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Nicotinamide adenine nucleotide phosphate (NADPH) has been known to be involved in the multiple pathways
of cell metabolism. However, conventional quantification assays for NADPH have required breaking down the
cell membranes of around one million cells per assay, and monitoring NADPH flux in living cells has been limited
by a few available tools. Here, we visualized NADPH levels in human cervical cancer cells HeLa using
metagenome-derived blue fluorescent protein (mBFP), which specifically binds to NADPH and enhances the
intrinsic fluorescence of NADPH up to 10-fold when imaged by two-photon microscopy to reduce photodamage.
Adding an oxidizing agent such as diamide to HeLa cells that expressed mBFP led to an immediate decrease of
intracellular NADPH depending on glucose availability in culture media. Furthermore, inhibiting glucose-6-
phosphate dehydrogenase (G6PD) in the pentose phosphate pathway with dehydroandrosterone (DHEA) and
knockdown of G6PD transcripts gradually decreased NADPH when diamide was added to living cells. These
results demonstrate that introducing a bacterial mBFP gene into mammalian cells is a straightforward approach
to monitoring intracellular NADPH flux in real time at the single-cell level. Moreover, this strategy can be
expanded to tracking the spatio-temporal changes in NADPH even in single-cell organelles such as mitochondria
and chloroplasts, which will allow us to more precisely assess the efficacy of biochemically or biophysically
metabolic perturbations in animal and plant cells.

1. Introduction cells are 5-10 times higher compared with normal cells (Chiarugi et al.,

2012). These high levels of NADPH may explain the anomalous char-

Nicotinamide adenine dinucleotide phosphate is a ubiquitous coen-
zyme involved in numerous redox systems and living organisms (Droge,
2002) existing in either reduced (NADPH) or oxidized (NADP™) form.
NADPH is widely used in cellular anabolism such as lipid, nucleotide,
and macromolecular biosynthesis (Schulze and Harris, 2012; Smolke,
2009). Among several metabolic pathways in NADPH generation,
pentose phosphate pathway (PPP) is a major source of NADPH in
mammalian cells in which glucose-6-phosphate dehydrogenase (G6PD)
converts NADP' to NADPH (Patra and Hay, 2014). Cells from normal
tissues mainly generate their energy through the mitochondrial oxida-
tive phosphorylation with low levels of free cytosolic NADPH (Moreira
et al., 1995; Sallin et al., 2018). However, the levels of NADPH in cancer

acteristic of cancer cell metabolism first observed by Otto Heinrich
Warburg (Vander Heiden et al., 2009; Warburg, 1956). The Warburg
effect established increased glycolysis as a main source of metabolic fuel
in tumor cells under hypoxic or even normoxic conditions. Particularly
because perturbation of NADPH balance involved in a wide range of
diseases such as diabetes and Alzheimer (Block, 2008; Gray et al., 2013),
precisely monitoring is important for understanding and regulating the
metabolic reprogramming in these diseases.

Currently, several conventional methods are widely used to quantify
NADPH in cell extracts (Kupfer and Munsell, 1968; Lorenz et al., 2013;
Lowry et al., 1961; Sies et al., 1977; Umemura and Kimura, 2005); these
end-point assays are mostly based on microplate absorbance or
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fluorescence spectrophotometry, mass spectrometry, and chromatog-
raphy. However, these approaches are invasive and not able to detect
the transient subcellular NADPH changes associated with metabolic
activation or dysfunction in intact individual cells. Furthermore, all
these methods suffer from potential NADPH oxidization or degradation
during the sample processing. Alternatively, researchers have directly
measured the weak autofluorescence of NAD(P)H to monitor the cellular
redox state (Blacker and Duchen, 2016). Unfortunately, this method
does not distinguish between NADH and its phosphorylated congener,
NADPH, or between protein-bound and free nucleotides. To overcome
these drawbacks, researchers have directly measured NAD(P)H with
fluorescence lifetime imaging microscopy (FLIM) and genetically enco-
ded NADPH fluorescence sensors in live mammalian or bacterial cells
(Blacker et al., 2014; Goldbeck et al., 2018; Tao et al., 2017). FLIM re-
quires mathematical modeling to quantify NADPH flux in living cells
and is thus considered a complex way of detecting NAD(P)H in live cells
(Blacker et al., 2014). Tao et al. used in silico computation of NADH
nucleotide binding pocket that was subsequently mutated for NADPH
specificity to measure the intracellular NADPH levels in living cells (Tao
et al., 2017). Recently, the genetically encoded sensor has been intro-
duced to estimate the concentration of NADPH which was released from
bacterial cells whose cell membrane should be chemically permeabilized
(Goldbeck et al., 2018). Although NADPH can be detected with genet-
ically encoded fluorescence sensors in live cells, it required protein en-
gineering or membrane-permeabilizing steps. Thus, a more straight
forward NADPH assay is needed for tracking the relation between
intracellular NADPH levels and cell metabolism or behaviors in nominal
culture conditions without damaging cell integrity.

