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Abstract

Background: Engineering microorganisms in order to improve the metabolite flux needs a detailed knowledge

of the concentrations and flux rates of metabolites and metabolic intermediates in vivo. Fluorescence resonance
energy transfer (FRET) based genetically encoded nanosensors represent a promising tool for measuring the metabo-
lite levels and corresponding rate changes in live cells. Here, we report the development of a series of FRET based
genetically encoded nanosensor for real time measurement of lysine at cellular level, as the improvement of microbial
strains for the production of L-lysine is of major interest in industrial biotechnology.

Results: The lysine binding periplasmic protein (LAO) from Salmonella enterica serovar typhimurium LT2 strain was
used as the reporter element for the sensor. The LAO was sandwiched between GFP variants i.e. cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP). Affinity, pH stability, specificity and metal ions effects was scruti-
nized for the in vitro characterization of this nanosensor, named as FLIPK. The FLIPK is specific to lysine and found to
be stable with the pH within the physiological range. The calculated affinity (K;) of FLIPK was 97 uM. For physiological
applications, mutants with different binding affinities were also generated and investigated in vitro. The developed
nanosensor efficiently monitored the intracellular level of lysine in bacterial as well as yeast cell.

Conclusion: The developed novel lysine fluorescence resonance energy transfer sensors can be used for in vivo
monitoring of lysine levels in prokaryotes as well as eukaryotes. The potential of these sensors is that they can be

used as reporter tools in the development of metabolically engineered microbial strains or for real-time monitoring of
intracellular lysine during fermentation.

Keywords: Fluorescent protein, Fluorescent resonance energy transfer (FRET), Genetically encoded nanosensor,
Lysine, Periplasmic binding protein

Background

Amino acid industry has occupied an important role in
world chemical industries. Annual demand of amino
acids used in feed additives and pharmaceutical products
is very huge [1]. Every year, more than two million tonnes
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of L-glutamate [2, 3] and a few thousand tonnes each
of L-threonine, L-leucine and L-valine are produced in
industries using genetically engineered bacterial strains
[4]. The development of strains for the production of
L-lysine is of major interest as it is one of the most domi-
nating products with global annual market volume of
around 1.5 million tonnes and a predicted market growth
of 6-8 % per year [5]. L-Lysine is required as a feed addi-
tive for poultry and pig breeding [6, 7]. It improves amino
acid balance of the feed component, thereby promoting
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animal growth and improving meat quality. This action
makes possible reduction of protein level of the diet,
reducing nitrogen synthesis excretion, and can consist-
ently reduce the cost of feed. L-Lysine along with some
other amino acids like aspartic acid is used extensively
in pharmaceutical industry in the formulation of diets
with balanced compositions; as parenteral protein sup-
plementation during surgical stress; as haematopoietic
drug and in amino acid infusion [8, 9]. Thus, lysine is of
great industrial importance and is produced mainly from
bacterial fermentation. Wild strains of bacteria are able
to produce only small amounts of amino acids extracellu-
larly. For large scale production of lysine from microbes,
metabolic engineering is being used for developing
improved bacterial strain [5]. The metabolic engineering
widely encompasses the engineering of the biological sys-
tems that process chemicals and materials. Several recent
examples highlight the exciting potential of altered bio-
synthetic pathways in microbial hosts to provide renew-
able synthesis strategies for commodity chemicals and
alternate sources for pharmaceuticals [1, 10-12]. The
amalgamation of analytical methods to quantify meta-
bolic fluxes and their control with molecular biological
techniques to implement genetic modifications is the
basis of metabolic engineering. However, major bottle-
neck problem in the metabolic engineering is the absence
of a suitable tool for real time monitoring of flux of a
metabolite in the biosynthetic pathway.

