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Abstract
Metabolic biosensors are increasingly used in metabolic engineering and synthetic biology. In this study, using Saccha-
romyces cerevisiae as a model system, we developed a methodology to identify promoter elements that are responsive to 
glucaric acid. Through transcriptome analysis, it was found that multiple genes were upregulated when cells were exposed 
to high concentrations of glucaric acid. From the promoters of these candidate genes, the YCR012W promoter (PYCR012W) was 
observed to specifically respond to glucaric acid in a dose-dependent manner. To gain further insight into the binding site 
of glucaric acid-responsive activators, we truncated the promoter and revealed that the -564 to -464 bp regions of PYCR012W 
was essential for glucaric acid-responsive expression. To investigate the glucaric acid-responsive transcription factors, we 
predicted the transcription factor binding sites in the -564 to -464 bp region of PYCR012W and found that two transcription 
factors, Ash1p and Cbf1p, might be linked to glucaric acid responses. The strategies used in this study outline a method for 
the identification and development of metabolic biosensors.
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Introduction

In the past decade, advances in synthetic biology have 
greatly contributed to the establishment of novel metabolic 
engineering tools [1, 2]. Synthetic biology and metabolic 
engineering have led to a substantial increase in microbial 
production of value-added compounds. Bioinformatics, 

synthetic biology and systems biology have supported the 
engineering of microbial cell factories. To improve the 
performance of engineered strains, new biosensor devices 
have been built and tested. In vivo metabolite biosensors 
can sense and respond to important intermediates or tar-
get products in engineering pathways [3], and are powerful 
phenotypic tools for medicine and applied biology research. 
Biosensors are increasingly being applied in metabolic engi-
neering, especially high-throughput screening of metabolic 
strains [4–7]. In addition, dynamic regulation pathways have 
been constructed based on biosensors to optimise engineer-
ing pathways and increase the production of target chemicals 
[8–10]. Furthermore, genetically encoded sensors can be 
used for live cell imaging studies to monitor the production, 
growth and viability of engineered strains in a time-resolved 
manner at single-cell resolution [11]. Biosensor-mediated 
strain metabolic engineering has received great attention in 
recent years [12, 13].

There are many types of biosensors based on molecular 
recognition elements, including enzyme sensors, microbial 
sensors, organelle sensors, tissue sensors and immunosen-
sors. Currently, biosensors in microbial cells are usually 
used as high-throughput screening tools to detect inter-
mediate metabolites, including proteins, amino acids, 
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polymer precursors and organic acids. Fortunately, nature 
has evolved a variety of intracellular molecular sensors, 
such as transcription factors, allosteric proteins, enzymes, 
riboswitches and metabolite-responsive promoters, to 
sense intracellular and extracellular chemicals, and these 
can be used to detect biosynthesis intermediates. There 
have been many reports on the development of geneti-
cally encoded biosensors based on transcription factors. 
For instance, Skjoedt et al. [7] studied the prokaryotic 
transcription factor BenM, a biosensor for cis,cis-muconic 
acid (CCM) in Saccharomyces cerevisiae. In another 
example, Leonie Baumann et al. developed a whole-cell 
short- and medium-chain fatty acid biosensor based on 
responsive promotor pPDR12, which is regulated by the 
transcription factor War1p [14, 15]. At present, E. coli 
is one of the main hosts for the industrial production of 
value-added chemicals [16]. As a widely studied model 
strain, E. coli has built many successful biosensors as 
a host [17]. S. cerevisiae has advantages over E. coli in 
terms of genetic tractability, robustness, and resistance to 
phage [18]. However, the development of genetic biosen-
sors in S. cerevisiae still lags far behind bacteria, likely 
because yeast cells lack engineered control elements for 
sensing and regulating metabolic pathways [19]. To date, 
there are only limited examples of biosensors developed 
in yeast for measuring and adjusting the concentrations of 
metabolites.