Previously, our group identified a metagenomic blue fluorescent
protein (mBFP) from soil bacteria (Hwang et al., 2012; You et al., 2019).
It was demonstrated that mBFP has no intrinsic fluorescence but shows
significantly high blue fluorescence at 450 nm specifically on interaction
with NADPH when excited at 350 nm. Because the fluorescence is
attributed to the formation of mBFP-NADPH complex, we expected that
mBFP could be a candidate biosensor for measuring NADPH in live cells.
We confirmed that the fluorescence enhancement of the bacterial pro-
tein relies on its binding to NADPH only, not to other nicotine cofactors
such as NADP", NADH, or NAD. In this work, we introduced the bac-
terial mBFP gene into human cancer cells to monitor NADPH dynamics
not in the cell lysate but in live cells. Two-photon microscopy was
employed to avoid photobleaching of mBFP-NADPH complexes or
photodamage during the long-term live cell imaging. We could monitor
the effects of the glucose concentration in the culture medium, treating
with agents such as diamide and dehydroandrosterone (DHEA), and
knockdown of G6PD transcripts on intracellular NADPH levels in
mBFP-transfected cancer cells in real time.

2. Materials and methods
2.1. Materials

All reagent-grade chemicals including N, N-dimethylformamide
(diamide), dehydroandrosterone (DHEA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise mentioned. Trans-
fection reagent Lipofectamine™ 3000, Dulbecco’s Modified Eagle me-
dium (DMEM) supplemented with 1000 mg/L glucose, and glucose-free
DMEM were obtained from Invitrogen. Anti-mBFP antibody was kindly
provided by Dr. Sung-Hwan You at Chonnam National University.

2.2. Plasmid construction

The mBFP gene was inserted into the EcoRV and EcoRI sites of
pCS4+3FLAG DNA plasmid (Cat. No. 78769, Addgene) employed as a
mammalian expression vector. PCR was performed with the cloning
primer pair forward primer 5'-ATAGATATCATGCA-
GAATCTGAACGGCAAAGTGG-3' and reverse primer 5'-
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ATAGAATTCTCAAGCGGCGAAGCCGC-3’.
2.3. Cell culture

HelLa cell (a human cervical cancer cell line from ATCC) was cultured
as described previously (Mesnil et al., 1995). In brief, cells were grown
in DMEM supplemented with 10% fetal bovine serum (FBS), 100 [U/ml
penicillin, and 100 mg/ml streptomycin. All cells were cultured at 37 °C
in a humidified atmosphere of 95% air and 5% CO-.

2.4. Transfecting the mBFP gene into HeLa cells

For transient transfection, approximately 2.5 x 10° cells/ml were
cultured on a 35-mm culture dish as described previously (Wang et al.,
2018). The pCS4-mBFP plasmids were transfected with a transfection
reagent, Lipofectamine™ 3000, according to the manufacturer’s pro-
tocol with a DNA to Lipofectamine ratio of 1:3 w/v. A transfection
enhancer, the 3000 enhancer reagent (1:2, DNA: Reagent, w/v), was
used along with the Lipofectamine 3000 transfection reagent for all
transfections. Typically, 2.5 pg of plasmid DNA were transferred to each
35-mm culture dish.

