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A B S T R A C T

Glucose is an essential energy source in living cells and is involved in various phenomena. To understand the 
roles of glucose, measuring cellular glucose levels is important. Here, we developed a bioluminescent glucose 
indicator called LOTUS-Glc. Unlike fluorescence, bioluminescence doesn’t require excitation light when imaging. 
Using LOTUS-Glc, we demonstrated drug effect evaluation, concurrent use with the optogenetic tool in HEK293T 
cells, and the measurement of light-dependent glucose fluctuations in plant-derived protoplasts. LOTUS-Glc 
would be a useful tool for understanding the roles of glucose in living organisms.

1. Introduction

Glucose is one of the most common energy sources in living organ
isms and is essential for cell growth, cell division, and homeostasis [1]. 
Intracellular glucose is broken down into pyruvate by glycolysis in the 
cytoplasm. The pyruvate is then transported to the mitochondria, where 
it is converted into acetyl-CoA and undergoes further processes, 
including the citric acid cycle, oxidative phosphorylation, and the 
electron transport chain. Metabolites produced during these processes 
are used for lipid and nucleic acid synthesis, and also function as ROS 
scavengers and signaling molecules [2,3].

Since intracellular glucose concentration is an important parameter 
for understanding the various roles of glucose, multiple methods have 
been developed to measure it. Glucose labeling with isotopes or chem
ical dyes can detect the increase in glucose levels [4,5]. On the other 
hand, indicators using fluorescent proteins can also detect the decrease 
in glucose levels. To that end, several fluorescent glucose indicators 
have been developed that can observe fluctuations in cellular glucose 
levels [6–8].

Although fluorescent indicators are powerful tools for observing 
cellular phenomena, they require excitation light for observation, which 
can cause the phototoxicity and autofluorescence of endogenous pro
teins or molecules. Additionally, the use of excitation light can 
complicate fluorescence measurements in situations involving opto
genetic tools and light-dependent phenomena. Bioluminescent 

indicators solve these problems. A bioluminescent protein, luciferase, 
catalyzes the oxidation of its substrate, luciferin, resulting in light 
emission. Therefore, a signal can be obtained without excitation light, 
avoiding related issues with excitation light. Leveraging these advan
tages, several bioluminescent indicators have been used to observe the 
control of membrane voltage using an optogenetic tool [9,10], to 
observe light-dependent pH change in cyanobacteria [11], and to 
conduct high-throughput drug screenings [12].

Given this background, we attempted to develop a bioluminescent 
glucose indicator capable of detecting fluctuations through biolumi
nescence color changes. In this research, we demonstrated the utility of 
our indicator by evaluating the effect of drug treatment and an opto
genetics tool, and by detecting glucose fluctuations in plant-derived 
protoplasts.

2. Material and methods

2.1. Gene constructs

The DNA sequences of MglB, ECFP, Citrine, and miniSOG2 were 
obtained from the plasmid of pcDNA3.1_FLII12Pglu-700μΔ6 [8] 
(Addgene plasmid #17866) and pcDNA3.1_miniSOG2 T2A H2B-EGFP 
[13] (Addgene plasmid #87410), respectively. The sequence of nano
KAZ was synthesized artificially. Each DNA fragment was amplified by 
PCR using KOD-Plus (Toyobo Life Science) with specific primer pairs. A 
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mutation in MglB (D236A) was also inserted using specific primers. Each 
amplified fragment was connected by over-lap PCR and subcloned into a 
linearized plasmid by hot-fusion method [14]. The vectors selected were 
pRSETB for bacterial expression, pcDNA3 for mammalian expression, 
and pRI201_AN for plant expression. A chloroplast localization signal, 
the ribulose bisphosphate carboxylase small chain 1A (RBCS1a) [15] 
sequence was fused at the N-terminal of LOTUS-Glc and LOTUS-Glc 
(D236A) with a Gly-Gly-Ser-Gly-Gly linker. For the co-expression of 
miniSOG2 and LOTUS-Glc, we connected the LOTUS-Glc and miniSOG2 
with self-cleavable P2A peptide [16]. Transformation of Escherichia coli 
(E. coli) strain XL10-Gold was performed using the heat shock method, 
and a single colony was cultured in 2 mL of LB media with 0.1 mg/ml 
ampicillin at 37 ◦C overnight. Small-scale DNA preparation was per
formed by alkaline-SDS lysis from collected bacterial pellets. The 
plasmid sequences were confirmed by dye terminator cycle sequencing 
using the BigDye Terminator v1.1 cycle sequencing kit (Thermo Fisher 
Scientific). The DNA sequences of LOTUS-Glc and its variants are shown 
in Note S1.