Glucaric acid (GA), a derivative of glucose, is a naturally 
occurring dibasic acid that is considered an important value-
added chemical derived from biomass [20] due to its useful 
applications in food, chemical, and pharmaceutical indus-
tries [21]. GA is found in many fruits and vegetables, and it 
is mainly produced from glucose through chemical oxidation 
[22] using nitric acid as solvent and oxidant [23]. However, 
the production of GA by chemical oxidation has disadvan-
tages of low yield, large quantities of by-products, and it 
is not environmentally friendly. With the development of 
metabolic engineering, biological production of GA is being 
studied. E. coli and S. cerevisiae have been engineered as 
GA producer strains in various ways through metabolic engi-
neering [20, 24], and engineered S. cerevisiae strains possess 
potential for overproduction of GA [25]. In vivo metabolite 
biosensors can result in better yeast producer strains through 
dynamic control of cell metabolism. Therefore, research-
ers can use biosensors as high-throughput screening tools 
to select efficient GA-producing strains. In 2016, Rogers 
et al. [26] developed a series of biosensor systems in E. 
coli, including a GA biosensor based on co-expression of 
the transcription factor cdaR and a green fluorescent protein 
reporter gene (gfp) under the control of a 521 bp promoter. 
Since Saccharomyces cerevisiae has the advantage of low 
pH-induced acid toxicity [24, 27], yeast cells are an attrac-
tive alternative host due to inherently high acid resistance 

[28] as well as genetic tractability and robustness. Therefore, 
it is necessary to develop new biosensor systems in Saccha-
romyces cerevisiae.

Biosensors have important value for various aspects of 
strain engineering, dynamic control, and single cell analysis. 
In all cases, a metabolite-sensing protein (e.g., transcription 
factors, enzymes or periplasmic-binding proteins) is acti-
vated upon binding to an effector molecule, and this controls 
the expression of an actuator component (e.g., fluorescent 
reporters, regulatory switches or selection markers) [29]. In 
this context, transcription factors control microbial physiol-
ogy at the transcription level, and play a major role in the 
design of biosensors. In bacteria, transcriptional activation 
can take place through a transcriptional activator binding to 
an operator site in a promoter, thereby improving its ability 
to guide RNA polymerase to initiate transcription [30–32]. 
A lack of transcription factors also limits the successful con-
struction of genetic sensors in S. cerevisiae.

To solve the problem of the lack of GA biosensors in 
eukaryotic hosts, key metabolite levels could be converted 
into fluorescent signals to monitor the concentrations of 
intracellular compounds in living cells, and thereby provide 
effective tools for high-throughput genetic screening. High-
throughput transcriptome sequencing can comprehensively 
and quickly identify genes in different expression systems 
under specific conditions. When intermediate metabolites 
accumulate to toxic levels, the resulting stress response typi-
cally alters promoter activity [9], and this can be used to 
develop promoter-based biosensors [5, 33].

In the present study, transcriptome analysis was per-
formed, and based on the cellular stress response, the GA 
response element for the biosensor device was determined 
(Fig. 1). Specifically, S. cerevisiae cells were first exposed 
to high concentrations of GA and then were subjected to 
RNA sequencing (RNA-Seq) analysis. Genes upregulated 
in the presence of GA were identified, and the responses of 
the promoters of candidate genes to GA were investigated 
by GFP reporter. From these candidates, two promoters with 
specific responses to GA were selected. By truncating the 
promoter region, the GA-active region was determined, and 
transcription factors that could serve as GA biosensors were 
identified. The findings have implications for further improv-
ing GA biosensors in future work.

Materials and methods

Strains and growth media

The yeast strains used in this study are listed in Table S1. 
E. coli JM109 was used as the host for plasmid cloning. E. 
coli cells were cultured at 37 °C with shaking at 200 rpm in 
LB medium (1% w/v tryptone, 0.5% w/v yeast extract, 1% 
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w/v NaCl) containing 100 mg/L ampicillin, when needed. 
Yeast strains were maintained on YPD (10 g/L yeast extract, 
20 g/L peptone, 20 g/L glucose) or SD-URA (1.7 g/L yeast 
nitrogen base, 20 g/L glucose, 5 g/L (NH4)2SO4, with amino 
acid mixture without uracil) at 30 °C. Solid medium was 
prepared by adding 2% (w/v) agar.