2.5. Knockdown of G6PD transcripts

To suppress G6PD expression, HeLa cells were transfected with small
interfering RNA (siRNA) against human G6PD transcripts. The siRNA
with its sequence of 5-UGAUGCAGAACCACCUACU-3’ was synthesized
and purified by Bioneer (Daejeon, Korea). The cells were transfected
with G6PD siRNA at a final concentration of 50 nM in the presence of
Lipofectamine™ 3000 reagent according to the manufacturer’s in-
structions. After 72 h of transfection, the efficiency of G6PD knockdown
was confirmed by Western blot analysis.

2.6. Western blotting

Cells were lysed in 1x SDS sample buffer supplemented with a
protease/phosphatase inhibitor cocktail (Cell Signaling Technology,
Danvers, MA, USA). Equal amounts of total protein (30-50 pg) were
separated on SDS-PAGE and electrotransferred onto nitrocellulose
membranes. Membranes were incubated with primary antibodies to
mBFP, a-Tubulin (T6074, Sigma-Aldrich), and G6PD (#8866, Cell
Signaling Technology) followed by secondary antibodies conjugated to
horseradish peroxidase, then a chemiluminescence detection mixture
(Roche) and imaging.

2.7. Immunocytochemistry

HeLa cells were grown on glass cover slips and transfected with
pCS4-mBFP. At 48 h post-transfection, the cells were fixed for 10 min
with 4% paraformaldehyde in 1x phosphate buffered saline (PBS), pH
7.4. The slides were washed 3 times for 5 min with 1x PBS and subse-
quently permeabilized in 0.3% Triton for 2 min followed by an addi-
tional washing. The slides were incubated with blocking solution (2%
FBS in 1x PBS) for 1 h at room temperature, following a 1 h incubation
with rabbit anti-mBFP diluted (1:200) in blocking solution. Goat anti-
rabbit conjugated to Alexa Fluor 594 (A-21207, Invitrogen, Waltham,
MA, USA) was diluted in blocking solution (1:500) and incubated for 1 h
before the cover slips were mounted onto glass slides using ProLong
Gold antifade reagent with DAPI (Life Technologies). Images were ac-
quired using a laser confocal scanning microscope (TCS SP5 AOBS/
TANDOM, Leica Microsystems, Germany).

2.8. Two-photon microscopy

We used two-photon fluorescence microscopy (TPM) with an intra-
vital multi-photon microscope (SP8-MP, Leica) with a 25x 0.9 NA water
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dipping objective lens. Cultured cells were kept at 37 °C using a
temperature-controlled culture dish heater during image acquisition
(Warner Instruments, Hamden, CT, USA). The mBFP-expressing cells
were irradiated by InSight DS Plus laser system (Spectra-Physics, Santa
Clara, USA) at the excitation wavelength of 750 nm. Time-lapse and 3D
stack images of mBFP-mediated fluorescence were obtained by a spec-
tral detector with a band filter with its wavelength range from 450 to
550 nm.

2.9. Treatment of cells with chemical inhibitors in glucose-conditioned
medium

Before each treatment to cells grown on a 35-mm culture dish, the
medium was removed, and cells were washed with pre-warmed 1x PBS.
After fresh medium with no glucose was added, cells were incubated for
1 hat 37 °C. The chemical inhibitors diamide and DHEA were dissolved
in distilled water and cell culture-tested DMSO, respectively. Chemical
stocks were diluted in glucose-free (0 mM) or low-glucose (5 mM) cul-
ture medium just before their treatment to cells.

2.10. Quantifying fluorescence signals

We acquired all time-lapsed images at a frame rate of 1 frame/5s,
using the Leica viewer program to quantify the average fluorescence
intensity from the region of interest (ROI) in the cytosol of fluorescent
cells. After the treatment of chemicals to mBFP-transfected cells, the
fluorescence intensity of ROIs was normalized to the fluorescence level
obtained at the identical ROIs just before each treatment (i.e., at 0 min).

2.11. Quantifying NADPH in cell lysis via microplate assay

We measured NADPH in the 35-mm culture dishes using an NADP/
NADPH assay kit (K347, BioVision, Milpitas, CA, USA) according to the
manufacturer’s instructions. Prior to the treatment of DHEA inhibitor,
cells were washed with PBS and glucose-deprived for 1 h. After 30 min

(A) TPM

Em.
450-550 nm
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treatment of DHEA, cells lysates were extracted in 400 pL of the rec-
ommended extraction buffer, and 50 uL. were processed following in-
structions for each duplicate. The absorbance at 450 nm was measured
in on a microplate reader (Epoch, BioTek, Winooski, VT, USA).