2.2. Protein purification

The recombinant protein was expressed in E. coli strain JM109(DE3) 
by culturing in 200 mL LB media containing 0.1 mg/ml carbenicillin at 
23 ◦C for 60 h. Cultured cells were collected and disrupted with a French 
press (Glen Mills). The recombinant protein was purified from the su
pernatant of the cell lysate using Ni-NTA agarose affinity columns 
(QIAGEN) and followed by a buffer exchange (20 mM HEPES, pH7.4) 
with a desalting column PD-10 (GE Healthcare). The purified protein 
concentration was determined by the Bradford method (Protein Assay 
kit, Bio-Rad).

2.3. In vitro characterization

For luminescence spectrum measurements, 100 μL of 100 nM protein 
solution and 100 μL of 5 μM luciferin, coelenterazine-h (Wako) solution 
were mixed. The luminescence spectrum was measured using a multi
channel spectrometer, PMA-12 (Hamamatsu photonics), after adding 
coelenterazine-h to the purified protein in 20 mM HEPES buffer (pH 
7.4). The fluorescence spectrum was measured using a spectrofluo
rometer, F-7000 (HITACHI) by 435 ± 5 nm excitation. The ratio (530/ 
480 nm) was calculated from the peak intensities of the emission 
wavelengths. The dynamic range was calculated by dividing the ratio 
value in the presence of glucose (Wako) by the ratio value in the absence 
of glucose. Using data analysis software (LightStone, Origin7), titration 
curves were obtained by fitting the Hill model.

2.4. Mammalian cell experiments

HEK293T cells (RIKEN BRC Cell Bank RCB2202) were cultured in 
Dulbeccos’s modified Eagle’s medium (DMEM) containing 10 % fetal 
bovine serum at 37 ◦C. One day before transfection, cells were trypsi
nized and transferred to a 35 mm glass-bottom dish. Cells were trans
fected with expression plasmid by using polyethylene imine 
(Polyscience, PEI Max) according to the manufacturer’s instructions. 
Before imaging, the cell culture medium was exchanged with Dulbec
cos’s phosphate buffered saline (D-PBS) or DMEM/F12 containing 10 % 
Hank’s balanced salt solution (HBSS), adding 200 μL of each solution 
and incubated for 1 h. 700 μL of luciferin, furimazine (Promega, Nano- 
Glo®Luciferase Assay System) was added to the cells. 100 μL of 250 mM 
Glucose solution or 100 μL of 100 μM Phloretin (Tokyo Chemical In
dustry) solution were added to the cells along with furimazine. The 
exposure time was 1 min for D-PBS and 2 min for DMEM/F12 containing 
10 % HBSS in case of luminescence and 300 ms for fluorescence. Cell 
images were acquired using an inverted microscopy (Olympus, IX83) 
equipped with a 40 × objective lens (Olympus, UPLFLN40x), an EMCCD 
camera (Andor, iXon Ultra), light source (Olympus, U-HGLGPS), and 

emission filters (Olympus, U-FCFP as C-channel, U-FYFP as Y-channel). 
The laser power for fluorescence imaging was 6 %. To excite miniSOG2 
for ROS production, irradiation through U-FCFP was used at an intensity 
of 50 % laser power and an exposure time of 90 s. Cells were incubated 
with Phloretin overnight, and cell suspensions were prepared by tryp
sinization. The spectra of cell suspensions were measured using a plate 
reader (CORONA). The emission peak ratio of the indicator in the 
captured image was calculated using ImageJ. The pseudo-color image 
was arranged using Metamorph (Molecular Devices). The ROS Assay Kit 
-Highly Sensitive DCFH-DA (DOJINDO) was used to measure ROS pro
duction following the provided protocol. The fluorescence intensity of 
cell suspensions at 526 nm was measured using F-7000 (HITACHI) 
before and after light irradiation.

