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Abstract In recent years, the application of transcription
factor-based biosensors for the engineering of microbial pro-
duction strains opened up new opportunities for industrial
biotechnology. However, the design of synthetic regulatory
circuits depends on the selection of suitable transcription
factor-promoter pairs to convert the concentration of effector
molecules into a measureable output. Here, we present an
efficient strategy to screen promoter libraries for appropriate
parts for biosensor design. To this end, we pooled the strains
of the Alon library containing about 2000 different
Escherichia coli promoter-gfpmut2 fusions, and enriched
galactose- and L-phenylalanine-responsive promoters by tog-
gled rounds of positive and negative selection using
fluorescence-activated cell sorting (FACS). For both effectors,
responsive promoters were isolated and verified by cultivation
in microtiter plates. The promoter of mtr, encoding an L-tryp-
tophan-specific transporter, was identified as suitable part for
the construction of an L-phenylalanine biosensor. In the fol-
lowing, we performed a comparative analysis of different bio-
sensor constructs based on the mtr promoter. The obtained
data revealed a strong influence of the biosensor architecture
on the performance characteristics. For proof-of-principle, the
mtr sensor was applied in a FACS high-throughput screening
of an E. coli MG1655 mutant library for the isolation of L-
phenylalanine producers. These results emphasize the

developed screening approach as a convenient strategy for
the identification of effector-responsive promoters for the de-
sign of novel biosensors.
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Introduction

During the last years, genetically encoded biosensors have
revealed their potential as valuable tools for metabolic strain
engineering and for enabling new insights into bioprocesses at
single-cell resolution (Delvigne et al. 2014; Liu et al. 2015a;
Mahr and Frunzke 2016; Schallmey et al. 2014). By
converting the intracellular effector molecule concentration
into a measureable output, biosensors are in demand in cases,
in which an easily detectable phenotype is not available.
Microorganisms are equipped with a variety of metabolite-
sensing mechanisms including transcriptional regulators,
riboswitches, enzymes, or periplasmic-binding proteins,
which can be exploited for the construction of biosensors.
Transcription factor (TF)-based biosensors consist of a regu-
lator that is able to sense the level of an intra- or extracellular
effector molecule and in turn drives the expression of a report-
er gene (e.g., encoding an auto-fluorescent protein, AFP). By
this means, accumulation of a certain effector can be convert-
ed into a measurable output signal (Mahr and Frunzke 2016).
Biosensors based on bacterial TFs have successfully been im-
plemented in high-throughput (HT) screenings of mutant li-
braries using fluorescence-activated cell sorting (FACS)
(Binder et al. 2012; Mustafi et al. 2012; Siedler et al. 2014)
or in biosensor-driven adaptive evolution approaches for the
improvement of microbial metabolite production (Mahr et al.
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2015). In this context, biosensor-based strategies were shown
to enable the identification of novel and non-intuitive targets
for engineering and improving of production strains.
Furthermore, the efficient screening of feedback-resistant en-
zymes (Schendzielorz et al. 2014), dynamic pathway regula-
tion (Dahl et al. 2013; Liu et al. 2015b; Xu et al. 2014; Zhang
et al. 2012), and the analysis of population heterogeneity at the
single-cell level (Hoffmann et al. 2013; Mustafi et al. 2014)
demonstrate the broad applicability of biosensors (Liu et al.
2015a; Mahr and Frunzke 2016).

Nature has evolved a broad range of these sensor devices.
However, only a few regulators and corresponding target
genes have been well characterized to date. Frequently, the
plethora of targeted promoters hampers the identification of
suitable biosensor candidates. Thus, workflows enabling the
rapid identification of responsive promoters are required for
efficient sensor design. In this study, we developed a conve-
nient strategy for screening promoter-AFP libraries using
FACS. As proof-of-principle, we screened the Alon library
consisting of about 2000 different promoter-gfpmut2 fusions
in Escherichia coli (Zaslaver et al. 2006) in order to identify
biosensor candidates suitable for the detection of L-
phenylalanine.

The aromatic amino acid L-phenylalanine is one of the
most demanded amino acids besides L-glutamate, L-lysine,
and L-methionine and faces an increasing commercial interest
(Rodriguez et al. 2014; Sprenger 2007). As precursor for the
artificial sweetener aspartame or as building block for phar-
maceutical products including infusion fluids or HIV protease
inhibitors, L-phenylalanine has played an important role for
many years (Sprenger 2006; 2007). Furthermore, the commer-
cially interesting aromatic compounds pinosylvin (van
Summeren-Wesenhagen and Marienhagen 2015), cinnamic
and p-hydroxycinnamic acid (Sariaslani 2007; Vargas-Tah
et al. 2015), cinnamaldehyde, and phenylpyruvic acid (Bang
et al. 2016; Hou et al. 2015) are synthesized from the precur-
sor L-phenylalanine and serve as flavor enhancers, cosmetical,
or pharmaceutical building blocks.

Besides chemical synthesis and hydrolytic cleavage of pro-
teins, microbial fermentation has now become the dominating
production process (Bongaerts et al. 2001; Leuchtenberger
et al. 2005; Sprenger 2006, 2007). E. coli serves as an impor-
tant platform organism producing L-phenylalanine—as most
microorganisms—via the shikimate pathway (Bentley 1990;
Sprenger 2007). Rational engineering approaches yielded
strains producing final L-phenylalanine titers of up to 50 g/L
from glucose (Backman et al. 1990; Rüffer et al. 2004) and
13.4 g/L based on glycerol as substrate (Weiner et al. 2014).

In this study, we established a high-throughput screening
approach for the easy and rapid identification of effector-
responsive promoters from a GFP library as suitable parts
for biosensor design. L-Phenylalanine-responsive promoters
were enriched by toggled rounds of selection and counter-

selection from the Alon library. This approach revealed the
promoter of mtr, encoding an L-tryptophan-specific transport-
er (Pittard et al. 2005), as an appropriate part for sensor design.
Subsequently, biosensors based on the mtr promoter were
characterized and successfully applied during FACS HT-
screening of a mutant E. coliK-12MG1655 library for strains
with increased phenylalanine production.