2.12. Statistical analysis

Quantified fluorescence signals are presented as the mean + S.D. for
at least three independent experiments. We employed Student’s t-test to
analyze the statistical difference of two groups. P < 0.05 was considered
statistically significant.

3. Results

3.1. Working principles to monitor intracellular NADPH levels using
mBFP and TPM

It is known that the amount of glucose introduced into cells through
glucose transporter (Glut) changes depending on the glucose concen-
tration in the culture medium, resulting in a change in the production of
NADPH by PPP (Gelman et al., 2018). For the proof of concept, we
planned to perturb the NADPH in live cells through three biochemical
treatments: diamide and DHEA as oxidizing reagents, low- or no-glucose
media, and siRNA against G6PD; siRNA is a method that can be used to
downregulate the amount of transcript of a specific gene in cells (Watts
and Corey, 2012). As illustrated in Fig. 1, to visualize intracellular
NADPH flux in live cells we utilized TPM, which allows better subcel-
lular resolution and reduces photobleaching and photodamage during
long-term imaging.

3.2. Enhancing NADPH fluorescence in mBFP-transfected cells

To validate the ability of bacterial mBFP in the detection of NADPH
metabolism in mammalian cells, we transfected mBFP gene into HeLa
cells. As an initial step, we characterized the expression of mBFP in HeLa
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cells by Western blot analysis and immunocytochemistry (Fig. S1). After
48 h post-transfection, Western blot revealed high mBFP expression in
the cell protein, and immunocytochemistry with anti-mBFP antibody
revealed the intracellular locations of the mBFP: The majority of mBFP
expressed was cytoplasmic in distribution, as observed by confocal mi-
croscopy (Fig. S1B). Next, to visualize NADPH signals in living HeLa
cells, we applied a wide range of excitation wavelengths from 680 to
790 nm in TPM (Fig. S2). The results obtained from the two-photon
excitation showed maximum fluorescence intensity of mBFP-NADPH
complex when the cells were excited at 750 nm, and consequently, we
chose 750 nm for further detection of intracellular NADPH levels. These
images demonstrate dark nuclear regions, as well as bright regions (red
color), that correspond to NADPH in the cytoplasm, which has a higher
fluorescence intensity (Fig. 2A). Importantly, although mBFP is bacterial
in origin, we observed no significant changes in morphology or viability
in the HeLa cells that expressed mBFP. In our tests, cytosolic NADPH
signals increased about 10-fold in mBFP transfected cells in comparison
with non-transfected cells (Fig. 2B). Taken together, these results
confirm that mBFP is a functional protein that can be used for the real-
time monitoring of intracellular NADPH flux in live mammalian cells.
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3.3. Real-time monitoring of NADPH affected by diamide in low-glucose
medium

To explore the effects of chemical inhibitors on intracellular NADPH
flux, cells were deprived of glucose for 1h and then treated with
different concentrations of diamide in 5 mM glucose medium (Fig. 3A).
We observed the intracellular NADPH flux for 20 min and normalized its
fluorescence intensity to the first 2 min of samples without drug treat-
ment in each experiment (Fig. 3B). Interestingly, when 5 mM glucose
media was added to the cells, there was a 2-fold increase of NADPH
intensity within 1 min (Fig. 3C); when these cells were treated with 10,
40, and 80pM of diamide, a general oxidant, fluorescence signals
decreased within 1min and then gradually recovered in a dose-
dependent manner. Treatment with diamide in the presence of glucose
induced a 1.2-fold increase in NADPH levels within 20 min except in
cells treated with 160 pM of diamide. This increase in NADPH may result
from the presence of glucose sources that regenerate cytosolic NADPH
levels. In the presence of glucose, the PPP metabolites supply glucose-6-
phosphate to produce NADPH. However, the presence of glucose did not
affect NADPH recovery when cells were treated with high doses of
diamide. With 160 pM diamide, the fluorescence intensity immediately
decreased and showed no recovery within 20 min; indeed, high doses of
diamide strongly affected NADPH regeneration, and cells were not able
to recover their NADPH levels.

