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Abstract 2-Oxoglutarate (20G) is a metabolite from the
highly conserved Krebs cycle and not only plays a critical
role in metabolism but also acts as a signaling molecule in a
variety of organisms. Environmental inorganic nitrogen is
reduced to ammonium by microorganisms, whose metabolic
pathways involve the conversion of 20G to glutamate and
glutamine. Tracking of 20G in real time would be useful for
studies on cell metabolism and signal transduction. Here, we
developed a genetically encoded 20G biosensor based on
fluorescent resonance energy transfer by inserting the func-
tional 20G-binding domain GAF of the NifA protein between
the fluorescence resonance energy transfer (FRET) pair YFP/
CFP. The dynamic range of the sensors is 100 M to 10 mM,
which appeared identical to the physiological range observed
in E. coli. We optimized the peptide lengths of the binding
domain to obtain a sensor with a maximal ratio change of 0.95
upon 20G binding and demonstrated the feasibility of this
sensor for the visualization of metabolites both in vitro and
in vivo.

Keywords Genetically encoded biosensor - Fluorescent
protein - FRET - 2-Oxoglutarate - In vivo imaging

Introduction

2-Oxoglutarate (20G) is derived from the Krebs cycle (Zhao
et al. 2010), which is a highly conserved central metabolic
pathway, and is at the interface between carbon and nitrogen
metabolism. The central carbon intermediate 20G also serves
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as the sole carbon skeleton for the assimilation of nitrogen,
and it participates in the generation of glutamate through the
glutamine synthetase/glutamate synthase (GS/GOGAT) sys-
tem. GS assimilates ammonia by converting glutamate to
glutamine. GOGAT then transfers the amido group of gluta-
mine to 20G to form two glutamates. Other nitrogen-
containing compounds derive nitrogen from glutamate and
glutamine by secondary amino transfers. In a wide range of
Bacteria and Archaea, 20G, which is the donor for ammonia
assimilation, signals nitrogen deficiency, whereas glutamine,
which is the fully aminated product, often signals nitrogen
sufficiency. From this perspective, in addition to its impor-
tance as a metabolite, 20G also transmits critical signals in
metabolic activities (Martinez-Argudo et al. 2005). In the
cytosol of living cells, the signal transduction proteins GInB
and GInK, which belong to the PII superfamily (Leigh and
Dodsworth 2007), sense cellular 20G or glutamine as an
indicator of the nitrogen state. High levels of cellular 20G,
an indicator of nitrogen deficiency, inhibit the GInB signal
system. The physiological 20G concentrations in Escherichia
coli have been estimated to be in the 0.1-0.9 mM range under
nitrogen-sufficient conditions (Senior 1975). The convention-
al 20G quantification method requires the use of cell extracts
and is thus incompatible with studying dynamics in intact
individual cells; furthermore, it can only provide the averaged
20G pool concentration of many cells.

Recently, there have been efforts to directly measure and
visualize metabolites in cell by using genetically encoded
fluorescence resonance energy transfer (FRET)-based biosen-
sors, which can be targeted to subcellular compartments to
specifically analyze concentration changes within a specific
compartment of an intact live cell (Fehr et al. 2005). A series
of genetically encoded nanosensors has been constructed that
utilizes FRET technology for noninvasive and temporally and
spatially resolved monitoring of signal molecules in vivo. The
genetically encoded FRET biosensors consist of a recognition
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module that specifically binds a ligand and is sandwiched
between two variants of green fluorescent protein (GFP) (typ-
ically CFP and YFP) (Ewald et al. 2011). The efficiency of
fluorescence energy transfer between two fluorophores is
highly dependent on their distance and orientation (Jares-
Erijman and Jovin 2006; Piston and Kremers 2007).
Conformational changes caused by ligand binding to this
recognition module induce changes in FRET efficiency be-
tween the donor and acceptor pair because of the alteration in
distance between the fluorophores. With this strategy, fluores-
cent biosensors have been engineered using many types of
protein modules (e.g., enzymes, membrane receptors, and
ligand-binding proteins) as substrate-recognition modules to
image signaling molecules in living cells, such as glutamate
(Hires et al. 2008; Okumoto et al. 2005), hydrogen peroxide
(Yano et al. 2010), cAMP (DiPilato et al. 2004; Ponsioen et al.
2004), ATP (Imamura et al. 2009), cGMP (Honda et al. 2001;
Nikolaev et al. 2006), phosphoinositides (Cicchetti et al.
2004), inositol 1,4,5-triphosphate (IP3) (Tanimura et al.
2009), diacylglycerol (Sato et al. 2006), and bacterial
quorum-sensing signaling molecules (Rajamani et al. 2007).
Recently, various bacterial periplasmic binding proteins
(PBPs) from gram-negative bacteria, which undergo a confor-
mational change upon ligand binding, have successfully been
used to develop FRET nanosensors for central metabolites
such as glutamate, maltose, ribose, arabinose, sucrose, galac-
tose, and glucose (Fehr et al. 2002, 2003; Knetsch et al. 2002;
Lager et al. 2003; John et al. 2008).

