nature
chemical biology


http://dx.doi.org/10.1038/nchembio.2177
http://www.nature.com/naturechemicalbiology/



http://dx.doi.org/10.1038/nchembio.2177



http://dx.doi.org/10.1038/nchembio.2177



http://dx.doi.org/10.1038/nchembio.2177

© 2016 Nature America, Inc. All rights reserved.

&

NATURE CHEMICAL BIOLOGY Do!: 10.1038/NCHEMBIO.2177 ARTICLE

a
ONo LTTR
FF 9
© E 8 W REVIp:LTTR
=0 W TDH3p:LTTR
74
<
\ﬁ < 6
S 5
-209bp TI(O,) £
CYCip p 5
B
=]
el
£
el
i
BenM FdeR ArgP PcaQ MdcR
LTTR
b B ONoLTTR
ON 2 4 B REVIp:LTTR
Ligandy Ea B TDH3p:LTTR
e L
® T &
. 2
v c
v s
-209bp  TI(O) °
CYClp Z £
g
BenM FdeR ArgP PcaQ MdcR
(CCM) (NAR) (ARG) (PCA) (MAL)
LTTR (inducer)
c LTTR
ArgP MdcR Empty
550
_WE’ g 5 450
_— o
i g 350 =
-209bp TI(Oy) o
CYClp
250

Figure 4 | Application of transcriptional activators from the LTTR family
as biosensors in yeast. (a) lllustration of LTTR-mediated activation of GFP
expression by binding to the cognate operator in position T7 of 209bp_
CYClp (left). The 209bp_CYClp_TT reporter promoter design supports
GFP expression when controlled by individual LTTR transcriptional
activators expressed from either a weak (REV1p) or a strong (TDH3p)
promoter (right). The y axis shows fold induction in mean fluorescence
intensity (MFI) in cells expressing individual LTTRs relative to cells not
expressing the LTTRs. (b) lllustration on external application of individual
ligands for induction of LTTR-mediated activation of GFP expression

(left). External application of individual ligands can induce LTTR-mediated
activation of GFP expression (right). The y axis shows fold induction in
MFI for cells grown for 24 h in medium containing either CCM, naringenin
(NAR), t-arginine (ARG), protocatechuic acid (PCA) or malonic acid
(MAL) compared to cells growing in control medium. (¢) Heatmap showing
orthogonality of MdcR- and ArgP-mediated transcriptional regulation of
GFP expression controlled by either reporter promoter 209bp_CYClp_
MdcO_T7 or 209bp_CYClp_ArgO_T1 (Supplementary Table 4). Color key
shows MFI from three (n = 3) biological replicate experiments. For a and b,
MFI values and their error bars are shown as mean £ s.d. from three (n = 3)
biological replicates.

LTTRs. Flow cytometry analysis showed specificity between LTTR
transcriptional activators and their inferred operator (Fig. 4c). This
is in agreement with another study on cross-reactivity between pro-
moter and transcriptional regulators of the TetR family, and the fact
that LTTR residues in both the conserved N-terminal DBDs and the
divergent EBDs are important for DNA binding!?2.

In vivo application of LTTR-based biosensors in yeast
Based on our engineering efforts and characterization of prokary-
ote LTTR-based biosensors imported into yeast, we next addressed
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Figure 5 | Biosensor sensitivity and operational range. (a) Response
functions of wild-type BenM and engineered BenM H110R,F211V,Y286N
expressed in yeast from REV1p as measured by flow cytometry using
various concentrations of CCM (24 h) and the 209bp_CYC1p_BenO_T1
promoter controlling the expression of GFP. A yeast strain without BenM
expressed was used as a control for background GFP fluorescence from the
209bp_CYClp_BenO_T1 promoter. (b) Response function measurement for
the naringenin biosensor when FdeR is expressed from a weak (REV1p) or a
strong (TDH3p) promoter using various concentrations of naringenin (24 h)
and the 209bp_CYClp_FdeO_T1 reporter promoter controlling the expression
of GFP. A yeast strain without FdeR expressed was used as a control for
background GFP fluorescence from the 209bp_CYClp_FdeO_TT promoter.
For a and b, mean fluorescence intensity (MFI) values and their error bars are
shown as mean * s.d. from three (n = 3) biological replicate experiments.

whether such biosensors would support real-time monitoring of
product accumulation in vivo and thereby potentially provide high-
throughput screening assays of biocatalysts. To test this, we selected
CCMandnaringenin,forwhichhighesttitersinshake-flask-cultivated
haploid yeast of ~1 mM (141 mg/L) and 0.2 mM (54 mg/L), respec-
tively, have recently been reported®*#!. Also, these two products are
of general interest to biotechnology, because CCM is a platform
chemical for the production of several valuable consumer bioplas-
tics?, and naringenin belongs to a class of secondary metabolites
called flavonoids with nutritional and agricultural value*.