( A) Fig. 2. Enhanced NADPH fluorescence in
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Fig. 3. Visualization of intracellular NADPH flux in response to diamide in low-glucose culture medium. (A) Prior to the diamide treatment, cells were
washed with PBS and deprived of glucose for 1 h. (B) Changes in NADPH fluorescence intensity in HeLa cells with different concentrations of diamide in the culture
medium with 5mM glucose (time-lapse video files for each 20-min imaging session are available in Supplementary Materials). Scale bars: 80 pm. (C) Normalized
kinetic profiles of NADPH flux in response to diamide treatment. All data were normalized to the first 2 min fluorescence level of samples without chemical treatment
in each experiment.
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3.4. Real-time monitoring of NADPH affected by diamide in glucose-free
medium

To investigate more about the correlation between glucose sources
and NADPH levels under treatment of diamide, cells were deprived of
glucose for 1 h and then treated with different concentrations of diamide
dissolved in glucose-free medium. First, to consider the effect of glucose
on NADPH levels, we obtained the fluorescence signals for 20 min in
cells with glucose-free medium (Fig. 4A) but observed no significant
changes in NADPH levels (Fig. 4B). In glucose-deprived cells, adding 10
and 40 pM of diamide dose-dependently and rapidly decreased the
fluorescence intensity of NADPH within 2-3 min (Fig. 4A and B); in
contrast, NADPH fluorescence recovered more slowly than it did in cells
treated with 5 mM glucose. Notably, when these cells were treated with
80 pM of diamide, the NADPH signals decreased in less than 1 min and
only some of the cells were able to recover their NADPH levels within
20 min. Moreover, the addition of 160 pM diamide, rapidly decreased
the fluorescence signal in less than 30 s. Indeed, with 160 pM diamide, in
both the presence and absence of glucose, cells were not able to recover
their NADPH levels within 20 min.

3.5. Real-time monitoring of NADPH affected by DHEA, a G6PD inhibitor

To better understand the role of the PPP in generating cytosolic
NADPH, we investigated the function of G6PD in HeLa cells; G6PD is a
key protective enzyme responsible for maintaining adequate levels of
the major cellular reducing agent NADPH, which is needed for reducing
folic acid to tetrahydro folic acid as well as for ribonucleotide and thy-
midylate synthesis. Therefore, as the PPP inhibited G6PD function, the
cells were deprived of glucose for 1 h and then treated with trans-DHEA
in the presence or absence of 5mM glucose (Fig. 5A): With 200 pM
DHEA, there was an approximately 50% decline in NADPH signal within
3 min (Fig. 5B and C). Our result showed that when the cells had suffi-
cient glucose sources in media, they recovered about 5% of their NADPH
levels within 15 min. However, in the absence of glucose, DHEA strongly
inhibited NADPH production, and cells were not able to recover their
NADPH levels within 20 min. These data demonstrate that NADPH flux
is markedly affected by glucose metabolism when G6PD is inhibited by
DHEA in Hela cells.

3.6. Real-time monitoring of NADPH in G6PD-knockdown cells

Alternatively, we investigated metabolic alterations caused by
siRNA-mediated G6PD knockdown. After 72 h of siRNA transfection, the
efficiency of G6PD knockdown was confirmed by Western blot analysis
(Fig. S3). G6PD converts G6P and NADP™' to 6 PG and NADPH. In
accordance, treatment with 40 yM diamide resulted in a 50%-60%
reduction of NADPH levels in G6PD knockdown cells containing 5 and
0 mM glucose sources (Fig. 6A and B). Of note, in the presence of 5 mM
glucose, NADPH level was recovered about 2%-3% in G6PD knockdown
cells after 20 min but not in cells cultured in glucose-free medium
(Fig. 6C). These results suggest that G6PD is essential for cellular
NADPH production in HeLa cells.

