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Abstract

ATP is the most universal and essential energy molecule in the eukaryotic cell. This is due
to its ability to store energy in form of high energy phosphate bonds, which are extremely
stable and readily usable by the cell. This energy is key for a variety of biological functions
such as cell growth and division, metabolism, signalling, and for the turnover of
biomolecules. Understanding how ATP is produced and hydrolysed with a
spatiotemporal resolution is necessary to understand its functions both in physiological
and pathological contexts. In this review, we will first describe the ATP synthase, the main
molecular motor for ATP production in mitochondria. Second, we will review the
biochemical assays currently available to estimate ATP quantities in cells, and we will
compare their readouts, strengths and weaknesses. Then, we will explore the palette of
genetically-encoded biosensors designed for microscope-based approaches and show how
their spatiotemporal resolution opened up the possibility to follow ATP levels and
production in living cells. Finally, we will comment on how ATP monitoring is used in
preclinical practices, and to what extent genetically-encoded sensors could be used as a
promising tool to elucidate pathologies in which ATP is implicated.
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1. ATP production and functioning of the ATP synthase

ATP (or Adenosine Triphosphate) is a key and universal energy molecule with the ability to
store and transport energy. This is achieved thanks to the phosphoanhydride bonds between the a — 3
phosphate groups, and between the 3 — y ones. These are defined as high energy bonds, because their
hydrolysis is energetically favourable, and it liberates more than 7,2 kcal/mole [1,2]. The energy
released from the hydrolysis of the phosphoanhydride bond is essential to almost all cellular
processes and it is consumed to realise a various number of reactions. For example, the
phosphorylation of 3-phosphoglycerate into 1,3-bisphosphoglycerate during gluconeogenesis
consumes 4,8kcal/mole [3]. Again, the Na*/K* pump allows the expulsion of 3 atoms of Na* and the
entry of 2 atoms of K+ into the cell by consuming 1 molecule of ATP, therefore approximately 7,2
kcal/mole [4]. In processes regulating synaptic communication, the formation of vesicles filled with
neurotransmitters and their release into the synaptic cleft consumes 1 molecule of ATP per vesicle
[5,6]. Last, in muscular contraction, the sliding of the myosin head on the actin filament consumes 1
molecule of ATP as well [7]. Overall, cellular activities can be seen as large energy consuming
processes and where ATP is the most common energy source [2,8]. In addition to its energy-providing
role, ATP is a key molecule involved in cell signalling [9], and particularly in purinergic signaling [8].
Indeed, the ATP molecule has the ability to be recognized by purinergic receptors, and it plays key
roles in inflammation [10,11], in the coagulation response, in cell proliferation, in synaptic
transmission, and in cell permeability among other roles [12,13].

From a structural point of view, there are significant electrostatic repulsions between the
negatively-charged phosphate groups within one molecule of ATP. As a result, ATP tends to undergo
spontaneous hydrolysis. Because of this feature, ATP (as well as ADP, Adenosine Diphosphate) is
found in a complex with the magnesium ion (Mg?) within the cell. The Mg?-ATP complex reduces the
electrostatic repulsions within the ATP molecule, due to the positive charges of the Mg? ion that
partially neutralize the negative charges of oxygen. This makes the Mg?-ATP complex less prone to
spontaneous hydrolysis, thus more stable in the cell than ATP in its free form [14] (Figure 1).
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Figure 1. Chemical representation of ATP structure. ATP is a nucleotide composed of adenine (purine base),
ribose (pentose) and of 3 phosphate groups. Within the cell, ATP is stabilized by Mg?* in order to form Mg?-ATP
complex.

Due to the multiple and pivotal roles of ATP, the eukaryotic cell established multiple pathways to
synthesize this essential molecule. The energy-providing biomolecules are carbohydrates, lipids and
proteins, and are mostly obtained with food intake. These molecules allow ATP to be synthesized by
different catabolic pathways as glycolysis, lipolysis and proteolysis respectively. Each of these
pathways converges on a common pathway: oxidative phosphorylation, the main route for aerobic
ATP synthesis [15] (Figure 2).
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Figure 2. Metabolic pathways leading to ATP synthesis
This figure shows the degradation of lipids by lipolysis (magenta), proteins by proteolysis (cyan) and

carbohydrates by glycolysis (blue). These three pathways converge on the Krebs cycle (purple), followed by
oxidative phosphorylation (pink) to form ATP. IMM corresponds to Inner Mitochondrial Membrane, IMS

corresponds to Intermembane Mitochondrial Space.

In the sections below, we will focus on the comparison between the bacterial and eukaryotic
complexes orchestrating oxidative phosphorylation, and on structural insights of the ATP synthase.
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1.1 Oxidative phosphorylation

Oxidative phosphorylation is the process coupling the oxidation of electron-donor molecules —
NADH,H* and FADH: — with the phosphorylation of ADP into ATP. This process takes place at the
level of the inner mitochondrial membrane, within the mitochondrial respiratory chain. Functionally
speaking, the mitochondrial respiratory chain can be divided into the electron transport chain module
(complexes I to IV) and the ATP synthase (Complex V) (Figure 2, Figure 3).
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Figure 3. Bacterial and mitochondrial respiratory chain.

In bacteria, the respiratory chain is located in the cytoplasmic membrane (left panel, italics), and in the inner
mitochondrial membrane in eukaryotes (right panel, italics). It is composed of an electron transport chain that
creates a proton gradient in the periplasmic space for bacteria and in mitochondrial intermembrane space for
eukaryotes. Then, this proton gradient is translocated to the bacterial cytoplasm for bacteria or to the
mitochondrial matrix for eukaryote through the ATP synthase. This structurally allows the rotation of the ATP
synthase, and ATP will be converted from an ADP + Pi reaction.

The electron transport chain is constituted by four large protein complexes (I, 1L, III and IV) as
well as two membrane shuttles, coenzyme Q10 and cytochrome c (Figure 3) [16]. Complex I, also
called NADH dehydrogenase, is a complex of approximately 1000 kDa and is composed of 45 protein
subunits, 1 flavin mononucleotide coenzyme (FMN, similar to FAD) and 8 iron-sulfur clusters. It
catalyzes the transfer of electrons from NADH,H* to coenzyme Q10, while translocating protons
across the inner mitochondrial membrane into the intermembrane space [17,18]. Complex II, also
named succinate dehydrogenase is a complex of approximately 140 kDa and is composed of 4 protein
subunits, 1 flavin adenine dinucleotide coenzyme (FAD), 3 iron-sulfur clusters and 1 single heme
group. It catalyzes the transfer of electrons from succinate to coenzyme Q10 [18]. Complex III, named
cytochrome c reductase, is a complex of approximately 250 kDa and is composed of 11 subunits, 1
iron-sulfur cluster and 3 cytochromes (1 cytochrome c1 and 2 cytochromes b). It catalyzes the transfer
of electrons from coenzyme Q10 to cytochrome ¢, and it translocates protons across the inner
mitochondrial membrane into the intermembrane space [18]. Complex IV, also named cytochrome c
oxydase, is a complex of approximately 200 kDa and is composed of 13 subunits, 3 copper atoms and
2 heme groups, also known as cytochrome a and cytochrome as. It catalyzes the transfer of electrons
from cytochrome c to oxygen (the last acceptor molecule for electrons) and it translocates protons
across the inner mitochondrial membrane into the intermembrane space [18]. The shuttles function as
follows: coenzyme Q10, also called CoQuo or ubiquinone-10, is a liposoluble electron carrier and
transports both electrons and protons [19], while cytochrome c is a water-soluble protein which carries
electrons exclusively [20].
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In summary, the role of these first 4 complexes is to oxidize electron-donor molecules such as
NADH,H* and FADH:, which are derived from the Krebs cycle, and which are powered by the
catabolism of carbohydrates, lipids and proteins. The electrons are then transferred to O, thereby
making this process aerobic. This successive oxidation of donor molecules creates a proton gradient,
allowing the phosphorylation of an ADP molecule into ATP by the ATP synthase complex. This
process is called phosphorylating oxidation, or more commonly known as oxidative phosphorylation.
The ATP synthase is the fifth complex of respiratory chain. We will deepen the description of this
ATP factory in the next paragraph [8].

1.2 ATP synthase

The process of ATP synthesis by oxidative phosphorylation is a phenomenon already existing
in bacteria, that have a membrane respiratory chain very similar to the mitochondrial respiratory one
(Figure 3). This similarity between the bacterial and mitochondrial respiratory chain became one of the
pillars of the theory of primary endosymbiosis [21-23]. Briefly, this theory explains the origin of
mitochondria in eukaryotic cells as the result of the endocytosis of bacteria by a primitive eukaryotic
cell. With evolution, it is thought that this primitive eukaryotic cell maintained an endosymbiotic
relationship with bacteria, which transformed into current mitochondria approximately between 1.5 to
2 billion years ago [24]. Although this theory is increasingly controversial [25-27], the first studies on
ATP synthase were carried out on the bacterial ATP synthase. This is not only due to its similarity
with the human ATP synthase, but also because of the fast replication rates of bacteria and the ease of
introducing modifications to its genome [28].