Recent advances in mass spectrometry and nuclear
magnetic resonance based measurement of metabolic
flux have opened up ways to analyze and screen produc-
tion strains [13—-15]. However, these techniques have a
limited temporal and spatial resolution due to disrup-
tive sample preparation and the required sample amount,
respectively. Therefore, techniques allowing real time
measurement of metabolite changes and variations in
local metabolite concentration at the single cell level
are beneficial contribution to study flux of metabolites.
Genetically encoded FRET-based nanosensors offer the
potential to transform information about such a small
and specific metabolite into an optical output. These sen-
sors can sense and respond to dynamic levels of metabo-
lites within the host cell, enabling researchers to monitor
and optimize natural and introduced metabolic pathways
[16, 17]. A range of sensors have been developed for
the detection of different metabolites [17-19], however,
FRET-based sensor has not been developed so far for the
monitoring of lysine at cellular level in living cells.

Here, we developed a series of FRET-based genetically
encoded nanosensors which allow the intracellular moni-
toring of L-lysine at single-cell resolution. These sensors
are based on the lysine binding bacterial periplasmic pro-
tein (LAO) as a reporter element, which is sandwiched
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between a donor and acceptor fluorescent protein pair.
Cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) act as donor and acceptor fluorescent pro-
teins, respectively. This study also demonstrated that
these nanosensors can be used to measure steady state
concentrations and to monitor flux of lysine in bacteria,
using microplate fluorescence readers. The beauty of this
sensor is that it can be introduced in any cell type and
analysis of lysine can be carried out as many times as
required in living cell.

Results and discussion

Construction of a lysine sensor

The lysine binding periplasmic protein (LAO) from Sal-
monella enterica serovar typhimurium LT2 strain was
used as the reporter element for the sensor. The chosen
periplasmic LAO binding protein is a member of the
class II (cluster F) binding protein, with both termini on
the same protein lobe (Fig. 1a). The LAO is quite different
from that of other amino acid-binding proteins in which
N and C terminus are present at different lobe. Interest-
ingly, it was found that the LAO closed state reached a
higher twisting angle (twist of the C-terminal domain
against the N-terminal domain) in the presence of
L-lysine than those found for rL-arginine and L-histidine
[20]. It has been previously shown that such proteins,
when fused to FRET donor and acceptor chromophores,
can make good sensors as in the case of the E. coli glu-
tamate/aspartate-binding protein [16, 21] indicating that
other subtle effects (dipole orientation changes, surface
interactions between LAO and fluorophores) in addition
to changes in distance between the donor and acceptor
chromophores contribute to the FRET transfer efficiency.
Green fluorescent protein (GFP) variants, CFP and YFP,
with different spectral properties were used as fluo-
rescent pair for the construction of nanosensor for real
time monitoring of the changes in lysine level. The donor
chromophore (CFP) was fused to the N-terminus and an
acceptor chromophore (YFP) was attached to the C-ter-
minus of the LAO protein. The constructed nanosensor
was named FLIPK. A linear diagram shows the arrange-
ment of the restriction sites in the construct (Fig. 1b).
Figure 1c depicts the functional architecture of FRET
based sensor.

In vitro characterization of the nanosensor

The FLIPK sensor was expressed in E. coli BL21 (DE3).
The sensor protein was purified by affinity chromatog-
raphy. Emission spectral analysis showed changes in the
respective emission spectra of CFP and YFP after addi-
tion of 1 mM lysine showing that the FRET is occur-
ring (Fig. 2). Fluorescence analyses of the purified
FLIPK proteins determined the 535 nm/485 nm ratio
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Fig. 1 Schematic representation of nanosensor. a Ligand free form of
LAOBP from S. typhimurium showing the N-terminus and C-terminus,
b linear representation of the nanosensor construct and ¢ schematic
representation of the lysine induced conformational change in the
LAOBP. With the result of binding of lysine to LAOBP, CFP and YFP
come closer to each other. Emission of CFP at this stage excites the
YFP. Ratio of YFP/CFP emission (FRET ratio) changed as compared to
unbound stage
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Fig. 2 In vitro fluorescence emission spectrum of FLIPK. The fluores-
cence emission was recorded by excitation at 435 nm in fluorometer
without lysine (0 mM) and with lysine (1 mM). The concentration of
sensor protein was 0.25 mg/ml