Before applying the biosensors for in vivo detection of these
metabolites, we first tested their operational range and induction
kinetics. For BenM and BenM H110R,F211V,Y286N, we observed a
weakly sigmoidal input-output relationship between CCM concen-
tration and GFP output following 24 h of cultivation. For chromoso-
mally integrated constructs encoding BenM H110R,F211V,Y286N
and BenM, a maximum of 10-fold and 3.5-fold induction was
reached in the presence of the highest soluble CCM concentrations
(1.4 mM, 200 mg/L), respectively (Fig. 5a). Induction kinetics of
BenM and BenM H110R,F211V,Y286N were similar. This is in line
with BenM substitutions likely not being involved in direct binding
of CCM (Fig. 2d) but rather altering BenM binding to DNA to sup-
port increased GFP expression.

Similarly, for FdeR we first tested naringenin sensitivity and
operational range of the sensor. As for CCM, we only tested the
operational range for concentrations of naringenin at which it is
soluble in growth medium (i.e., < 0.2 mM). Expression of FdeR
controlled by the weak REV1 promoter did not support induction
of GFP expression at any of the tested concentrations (Fig. 5b), yet
when expression of FdeR was controlled by the strong TDH3 pro-
moter, we observed a maximum 1.7-fold increase in GFP expression
following 24 h cultivation in the presence of 0.2 mM naringenin
(Fig. 5b). The operational ranges of BenM and FdeR were within
the ranges of reported CCM and naringenin production titers in
yeast, and which could make these biosensors applicable for screen-
ing such biocatalysts.

Next, we transformed the CCM biosensor (209bp_
CYClp_BenO_T1::GFP and REVI1p::BenMMHORFIVY2N) jntg g
small library of six yeast strains engineered to produce CCM. CCM
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Figure 6 | In vivo application of CCM and naringenin biosensors in

yeast. (a) Schematic representation of the heterologous three-step CCM
production pathway? for testing BenM as a biosensor for in vivo CCM
production in yeast. Overexpression of Tkl was included together with
balancing of the heterologous three-step pathway (PaAroZ, KpAroY

and CaCatA) using single-locus or multi-loci integration of sequences
encoding AroY subunits B and C (Iso, isoform) (Online Methods and
Supplementary Table 1). (b) Following 24 h of cultivation, CCM titers and
mean fluorescence intensities (MFls) were quantified and plotted for each
strain. (¢) Schematic representation of a heterologous five-step naringenin
production pathway adopted from ref. 43. For the hydroxylation of
cinnamate to coumarate, a fusion protein of AtC4H and AtATR2 was used.
For testing FdeR as a biosensor for in vivo naringenin production in yeast,
mean fluorescence intensity (MFI) in three different strains engineered with
one copy of the five-step naringenin production pathway (EVR1) or with
one (EVR2) or two (EVR3) additional integrations of bottleneck enzymes
were compared to a control strain (EVRO, ctrl) without the production
pathway. Following 48 h of cultivation, naringenin titers and MFI values
were quantified and plotted. For b and d, data are average of three biological
replicates. MFl values and metabolite quantifications are presented as
means * s.d. from three (n = 3) biological replicate experiments.

production with a final titer of 149 mg/L has been recently reported
in haploid yeast using a three-step heterologous pathway consist-
ing of an AroZ homolog from Podospora anserina encoding dehy-
droshikimate dehydratase (PaAroZ), the AroY gene from Klebsiella
pneumonia encoding the multisubunit protocatechuic acid decar-
boxylase (PCA-DC) and the CatA gene encoding catechol 1,2-dioxy-
genase from Candida albicans (CaCatA) (Fig. 6a)*. From that study
it was clear that PCA-DC was a rate-limiting step for flux through
the upper part of the shikimate pathway toward CCM. It had been
suggested that an increased supply of precursor toward erythrose-4
-phosphate (E4P) could improve CCM production. For this reason
we introduced single or multiple copies of genes encoding different
PCA-DC subunits from K. pneumonia and introduced no or one
additional copy of transketolase (TklI) from S. cerevisiae (Fig. 6a).
We cultured the six-membered CCM production strain library and
a wild-type CCM null background strain individually. After 24 h
of cultivation, we analyzed the medium for CCM concentration
using high-pressure liquid chromatography (HPLC) and analyzed
the cells by flow cytometry for GFP intensity measurements. We
observed a strong correlation (r = 0.98) between GFP output and
CCM production titers, spanning a range of 0.00016 mM to 1.39 mM
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(0.023-197.6 mg/L) (Fig. 6b). We obtained the highest titers in
strain ST4245-2 with multiple TY integrations of genes encoding
AroY subunits B and C, and Tkl1 (Fig. 6a,b). To further examine
the performance of the CCM biosensor, we monitored GFP output
and CCM production titers following 72 h of cultivation. GFP out-
puts were saturated at titers >1.41 mM (200 mg/L) (Supplementary
Fig. 6a,b). However, the strain that produced the most CCM after
72 h (3.03 mM, 430.8 mg/L) also produced the most CCM and had
the highest fluorescence after 24 h, emphasizing the applicability of
the CCM biosensor for screening high-producing strains during
early stages of cultivation.