ATP synthase is a large complex of about 600 kDa and consists of three parts: the FO part, the
F1 part and a peripheral stalk. The FO part is embedded in the inner mitochondrial membrane (or the
bacterial plasma membrane), and it is responsible of proton translocation (Figure 4). This part rotates
within the membrane due to its interaction with protons, hence its nickname “rotor”. F0 also forms a
central stalk connecting it to the F1 part. The F1 part protrudes in the mitochondrial matrix (or the
bacterial cytoplasm) and is the static part of the ATP synthase. F1, also called “stator”, is responsible
for the phosphorylation of ADP into ATP. In addition to a direct connection between F0 and F1 by the
central stalk, the two parts are also connected by a peripheral stalk which further stabilizes the
complex and allow to keeps the whole ATP synthase complex stable and static during the rotation of
the c-ring and the central stalk within the hexamere as-33 [29] (Figure 4).

From an ultrastructural point of view, FO, F1 and the peripheral stalk are very similar between
the bacterial and mitochondrial ATP synthases. On one hand, the bacterial FO region is composed of
subunits a-co-15, the F1 region is composed of subunits as-Bs-y-¢ and the peripheral stalk is composed
of subunits b2-0 [28]. On the other hand, the mitochondrial FO region is composed of subunits a-cs-i5,
the F1 region is composed of subunits as-[33-y-0-¢ and the peripheral stalk is composed of subunits
OSCP-b2-d-F6. In addition to the differences observable between the two peripheral stalks, the
mitochondrial ATP synthase is composed of some additional subunits — e, g, f, A6L, j and k — which
are associated to the FO part [30,31] (Figure 4).
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Figure 4. Structural comparison of the bacterial and mitochondrial ATP synthases

Left panel: the bacterial ATP synthase consists of a rotor part FO (yellow, orange), forming the proton channel by
subunit a and co15. FO also carries a central stalk (pink), composed by the y and & subunits. The static part F1 is
formed by the peripheral stalk (purple) and the catalytic headpiece (blue). The peripheral stalk is constituted by
the b, b” and & subunits, and the catalytic headpiece by the as-f3s subunits (blue). Right panel: Mitochondrial ATP
synthase consists of rotor part FO (yellow, orange), forming the proton channel by subunit a and cs15, in addition
to subunits e, g, f, A6L, j and k. As in bacteria, FO also carries a central stalk (pink) composed by the vy, d and ¢
subunits. The static part F1 is formed by the peripheral stalk (purple) and the catalytic headpiece (blue). The
peripheral stalk is constituted by the b, d, F6, OSCP subunits and the catalytic headpiece by the as-83 subunits
(blue). Note: The mitochondrial subunit ® corresponds to the bacterial subunit ¢, whereas the mitochondrial e
subunit does not exist in bacteria.

Being structurally very similar, the bacterial and mitochondrial ATP synthases synthesize ATP

on the same principle, the rotational catalysis (Figure 5). As introduced above, the electron transport
chain causes an efflux of protons towards the mitochondrial intermembrane space (or bacterial
periplasmic space), thereby creating a proton gradient. Through the FO part of ATP synthase, the flux
of protons is then re-internalized from the mitochondrial intermembrane space (or bacterial
periplasmic space) to the mitochondrial matrix (or bacterial cytoplasm). Mechanistically, the proton
flux induces the rotation of the rotor, thanks to the interactions between protons and aspartate
residues carried by the c subunits of the F0 region. The rotation of F0, including the central stalk which
is in the core of the F1 region, results in conformational changes of the as-33 hexamer.
The nucleotide-binding sites are located at the interface of a and 3 subunits. It is at the level of the 3
subunits that ATP is directly synthesized, thanks to the presence of a catalytic site within each
subunit. The a subunits do not play an active role in catalysis, but they participate to the regulation of
the ATP synthase activity [31]. Each of the 3 subunit has a given conformation (Figure 5): the first is
the loose conformation, also called Por because it binds ADP and inorganic phosphate; the second is
the tight conformation or re, because it forms a bond between ADP and Pi and synthesizes ATP. The
last is the open conformation, also called e or empty, because it releases the newly-formed ATP
molecule. These different conformations work in synergy to synthesize ATP and at each timepoint,
each of the 3 subunits is occupied by a nucleotide [32].
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Figure 5. Rotational catalysis is the mechanism of ATP production by the ATP synthase

Each of the 3 subunits of the ATP synthase are found in a loose, tight or open conformation allowing the
synthesis and the release of ATP molecules. The loose conformation (or), corresponds to the binding of ADP and
inorganic phosphate. The tight conformation ([3tr), corresponds to the formation of a bond between the ADP and
inorganic phosphate. The open conformation (), corresponds to the release of the newly-formed ATP molecule
into the mitochondrial matrix (or bacterial cytoplasm).

A peculiarity of the mitochondrial ATP synthase is that it can arrange in supramolecular
complexes as dimers and oligomers. The clustering of multiple ATP synthase complexes triggers local
folding events on the inner mitochondrial membrane, commonly known as mitochondrial cristae
[33,34].

Overall, ATP production is a major and complex cellular process. Given that the intracellular
functions of this molecule are critical for cell physiology and in pathological conditions, monitoring
the levels of ATP in cells has been used for decades as readout of cellular functions. First analyzed
using biophysical and biochemical approaches, the raise in microscopy-based techniques has
deepened our understanding of the many roles of ATP in the cell. In the next chapter, we will make an
overview of the various approaches currently available to study ATP.

2. Techniques to monitor ATP levels

There are several approaches to estimate the levels of ATP, ADP and AMP (Adenosine
monophosphate). In the section below, we will first describe the most employed biochemical and
biophysical assays to measure cellular and extracellular ATP levels. Second, we will review the panel
of microscopy-based tools and approaches to monitor cellular and extracellular ATP levels at the
single-cell level and with spatiotemporal resolution.

2.1 Biochemical and biophysical approaches to measure cellular and extracellular ATP levels
2.1.1 Nuclear Magnetic Resonance spectroscopy

Nuclear Magnetic Resonance (NMR) is a technique allowing to determine the structure of
molecules, and largely employed to unravel the conformation of macromolecules. This technique is
based on the property of specific atoms to have an odd number of protons and/or neutrons. This
results in a non-zero nuclear spin (I) for atoms as 'H, 1*C, °F and 3'P, which have an I value equal to 2
making them comparable to magnetic dipoles. When these atoms are subjected to a magnetic field,
they absorb an electromagnetic wave and resonate by emitting an energy peak detectable with a NMR
spectrometer [35]. Since ATP, ADP and AMP molecules contain a significant proportion of H and P
atoms, it is possible to detect them using this approach [36-38] (Figure 6).
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Figure 6. Principle of Nuclear Magnetic Resonance

The spectrometer consists of a magnet and several coil systems. The sample is placed in a superconducting
magnet (or electromagnet), in which a continuous magnetic current (magenta) is generated, creating a Bo
magnetic field of up to 25 Tesla [39]. Then, a radiofrequency oscillator generates an alternating magnetic current
(cyan) Bi at the frequency v, called resonance frequency, of 60 to 950 MHz [40,41]. A radio-electromagnetic wave
is thus generated (purple). The studied atom absorb this radio-electromagnetic wave, and its capable to resonate.
It will then emit energy peaks that can be captured on an NMR spectrum thanks to a radiofrequences transmitter
(orange), which will detect and recover the radiofrequencies and transmits them to computer software. On this
spectrum, the reference (peak at Oppm on the x-axis) corresponds to the internal standard, which is a molecule
with a known resonance frequency and that can be used as a reference. This reference compound (usually TMSP)
has very low toxicity, an overall chemical inertia and emits a single peak on the spectrum make it readily
distinguishable from all other molecules tested. Since ATP, ADP and AMP molecules contain a significant
proportion of H and P atoms, their relative signals on the NMR spectrometer will differ from the one of the
internal standard.