2.5. Preparation and bioluminescence measurement of protoplasts

Nicotiana benthamiana leaves were transfected with plant expression 
plasmids via GV3101 Agrobacterium tumefaciens following an established 
method [17]. Transfected leaves were collected and cut into pieces. The 
cut leaves were soaked in the enzyme solution (1 % cellulase, 0.6 % 
macerozyme, 400 mM mannitol, 20 mM KCl, 10 mM CaCl2・2H2O, 20 
mM MES, pH5.7) and incubated in the dark for 5–7 h until the leaves 
were digested. After digestion, protoplasts were collected and washed 
with wash buffer (400 mM mannitol, 20 mM KCl, 10 mM CaCl2・2H2O, 
10 mM MES, pH5.7). Protoplasts were kept on ice during washing. 
Finally, protoplasts were suspended with suspension buffer (400 mM 
mannitol, 15 mM MgCl2, 10 mM HEPES, pH 7.4) with and without bi
carbonate (5 mM NaHCO3) and incubated under dark conditions 
(covered with aluminum foil) and light conditions (60 μmol/m2/sec) 
overnight. Furimazine was added to protoplasts just before the lumi
nescence spectrum was measured using a plate reader.

2.6. Confirmation of the localization of LOTUS-Glc in protoplast

Localization of LOTUS-Glc in protoplast was observed using inverted 
microscopy (Nikon, Ti-2) equipped with a confocal unit (Andor, Dragon 
fly200), a 100 × objective lens (Nikon, CFI Plan ApochromatλD 100x 
Oil), an EMCCD camera (Andor, iXon Ultra), fluorescence filters (521/ 
38 nm for Citrine, 700/75 nm for autofluorescence), a 488 nm laser for 
Citrine, and a 637 nm laser for autofluorescence.

3. Results

3.1. In vitro characterization

There are two designs of ratiometric bioluminescent indicator: one 
composed of YFP and luciferase, and another composed of YFP, CFP, and 
luciferase [9,10]. The mechanism of both designs alters Biolumines
cence Resonance Energy Transfer (BRET) efficiency through confor
mational changes. Because the former design showed no response to 
glucose (Fig. S1), the latter design was chosen. The indicator comprises 
four types of proteins: MglB, a glucose-binding protein [18], Citrine 
[19], ECFP [20], and nanoKAZ [21], in accordance with previously re
ported indicator designs [8,10] (Fig. 1A). Screening was based on the 
dynamic range, calculated from the emission peak ratio (530/480 nm) 
variations at glucose concentrations ranging from 0 mM to 100 mM. 
After the screening, the construction that showed the highest dynamic 
range was named LOTUS-Glc (Luminescent Optical Tool for Universal 
Sensing of Glucose). The previous fluorescent glucose indicator, 
FLII12Pglu-700μΔ6, had a dynamic range of 36 % (Fig. S2), while 
LOTUS-Glc has a much higher dynamic range of 200 % (Fig. 1B). It has 
been reported that the mutation in MglB (D236A) abolishes glucose 
binding [22], we introduced this mutation and named the variant 
LOTUS-Glc (D236A) (Fig. 1C). Because MglB was originally reported as 
a glucose and galactose-binding protein [18], its specificity must be 
evaluated. We confirmed the specificity of the indicator for other 
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compounds, such as galactose, sucrose, fructose, Glucose-1-phosphate 
(G1P), and Glucose-6-phosphate (G6P). As predicted, LOTUS-Glc also 
responded to galactose but no other compounds (Fig. 1D). To evaluate 
the affinity of LOTUS-Glc to glucose, we measured the emission peak 
ratio (530/480 nm) in response to glucose concentration (Fig. 1E). Ac
cording to previous reports [6–8], Kd values suitable for observing 
cellular glucose concentrations range from several hundred μM to 

several mM. From the dose-response curve, the Kd value of LOTUS-Glc 
was 1.1 mM. Therefore, it is suitable for live-cell imaging in general 
physiological conditions. Generally, physiological galactose concentra
tions are much lower than glucose [23,24]. Since the Kd value of 
LOTUS-Glc for galactose was 3.5 mM, we can disregard the effect of 
galactose during observation.