without lysine as 0.52. By addition of lysine in range of
1078-1 M, the emission ratios for this sensor protein
increased, following the sigmoid curves (Fig. 3) and sat-
urated at 1 mM. The calculated affinity (K,) of FLIPK
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for lysine was 97 pM. Earlier, equilibrium dialysis was
used to determine the dissociation constants of differ-
ent periplasmic binding proteins including lysine. A K,
of 15 nM for lysine was reported by this method [22]. In
our experimental work, the affinity calculation was based
on FRET ratio change with the conformational change
in the chimeric sensor protein. Pre-requisites for the
FRET phenomenon are proximity of donor and acceptor
chromophores, and overlap between the donor emission
spectrum and the acceptor excitation spectrum. Energy
is non-radiatively transferred from the donor chromo-
phore to acceptor chromophore. Transfer efficiency is a
function of the inverse sixth power of distance between
the two chromophores. When the donor and accep-
tor fluorophores are in close proximity, the emission of
excited donor chromophore decreases while emission
from the sensitized acceptor chromophore increases.
Binding of lysine should brought the N and C termini
closer together, thereby increasing FRET. Comparison
of liganded and unliganded form of crystal structures of
LAO shows that the change in distance between N and
C termini translates into a relative movement of the
chromophores. The rigid body movement is a rotation of
52° about a virtual axis passing through the two connect-
ing strands, this is a surprisingly large value and is prob-
ably the biggest conformational change ever observed
[23]. This movement affect the relative orientation of the
transition dipoles of attached chromophores and lead to
a change in FRET. As the developed FRET based sensor
shows maximum FRET ratio change in terms of confor-
mational change on lysine binding as compared to argi-
nine, therefore different affinity was expected for lysine.
To check the buffer and pH stability of the FRET sig-
nal of FILPK, the fluorescence emission intensities were
tested in various buffer system and pH range of 5.0-8.5
in the presence and absence of lysine. The FLIPK sen-
sor showed maximum efficiency in PBS buffer among
the different buffer systems used (Additional file 1: Fig-
ure S1). With the different pH of PBS buffer, sensor pro-
tein showed sensitivity towards acidic pH with FRET
ratio increasing up to pH 7.0 but in alkaline pH stability
of the FRET signal of the sensor protein increased with
slight change in the FRET ratio (Fig. 4). These experi-
ments demonstrated that there is no remarkable effect of
pH change on the affinity of FLIPK and pH 7.5 was con-
sidered suitable for FLIPK. Therefore, PBS buffer at pH
7.5 was selected for further experimental analysis as the
ERET signal of the sensor found to be stable at pH 7.5
which is in the range of physiological pH. The pH stabil-
ity of the FRET signal of these nanosensors makes them
more convenient to monitor the level of lysine in vivo.
The strength for engineering the FRET-based nanosensor
for metabolites depends upon the sensor domains that
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Fig. 3 FRET measurement of WT sensor. Lysine titration curve for FLIPK. Purified sensor proteins were diluted with 20 mM PBS buffer. FRET
(535/485 nm ratio) was measured at various concentrations of lysine. The concentration of sensor protein was 0.19 mg/ml. Values are means of
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Fig. 4 pH stability of the FRET signal of FLIPK. YFP/CFP emission
ratios were measured in PBS buffer with different pH, in the absence
(blue) and in the presence (red) of 1 mM of lysine. Stability increases
with pH while the sensor stabilizes above pH 7.0. Concentration of
sensor protein was 0.16 mg/ml. Values are means of three independ-
ent replicates. Vertical bars indicate the standard error

undergo conformational changes that are large enough to
translate metabolite binding into a change in FRET [24].
The FLIPK meets this criterion as there was a sufficient
change in the YFP/CFP emission intensities with addition
of lysine. Intensity-based approach for the measurement
of FRET ratio between donor and acceptor intensity has
been utilized earlier in developing the sensors [17, 25—
27]. To check specificity towards lysine, the FLIPK sensor

protein was tested with leucine, arginine, ornithine and
histidine at concentrations of 1 and 10 mM each. FLIPK
showed maximum specificity towards lysine with sig-
nificant increase in the FRET ratio. The non-significant
change in FRET ratio was observed with other amino
acids (Fig. 5).