To test the response to GA, S. cerevisiae strains were 
cultured in synthetic dextrose (SD-URA) medium supple-
mented with GA. In the late logarithmic growth period, cells 
were collected for fluorescence intensity measurement.

Transcriptome analysis and quantitative real‑time 
PCR analysis

To fully investigate the GA-responsive genes in S. cerevi-
siae, an RNA-Seq transcriptome comparison experiment 
was carried out. Yeast cells were first cultivated in YPD 
medium at 30 °C for ~ 16 h, and cells were then transferred 
into 100 mL of fresh YPD, cultured to OD600 0.6 − 0.8, and 
divided into equal parts. Cells were then inoculated into 
fresh medium with or without GA, cultured for another 24 h, 
collected, and total RNA was extracted using the hot phenol 
method [34]. Total RNA was then isolated, RNA quality was 
checked using a BioTek instrument (Winooski), and tran-
scriptome sequencing was performed by Genewiz (Suzhou, 
China). Each sample was carried out in three replicates. 

Gene expression levels were analysed as described in our 
previous study [35]. GO [36] and KEGG pathway [37] 
enrichment analyses were performed by Genewiz.

To confirm the RNA-Seq results, the RNA used for the 
above RNA-Seq analysis was used to synthesize the first-
strand cDNA using SuperRT cDNA Synthesis Kit (Cwbio-
tech, China) following the manufacturer’s instructions. The 
synthesised cDNA performed to detect the relative expres-
sion levels of four genes using SYBR Premix Ex Taq (Cwbi-
otech, China) in a Thermo Scientific CFX96 instrument and 
the results were analyzed by the − ΔΔCt method [38]. The 
ACT1 gene was used as an internal control. Each reaction 
was carried out in triplicate.

Plasmid construction

The plasmid pGFP33 with a URA​ expression cassette was 
adopted to construct the GFP reporter plasmid. First, the 
candidate promoters were amplified using the S. cerevisiae 
BY4741 genome as the template with the relevant primer 
pairs listed in Table S2. Plasmid pGFP33 was then line-
arised using restriction enzymes SphI and EcoRI and used 
for cloning the selected candidate promoters. Each amplified 
candidate promoter was cloned into the linearised pGFP33 
plasmid using an ABClonal kit (Nanjing Well-Offer Biotech-
nology Co., Ltd) following the manufacturer’s instructions.

Fig. 1   Schematic diagram of the RNA-Seq-based approach for glu-
caric acid (GA)-responsive biosensor construction. The process 
involves transcriptome analysis, identification of GA-responsive 

promoters, GA-responsive element analysis, and verification of GA-
responsive transcription factors
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The GFP reporter plasmids constructed above were trans-
formed into yeast cells using the standard lithium acetate 
method [39]. All primers were synthesised by Genewiz 
(USA). All DNA polymerases and DNA restriction enzymes 
were purchased from Takara (Japan). SanPrep Column Plas-
mid Mini-prep Kits were from Sangon Biotech (Shanghai, 
China) for preparing plasmid DNA from E. coli.

Optical density and fluorescence measurements

Yeast cells containing the GFP reporter plasmids with differ-
ent promoters were first cultured in the corresponding media 
as described above. The OD600 value and the fluorescence 
(λexcitation 480 nm, λemission 530 nm) of the biosensor output 
were measured using 200 μL yeast cultures at an appropri-
ate dilution using a BioTek microtiter plate reader (Win-
ooski, VT, USA) with diluted medium as the blank. Specific 
fluorescence was measured and normalised by dividing the 
measured fluorescence value by the measured OD600 value.

Statistical analysis

All experiments included biological triplicates unless 
otherwise stated. Student’s t tests were performed to esti-
mate significance, and p < 0.05 was considered statistically 
significant.