Fig. 1. In vitro characterization of LOTUS-Glc. (A) Schematic diagram of LOTUS-Glc. The numbers in MglB mean the amino acid sequence used. (B and C) 
Luminescence spectrum of LOTUS-Glc (B) and LOTUS-Glc (D236A) (C). Normalization was performed using the intensity at 480 nm. (D) Binding selectivity of 
LOTUS-Glc. The final concentration of each compound was 100 mM. Normalization was performed using the ratio of water. (E) Dose-response curve of LOTUS-Glc to 
different galactose and glucose concentrations. Gray and red zones showed the general galactose (Gray) and glucose (Red) concentrations in plasma. These data were 
taken by a multichannel spectrometer. The data represents the means ± standard deviation (n = 3). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)

Fig. 2. Application of LOTUS-Glc to HEK293T cells. (A) Pseudo-color images of cells expressing LOTUS-Glc before and after the addition of glucose. The scale bar 
represents 10 μm. (B) The time-course of the ratio changes of cells before and after the addition of glucose. The black arrow in the graph means the time point of 
glucose addition. Normalization was performed using the ratio at 0 min. The data represent the means ± standard deviation (LOTUS-Glc: 18 cells, LOTUS-Glc 
(D236A): 15 cells). (C) Luminescence spectrum of cell suspension expressing LOTUS-Glc with and without the addition of Phloretin. Spectrum was taken by a 
plate reader. Normalization was performed using the intensity at 480 nm. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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3.2. Glucose imaging and evaluation of drug treatment in mammalian 
cells

To verify LOTUS-Glc ability to detect changes in glucose levels in 
mammalian cells, the indicator was introduced into HEK293T cells. 
Generally, glucose in mammalian cells is dependent on external supply. 
Therefore, it is possible to control intracellular glucose by changing its 
level in the culture media [6,7]. For cells cultured in glucose-free media, 
we observed changes in bioluminescence upon adding glucose. After 
adding glucose, the luminescence intensity ratio in the yellow and cyan 
channels (Y/C) increased significantly only in LOTUS-Glc (Fig. 2A and 
B). Next, we evaluated the effect of luminescence intensity decay on the 
ratio. Although a slight increase in the ratio was observed for both 
LOTUS-Glc and LOTUS-Glc (D236A), this increase was small compared 
to the ratio change due to the addition of glucose, suggesting that the 
fluctuation in the ratio due to the attenuation of luminescence intensity 
can be ignored. (Fig. S3).

Since the bioluminescent indicators are often applied for drug 
screening, we assessed the impact of Phloretin, a glucose transporter 
(GLUT) inhibitor, on cells. Intracellular glucose levels can be controlled 
by inhibiting GLUT, which uptakes glucose. After the cells were incu
bated with Phloretin overnight, we measured the luminescence spectra 
of the cell suspensions. As a result, the Phloretin treatment decreased the 
ratio (530/480 nm) compared to the non-treatment (Fig. 2C). 
Conversely, no difference was observed in LOTUS-Glc (D236A) with or 
without Phloretin (Fig. S4), confirming LOTUS-Glc’s ability to detect 
glucose decrease caused by Phloretin. We also confirmed a time- 
dependent decrease in the ratio after the addition of Phloretin 
(Fig. S5). These results suggest that LOTUS-Glc in HEK293T cells can 
measure both increases and decreases in glucose. The Kd value of 
LOTUS-Glc is suitable for observing glucose kinetics, making it an 
effective tool for evaluating drug treatments.

