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ABSTRACT: The development of high-throughput phenotyping
tools is lagging far behind the rapid advances of genotype
generationmethods. To bridge this gap, we report a new strategy for
design, construction, and fine-tuning of intracellular-metabolite-
sensing/regulation gene circuits by repurposing bacterial tran-
scription factors and eukaryotic promoters. As proof of concept, we
systematically investigated the design and engineering of bacterial
repressor-based xylose-sensing/regulation gene circuits in Saccha-
romyces cerevisiae. We demonstrated that numerous properties,
such as induction ratio and dose–response curve, can be fine-tuned
at three different nodes, including repressor expression level,
operator position, and operator sequence. By applying these gene
circuits, we developed a cell sorting based, rapid and robust high-
throughput screening method for xylose transporter engineering
and obtained a sugar transporter HXT14 mutant with 6.5-fold
improvement in xylose transportation capacity. This strategy
should be generally applicable and highly useful for evolutionary
engineering of proteins, pathways, and genomes in S. cerevisiae.
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Introduction

In vivo metabolite biosensors are powerful phenotyping tools for
basic and applied biological research and medicine. In the field of
metabolic engineering, they can be used to monitor and screen the
production of desired products or important intermediates in

engineered pathways. In addition, they are the basis for building
dynamically regulated pathways for the production of important
chemicals (Zhang and Keasling, 2011; Zhang et al., 2012).
Furthermore, analysis of metabolites in mammalian cells has
usually been limited to whole tissues or populations of cells due to
the low abundance nature of some intracellular metabolites. In vivo
metabolite biosensors would significantly accelerate the exploration
of tissue metabolic heterogeneity and serve as important high-
throughput screening tools for the discovery of novel metabolic
pathway regulators (Ellis and Wolfgang, 2012). However, the
development of high-throughput phenotyping tools (Leemhuis
et al., 2009) such as in vivo metabolite biosensors is lagging far
behind the rapid advances of genotype generation methods (Carr
and Church 2009; Esvelt and Wang, 2013; Segal and Meckler, 2013).
Besides the traditional plasmid-based in vitro genotype generation
method, the rapid development of genome-scale engineering tools,
such as transcription activator-like effector nucleases (TALENs)
(Sun and Zhao, 2013), regulatory non-coding RNAs (Na et al., 2013;
Si et al., 2014), and especially the recent explosion of successful
applications of Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-CRISPR-associated proteins (Cas) systems in all
domains of life (Bao et al., 2014; Cong et al., 2013; Hsu et al., 2014;
Hwang et al., 2013; Wagner et al., 2014), have rendered rapid cell
prototyping no longer a rate-limiting step. Nonetheless, from the
multiplex automated genome engineering (MAGE) method (Wang
et al., 2009) in Escherichia coli to the RNAi-assisted genome
evolution (RAGE) method (Si et al., 2014) in Saccharomyces
cerevisiae, the targeted phenotypes were almost always limited to
toxic compound tolerance or the production of a handful of colored
compounds. Clearly, our ability to couple a desired phenotype with
a signal output that is suitable for high-throughput screening
remains an overwhelming challenge. In particular, intracellular
metabolite concentration is a difficult phenotype to track at single-
cell resolution in a high-throughput manner.

To address this key limitation, we sought to develop a general
strategy for designing and constructing genetically encoded
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biosensors that can sense the intracellular metabolite concentration
and convert it to a screenable signal (Fig. 1A). Our approach is to
design a transcription factor (TF)-based gene circuit (Zhang et al.,
2012) that responds to an intracellular metabolite. However, native
metabolite-sensing/regulation networks in eukaryotes are usually
not well characterized due to their complexity (Templeton and
Moorhead, 2004), which renders their transfer to a heterologous
host impossible. On the contrary, metabolite-sensing/regulation
networks in bacteria are well studied and simpler than those in
eukaryotes. While there are numerous examples of transferring TF-
based metabolite-sensing/regulation networks between different
species within the bacterial domain, the transplantation of TFs from
prokaryotes to eukaryotes has met limited success (Ellis and
Wolfgang, 2012; Teo et al., 2013; Umeyama et al., 2013). In addition,
our ability to fine-tune TF-based synthetic gene circuits in
eukaryotes is far behind their prokaryotic counterparts.