Results

Transcriptome analysis of the responses of S. 
cerevisiae to glucaric acid

To fully investigate the influence of GA on S. cerevisiae 
at the molecular level, RNA-Seq was used to study the 
genome-wide responses to GA. Before RNA-Seq analysis, 
log phase yeast cells were first treated with 10 g/L GA and 
three replicates of each simple was used for the RNA-seq 
analysis. After RNA-Seq analysis, two upregulated genes 
of YFR032C and YHR175W, and two down-regulated 
genes of YMR011W and YNL192W, were selected to con-
firm the RNA-seq results. It was indicated that the expres-
sion levels of YFR032C and YHR175W were significantly 
increased by the supplement of GA, while the expression 
levels of YMR011W and YNL196W were both significantly 
decreased (Supplementary Fig. 1) in response to GA. All 
these results were consistent with the results of RNA-
Seq analysis. According to the RNA-seq results, when 
genes were upregulated twofold (i.e., log2 fold change 
[Log2FC] ≥ 1) or downregulated twofold (Log2FC ≤ −1) 
and the false discovery rate (FDR) was < 0.05, they were 
considered as differentially expresses genes (DEGs). There 
were totally 591 DEGs were identified, of which 239 

Fig. 2   Comprehensive overview of DEGs in strain BY4741 with or 
without GA. a Volcano plot of DEGs. Each point represents a gene, 
red dots represent significantly upregulated genes (Log2FC ≥ 1), blue 
dots represent significantly downregulated genes (Log2FC ≤ −1). b 

KEGG pathway enrichment of DEGs. The y-axis indicates the path-
way name, the x-axis indicates the rich factor corresponding to the 
pathway, − log10(p value) is represented by dot colour, and the num-
ber of DEGs is represented by dot size
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were upregulated and 352 were downregulated (Fig. 2a, 
Table S3), compared with controls without GA.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was performed to investigate 
the main pathways in which these DEGs were involved. It 
was showed that the most significant DEGs were related 
to carbon metabolism, glycolysis/gluconeogenesis, ribo-
some biogenesis in eukaryotes, oxidative phosphorylation, 
and biosynthesis of amino acids (Fig. 2b). In summary, 
genes involved in various pathways play a significant role 
in regulating carbon metabolism and responding to GA in 
S. cerevisiae.

Identification and verification of glucaric 
acid‑responsive promoters

To construct the biosensor for GA in S. cerevisiae, among 
the 239 upregulated genes, the promoters of the 36 genes that 
were most upregulated in response to GA based on the RNA-
Seq data were selected as candidate genes (Fig. 3). Subse-
quently, reporter assays were performed to evaluate whether 
expression of these 36 genes was indeed upregulated by GA. 
Each promoter (-800 to 1 bp) was cloned upstream of the 
gene encoding GFP in plasmid pGFP33. The constitutive 
TDH3 promoter (PTDH3) was fused to GFP (PTDH3-GFP) and 
considered as a positive control. The resultant plasmids were 
introduced into S. cerevisiae (BY4741opi1Δ) [40] to evalu-
ate the promoter strength in response to GA.

The engineered strains were cultivated in medium supple-
mented with 10 g/L GA to test their response to GA (Fig. 3). 
As expected, in response to 10 g/L GA, the positive con-
trol of PTDH3-GFP showed no response to GA. Analysis of 
GFP expression levels under the control of the 36 promot-
ers that were upregulated by GA in the RNA-Seq analysis 
showed that expression of two different reporter cassettes, 
PYCR012W-GFP and PYGL009C-GFP, was significantly increased 
following exposure to 10 g/L GA. YCR012W, known as 
phosphoglycerate kinase 1 (PGK1), is the key enzyme in 
glycolysis and gluconeogenesis that catalyses the high-
energy phosphoryl transfer of the acyl phosphate of 1,3-bis-
phosphoglycerate to ADP to produce ATP [41]. YGL009C, 
encoding isopropyl malate isomerase Leu1, catalyses the 
second step in the leucine biosynthesis pathway [42]. There-
fore, PYCR012W and PYGL009C were identified as indicators of 
GA concentration.

Next, to determine their dose response and specificity, 
the PYCR012W and PYGL009C promoters were tested for their 
response to GA at various concentrations (0 g/L, 10 g/L, 
20 g/L, 30 g/L, 40 g/L and 50 g/L) using PYCR012W-GFP and 
PYGL009C-GFP reporters (Fig. 4). Expression of GFP con-
trolled by either PYCR012W or PYGL009C exhibited a specific 
response to GA in a dose-dependent manner in cultures at 
12 h, 24 h and 36 h. Therefore, we concluded that PYCR012W 

and PYGL009C could be used to construct GA-responsive bio-
sensors. Because the linear relationship of PYCR012W-GFP in 
response to GA was much better than that of PYGL009C-GFP 
(Supplementary Fig. 2), we chose PYCR012W for our further 
study.

