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a b s t r a c t

Mitochondria are central organelles that regulate cellular bioenergetics, biosynthesis, and signaling
processes. NADH, a key player in cell metabolism, is often considered as a marker of mitochondrial
function. However, traditional methods for NADH measurements are either destructive or unable to
distinguish between NADH and NADPH. In contrast to traditional methods, genetically encoded NADH
sensors can be used for the real-time tracking and quantitative measurement of subcellular NADH levels
in living cells. Therefore, these sensors provide innovative tools and address the limitations of current
techniques. We herein summarize the properties of different types of recently developed NADH bio-
sensors, discuss their advantages and disadvantages, and focus on the high-throughput analysis of mi-
tochondrial function by using highly responsive NADþ/NADH sensors.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondria are dynamic and heterogeneous organelles,
which contain 13 mitochondrial DNA-encoded respiratory chain
proteins and more than 1100 nuclear DNA-encoded proteins [1,2].
Mitochondria play central roles in cell metabolism and redox
signaling; these organelles are also often referred to as power-
houses of cells and sources of reactive oxygen species (ROS) [3–5].
Mitochondrial disorders are involved in various human diseases,
including but not limited to aging, cancer, obesity, diabetes, car-
diovascular diseases, and neurodegenerative diseases [2,4,6]. As
such, mitochondrial functions in living cells and in vivo should be
monitored to investigate the pathological processes of such dis-
eases [6,7]. Techniques capable of real-time and high-throughput
measuring are highly preferred. This review describes emerging
methods to assess cell metabolism in living cells and in vivo by
using genetically encoded NADþ/NADH sensors.
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2. Mitochondrial function and NADþ /NADH

Reduced nicotinamide adenine dinucleotide (NADH) and its oxi-
dized form NADþ are important coenzymes found in all living cells.
More than 700 oxidoreductive enzymes use NADþ or NADH as co-
factors [8]. Redox reactions catalyzed by various NAD(H)-dependent
dehydrogenases are vital in energy metabolism, such as glycolysis,
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation. In cells,
two major NADþ/NADH pools exist: cytosolic and mitochondrial
pools. The cytosolic and mitochondrial free NADþ/NADH ratios are
60–600 [9–11] and 4–10 [9,12] in typical eukaryotic cells, respectively.
NADH is produced during glucose, fatty acid, and amino acid catabo-
lism (Fig. 1). Glycolysis-derived NADH is transferred to the mi-
tochondria via the malate-aspartate and glycerol phosphate shuttle
[13] (Fig. 1). NADH molecules are oxidized to generate ATP via the
mitochondrial respiration chain [14] (Fig. 1).

NADH is a naturally fluorescent molecule in the human body
[6,7]. Since the discovery of pyridine nucleotides by Harden and
Young [15], the use of NADH as a marker for mitochondrial functions
has been described in more than 1000 papers [7]. We and many
other researchers showed that both cytosolic or mitochondrial
NADþ/NADH redox state responded to metabolic perturbations of
almost all major energy metabolism pathways, including glycolysis,
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Fig. 1. The central role of NADþ/NADH in cell metabolism. (NADH from glucose, fatty acid, and amino acid catabolism is oxidized to generate ATP and H2O by oxidative
phosphorylation. NADH produced in glycolysis is transferred to mitochondria via the malate-aspartate and glycerol phosphate shuttle. GLUT, glucose transporter type 1;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate dehydrogenase; MCT, monocarboxylate transporter; MPC1, Mitochondrial Pyruvate Carrier 1; MPC2,
Mitochondrial Pyruvate Carrier 2; PDH, pyruvate dehydrogenase; CPT1, carnitine palmitoyl transferase; TCA, tricarboxylic acid cycle.
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the malate-aspartate shuttle, TCA cycle, mitochondrial respiration
and oxidative stress [13,14,16–23]. Therefore, intracellular
NADþ/NADH redox state can indicate metabolic changes and thus is
often considered as a very useful cellular metabolic readout [24–26].
Furthermore, studies also showed that the NADþ/NADH redox state
is closely linked to various physiological or pathological processes,
including mitochondrial function, calcium homeostasis, gene ex-
pression, cell death, embryonic development, aging, cancer, diabetes,
and epilepsy [7,13,24,27–30].