As proof of concept, we sought to develop a xylose-sensing/
regulation gene circuit in S. cerevisiae. Besides glucose, xylose is the
most abundant sugar in cellulosic biomass. Due to carbon catabolite
repression (CCR) (Carlson, 1999; Trumbly, 1992), xylose can be
consumed only after depletion of glucose in S. cerevisiae. Nonethe-
less, in the consolidated bioprocessing technology (Hasunuma et al.,
2013), the release of fermentable sugars is time-dependent and
continuous. Therefore, building an intracellular xylose-sensing/
regulation gene circuit would be critical to monitor and regulate the
xylose consumption pathway to function in a “just in time” and “just
enough” fashion (Fig. 1B). To this end, we harnessed xylose-binding
TFs (XylRs) and XylR-binding operator sequences (op) from bacteria
as parts for the construction of repressor-based de novo xylose-
sensing/regulation gene circuits in S. cerevisiae. We systematically
demonstrated that different properties of the gene circuit can be fine-
tuned and customized at three different nodes including expression

Figure 1. Design and potential applications of metabolite-sensing/regulation gene circuits. (A) Schematic representation of developing TF-based metabolite-sensing/

regulation gene circuits to bridge the gap between cell prototyping and phenotyping. (B) Potential applications of xylose sensing/regulation gene circuits for controlling a xylose

utilization pathway. (C) Schematic representation of the four designs of xylose-sensing/regulation gene circuits.
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level of repressor, operator position, and operator sequence. To
further prove that cells with a desired phenotype can be easily
obtained by combining TF-basedmetabolite-sensing/regulation gene
circuits with high-throughput cell prototyping technologies, we
successfully coupled the xylose transportation capacity of a sugar
transporter with fluorescence intensity, and developed a cell sorting-
based high-throughput screening method for directed evolution of a
sugar transporter. We improved xylose transportation of sugar
transporter HXT14 by 6.5-fold in terms of xylose transportation
capacity via only two rounds of screening. Such genetic circuits
represent a rapid and generally applicable method to establish the
missing link between intracellular metabolite concentration and
screenable signals in S. cerevisiae.

Materials and Methods

Construction of Xylose-Sensing/Regulation Gene Circuits

Three xylR genes from Staphylococcus xylosus (SX_xylR), Bacillus
subtilis (BS_xylR), and Bacillus licheniformis (BL_xylR) were
amplified from plasmids pWH2029 (Sizemore et al., 1992),
pWH1472 (Gartner et al., 1992), and pWH2053 (Scheler and
Hilln, 1994). Nuclear localization signal SV40 (PPKKKRKV)
(Umeyama et al., 2013) was fused to the C-terminus of each
XylR. GPM1p� promoter was first obtained by removing the
putative URS sequence by the DNA Assembler method (Shao and
Zhao, 2009). EGFP was cloned after GPM1p� promoter as the
reporter gene. Each xylose-sensing/regulation circuit was also
constructed by the DNA Assembler method using primers listed in
Table SI (see details in Supplementary Methods).

Characterization of Xylose-Sensing/Regulation Gene
Circuits

For the characterization of xylose-sensing/regulation gene circuit in S.
cerevisiaeHZ848 strain, the S. cerevisiaeHZ848 strainwas transformed
with each circuit-containing plasmid and plated on SC-Ura plates
supplemented with 2% glucose. Single colonies were inoculated into
3mL of SC-Ura liquid medium supplemented with 2% glucose.
Overnight seed cultures were inoculated into 3mL of SC-Ura liquid
medium supplemented with 2% glucose and different amounts of
xylose with an initial OD600 of 0.2. Strains were cultured at 30�C and
250 rpm. Samples were taken at 18 h for flow cytometry analysis.

For gene circuit characterization in S. cerevisiae MW01 strain, the
MW01 strain was co-transformed with each circuit-containing plasmid
and a different sugar-transporter-containing plasmid. Cultures were
plated on SC-Ura-Trp plates supplemented with 2% maltose. Overnight
seed cultures were inoculated into 3mL of SC-Ura-Trp liquid medium
supplemented with 2% maltose and different amount of xylose with an
initial OD600 of 0.2. Strains were cultured at 30�C and 250 rpm. Samples
were taken at 18 h for flow cytometry analysis.