In this study, we constructed a genetically encoded fluores-
cent biosensor for 20G, employing the 20G-binding domain
GAF of the NifA protein derived from the aerobic soil-
dwelling organism Azotobacter vinelandii. The 20G-sensing
protein NifA belongs to a family of enhancer-binding proteins
(EBPs) that activates transcription by RNA polymerase con-
taining the sigma factor (Martinez-Argudo et al. 2004). NifA
is a multidomain protein consisting of an amino terminus
GAF domain, which is a ubiquitous signaling motif found in
signaling, and sensory proteins from all three kingdoms of life
(Aravind and Ponting 1997; Ho et al. 2000), a central catalytic
(AAA+) domain required to couple nucleotide hydrolysis to
activation of the 0°*-RNA polymerase holoenzyme, and a
carboxyl-terminal DNA-binding domain (Buck et al. 2000;
Morett and Segovia 1993). Upon the binding of 20G to the
amino-terminal GAF domain, NifA induces a conformational
change and inhibits the binding of NifL to NifA. Mutations
conferring resistance to NifL are located in both the GAF and
the AAA + domains of NifA. Because it is unclear whether the
AAA + domain is necessary for the conformation change, we
chose two different parts of NifA, the GAF domain and GAF-
AAA + domain, as detector domains to create FRET-based
biosensors. The two sensors both exhibited ratio changes on
binding to 20G in vitro, which led to the conclusion that
ATPase (AAA + domain) is not vital for the conformational
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change in the GAF domain. In the presence of ligands, the
biosensors showed a concentration-dependent decrease in
FRET efficiency. We also systematically engineered the linker
moiety by inserting peptide connectors with different lengths.
The resulting biosensor with an optimized linker was used to
monitor the dynamic in vivo responses of E. coli to the
addition of different carbon sources and to image 20G in
intact individual cells by using a confocal microscope. This
reporter, OGsor, shows the cellular 20G dynamics in E. coli
cells upon metabolic challenges.

Materials and methods
Construction of plasmids

The restriction sites for four enzymes — BamHI, EcoRlI, Sacl
and Sall — in the pET-28a (+) vector were chosen for tandem
fusion of YFP, the 20G-binding domain (GAF or GAF-
AAA+), and CFP to construct a FRET biosensor. CFP and
YFP (mutants of EGFP,GenBank Accession #U55762.1)
were cloned from the commercially available plasmids
pECFP-N1 (Clontech catalog #6900-1) and pEYFP-N1
(Clontech catalog #6006-1). A candidate gene encoding the
20G reaction domains GAF and GAF-AAA + included in the
NifA-encoding gene (NC 012560.1) was amplified from the
genome of A. vinelandii (strain number 10088) purchased
from the Agricultural Culture Collection of China (ACCC),
Beijing, by polymerase chain reaction (PCR) amplification
(TakaRa, Japan). The restriction endonucleases were obtained
from New England Biolabs (Ipswich, MA, USA). All the
chemicals, including 20G, L-glutamic acid, and L-glutamine,
were of analytical grade and were purchased from Amresco
(Solon, OH, USA). E. coli DH5x was used as the cloning host
and E. coli BL21 (DE3)pLysS was used as the protein pro-
duction host, and they were purchased from TransGen
Biotech (Beijing, China).