Complementary to NADH fluorescence, mitochondrial func-
tions can also be examined by determining the mitochondrial FAD
fluorescence depending on its oxidation-reduction state under
various physiological conditions [31–33]. The fluorescence lifetime
of protein-bound FAD decreases in the presence of NADþ due to
intramolecular dynamic quenching in the presence of NADþ [31].
This suggests that the lifetime of protein-bound FAD is sensitive to
changes in NADþ levels [31]. However, FAD fluorescence mea-
surement was not as popular as that of NADH in the metabolic
studies due to lower signal and concerns of interference from
hemoglobin absorbance [6,7,34]. Therefore, NAD(P)H auto-
fluorescence monitoring is preferred in blood perfused organs
[6,7]. Monitoring cytochrome oxidase oxidation-reduction state is
another strategy for assessing mitochondrial function. However,
cytochrome c is not fluorescent and prone to suffering from the
interference of blood [6,7].
3. NAD(P)H autofluorescence

The redox dependent optical property of NADþ/NADH was
discovered more than 50 years ago. NADH, as well as its phos-
phorylated form NADPH, is weakly fluorescent under ultraviolet
excitation; by contrast, its oxidized counterpart NADþ is not
[7,35]. The first detailed study of NADH fluorescence in live cells
was conducted in 1957 by Duysens and Amesz, who used yeast
cells and algal cells as models [36] ( Fig. 2). Britton Chance and
Avraham Mayevsky modified and improved intensity- or lifetime-
based techniques for NADH fluorescence excited by either single
photon (Ex/Em: 350 nm/460 nm) or multiple photons (Ex/Em:
700 nm/460 nm); they also expanded the application of NADH
fluorescence to various experimental samples and conditions, in-
cluding isolated mitochondria, intact cells, tissue slices, and animal
organs (Fig. 2) [6,7]. Although monitoring techniques for en-
dogenous NAD(P)H fluorescence have been widely employed, they
are limited by several aspects, including low sensitivity, cell injury
caused by ultraviolet irradiation, and insufficient resolution be-
tween NADH and NADPH. Cytosolic signals are very difficult to
separate and measure from intense mitochondrial signals because
intrinsic NAD(P)H fluorescence signals mostly originate from the
mitochondria. Blacker et al. reported that fluorescence lifetime
imaging (FLIM) can be applied to quantitatively differentiate
NADPH from NADH (Fig. 2) possibly because bound NADH and
bound NADPH exhibit different fluorescence lifetimes inside cells
[37]; however, FILM is not technically simple for broad applica-
tions. For more details, please also see Duchen's introduction in
the same issue of Free Radical Biology and Medicine on mitochon-
drial redox signaling.

Besides NAD(P)H autofluorescence imaging, there are also ex-
isting alternative methods to study NADþ/NADH content in cell
lysates, using enzyme cycling assay [38], HPLC [39,40], or HPLC-MS
[41]. However, these methods do not allow real-time monitoring
of NADþ/NADH dynamics with a single cell or subcellular re-
solution, and report the total pools of NADþ or NADH originated
from a group of cells.
4. Genetically encoded NADþ /NADH sensors

Compared with endogenous NAD(P)H fluorescence, genetically
encoded NADþ/NADH sensors provide potential alternatives and