Constructing a Library of Xylose-Sensing/Regulation Gene
Circuits With Degenerate Operator Sequences

Starting with the SX_xylR-T gene circuit design, the library was
constructed using primers containing degenerate operator

sequences via the DNA Assembler method (Table SI). The library
was initially constructed in S. cerevisiae HZ848 strain with 4� 105

transformants covering the theoretical library size of 16,384 (see
details in Supplementary Methods)

Cloning of Sugar Transporter and Creation of HXT14
Mutant Library

Each sugar transporter (HXT2, HXT7, HXT10, HXT14, GAL2, or
StEP#29) was inserted between HXT7p promoter and HXT7t
terminator in a single copy plasmid pRS414 via Gibson assembly
method (see details in Supplementary Methods). Error-prone PCR
of hxt14 gene was performed as previously described with a low
mutation rate (Sun et al., 2014). The mutant library of HXT14 was
created similarly to transporter cloning via Gibson assembly
method. A library of 3.6� 105 mutants was obtained.

High-Throughput Screening of HXT14 Mutant Library

The mutant library of the HXT14 transporter was introduced into
MW01 strain containing SX_xylR-Tsensor. 3.4� 105 colonies were
obtained. All colonies were collected and inoculated to 3mL of SC-
Ura-Trp liquid medium supplemented with 2% maltose to an initial
OD600 of 1. The overnight culture was inoculated into 3mL of SC-
Ura-Trp liquid medium supplemented with 2% maltose and 10 g/L
xylose. Strains were cultured at 30�C and 250 rpm for 18 h before
cell sorting. Cell sorting was performed with a BD FACSAriaTM II
Flow Cytometer. Singlets were gated and 0.1% of the cells with
highest fluorescence intensities were collected. The collected cells
were grown in 3mL of SC-Ura-Trp liquid medium supplemented
with 2% maltose overnight. Similarly, another round of screening
was performed using the same parameters. After two rounds of
screening, cells were plated on SC-Ura-Trp agar supplemented with
2% maltose. Fifty individual clones were picked and subjected to
flow cytometry analysis as previously described. Twenty strains
with the highest fluorescence intensities were selected for further
analysis. The selected strains were grown in 3mL of SC-Trp liquid
medium supplemented with 2% maltose and 1mg/mL 5-
fluoroorotic acid to recover plasmids containing HXT14 transporter
mutants. The MW01 strain was co-transformed with SX_xylR-T
sensor and recovered plasmids carrying HXT14 mutants to confirm
their phenotype under the same condition as described above. In
addition, the MW01 strain was also co-transformed with recovered
plasmids carrying HXT14 mutants and a pRS416-xylose pathway
(Du et al., 2012) to determine their exponential growth rate in 10 g/
L xylose or 10 g/L glucose, respectively. The exponential growth
rates were determined as described elsewhere (Young et al., 2014).

Results

Design and Construction of Xylose-Sensing/Regulation
Gene Circuits in S. cerevisiae

Xylose-responsive transcription regulator XylRs belong to the ROK
(Repressor, Open reading frame, Kinase) protein family and have an
N-terminal DNA-binding domain and a C-terminal sugar kinase-
like domain. Because XylRs and their corresponding operator
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sequences from S. xylosus (Sizemore et al., 1992) and Bacillus spp.
(Gartner et al., 1992; Lokman et al., 1997; Scheler and Hillen, 1994)
are well-characterized, we cloned XylRs from S. xylosus (SX_xylR),
B. subtilis (BS_xylR), and B. licheniformis (BL_xylR) as the
functional repressors under a strong constitutive promoter HXT7p
in the synthetic xylose-sensing/regulation gene circuits (Fig. S1). In
order to ensure the correct re-location of bacterial TFs to nucleus,
we fused a nuclear localization signal from SV40 (Umeyama et al.,
2013) to the C-terminus of each XylR.
Both transcription activator (Auslander and Fussenegger,

2013) and repressor (Murphy et al., 2007; Nevozhay et al., 2013;
Teo et al., 2013) based strategies have been successfully
implemented in the design and construction of small-molecule
inducible promoters in eukaryotes. We decided to construct a
repressor-based xylose-sensing/regulation gene circuit by mod-
ifying a constitutive eukaryotic promoter. Constitutive promoters
are abundant, relatively well-characterized, and have low
homology to each other (Sun et al., 2012). Therefore, this
strategy can be easily expanded to construct multiple xylose-
responsive promoters with low homology to each other, which
can significantly reduce the possibility of homologous recombi-
nation between multiple promoters in S. cerevisiae. We used a
strong and well-characterized constitutive promoter GPM1p as
our starting point (Rodicio et al., 1993). To minimize the
complexity of its native regulation, we modified the GPM1p
promoter by deleting all sequence before an upstream activation
sequence (UAS), as well as an upstream repression sequence
(URS) (Supplementary Data) (Rodicio et al., 1993).
Repressor-based synthetic gene circuits have been rarely