Materials and methods

Bacterial strains, media, and growth conditions

In this study, the E. coli wild-type strains K-12 MG1655 and
DH5α were used (Blattner et al. 1997; Hayashi et al. 2006).
All bacterial strains used in this study are listed in Table 1.
Unless indicated otherwise, E. coli cells were grown on lysog-
eny broth (LB) agar plates at 37 °C or pre-cultivated in LB
medium for 8 h at 37 °C and 170 rpm (Sambrook et al. 2001).
Subsequently, a second pre-culture was inoculated in a shake
flask containing 20 mLM9minimal or phenylalanine produc-
tion medium with 0.5 % glucose, and cells were incubated
overnight at 37 °C and 120 rpm. The following day, cells were
washed with 0.9 % (w/v) NaCl solution and adjusted to an
optical density (OD600) of 0.5 in 50 mL fresh minimal medi-
um. Further incubation was done at 37 °C and 120 rpm. As
minimal medium, M9 medium (6 g/L Na2HPO4, 3 g/L
KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 1 mM MgSO4,
0.1 mM CaCl2, 1 mL/L trace element solution [3 μM ammo-
nium molybdate, 400 μM H3BO3, 30 μM CoCl3, 10 μM
CuSO4, 800 μMMnCl2, and 10 μM ZnSO4; filter sterilized];
adjusted to a pH of 7) or an adapted phenylalanine production
medium (0.3 g/L MgSO4 · 7H2O, 0.015 g/L CaCl2 · 2H2O,
3 g/L KH2PO4, 12 g/L K2HPO4, 0.1 g/L NaCl, 5 g/L
(NH4)2SO4, 0.075/1.0 g/L FeSO4 · 7H2O/Na-citrate, 1.5 mL/
L trace element solution [2 g/L Al2(SO4)3 · 18H2O, 0.75 g/L
CoSO4 · 7H2O, 2.5 g/L CuSO4 · 5H2O, 0.5 g/L H3BO3, 24 g/L
MnSO4 · H2O, 3 g/L Na2MoO4 · 2H2O, 2.5 g/L NiSO4 ·
6H2O, 15 g/L ZnSO4 · 7 H2O; dissolved in ddH2O at pH
1–2], 0.0075 g/L thiamine/HCl; ingredients were dissolved
in ddH2O [pH ~7.2] and filter sterilized) were used (Gerigk
et al. 2002; Miller 1972). When necessary, 50 μg/mL kana-
mycin was added to the medium. All dipeptide stocks were
dissolved in the respective minimal medium and stored
at −20 °C.

Recombinant DNAwork

Cloning techniques including PCR, DNA restriction, and li-
gation were performed according to standard protocols
(Sambrook et al. 2001). Synthesis of oligonucleotides and
sequencing of plasmids were performed in subcontracting
with Eurofins MWG Operon (Ebersfeld, Germany). All
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plasmids and oligonucleotides are listed in Table 1. Plasmids
were isolated from E. coli using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific, Waltham, MA,
USA).

For the construction of the pJC1-mtr sensor-type2, the lacI
fragment was amplified from the pEKEx2 vector using
primers BamHI_lacI_fw and EcoRV_lacI_rv, the tyrR frag-
ment was amplified with primers TyrR_inv_fw and
OL_TyrR_inv_rv from genomic DNA of E. coli K-12
MG1655, the Ptac promoter was amplified from the pEKEx2

vector with primers Ptac_fw and Ptac_rv, 331 bp upstream of
the transcriptional start site of the Pmtr promoter was amplified
from genomic DNA of E. coli K-12 MG1655 using primers
OL_200bp_Pmtr_fw and Pmtr_rv, and venus was amplified
from pJC1-venus-term-BS with primers STOP_RBS_
venus_fw and Venus_OL_rv. All fragments were pooled to
an equimolar concentration and cloned into the BamHI and
SpeI digested vector pJC1-venus-term-BS by Gibson assem-
bly (Gibson et al. 2009). For the construction of pJC1-mtr
sensor-type3, the biosensor construct was amplified without

Table 1 Bacterial strains, plasmids, and oligonucleotides used in this study

Strains or plasmids Relevant characteristics Source or reference

Strains

E. coli DH5α supE44ΔlacU169 (ϕ80lacZDM15) hsdR17 recA1 endA1
gyrA96 thi-1 relA1

Invitrogen

E. coli K-12 MG1655 F− lambda− ilvG− rfb-50 rph-1 (Blattner et al. 1997; Hayashi et al. 2006)

Plasmids

pEKEx2 KanR, AmpR; oriVC.g., oriVE.c., Ptac, lacI
q, pBL1, pUC18

(E. coli-C. glutamicum shuttle vector)
(Eikmanns et al. 1994)

pJC1 KanR, AmpR; oriVC.g., oriVE.c.
(E. coli-C. glutamicum shuttle vector)

(Cremer et al. 1990)

pJC1-venus-term-BS pJC1 derivative containing a terminator sequence of
Bacillus subtilis behind venus

Heyer, unpublished

pJC1-mtr sensor-type1 pJC1-Pmtr-venus This study

pJC1-mtr sensor-type2 pJC1-lacI-Ptac-tyrR-Pmtr-venus This study

pJC1-mtr sensor-type3 pJC1-Ptac-tyrR-Pmtr-venus This study

pJC1-mtr sensor-type4 pJC1-PtyrR-tyrR-Pmtr-venus This study

Oligonucleotides Sequence (5′–3′)a

BamHI_lacI_fw CGATCAGCGACGCCGCAGGGGGATCCGCGTTGCG
CTCACTGCCC (BamHI)

EcoRV_lacI_rv GATATCGTCTGAATCTGGTGTATATGGCGAG (EcoRV)

TyrR_inv_fw CATATACACCAGATTCAGACGATATCCATATTCGCG
CTTACTCTTCGTTC

OL_TyrR_inv_rv CATCGGCTCGTATAATGTGTGGAGTTCCCATGCGT
CTGGAAGTC

Ptac_fw GCGAAAGGTTTTGCACCATTCGATGG

Ptac_rv TCCACACATTATACGAGCCGATGATTAATTGTC

OL_200bp_Pmtr_fw CGAATGGTGCAAAACCTTTCGCGCAGTTACTGGG
CGATGCAC

Pmtr_rv ATATCTCCTTCTTAAAGTCTATGCATTGCACTGTAC
CAGTACAC

STOP_RBS_venus_fw TAGACTTTAAGAAGGAGATATATGGTGAGCAAGG
GCGAG

Venus_OL_rv AAAACGACGGCCAGTACTAGTTACTTGTACAGCTC
GTCCATGC (SpeI)

tyrR_OL(BamHI,pJC1)_fw AGGGCGATCAGCGACGCCGCAGGGGGATCCTTAC
TCTTCGTTCTTCTTCTGACTCAGAC (BamHI)

Pmtr_OL(BamHI, pJC1)_fw AGGGCGATCAGCGACGCCGCAGGGGGATCCGCAG
TTACTGGGCGATGCACAG (BamHI)

PtyrR_OL(Pmtr)_rv GCGGCTGTGCATCGCCCAGTAACTGCGGGGATTTC
CGTCGTCAGCTTATC

GFP_int_rv CAAGAATTGGGACAACTCCAGTG

aUnderlined sequences highlight introduced recognition sites for restriction endonucleases (restriction endonucleases indicated in parentheses)
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lacI from the pJC1-mtr sensor-type2 vector using primers
tyrR_OL(BamHI,pJC1)_fw and Venus_OL_rv. For the as-
sembly of pJC1-mtr sensor-type4, the fragment PtyrR-tyrR
was amplified from genomic DNA of E. coli using primers
tyrR_OL(BamHI,pJC1)_fw and PtyrR_OL(Pmtr)_rv, and
Pmtr and venus were amplified from pJC1-sensor-type2 using
primers Pmtr_fw and Venus_OL_rv. The plasmid pJC1-mtr
sensor-type1 was constructed by amplifying Pmtr and venus
from the pJC1-mtr sensor-type2 vector using primers
Pmtr_OL(BamHI,pJC1)_fw and Venus_OL_rv. The respec-
tive fragments were cloned into the BamHI and SpeI digested
pJC1-venus-term-BS vector via Gibson assembly (Gibson
et al. 2009).