Affinity mutants of the sensor

To expand the physiological range for detection of lysine,
a set of sensors were generated by site directed mutagen-
esis of the amino acid residues involved in lysine binding.
LAO bind lysine via hydrogen bonding and the two aro-
matic rings of Tyr-14 and Phe-52 sandwich lysine by uti-
lizing charged side chains (Arg-77, Asp-161, Asp-11) and
hydroxyl group Ser-72 to stabilize the alpha-ammonium
and alpha-carboxylate groups [28]. By introducing point
mutations, a total of five affinity mutants were devel-
oped (Additional file 2: Figure S2) with differing binding
constants, providing a set of nanosensors with a broad
concentration range between 2 uM to 4.5 mM. The cal-
culated Kd of WT, S72A, Y14A, R77L, D1611, F52A were
97, 30, 142, 306, 2000 and 14 pM respectively (Table 1,
Fig. 6). Maximal ratio change of 0.97 was observed by
the purified sensor FLIPK-306p (R77L) upon addition of
lysine. The normal range of plasma lysine level in an adult
is 61-119 uM [29]. Limit of detection range of the FLIPK
and mutants (i.e. 2 uM to 4.5 mM) proves the concept of
measuring the physiological level of lysine. Developing
the mutants enhanced detection range of the sensors and
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Fig. 5 In vitro analysis of FLIPK (WT) nanosensor. Ligand specificity
of the FLIPK. Concentration of sensor protein was 0.20 mg/ml. Values
are means of three independent replicates. Vertical bars indicate the
standard error

are useful to measure lysine level at different physiologi-
cal scales.

In vivo characterization of the nanosensor in bacteria

In order to examine the function of the FLIPK sen-
sor in live cells, the sensor was expressed in the cyto-
sol of bacterial cells. The suspension of the E. coli BL21
(DE3) bacterial cells were tested with and without lysine.
Addition of lysine externally showed changes in the
FRET ratio significantly. No significant change in FRET
ratio was observed in the absence of lysine. The FRET
ratio of the cell suspensions increased distinctly with
lysine after 5 min and saturated at 45 min (Fig. 7a). As
the FRET based sensors quantify changes in intracellu-
lar concentrations of ligand in living cell, it has signifi-
cant applications for fermentation processes in the food,
pharmaceutical and cosmetic industries. In this study,
lysine FRET nanosensor was used to quantify intracel-
lular lysine concentrations in bacterial cell cultures in a
96-well microplate fluorimeter. These results demon-
strate that FLIPK responded the changes in concentra-
tion of lysine with time when external lysine was added
to FLIPK-transformed bacterial cells. This is constant
with the uptake of these amino acids into cytosol of E.
coli. A group of low and high affinity system catalyzes
the competent uptake of amino acids into cytoplasm of
bacteria [30]. The uptake of lysine was observed to be
saturated within 40—45 min at 10 mM that demonstrate
the accumulation of the lysine inside the bacterial cell.
On the other side impact of other amino acids was tested
by adding them manually. PBS buffer, arginine, ornithine
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Table 1 FLIPK affinity mutants

Sensor name® Sequences Ky (uM) Dynamic rangeb (uM)
FLIPK-97u Wild type 97 14-980
FLIPK-30p S72A 30 4.0-208
FLIPK-142u Y14A 142 20-1000
FLIPK-306u R77L 306 65-1500
FLIPK-2 m D161l 2000 1000-4500
FLIPK-14 p F52A 14 2.0-150

Binding constants were determined in vitro

2 Number next to the mutant name stands for the Kd determined for the sensor
variants

b Effective quantification range between 10 and 90 % saturation of the sensor

and histidine did not change the FRET ratio but a major
change was observed with lysine (Fig. 7b). These results
showed in vivo specificity of the sensor towards lysine.