Fig. 2. Historical development of NADH monitoring in living cells and in vivo. 1957 – The first detailed description using NADH fluorescence spectrophotometry in intact cells
[36]. 1958–2010 – Researchers mainly relied on the weak NADH fluorescence signal to determine mitochondrial function in isolated mitochondria, intact cells, tissue slices,
and various organs of animals [6,7,35,66–77]. 2011 – Development of genetically encoded fluorescent sensors for NADH [19]. 2011 – Development of a fluorescent biosensor
for cytosolic NADþ/NADH ratio [18]. 2013 – Development of genetically encoded fluorescent indicator for NADþ/NADH ratio [43]. 2014 – Differentiating quantitatively
NADH and NADPH fluorescence using FLIM [37]. 2015 – Development of a highly responsive NADþ/NADH sensor [14].
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numerous advantages [14,18,19,42]. We and other researchers in-
dependently developed genetically encoded NADH sensors, includ-
ing Frex, Peredox, RexYFP, and SoNar [14,18,19,43], by fusing NADH-
binding Rex protein with circularly permuted fluorescent proteins
(cpFPs) (Fig. 3 and Table 1). These sensors produce a much higher
fluorescence quantum yield than NAD(P)H autofluorescence;
therefore, these sensors significantly improve the sensitivity of as-
says compared with measurements of endogenous NAD(P)H fluor-
escence. These sensors also specifically detect the NADþ/NADH re-
dox status without the interference from NADPH, which performs
physiological functions distinct from those of NADH. These sensors
can be genetically introduced to cells or organisms and conveniently
targeted to various subcellular compartments; thus, signals from
specific cells and specific subcellular organelles are identified.
Among the sensors, Frex and SoNar are sensitive to a dynamic range
that exceeds those of other metabolite sensors. They manifest an
800% or 1500% change in fluorescence upon NADH binding or under
different NADþ/NADH ratios [14,19,42] (Table 1); as a result, they
can report subtle differences in NADH levels during biological pro-
cesses. These sensors are ratiometric, that is, they respond to NADH
levels differently via two excitation wavelengths [14,19]. They can
also be made to become ratiometric [18]; consequently, quantitative
measurement can be performed because their readouts of the ratio
of the two fluorescent channels are irrelevant to sensor expression
levels in cells (Table 1). With these sensors, dynamic changes in
NADþ/NADH redox status in the cytosol, nuclei, or mitochondria can
be monitored by using various instruments, such as fluorescent
microscopes, flow cytometers, or microplate readers. In subsequent
sections, the properties and performance of these sensors in vitro
and in vivo are presented. High specificity, brightness, dynamic re-
sponse, rapid response, and correct measurement range are prop-
erties necessary to develop efficient sensors successfully [44–46].
5. Frex

A Frex sensor is designed by fusing Rex from Bacillus subtilis (B-
Rex) and circularly permuted yellow fluorescent protein (cpYFP)
[19] ( Fig. 3A). Then, the amino acid residues around the NADH
binding pocket are subjected to single site-directed mutagenesis to
reduce their affinity to NADH and NADþ and to increase their
selectivity to NADH over NADþ . Native B-Rex protein exhibits a
high affinity to NADH (Kd¼24 nM) [47]. For NADH, Frex yields Kd

of approximately 3.7 μM at pH 7.4; this parameter is slightly in-
creased to approximately 11 μM at pH 8.0 (Table 1). For NADþ ,
B-Rex produces Kd of approximately 500 μM [19,47]. Frex binding
to NADþ is negligible [19]. The response of Frex sensor to various
NADH concentrations is not significantly affected by the physio-
logical concentrations of free NADþ [23]; therefore, Frex measures
free NADH levels but not NADþ/NADH ratio.

Using Frex sensors, we can quantify subcellular NADH con-
centrations in mammalian cells. The cytosolic free NADH levels of
approximately 120 nM are extremely low, as determined by Frex
fluorescence. Mitochondrial free NADH level, approximately
30 μM [19], are more than two magnitudes higher, consistent with
the view that endogenous NAD(P)H fluorescence signals originate
mostly from NADH inside the mitochondria [7]. Under physiolo-
gical conditions, Frex is largely saturated by NADH in the mi-
tochondrial matrix. A low-affinity mutant of Frex (C3L194K) is
then recommended to visualize the increase in mitochondrial
NADH levels as induced by mitochondrial respiration inhibitors or
hypoxia [19,48]. C3L194K, a Frex mutant with Kd of approximately
50 μM (Table 1), is approximately 35% saturated in the mi-
tochondrial matrix of HEK293 cells. Cytosolic and mitochondrial
NADH levels are affected by NADH transport, glucose metabolism,
malate-aspartate shuttle activity, electron transport chain func-
tion, hypoxia, and redox environment, as monitored by Frex
fluorescence [19,48].