For cloning purposes, E. coliDH5αwas transformed using
the RbCl method (Hanahan 1983). All other E. coli strains
were transformed using the transformation and storage solu-
tion (TSS) procedure (Chung et al. 1989).

Flow cytometry

Flow cytometric (FC) analyses and cell sorting were per-
formed using a FACSAria II flow cytometer (Becton
Dickinson, San Jose, USA) equipped with a blue solid-state
laser (488 nm excitation). Forward-scatter characteristics
(FSC) and side-scatter characteristics (SSC) were detected as
small-angle and orthogonal scatters of the 488-nm laser, re-
spectively. GFPmut2 and eYFP fluorescence were detected
using a 502-nm long-pass and a 530/30-nm band-pass filter
set. FACS-Diva software 6.0 was used to record the measure-
ments. During analyses, thresholding on FSC was applied to
remove background noise. As precision mode, four-way pu-
rity was used for cell sorting with a threshold rate of up to 10,
000 events/s. If not stated differently, cells were sorted on agar
plates or on MultiScreen HTS 96-well filter plates (Millipore,
Billerica, USA) to separate cells from the FACSFlow™ buffer
(Becton Dickinson, San Jose, USA) as already described in
Mahr et al. (2015). The filter containing the sorted cells was
excised with single-use scalpels (Braun, Melsungen,
Germany) and inoculated in fresh medium. For FC analyses,
E. coli culture samples were diluted to an OD600 of 0.05 in
FACSFlow™ sheath fluid buffer (BD, Heidelberg, Germany).
The analysis software FlowJo v.10.0.8 was used to visualize
and evaluate the data (Tree Star, Ashland, USA).

Microplate cultivation

Online monitoring of growth and fluorescence was performed
in 48-well microtiter FlowerPlates (MFPs) using the
BioLector cultivation system (m2p-labs GmbH, Baesweiler,
Germany) (Kensy et al. 2009). If not stated differently, 48-
well MPFs were inoculated with E. coli cells from a pre-
culture to an OD600 of 0.5 in a total volume of 750 μL. In
the BioLector instrument, cells were incubated at 37 °C and

with agitation of 1200 rpm. While biomass production was
recorded as the backscattered light intensity (light wavelength
620 nm; signal gain factor of 20), eYFP fluorescence was
measured at an excitation of 510 nm and an emission of
532 nm (signal gain factor of 60). The specific fluorescence
for the cells is defined as the eYFP fluorescence per
backscattered light intensity (given in arbitrary units, a.u.).

Screening of the Alon library
for phenylalanine-responsive promoters

Initially, all strains of the Alon promoter library consisting of
about 2000 different promoter-gfpmut2 fusions inE. coliK-12
MG1655 were pooled (Fig. 1a) (Zaslaver et al. 2006). To this
end, the single clones stored in 96-well plates (Nunc™
MicroWell™ Plates; Thermo Fisher Scientific, Waltham,
MA, USA) were transferred to agar plates (Nunc™
OmniTray™ Single-Well Plates; Thermo Fisher Scientific,
Waltham, MA, USA) containing LB with 50 μg/mL kanamy-
cin using a 96-well plate replicator stamp (LabArt,
Waldbüttelbrunn, Germany) and incubated at 37 °C for 18 h.
The colonies were washed from the agar plates using 10 mL
LB and kanamycin and a Drigalski spatula, and collected in a
1-L shake flask. Then, cells were incubated for 1 h at 37 °C
and 120 rpm, washed in 1× PBS, and 2 mL of the mixed
library was transferred to 100 mL M9 minimal medium con-
taining 0.5 % (w/v) glucose and kanamycin. The culture was
incubated overnight at 37 °C and 120 rpm. The following day,
aliquots were prepared of a glycerol cryo-stock containing a
final glycerol concentration of 25 % (v/v) and stored
at −80 °C.

For screening, 500 μL of the glycerol stock containing the
pooled Alon library was used to inoculate 20 mLM9minimal
medium containing 0.5 % (w/v) glucose and kanamycin, and
incubated at 37 °C and 120 rpm (Fig. 1a). While the desired
effector was added to one culture for induction, a second cul-
ture without effector was prepared as negative control. Prior to
sorting, the cultures were incubated for 3 h. To screen for
induced (BON^) promoters, 0.5–1 × 106 of the top 35 % cells
were sorted on filter plates and the excised filter was incubated
in 4 mL LB with kanamycin overnight (Fig. 1a). The follow-
ing day, cells of 1 mL pre-culture were pelleted, washed with
1× PBS, and used to inoculate 20 mL M9 minimal medium
containing 0.5 % (w/v) glucose and kanamycin. To screen for
effector-responsive promoters, which do not show a fluores-
cent signal under non-induced conditions (BOFF^ promoters),
the cells were incubated without effector for 4 h (Fig. 1a).
Subsequently, 0.5–1 × 106 cells from the bottom 35 % gate,
which was pre-defined during the first sorting step, were
sorted on filter plates and incubated in 4 mL LB with kana-
mycin. After two toggled rounds of selection, cells were spot-
ted as single clones on agar plates and were re-cultivated in the
BioLector system for verification of effector responsiveness
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Fig. 1 Screening of L-phenylalanine-responsive promoters. a Schematic
overview of the screening process. Initially, the Alon library consisting of
about 2000 promoter-gfpmut2 fusions of E. coli K-12 MG1655 was
pooled and incubated in presence of an effector molecule of interest to
induce responsive promoters. In the first step, the top 35 % fluorescent
cells were sorted to isolate induced (BON^) promoters (green gate). In the
second step, the cells were incubated without effector molecules to
separate constitutive BON^ promoters from responsive promoters
(BOFF^ promoters) by sorting the bottom 35 % fluorescent cells (red
gate). After two rounds of toggled selection, effector-responsive
promoters were isolated via FACS and cultivated in microtiter plates to
verify the screening outcome. Plasmid DNA of positive clones was
prepared and sequenced to identify isolated promoters. b Screening the
Alon library for L-phenylalanine-responsive promoters. For induction,

3 mM of the dipeptide L-alanyl-L-phenylalanine (Ala-Phe) was added to
the culture. The rounds of toggled selection are highlighted by the
alternation of green (BON^ promoters) and red gates (BOFF^
promoters), from which cells were sorted (green and red arrows). The
initially defined 35 % BON^ and BOFF^ gates were maintained
throughout the screening process for sorting. The numbers indicate the
percentage of the entire population covered by the respective gate. c
Specific GFPmut2 fluorescence of selected clones from the Alon library
containing promoter-gfpmut2 fusions that were enriched during the
screening for L-phenylalanine-responsive promoters. Cells were
cultivated in the presence (black bar) or without (gray bar) 3 mM L-
alanyl-L-phenylalanine (Ala-Phe). Numbers above bars indicate the
minimal dynamic range (fold-change induced versus non-induced).
Data represent average values of three independent biological replicates
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and determination of the dynamic range (Fig. 1a). From pos-
itive clones, plasmid DNAwas prepared and sequenced using
primer GFP_int_rv to identify isolated promoters.