The quantitative Nuclear Magnetic Resonance spectroscopy (QNMR) is a variant of NMR
allowing, as the name indicates it, to quantitatively measure one or more molecules simultaneously
[42]. On a qNMR spectrum, the peak area is directly proportional to the number of atoms, and the
concentration of the molecules analyzed can be determined by using an internal standard of known
concentration previously added to the sample. By using 'H and 3P qNMR (H-NMR and 3'P-NMR),
Lian et al. were able to simultaneously monitor ATP, ADP and AMP [38]. As internal standards, they
employed TMSP (sodium 3-(trimethylsilyl) propionate-2,2,3,3-ds) for 'H-NMR, and Na:HPOs
(anhydrous disodium hydrogen phosphate) for 3'P-NMR. The main advantage of this method is the
perfect linearity in a given range: 0.1-100 mM for 'H-NMR, and 1-75 mM for 3'P-NMR. qNMR turned
out to be particularly useful in pathological situations where cytoplasmic ATP is massively released
into the circulation [43]. However, this technique has some limitations: first, the detection range is
lower than the concentration of physiological ATP present in cells and tissues. For example, ATP
concentration in human plasma is around 0,001mM [44]. Moreover, this technique has a low temporal
resolution, as requires an extended time frame — approximately of 14 hours — to complete the detection
of a specific spectrum. This long acquisition time is a significant caveat for specific applications as
high-throughput screening. In addition, and although extremely precise in estimating the quantity of
specific components, gqNMR requires significant amounts of biological materials (e.g. total cell
extracts) to provide reliable readouts on the concentration of nucleotides in physiological conditions.
Lastly, NMR requires very expensive equipments that prevent its thorough diffusion in every lab
interested in estimating ATP levels.
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2.1.2 High-Performance Liquid Chromatography and Liquid Chromatography coupled to tandem Mass
Spectrometry

High-Performance Liquid Chromatography (HPLC) is a widespread technique, which has
been widely used since the 1990s. Its purpose is to separate molecules within a complex sample
according to specific features as polarity [45]. This method is based on a mobile phase, which is
constituted by the sample to analyse, previously resuspended in a solvent with a given polarity. The
mobile phase then passes through a column, which constitutes the stationary phase. The molecules of
the sample will be separated thanks to the different affinities that they have with the column. Those
with more affinity will be retained on the stationary phase, while the others will be washed out. As a
result, the molecules will be separated and will exit the column at different times. At the exit of the
stationary phase, the molecules will pass through a detector for analysis, thus generating a
chromatogram (Figure 7). Globally, this approach allows to identify the molecules and their absolute
quantity [45].

T ATP ADP AMP
phase > —— —>( Stationary phase )—» Detector |—— /\_/\_/\

sample sepa(a'tion gccording to the :
affinity with the column time (min)

signal

elution solvents

Figure 7. High-Performance Liquid Chromatography Principle

The mobile phase, constituted by solvents of more or less polar, will pass through a pump which will put the
mobile phase under pressure. Then, the injector will put the samples in contact with the mobile phase, which then
passes through the stationary phase. The stationary phase is a column that will separate the different molecules of
the sample according to their affinity the solvents. At the exit of the column, the detector will detect the molecules
of interest by a signal (different types of detectors exist as UV-visible radiation, fluorescence emission, mass
spectrometer). The information will then be processed by a computer, which will then generate a chromatogram
as output.

HPLC has thoroughly been used to determine ATP, ADP and AMP levels in different types of
samples: in plant primary cells [46], in conventional mammalian cell lines such as MCF7 and MDA436
[47], or in primary cells such as human and mouse platelets [48]. The sensitivity of HPLC in detecting
nucleotides is in the order of umol, therefore HPLC analyses on biological samples require large
amounts of cells and a complete extraction of cell contents. This is a potential caveat, as complete
extractions can lead to the loss of nucleotides due to hydrolysis. To counteract this limitation, Bhatt et
al. have developed an ion-pairing HPLC method coupled with fluorescence detection to quantify
ATP, ADP and AMP in primary astrocytes [49]. In ion-pairing HPLC, the stationary phase consists of
an ion-pairing column, and an ion pair reagent is added to the mobile phase to increase or decrease
the retention time of partly-ionized organic analytes in the column, according to the type of molecule
to analyse. In addition, the method to detect nucleotides at the exit of the column benefits from the
sensitivity of fluorescence (nmol/pmol range). Nucleotides undergo a derivatization by the
transformation of adenine-based nucleotides into 1,Né-ethenodericatives, which gives them
fluorescent-like properties and protects them from hydrolysis during cell extraction. This method
shows an excellent selectivity thanks to the use of an excitation wavelength at 280nm, and by
recording the emission at 410nm, which is specific for etheno-adenine compounds. Unlike
conventional HPLC, ion-pairing HPLC is extremely precise and capable to monitor the levels of
nucleotides at the pmol scale. However, it still requires complete cell extraction and a modification
step to make ATP, ADP and AMP fluorescent. Compared to NMR, HPLC is a fast (the retention time
is about 20min [49]), automated, highly reproducible and very accurate method to identify nucleotides
in total cellular extracts. As for NMR, this technique is very expensive, thereby hindering its diffusion
as a gold-standard method to quantify nucleotides in living samples.
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The Liquid Chromatography coupled to tandem Mass Spectrometry (LC-MS/MS) is a
combination of the ability to separate different molecules by liquid chromatography as in HPLC, and
the ability to detect and identify molecules of interest by measuring their mass using mass
spectrometry. Briefly, mass spectrometry is based on the ionization of molecules of interest (generally
by ElectroSpray lonization, ESL; or Matrix Assisted Laser Desorption Ionization, MALDI) and their
sublimation (passage of molecules to the gas state) [50]. Once ionized, the molecules enter an
acceleration zone in which they acquire a specific speed, which directly depends on their mass (m)
and charge (z). Then, the molecules are sorted according to their m/z ratios in an analyzer, which is
constituted by an empty column of air preserving the respective speed of each molecule against
friction forces. Once the molecules have gone through the analyzer, an ion detector detects the
molecules one by one and generates a spectrum (Figure 8).
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Figure 8. Principle of Mass Spectrometry

First of all, the sample is prepared by integrating it into a matrix, then put in a specific plate and placed in the
spectrometer. The ion source (nitrogen laser) irradiates the sample (the matrix protects the sample from
destruction by direct laser irradiation). This irradiation causes heating, which transforms the sample from a solid
state to a gaseous state. Then, this irradiation causes shocks between the molecules of the sample and the matrix,
which will cause the transfer of protons from the matrix to the sample, thus leading to ionization. The sample is
therefore gasified and ionized (positively charged). Furthermore, the sample passes through an acceleration zone
which is negatively charged. The molecules of the sample therefore acquire a certain speed, which is inversely
proportional to the mass (m) or charge (z) of the molecule. Then, the molecules enter the analyzer which will
separate the molecules according to their m / z ratio. At the exit of the analyzer, the molecules of interest will be
detected and processed by a computer to generate a spectrum.

The LC-MS/MS method benefits from the advantages of both techniques: LC allows to
separate molecules according to their polarity, while MS/MS allows to determine their quantity with
high precision. Recent studies used LC-MS/MS for the simultaneous quantification of ATP and other
small metabolites as 2,3-diphosphoglycerate, NAD*/NADH,H* or short chain acyl-CoAs [51,52].
Therefore, this method makes it possible to obtain the concentration of ATP and that of other
molecules with very different biochemical properties, at the same time and faster than the previous
approaches (retention time is between 10min [51] and 2min [52], according to the setup used).
However, like HPLC, LC-MS/MS is an extremely expensive technique as it requires expensive
instruments and sample preparation can be cumbersome.

2.1.3 Respirometry

Respirometry (or oxygraphy) is an indirect method to measure the mitochondrial ATP
production. As described above, the electron transport chain creates a proton gradient by consuming
oxygen, which in turn allows the ATP synthase to rotate and produce ATP from ADP + Pi (Figure 3).
Oxygen consumption can directly be linked to ATP production: the more cells produce ATP, the more
oxygen they consume [53]. The principle of oxygraphy is to modulate the respiratory chain using
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selective drugs known for their capacity to activate or inhibit its activity, and to measure the
corresponding flux of oxygen. Concretely, respirometry consists of placing cells (intact or
permeabilized) or mitochondrial fractions in oxygen chambers known as Clark’s electrodes. The drugs
are then injected sequentially into the chambers, while the electrodes will measure the oxygen levels
after the injection of each drug. The cocktail of drugs used in an oxygraphy experiment normally
contains: oligomycin, FCCP (carbonylcyanide p-trifluoromethoxyphenylhydrazone) and a mix of
antimycin-rotenone (Figure 9).

C] - Oligomycin) ( 2-FCCP ) C3' Antimycinl) A Oligomycin FCCP Antimycin/rotenone
rotenone

Sequential injection of drugs l l l

NS
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Figure 9. Respirometry: principle, drugs used and expected output

Left panel: The oxygraph is equipped with sensors, called Clark's electrodes, which measure oxygen consumption
of the sample in each chamber. The reduction of O: to H20 produces an electrical current which is amplified by
the device. The intensity of the current is proportional to the amount of dissolved O2 in the measured chamber.
Moreover, the sequential injection of drugs which acts on mitochondrial respiratory chain allows to dermine the
metabolic profil by oxygen consumption rate of cells or mitochondrial isolates. Right panel : The oxygen
consumption rate varies depending on the drugs injected on a cell type or mitochondrial isolates. First without
drug, we determine the basal respiration. Then, by adding oligomycine we determine the proportion of ATP
production by ATP synthase. Then by adding FCCP, we determine the maximum respiratory capacity in other
words the maximal capacity to reduce oxygen. Finally by adding antimycin/rotenone mix, we determine the
spare capacity in other words the maximal energy production capacity [54].