Identification of the glucaric acid‑responsive 
element

To determine the smallest region of the PYCR012W promoter 
controlling the response to GA, PYCR012W was truncated at 
various places upstream of the 5’ site. The results showed 
that when the promoter of PYCR012W was truncated 200 bp 
upstream of the 5’ site (-764 to -664 bp and -764 to -564 bp), 
the expression of PYCR012W-T1 and PYCR012W-T2 could still be 
induced by GA. However, when the promoter region of 
PYCR012W was truncated 300 bp upstream of the 5’ site, the 
induction of the GFP reporter was inhibited in response to 
GA (Fig. 5a). Accordingly, deletion of sequences more than 
300 bp upstream of the 5’ site resulted in loss of the response 
to GA, and the reporter gene expression was decreased in all 
cases (-764 to -464 bp, -764 to -364 bp and -764 to 264 bp 
for PYCR012W-T3, PYCR012W-T4 and PYCR012W-T5, respectively). 
Hence, it appears that the -564 to -464 bp region in PYCR012W 
may contain the binding site of the GA-responsive activator.

To determine the dose response and specificity of the 
truncated versions of the PYCR012W promoter, the three pro-
moters PYCR012W-T1, PYCR012W-T2 and PYCR012W-T3 were used 
to test the response to GA at various concentrations (0 g/L, 
10 g/L, 20 g/L, 30 g/L, 40 g/L and 50 g/L). The results 
showed that the PYCR012W-T1 promoter responded to GA in a 
much more significant dose-dependent manner than that of 
PYCR012W-T2 and PYCR012W-T3 (Fig. 5b).

Identification of glucaric acid‑responsive 
transcription factors

Currently, most biosensors have been constructed using tran-
scription factors, and this method is limited by the avail-
ability of previously well-characterized transcription factors 
[43]. Therefore, it is particularly important to determine the 
transcription factors of GA biosensors. Herein, to identify 
the GA-responsive transcription factors, we first predicted 
the transcription factor binding sites in the -564 to -464 bp 
region of PYCR012W using yeastract [44] (http://​yeast​ract.​com/​
findr​egula​tors.​php). As a result, we chose 12 non-essential 
genes encoding potential GA-responsive transcription fac-
tors (Table 1). To verify the target transcription factors, the 
PYCR012W-GFP reporter plasmid was introduced into these 
gene-deleted mutant strains to test whether deletion of these 
genes encoding the indicated transcription factors influenced 
the PYCR012W-GFP expression in response to GA (Fig. 6a). 
The results showed that the deletion of the 12 genes did not 

http://yeastract.com/findregulators.php
http://yeastract.com/findregulators.php
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Fig. 3   Expression of 36 
promoter reporters in response 
to GA. The GFP fluorescence 
reporter was under the control 
of the promoters of selected 
genes. The promoter of each 
candidate gene was included 
up to ~ 800 bp upstream of its 
coding sequence. S. cerevisiae 
strains were cultured in SD-
URA medium supplemented 
with GA, and cells were 
collected after 15 h. The three 
selected promoters are indicated 
with arrows. Results are the 
means ± standard deviation (SD) 
of three biological replicates. 
The asterisk of * and ** shows 
statistically significant differ-
ences of p < 0.05 and p < 0.01, 
respectively
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affect their cell growth (Supplementary Fig. 3). The GFP 
expression levels were increased without supplementation 
of GA for all mutants for seven genes (GLN3, PHO4, GAT1, 
GZF3, NRG1, XBP1 and FKH1), indicating these transcrip-
tion factors might inhibit the expression of YCR012W. In 
gcn4Δ, skn7Δ, pho4Δ, gat1Δ, xbp1v, fkh1Δ and fkh2Δ 
mutants, expression of PYCR012W-GFP could be still induced 
by addition of GA, indicating that these transcription factors 
were not responsive to GA. Interestingly, deletion of the two 
transcription factors of Ash1 and Cbf1 tended to decrease 
the fluorescence signal of PYCR012W-GFP in response to GA. 
These results indicate that Ash1p and Cbf1p might be tran-
scription factors mediating GA biosensors.