In vivo imaging of uptake of lysine

The activity of FLIPK nanosensors was also tracked in
live bacterial and yeast cells. Bacterial cells were grown
to express the chimeric sensor protein and images were
taken (Additional file 3: Figure S3). Confocal images of
the bacterial cells showed that the bacteria were success-
fully expressing FLIPK sensor protein. Environmental
sensitivity of the fluorescent proteins can generate dis-
ruption in specificity of nanosensor [31]. With parallel
use of same fluorophores with various amino acids ligand
binding proteins can eliminate the effect of environment.
The developed lysine sensors showed high responsive
FRET changes in in vivo study of bacteria. Yeast was
chosen as eukaryotic model system to study the uptake
mechanism of lysine and confocal images of expressed
yeast cells were also taken. Imaging was carried out by
using Leica confocal microscope. Confocal imaging of
FLIPK expressing yeast cells showed that the fluores-
cent chimeric protein is expressed in cytosol, whereas
no signal was detected in vacuole (Fig. 8) proving the
concept of expression of FLIPK in any cell type. Thus,
FLIPK should allow direct monitoring of lysine uptake
into cytosol with a subcellular resolution. On addition of
100 mM extracellular lysine, the 535 nm/485 nm emis-
sion intensity ratio increased by 2.0, indicating that lysine
is transported into yeast cytosol, where it is recognized
by FLIPK (Fig. 9 and Additional file 4: Figure S4 and
Additional file 5: Figure S5). The developed nanosensor
responded to changing level of lysine specifically. Imag-
ing data showed that the 535 nm/485 nm ratio increased
sharply up to 255 s after addition of lysine and then it
reached to saturation. Live cell imaging of the yeast cells
shows that the FLIPK sensor is effectively working in the
eukaryotic cells. Developed nanosensor responded to the
dynamic level of lysine specifically.
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Fig. 6 In vitro ligand dependent FRET ratio change of FLIPK in the presence of t-lysine. Affinity mutants Y14A, R77L, F52A, D1611 and S72A were
developed. Mutations at position 14 tyrosine substituted by alanine (Y14A), arginine 77 to leucine (R77L), phenylalanine 52 to alanine (F52A), and
aspartic acid 161 to isoleucine (D1611) and serine at 72 position by alanine (572A). Concentration of sensor protein was 0.24 mg/ml. Values are
means of three independent replications. Vertical bars indicate standard error

Conclusions

In the present study, the LAO binding protein was con-
verted successfully into a genetically encoded FRET
based lysine nanosensor. Mutagenesis allowed the gener-
ation of affinity mutants covering a broad range of physi-
ologically relevant lysine concentrations. The developed
sensors were used to visualise and measure lysine level
both in vitro and in vivo. The data shown here demon-
strate that the FRET based nanosensor can be used in
prokaryotes as well as in eukaryotes. This study also
paves the road to elucidate compartment-specific dynam-
ics and regulatory events in higher cells that involves the
lysine metabolism. The nanosensors will be useful for a
wide range of applications, such as studying lysine uptake
and identifying the efflux mechanism. Obviously, a set of
novel nanosensors will offer us with tools for scientific,
medical, and environmental applications. Furthermore,
the transgenic organisms expressing FLIPK can be used
for measuring the lysine level in plants and in animals,
as demonstrated for the arginine FRET indicator in
Arabidopsis thaliana roots [32] and glutamate in animal
cells [16]. The potential of these sensors can be used as
reporter tools in development of metabolically engi-
neered microbial strains for the real time monitoring of
metabolites during fermentation process.