In vitro assays

E. coli BL21 (DE3) pLysS expressing OGsor was grown for
3 hin LB medium at 37 °C before induction by the addition of
0.5 mM isopropyl-(3-D-thiogalactopyranoside (IPTG) over-
night. The cell pellet was suspended in 50 mM PBS
(pH=38.0) buffer before sonication, and all the analytes were
dissolved in the same buffer and adjusted to a final pH of 8.0.
Fluorescence was measured in a fluorescence microplate read-
er (Bio-Tek Instrument, Winooski, VT, USA) by using a black
96-well microplate (Fluotrac 200, Greiner, Germany).
Emission wavelengths of 478 and 528 nm, or a continuous
spectrum from 460 to 600 nm, were monitored using excita-
tion at 440 nm. The blank measurement was obtained from a
well containing only OGsor with a control buffer. FRET levels
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have been represented as the ratio of the emission intensities at
528 and at 478 nm when the sensors were excited at 440 nm.
The signal intensity with 20G was defined as the change in
the 528/478 ratio. The dissociation constants (K,) were deter-
mined by fitting the titration curves to a single-site-binding
isotherm: R=R,po+(Rsa—Rapo) X X/(Kg+X) (Ewald et al.
2011), where X is the ligand concentration, R denotes ratio,
Rapo 18 the ratio in the absence of ligand, and Ry, is the ratio at
saturation with ligand. All ratio values were derived from the
averages of at least three titration experiments.

20G pool measurements

For 20G measurement, 1 ml of cells was collected and im-
mediately washed with 1 ml of the medium. After the tube was
centrifuged, it was placed into liquid nitrogen immediately to
terminate in vivo metabolism and was then placed in water
maintained at room temperature. This early-stage protocol
should be performed as quickly as possible to decrease 20G
consumption. The shift between liquid nitrogen and room-
temperature water was repeated three times to kill the cells.
Before sonication, the cells were suspended in 5 ml of 50 %
methanol. The pool value in nanomoles per milliliter of cells
at 1.0 ODggo was converted directly into a millimolar internal
concentration (Okano et al. 2010). 20G was measured using a
Shimadzu Prominence HPLC system (LC-20AT and SPD-
20A UV/vis fluorescence detector), where 20 pl of the sample
was injected into the HPLC column, which was a C18
reversed-phase main column (ODS-4, 5 um, 4.0x250 mm),
and maintained at 30 °C during separation. The elution buffer
was 20 mM K phosphate buffer (pH 7.0). The flow rate was
0.4 ml/min and the detector was set at 233 nm.

In vivo assays

E. coli BL21 (DE3) pLysS expressing OGsor was grown for
3 hin LB medium at 37 °C before induction by the addition of
0.5 mM IPTG overnight. Cultures were stored overnight at
4 °C for sufficient maturation of fluorescence protein, and the
fluorescence was measured in a fluorescence microplate read-
er (Bio-Tek Instrument) using black 96-well microplates
(Fluotrac 200; Greiner, Germany). Emission wavelengths of
478 and 528 nm, or a continuous spectrum from 460 to
600 nm, were monitored with excitation at 440 nm. The cells
were then starved in carbon-free M9 medium containing
50 mg/l kanamycin sulfate (Kaper et al. 2008) for 4 h at
37 °C, and 190-pl cultures were transferred to 96-well plates.
Subsequently, 10 pl of glucose, 20G, citrate (all final con-
centrations of 10 mM), or carbon-free M9 was added manu-
ally to the cultures. The ratio change before and after the
addition of the compounds was determined using a fluores-
cence microplate reader and shaking at 170 rpm between

readings. The fluorescence emission at 478 and 528 nm (ex-
citation wavelength, 440 nm; bandwidth, 2 nm) was recorded.