Discussion

System engineering has gradually advanced our understand-
ing of interactions between gene sequences [45]. This makes 
it possible to rationally design gene circuits for biotechno-
logical applications. Since most valuable fine chemicals 

(such as GA) lack suitable biosensors, it is important to 
develop methods to discover potential biosensors. Most 
biosensor devices originate from prokaryotes [17, 26], and 
there are few reports on constructing biosensors that respond 
to cellular metabolites in eukaryotes [5, 46], even though 
eukaryotes possess advantages in the field of metabolic engi-
neering [25, 40] and synthetic biology [18]. It is particularly 
important to develop a strategy for studying biosensors in 
eukaryotes. In the present study, we used high-throughput 
genomics to analyse the DEGs in S. cerevisiae under GA 
treatment. From the 36 genes displaying the most significant 
upregulation by GA, we found that the PYCR012W promoter 
showed a significant response in the presence of GA using 
GFP as the reporter gene. Next, we truncated the promoter 
region to determine the smallest region required for the GA 
response, and we found that the -564 to -464 bp region in 
PYCR012W might be the binding site of GA-responsive activa-
tors. By predicting the transcription factors that might bind 
to this region, we identified two transcription factors, Ash1p 
and Cbf1p, that respond to GA.

In general, transcriptome sequencing technology is used 
to measure differences in gene expression levels under spe-
cific conditions. Recently, RNA-Seq technology has also 
been used to develop transcription factor-based biosensors. 
For instance, Liangpo Li et al. developed the transcriptome-
assisted metabolite-sensing (TAMES) strategy to identify the 
sensing module cusR that responds positively to the metabo-
lite 3-dehydroshikimate (DHS) [47]. In another example, Shi 
et al. [5] performed transcriptome analysis to discover and 
engineer a 1-butanol biosensor. In the present study, we also 
obtained promoters that respond to GA via transcriptome 
sequencing. As a tool for high-throughput screening, another 
key indicator of biosensors is their linear range. Within the 
concentration range of 0 − 50 g/L GA, PYCR012W-GFP and its 
truncated version PYCR012W-T1-GFP exhibited dose-dependent 
responses to GA. The PYCR012W promoter was the best GA 
responsive element identified in this work.

Transcription factors enhance the ability of promoters to 
transcribe by binding to operator sites in E. coli [30–32]. 
For example, a CCM biosensor was constructed based on 
the transcription factors BenM in S. cerevisiae [7]. In this 
way, transcription factors play a major role in the design 
of biosensors. Herein, we truncated the promoter to deter-
mine the smallest region required for the GA response of 
PYCR012W. Two proteins, Ash1p and Cbf1p, are suggested 
to be transcription factors for GA. Among them, yeast cen-
tromere binding protein Cbf1p, of the helix–loop–helix 
protein family, is required for chromosome stability and 
methionine prototrophy [48]. Cbf1p is required for the 
complete derepression of inositol-1-phosphate synthase 
(Ino1) transcription [49]. By co-expressing INO1 from 
S. cerevisiae with inositol oxygenase (MIOX) and urate 
dehydrogenase (UDH) genes, GA can be produced from 

Fig. 4   Dose–response tests of a PYCR012W-GFP and b PYGL009C-GFP to 
GA. S. cerevisiae strains were cultured in SD-URA medium supple-
mented with different concentrations of glucaric acid (0 g/L, 10 g/L, 
20 g/L, 30 g/L, 40 g/L and 50 g/L) and collected after 12 h, 24 h or 
36 h. Results are the means ± standard deviation (SD) of three biolog-
ical replicates. The asterisk of * and ** shows statistically significant 
differences of p < 0.05 and p < 0.01, respectively
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glucose [40]. Cbf1p is a GA transcription factor-related 
enzyme in the GA biosynthetic pathway. However, this 
work reports a response to the addition of GA, which has 
not yet been applied to high-throughput screening. There-
fore, it is difficult to construct a more sensitive biosensor 
that can be applied to high-throughput screening.