investigated in S. cerevisiae. Even in the most studied tetracy-
cline-controlled gene circuits, only one general design was
implemented, in which tetO operators were positioned downstream
of the TATA-box (Murphy et al., 2007). However, a eukaryotic
promoter is usually highly regulated by multiple UASs and URSs
(Hahn and Young, 2011). The insertion position of the operator
might significantly affect multiple properties of the synthetic gene
circuit including induction ratio, basal level expression, dose–
response curve, and noise (Blake et al., 2003; Khalil et al., 2012). In
order to evaluate different designs of hybrid promoters, we decided
to insert the operator in three positions individually (Fig. 1C): (1)
downstream of the TATA-box (19 bp after TATA-box, design “A”)
(Murphy et al., 2007); (2) immediately downstream of the UAS (1 bp
after the putative UAS sequence, design “U”); and (3) immediately
upstream of the TATA-box (1 bp before the putative TATA-box
sequence, design “T”). In these three designs, we intended to study
the steric hindrance effect of the XylR on the assembly of
transcription machinery, upstream activation protein, and TATA-
box-binding protein (TBP), respectively (Fig. 1C). For better
comparison, we also constructed individual control plasmids
without the XylR expression cassette for each design. We
determined the dose–response curve of each xylose-sensing/
regulation gene circuit in the presence of increasing extracellular
xylose concentration (Fig. 2). In our initial designs, the fluorescence
intensities behaved in a xylose-dependent manner, while in all
controls, fluorescence intensities were higher and had no
correlation with xylose concentration (Fig. 2A, B, and C). Taken
together, we have successfully constructed de novo xylose-sensing/

regulation gene circuits in S. cerevisiae using bacterial TF parts and
a eukaryotic promoter.
Consistent with previous studies (Murphy et al., 2007),

downstream of the TATA-box was a viable position for operator
insertion. However, only low-to-moderate induction ratios were
achieved (3.9-fold for construct SX_xylR-A [SX_xylR and design
“A”], 5.0-fold for BS_xylR-A, and 6.1-fold for BL_xylR-A). In design
“T,” higher induction ratios were seen for gene circuits containing
BS_xylR and SX_xylR (14-fold for BS_xylR-T construct, 6.3-fold for
SX_xylR-T construct). Different XylR proteins exerted clear effects
on multiple properties of the xylose-sensing/regulation gene
circuits. In terms of induction ratio, BS_xylR was better than
SX_xylR and BL_xylR. The basal level expression of eGFP in the
gene circuits BS_xylR-T and SX_xylR-T were very low (approx-
imately 3-fold higher than auto-fluorescence [data not shown]).
Such tightly controlled gene circuits would have significant benefits
for the regulated expression of toxic genes (Maya et al., 2008).
Furthermore, gene circuits containing BS_xylR or BL_xylR showed
a steep dose–response curve to xylose concentration ranging from 0
to 4 g/L (Fig. 2B and C). On the other hand, SX_xylR-containing
circuits showed a more gradual response to xylose concentrations
up to 20 g/L (Fig. 2A). These different properties are likely due to the
different binding affinities between XylR/xylose and/or XylR/
operator.
From design “U,” only low xylose induction ratio was observed

(1.3-fold for BS_xylR-U construct, 1.6-fold for SX_xylR-U
construct, while no xylose induction for BL_xylR-U construct).
However, we noticed that all gene circuits with design “U” had
much lower fluorescence intensities than their controls, which
indicated that the UAS-mediated promoter activation mechanism
was disrupted by XylR to some degree. One possible explanation is
that the effect of the UAS and TATA-box on promoter activity has
different modes. The binding of the activation protein with the UAS
is responsible for recruiting important proteins (including TBP) to
the TATA-box site for the assembly of the transcription machinery
(Hahn and Young, 2011). Therefore, it may not be necessary for the
activation protein to bind to the UAS at all times. However, the
binding of TBP to the TATA-box is more important and absolutely
required for transcription. As a result, the design “T” has a more
obvious dose–response curve than the design “U.”