Similar to many sensors with a cpYFP moiety, Frex sensors are
mainly limited by their pH sensitivity. In the mitochondrial matrix,
pH often varies depending on energy metabolism states and ROS
generation. cpYFP shares very similar pH dependence with Frex
[19]; however, the former is unresponsive to NADH redox state.
Therefore, the effects of pH on Frex fluorescence can be corrected
by measuring cpYFP fluorescence in parallel experiments [19]. Frex
sensors are also limited by their poor folding and weak fluores-
cence in certain cells, such as primary cells or cells that are un-
easily transfected [14]. This may be explained by the fact that the
NADH binding domain of Frex was derived from a mesophilic Rex
protein, and that the fusion and mutation lowered their stability.
6. Peredox

Peredox sensors were constructed using similar mechanisms to
those of Frex sensors except that a pH-insensitive circular per-
mutated T-sapphire fluorescent protein was inserted between the
two subunits of the thermophilic Rex from Thermus aquaticus (T-
Rex) [18] (Fig. 3B). Further mutations were performed to eliminate
the pH sensitivity of the sensor. Peredox exhibits a 150% dynamic
range, which is much smaller than that of Frex and SoNar sensors
(Table 1 and Fig. 4). Peredox was shown to report cytosolic
NADþ/NADH ratio rather than NADH concentration, as NADþ

competes with NADH for binding. However, the fluorescence
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response of Peredox is also dependent on the total pool of
NADþ/NADH because a 3-fold change in the NADþ pool size in the
physiological range results in a 2-fold change in the sensor mid-
point for NADþ/NADH ratio [18]. This phenomenon is pre-
sumptively due to the weak affinity of Peredox to NADþ . Therefore
Peredox cannot strictly indicate an accurate physiologically re-
levant NADþ/NADH ratio because the total NAD(H) pool size varies
among cell types. For quantitative studies of cellular NADþ/NADH
ratio, the effects of total NAD(H) pool size on the response of
Peredox sensor may be calibrated by measuring steady-state
fluorescence response of Peredox in the cells depending on the
lactate: pyruvate ratio in the extracellular solution, which was
then compared to the in vitro response of purified Peredox pro-
teins titrated with NADþ/NADH with a certain pool size (also see
Fig. 3C, 3D of Peredox paper) [18]. However, the reliability of such
calibration was limited, as it was on the basis of simplified as-
sumptions that extracellular lactate/pyruvate ratio equilibrated
with cytosolic lactate/pyruvate ratio, which equilibrated with cy-
tosolic NADþ/NADH ratio through catalysis of LDH reaction.

The selectivity of Peredox to NADH over NADþ is rather high
and is roughly 8-fold higher than that of SoNar; therefore, this
sensor is suitable for high NADþ/NADH ratio conditions (Fig. 4). In
cancer cells with high glycolytic activity, Peredox appears to be
saturated by NADH under normal cell culture conditions with
glucose supplementation [14,18] (Fig. 4); as a consequence, the
sensor is unable to respond to a further decrease in NADþ/NADH
induced by physiological and pathological conditions, such as hy-
poxia, mitochondrial dysfunction, and hyperglycemia. Peredox
may also be saturated by NADH in the mitochondrial matrix under
normal cell culture conditions because of very high NADH levels in
the mitochondrial matrix; however, this phenomenon should be
further investigated. NADH is also uneasily dissociated from Per-
edox because of the high affinity; thus, Peredox yields a low off
rate and responds more slowly than other sensors do when NADH
level decreases [14,18]. In previous study [18], it was also shown
that Peredox was already saturated by NADH when cells were
incubated with 1 mM glucose, not to mention the normal blood
glucose concentration of 5 mM. In our study, the Peredox sensor
slightly responded to stimuli when H1299 cells were incubated
with high lactate concentrations to mimic the glycolytic state; by
contrast, the fluorescence of Peredox decreased to approximately
45% when H1299 cells were incubated with 1 mM pyruvate [14].
The dynamic range of Peredox sensor is 150%; this finding in-
dicates that the maximum decrease in the fluorescence of Peredox
is 40% when NADþ/NADH ratio decreases from infinity to zero.
These data also suggest that the Peredox sensor is almost fully
saturated by NADH under normal cell culture conditions. This high
affinity of Peredox to NADH likely limits its usefulness for in vivo
applications. In most experiments conducted on Peredox sensors
[18], cells are incubated with high lactate and pyruvate levels to
increase the cytosolic NADþ/NADH ratio of the cells until the
measurable range of Peredox is reached. The Peredox sensor is
intensiometric because it is characterized by one excitation peak
and one emission peak. Peredox was fused with mCherry, a red
fluorescent protein, to develop sensors with ratiometric readouts.
However, this strategy increases the overall size of Peredox and
produces aggregates of the sensor in cells [18] (Table 1). Among
the genetically encoded sensors for NADþ/NADH redox states, the
Peredox sensor is the most resistant to pH changes in the phy-
siological range. As such, this sensor is suitable for applications
under pH-fluctuating conditions. Utilizing Peredox, Yellen et al.
measured the cytosolic NADþ/NADH redox state of several cul-
tured and primary cell types and applied Peredox to high-content
image analysis [18].