Live cell imaging

E. coli BL21 (DE3) pLysS expressing OGsor was prepared as
mentioned in the “In vivo assays” section. Before live cell
imaging, E. coli cells were transferred to a cover slide and
immobilized in 2 % alginate and Ca®" in a total volume of
10 pl (Fehr et al. 2002). Carbon sources (all final concentra-
tions, 10 mM) were added (volume, 1 ul) on top of the
alginate-embedded cells. Images were acquired using a Zeiss
710 laser scanning confocal microscopy (LSCM) system on a
Zeiss Axio Observer Z1 inverted microscope with a Plan-
Apochromat 63x1.4 NA oil immersion objective. The dual
emission intensity ratio was recorded with 458 nm excitation
and two emission filters (480 nm/40 for CFP and 535 nm/30
for YFP). Pseudocolor images indicate the change in the YFP/
CFP ratio after addition of the carbon source. Considering that
exposure of a single cell to high laser power would lead to
photobleaching, a field containing approximately 50 E. coli
cells was chosen for laser excitation, but even under this
condition, photobleaching occurred after detection for 10 min.

Results
Design and characterization of FRET-based biosensors

To develop a FRET sensor for in vivo real-time monitoring of
20G, we screened many 20G-binding domains and finally
focused on the GAF domain for its specific binding of 20G
and conformational changes and found that the monomer
form is suitable for FRET sensor construction. We excluded
GInB, GInK (homotrimer), and Nifl1/Nifl2 (heterohexamer)
from the PII superfamily because polymerization may affect
FRET efficiency. The intact GAF domain of NifA from A.
vinelandii was used as the binding domain, and it was
sandwiched directly with enhanced cyan FP (CFP) and yellow
FP (YFP). NifA contains three domains: an N-terminal GAF
domain, a catalytic (AAA+) domain, and a C-terminal DNA-
binding HTH domain (Fig. 1a). It is known that 20G binding
of the GAF domain can be allosterically transduced into a
conformational change in NifA. Conformational change in the
GAF domain is likely to lead to a change in FRET efficiency
between CFP and YFP in the sandwich configuration de-
scribed above. Two FRET-based biosensors were generated
by flanking the GAF domain (for OGsor-G) and GAF-AAA +
domain (for OGsor-GA) with CFP and YFP to investigate the
FRET efficiency responding to 20G (Fig. 1b,c). The tandem
fused proteins were expressed in E. coli BL21 (DE3) pLysS
(Chen et al. 2004). Two OGsors were excited at 440 nm, and
their emission spectra showed two peaks corresponding to

@ Springer



Appl Microbiol Biotechnol

a GAF HTH f . FRET
‘;.;&-_3__:- —— o YFP
Tl iR
| ~ oo R &
il - \\,_
c YFP }
/ 20G-binding domain
d e
300 +20G -20G
H Sl pe control s — control ~ iT
= g - A~ i
s
2 150 £ 200 N
£ 2 -
1" 5
= = 100+
E S04 g
: : ]
0l— . : : 0 " | | Y ) pi
450 500 550 600 450 500 550 600 !
Wavelength (nm) Wavelength (nm)

Fig. 1 Schematic representation of NifA (a), OGsor-G (b), and OGsor-
GA (c). Fluorescence emission spectra of OGsor-G (d) with (dotted line)
and without (solid line) 1 mM (final concentration) 20G. The FRET
sensor OGsor-G was analyzed, and the fluorescence emission was

CFP and YFP. Addition of 20G resulted in an increase in CFP
emission and a decrease in YFP emission. The ratio between
the YFP and CFP emission intensities of the two OGsors
changed upon addition of 20G, which demonstrates that the
conformation change in the 20G-recognition domain GAF is
translated into a change in FRET efficiency (Fig. 1d,e). The
decrease in the 528/478 ratio induced by 20G suggests that
20G binding may transform GAF domain into an open con-
formation from a relatively closed form, thereby resulting in
low FRET efficiency (Fig. 11).

Fluorescence analyses of OGsor-G and OGsor-GA showed
that the 528/478 ratios without 20G were 1.38 and 2.32,
respectively. When the 20G concentration was changed from
10 uM to 10 mM, the emission ratios for the OGsors de-
creased, following sigmoid curves (Fig. 2a and Table 1), and
the maximum changes in the ratios were calculated as —0.16
and —0.42, respectively. OGsor-GA exhibited a ratio change
of 18 % (in % Rap,), Which represents an improvement of
approximately 50 % over the 12 % ratio change observed for
OGsor-G. The 528/478 ratio changed upon addition of 20G
in a concentration-dependent and saturable manner. The dy-
namic response range of the OGsor sensors was 100 pM—
10 mM. The dissociation constant (K) values of OGsor-G and
OGsor-GA for 20G were found to be 687.4 and 635.8 uM,
respectively (Table 1). The dynamic ranges of the OGsors
corresponded to the physiological range observed in E. coli,
which varies from 100 uM under conditions of nitrogen
excess to 1 mM under conditions of nitrogen limitation.