Xylose-Sensing/Regulation Gene Circuits Are Highly
Xylose Specific

High specificity is a highly desirable trait for a metabolite-sensing/
regulation gene circuit. It is a potential major challenge for using
endogenous metabolite responsive promoters (Dahl et al., 2013). It
has also been problematic with several existing acyl-CoA-sensing/
regulation gene circuits because acyl-CoAs with different chain
length were hard to differentiate (Teo et al., 2013; Zhang et al.,
2012). Therefore, we investigated the specificity of our xylose-
sensing/regulation gene circuits using L-arabinose, an isomer of
xylose and the third most abundant sugar in cellulosic biomass.
Similar to xylose, when the arabinose utilization pathway was
introduced, L-arabinose can be imported and utilized by S.
cerevisiae (Bettiga et al., 2009). There was no correlation between
extracellular L-arabinose concentration and the fluorescence
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intensity (Fig. 2D), which suggested our gene circuits are highly
xylose specific.

Xylose-Sensing/Regulation Gene Circuits Are Highly
Tunable at Three Different Nodes

Tunability is another crucial trait for the successful development
and application of metabolite-sensing/regulation gene circuits (Ang
et al., 2013). The diversity of dose–response curves in our initial

designs is advantageous because they can be used to control
expression of different genes in different manners (Fig. 1B).
However, it is more important to have the ability to fine-tune the
properties of the gene circuit. Therefore, we set out to investigate
the tunability of the xylose-sensing/regulation gene circuits in
three different control nodes.

As a “master switch,” the expression level of XylR is the first
control node that would influence the expression of all downstream
genes that are controlled by XylR. Our initial results indicated that

Figure 2. Dose–response curves of xylose-sensing/regulation gene circuits. (A) Gene circuits based on SX_xylR. (B) Gene circuits based on BS_xylR. (C) Gene circuits based

on BL_xylR. (D) Xylose-sensing/regulation gene circuits are not responsive to L-arabinose. (E) Fine tuning of SX_xylR-based gene circuits. (F) Fine tuning of BS_xylR-based gene

circuits. Each experiment was performed in triplicate and error bar indicated standard deviation.

210 Biotechnology and Bioengineering, Vol. 113, No. 1, January, 2016



even at the highest extracellular xylose concentration, the
fluorescence intensities of any xylose-sensing/regulation gene
circuits were much lower than their controls. We hypothesized that
it was the combined effect of limited xylose import and high XylR
repression. In addition, lower XylR repression may lead to higher
minimal expression of eGFP. Therefore, we replaced the HXT7p
promoter in front of xylRwith an engineered ENO promoter (ENO�)
with�24% strength of HXT7p (Du et al., 2012). As we expected, the
maximal expression level of eGFP increased by 66% for the new
gene circuit ENO�-SX_xylR-T. In addition, the minimal expression
level also increased 3.5-fold, which resulted in a change of induction
ratio from 6.3 to 3.3 (Fig. 2E). When the ENO� promoter was placed
in front of BS_xylR, the minimal expression level increased 1.4-fold
for construct ENO�-BS_xylR-T (Fig. 2F). Unexpectedly, the
maximal expression level decreased 1.4-fold, which gave an
induction ratio of 7.4. It is unclear why the maximal expression
level decreased.
As one can envision, changing the expression level of XylR would

change the expression of every gene under the control of XylR in a
similar manner (Fig. 1B). However, in reality, fine-tuning of each
gene should be different, which can only be achieved at the
individual promoter level. To further develop our ability to fine-tune
the xylose-sensing/regulation gene circuits, we designed and
constructed new gene circuits with two operator sequences
(combination of initial UAS site and TATA-box site, design “UT,”
Fig. 1C). As we expected, multiple XylR-binding sites rendered the
gene circuits less “leaky” and more tightly controlled (Fig. 2A, B,
and C). It was an extreme case that in the SX_xylR-UT circuit, the
expression of eGFP was completely repressed under the tested
xylose concentrations. We speculate that because SX_xylR imposed
the strongest repression in the initial designs, when multiple sites
were occupied by SX_xylR, the intracellular xylose concentration
was not high enough to alleviate the repression at all.
Lastly, we hypothesized that the binding affinity between XylR