Fluorescence microscopy

Fluorescence microscopy was performed on a Zeiss Axioplan
2 imaging microscope equipped with an AxioCam MRm
camera and a Plan-Apochromat ×100, 1.40 Oil DIC oil-
immersion objective. The AxioVision 4.8 software was used
to acquire and analyze the images (Zeiss, Göttingen,
Germany). Samples were spread on a microscope slide coated
with a thin layer of 400 μL 1 % agarose and covered by a
cover glass.

Random mutagenesis and FACS screening

Random mutagenesis using the mutagen N′-methyl-N′-nitro-
N-nitrosoguanidine (MNNG) was adapted from the protocol
of Harper et al. (2011). Prior to mutagenesis, a pre-culture of
E. coli/pJC1-mtr sensor-type1 cells in LBmediumwas diluted
1:50 in 20 mL fresh LB medium containing kanamycin. At an
OD600 of 2, 5 mL of this culture was harvested and washed
twice in 2.5 mL 0.1 M citrate buffer (pH 5.5) (2-fold concen-
tration of the cells). Subsequently, the cells were incubated
with 50 μg/mL MNNG (dissolved in DMSO) for 30 min at
37 °C and 60 rpm. As control, a second culture was incubated
containing the same amount of DMSO. Then, the cells were
washed twice with 5 mL 0.9 % (w/v) saline and cultivated in
falcons for 2 h in LBmedium containing 4 % glucose at 37 °C
and 170 rpm. Mutagenized cells were stored as cryo-stocks in
LBmedium containing 40% glycerol (w/v) at −30 °C for up to
one week.

For screening, two LB pre-cultures were inoculated with
1 mL of the cryo-stock containing mutagenized and non-
mutagenized cells, respectively. The following day, the pre-
cultures were used to inoculate 20 mL phenylalanine produc-
tion medium containing 0.5 % glucose and kanamycin to an
OD600 of 0.5. Cells were incubated for 6 h at 37 °C and
120 rpm. Subsequently, 2.5 × 105 cells with a significantly
increased fluorescent output compared to the control were
sorted on filter plates as already described above (BFlow
cytometry^ section). The filter with the cells was inoculated
in LB medium with kanamycin overnight, and two further
enrichment steps sorting 1 × 106 high fluorescent cells using
FACS were performed to avoid false positive isolates. Finally,
enriched cells were spotted as single cells on agar plates
(Nunc™ OmniTray™ Single-Well Plates; Thermo Fisher
Scientific, Waltham, MA, USA) containing LB agar with
kanamycin. Single cells were picked using a 96-well plate
replicator stamp (LabArt, Waldbüttelbrunn, Germany) inocu-
lated in 96-well plates (Nunc™ MicroWell™ Plates; Thermo
Fisher Scientific, Waltham, MA, USA) containing LB

medium and antibiotic and incubated in the Microtron Pro
(Infors HT, Bottmingen, Switzerland) for 8 h. For storage,
glycerol at a final concentration of 20 % was added and plates
were frozen at −80 °C.

Verification of isolated mutants after FACS HT-screening

Isolated mutants were first inoculated in 48-well MPFs contain-
ing 725 μL LB medium and kanamycin plus 25 μL of the
thawed glycerol stock, and incubated at 37 °C overnight
reaching the stationary phase. Subsequently, 25 μL of this
pre-culture were used to inoculate 48-well MFPs containing
725 μL phenylalanine production medium. Incubation and on-
linemonitoring of backscatter and fluorescencewere performed
in the BioLector system. After 28 h of incubation, the superna-
tant was analyzed for amino acid production using uHPLC.

Quantification of amino acid production

Using ultra-high performance liquid chromatography
(uHPLC), amino acids were quantified as ortho-
phthaldialdehyde derivatives by automatic pre-column deriv-
atization and separation by reverse-phase chromatography on
an Agilent 1290 Infinity LC ChemStation (Agilent, Santa
Clara, USA) equipped with a fluorescence detector. As eluent
for the Zorbax Eclipse AAA 3.5 μm 4.6 × 7.5 mm column
(Agilent, Santa Clara, USA), a gradient of Na-borate buffer
(10 mM Na2HPO4; 10 mM Na2B4O7, pH 8.2; adapted to
operator’s guide) was applied. To determine the concentration
of amino acids in the supernatant, culture samples were cen-
trifuged for 10 min at 13,000 rpm and 4 °C and diluted ac-
cording to the expected concentration.

Results

Proof-of-principle: screening for galactose-responsive
promoters

For the straightforward development of novel biosensors with
desired sensor properties, HT approaches are required en-
abling the efficient and rapid identification of suitable parts.
In this study, we used an E. coli GFP reporter library as a
source for the identification of effector-responsive promoters.
Therefore, we pooled all E. coli K-12 MG1655 strains of the
Alon library containing about 2000 different promoter-
gfpmut2 fusions on the plasmids pUA66 or pUA139
(Fig. 1a) (Zaslaver et al. 2006). Toggled rounds of selection
and counter-selection were conducted to enrich promoters re-
sponsive to the desired effector metabolite (for a detailed de-
scription of this workflow, the reader is referred to the
BMaterials and methods^ section). Initially, cells were incu-
bated in the presence of an effector molecule to activate
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gfpmut2 expression from inducible promoters (Fig. 1a).
Subsequently, 0.5–1 × 106 cells of the top 35 % fluorescent
cells were isolated using FACS. To get rid of constitutively
activated promoters, isolated cells were cultivated without the
effector molecule followed by sorting of 0.5–1 × 106 cells
from a pre-defined bottom 35 % gate. The toggled selection
procedure was repeated twice to reduce the amount of false
positive clones and to enrich desired promoter-AFP fusions.
Finally, selected clones were isolated and verified by monitor-
ing growth and fluorescence using a microplate cultivation
system. Plasmid DNA from cells containing metabolite-
responsive promoter-gfpmut2 fusions was prepared and se-
quenced to identify isolated promoter fusions (Fig. 1a).