To test the specificity of the OGsors for 20G, a panel of
related metabolite compounds consisting of citrate, isocitrate,
glutamate, and glutamine was applied to the OGsor sensors.
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recorded using an excitation wavelength of 440 nm in a fluorescence
plate reader. The FRET sensor OGsor-GA (e) was detected in the same
manner. f Energy transfer illustration: 20G binding caused a conforma-
tional change that decreased the energy transferred from CFP to YFP

OGsor-G and OGsor-GA were both highly selective for 20G
and did not exhibit apparent ratio changes in the presence of
other metabolites (Fig. 2b,c) present at their physiological
concentrations in E. coli (Bennett et al. 2009).

Optimization for the improved 20G sensor

The response magnitude and dynamic range of the FRET
signal can be efficiently increased by inserting peptide linkers
between the fluorescent protein and binding domain (Ha et al.
2007). In this study, peptide linkers were genetically fused to
FRET-based 20G sensors to improve the response. A set of
OGsors with varying numbers of linker units (Gly4Ser) was
tested. No obvious improvement was observed, which implies
that the short linker moiety had a negligible effect on the
FRET efficiency of OGsors because these linkers did not
sufficiently change the distance or fluorophore dipole orien-
tation between YFP and CFP. Another approach for optimi-
zation is to change the fluorophore dipole orientation
(Ansbacher et al. 2012; Igbal et al. 2008) which would change
the energy transfer efficiency. A previous study took a more
rigorous approach that used a circularly permuted GFP
(cpGFP) to vary the relative orientation of the transition
dipoles of the two chromophores and thereby achieve an
obvious optimization effect (Nagai et al. 2004). Compared
with OGsor-G (Table 1), OGsor-GA exhibited a better ratio
change (50 % increase in % Ryp,,), which could be considered
as a type of linker moiety optimization. Thus, the improve-
ment in OGsor-GA may have resulted from the 2-domain
configuration of the ATPase AAA + domain (201 amino
acids) attached to the GAF domain. To further maximize the
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Fig. 2 a Binding curve of 20G
with the FRET nanosensors
OGsor-G and OGsor-GA. The
emission ratio of 528/478 nm was
determined at different 20G
concentrations. Data were fitted
to a single site-binding curve
(black line) as described in the
“Materials and methods” section.
The substrate specificity of the
two FRET sensors was compared.
The ratio change for OGsor-G (b)
and OGsor-GA (c¢) was tested in
the presence of various elements
at physiological concentration
levels in E. coli, i.e., 20G

(1 mM), citrate (1 mM), isocitrate
(1 mM), glutamate (100 mM),
and glutamine (10 mM). Data
were analyzed in triplicate, and
error bars indicate standard
deviations

change in ratio 528/478 O

response magnitude of OGsor, we chose the AAA + domain
as a displacement target based on the GAF-AAA + domain to
obtain a series of 20G sensors (Fig. 3a and Table 2), with a 20-
amino-acid sequence used as a longer linker unit at the C
terminal. This displacement approach has great potential to
change both the distance and orientation between
fluorophores. Among these OGsors, OGsor-G3 yielded an
increase in the 528/478 ratio, which indicates that OGsor-G3
formed a structure upon binding of 20G that brought the two
fluorophores closer or that the energy transfer efficiency was
enhanced. OGsor-G5 showed no response to 20G, possibly
because of a rigid structure, whereas OGsor-G9 attained the
highest ratio change, i.e., a 258 % Aratio increase (in % Rqpo)
relative to OGsor-G (Fig. 3d).