Fig. 3. Design of genetically encoded NADH sensors. (A) Design of Frex, which is a fusion of cpYFP, a complete B-Rex monomer and the NADH-binding of a second B-Rex
molecule. Figure from [19]. (B) Design of Peredox, which is a fusion of cpTS and T-Rex dimer. (C) Design of RexYFP, which is a fusion of cpYFP and a complete T-Rex monomer.
(D) Design of SoNar, which is a fusion of cpYFP and the NADH-binding domain of T-Rex. Figure from [14].

Fig. 4. Responses of SoNar and Peredox to different NADþ/NADH ratios. Experi-
mental conditions and figure from [14,18].

Y. Zhao, Y. Yang / Free Radical Biology and Medicine 100 (2016) 43–52 47
7. RexYFP

RexYFP sensors were engineered by integrating cpYFP between
residues 79 and 80 of the T-Rex monomer via short polypeptide
linkers (Fig. 3C). These sensors were then used to probe the
NADþ/NADH redox state in the cytoplasm and mitochondrial ma-
trix of cells [43]. The structure of RexYFP is very similar to that of
SoNar (Figs. 3C and 3D). However, the former is larger than the
latter and is characterized by different cpYFP insertion sites (Figs. 3C
and 3D). RexYFP is an intensity-based sensor with a moderate dy-
namic range (Table 1). Similar to Frex and SoNar, RexYFP is sensitive
to pH (Table 1). pH-stimulated factors may be eliminated by
normalizing to the signal of a pH sensor with the same chromo-
phore [14,17,19,49]. RexYFP is described in detail in a reviewwritten
by V. Belousov in the same issue of Free Radical Biology and
Medicine.
8. SoNar

The above three sensors, Frex, Peredox and RexYFP, do not
fulfill all the requirements of an optimal or ideal sensor. Con-
sidering the central role NADþ/NADH play in cell metabolism, just
as the calcium signal for neuroscience, it deserves continued de-
velopment and optimization, to obtain a bright, large dynamic
range, and purely NADþ/NADH ratio-specific sensor for the real-
time tracking of the metabolic states of living cells and living an-
imals. Very recently, we developed such a NADþ/NADH redox
sensor, named SoNar, which represents a substantial improvement
for NADþ/NADH ratio measurement in live cells [14]. SoNar was
developed by insertion cpYFP to C-terminal loop closing to the
ligand binding region of the thermophilic T-Rex, truncating the
linker region before or after the cpYFP domain, and removing the
DNA-binding domain of T-Rex (Fig. 3D). The SoNar sensor provides
significant advantages, are as follows: 1) SoNar is the only ge-
netically encoded sensor that responds to NADH and NADþ . Pre-
viously designed NADH sensors, such as Frex, Peredox, or RexYFP,
elicit fluorescence response to the binding of NADH but not to the
binding of NADþ . SoNar exerts a large, opposing fluorescence re-
sponse to NADþ and NADH. Therefore, SoNar can be used as a
separate sensor for NADH or NADþ for in vitro studies when only
one of the forms exists. In many important regulatory enzymes
and drug targets, such as ADP-ribose polymerases and Sirt family
deacylases, NADþ functions as a co-substrate, in addition to its
role as an electron carrier. SoNar can be used to perform a con-
tinuous NADþ consumption activity assay of these enzymes. 2)
SoNar accurately reports the NADþ/NADH ratio under
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physiological conditions (Fig. 4) and remains unaffected by the
total NAD(H) pool. SoNar also exhibits high affinity to NADþ (kd of
approximately 5.0 μM) and NADH (kd of approximately 0.2 μM).
Inside cells under physiological conditions, the total intracellular
pool of NADþ and NADH ranges from 50 μM to 400 μM [20,50–
52], which greatly exceeds the dissociation constants of SoNar for
NADþ and NADH; thus, the sensor could be occupied by either
NADþ or NADH molecules. Its steady-state fluorescence could also
strictly report the NADþ/NADH ratio rather than the absolute
concentrations of either of the two nucleotides. In contrast to
SoNar, Frex sensor reports only the NADH level and the Peredox
sensor partially presents the NADþ/NADH ratio. 3) The dynamic
range of SoNar is 1500% at different NADþ/NADH ratios in vitro
(Fig. 4), and this result is almost 2-fold greater than that of Frex
and 10-fold greater than that of Peredox (Table 1). This result is
also one order of magnitude higher than that of other metabolite
biosensors. Their dynamic ranges are usually from 20% to 150%
[42]. With this property, SoNar is among the few most responsive
genetically encoded sensors available to date. As such, SoNar can
resolve subtle metabolic changes within a broad range of
NADþ/NADH ratio. 4) SoNar sensors exhibit a much more intense
fluorescence than Frex does [14] (Table 1). Thus, these sensors
perform well in in vivo studies involving mammalian models and
high-throughput screening. SoNar is also bright and functional in a
transgenic zebrafish model (data not shown). This finding sup-
ports future applications. Although many sensors have been de-
veloped, very few genetically encoded sensors can be used for
in vivo studies, particularly mammalian models. To our knowledge,
none of the previously reported NADH sensors or other metabolite
sensors has been reported in mammalian studies.