For proof-of-principle, we screened for the well-
characterized promoters activated by the effector galactose
(Fig. S1a). In a first step, the Alon library cultivated without
effector molecules was split by FACS in fractions containing
cells with high and low fluorescence. To induce responsive
promoters of the pooled Alon library, we cultivated the low
fluorescent cells in 20 mLM9minimal containing 0.5 % (w/v)
galactose and kanamycin. For counter-selection and as refer-
ence culture (for FACS gating), cells were cultivated in M9
medium with 0.5 % (w/v) glucose. Prior to sorting, the cells
were grown for 6 h at 37 °C and 120 rpm. We enriched cells
with a high fluorescent output in the presence of galactose
from 3 to 78 % within five steps of toggled selection (the
gating strategy is depicted in Fig. S1a). Within two counter-
selection steps, constitutively activated or false positive cells
were reduced from 25 to 4 %. While 78 % of the cells were
induced in presence of galactose, only 9 % of the cells showed
an increased fluorescent signal in presence of glucose after
five selection steps (Fig. S1a). The plasmid DNA of nine
clones showing the strongest activation in the presence of
galactose was sequenced: eight clones harbored the PgalS-
gfpmut2 fusion and one clone contained the PlacZ-gfpmut2
fusion. Cultivation in microtiter plates confirmed that both
promoter-gfpmut2 fusions are responsive to galactose by
showing an about 2-fold increase (dynamic range) of the re-
porter output in the presence of 0.5 % galactose (Fig. S1b).
Both isolated promoters regulate the expression of well-
known genes. While galS encodes the galactose isorepressor,
which represses the transcription of genes involved in the
transport and catabolism of galactose in presence of high ga-
lactose concentrations and under glucose limitation (Semsey
et al. 2007; Weickert and Adhya 1992), lacZ encodes the β-
galactosidase representing the first structural gene of the lac
operon, which was reported to be weakly induced by galac-
tose as well (Williams and Paigen 1968).

Screening for L-phenylalanine-responsive promoters

In the next step, we screened for L-phenylalanine-responsive
promoters. Therefore, the pooled Alon library was cultivated

in 20mLM9minimal medium containing 0.5% (w/v) glucose
and kanamycin (Fig. 1b). After 1 h of incubation, the dipep-
tide L-alanyl-L-phenylalanine (Ala-Phe, final concentration
3 mM) was added as effector molecule. After 3 h of induction,
activated cells falling within an upper 35 % gate were sorted
using FACS (Fig. 1b). For counter-selection, the screening
medium was prepared without Ala-Phe. We used dipeptides
for screening, as previous characterizations of biosensors fea-
tured an improved uptake of short peptides—the intracellular
hydrolysis of which leads to an increase of the respective
effector amino acids in the cytoplasm (Mustafi et al. 2012;
Payne 1977; Simmonds and Griffith 1961). Within five steps
of toggled selection, no significant enrichment of clones fall-
ing within the respective gate was observed. However, a dis-
tinct subpopulation of cells displaying an increased reporter
output became visible in the second and third round of induc-
tion. This population was not detected in the non-induced
control sample. After five toggled selection steps, the fraction
of cells in the induced state was about 2-fold higher in com-
parison to the control sample (3.7 and 2.1 %, respectively,
Fig. 1b). Plasmid DNA of 23 isolated strains (from gate P1)
was sequenced and the following promoter fusions were iden-
tified: mtr (12 clones; L-tryptophan/indole:H+ symporter),
lacZ (three clones; β-galactosidase), prpR (one clone; 2-
methylcitrate DNA-binding transcriptional regulator), artP
(one clone; L-arginine ABC transporter-ATP binding subunit),
yciT (one clone; DNA-binding transcriptional regulator),
nupG (one clone; nucleoside:H+ symporter), gadA (one clone;
glutamate decarboxylase A), fadB (one clone; fatty acid oxi-
dation complex, α component), yihU (one clone; 3-
sulfolactaldehyde reductase), and dinJ (one clone; antitoxin
of YafQ-DinJ toxin-antitoxin system and DNA-binding tran-
scriptional repressor). Verification of the isolated strains via
microplate cultivation revealed a significant response of the
mtr promoter to the addition of the effector containing dipep-
tide Ala-Phe (minimal dynamic range 2.9). The promoters
gadA and artP were also activated in the presence of L-phe-
nylalanine probably due to pleiotropic effects and featured a
low dynamic range (1.6 and 1.3, respectively, Fig. 1c). For this
reason, these promoters were not included in the further eval-
uation. The other isolated promoter fusions did not show an
increase of reporter output in the presence of Ala-Phe.

Characterization of the mtr promoter fusion

The expression of the mtr gene, encoding an L-tryptophan-
specific transporter, is regulated by the two transcriptional
regulators TrpR (tryptophan repressor) and TyrR (tyrosine
regulator) (Fig. 2a) (Heatwole and Somerville 1991; Pittard
et al. 2005; Whipp and Pittard 1977). As reported in previous
studies, the expression of mtr is induced in the presence of
phenylalanine and tyrosine, and fully repressed in presence of
tryptophan (Whipp and Pittard 1977). In order to verify the
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mtr promoter as suitable part for biosensor design, the respec-
tive promoter region (including 331 bp upstream of the tran-
scriptional start site) was transcriptionally fused to the gene
encoding the yellow fluorescent protein Venus by adding
AAGAAG as ribosomal binding site (RBS) seven base pairs
upstream of the start codon. The fragment covering the bio-
sensor circuit was cloned into the vector pJC1 resulting in
pJC1-mtr sensor-type1 (Fig. 3a). In the presence of the dipep-
tides Ala-Tyr and Ala-Phe, the biosensor featured minimal
dynamic ranges of 3.7 and 7.8, respectively (Fig. 2b).
However, under all tested conditions, the sensor strain exhib-
ited a low basal fluorescent signal. This result was confirmed
by fluorescence microscopy showing low Venus fluorescence
in the absence of dipeptides and a strong signal in the presence
of 3 mMAla-Phe (Fig. 2d). While the combination of Ala-Tyr
and Ala-Phe led to an about 8-fold increase of the sensor
output, induction was counteracted by the addition of Ala-
Trp to the dipeptide mixture (Fig. 2c). This is in line with
previous findings that repression by TrpR in the presence of
L-tryptophan dominates the regulation of mtr expression.

Quantitative characterization of different biosensor
designs based on the promoter of mtr

In the following, we aimed to analyze the impact of variation
in the biosensor design on functionality. Therefore, four dif-
ferent biosensors designs based on the mtr promoter were
constructed and characterized (Fig. 3a, b). All biosensors con-
sist of the transcriptional fusion of themtr promoter and venus
as described above (Fig. 3a). Additionally, biosensor types
two to four include tyrR under the control of Ptac (types two
and three) or the native promoter (type four), respectively. To
control expression from Ptac, we included the lacI gene in
sensor construct type two (Fig. 3a).

The application of biosensors for FACS HT-screenings re-
quires a detailed quantitative characterization of the biosensor
response in terms of specificity, sensitivity, and dynamic range
using FACS. A competitive dipeptide feeding strategy was
used to describe the relationship between effector input con-
centrations and the biosensor output (Mustafi et al. 2012).
More precisely, different ratios of effector containing dipep-
tides (Ala-Phe) and non-effector dipeptides (Ala-Ala) compet-
itive for dipeptide uptake systems were added to adjust the
intracellular concentration of effector molecules (Payne
1977; Vrljic et al. 1996).