Methods

Fluorescent indicator protein (FLIP) constructs

and plasmids

The reporter element LAO, a periplasmic binding pro-
tein, was found from Salmonella enterica serovar typh-
imurium LT2 strain. The protein was flanked by CFP and
YFP. CFP and YFP sequences were taken from pDH18
vector (generously provided by Yeast Resource Center,
Washington, USA) and amplified by polymerase chain
reaction after shortening the 5’ ends and 3’ ends to four
codon and two codon each, respectively. The CFP and
YFEP sequences were cloned into the pGEM-T easy vec-
tor (Promega, USA). LAO sequence was retrieved from
a National Center for Biotechnology Information (NCBI)
database and structure of LAO protein was retrieved
from the Protein data Bank (PDB). The gene (argT)
encoding LAO was amplified by PCR from genomic DNA
of Salmonella enterica serovar typhimurium LT2 strain.
The first 22 amino acids (signal peptides) were removed
by the help of a SignalP 4.1 server (CBS, Denmark). All
oligonucleotides used were synthesized from Sigma
(USA). The forward primer P1 used was 5-CCCAA-
GCTTGGGGCGCTCCCGCAAACGGTTCGT-3' con-
taining a restriction site HindlIIl and the reverse primer P2
was 5-CGGACTAGTCCGATCGCCGTAAACATT-3’
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with restriction site Spel. The underlined sequences show  yielding the CFP-LAO-YFP construct in pGEM-T easy
the restriction sites. STOP codon was removed from the vector. The chimeric sequence was excised at BamHI and
3’ end. Amplified LAO fragment was then inserted into  Sacl sites from pGEM-T easy vector and sub-cloned into
the CFP-YFP cassette with appropriate restriction sites, the bacterial expression vector, pRSET-B (Invitrogen,
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Fig. 8 Confocal imaging of FLIPK (WT) expressing yeast cell. FLIPK is
detected in the cytosol, whereas no signal was found in the vacuole
(V). (Bar =1 pum)

USA). This adds an in frame (His), tag at the amino ter-
minus of the protein sequence. The construct was named
as FLIPK (fluorescent indicator protein for lysine). This
construct (pRSET-CFP-LAO-YFP) was introduced into
the E. coli BL21 (DE3) by electroporation. To confirm
fidelity, the chimeric fragment was sequenced (Addi-
tional file 6: Figure S6).
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Previously, fluorescent dyes have been used in the
development of such sensors [19]. The reason for replac-
ing dyes with fluorescent proteins was their limitations in
the living cells like difficulty in introducing such dyes into
living cells and their toxicity to cells [21]. To facilitate
the effortless construction of this nanosensor, a phage A
recombination vector based on pRSET-B was used for
terminal fusion of target genes to the fluorescent protein
variants under control of T7 promoter. The fusion protein
carries the N-terminal (His)-affinity tag for purification
from E. coli cell-free extracts. The pRSET-B vector con-
tains the ampicillin resistance p-lactamase gene and the
phage florigin of replication for site-directed mutagen-
esis. For the expression of the sensor protein in yeast,
FLIPK sequences were transferred to the destination vec-
tor (pYES-DEST52) via pENTR4 vector using gateway
cloning strategy that resulted into vector pYEST-DEST-
FLIPK sequentially, which encodes attR1 site-chloram-
phenicol acetyl transferase gene- ccdB gene-attR2 gene.

Expression and purification of FLIPs

The pRSET-CFP-LAO-YFP transformed E. coli BL21
(DE3) were grown at 20 °C for 24 h up to OD, 0.6. The
expression of the nanosensor gene construct was induced
by adding 1 mM isopropyl B-D-1-thiogalactopyranoside
(Fermentas, Germany) and transformed bacterial cells
were grown at 20 °C for 48 h in the dark for the produc-
tion of nanosensor protein. Then the bacterial cells were
harvested by centrifugation at 6500xg for 20 min at
4 °C in refrigerated centrifuge (HERMLE Labortechnik
GmbH, Germany) and resuspended in 20 mM Tris—Cl
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Fig.9 Lysine concentration change in the cytosol of yeast. S. cerevisiae/URA3 strain BY4742 expressing the sensor FLIPK. The graph indicates the
emission intensity ratio (535/485 nm ratio) for a single yeast cell. Addition of 100 mM lysine (shown by arrow) increased the ratio by 2.0
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(pH 8.0). The cells were disrupted by ultrasonication
(Sonics, USA). Purification of sensor protein was done
using the Ni-NTA His-tag affinity chromatography resin
(Novagen, USA). The binding of the sensor protein to
the resin was done for 4 h at 4 °C, washed in a column
with 20 mM Tris—Cl and 10 mM imidazole (pH 8.0) and
then eluted with 20 mM Tris—Cl and 50 mM imidazole.
The protein was quantified by Bradford’s method using
bovine serum albumin as standard [33]. The purity and
molecular weight of the sensor proteins was confirmed
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE, with 12 % acrylamide) analysis by
the method of Laemmli [34] (Additional file 7: Figure S7).