and operator is another control node that can be exploited to
customize xylose-sensing/regulation gene circuits. Because the
three native operators have high similarity (Fig. 3), we postulated
that each XylR might recognize the operator sequence from other
strains, but with lower binding affinity. Therefore, we constructed
new gene circuits based on design “T” by mismatching BS_xylR
with BL_op (BS_xylR-BL_op-T), BS_xylR with SX_op (BS_xylR-
SX_op-T), and SX_xylR with BS_op (SX_xylR-BS_op-T). As
predicted, fluorescence intensities from all new gene circuits
showed xylose-dependent behavior, which confirmed the cross-
recognition between XylRs and operator sequences (Fig. 2E and F).
However, all properties, including minimal expression level,
maximal expression level, induction ratio, and dose–response

curve, changed dramatically. For example, when BS_op was
replaced by BL_op, the minimal expression was increased by
2.4-fold, while the maximal expression level decreased by 1.4-fold,
which resulted in a 3.2-fold decrease in induction ratio (Fig. 2F).
Although induction ratio was numerically similar, when SX_op was
replaced with BS_op in gene circuit SX_xylR-BS_op-T, the dose–
response curve was significantly altered so that it was more similar
to that of BS_xylR-T (Fig. 2E). Taken together, these results are
consistent with our previous conclusion that the binding affinity of
XylR with the operator sequence is one of the reasons for different
dose–response curves.

Construction of a Library of Xylose-Sensing/Regulation
Gene Circuits With Different Properties

We have demonstrated that it is possible to fine-tune the properties
of xylose-sensing/regulation gene circuits by simply switching the
operators. However, this effort was still limited by the number of
operator sequences that nature offers. To further strengthen our
ability to customize the gene circuit, we constructed a library of
xylose-sensing/regulation circuits based on SX_xylR_T design
using degenerate operator sequences (Fig. 3). We designed the
degenerate operator sequences with seven random nucleotides
based on the difference between BS_op and SX_op. We speculated
that it was a “smart” library with the majority of its members
maintaining their binding ability to SX_xylR to a certain degree. To
characterize the library, we randomly picked thirty colonies and
determined the dose–response curves of 10 gene circuits in detail
(Fig. 4). As a result, the library was highly functional and diversified
(Figs. 4 and S2). For example, the induction ratio ranged from
1.8-fold to 8-fold (Fig. 4A). It is interesting that though the dose–
response curves of the library members were highly diversified, they
were still within the boundaries set by initial operators BS_op and
SX_op (Fig. 4B). In addition, the changes of the dose–response
curves were incremental, which rendered our gene circuits highly
tunable.

Calibration of the Xylose Transportation Capacity of
Sugar Transporters Using Xylose-Sensing/Regulation
Gene Circuits

The goal of efficiently and economically converting cheap biomass
into biofuels and industrially important chemicals presents both a
great opportunity and a challenge in the field of biotechnology
(Stephanopoulos, 2007; Zhang et al., 2011). While most of the
previous research was focused on xylose pathway optimization (Du
et al., 2012), researchers have started to investigate and engineer
sugar transporters for efficient xylose transportation (Farwick et al.,
2014; Young et al., 2014). However, native sugar transporters have
either strong glucose inhibition (Young et al., 2012) or very low
xylose transportation capacity (Du et al., 2010). Recently, directed
evolution has been used to improve the xylose transportation
capacity (Young et al., 2012) as well as alleviate glucose inhibition
(Farwick et al., 2014) of sugar transporters. However, currently,
directed evolution of sugar transporters relies entirely on a plate-
based, colony-size-dependent screening method. Its inherent low
through-put and tedious nature hamper the further engineering of

Figure 3. Sequence alignment of native and degenerate operator sequences.
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xylose transporters. Therefore, it is a great example to demonstrate
that our TF-based xylose-sensing/regulation gene circuit can be
combined with a high-throughput cell prototyping method to
obtain a desired cell phenotype that is related to intracellular
metabolite concentration (Fig. 1A).