SoNar sensors, together with mitochondrial-targeted Frex
sensors, provide a unique opportunity to assess mitochondrial
function via different views: cytosolic NADH and mitochondrial
NADH. We found that complex I, III, and IV inhibitors increased
mitochondrial NADH levels, whereas complex II and malate-as-
partate shuttle inhibitor decreased mitochondrial NADH levels
(Fig. 5A). Nevertheless, these inhibitors significantly decreased the
cytosolic NADþ/NADH ratio. Therefore, the inhibition of mi-
tochondrial respiration not only affected the mitochondrial NADH
redox state but also regulated the cytosolic NADH redox state. In
previous study, other NADH sensors also demonstrated that
complex I inhibition or the malate-aspartate shuttle inhibition
increased cytosolic NADH levels [14,43], in agreement with the
results of SoNar. Furthermore, when glucose or lactate was sup-
plemented to the medium, cytosolic NADH rose immediately,
Fig. 5. Responses of Frex-Mit and SoNar to various stimuli in living cells. (A) Fluores
inhibitors and the NADH shuttle inhibitor AOA. Cells were treated with inhibitors for 30
normalization with cpYFP-Mit fluorescence measured in parallel experiments. SoNar fluo
control condition. Error bars represent SEM. Experimental conditions and figure adapted
Frex-Mit or SoNar to glucose (B) or lactate (C). Frex-Mit fluorescence with excitation at 48
normalized to the control condition. Experimental conditions and figure adapted with
whereas it took about 10 min for the raise of mitochondrial NADH
level (Figs. 5B and 5C). These results suggested that the NADH
concentration in the cytosol is sensitive to environmental changes,
while the mitochondria have a strong tendency to maintain phy-
siological NADH homeostasis [19]. Although the free NADH levels
in the cytosol is two magnitudes lower than those in the mi-
tochondria [19,49], a comprehensive understanding of mitochon-
drial and cytosolic NADH level should help identify the pathway
perturbed by various inhibitors or energy sources.

Using SoNar, we determined cytosolic NADþ/NADH ratio in
various cells [14], which ranges from 100 to 900 [14,23]. In com-
parison, intracellular NADþ/NADH ratio was reported to be 2–10
measured by biochemical methods such as enzyme cycling assay
[38], HPLC [39,40], or HPLC-MS [41]. Such differences were due to
the fact that those alternative methods cannot distinguish mi-
tochondrial or cytosolic NADþ/NADH. Cytosolic NADH measure-
ment with these methods easily introduces contaminants from the
mitochondrial NADH pool; thus, the cytosolic NADH level is often
overestimated.