Finally, we transformed 209bp_CYClp_FdeO_T1::GFP and
TDH3p::FdeR into yeast strains with a five-step heterologous nar-
ingenin pathway®. For building a small library of naringenin-pro-
ducing strains, we chromosomally introduced either a single copy
of the pathway (EVR1), or with one and two additional integrations
of genes encoding bottleneck enzymes (AtPAL-2 and HaCHS for
EVR2; AtPAL-2, HaCHS, and AtC4H:L5:AtATR2 for EVR3) (Fig. 6¢
and Supplementary Table 1). Following 48 h of cultivation, we
analyzed the medium for naringenin concentration using ultra-per-
formance liquid chromatography (UPLC) and analyzed the cells by
flow cytometry for GFP intensity measurements. As observed for the
CCM biosensor, the naringenin biosensor also had a strong correla-
tion (r = 0.96) between GFP output and naringenin titers, spanning
a range of 0.094 mM to 0.184 mM (25.61-50.18 mg/L) (Fig. 6d),
with the highest titer obtained in strain EVR3 containing two addi-
tional integrations of genes encoding bottleneck enzymes on top
of the full copy of the five-step naringenin pathway. For the narin-
genin sensor, we observed a poorer correlation between biosensor
output and titers at 24 h (r = 0.87) compared to our 48 h (r = 0.96)
measurements (Supplementary Fig. 6¢,d). However, just as for the
CCM biosensor, the strain that produced the most naringenin at
48 h (0.184 mM, 50.18 mg/L) also produced the most naringenin
(0.045 mM, 12.25 mg/L) and had the highest fluorescence at 24 h.

Taken together, the two applications of the LTTR-based biosen-
sors suggest that simple expression of the LT'TR and an engineered
reporter promoter (209bp_CYClp_T1:: GFP) with an operator site
in position T1 allows for direct transplantation of prokaryotic tran-
scriptional activators as biosensors to screen for the best-performing
biocatalysts. Though some of the transcriptional activators used in
this study derived from prokaryotes with growth optima at higher
temperatures compared to yeast, BenM showed a higher dynamic
range in output at 30 °C compared to 37 °C (Supplementary
Fig. 7), illustrating robustness of LTTR performance.

DISCUSSION

Systematic engineering and meticulous characterization have for
decades pushed forward the sequence-function understanding of
genetic parts and interactions thereof. This has allowed the ratio-
nal engineering of parts and genetic circuits useful for a range of
applications in biotechnology. Although most of the genetic devices
originate from prokaryotes, transplantation into eukaryotes has
been reported for bioswitches, used to construct orthogonal genetic
devices to control a cellular response to a defined input!+#4,
Specifically, genetic devices enabling the manipulation of tran-
scription through the transplantation of prokaryote transcriptional
repressors have inspired researchers, in their quest for tools to screen,
select and actuate cellular responses'’#. In this study we showed that
ligand-inducible transcriptional activators from the largest family
of transcriptional regulators found in prokaryotes can be ported
to the eukaryotic chassis and used to measure the level of a small
molecule inside the cell and activate transcription. The LTTR-based
transcriptional activators function as is in yeast without any further
engineering and without co-expression of other molecular com-
ponents (i.e., ¢ factors). In fact, through a systematic engineering
approach we provide a framework from which new ligand-binding

956 NATURE CHEMICAL BIOLOGY | VOL 12 | NOVEMBER 2016 | www.nature.com/naturechemicalbiology


http://dx.doi.org/10.1038/nchembio.2177



http://dx.doi.org/10.1038/nchembio.2177
http://dx.doi.org/10.1038/nchembio.2177
http://dx.doi.org/10.1038/nchembio.2177
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4836



http://dx.doi.org/10.1038/nchembio.2177
http://dx.doi.org/10.1038/nchembio.2177
http://www.nature.com/reprints/index.html






http://www.yeastgenome.org/
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4836

	Engineering prokaryotic transcriptional activators as metabolite biosensors in yeast
	RESULTS
	A prokaryote transcription activator in yeast
	High-throughput prototyping of biosensor variants
	LTTR-based biosensor specificity and orthogonality
	A design for engineering LTTR-based biosensors in yeast
	In vivo application of LTTR-based biosensors in yeast

	DISCUSSION
	Methods
	Accession codes.

	ONLINE METHODS
	Strains, chemicals and media.
	Synthetic genes and oligonucleotides.
	Plasmids, strains and library construction.
	Mutagenesis of BenM and library preparation.
	Metabolite quantification using HPLC and UPLC-MS.
	Transport assays.
	Fluorescence-activated cell sorting.
	Flow cytometry measurements and data analysis.
	Transcriptome analysis.
	Bioinformatic resources.
	Database for RNA-seq data.

	Acknowledgments
	Competing financial interests
	Figure 1 Engineering the CCM-responsive prokaryotic transcriptional activator BenM in yeast.
	Figure 2 High-throughput engineering and screening of BenM variants with improved CCM inducibility.
	Figure 3 Biosensor specificity and transcriptional orthogonality.
	Figure 4 Application of transcriptional activators from the LTTR family as biosensors in yeast.
	Figure 5 Biosensor sensitivity and operational range.
	Figure 6 In vivo application of CCM and naringenin biosensors in yeast.


	Button 2: 
	Page 1: Off



