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Abstract— Oxidative phosphorylation in mitochondria is the main source of ATP in most eukaryotic cells. 

Concentrations of ATP, ADP, and AMP affect numerous cellular processes, including macromolecule biosynthe-

sis, cell division, motor protein activity, ion homeostasis, and metabolic regulation. Variations in ATP levels 

also influence concentration of free Mg2+, thereby extending the range of affected reactions. In  the cytosol, 

adenine nucleotide concentrations are relatively constant and typically are around 5  mM  ATP, 0.5  mM  ADP, 

and 0.05  mM AMP. These concentrations are mutually constrained by adenylate kinases operating in the 

cytosol and intermembrane space and are further linked to mitochondrial ATP and ADP pools via the ad-

enine nucleotide translocator. Quantitative data on absolute adenine nucleotide concentrations in the mito-

chondrial matrix are limited. Total adenine nucleotide concentration lies in the millimolar range, but the 

matrix ATP/ADP ratio is consistently lower than the cytosolic ratio. Estimates of nucleotide fractions show 

substantial variability (ATP 20-75%, ADP 20-70%, AMP 3-60%), depending on the organism and experimen-

tal conditions. These observations suggest that the ‘state 4’ – inhibition of oxidative phosphorylation in the 

resting cells due to the low matrix ADP and elevated proton motive force that impedes respiratory chain 

activity – is  highly unlikely in  vivo. In this review, we discuss proteins regulating ATP levels in mitochon-

dria and cytosol, consider experimental estimates of adenine nucleotide concentrations across a range of 

biological systems, and examine the methods used for their quantification, with particular emphasis on the 

genetically encoded fluorescent ATP sensors such as ATeam, QUEEN, and MaLion. 
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INTRODUCTION

Mitochondria are traditionally called the pow-
erhouses of eukaryotic cells, as one of their main 
functions is ATP production through oxidative phos-
phorylation. Most biochemistry textbooks explain 
that the majority of ATP is synthesized in the mito-
chondrial matrix from ADP and inorganic phosphate 
by the H+-transporting ATP synthase (also known as 
FOF1, Complex  V, F-ATPase, or F1FO-ATPase) located in 
the inner mitochondrial membrane. ATP synthesis is 

driven by the proton motive force (pmf ) across the 
inner mitochondrial membrane. The pmf is generated 
by the respiratory-chain enzymes that oxidize NADH 
and succinate produced in the tricarboxylic acid 
(TCA) cycle, and, depending on the organism or tis-
sue, by the oxidation of additional substrates such as 
glycerol-3-phosphate. The adenine nucleotide translo-
cator (ANT; also known as the ATP/ADP carrier, ATP/
ADP antiporter, AAC, or ATP/ADP translocase) exports 
ATP from the matrix into the intermembrane space 
in exchange for ADP, whereas inorganic phosphate 
enters the matrix via the phosphate carrier (PiC, 
encoded by the SLC25A3 gene in humans and MIR1 
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in baker’s yeast). Nucleotide and phosphate exchange 
between the cytosol and the intermembrane space 
occurs through the mitochondrial porins – voltage- 
dependent anion channels (VDAC) – located in the 
outer mitochondrial membrane.

This simplified outline captures the basic prin-
ciples of oxidative phosphorylation, but it is insuffi-
cient for understanding the regulatory mechanisms 
governing the process or clarifying how its dysfunc-
tion is related to various pathologies.

Decades of in  vitro research have generated an 
extensive body of data on the functions of individual 
proteins involved in oxidative phosphorylation and 
the mechanisms that regulate them. Recent advanc-
es in microscopy have further accelerated structural 
studies of mitochondria. Notably, cryo-electron mi-
croscopy has recently enabled high-resolution (2.5  Å) 
visualization of mammalian respiratory-chain super-
complexes in their native cellular environment, re-
vealing previously unknown aspects of their organi-
zation and interactions [1]. This is only one of many 
studies that have revealed the structure of mitochon-
drial proteins, their relative positions, dynamics, and 
roles in the formation of cristae and contacts with 
the endoplasmic reticulum. The body of experimental 
data on the structure and localization of mitochondri-
al proteins in  vivo is also growing rapidly.

Despite the considerable progress in mitochon-
drial biology, surprisingly little is known about the 
precise conditions under which oxidative phosphory-
lation proceeds in  vivo. We have very little quantita-
tive data on the absolute concentrations of ATP, ADP, 
and AMP in the mitochondrial matrix, on how these 
concentrations vary under different physiological and 
pathological states, and on how such changes relate 
to the pmf or to reactive oxygen species (ROS) pro-
duction. Because ATP and ADP are exchanged rapid-
ly between the matrix and the cytosol, mitochondrial 
nucleotide concentrations modulate cytosolic pools 
and are themselves shaped by them. Thus, shifts in 
the intramitochondrial ATP/ADP/AMP ratio influence 
both mitochondrial enzyme function and metabolic 
processes in the cytosol.