Two concerns should be emphasized when SoNar is applied to
metabolic research. First, SoNar sensors do not permit the direct
quantification of NADþ or NADH levels separately in living cells or
living organisms. Second, its fluorescence excited at 485 nm is sen-
sitive to pH (Fig. 6A), and this characteristic is similar to that ob-
served in other cpYFP-based sensors. Fortunately, its fluorescence
excited at 420 nm (Fig. 6D), dynamic range, and KNAD

þ
/NADH are pH

resistant (Figs. 6E and 6F). SoNar displays a 15-fold change in fluor-
escence with excitation at 485 and 420 nm at different NADþ/NADH
ratios in vitro; as such, the sensor is included among the most re-
sponsive genetically encoded sensors available to date. By contrast,
nearly 2-fold change in fluorescence is detected at an excitation of
485 nm within the physiological pH range of 7.0 to pH 7.4 in the
cytosol (Fig. 6A). Thus, pH variations moderately complicate the
fluorescence ratio of SoNar. In many circumstances, the effects of pH
on SoNar [14] and other cpYFP-based sensors [53–55] are not evi-
dent. However, when cytosolic pH fluctuations do occur, SoNar
fluorescence can be measured with 420 nm excitation only, at the
expense of reduced dynamic range [14] (Fig. 6D). Alternatively, the
pH effects on SoNar fluorescence excited at 485 nmmay be corrected
by measuring SoNar's and cpYFP's fluorescence in parallel because of
their very similar pH responses [14] (Fig. 6B). For correction of pH
effects with cpYFP, we suggest that the users always measure the
fluorescence ratio of cpYFP alone in cells in parallel with measure-
ments in SoNar-expressing cells, and then calculate the pH-corrected
ratio(R) of cells as follows: R¼RSoNar/RcpYFP (RSoNar and RcpYFP
cence responses of cells expressing Frex-Mit or SoNar to different mitochondrial
min. Frex-Mit fluorescence with excitation at 485 nm was corrected for pH effect by
rescence excited at 420 nm and 485 nm (F420 nm/F485 nm) was normalized to the
with permission from [14,19]. (B and C) Fluorescence responses of cells expressing
5 nm or SoNar fluorescence excited at 420 nm and 485 nm (F420 nm/F485 nm) was
permission from [14,19].



Fig. 6. pH sensitivity and pH effect correction of SoNar. (A) Fluorescence intensities of SoNar and cpYFP with excitation at 420 nm or 485 nm, and emission at 528 nm. Data
normalized to the fluorescence at pH 7.4. Figure from [14]. (B) pH-dependency of the excitation ratio 420/485 nm of SoNar and cpYFP. Data normalized to the fluorescence
ratio at pH 7.4. Figure from [14]. (C) Dose-dependent response of cytosolic SoNar and cpYFP fluorescence to different concentrations of 3-BrPA in H1299 cells. The dark red
line represents the fluorescence response of SoNar corrected for pH effects. Cells were measured immediately after 3-BrPA addition. Data are normalized to samples without
3-BrPA incubation. Figure from [14]. (D) Fluorescence intensity of SoNar when excited at 420 nm plotted against the NADþ/NADH ratio at the indicated pH. Adapted from
[14]. (E and F) Normalized (E) and Un-normalized (F) ratio of SoNar fluorescence excited at 420 nm and 485 nm at the indicated pH plotted against the NADþ/NADH ratio.
For E, the data was normalized to the scale of 0–1 to demonstrate that SoNar dynamic range and KNAD

þ
/NADH are pH resistant. For E, Figure from [14]; For F, Adapted from [14].
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represent the excitation ratio 420/485 nm for SoNar and cpYFP, re-
spectively). In Fig. 6C, the fluorescence ratio of SoNar was in-
dependent of the concentration of 3-BrPA, a glycolysis inhibitor. The
artifact was caused by the decrease in pH in the cytosol, as indicated
by the cpYFP fluorescence ratio (Fig. 6C). The SoNar fluorescence
ratio was normalized by the cpYFP fluorescence ratio to correct this.
The pH-corrected SoNar fluorescence ratio is strictly dependent on
the concentration of 3-BrPA. Therefore, the inhibition of glycolysis by
3-BrPA markedly increased the cytosolic NADþ/NADH ratio (Fig. 6C).
As a previously used strategy for other pH-sensitive genetically en-
coded sensors [54,56,57], pH-sensitive dyes or fluorescent proteins
can also be used to correct the fluorescence ratio of SoNar.
9. SoNar-based high-throughput analysis of metabolic states