Oligomycin is an antibiotic which inhibits the ATP synthase by associating with the FO
subunit, and prevents the backflow of protons to the mitochondrial matrix [55]. This results in low or
no oxygen consumption, and thus no ATP production. FCCP is a weak and lipophilic acid which acts
as an ionophore and a decoupling agent. Its lipophilic properties allow FCCP protonation in the
intermembrane space. Then, FCCP crosses freely the inner mitochondrial membrane and returns to
the mitochondrial matrix. Once there, it deprotonates itself before re-crossing freely the inner
mitochondrial membrane and being re-protonated in the intermembrane space. Because of these
protonation/deprotonation cycles on the FCCP molecule, the protons bypass the ATP synthase almost
completely. Oxygen consumption is therefore maximized, but there is almost no ATP synthesis by the
ATP synthase [56]. Last, antimycin is an antibiotic blocking the electron transfer at complex III
(Cytochrome c reductase) [57]. It is often used in combination with rotenone, an insecticide blocking
electron transfer at complex I (NADH deshydrogenase) [58]. The antimycin/rotenone mix blocks the
overall electron transfer of the respiratory chain and as a consequence, the electrons can not be
transferred to oxygen. As a result, the proton gradient no longer exists, and ATP synthesis by the ATP
synthase stops (Figure 10). Respirometry was shown to be a convenient and less expensive technique
than NMR and HPLC to measure oxygen consumption. It allows to infer on ATP production in a wide
variety of cells and in mitochondrial homogenates. It also provides information on mitochondrial
quality, in terms of ATP production levels and on the activity of respiratory chain complexes.
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Figure 10. Representation of the mechanisms of actions of the drugs used in respirometry.

Oligomycin inhibits ATP production by blocking proton influx on the ATP synthase. By associating with complex
III, antimycin inhibits ATP production by inhibiting proton gradient formation. Also, by associating with
complex I, rotenone inhibits ATP production by inhibiting proton gradient formation. FCCP inhibits ATP
production by inhibiting proton reflux through ATP synthase. ED=Electron Donor molecule

In conclusion, NMR, HPLC and LC-MS/MS allow the direct quantification of global ATP
levels from cell extracts and serum samples previously denaturated. Conversely, oxygraphy allows to
work on intact samples without prior denaturation, but the measurement of ATP production is
inferred from oxygen levels, and remains therefore indirect. Overall, these are widely-employed,
robust and reproducible methods. However, theses approaches are hardly compatible with real-time
analyses, and do not provide a sufficient spatiotemporal resolution. Indeed, phosphorylation of ADP
to ATP occurs in seconds, while any analysis performed with the methods described above occurs in
minutes or hours [59]. This is why the arrival of tools based on microscopy is a significant advance in
the field: as described below, they allow to detect different pools of ATP (i.e. organellar, cellular and
extracellular) with high spatiotemporal resolution. Importantly, they improved our understanding of
the mechanisms of ATP production at the single-cell level.

2.2 Microscope-based tools to measure ATP levels

In the last years, huge efforts have been made to develop tools capable of detecting ATP levels
in living cells, but also at the single-cell scale. Microscope-based tools appear to be a convenient way
to study ATP in living and single cells with sufficient spatiotemporal resolution. These microscope-
based tools are based on their ability to emit light, in other words luminescence. Luminescence is the
phenomenon of light emission (therefore photons) from a molecule in an electronically excited state.
Indeed when a molecule is excited, it stores energy, which makes it electronically unstable. In order to
regain its electronic stability, the molecule returns to its fundamental state by emitting this excitation
energy in the form of photons. According the way of molecule-excitation, there are several types of
luminescence : electroluminescence, which is the excitation by an electric field; chemiluminescence,
which is the excitation by a chemical reaction; bioluminescence, which is the excitation by an
enzymatic reaction and can be considered a sub-type of chemiluminescence; and fluorescence, which
is the excitation by photon absorption.

In the sections below, we will cover probes responding to the cited principles and we will
particularly focus on fluorescent-based biosensors (Figure 11). As a reminder, a biosensor is a tool it
consists of a biological molecule - bio - and makes it possible to sense a given activity — sensor — .
Fluorescent-based biosensors are built on three selective properties of fluorophores: 1- the quantum
yield of each fluorophore, that is the ratio between the number of photons emitted and the number of
photons absorbed; 2- specific excitation and emission wavelengths (A) that allow to use probes
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individually or in combination; 3- the specific lifetime of their excited state that is duration between
the excitation of the fluorophore and its return to the fundamental state [60,61] (Figure 11).

H— excited state
4 H

excitation of electrons
from the fluorophore :
photon absorption

i fluorescence
i photon emission

\

Wavelenght (A) nm

fundamental state Aexcitation  Aemission

fluorophore

Figure 11. Principle of fluorescence and excitation/emission spectra of fluorophores

Fluorescence is the phenomenon of photon emission by a fluorophore. Left panel: a fluorophore is excited by a
laser, it absorbs photons and changes from a stable (or fundamental) state to an unstable (or excited) state. In
order to return at the fundamental state, the fluorophore emits photons, thus fluorescence. Right panel: each
fluorophore is excitable and emits at a particular wavelength (A excitation/A emission, respectively). This
constitutes the excitation/emission spectra of the fluorophore.

2.2.1 Electrochemiluminescence-based tools

The electrochemiluminescence (ECL) is a technique which is initiated by a step of electron
transfer to the surface of an electrode. Several studies use this highly-performing and sensitive
technique to detect and quantify ATP [62-64]. Liu et al. developed an ECL ATP sensor which turns On
or Off when ATP is bound or unbound, respectively [62] (Figure 12). This method is based on the use
of Quantum dots (QDs), aptamers and DNAzyme. QDs, also called "artificial atoms", are
semiconductor nanostructures capable of collecting electrical charges and emitting light according to
their size. The QDs are attached to an electrode (Glassy Carbon Electrode, GCE), and then linked to a
DNA sequence (hereby called DNA1). The DNAT1 is partially complementary with the aptamer, a
synthetic oligonucleotide capable of binding a specific ligand, as the ATP. The DNAI allows the
aptamer to be linked to the modified electrode of the QDs. The complex "QDs modified electrode -
DNAL1 - Aptamer” forms an aptasensor and will work synergistically with the signal probe called
DNAzyme, an oligonucleotide capable of performing a specific chemical reaction. Here, the
DNAzyme is carried by a gold nanoparticle and consists of a second DNA sequence (hereby called
DNA?2), which is also partially complementary to the aptamer and associated with a hemin molecule,
a porphyrin playing the role of cofactor by binding electrons. This DNA2-hemin association then
forms a secondary structure called G-quadruplex, and it constitutes the signal probe. If there is no
ATP, the aptasensor is linked to the signal probe, which is able to reduce oxygen to hydroxide anion
and induces a drastic decrease in the ECL emission. Conversely, the aptamer preferentially binds to
the ATP molecule when it is present. As a result, the aptamer and the signal probe detach from the
QD-modified electrode, allowing a significant ECL emission (Aem = 610).
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Figure 12. Mode of functioning of an electrochemiluminescence-based ATP probe

This type of luminescence is initiated by electron transfer. The quantum dot is fixed to an electrode (GCE) and
then linked to the aptasensor. The aptasensor consists of a DNA sequence (DNAI) and a synthetic
oligonucleotide (aptamer) capable of binding ATP. The DNAI is partially complementary with the aptamer, a
synthetic oligonucleotide capable of binding a specific ligand, as the ATP. The aptamer is capable to bind the
signal probe. The signal probe is a DNAzyme, which consists of a second DNA sequence (DNA2, also partially
complementary with the aptamer) and gold nanoparticle associated with a hemin molecule (cofactors of Oz
reduction) Left panel: when there is no ATP, the aptasensor is linked to the signal probe, which is able to reduce O
into OH- and leading to a drastic decrease in the emission of ECL. Right panel: when there is ATP, the aptamer
preferentially binds ATP, which detaches the signal probe and the aptamer and allows a significant ECL
emission.

This method of detecting ATP was originally validated on human serum samples, as first-
generation QDs necessitated a liquid medium for better results. Recently, the use of QDs has become
more diffused and although their use in medicine is still largely unexplored, in vivo analyses using
mouse models seems promising [65,66]. This ECL-based technique seems to be very sensitive to detect
ATP levels (detection at nanomolar scale), and the use of quantum dots for live cell imaging is more
and more widespread [67]. This technique should be further optimized to use it in single-cell imaging
applications and to obtain a better spatiotemporal resolution in living samples.