We hypothesized that if the xylose influx is dominated by a single
sugar transporter, the xylose-sensing/regulation gene circuit can be
used as a sensor to represent the xylose transportation capacity of
the sugar transporter (Fig. 5A). To demonstrate that our xylose-
sensing/regulation gene circuit behaves similarly in a hexose
transporters knockout strain MW01, which showed impaired
glucose and xylose transportation capacity, we introduced plasmid
carrying strong xylose transporter hxt2 (Supplementary Data) and
the SX_xylR-T gene circuit into MW01 strain. As a result, the
SX_xylR-T gene circuit showed a similar dose–response curve in
strain MW01 to original host S. cerevisiae HZ848 strain, which
indicated that xylose concentration was positively correlated with
the fluorescence intensity in the MW01 strain (Fig. S3). Because the
fluorescence intensity plateaued after 10 g/L xylose concentration,
we used 10 g/L xylose as the condition for further calibration. To
illustrate that fluorescence intensity is positively correlated with
xylose transportation capacity of sugar transporters, we decided to
calibrate the xylose sensor with a set of sugar transporters capable
of transporting xylose. Four known hexose transporters (HXT14,
HXT7, Gal2, and HXT2) as well as an engineered xylose-specific
transporter StEP#29 (unpublished data) were cloned to a single-
copy plasmid pRS414 under the control of HXT7p promoter
(Supplementary Data). The MW01 strain was co-transformed with
the SX_xylR-Tsensor and each plasmid including a negative control
(empty pRS414 plasmid). In addition, it is well established in
literature that the exponential growth rate in xylose-containing
media is an accurate surrogate for xylose transportation capacity of
sugar transporters (Young et al., 2014). Therefore, the MW01 strain
was also co-transformed with plasmids carrying sugar transporters

and a plasmid carrying a xylose utilization pathway (Du et al., 2012)
to assess their exponential growth rates in xylose-containing media.
In Figure 5B, the fluorescence intensities of MW01 strains carrying
the xylose sensor were plotted against exponential growth rate of
the MW01 strains carrying the xylose utilization pathway. It was
clear that the exponential growth rate was positively correlated with
the fluorescence intensity, albeit not in a linear fashion. It is likely
that other factors, such as the stability of the transporter and the
detrimental effects of over-expressing a membrane protein, may
contribute to the exponential growth rate. However, such positive
correlation is good enough to develop a high-throughput screening
method for directed evolution of a sugar transporter to improve its
xylose transportation capacity.

Directed Evolution of Hexose Transporter HXT14 to
Improve Its Xylose Transportation Capacity

To demonstrate the utility of the engineered xylose-sensing/
regulation gene circuits, we sought to use directed evolution to
improve the xylose transportation capacity of hexose transporter
HXT14 from S. cerevisiae (Young et al., 2014). A mutant library of
HXT14 was created via error-prone PCR and Gibson assembly
method (Gibson et al., 2009). The library was introduced into the
MW01 strain already containing the SX_xylR-T xylose sensor. After
induction with 10 g/L xylose for 18 h, singlet cells were gated and
the 0.1% of cells with the highest fluorescence intensity were
collected via cell sorting. After two rounds of screening, we isolated
plasmids carrying the mutated transporters and confirmed their
phenotype. As summarized in Figure 5B, the positive correlation
between exponential growth rate and fluorescence intensity was
maintained fairly well among all HXT14 mutants. The best mutant
HXT14-#22 increased exponential growth rate in xylose by 6.5-fold,
which demonstrated that our high-throughput screening method is
rapid and robust. It was very surprising that the mutants HXT14-

Figure 4. Characterization of the library of xylose sensing/regulation gene circuits with different properties. (A) Xylose induction ratio of members of the gene circuits library

(xylose induction ratio is defined by fluorescence intensity of 20 g/L xylose divided by that of 0 g/L xylose). (B) Dose–response curves of members of the gene circuit library. Each

experiment was performed in triplicate and error bar indicated standard deviation.
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#22 and HXT14-#5 both had single mutation at position T365
(Table SII), which also strongly suggested that T365 was critical for
controlling sugar transportation activity.
Although our high-throughput screening method will only

identify mutants with improved xylose transportation capacity, it is
very likely that some mutations may also improve glucose
transportation. Therefore, we determined the exponential growth
rate of selected mutants in glucose and calculated their sugar
specificity (defined by growth rate in glucose divided by that of
xylose). As summarized in Figure 5B, mutants HXT14-#22, #50,
#14, and #5 also improved glucose transportation significantly,
which rendered their sugar specificities almost unchanged. On the
contrary, mutant HXT14-#38 improved xylose transportation by
4.3-fold while decreasing glucose transportation by 3.2-fold, which
yielded a dramatic 13.7-fold specificity switch. Sequencing results
revealed that HXT14-#38 is a triple mutant (Y300F, N387H, and
N435D) (Table SI). It is most intriguing that N387 of HXT14
occupied the same position as N376 of Gal2 in a multiple sequence
alignment (Fig. S4) which agrees with the observation by Farwick
et al. that N376 of Gal2 is critical in controlling sugar specificity

(Farwick et al., 2014) and mutant Gal2-N376F can eliminate glucose
transportation and glucose inhibition.