When the promoter of PYCR012W was truncated 200 bp 
upstream of the 5’ site (-764 to -564), its expression could 
still be induced by GA (Fig. 5a). However, when the pro-
moter region of PYCR012W was less than 464 bp, the induc-
tion of the GFP reporter was inhibited in response to GA. 
Therefore, we got the conclusion that the 100 bp of -564 
to -464 bp region in PYCR012W might contain the binding 
site(s) of the GA-responsive activator. According to the 
predicted results, the binding sites of Ash1p and Cbf1p in 
PYCR012W is -564 to -560 bp and -544 to -539 bp, respec-
tively. In the following study, we found that mutant for 
Ash1 or Cbf1 could both totally inhibit the induction of 
PYCR012W-GFP by GA. These results indicate that Ash1p 
and Cbf1p might be transcription factors mediating GA 
biosensors. In addition, it has been reported that the 
expression of Cbf1 is negatively regulated by Ash1 in a 
previous study [50]. From this point of view, the expres-
sion of Cbf1p will be increased in ash1Δ mutant. Consid-
ering the induction of PYCR012W-GFP is still be inhibited by 
GA in ash1Δ mutant, we speculate that Ash1p and Cbf1p 

Fig. 5   Identification of the 
smallest region of promoter 
PYCR012W required for the 
response to GA. a Responses 
of PYCR012W and its truncated 
mutants to GA. S. cerevisiae 
strains were cultured in SD-
URA medium supplemented 
with 10 g/L GA and cells 
were collected after 15 h. b 
GA dose–response results for 
truncated versions of PYCR012W 
(YCR012W-T1, YCR012W-
T2 and YCR012W-T3) was 
measured using a plate reader. 
S. cerevisiae strains were 
cultured in SD-URA medium 
supplemented with different 
concentrations of GA (0 g/L, 
10 g/L, 20 g/L,30 g/L, 40 g/L 
and 50 g/L) and cells were col-
lected after 15 h. Results are the 
means ± standard deviation (SD) 
of three biological replicates. 
The asterisk of * and ** shows 
statistically significant differ-
ences of p < 0.05 and p < 0.01, 
respectively

Table 1   List of 12 non-essential genes encoding transcription factors 
predicted to respond to glucaric acid

a Binding site sequence of transcription factors in the -564  bp to 
-464 bp region of PYCR012W
b Position of the transcription factor binding site in the PYCR012W 
-564 bp to -464 bp region
c Strand harbouring the transcription factor binding site sequence

Standard name Systematic 
name

Binding sitea Positionb Strandc

GCN4 YEL009C CAC​GTG​ -544 F&R
GLN3 YER040W GAT​AAG​ -534 R
SKN7 YHR206W GGCCA​ -540 R
ASH1 YKL185W TTGAT​ -564 F
PHO4 YFR034C CAC​GTG​ -544 F&R
GAT1 YFL021W GAT​AAG​ -534 R
GZF3 YJL110C GAT​AAG​ -534 R
NRG1 YDR043C CCCTC​ -555 F
CBF1 YJR060W CAC​GTG​ -544 F&R
XBP1 YIL101C CTCGA​ -530 R
FKH2 YNL068C GCA​AAC​

AAA​
-502 R

TGT​TTG​C -500 F
AAACA​ -500 R

FKH1 YIL131C GCA​AAC​
AAA​

-502 R

TGT​TTG​C -500 F
AAACA​ -500 R
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may work together in regulating the expression of PYCR012W 
in response to GA (Fig. 6b).

In summary, we developed a general method for iden-
tifying chemical-responsive promoter elements and thus 
to help develop and engineer their related biosensors. The 
method is suitable for discovering molecules that can exert 
pressure on cells, because a change in promoter activity 
is a common stress response. Researchers could use these 
stress response promoters to develop specific biosensors. 

Our findings will lay a foundation for the subsequent con-
struction of a more sensitive GA biosensors.
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