2.2.2 Chemoluminescent-based tools

Chemoluminescent-based tools - chemosensors -, are based on the chemical properties of ATP
itself, which is capable of carrying out interactions of different nature (covalent, electrostatic,
hydrogen bonds, etc...) with its substrates. This is due to the chemical structure of ATP, containing
three negatively charged phosphate group, an aromatic adenosine and a molecule of ribose with
several hydroxyl group. The vast majority of chemosensors are single-wavelength ratiometric sensors,
therefore requiring a spectrometer to quantify the presence of ATP [61].

The most significant chemosensors are based on rhodamine, a small organic molecule which emits
fluorescence due to its xanthene nucleus (Aem = 558). The rhodamine-based probe called Rh6G-NH-
PBA consists of rhodamine 6G (Rh6G), a diethylenetriamine group (NH) and a phenyl boronic acid
group (PBA) (Figure 13). In the absence of ATP, the probe is not fluorescent thanks to its closed ring
structure. Conversely, in the presence of ATP three specific interactions will take place. The three
interaction are: 1) covalent interactions between PBA and the ribose molecule of ATP, 2) m-m
interactions between the xanthene nucleus of Rh6G and the adenine of ATP, 3) electrostatic
interactions between the amino groups of NH and the phosphate group from ATP [68]. These
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interactions induce the ring to open and free the fluorescent properties of Rh6G, which can then be
detected.

The use of small organic molecules allows to obtain an excellent selectivity for ATP over ADP
and AMP, but also to monitor mitochondrial ATP fluctuations in live cells [61]. However, some
biophysical properties of this probe remain to be elucidated. It has been previously shown that
rhodamine B, which is a lipophilic cation, accumulates in the mitochondrial matrix [69]. However, it
has been suggested that this accumulation may result from a combination of the negative
mitochondrial membrane potential, the high viscosity of the organelle, and ATP concentration in
mitochondria [70]. Although rhodamine-based probe turned out to be a real advance for the
monitoring of mitochondrial functions and in particular to determinate ATP levels [71,72], they also
show very important limitations for live cell imaging, as aggregation, quenching and low
photosensitivity [73].
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Figure 13. Rhodamine-based ATP reporter
In the absence of ATP, the probe is not fluorescent thanks to its closed ring structure. In the presence of ATP,
three specific interactions take place: covalent interactions between PBA and ribose; m-1t interactions between
xanthene nucleus of rhodamine and adenine, electrostatic interactions between amino groups and phosphate
group. These interactions open the ring and allow the fluorescence of rhodamine to become visible.

2.2.3 Bioluminescence and BRET-based tools to measure cellular and extracellular ATP levels

In bioluminescence, the emitted light is produced by an enzymatic reaction. This enzyme is
typically a luciferase and in the presence of oxygen, ATP and Mg, luciferase oxidises luciferin (its
substrate) into oxyluciferin (Figure 14). This oxidation causes the emission of photons, and the
resulting emission spectra is generally comprised between 546 nm and 618 nm according to the
luciferase type [74]. Therefore, the capacity of luciferin to emit light is linked to the available amount
of ATP in the surrounding environment. Light emission can thus be used to determine the
concentration of ATP in plasma, mitochondria isolates or tissue extracts (global extraction of
nucleotides can be performed by using perchloric acid) [75,76]. By using this luciferase-based
enzymatic system, it is possible to create a localisation-specific luciferase by targeting cell
compartments (mitochondria, cell membrane, nucleus...) by adding specific localisation signal to the
luciferase [77].

Rangajaraju et al. have developed a luciferase-based enzymatic system capable to monitor
presynaptic ATP concentration [78]. This luciferase-based tool is called Syn-ATP, and it consists of
synaptophysin (major synaptic vesicle protein) fused with Luciferase and mCherry. The use of
synaptophysin allows the targeting of the probe to nerve terminals, and the use of mCherry helps to
determine the total amount of luciferase by performing a luminescence / fluorescence ratio. The Syn-
ATP biosensor is a useful tool for researchers interested in exploring synaptic functions: the more ATP
is consumed, the more bioluminescence levels — and therefore synaptic activity — are significant.
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These types of solutions for ATP quantification are widely used and commercialised by
several companies. However, this method has some notable caveats. First, certain luciferases have the
capacity to produce ATP from the pool of ADP present in the sample, thereby showing poor
specificity for the ATP produced after the oxidation of luciferin [79]. In addition, the enzymatic
activity of luciferases can be perturbed by cellular inhibitors and by others cellular activities which
may reduce their capacity to perform bioluminescence [80].

Luciferase
Luciferin + ATP + O, /N Oxyluciferin + AMP + PPi + CO,* Light

Figure 14. Principle of the luciferase reaction in luciferase-based ATP assays.
In presence of luciferin, oxygen and ATP, the luciferase generate oxyluciferin, AMP, pyrophosphate anion, CO:
and photons emission (light)

In order to overcome these problems, the bioluminescence property of luciferase-like enzymes
is used to develop biosensors based on the BRET (Bioluminescence Resonance Energy Transfer)
phenomenon. BRET is based on the energy transfer between a bioluminescent molecule as luciferase,
to a fluorophore. In the case where the luciferase and the fluorophore are close — less than 10 nm apart
— the energy derived from a luciferase reaction excites the fluorophore [81]. BRET can be classified as
intermolecular BRET and used to study the interactions between two different proteins or protein
oligomerization. If it is used to study the conformational changes of a protein, it will be classified as
intramolecular BRET. BRET-based biosensors rely on intramolecular BRET to monitor ATP (Figure
15). These tools rely on a luciferase that does not require the consumption of ATP to oxidize luciferin
into oxyluciferin (Figure 14). Therefore, these non-consuming ATP luciferases do not consume
endogenous ATP and thus do not disturb the sensing of ATP in biological system.
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Figure 15. Principle of Bioluminescence Resonance Energy Transfer and BRET-based biosensors

When a luciferase and a fluorophore are close (<10 nm) the energy derived from a luciferase reaction excites the
fluorophore. The fluorophore can, in turn, emit light. Left panel: a putative protein (X) is fused to a luciferase and a
second putative protein (Y) is fused to a flurorophore. If X and Y proteins do not interact, the BRET phenomenon
cannot occur, and the fluorophore cannot emit light. Conversely, the interaction of X and Y allows the BRET
phenomenon to occur, and the fluorophore can emit light. Right panel: a putative protein Z is fused with a
luciferase and a flurorophore at each terminus. Conformational folding events allow the BRET phenomenon to
occur. This property is used to develop BRET-based biosensors.
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Yoshida et al, developed a BRET version of the ATEAM biosensor (a FRET-based biosensor
described in chapter 2.2.5), called BTEAM. This probe consists in the ATP binding domain of the ¢
subunit of bacterial ATP synthase flanked by Venus (yellow fluorescent protein, Aem = 528 nm) at the
N-ter, and a NanoLuciferase which is a non-consuming ATP luciferase at the C-ter. This biosensor was
shown to detect intracellular ATP in the cytoplasm (Cyt-BTEAM) or in the mitochondrial matrix (Mit-
BTEAM) in live HeLa cells [82]. Following an analogous approach, Saito et al developed another
variant of the ATEAM biosensor, called the Nano-lantern ATP biosensor. This sensor combines BRET
and Complementation of Split Luciferase (CSL) [83], and it is built by placing Venus at the N-term of
the sensor, while the & subunit of the bacterial ATP synthase is inserted within two portions of the
NanoLuciferase. When a molecule of ATP binds to the sensor, it allows the reconstitution of a full
luciferase, and a BRET reaction between Venus and the Nanoluciferase can occur. This biosensor was
validated on plant leaves to study ATP dynamics in the cytoplasm and in chloroplasts. A third BRET-
based ATP biosensor designed by Min et al, called ARSeNL (ATP detection with a Ratiometric
mScarlet-NanoLuc sensor) consists of the € subunit of the bacterial ATP synthase inserted between an
mScarlet (red fluorescent protein, Aem=594nm) and a NanoLuciferase [84]. This biosensor was shown
to detect ATP levels in a HEK293A cell line and in mice. The major advantage of this biosensor is that
it provides a stable and robust signal within animal tissues, and it seems to be particularly useful to
study ATP levels in tumours [85].