Moreover, changes in ATP concentration in both 
the cytosol and the mitochondrial matrix affect cel-
lular physiology by altering free magnesium levels. 
ATP binds Mg2+ roughly an order of magnitude more 
strongly than ADP. In solutions with an ionic strength 
of 0.1-0.15  M, the logarithms of the magnesium bind-
ing constants are approximately 4.0-4.6 for ATP, 
3.1-3.5 for ADP, and 1.9-2.1 for AMP  [2]. Therefore, 
ATP hydrolysis to ADP increases the concentration 
of free magnesium, which in turn influences numer-
ous cellular processes, including those that are not 
directly sensitive to the changes in nucleotide levels. 
A notable example is chromatin condensation during 

mitosis, which is triggered by the rise in cytosolic 
free magnesium from ~0.5 to 1  mM. This increase oc-
curs in parallel with the drop in ATP concentration, 
and it has been proposed that the ATP decline results 
from the elevated ATP hydrolysis rate [3].

An example of a magnesium-dependent process 
in mitochondria is the A/D transition of complex  I 
in the mammalian respiratory chain. Under hypoxic 
conditions, complex I shifts from the active  (A) to the 
de-activated  (D) state, and upon restoration of respi-
ration, the reverse transition normally occurs within 
minutes. However, in the presence of 1-5  mM Mg2+, 
this reactivation is slowed by several orders of mag-
nitude [4]. Given that the free magnesium concentra-
tion in the matrix exceeds that in the cytosol, this 
phenomenon is likely to contribute to the regulation 
of mitochondrial recovery from ischemia in  vivo.

In this review, we have aimed to summarize the 
available literature on adenine nucleotide concen-
trations in the cytosol and mitochondrial matrix of 
eukaryotic cells, as well as the methods used to mea-
sure ATP levels within mitochondria.

PROTEINS AFFECTING ATP CONCENTRATION 
IN MITOCHONDRIA

The two main ‘players’ controlling the dynamics 
of ATP concentration in the mitochondrial matrix are 
ATP synthase [5] and adenine nucleotide transloca-
tor ANT [6], both located in the inner mitochondrial 
membrane. Each of these proteins accounts for a sig-
nificant proportion of the total mitochondrial mem-
brane protein – up to 12% for ANT [6] and up to 
20% for ATP synthase [7, 8]. Analysis of the mitochon-
drial proteome of the HEK293T cell line derived from 
human embryonic kidneys showed that, in terms of 
the number of molecules per cell, ANT (all isoforms) 
is the most abundant mitochondrial protein, with 
more than 8 million molecules per cell, while the 
number of ATP synthase molecules reaches nearly 
2 million per cell [9]. Only about 20 mitochondrial 
proteins exceed ATP synthase in copy number. These 
include, besides ANT, chaperones HSP60, HSP10, and 
mt-HSP70, peroxiredoxin PRDX3; membrane chan-
nels such as the outer membrane porins VDAC1 and 
VDAC3; several enzymes of the central carbon me-
tabolism such as malate dehydrogenase (MDH2) and 
citrate synthase (CS) from the TCA cycle; phosphate 
transporter SLC25A3; and several proteins involved 
in mitochondrial translation and protein import [9].

ATP synthase can catalyze not only ATP synthe-
sis but also ATP hydrolysis. It thus links the activity 
of the respiratory chain enzymes, membrane pro-
ton conductivity, and the ATP/ADP ratio in the ma-
trix. When pmf decreases due to increased proton 
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conductivity or reduced activity of respiratory chain 
enzymes, ATP synthase switches from synthesizing 
to hydrolyzing ATP, pumping protons from the mito-
chondrial matrix into the intermembrane space and 
preventing depolarization of the inner mitochon-
drial membrane. If pmf is absent, the enzyme may 
exhibit high ATPase activity: it can hydrolyze from 
several hundred to thousands of ATP molecules per 
second [10].