In vitro characterization of the sensor protein
Characterization of sensor protein was initially car-
ried out in different buffer systems and pH value. For
this study 20 mM of each PBS [NaCl (100 mM), KCl
(2.7 mM), Na,HPO, (162 mM), KH,PO, (3.8 mM)],
Tris—HCIl, TBS [Tris—Cl (50 mM), NaCl (100 mM)],
3-(N-morpholino) propanesulfonic acid (MOPS), phos-
phate buffer and HEPES buffer was taken. The eluted
sensor protein was diluted 20 times by the respective
buffers. It was found that the sensor protein showed
least variation in FRET ratio (535 nm/485 nm) with
different pH of PBS buffer. Stability of the FRET signal
was also measured with PBS buffer pH range 5.0-8.5 in
presence of lysine (1 mM) and in the absence of lysine.
The change in the fluorescence resonance energy trans-
fer (FRET) ratio with respect to change in buffer and
pH was monitored using a monochromator microplate
reader (DTX880, Beckman Coulter, USA). The emission
spectra were recorded by using a fluorometer (LS50B
Perkin Elmer, USA) in 20 mM PBS buffer (pH 7.5). Fluo-
rescence emission spectra were taken by exciting the
CFP at 430 nm and then the emission was observed in
the range of 450-580 nm.

Specificity of the sensor protein was measured by
using five amino acids, arginine, leucine, lysine, ornith-
ine and histidine at three different concentrations i.e. 0,
1.0 and 10 mM, each. FRET measurement was carried
out by using a microplate reader. The excitation filter/
slit used was 430 nm/20 nm and emission filters/slits for
CFP and YFP were 485 nm/20 nm and 535 nm/25 nm,
respectively. 180 pl of diluted sensor protein and 20 pl
of substrate were taken in different well. Affinity of sen-
sor protein was monitored by using different concentra-
tions of lysine. All analysis was performed in 20 mM PBS
buffer (pH 7.5).

To determine the K, of the FLIPK sensors, sen-
sor protein was mixed with different concentrations
of lysine in 20 mM PBS buffer (pH 7.5) and YFP/CFP
ratio was recorded. By using the ratio change on ligand
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binding, binding constants (K;) were determined by fit-
ting ligand titration curve in a simple binding isotherm:
S = (r — rapo)/(rsat — rapo) = [L]/(Ky + [L]), where S is
saturation; [L] is ligand concentration; r is ratio; r,p, is
ratio in the absence of ligand and rg, is ratio at satura-
tion with ligand. All analyses were carried out with three
independent protein preparations. FRET was used to
characterize the sensor protein with various parameters.
The FRET ratio was determined as fluorescence inten-
sity at 535 nm (YFP) divided by fluorescence intensity at
485 nm (CFP).

In vivo measurement of lysine

In vivo analysis was performed by following the earlier
protocols [35, 36]. E. coli BL21(DE3) cells were trans-
formed with pRSET-FLIPK, which encodes a lysine FLIP
nanosensor with a K; of 97 uM. Cultures were incubated
in Luria Bertoni broth in baffled Erlenmeyer flasks for
48 h in the dark at 20 °C temperature in shaker incubator
and then stored at 4 °C for overnight to ensure the proper
folding of the fluorescent proteins. Then starved of nitro-
gen in M9 medium at 37 °C for 2 h and adjusted to ODg,
3.5 and kept in 20 mM PBS buffer solution at pH 7.5.
Then 180 pl of cells were dispended in the wells of micro-
plate. 20 pl of 10 mM lysine in nitrogen starved medium
grown cells were added and the fluorophores emissions
were recorded for 45 min. For monitoring the accumula-
tion rates, the injection module of microplate reader was
used. Similar procedure was followed with other amino
acids (arginine, ornithine, histidine) to see the specificity
of FLIPK.