BRET-based biosensors present many advantages. First, light emission comes from the

enzymatic reaction triggered by the addition of the luciferase substrate, which eliminates the need for
an external exciting light source (laser). This avoids the generation of autofluorescence and
phototoxicity, two phenomena potentially harmful for cells and particularly for pigmented cells such
as melanocytes [86]. Moreover, BRET is extremely sensitive because this phenomenon occurs only
when luciferase and the fluorophore are close [81]. For measurements on steady-states levels of ATP,
this technique can be very useful and easy to perform, especially since luciferin is capable to cross the
cellular membrane almost instantaneously and it is not harmful to cell physiology [77,87].
However, BRET also shows an intrinsic limitation due to the luciferin itself. Indeed, some drug
excipients such as cyclodextrin, were shown to reduce bioluminescence levels inside cells [88]. In
studies focusing on drug development, it is also possible that luciferin might interfere with the
substance tested. For all these reasons, the creation of new luciferin variants, luciferases and acceptor
fluorophores is a field under intense investigation [89,90]. In addition, the number of cells, the
concentration of enzymes and of substrates can severely limit the quantification of BRET. As the light
emitted is directly proportional to the amount of ATP in the cell, it is necessary to precisely quantify
the initial number of cells. It is also necessary to ensure that the transfection of luciferase for BRET-
based biosensors is homogeneous in cells, as the higher the concentration of the biosensor, the higher
the amount of the emitted light. Finally, the amount of substrate to integrate into the medium to
achieve a maximal detection of ATP must be carefully optimized.

2.2.4 Single-wavelength ratiometric and intensiometric biosensors

Another class of biosensors is based on single fluorescent proteins, which exhibit a
fluorescence signal or an increase in fluorescence emission at their corresponding wavelengths. This
increase occurs only when the molecule of interest, in this case ATP, binds to the sensor, and changes
its conformation (Figure 16). The type of fluorophores used is generally circularly-permutated
fluorophores. Indeed, circularly-permutated fluorophores have their N- and C-termini directly fused
with a peptide linker, thereby creating new terminal ends close to the chromophore (the fluorophore
part responsible for light emission). As a result, the slightest change in conformation is easily detected
by the chromophore, which changes its fluorescence properties [91].
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Figure 16. Single wavelength ratiometric and intensiometric biosensors
A putative protein (X) is fused to a circularly-permutated fluorophore. According the conformation of X, the
fluororophore is capable or not to exhibit a fluorescence emission or an increase in fluorescence emission.

First, the QUEEN biosensor (Quantitative Evaluator of cellular ENergy) is a genetically-
encoded, ratiometric fluorescent ATP indicator that allows to quantify global ATP levels inside
bacteria and yeast [92]. This biosensor consists of a single circularly-permutated enhanced GFP
(Aex/Aem = 400-494/513 nm) inserted between 2 a-helices of the ¢ subunit of bacterial ATP synthase.
The integration of circularly-permutated enhanced GFP into a flexible region of a sensory domain, as
the € subunit, allows to sense slight changes in its conformation. When ATP binds to the biosensor, we
observe a spectral shift in the fluorescent properties of the probe, resulting in a shift of the 400/494 nm
ratio proportional to the concentration of ATP. Yaginuma et al [92] compared the capacity of the
QUEEN biosensor to report on ATP concentration levels with classical luciferase ATP assays in
bacterial cells. They showed that the results obtained with the QUEEN biosensor are almost equal to
those obtained from bioluminescence luciferase assays.

Second, another ATP biosensor based on fluorescence intensity is iATPSnFR (intensity-based
ATP-sensing fluorescent reporter), which allows to monitor extracellular and cytosolic ATP in
HEK293 (human embryonic kidney cells) and U373 (Human glioblastoma-astrocytoma cells) [93].
iATPSnFR consists in the insertion of a circularly-permutated superfolder GFP (Aex/Aem = 488/525
nm) between 2 a-helices of the € subunit of bacterial ATP synthase as in the QUEEN biosensor. When
ATP binds to the biosensor, a rapid increase in fluorescence occurs. To monitor the levels of ATP in
specific subcellular compartments, it is also possible to modify this biosensor by adding particular
localization signals. However, iATPSnFR shows a modest pH sensitivity which can be potentially
problematic for mitochondria or other subcellular compartments that undergo significant pH
variations.

Third, the intensiometric MaLion family of biosensors (Monitoring aTP Level intensiometric
turn-on indicator) was used to follow cytosolic, mitochondrial and nuclear ATP levels in HeLa cells, in
primary adipocytes and in Caenorhabditis elegans [94]. The MaLion family of biosensors consists of
MaLionR, MaLionG and MaLionB, three constructs based on the fusion of the & subunit of the
bacterial ATP synthase with Red (Aex/Aem = 565/585 nm), Green (Aex/Aem = 505/522 nm) and Blue
(Aex/Aem = 373/446 nm) fluorophores, respectively. These probes present several advantages: as for
iATPSnFR, MaLionB and MalLionG were fused at their N-terminal with nuclear and mitochondrial
targeting sequences for organelle-specific ATP estimations. In addition, the higher the concentration of
ATP, the greater the fluorescence emission is. Last, all the probes of the family show a very low pH
sensitivity.

Last, the Perceval biosensor family are ratiometric biosensors based on the estimation of the
ADP/ATP ratio with live cell imaging. They are composed of a bacterial regulatory protein, GInK1,
linked to circularly permuted Venus (Aex/Aem = 405-490/530 nm). Similarly to the & subunit of
bacterial ATP synthase, GInK1 undergoes a conformational change when binding ATP. This change
induces a change of the A490/A405 nm ratio of cpVenus, which is proportional to ATP concentration
levels. Conversely, no conformational change is observed upon ADP binding. This biosensor was
validated in live mammalian cells and in yeast, and demonstrated its usefulness to determine the
energy status and metabolic profiles of cells [95-98].
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2.2.5 FRET-based biosensors to measure cellular and extracellular ATP levels

FRET (Forster’s Resonance Energy Transfer) microscopy relies on the transfer of energy
between two fluorescent moieties. The two fluorophores are commonly called donor, which is the
energy giver, and acceptor, which receives the energy from the donor. As for BRET, the energy
transfer occurs only if the donor and acceptor are less than 10 nm apart and that the emission
spectrum of the donor fluorophore overlaps the excitation spectrum of the acceptor fluorophore [99].
This technique is often used to study the physical interaction between two different proteins, and
protein oligomerization (intermolecular FRET). In addition, this technique can be also used to study
conformational changes of a given protein (intramolecular FRET) and as for BRET-based probes,
intramolecular FRET can be used to develop biosensors (Figure 17).
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Figure 17. Principle of Fluorescence Resonance Energy Transfer and FRET-based biosensors.

When fluorophores donor and acceptor are closes (<10 nm) the energy derived from excitation of the donor
fluorophore is transmitted to the acceptor fluorophore, which can emits light. Left panel: a protein is fused with a
donor fluorophore and a second protein with an acceptor flurorophore. If the proteins do not interact together,
the FRET phenomenon cannot occurs and the acceptor fluorophore cannot emit light. Conversly, if the proteins
interact together, the FRET phenomenon can occurs and the acceptor fluorophore emit light. Right panel: a unique
protein is fused with a donor-acceptor fluorophore pair. The FRET phenomenon car occurs according the protein
conformation. This property is used to develop FRET-based biosensors.

A large panel of fluorescent FRET-based ATP biosensors have already been developed.
Nowadays, the most diffused probes to monitor ATP in single cells are the ATEAM biosensors
(Adenosine 5-Triphosphate indicator based on Epsilon subunit for Analytical Measurements).
Originally developed by Imamura et al, the ATEAM biosensor comprises the ¢ subunit of the bacterial
ATP synthase within a cyan (mseCFP, Aex/Aem=435/475nm) and yellow (cp173-mVenus,
Aex/Aem=515/527nm) donor/acceptor pair at the N- and C-termini, respectively [100]. This biosensor
allows the monitoring of intracellular ATP in living HeLa cells with a subcellular resolution: ATP was
detected in the cytoplasm, nucleus and the mitochondria by adding an organelle-specific localization
signal to the biosensor. In the second version of the ATEAM biosensor, called GO-ATEAM, the
original donor and acceptor fluorophores were replaced by a green (cp173-mEGFP, Aex/Aem = 470/510
nm) and orange (mKOxk for mKusabira-Orange-kappa, Aex/Aem = 551/560 nm) fluorescent pair. This
pair allows to have a more stable signal under acidic pH conditions, and a less phototoxic excitation
wavelength in case of long-time observations [101,102].
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In addition, the optimization of the ATEAM biosensor in an ATEAM1.03NL biosensor, by
introducing mutations in the N-term and C-term domains of the & subunit, allows the monitoring of
intracellular ATP levels at 25°C. This is compatible with in vivo models as Drosophila melanogaster and
Caenorhabditis elegans [103]. By modifying the donor/acceptor pair, the EAF-ATP biosensor (Enhanced
Acceptor Fluorescence-based ATP biosensor) was also obtained. It consists of the & subunit of bacterial
ATP synthase as in the ATEAM biosensors, where the C-term and N-term domains are grafted with
green (GFP, Aex/Aem = 488/507 nm) and yellow (YFP, Aex/Aem = 513/527 nm) fluorescent proteins,
respectively. These fluorophores can be excited at similar wavelengths, which allows the emission of
an enhanced fluorescence signal. This biosensor was used to monitor cytoplasmic ATP levels in cells
lines derived from glioblastoma in order to better understand the metabolic switch from
mitochondrial oxidative phosphorylation to cytoplasmic glycolysis — the Warburg effect — in this
model [104].