Molecular imaging and analysis of 20G in E. coli cells

FRET sensors allow the collection of real-time data to study
the kinetics of metabolite accumulation. In this study, we also
tested the ability of the OGsor to detect intracellular 20G
levels in living E. coli cells in vivo under different culture
conditions. 20G is a key intermediate in central metabolism
and is located at the interface between the Krebs cycle and the
assimilatory pathway of nitrogen. The effect of carbon on

Table 1 Characterization of the biosensors OGsor-G and OGsor-GA

Sensor K4 (UM) Rapo Rgat Ratio change (% Rapo)
OGsor-G 687.4 1.38 1.22 —-0.16 (12 %)
OGsor-GA 635.8 2.32 1.90 -0.42 (18 %)

- OGsor-GA
-~ 0Gsor-G

change in ratio 528/478 @

-0.1

1
s & S
F- P ]

cellular 20G levels was investigated first using a medium-
shift scheme. E. coli BL21 (DE3) pLysS cells expressing
OGsor-G9 in LB medium were transferred to carbon-free
M9 medium. The emission spectra of cells in LB and M9
media are shown in Fig. 4a. The carbon-free culture resulted in
an increase in the emission ratio from 1.67 to 2.27, which
indicates a drop in the intracellular 20G level and quick
depletion of 20G upon removal of carbon. Glucose, as a
favored carbon source, can be converted to 20G through the
glycolysis pathway and Krebs cycle. We next monitored the
dynamics of 20G levels in E. coli cells after the addition of
exogenous citrate and glucose. Citrate was used as the control
for the ratio monitoring experiments, as E. coli cells do not
metabolize citrate as a carbon source under aerobic conditions
(Pos et al. 1998). Figures 2 and 4b show that citrate and
glucose had no effect on the YFP/CFP emission ratio of the
20G-specific FRET sensor OGsor. Citrate and glucose were
added at concentrations of up to 10 mM to the E. coli cells in
M9 medium. Figure 4c shows the time-dependent change in
the emission ratio following the addition of carbon com-
pounds. The addition of glucose induced an increase in CFP
intensity and a decrease in YFP intensity, which rapidly de-
creased the YFP/CFP emission ratio (i.e., an increase in the
20G level was indicated). As expected, glucose was immedi-
ately internalized and metabolized through glycolysis, which
then activated the Krebs cycle. These results suggest that the
20G pool was subjected to quick accumulation in response to
glucose availability. Interestingly, the intracellular 20G level
reached an apparent peak at 30 min after the addition of
glucose and then slowly decreased. The slow decrease in the
20G level was likely the result of exhaustion of glucose and a
cellular response to increased cellular 20G. In contrast to the
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Fig. 3 a Schematic representation of the GAF constructs used for FRET
experiments. Every 20-amino-acid sequence was regarded as a linker unit
attached to the GAF domain. b Signal change in 20G sensors. Aratio/
R, for the eight FLIP sensors (relative to the original OGsor-G [blue]);
OGsor-G-5 is not shown. Negative values indicate a decrease in the
fluorescence intensity ratio (528 nm/478 nm) upon ligand addition;

results for glucose, the addition of citrate had almost no effect
on the intracellular 20G level. Considering the complicated
environment in the in vivo context, we also used E. coli cells
expressing tandem fused YFP and CFP proteins as a negative
control that showed no obvious ratio change upon the addition
of carbon sources to exclude the possibility of a direct effect of
the chromophores.

To determine whether environmental changes in 20G
concentrations affect the cellular steady-state levels of

Table 2 Characterization of optimized biosensors

Sensor AA Rypo Ra Kg Aratio  Aratio/R,p, (%)
OGsor-G 0 138 122 6874 -0.16 12
OGsor-G1 20 1.17 090 6314 027 23
OGsor-G2 40 124 088 579.1 -036 29
OGsor-G3 60 1.54 1.69 1923 0.15 10
OGsor-G4 80 1.04 077 5649 —-027 26
OGsor-G5 100 1.08 1.08 ND 0 0
OGsor-G6 120 1.04 0.75 4732 -029 28
OGsor-G7 140 141 0.89 4567 -052 37
OGsor-G8 160 1.48 0.86 381.0 -062 42
OGsor-G9 180 221 126 6937 -095 43
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positive values indicate an increase in the ratio. ¢ Ratio change for the
eight FLIP sensors (relative to the original OGsor-G [blue]). d Normal-
ized 20G titration curves for OGsor-G-9 (green), OGsor-G-3 (brown),
and OGsor-G-5 (cyan) in contrast with the original OGsor-G (blue) and
OGsor-GA (purple). Data were analyzed in triplicate, and error bars
indicate standard deviations