Discussion

In this work, we provided a general strategy for design,
construction, and fine-tuning of TF-based intracellular-metabo-
lite-sensing/regulation gene circuits in S. cerevisiae by harnessing
parts from both prokaryotes and eukaryotes. A transcriptome-
based promoter identification method has been used to identify
endogenous metabolite-responsive promoters (Dahl et al., 2013).
However, such promoters usually behave like a “black box” without
a known metabolite-responsive mechanism. They are vulnerable to
other unknown environmental cues or cellular regulations and very
hard to customize. In comparison, our strategy is based on a direct
metabolite-responsive mechanism, which is amenable to rigorous
rational engineering. Compared to existing synthetic eukaryotic
metabolite sensors (Ellis and Wolfgang, 2012; Umeyama et al.,
2013), which use a fusion-protein-based activator strategy, our
repressor-based gene circuit strategy not only avoids the potential

Figure 5. Engineering of glucose transporter HXT14 via a high-throughput screening method. (A) Schematic representation of the high-throughput screening method for xylose

transporter engineering. WT or low activity mutant transporters have low fluorescence intensities while mutants with high xylose transportation capacity have high fluorescence

intensities. (B) Positive correlation between fluorescence intensity and exponential growth rate in xylose. Red dot (hexose transporters for calibration). Black dot (HXT14 mutants).

(C) Improved xylose transportation capacity and sugar specificity of engineered HXT14. Each experiment was performed in triplicate and error bar indicated standard deviation.
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detrimental effect of fusion proteins, but also circumvents the need
for different activation domains in different heterologous hosts.
With our strategy, a protein with metabolite-dependent DNA-
binding ability is essentially the only prerequisite to engineer any
endogenous promoter into a metabolite-sensing/regulation gene
circuit in any heterologous hosts. It is also easily transferable
between different heterologous hosts. Considering the vast number
of small molecule-binding TFs discovered in bacteria (Cipriano
et al., 2013), the strategy of repressor-based gene circuit should be
widely applicable.

In addition, we illustrated that our xylose-sensing/regulation
gene circuits are highly xylose specific, which will prevent signal
interference from structurally similar sugars. Such an advantage is
critical for their applications in biomass-related metabolic
engineering efforts, in which mixed sugars are usually involved.
More importantly, we demonstrated that numerous properties of
repressor-based gene circuits, such as induction ratio and dose–
response curve, can be fine-tuned at three different nodes including
expression level of repressor, operator position, and operator
sequence. Furthermore, we generated a library of xylose-sensing/
regulation gene circuits with varying properties by using degenerate
operator sequences, which could be useful in future applications.
On the other hand, the regulating elements of eukaryotic promoters
we targeted and the steps we took to optimize and customize the
properties of the gene circuits can be used as general guidelines for
future design and engineering of repressor-based metabolite-
sensing/regulation circuits in eukaryotes.

During the preparation of this manuscript, Teo et al. reported the
construction of xylose sensor in S. cerevisiae using XylRs from
Tetragenococcus halophile, Clostridium difficile, and Lactobacillus
pentosus (Teo and Chang, 2015). However, only one design, which
was similar to our design “A,” was implemented without further
engineering or optimization. As a result, only approximately
fourfold xylose induction was achieved and no application was
demonstrated. On the contrary, we demonstrated that our TF-based
metabolite-sensing/regulation gene circuits can be combined with
high-throughput cell prototyping technology to obtain desired
phenotypes. As proof of concept, we developed a cell-sorting-based,
rapid and robust high-throughput screening method for xylose
transporter engineering using the xylose-sensing/regulation gene
circuit. We obtained a mutant of HXT14 transporter with 6.5-fold
improvement in xylose transportation capacity. Our results
suggested that T365 of HXT14 plays an important role in
controlling sugar transportation capacity. The high-throughput
screening method can be easily applied in further engineering of
existing highly active xylose transporters or xylose-specific
transporters with low activity.

This work was supported by Energy Biosciences Institute. We thank
Professor Wolfgang Hillen for providing plasmids pWH2029, pWH1472, and
pWH2053. We also thank the University of Illinois Flow Cytometry Facility
for assistance with flow cytometry and FACS.
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