Biosensor types two and four, including the tyrR gene,
featured minimal dynamic ranges of 4.3 and 4.5, respectively.
Both constructs displayed considerable high basal specific
fluorescent outputs without effector molecules or in the pres-
ence of 3 mM Ala-Ala (Fig. 3b). Biosensor types one and
three displayed minimal dynamic ranges of 3.2 and 4.1 show-
ing also a lower level of basal specific fluorescence.
Biosensors expressing tyrR featured a saturated signal at

Fig. 2 Isolation of the mtr promoter as suitable part for the design of an

L-phenylalanine biosensor. a The mtr promoter consists of a weak TyrR
box (centered at −107 bp relative to the transcriptional start site) and a
strong TyrR box (centered at −77 bp) as well as two TrpR binding sites
located between −3 and −20 bp, and between −11 and −28 bp
downstream of the transcriptional start site (arrow) (http://ecocyc.org)
(Keseler et al. 2013; Pittard 1996; Pittard et al. 2005). Phenylalanine-
dependent gene expression is promoted by binding of TyrR to the
strong TyrR box and to the C-terminal domain of the α-subunit of
RNA polymerase, while for tyrosine-mediated expression, additional
binding of TyrR to the weak TyrR box is required. The transcription is
completely blocked by binding of the TrpR repressor in presence of L-
tryptophan. b Specific Venus fluorescence of E. coli K-12 MG1655/
pJC1-mtr sensor-type1 cultivated without dipeptides (filled squares) and
in the presence of 3 mM Ala-Ala (filled circles), Ala-Phe (filled
diamonds), Ala-Trp (×), and Ala-Tyr (filled triangles). c Specific Venus
fluorescence of the same strain cultivated without dipeptides (open
squares) and in the presence of equimolar mixtures (1.5 mM) of Ala-
Phe and Ala-Tyr (open circles), Ala-Phe and Ala-Trp (open diamonds),
Ala-Trp and Ala-Tyr (open triangles), and Ala-Phe, Ala-Tyr, and Ala-Trp
(×). Cultivation was performed in microtiter plates at 37 °C and 1200 rpm
in M9 minimal medium containing 0.5 % (w/v) glucose and kanamycin.
The data represent average values from three independent biological
replicates. d Phase contrast and fluorescence microscopy images of E.
coli K-12 MG1655/pJC1-mtr sensor-type1 without (left panels) and in
the presence of 3 mM Ala-Phe (right panels)
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extracellular concentrations above 0.3 μMAla-Phe, while the
lack of tyrR expression resulted in a saturated signal at 1.5 mM
(Fig. 3b).

To verify the specificity of the mtr sensor for aromatic
amino acids, E. coli K-12 MG1655/pJC1-mtr sensor-type1
cells were cultivated in the presence of 13 different dipeptides
and two amino acids (Fig. 3c). We observed a significant
response to dipeptides containing the aromatic amino acids
L-phenylalanine and L-tyrosine. However, we observed that
the biosensor also responds to 3 mM Ala-Met with a minimal
dynamic range of 1.9. To our knowledge, the activation of the
mtr promoter in the presence of L-methionine has not been
described previously.

For testing the suitability of the biosensors for FACS HT-
screening, E. coli K-12 MG1655/pJC1-mtr sensor-type1 cells
were incubated in the presence of different ratios of Ala-Ala

and Ala-Phe, and analyzed via flow cytometry (Fig. 3d,
Fig. S2). We determined a significant up-shift of the popula-
tion in the presence of increased Ala-Phe levels suggesting the
applicability of the biosensor for FC analyses and screening.

Biosensor-based high-throughput screening of randomly
mutagenized strains

To verify the applicability of the mtr biosensor for FACS HT-
screening of phenylalanine producing cells, the strain E. coli
K-12 MG1655/pJC1-mtr sensor-type1 was chemically
mutagenized using N′-methyl-N′-nitro-N-nitrosoguanidine
(MNNG) (Fig. 4a). Mutant cells exhibiting an increased bio-
sensor output were spotted on agar plates using FACS.

Notably, also the analysis of non-mutagenized sensor cells
revealed about 0.6 % high fluorescent cells under all tested

Fig. 3 Comparative analysis of different biosensor designs. a For allmtr
biosensor constructs, venus was cloned under the control of the mtr
promoter. Sensor types two to four encode additionally tyrR under the
control of Ptac (types two and three) or the native PtyrR promoter (type
four). For the regulation of Ptac, lacI was included in biosensor type two.
b Relationship between the added extracellular concentration of L-
phenylalanine and the specific Venus fluorescence of the mtr biosensor
types one (filled circles), two (filled diamonds), three (filled squares), and
four (filled triangles) in E. coli K-12 MG1655/pJC1-mtr sensor-type1.
IPTG (25 μM) was additionally added to cells containing the mtr
biosensor type two. c The specificity of the mtr biosensor was tested in

the BioLector system using E. coliK-12MG1655/pJC1-mtr sensor-type1
cells. The different amino acids and dipeptides were added to a final
concentration of 3 mM. The specific Venus fluorescence was recorded
after 6 h of cultivation (b, c). Represented data show average values from
three independent biological replicates. d FACS histograms showing the
Venus fluorescent signal of E. coli pJC1-mtr sensor-type1 after 7 h of
cultivation in the BioLector in the presence of different dipeptide ratios
(3 mM in total). b, d To adjust the intracellular amino acid level, different
ratios of the dipeptide containing the effector amino acid and the
competing dipeptide Ala-Ala were added to a final concentration of
3 mM
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conditions (Fig. S4). This observed phenotypic heterogeneity
was either evoked spontaneously by the expression of the
biosensor or reflects variability of the metabolic state of bac-
terial cells within the population. To discriminate between
phenotypic heterogeneity and the rise of spontaneous
(sensor) mutations, we isolated 2 × 105 spontaneously fluo-
rescent cells (gate P1, 0.66 %) and cells from the entire pop-
ulation as control (gate P2) using FACS (Fig. S4). Isolated
cells were re-analyzed by FC after 8 h of cultivation in mini-
mal medium. Remarkably, both cultures showed a comparable
fraction of spontaneously fluorescent cells (0.6 % of gate P1,
0.84 % of gate P2). This suggests that the observed spontane-
ous fluorescence did not originate from genomic modifica-
tions or contaminations, but might reflect phenotypic hetero-
geneity in terms of the intracellular amino acid level (Fig. S4).