20G, we also monitored changes in 20G levels in living
E. coli cells after the addition of 20G. The time-
dependent decrease in the emission ratio following the
addition of 10 mM 20G is shown in Fig. 4c. Exogenous
20G addition induced a decrease in the YFP/CFP emis-
sion ratio (i.e., an increase in the intracellular 20G
level), which indicates the transport of 20G across the
membrane. Addition of 20G up to concentrations of
100 uM induced an increase in intracellular 20G levels
(Fig. 4f), which decreased the emission ratio. As shown
in Fig. 4c, the intracellular 20G levels in E. coli cells
have a lag of approximately 5 min after the addition of
10 mM exogenous 20G, which reflects the time required
to activate and initiate the transport of extracellular 20G.
In contrast, glucose had an immediate marked effect on
intracellular 20G levels.

Changes in the intracellular 20G level in response to the
addition of glucose and 20G were confirmed by measurement
of 20G pool concentrations with the HPLC method (Fig. 4d).
The 20G pool concentration decreased by 3-fold from 1.09 to
0.35 mM in E. coli cells moved from LB medium to M9
medium, and then increased by more than 6-fold from 0.35
to 2.63 mM or 2.14 mM at 30 min after addition of 10 mM
glucose or 20G to the M9 medium. These results are consis-
tent with the FRET ratio data in Fig. 4b and c.
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Fig. 4 a Comparison of BL21 (DE3)pLysS before (LB medium) and
after starvation (M9 medium). b Comparison of glucose and 20G addi-
tion at different concentrations of OGsor-G-9 in vitro as described previ-
ously. ¢ Real-time monitoring of the nanosensor responding to different
carbon sources (10 mM) in vivo. d 20G pool measurements by HPLC
under different conditions of 20G metabolism. Real-time monitoring of

To titrate the response to extracellular glucose and 20G,
cells expressing OGsor-G9 were further challenged with vary-
ing concentrations of glucose and 20G (0.1, 1, 5, and
10 mM). Figure 4e and f shows the changes in the YFP/CFP
emission ratio over time with increasing glucose and 20G
concentrations. The ratio was concentration dependent, which
indicates that intracellular 20G levels were correlated with
glucose availability and extracellular 20G concentration.

The ratio measurements were also obtained for single E.
coli cells by using confocal microscopy. Glucose and 20G
were added to cells expressing OGsor-G9, and images were
taken every 30 s for 9 min (Fig. 4g and h). The ratio images

the nanosensor responding to glucose (e) and 20G (f) in vivo. The carbon
source was added to the well in increasing concentrations. Data were
analyzed in triplicate, and error bars indicate the standard deviation.
Confocal fluorescence image obtained after addition of 20G (g) and
glucose (h), with the pseudocolor indicating a change in the YFP/CFP
ratio after carbon source addition. Scale bar, 1 pm

showed a time-dependent decrease in the fluorescence emis-
sion ratio in the cells, which was consistent with the results
obtained using a microplate reader and demonstrates the fea-
sibility of 20G detection in E. coli at the level of a single
living cell.

Discussion
Visualizing and monitoring cell activity in vivo with high
spatial and temporal resolution is attractive because traditional

analysis methods destroy living cells to extract metabolites of
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interest. Since the discovery of GFP, scientists have used site-
directed and random mutagenesis approaches to develop fluo-
rescent protein mutants and have created a family of proteins
that nearly span the complete fluorescence spectrum. These
fluorescent proteins have been used to construct genetically
encoded fluorescent biosensors for optical imaging of bio-
chemical and physiological functions in living cells
(Miranda et al. 2012; Salonikidis et al. 2011), and these
indicators allow noninvasive spatiotemporal tracing of intra-
cellular metabolism.