Last, a re-engineering of the ATEAM biosensor was recently carried out to monitor

extracellular ATP. This ecATEAM3.10 biosensor was expressed on the cell surface thanks to a PDGFR
transmembrane anchor, with a CFP/YFP donor/acceptor FRET pair (CFP Aex/Aem = 456/480 nm; YFP
Aex/Aem = 513/527 nm) [105]. As explained previously, ATP is also a key signalling molecule of
purinergic signalisation. Therefore, this biosensor is a very useful tool to better understand the
dynamics of this nucleotide acting as messenger in the context of synaptic communication.
The FRET technique has several great advantages. First, it allows to work on living cells and at the
single-cell level, where studies of molecule dynamics are possible, and has an exquisite
spatiotemporal resolution. While canonical fluorescence has a resolution limit around 250 nm, the
FRET phenomenon occurs only when fluorophores are less than 10 nm apart [99,106]. In addition, this
technique can be performed on standard microscope setups thanks to the great variety of techniques
available nowadays to quantify FRET. Among them, ratiometric changes of fluorescence intensity can
be easily measured [99]. However, it should also be noted that FRET results could be affected by auto-
fluorescence artifacts and phototoxicity in long-term experiments, which can be resolved by the use of
weak phototoxic excitation wavelength as Masahira et al. [101]

Almost unanimously, FRET, BRET and single-wavelength intensiometric/ratiometric
biosensors (except for Syn-ATP and the Perceval family biosensors) rely on the conformational
changes of a bacterial protein, Bacillus subtilis ATP synthase subunit e. As described above, the
bacterial ATP synthase subunit & corresponds to the mitochondrial ATP synthase subunit 6 (Figure 4).
This subunit has been thoroughly studied because of its many advantages. First, it is capable of
binding ATP without hydrolyzing it [107-109]. Furthermore, the € subunit can bind ATP with higher
specificity than other nucleotides as ADP, GTP, UTP, and CTP [108]. Then, it undergoes large
conformational changes when binding to ATP [100,110]. Overall, the use of the & subunit of the ATP
synthase seems to be a good choice to study intracellular ATP fluctuations. However, it should be
noted that this subunit has two main roles within the bacterial ATP synthase: it couples catalysis to
proton transport, and it regulates the catalytic activity of the enzyme. The regulations of these
essential functions are probably very different from one organism to another, with the difference
being more important between bacterial and eukaryotic cells [111]. Therefore, further studies are
required to reinforce its relevance to study how ATP is produced in human cells, or its suitability to
investigate ATP deregulation in human pathologies [112].

Overall, there is therefore a multitude of tools in the field of luminescence to detect ATP
molecule with high selectivity both in cells and in vivo., especially in the field of fluorescent
microscopy. Depending on the desired detection method, but also on the model available (i.e. live
cells, cell extracts, animal models etc.), it is now possible to find the most suitable sensor for any
desired application. On the other hand, rounds of optimization remain to be done in order to extend
the use of these tools for diagnostic purposes.
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3. Preclinical and clinical applications of ATP-monitoring approaches
3.1. Mitochondrial pathologies

Mitochondrial pathologies linked to one or more defects in the activity of the mitochondrial
respiratory chain have been broadly documented, and they essentially result from one or more
mutations in nuclear DNA or/and in mitochondrial DNA coding for specific subunits of the OXPHOS
chain [113-117]. As described above, within the respiratory chain, the subunits of complexes I — III —
IV and V are encoded both by nuclear and mitochondrial DNA. Only complex II and intramembrane
shuttles (coenzyme Q10 and cytochrome C) are entirely encoded by the nuclear genome. Leigh
syndrome (subacute necrotizing encephalomyelopathy), LHON (Leber hereditary optic neuropathy),
MELAS syndrome (mitochondrial encephalopathy with lactic acidosis and stroke-like episodes) and
the NARP syndrome (neuropathy, ataxia and retinitis pigmentosa) are among the best characterized
mitochondrial pathologies [116]. In these diseases, it was demonstrated that one or more deficiencies
in the mitochondrial respiratory chain subunits irremediably leads to a decrease of ATP production
[118].

Currently, the diagnosis of mitochondrial pathologies is carried out by biochemical tests such
as analyses of metabolites (lactates, pyruvate, amino acids, etc.) in blood or urine samples, but also
respiratory chain enzyme activity assays and oxygen consumption rate estimations. These screens are
often correlated with genetic tests, which are carried out on blood lymphocytes or muscle biopsies. To
date, around 300 causative genes have been identified in mitochondrial and nuclear DNA to cause
mitochondrial diseases [119-121]. In the last steps of diagnosis pipelines, classical clinical tests as
electrocardiograms, ophthalmologic examinations, cerebral magnetic resonance imaging are carried
out to ascertain the typical clinical manifestations of mitochondrial pathologies (e.g. seizures or slow
waves consistent with an encephalopathy can be monitored on electrocardiograms) [119,122].

In a context of mitochondrial disorders diagnostic, Rizza et al developed a biochemical test to
measure the mitochondrial ATP production, which recapitulates the overall activity of the
mitochondrial respiratory chain [123]. This method requires human skin fibroblasts (from biopsies)
and it consists of calculating mitochondrial ATP production through cytosolic NADPH production as
a readout (Figure 18).

It is an extremely fast and precise screening method for ATP synthesis in mitochondria,
because (i) it determines if there are initial abnormalities in ATP production rates and (ii), by adding
intermediate metabolites (succinate, malate, a-ketoglutarate, pyruvate) it determines the specific
OXPHOS complex affected. Therefore, this tool could be helpful for pre-clinical diagnosis before more
invasive interventions, in particular for children, and it helps researchers to directly infer on potential
genetic mutations [124-129].

21


https://doi.org/10.20944/preprints202102.0163.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2021 d0i:10.20944/preprints202102.0163.v1

(" cy!op/asm\
. glucose-6-phosphate
hexokinase dehydrogenase
lucose lucose 6 P 6 P glucolactone ------- » pyruvate ------- » acetyl-CoA
9 9 9
ATP NADP* a
" -
‘ ADP NADPH
7 450nm e
340nm emission P .
N - J
f i s mitochondria )
acetyl-CoA CoAH
H,O
NADH,H* oxaloacetate ——=> citrate
NAD*
malate isocitrate
NAD*

/ Krebs cycle

H,0 Co;, NADH,H*

fumarate a-ketoglutarate

CoARH CoAH

\ Pi co,

Y succinate succinyl-CoA NAD*
%, FADH,
. FAD ADP
ATP NADH,H*
/

\

Figure 18. Assaying ATP synthesis in cultured cells via NADPH estimations.

This method is based on the equimolar ratio of NADPH and ATP within the cell (light blue) [123]. NADPH in its
reduced form is a fluorescent pyridine nucleotide [130]. This method of measuring ATP levels allows to study the
OXPHOS function of mitochondria thanks to the addition of these intermediates within cells (dark blue) and

particularly of the complex I (pink) and complex II (purple).
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3.2. Non-mitochondrial pathologies

Beyond strict mitochondrial pathologies, it should be noted that an abnormal production of
ATP can also be a consequence of pathologies which are not specific to mitochondria. In the section
below, we will review some of the most common non-mitochondrial pathologies where defects in
ATP production have been detected and where imaging-based methods to screen for ATP levels can
be used.

3.2.1. Chronic glaucoma

Under the name of chronic glaucoma there is a group of eye diseases caused by damages on
the optic nerve. These damages ultimately result in a partial loss of vision and in the long term, they
lead to total and irreversible blindness. This can be caused by several factors as genetic
predispositions, specific pharmacological treatments such as corticosteroids and the elevation of
intraocular pressure [131]. The latter was shown to cause an ATP release from retinal neurons and
astrocytes into ocular fluids and retina, as a physiological response to mechanical stimuli [132,133]. To
date, updated studies should be carried out to explore whether the ATP concentration in the ocular
fluids can be considered as a bona fide marker of glaucoma. This analysis could be performed on
samples of the aqueous or vitreous humours, obtained after puncture. In one hand, this type of sample
would be ideal for diagnostic tools based on luminescence, thanks to the fact that humours are
crystalline and do not require spatiotemporal resolution. Although sample collection is invasive to a
certain degree, an early diagnosis would definitely limit the destruction of optical fibres in this
multifaceted pathology. On the other hand, the use of FRET-based biosensors would be ideal for
further studies requiring spatiotemporal resolution, such as studying the mitochondrial network and
its ATP production rates in optic nerve cells from glaucoma [134].