4. Discussions

Real-time monitoring of intracellular NADPH levels in live cells has
been limited by few available biosensors (Goldbeck et al., 2018; Tao
et al., 2017; Tu et al., 2014). Here, for the first time, we demonstrated
that bacterial metagenome-derived blue fluorescent protein (mBFP) can
be used effectively for this monitoring in live mammalian cells in which
the mBFP gene could be expressed and bind to NADPH, which resulted
in an approximately 10-fold enhancement of NADPH fluorescence
compared with non-transfected mBFP cells. We also monitored the ef-
fects of the glucose concentration of with culture medium and treatment
with oxidizing agents such as diamide, which rapidly decreased the
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fluorescence signal of NADPH (less than 30s). We further showed that
DHEA and knockdown of G6PD transcripts induced a 50% decline in
NADPH levels with no significant recovery within 15 min in live cancer
cells. These results suggest that bacterial mBFP is a functional protein
that can be expanded to a platform to track the spatio-temporal changes
in NADPH levels in live cells in real time.

Fluorescence lifetime imaging microscopy (FLIM) and several
genetically encoded fluorescent sensors have been developed to study
the dynamics of NAD(P)H levels. FLIM entails multi-parameter analysis
to quantify and detect NADPH flux in living cells, which requires precise
measurement of cell fluorescence decay profiles (Blacker et al., 2014).
They showed that glucose deprivation in HEK293 cells reduced intra-
cellular NAD(P)H by 10%-15% in live cells using FLIM. In this study, we
also confirmed that when HeLa cells were deprived of glucose for 1h,
intracellular NADPH decreased by 10%-15% within 10 min under
mBFP-mediated fluorescence (Fig. S4). Recently, in silico computation of
a NADH nucleotide binding protein and subsequent high-throughput
screening generated candidates for the genetically engineered NADPH
biosensor (Tao et al., 2017). Our mBFP originated from soil bacteria was
able to directly and specifically bind to NADPH in the cytoplasm without
any genetic mutation. A Vibrio-originated NADPH reporter protein
(called mBFP Vibrio vulnificus) was applied to plant tissues (Tu et al.,
2014), not showing significant change in NADPH levels in subcellular
compartments where the reporter was targeted. This mBFP has been
used to measure the concentrations of NADPH released from bacterial
cells after the treatment of cetyl trimethylammonium bromide (CTAB), a
membrane-permeabilizing agent (Goldbeck et al., 2018). However, our
approach could monitor intracellular NADPH levels without damaging
the structural integrity of cell membranes. These results strongly support
our mBFP can act as an NADPH sensor in live cells under metabolically
perturbed conditions.

To understand more thoroughly the correlation between glucose and
NADPH production in cancer cells, cells were starved of glucose for 1 h
and then treated with different chemical inhibitors in 5 mM of glucose.
Of note, we could observe the shrinkage of cell boundary when the cell
was incubated in glucose-free medium for 2h and more (Fig. S5).
Therefore, to prevent cell apoptosis in HeLa cells, we limited the dura-
tion of glucose starvation to 1 h and monitored the intracellular NADPH
level for 30 min at maximum. Diamide is an effective reagent for the
intracellular oxidation of glutathione that leads to rapid conversion of
NADPH to NADP" in less than 1min (Kosower et al., 1969). In
glucose-deprived HeLa cells that were treated with different concen-
trations of diamide, NADPH decreased and then gradually recovered
within 1-2min in the presence of 5mM glucose. This recovery of
NADPH can be explained by the enhancement of NADPH regeneration as
a consequence of G6PD activation in the PPP when glucose was avail-
able in media. It is known that cancer cells take up and metabolize
glucose to a greater extent than normal cells and may upregulate glucose
metabolism to produce more pyruvates and NADPHs to protect against
hydrogen peroxide-induced toxicity (Riganti et al., 2012). Because
NADPH can be generated through several mechanisms, recent flux
analysis indicated that cytosolic NADPH is mainly provided by oxidative
PPP (Riganti et al., 2012). However, NADPH biosynthesis in different
glucose conditions with the shutdown of glucose uptake is still unclear.
To further study this correlation, in this work, we investigated inhibiting
G6PD with both the chemical inhibitor DHEA and siRNA targeted to
G6PD for metabolic alteration. DHEA is an adrenal steroid hormone and
well-known uncompetitive inhibitor of mammalian G6PD that reduces
the availability of NADPH (Riganti et al., 2012), and DHEA inhibition of
G6PD led to a 50% reduction in NADPH levels (Fig. 6B and C).
Furthermore, we showed that the presence of 5mM glucose could
slightly recover NADPH levels in HeLa cells. Although this slight in-
crease was merely 2%-5%, it remained in the cells in which siRNA
inhibited G6PD inhibited through siRNA and that were then treated with
40 pM diamide. These data strongly indicate that the presence of glucose
elevates the production of NADPH in metabolically perturbed cancer
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Fig. 4. Monitoring the effect of diamide on NADPH regeneration in glucose-deprived cells. (A) Changes in NADPH fluorescence intensity in HelLa cells at
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cells.