In the past decade, many fluorescent biosensors have been
developed for monitoring key in vivo metabolites involved in
carbon, nitrogen, and energy metabolism, including glucose,
glutamine, glutamate, ATP, ADP, cAMP, and NADH (Depry
et al. 2013). Recently, Ewald et al. described FRET-based
sensors to detect citrate, which is an important intermediate
in catabolic pathways involving glycolysis and the citric acid
cycle (Ewald et al. 2011). Additionally, 20G is also derived
from the Krebs cycle, which is a highly conserved central
metabolic pathway, and is at the interface between carbon and
nitrogen metabolism. The central carbon intermediate 20G
serves as the sole carbon skeleton for the assimilation of
nitrogen and participates in the generation of glutamate
through the GS/GOGAT system. On the other hand, the con-
served and ancient set of nitrogen sensor PII protein seems to
respond to 20G (as an allosteric effector), which is an indica-
tor of the cellular nitrogen state. Thus, quantitatively tracing
20G would be useful for studies on cell metabolism and
signal transduction.

In the present study, to monitor intracellular 20G levels,
the 20G-binding domain GAF of NifA protein was used to
construct a genetically encoded FRET biosensor by attaching
FP variants to each terminus of the GAF domain. Engineered
sensors always require optimization to achieve better perfor-
mance (Deuschle et al. 2005), such as site-directed mutagen-
esis of the binding pocket to generate mutants with binding
affinities that overlap with physiological concentrations
(Okumoto et al. 2005). Hires et al. (2008) performed system-
atic optimization of linkers to improve the sensitivity of the
sensor by 6.2-fold. Our FRET-based sensors were optimized
by insertion of peptide linkers with different lengths. The
resulting sensor OGsor-G9 exhibited a maximal average ratio
change AR of 0.95, which represented a 6-fold improvement
over the ratio change of 0.16 observed for OGsor-G, and
showed high selectivity for 20G over other related com-
pounds. The dynamic response range of OGsor-G9 is
100 uM to 10 mM and thus spans 2 orders of magnitude,
which is consistent with the results for previously reported
sensors (Fehr et al. 2002, 2003). Thus, this sensor covers a
wide range of physiologically relevant 20G concentrations.

We have demonstrated the value of this sensor by monitor-
ing intracellular 20G levels in living E. coli cells under
various growth conditions. We found that 20G accumulation
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caused by glucose addition was faster than that by direct 20G
addition. The reversible binding and dissociation between
OGsor and 20G was monitored in E. coli cells through
addition and depletion of carbon sources in vivo, and we also
obtained a sequential concentration-dependent signal with
different concentrations of carbon sources. We have demon-
strated that the rate of 20G uptake mediated by the 20G
transporter KdgT (Partridge et al. 2006) and 20G permease
KgtP (Seol and Shatkin, 1991) is very high and that addition
of 204G itself has a significant effect on the intracellular 20G
level and metabolism (Fig. 4f). FRET ratio changes in single
living E. coli cells responding to extracellular carbon were
visualized using confocal microscopy. Our results illustrate
that the OGsor is a powerful tool for evaluating the signal
transduction and cross-talk mechanisms of central carbon
metabolism and nitrogen metabolism in relation with the
nutritional states of the cell.

As mentioned previously, 20G stands at the crossroads
between carbon and nitrogen metabolism, as important ele-
ments such as glutamate (Dulla et al. 2008; Hires et al. 2008)
and glutamine (Gruenwald et al. 2012; Yang et al. 2010) from
nitrogen metabolism and citrate (Ewald et al. 2011) from the
Krebs cycle have already been exploited by genetically
encoded fluorescent biosensors. It is therefore important to
detect changes in 20G levels to shed further light on carbon
and nitrogen metabolism. 20G also regulates many metabolic
activities such as nitrogen metabolism (Teixeira et al. 2010),
lipid absorption/metabolism, muscle performance, and
cancerogenesis (Harrison and Pierzynowski 2008). Recent
studies have also noted effects of 20G on the condition of
astroglia (Fomenko et al. 2011) and on gene expression in
plant leaves (Araujo et al. 2012). With the attachment of a
proper signal sequence, OGsor could be used to monitor 20G
in intracellular compartments of interest such as the plant
cytosol (Bogner and Ludewig 2007), mitochondria, or nuclei
and thus facilitate biological research.
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