3.2.2. Irritant dermatitis

Irritant dermatitis is a skin inflammation caused by contact with irritating chemicals as lactic
acid, isopropanol or sodium hydroxyde. This innate inflammatory response manifests as itching, pain,
redness, swelling, and papules on the skin. At the molecular level, the release of ATP into the
extracellular medium is among the most prominent proinflammatory features [135-137]. Therefore,
monitoring the production and/or the release of ATP by skin cells is an excellent way to determine if a
chemical is dangerous or not. This would be very useful in the medical field (for antiseptics, pomades
etc...), in the cosmetics field (for perfumes, creams etc...) or even in the agricultural field (for
pesticides, animal medicines...). In their study, Mizumoto et al. used the supernatant obtained from
human primary keratinocytes previously treated with different chemicals. To measure ATP
concentrations released from keratinocytes in the medium, they used a commercialized luciferin-
luciferase assay, a method readily usable in the vast majority of laboratories, also employable for high-
throughput screening purposes [137].

3.2.3. Human Immunodeficiency Virus (HIV) — Associated Neurocognitive Disorders

HIV-Associated Neurocognitive Disorders (HAND) are cognitive impairments present in
20%-50% of people infected with HIV, and commonly known as People Living With HIV (PLWH)
[138]. HAND divide into 3 categories: HIV-1-associated asymptomatic neurocognitive impairment
(ANI), HIV-1-associated mild neurocognitive disorder (MND) and HIV-1-associated dementia (HAD)
[139]. Antiretroviral therapy (ART) represents a dramatic advance for the lifespan and the quality of
life of PLWH. However, the symptoms of HAND continue to affect the daily lives of patients, as a
persistent neuroinflammation in the brain causes synaptic dysfunctions and neuronal death [140].
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Very recent studies have demonstrated the ability of circulating ATP to be a predictive biomarker of
HAND [141,142]. In detail, Pannexin-1 (PANX-1) is an ATP-permeable channel linked to viral cell
entry. Its opening, in the context of a viral infection, causes the release of ATP into the extracellular
space. People with HAND were found to have spontaneous openings of these channels and a higher
level of circulating ATP. In order to measure circulating ATP, Velasquez et al. used PLWH serum and
plasma samples, and performed bioluminescence-based ATP quantifications. These approaches not
only bring new perspectives for a possible early diagnosis, but also future therapeutics targeting the
opening rate of PANX-1 channels [141].

3.2.4. Pathologies related to blood vessels

As ATP is released into the bloodstream as a vascular response to stress or injury, its
signalling function is particularly relevant in pathologies related to blood vessels [143]. Red blood cells
(RBCs) modulate vasodilation by releasing ATP when oxygen concentrations decrease [144,145].
Therefore, the level of extracellular ATP increases in the case of infections. It is the case of sepsis, a
generalized inflammatory response caused by a severe bacterial infection. A recent study in a model
of sepsis showed that an increase of extracellular ATP parallels a significant decrease in levels of
intracellular ATP [146]. Li et al quantified the intracellular ATP levels in RBCs by adding
lipopolysaccharides, bacterial endotoxins, or under condition of therapeutic treatment with
tigecycline, an antibiotic used against sepsis. Then, they evaluated intracellular ATP levels using
HPLC and they provided evidence that it can be used as a biomarker for rapid diagnosis of sepsis.
However, further studies are required as sepsis is a multi-factor disease and to gain a spatiotemporal
view of the infection process [146].

More surprisingly, Suardi et al. demonstrated the therapeutic properties of laser wavelengths.
Indeed, RBC exposure to a precise wavelength (460nm or 532nm) for a few seconds (50s and 40s,
respectively) increases the viability of RBCs by stimulating ATPase signalling pathways [147,148], in
particular Na*,K*-ATPase [149] and by increasing intracellular ATP levels. This study was performed
on RBCs from patients with anemia, and ATP levels were measured using commercialized
luminescence-based kits [150]. It would be fascinating to speculate that it is enough to irradiate blood
samples from anemic patients and inject them back to see a positive effect on the outcome of the
disease. However, it is hardly usable to implement therapeutic options in patients, as irradiation of
cells systematically causes a wide series of damages on living cells [151].

Last, cardiac ischemia is caused by insufficient blood flow in the heart. As a result, the heart
has insufficient oxygen supply and toxic molecules (resulting from anaerobic metabolism) are no
longer eliminated, which can lead to necrosis of the heart tissue. A relevant study has shown that the
metabolites derived from ATP catabolism — inosine and hypoxanthine — and found in blood plasma
can also be used as biomarkers of cardiac ischemia using HPLC [152]. This paves the way for early
diagnosis using non-invasive methods that could prevent the necrosis of the heart tissue.

3.2.5. Cancer

Many studies have investigated the role of ATP in the development, progression and
maintenance of cancer cells [153]. Although the detailed description of cancer-related metabolic
alterations are not in the scope of the present review and have been discussed elsewhere [154,155], it
deserves to be mentioned that the tumour microenvironment contains a high concentration of ATP,
which is then released into the extracellular environment in an uncontrolled manner by cancer cells. In
addition, cancer cells have the ability to absorb extracellular ATP and use it to activate molecular
programs for tumour progression [156,157]. The study of the tumoral release of ATP, its role and its

mechanisms of action are a hot topic to ameliorate current anticancer therapies [158]. Among cancer-
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related metabolic alterations [154,155], the Warburg effect is one of the most studied ones [159]. Recent
evidence proposes that this process is an epiphenomenon parallel to tumorigenesis [160]. This is why
the Warburg effect continues to be studied, in particular through the use of FRET-based biosensors
which can be used in vivo [104]. Thanks to their high sensitivity and their capacity to establish
spaciotemporal resolution inside tumours, the use of fluorescence techniques is essential to fully
understand how the Warburg effect is in corsstalk with tumorigenesis, but also to develop new
therapeutic approaches.

3.3. Additional applications

Beyond the interest of ATP as a biomarker in disease paradigms, monitoring its levels is also a
valuable tool to determine the degree of contamination of surfaces in healthcare-related environments
[161-165]. Preventing healthcare-associated infections is mandatory to limit the contamination of
people in hospitals and who are weakened by various pathologies. A large majority of the approaches
to monitor the contamination of surfaces are based on the luciferin-luciferase bioluminescence
technique, thanks to the ability of bacteria present on surfaces to perform the luminescence reaction
[166]. Therefore, ATP levels can be directly correlated with the number of Colony-Forming Units
(CFU) per mL. This type of monitoring makes it possible to improve current surface decontamination
protocols, and to implement new ones in the near future [167].

4. Conclusion and perspectives

As presented here, there is a wide range of tools available to detect and / or quantify ATP
levels. Historically, the first techniques implemented were biophysical approaches, such as NMR,
HPLC and LC-MS/MS. These techniques have a very precise readout and allow the detection of ATP
levels in denatured samples (blood, cell extracts, mitochondrial extracts) that require a high quantity
of starting material. However, these are extremely expensive and this type of analysis can hardly be
carried out in conventional diagnostic and/or research laboratories. There are also biochemical
techniques such as respirometry, which can indirectly measure the amount of ATP produced within
mitochondria by linking ATP production to oxygen consumption in live intact cells or mitochondrial
isolates. Although the possibility of using live cells is a great advance to study the concentration of
ATP in its physiological environment, respirometry does not provide insights on its spatiotemporal
variations. In this light, the arrival of luminescence and fluorescence-based sensors has revolutionized
the research on ATP. The biggest benefit of these tools is that we can finally achieve the
spatiotemporal resolution of ATP levels at the single-cell scale. Since ATP is largely synthesized
within mitochondria, the use of an ATP synthase subunit as a mean of sensing ATP is particularly
convenient. However, it should be remembered that the biosensors available rely on a bacterial
subunit of the ATP synthase, and not a mammalian one. This could raise questions of the
physiological relevance of these probes to study ATP fluctuations in eukaryotic cells and in animal
models.

Despite the risks of photobleaching, FRET-based biosensors appear to be the most promising
class of probes, as they possess a superior spatiotemporal resolution thanks to the FRET phenomenon
and provide reliable quantitative information on subcellular ATP levels. However, they need to be
stably or transiently integrated in the genome of the targeted cell. Chemosensors and
electrochemosensors do not require an integration, but are not easy to use since the sole parameter of
mitochondrial membrane potential turned out to be insufficient for mitochondrial targeting. Single
wavelength-bases biosensors are biosensors with on/off readouts, but they were shown to present a
fluorescent background which makes it non-trivial to determine the off state. However, they are
suitable to detect large variations in ATP production. Finally, BRET-based biosensors have a
spatiotemporal resolution similar to FRET probes, and do not require an external light source (i.e., a
laser) to trigger the luciferin-luciferase reaction. In contrast to the large body of literature
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demonstrating the phototoxic effects of laser excitations and wavelengths on cell viability, and the
response of organelles to irradiations, there are very few studies exploring the effects of luciferin on
cell physiology. Unless the toxic effects of luciferin are formally ruled out in future studies, FRET-
based probes currently represent the best and most extensively characterized sets of probes to monitor
ATP in living cells and with spatiotemporal resolution.
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