tested the inte-
grated biosensor against all four ROSs spanning a range of con-
centrations from 10 μM to 10 mM (Fig. 5). The dose response
curves have features comparable to the optimized sensor in S.
cerevisiae, achieving high dynamic ranges of activation (30.3X,
130.2X, 42.5X, and 25.3X) in response to hydrogen peroxide,
diethyl maleate, tert-butyl hydroperoxide, and diamide, respec-
tively. In conclusion, our results clearly demonstrate a highly
responsive and robust oxidative stress biosensor built from a
minimal synthetic core promoter that functions within differ-
ent yeast strains.

DISCUSSION

We set out to design a new synthetic oxidative stress sensi-
tive promoter not only to reduce its size, but also to find the
elements most responsible for the promoter’s activity which
we could then modify to optimize its performance. The natu-
ral Yap1-dependent oxidative stress sensing promoter, pTRX2,
is 275 bp long and shows only modest activity towards various
ROSs (Fig. 3, pTRX2). This promoter was previously redesigned to
improve its function, but the optimization steps led to the cre-
ation of a relatively long promoter of 700 bp plus the size of the
core promoter (Fig. 3, 5 XUAS-pTRX2) (Zhang et al. 2016). The syn-
thetic promoter we have designed was reduced in size to 171 bp
while also creating a highly responsive oxidative stress pro-
moter outperforming the activity of both the natural yeast pro-
moter and the previously optimized promoter by a large margin
(Fig. 3, pSynOS 4(alt1)). Predictably, increasing the dynamic range
of activation of our promoter concurrently widened the effective
dosage range allowing us to distinguish changes in activity for
lower concentrations of ROSs. The only drawback with the new

synthetic promoter appears to have been the reduction of abso-
lute protein levels to a quarter of what could be achieved with
the previous promoter (Fig. S3, Supporting Information). How-
ever, with the inclusion of the positive feedback loop, we could
raise protein expression levels to over half of what the previous
promoter could achieve while maintaining a considerably higher
dynamic range of activation (Fig. 3 and Fig. S3, Supporting Infor-
mation; pSynOS 4(alt1)+).

Three factors were found to have a significant effect on pro-
moter activation, and we believe these might be useful when
designing other TF-based biosensors. First, optimizing the size
of the spacer element between the TF binding sites proved
to be important for promoter activation. Using the natural 29
nucleotide spacer element between the two Yap1 binding sites
of the TRX2 promoter completely inactivated promoter activa-
tion with hydrogen peroxide (Fig. 1B). The Yap1 binding sites
only effectively recruited the transcription once they were closer
together demonstrating a previously undiscovered cooperativ-
ity between adjacent Yap1 binding sites. The fact that the nat-
ural spacer element could not effectively recruit Yap1 suggests
that the TRX2 promoter has other elements in its upstream acti-
vating sequence that either favor the recruitment of the TF or
enhance the process of transcriptional activation. For example,
TRX2 expression upon oxidative stress is dependent not only on
Yap1 but also another stress responsive TF called Skn7 (Mor-
gan 1997). The Skn7 binding site lies within the sites -164 and
-142 of the TRX2 promoter and was not included in our syn-
thetic promoter. The lack of the Skn7 binding site and potentially
other elements within the UAS of TRX2 might be the reason our
promoter needs over three Yap1 binding sites to become sensi-
tive to oxidative stress rather than only two. Conversely, remov-
ing the spacer element between the Yap1 binding sites also
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substantially reduced the activity of our promoter (Fig. 1B). We
assume this is because of steric hindrance between the TF that
would prevent cooperative binding. The original 9 bp spacer ele-
ment used turned out to be the ideal spacing required, even
though its sequence was arbitrarily chosen. The promoter could
be even further optimized by changing the size of the spacer ele-
ment between 0 bp and 19 bp as well as changing the sequence of
the spacer itself to improve cooperativity between the TF bind-
ing sites.

The second factor we discovered to be crucial for promoter
activity was the TF binding sequence. The original sequence
used (TTACTAA) was previously described as the most effective
for recruiting the yeast TF. Other binding sequences have also
been shown to recruit Yap1, albeit with different affinities, like
the mammalian AP-1 recognition motif (TGACTAA) (Harshman,
Moye-Rowley and Parker 1988) and the Gcn4 recognition motif
(TGACTCA) (Fernandes, Rodrigues-Pousada and Struhl 1997).
The binding sites all have in common a central C·G pair and
two half-sites (TTA-AAT for the preferred binding site). Alterna-
tive binding sequences were used on the basis that they would
lower the activation of the promoter under non-stressed condi-
tions by altering the orientation of the binding sites and lowering
the binding affinity. The first alternative binding site (TTAGTAA)
is the second Yap1 binding site within the TRX2 promoter and
has an inverted central C-G pair compared to the preferred Yap1
binding site; this is also simply the reverse complement of the
preferred Yap1 binding sequence. Using this binding site likely
changes the preferred orientation of the TF without necessar-
ily affecting its binding affinity. The second alternative bind-
ing site (TTAGTCA) also changes one of the half-sites to the
sequence used by the mammalian AP-1 recognition motif; this is
also simply the reverse complement of the same motif. Chang-
ing one of the half site sequences would likely reduce its binding
affinity towards Yap1. As seen in Fig. 1C, both these modifica-
tions caused a substantial reduction in basal level of activation
compared to the preferred Yap1 binding sites. What was unex-
pected was that the promoter with alternative binding sites also
retained a very similar level of activation as the promoter with
preferred Yap1 binding sequence. We believe this might be the
result of the newly found cooperation between closely separated
Yap1 binding sites. The Yap1 binding sequence itself turned out
to be the most important factor for achieving higher activity. It
is possible that introducing small, rational modifications to an
existing TF binding sequence could improve the activity of other
biosensors.

Thirdly, we found that using a positive feedback loop to con-
trol the expression of an additional copy of the TF improved the
dynamic range of activation of the biosensor, at least for some
of the ROSs (Fig. 2). However, this does come at the cost of using
larger DNA components, which we recognize works against our
original proposal of reducing the total amount of regulatory DNA
in the system. If improvements to the dynamic range or the
operational range of detection are required for an application,
then the positive feedback loop could serve as a useful tool for
tuning the parameters of the dose response curves beyond what
is possible from promoter optimization alone. It should also be
noted that the positive feedback loop not only improves the fold
activation of the biosensor, but also increases the total output
levels relative to the synthetic promoter (Fig. 2C and D, Fig. S4,
Supporting Information). Inclusion of the positive feedback loop
could therefore also serve as a tool to increase expression levels
of the reporter without negatively affecting the biosensor’s fold
activation.

Importantly, we showed that all these optimizations could
translate into a different yeast strain, the probiotic Saccharomyces
boulardii. Both the alternative Yap1 binding sites and the posi-
tive feedback loop improved the activity of the oxidative stress
sensing biosensor within S. boulardii which, when combined,
achieved dose response profiles comparable to those observed
in S. cerevisiae (Fig. 5). Transferring the biosensor into S. boulardii
also led to the development of genomic editing tools that could
be used to engineer the probiotic for therapeutic purposes. One
future application of this biosensor would be to detect ROSs in
the intestine, where such species serve as a recurrent marker
for colitis (Keshavarzian et al. 1992; Simmonds et al. 1992; Lih-
Brody et al. 1996; Bronsart et al. 2016); development in this direc-
tion would likely require the biosensor to generate an output
that would be conveniently detected in stool samples. Overall,
we believe that the optimization steps detailed here could be
applied towards improving other TF-based biosensors and their
applications.
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