3.3. Evaluation of glucose fluctuations in plant cells

Plants change their metabolism in response to the environment. 
Especially, light is one of the most important factors. When measuring 
fluorescence, it is necessary to irradiate the plant with excitation light 
(several hundreds to thousands μmol/m2/sec), which is much higher 
than the light compensation point in Nicotiana tabacum (20–35 μmol/ 
m2/sec) [25]. In contrast, the luminescence intensity of Nluc, which has 
the same amino acid as nanoKAZ, is much lower than the light 
compensation points when expressed at micromolar concentrations in 
cells (around several hundred nmol/m2/sec) [26–28]. Therefore, 
bioluminescence, which doesn’t require excitation light, is suitable for 
evaluating the effect of light on plants. Under light conditions, glucose is 
synthesized via photosynthesis and stored as a starch in chloroplasts. 
Stored starch is decomposed under dark conditions [29]. These factors 
suggest that controlling photosynthesis and light/dark conditions results 
in different glucose fluctuations. Protoplasts are cells whose cell walls 
have been removed by enzyme treatment. In plant-derived protoplasts, 
bicarbonate is used as a carbon source instead of carbon dioxide. 
Therefore, it is possible to control glucose production through photo
synthesis or starch decomposition by using the presence or absence of 
bicarbonate and light/dark conditions [30,31]. In this study, we local
ized LOTUS-Glc to the cytoplasm and chloroplasts and observed glucose 
fluctuations within the protoplasts. Protoplasts were prepared from to
bacco leaf cells transfected with our indicators, and we confirmed their 
localization (Fig. 3A). Protoplasts were left overnight in the presence or 
absence of bicarbonate under light or dark conditions. We then 
compared the ratio (530/480 nm) changes between light and dark 
conditions. As a result, in the chloroplasts, the change was 1 % in the 
presence of bicarbonate (Figs. 3B), and 15 % in the absence of bicar
bonate (Fig. 3D). The decrease in the ratio difference in the presence of 
bicarbonate is likely because bicarbonate serves as a carbon source 
under light conditions, leading to glucose production by photosynthesis. 

On the other hand, in the cytoplasm, the change was 21 % in the pres
ence of bicarbonate (Figs. 3C) and 27 % in the absence of bicarbonate 
(Fig. 3E), suggesting that the effect of glucose production in the chlo
roplasts via photosynthesis is limited in the cytoplasm. In the case of 
LOTUS-Glc (D236A), no changes in the signal were observed (Fig. S6). 
These results indicated that LOTUS-Glc can effectively measure glucose 
fluctuations in plant cells.

3.4. A combination of optogenetic tool and LOTUS-Glc

Since bioluminescence imaging does not require excitation light, it 
offers convenience when combined with optogenetic tools. Several 
bioluminescent indicators have been used with optogenetic tools [9,32]. 
In this research, we also attempted to detect glucose level variations 
with an optogenetic tool utilizing LOTUS-Glc. GLUT activates glucose 
uptake in the presence of reactive oxygen species (ROS) [2]. The fluo
rescent protein, miniSOG2, generates ROS while also producing fluo
rescence upon excitation [13], thereby allowing manipulation of GLUT 
activity. HEK293T cells expressing miniSOG2 and LOTUS-Glc were 
irradiated with blue light to evaluate glucose fluctuation (Fig. 4A). As a 
result, the normalized Y/C ratio in LOTUS-Glc increased after blue light 
irradiation in cells expressing miniSOG2 (Fig. 4B). This increase did not 
occur with LOTUS-Glc (D236A) (Fig. S7). We also confirmed ROS pro
duction upon light irradiation in HEK293T cells expressing miniSOG2 
(Fig. S8). These results suggest that LOTUS-Glc is capable of evaluating 
the effect of miniSOG2 activation on glucose levels in cells over time.