To get rid of these spontaneous cells and in order to enrich
positive mutants, we pursued an iterative selection strategy.
Therefore, mutant cells were sorted and re-cultivated again

before a second sorting step was conducted (Fig. 4b) (Mahr
et al. 2015). The two enrichment steps resulted in an increase
of top fluorescent cells from 2 % (gate P1) to 53.8 % (gate P2,
Fig. 4b). As control, the entire population of non-mutagenized
cells was sorted without revealing an increase in the fluores-
cent output. From gate P2, about 500 single cells exhibiting a
significantly increased fluorescent output were spotted on agar
plates (Fig. 4b). Ninety randomly selected mutants were cul-
tivated in microtiter plates and the supernatant was analyzed
after 28 h for amino acid production using uHPLC (Fig. 4c,
Fig. S3). The majority of clones displayed increased bio-
mass formation and significantly increased specific fluo-
rescent signals compared to the non-mutagenized control
strain (Fig. S3). Out of 90 randomly selected clones, 71
featured higher L-phenylalanine production than the wild-
type strain E. coli K-12 MG1655/pJC1-mtr sensor-type1
(40 ± 1.7 μM). Twenty-seven percent of the analyzed
mutants depicted a more than 2-fold increased L-

Fig. 4 Biosensor-based FACS HT-screening. a Schematic overview of
the screening process. Initially, E. coli K-12 MG1655/pJC1-mtr sensor-
type1 cells were mutagenized using the chemical mutagen MNNG.
Mutagenized cells were analyzed by flow cytometry (FC), and
2.5 × 105 to 1 × 106 mutants with the top fluorescent output were
sorted and re-cultivated. To enrich positive mutants, this step was
repeated twice. Subsequently, single cells were spotted on agar plates,
re-cultivated as isolated clones in the BioLector for 28 h in
phenylalanine production medium, and amino acid production in the
supernatant was determined by uHPLC. b The dot plots display the

Venus fluorescence against the forward scatter (FSC) of control (non-
mutagenized) and mutagenized cells upon treatment with MNNG and
after two enrichment steps. Mutagenized cells were sorted from gates
P1 and P2, respectively. As control, cells of the entire population were
sorted. c L-Phenylalanine production of 90 isolated mutant clones (black
bars) in comparison to the non-mutagenizedE. coliK-12MG1655/pJC1-
mtr sensor-type1 strain (red bars). The cells were cultivated in the
BioLector in phenylalanine production medium containing 0.5 % (w/v)
glucose and kanamycin at 37 °C and 1200 rpm, and phenylalanine levels
in the supernatant were determined by uHPLC after 28 h of incubation
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phenylalanine production. The best mutant produced 4.3-
fold increased L-phenylalanine levels (160 μM) compared
to the wild-type strain (Fig. 4c).

Discussion

In this study, we developed an efficient strategy based on
FACS to screen promoter-GFP libraries for metabolite-
responsive promoters, which can be applied as suitable parts
for the construction of genetically encoded biosensors. By
toggled rounds of selection under induced and non-induced
conditions, metabolite-responsive promoters were enriched
from an E. coli promoter library consisting of about 2000
different promoter-gfpmut2 fusions (more than 75 % of all
E. coli promoters) (Fig. 1, Fig. S1) (Zaslaver et al. 2006).
For proof-of-principle, we screened for galactose- and
phenylalanine-responsive promoters. We successfully
enriched galS and lacZ promoter-gfpmut2 fusions, whereof
the regulation by galactose was well studied (Fig. S1)
(Williams and Paigen 1968). The screening for L-phenylala-
nine-responsive promoters yielded the mtr promoter, which
was subsequently integrated and characterized in different
biosensor circuits.

The control of biosynthesis and transport of aromatic ami-
no acids underlies a complex hierarchy of regulatory process-
es (Sprenger 2007) including feedback inhibition of pacemak-
er enzymes (Ogino et al. 1982), transcriptional control by the
regulators TyrR and TrpR (Herrmann and Weaver 1999;
Pittard 1996), as well as attenuation mechanisms at the
transcriptional/translational interface (Chen and Yanofsky
2003). This challenges strain development for the production
of L-phenylalanine. Thus, the design of suitable biosensors
would provide a convenient tool for strain analysis and screen-
ing, and might be especially useful for the identification of
non-intuitive targets for strain improvement (Binder et al.
2012; Mahr et al. 2015; Mustafi et al. 2012). However, our
study revealed that several parameters require careful consid-
eration to set up a screening procedure for effector-responsive
promoters, including the adaption to growth medium, the up-
take and catabolism of effector molecules (Luo et al. 2014;
Payne 1977), the activation of the gene expression machinery
(Bintu et al. 2005b; Carey et al. 2013; Fritz et al. 2014;Mäkelä
et al. 2013), the maturation of fluorescent proteins (Craggs
2009; Iizuka et al. 2011), and last but not least, the composi-
tion of the particular growth medium. Here, we used M9 min-
imal medium due to its lack of other amino acids and carbon
source and its very low auto-fluorescence (Miller 1972).
Furthermore, the gating strategy during FACS has of course
a prominent impact on the outcome of the screening. In this
study, we have chosen an upper and lower 35 % gate for the
entire library, which excludes 30 % of the cells with the mean
fluorescent output (Fig. 1b). The clearly separated sorting

gates eliminate cells with a constitutively mean fluorescent
output by maintaining a high level of clonal diversity of sorted
cells. To get rid of constitutively activated promoters, we
established the toggled rounds of selecting promoters with a
high fluorescent output under induced conditions and pro-
moters with a low fluorescent output under non-induced con-
ditions. Using this strategy, we successfully enriched
galactose- and L-phenylalanine-responsive promoters (Fig. 1,
Fig. S1). Our screening process was developed in a way that
promoters activated in response to effector molecules were
enriched. The selection of negatively regulated promoters is
proposed to be achieved by selecting low fluorescent pro-
moters in the presence of the effector of interest and by
selecting high fluorescent promoters in the absence of the
same. Repressible promoters may also be turned into a posi-
tive output in the presence of the effector by linking them to a
strong repressor in the particular biosensor design (Mustafi
et al. 2015; Ohlendorf et al. 2012).

The existence of a library is prerequisite for the present-
ed approach. However, genomic plasmid or promoter li-
braries have been constructed for a variety of different
model species, including the E. coli library of this study
(Zaslaver et al. 2006), Salmonella Thyphimurium (Freed
et al. 2008), Staphylococcus aureus (Schneider et al.
2002), and Saccaromyces cerevisiae (Newman et al.
2006). In a similar effort, Uchiyama and co-workers devel-
oped the substrate-induced gene expression (SIGEX) strat-
egy to identify catabolic genes expressed in response to a
relevant substrate, by inserting metagenomics fragments
into an operon-trap vector (Uchiyama et al. 2005;
Uchiyama and Watanabe 2008). The presented approach
can therefore likewise be used for metagenomics libraries
or for the isolation of functional parts after random/
saturation mutagenesis of promoter or regulator sequences.
Alternative approaches for screening promoter libraries
mostly rely on the cultivation and characterization of sin-
gle clones one by one, which appears cost-intensive and
laborious (Bjarnason et al. 2003; Keren et al. 2013;
Robijns et al. 2014; Zaslaver et al. 2006; Zeevi et al.
2011). Here, the implementation of FACS pre-screening
significantly reduces the time- and cost-intensive screening
process.