Monitoring of lysine in yeast cell

For expression of FLIPK, S. cerevisiae/URA3 strain BY4742
was used as the eukaryotic host system. The yeast cells
were grown and transformed by pYES-DEST-CFP-LAO-
YFP vector in which the expression of CFP-LAO-YFP
gene was controlled by GAL1 promoter. The transformed
yeast cells were grown for 3-5 days in Synthetic Defined
(SD)-growth and 1 % galactose as inducer. Imaging of
expressed yeast cells were performed on confocal micro-
scope (Leica DMRE) equipped with a confocal head TCS-
SPE (Leica, Wetzlar, Germany). The yeast cells were fixed
on glass slides by using medical adhesive rinsed with the
growth medium and covered by a cover slip. To measure
the lysine in yeast cells, dual emission intensity ratio was
recorded by using LAS-AF software (Leica, Wetzlar, Ger-
many) with 436 nm/20 nm excitation, two emission filters
i.e. 480 nm/40 nm for CFP and 535/30 nm for YFP. For
recording the data, FRET sensitized emission tool without
background subtraction of the Leica confocal software.
The data was further processed by using Adobe Photo-
shop. Images of single cell and multiple cells were captured
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by selecting the region of interest (ROI). Similar procedure
was followed for the imaging of expressed bacterial cells.

Generation of affinity mutants

To increase the physiological range of lysine sensor, affin-
ity mutants were developed. Point mutations were gen-
erated to change the affinity of sensor by using quick
change site directed mutagenesis kit (Stratagene, USA).
Various affinity mutants were developed by substituting
the amino acid residues in binding pocket of LAO bind-
ing protein. Mutations at position 14 tyrosine substituted
by alanine (Y14A), arginine 77 to leucine (R77L), pheny-
lalanine 52 to alanine (F52A), and aspartic acid 161 to
isoleucine (D161I) and serine at 72 position by alanine
(S72A). All mutants were expressed and purified as the
wild type for further analysis.

Additional files

Additional file 1: Figure S1. pH stability of the FRET signal of FLIPK.
Fluorescent intensity ratio of sensor protein is more stable with PBS buffer
whereas in other buffers it is fluctuating. Sensor protein was prepared

in Tris-HCl buffer, Phosphate buffer (PB), Tris-Buffered Saline (TBS),
Phosphate-BufferedSaline (PBS), HEPES buffer and MOPS buffer at pH
5-8.5 as indicated in the absence of lysine (A) and in the presence of lysine
(1 mM) (B). Values are means of three independent replicates. Vertical bars
indicate the standard error.

Additional file 2: Figure S2. Redesign of lysine-binding site for a wide
physiological range of detection of lysine and an enhanced response.
Predicted structures of different binding site variants in LAOBP. Mutated
residues are shown in yellow: Y14A, R77L, F52A, S72A and D1611.

Additional file 3: Figure S3. Confocal imaging of bacterial cells [E. coli
BL21 (DE3)] expressing the FLIPK.Scale bar 5 um. Sensor protein produc-
tion in the bacterial cells and CFP, YFP and CFP+YFP merged indicating
the specific excitation and emission wavelength of the fluorophores. Dual
emission intensity ratio was recorded by using LAS-AF software (Leica,
Wetzlar, Germany) with 436 nm /20 nm excitation, two emission filters i.e.
480 nm /40 nm for CFP and 535/30 nm for YFP.

Additional file 4: Figure S4. Confocal imaging of yeast (S. cerevisiae /
URA3 strain BY4742) with the time. After addition of 100 mM lysine
(indicated by an arrow) the intensity of YFP increases and there is decrease
in CFP emission intensity showing that the lysine is transported into the
yeast cytosol, where it is recognized by FLIPK.

Additional file 5: Figure S5. Non-normalized and normalized data of
visual dynamic of lysine concentration change in the cytosol of yeast.

Additional file 6: Figure S6. A. Nucleotide sequences of construct
with His-tag (green)- CFP (cyan) —-LAO (grey) -YFP (yellow). B. Amino acid
sequence of FLIPK construct.

Additional file 7: Figure S7. SDS-PAGE of expressed FLIPKin E. coli BL21
(DE3). M= protein marker; L1= uninduced protein sample; L2= induced
protein sample.
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