SoNar is a superior tool for high-throughput analysis of meta-
bolic states in living cells and in vivo because of its rapid response,
high sensitivity, intense fluorescence, and large dynamic range. For
SoNar-based high-throughput chemical screening, a general
workflow is described in Fig. 7. Briefly, add compounds and cell
suspensions into 384-well black flat bottom plate, respectively,
and then measure the fluorescence immediately by using a multi-
mode microplate reader with 420 or 485 nm excitation, and
528 nm emission wavelengths. For a more detailed description,
please also see our upcoming Nature Protocols paper [14]. Typi-
cally, for a 384-well plate assay, it generally takes no longer than
1 s to assess the effect of one compound on cell metabolism.
However, for a recently reported nuclear magnetic resonance-
based screening method, the overall time is approximately 20–
35 min per sample [58].
We examined the effect of 45500 compounds on cell meta-

bolism and found that only a small fraction of the screened com-
pounds affected the cytosolic NADþ/NADH redox states. Among
these compounds, protein kinase inhibitor and phosphokinase
inhibitor libraries yielded a significant percentage of hits; this
finding indicated the regulatory roles of protein phosphorylation
in cell metabolism [14]. The most potent compound increasing the
NADþ/NADH ratio, which is also the most potent selective cancer-
killing compound, KP372-1, was identified as a potent NQO1-
mediated redox cycling agent. KP372-1 induced extreme oxidative
stress, two to three orders of magnitude more efficiently than
H2O2 or thiol oxidants (aldrithiol-2 and diamide). KP372-1 selec-
tively induced cancer cell apoptosis through a mitochondrial
pathway, and effectively reduced tumor growth in vivo. Another
7 compounds that significantly increased cytosolic NADþ/NADH
ratio and induced cell death, fascaplysin, plumbagin, NSC-95397,
PTP CD45 inhibitor, shikonin, LY-83583 and β-lapachone, also
produced oxidative stress in the cells. β-lapachone was known to
affect cell metabolism by NQO1 and consuming NAD(P)H [59,60],
while shikonin was reported to inhibit cancer cell glycolysis by
targeting tumor pyruvate kinase M2 [61]. However, to our
knowledge, other compounds have never been directly linked to
energy metabolism. Of particular note, quite a few compounds
among FDA-approved drugs and the NIH clinical collection also
affected cellular metabolism. Among them, Troglitazone, Rosigli-
tazone, and Zaprinast significantly increased the cytosolic
NADþ/NADH ratio. Interestingly, recent studies showed that these
compounds were specific inhibitors of the mitochondrial pyruvate
carrier (MPC) [62,63]. Therefore, SoNar responded to the MPC



Fig. 7. The workflow of SoNar-based high-throughput chemical screen.
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inhibition, which caused the accumulation of pyruvate in the cy-
tosol [64,65] and the increase in the cytosolic NADþ/NADH ratio.
Some hits in our screen may also be due to MPC inhibition. Further
studies are underway to identify MPC inhibitors.
10. Concluding remarks

Fluorescent imaging with highly sensitive and specific
NADþ/NADH biosensors can be efficiently used for the real-time
profiling of the metabolic states of living cells with single-cell or
subcellular resolution. Considering the significant variation of
NADH levels in different subcellular compartments, researchers
should use sensors with appropriate affinity. We recommended
SoNar, FrexH, Peredox, and RexYFP sensors with high affinity for
cytosolic or nuclear NADH detection, and Frex and C3L194K sen-
sors with low affinity for mitochondrial NADH detection.

Owing to the physiological and structural complexity of the
mitochondria, the NADþ/NADH sensors together with other redox
sensors, such as hyper (H2O2 sensors) [53], can help elucidate the
mitochondrial redox states. Highly responsive NADþ sensors are
also preferred. Using such sensors, together with Frex sensors and
SoNar sensors, researchers can simultaneously measure three
critical parameters, namely, NADþ , NADH, and their ratio inside
cells.
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