During screening for L-phenylalanine-responsive pro-
moters, the promoter of mtr encoding a high-affinity L-trypto-
phan-specific permease (Heatwole and Somerville 1991;
Hiraga et al. 1968) was enriched. Besides mtr, the expression
of the gene encoding the low-affinity L-tyrosine transporter
TyrP is also known to be activated by L-phenylalanine
(Kasian and Pittard 1984; Pittard and Davidson 1991; Pittard
et al. 2005). However, this promoter was not enriched during
the screening process due to the 10-fold lower expression
level in the presence of L-phenylalanine (Pittard et al. 2005).
Heatwole and Somerville described the activation ofmtr gene
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expression by L-phenylalanine and L-tyrosine via TyrR and
the superior repression of mtr by L-tryptophan via TrpR.
This regulatory hierarchy enables the cell to modulate the
intracellular ratio of the three aromatic amino acids by increas-
ing the cellular level of L-tryptophan in the presence of high L-
phenylalanine and L-tyrosine concentrations or by reducing
the uptake of same by repressing mtr in the presence of high
L-tryptophan levels (Heatwole and Somerville 1991; Sarsero
and Pittard 1991). At the molecular level, TyrR dimerizes in
the presence of L-phenylalanine, binds to the strong TyrR box,
and promotes the recruitment of RNA-polymerase, while
hexamerization of TyrR and the additional binding to the
weak TyrR box in the presence of L-tyrosine is required for
tyrosine-mediated gene expression (Fig. 2xa) (Pittard 1996;
Pittard et al. 2005). L-Tryptophan-mediated binding of TrpR
completely hinders RNA polymerase recruitment and thereby
counteracts activation by TyrR (Heatwole and Somerville
1991; Pittard et al. 2005). This differential expression of the
mtr gene was likewise observed during biosensor characteri-
zation (Fig. 2). For the construction of the mtr biosensor, the
promoter includes both TrpR and TyrR binding sites. The
presence of the TrpR boxes, however, implies consequently
the disturbance of biosensor signaling under increased L-tryp-
tophan concentrations. Hence, high intracellular concentra-
tions of L-phenylalanine and L-tyrosine would be masked by
high L-tryptophan concentrations. Here, the sensitivity of the
biosensor could be reduced by mutation of TrpR-binding sites
for candidates with reduced affinity towards TrpR.

The analysis of different biosensor designs revealed a sig-
nificant influence of the circuit architecture on the perfor-
mance characteristics in terms of sensitivity and dynamic
range (Fig. 3a, b). The additional tyrR expression evoked a
high basal fluorescence and a saturated biosensor signal at
already low L-phenylalanine concentrations (up to 0.21 mM
external Ala-Phe). In contrast, native TyrR levels led to similar
dynamic ranges, but a reduced basal fluorescence and de-
creased sensitivity towards L-phenylalanine (Fig. 3b, d).
Plasmid-based expression of tyrR results in significantly in-
creased levels of the transcriptional regulator TyrR compared
to native expression. Conventional gene expression analyses
usually rely on simple promoter-reporter fusions (Keren et al.
2013; Robijns et al. 2014; Zaslaver et al. 2006). For the con-
struction of biosensors, however, the corresponding TF is typ-
ically added not only to express heterologous genes but also to
avoid titration effects of the native regulator. The reason for
this design is, for example, obvious in the case of biosensors
based on transcriptional regulators controlling a single target
operon, such as in the case of Lrp of Corynebacterium
glutamicum (Lange et al. 2012; Mustafi et al. 2012). Here,
an increased number of TF binding sites (due to plasmid-
based biosensor expression) generates titration effects due to
the naturally tight regulation of the transcription factor to a
low number of binding sites (Brewster et al. 2014). Global

regulators like TyrR controlling a complex regulon with mul-
tiple binding sites within the host genome, however, are not
necessarily affected by a few additional TF binding sites due
to their natural high protein abundance. Here, the additional
expression of the transcriptional regulator might significantly
interfere with the host gene regulatory networks. Furthermore,
the rate of occupation of a promoter by transcription factors
recruiting the RNA polymerase through protein-protein inter-
action determines the rate of gene expression—hence, the
sensitivity and dynamic range of the biosensor (Bintu et al.
2005a; b; Tabor et al. 2009). Thus, the higher the level of the
transcriptional regulator, the more effector molecules can bind
simultaneously resulting in a highly sensitive response and
saturated operator sites at low concentrations. Likewise, the
introduction of a second operator site or the modification of
transcription factors were used to increase the sensitivity and
dynamic range of sensor constructs in different studies (Lutz
and Bujard 1997; Mahr and Frunzke 2016; Silva-Rocha and
de Lorenzo 2012; Tabor et al. 2009). The present study high-
lights the impact of the architecture of a biosensor on the
sensor transfer curve and, thus, illustrates the necessity of
comparative sensor design studies as prerequisite for an appli-
cation in strain development or single-cell analysis.

Based on the observed biosensor performance charac-
teristics, we chose the mtr sensor type one for an imple-
mentation in a FACS HT-screening of an E. coli K-12
MG1655 mutant library upon random chemical mutagene-
sis (Fig. 4). To reduce the amount of false positive isolates,
we included two iterative enrichment steps in the FACS
HT-screening (Fig. 4a) (Mahr et al. 2015). Remarkably,
about 30 % of 90 isolated and characterized mutant strains
showed at least 2- to 4-fold increased L-phenylalanine ti-
ters (Fig. 4c), which is in line with the successful isolation
of productive clones in previous studies (Binder et al.
2012; Mustafi et al. 2012; Santos and Stephanopoulos
2008). However, the best clone isolated displays still a
considerably low production of phenylalanine (160 μM),
which likely results from the high affinity of TyrR for the
ligand phenylalanine (Kd = 260 μM) (Wilson et al. 1995).
This limitation might be overcome by further engineering
of the sensor towards a higher Kd value and a lowered
sensitivity. Furthermore, the negative impact of L-phenyl-
alanine on cellular growth may represent a disadvantage,
especially in the case of iterative screening rounds (Grinter
1998). At external L-phenylalanine concentrations of 5 g/
L, the growth rate of E. coli wild-type cells was found to be
reduced by half (Polen et al. 2005). The iterative enrich-
ment of high fluorescent cells, however, selects against
false positives but also cells exhibiting a reduced growth
rate at the same time. This might hinder the isolation of
growth-defective mutants with high internal L-phenylala-
nine titers—an aspect which needs to be considered in
future studies.
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Genetically encoded biosensors have enlarged the reper-
toire of tools for engineering and monitoring of biotechnolog-
ical production strains. Although nature provides a plethora of
sensor devices, the identification of suitable candidates re-
quires the deep knowledge of underlying regulatory mecha-
nisms and intensive research. Efficient and automatized
workflows are required, which enable the rapid identification
of novel and suitable parts for biosensor design. This study
emphasizes the screening of promoter-AFP libraries using
FACS for the efficient identification of effector-responsive
promoters. Furthermore, we were able to demonstrate the sig-
nificant influence of the biosensor design on the sensor’s per-
formance characteristics. Taken together, these efforts contrib-
ute to the exploitation and development of custom-made bio-
sensors according to the researcher’s purpose.
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