4. Discussion

In this research, we developed a bioluminescent glucose indicator, 
LOTUS-Glc, based on the previous indicators [8,10]. LOTUS-Glc is 
enabled to detect the intracellular glucose concentration fluctuations 
through BRET involving luciferase and two fluorescent proteins. This 
detection method was shown to be compatible with optogenetic tools, 
and useful for analyzing glucose fluctuations in plant cells and 

Fig. 3. Application to protoplasts. (A) Localization of LOTUS-Glc in pro
toplasts. The scale bar represents 10 μm. The contrast in each image was 
automatically modified. (B–E) Luminescence spectrum of protoplast expressing 
LOTUS-Glc. (B) presence of bicarbonate, chloroplast. (C) presence of bicar
bonate, cytoplasm. (D) absence of bicarbonate, chloroplast. (E) absence of bi
carbonate, cytoplasm. Normalization was performed at 480 nm intensity.
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evaluating drug treatments.
In LOTUS-Glc, the dynamic range of the bioluminescence response to 

glucose was higher than that of the previous fluorescent indicator 
(Fig. 1A–S2) [8]. Although comparing fluorescence with biolumines
cence is challenging, introducing luciferase to enhance the BRET factor 
likely contributes to this result. In the FLII12Pglu-700μΔ, Förster 
Resonance Energy Transfer (FRET) occurs only between ECFP and 
Citrine [8], whereas LOTUS-Glc allows BRET among three entities: 
nanoKAZ to ECFP, nanoKAZ to Citrine, and ECFP to Citrine. This sug
gests that the bioluminescence ratiometric indicator functions more 
effectively with appropriately adjusted positional relationships, such as 
through the use of linkers.

We must consider photobleaching or phototoxicity when using 
fluorescent protein [33–35]. While fluorescence imaging requires exci
tation light for observation, bioluminescence imaging does not use any 
excitation light, thereby avoiding problems associated with excitation 
light. A comparison of the ratio stability between LOTUS-Glc and 
FLII12Pglu-700μΔ6 revealed a slight change in the ratio for LOTUS-Glc, 
while a clear increase in the ratio was observed for FLII12Pglu-700μΔ6 
(Figs. S3 and S9). This increase in the ratio for FLII12Pglu-700μΔ6 may 
have resulted from phototoxicity or photobleaching due to excitation 
light irradiation. Because bioluminescence intensity varies depending 
on the environmental factors and the amount of luciferin and luciferase, 
we must be careful when analyzing the bioluminescence values. How
ever, LOTUS-Glc enables ratiometric measurement, it is possible to 
eliminate various influences and enable more reliable quantitative 
analysis.

Because of the low background signal and high sensitivity, biolu
minescent indicators are often applied for high-throughput analyses 
such as drug screening [12]. In this research, we confirmed that 
LOTUS-Glc can evaluate the effect of Phloretin on cell suspensions. 
Therefore, these assays are applicable for high-throughput drug 
screening that focuses on regulating glucose levels, such as antidiabetic 
drugs. In addition, high-throughput screening has been performed using 
plant-derived protoplasts in the search for molecules that alter plant 
function [36]. Therefore, LOTUS-Glc can be applied for molecule 
screenings affecting glucose levels in both mammalian and plant cells.

ROS generation from miniSOG2 altered glucose levels in cells as 
demonstrated by LOTUS-Glc. It is thought that this ROS affected the 
cellular glucose transporter GLUT1, altering expression levels, trans
locating to the plasma membrane, and activating glucose uptake [2]. 
During the activation process of GLUT1, ROS-activated AMPK released 
Stomatin or TXNIR from GLUT1, resulting in the activation of glucose 
uptake [37,38]. Activation of glucose uptake through GLUT1 occurs 
within a relatively short time (within 1 h) [2]. Since the ratio of 
LOTUS-Glc increased over a short period, we can speculate that this 
increase reflects the activation of glucose uptake through GLUT1.

In the protoplast results, the ratio under dark conditions was higher 
than under light conditions except for the presence of bicarbonate in the 
chloroplast. In plants, glucose synthesized through photosynthesis is 
stored as a starch, and its decomposition is upregulated under dark 
conditions [29]. Therefore, this higher glucose concentration under dark 
conditions can be attributed to the decomposition of starch.

In addition to the applications demonstrated in this study, biolumi
nescence imaging has also been used for tasks challenging for fluores
cence imaging, such as deep tissue imaging or imaging of freely moving 
mice [39,40]. We believe that bioluminescent indicators will become 
important tools as such applications are expected to expand in the 
future.
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