Based on our observations of the effects of glucose in NADPH pro-
duction, we aimed to monitor the NADPH levels in HeLa cells treated
with diamide and/or DHEA in the absence of glucose sources in culture
media. When these cells were treated with the different diamide con-
centrations in the absence of glucose, NADPH fluorescence recovered
more slowly than it did in cells treated in 5mM glucose medium.
Additionally, there was no NADPH recovery when cells were treated
with 160 uM of diamide whether glucose existed or not. Based on these
results, glucose sources played an important role in the recovery of
NADPH production when cells were treated with low levels of diamide,
but under high oxidative stress, diamide inhibited the recovery of

intracellular NADPH levels.

Furthermore, we applied a commercially available in-vitro assay kit
to measure the NADPH concentration of HeLa cells under the same
condition as for live-cell NADPH imaging (Fig. S6): The total NADP
(NADP™ and NADPH) is extracted in the cells, and then most of the
NADP" is destroyed by heating the extracts at 60 °C following a previous
report (Wu et al., 1986). We showed that adding 5 mM glucose to HeLa
cells induced 50%-60% production of NADPHs within 30 min. Howev-
er, when these cells were treated with DHEA inhibitor, it reduced
NADPH by 50% and 20%, respectively, with and without glucose in the
culture medium. Of note, we were able to detect NADPH signals for
every single cell in the live cell monitoring of NADPH levels, but in-vitro
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NADPH measurement was limited to detecting total cell numbers;
therefore, we were not able to observe dynamic changes in NADPH
levels in HeLa cells after treatment with the oxidizing agents. Because
the heating process and preparation steps can have negative effects on
intracellular NADPH, it is difficult to reliably measure and detect
NADPH concentrations in lysed cells. Taken together, real-time imaging
using mBFP in HelLa cells not only allows for fast and convincing
detection of NADPH in individual cells but also shows large dynamic
changes, warranting further research with multiple implications for

monitoring NADPH levels in cancer cells.

We applied our proposed assay in three representative mammalian
cell lines: human embryonic kidney (HEK293T), Cercopithecus aethiops
kidney (COS-7), and Caucasian fetal lung fibroblast cells (WI-26)
(Figs. S7, S8 and S9). Being consistent with the NADPH profiles obtained
in HeLa cells, it is concluded that mBFP is a functional protein that can
be used for the real-time monitoring of intracellular NADPH flux in other
living mammalian cells. It should be noted that mBFP also has its own
limitations. First, we used viral particles to stably express the mBFP gene
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in two different cell lines, but despite several attempts, we failed to
generate stable cell lines that overexpressed our gene in HelLa and
A549 cells. Second, the non-targeted mBFP will not permit measuring
NADPH concentrations in organelles such as mitochondria or chloro-
plast. Genetic engineering of mBFP will enable us to target the NADPH
biosensor to specific organelles in live animal or plant cells.

5. Conclusion

Introducing mBFP to mammalian cells allowed for long-term moni-
toring of intracellular NADPH in real time with low photobleaching,
large dynamic ranges, and fast detection, which will enable us to
monitor spatial-temporal changes in NADPH levels in single cells.
Furthermore, we expect that it will be possible to understand the critical
role of NADPH in both normal and pathological conditions in animal and
plant tissues throughout the straightforward real-time monitoring of
dynamic changes of intracellular NADPH using mBFP as a genetically
encoded biosensor.
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