Under the low-pmf conditions, the ATPase activ-
ity of mitochondrial ATP synthase is suppressed via 
non-competitive inhibition by the MgADP complex 
(the so-called ADP inhibition [10]) and by the regu-
latory protein IF1, which binds to the enzyme and 
blocks its ATP hydrolysis activity without impeding 
ATP synthesis [11]. In mammals, IF1 is believed to 
prevent ATP depletion in the cell under the ener-
gy-deprived conditions, such as ischemia [11]. Studies 
conducted by our group on baker’s yeast have shown 
that IF1 helps to resume division more quickly after 
starvation [12]. Along with that, attenuated ADP inhi-
bition increased the growth rate in yeast lacking mi-
tochondrial DNA (rho0 strain), which are incapable of 
oxidative phosphorylation and instead synthesize ATP 
in the cytosol via glycolysis [13]. Such cells lack a ful-
ly functional ATP synthase; however, their mitochon-
dria contain the hydrophilic F1 subcomplex, which is 
encoded by the nuclear genes and can hydrolyze but 
not synthesize ATP. For the rho0 cells, intensive ATP 
hydrolysis in the mitochondrial matrix proves ad-
vantageous, as ANT exchanges ADP produced in the 
matrix for cytoplasmic ATP, transferring one negative 
charge from the cytosol to the matrix and thereby 
maintaining pmf necessary for protein import and 
several other mitochondrial functions. Thus, activities 
of ATP synthase and its F1 subcomplex, along with 
regulation of these activities, are important factors 
influencing mitochondrial ATP concentration and, 
consequently, cell physiology.

ANT is highly specific for ATP and ADP. It can 
transport some other nucleotides and small mole-
cules, but only at more than 100 times lower rates, 
rendering such fluxes negligible under physiological 
conditions. It is ANT that determines the specificity of 
oxidative phosphorylation for ADP; ATP synthase can, 
although with lower efficiency, phosphorylate other 
nucleoside diphosphates, primarily GDP [14]. ANT is 
an electrogenic carrier, and under normal conditions, 
high pmf across the inner mitochondrial membrane 
shifts the equilibrium toward the export of ATP from 
mitochondria to the cytosol.

The ATP/ADP exchange is inhibited in the pres-
ence of magnesium because the nucleotides are trans-
ferred in their free form rather than as magnesium 
complexes [15, 16] – a rare case for proteins that 
bind nucleoside triphosphates. 

Adenylate kinases also influence the concentra-
tions of ATP and other nucleotides in the cytosol and 
mitochondria. These enzymes catalyze the reversible 
transfer of a phosphate group between nucleoside 
triphosphates (usually ATP or GTP) and AMP, pro-
ducing two nucleoside diphosphates. Currently, nine 
isoforms of adenylate kinase have been characterized 
in human cells ([17], see also a recent review [18] on 
the physiological role of adenylate kinases in health 
and disease). Here, we will consider only two mito-
chondrial enzymes: AK2 of the intermembrane space 
and AK3 (GTP:AMP phosphotransferase) of the mito-
chondrial matrix. Another member of the adenylate 
kinase family, AK4, is also localized in the mitochon-
drial matrix in some tissues but apparently lacks en-
zymatic activity [19,  20]; therefore, it is not discussed 
in detail here. (It should be noted, however, that the 
recombinant human AK4 with intact mitochondri-
al localization peptide expressed in Escherichia coli 
cells demonstrated the ability to phosphorylate AMP 
in the presence of ATP or GTP [21]). Despite its prob-
able lack of enzymatic activity in  vivo, AK4 is an im-
portant regulator of cellular processes that plays a 
role in the oxidative stress response, participates in 
hypoxic regulation of mitochondria, and is associated 
with drug resistance, aggressive tumor progression, 
and metastasis in several cancers, making it a prom-
ising diagnostic and therapeutic target [18].

Adenylate kinase AK2 interconverts ATP, ADP, 
and AMP in the mitochondrial intermembrane space 
and catalyzes the reaction (1):

NTP + AMP ⇆ ADP + NDP. (1)

Both purine and pyrimidine nucleoside triphos-
phates (NTPs) can act as phosphate donors, but only 
AMP can be phosphorylated by AK2 [22]. Like the 
vast majority of enzymes whose substrates are nu-
cleoside triphosphates, AK2 and all other adenylate 
kinases work only with their magnesium complexes. 
AMP, which has about two orders of magnitude low-
er affinity for magnesium ions than ATP, binds and 
is phosphorylated without magnesium [23]. The ap-
parent equilibrium constant of the adenylate kinase 
reaction varies between 0.4 and 1.3 depending on the 
magnesium concentration, reaching a maximum at 
approximately 0.5  mM of free magnesium [24]. AK2, 
which is localized in the intermembrane space, and 
cytosolic adenylate kinases establish a strict relation-
ship between the concentrations of cytoplasmic ade-
nine nucleotides (see the section ‘Adenine nucleotides 
in the cytosol’ below). AK2 also plays an important 
role in the dynamic disequilibrium of nucleotide com-
position between the cytosol and the intermembrane 
space, converting AMP from the cytosol into ADP us-
ing ATP exported from the mitochondria by ANT [25].
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Fig. 1. Oxidative phosphorylation in human mitochondria. Proteins are labeled in bold: green – ATP synthase, cyan – phos-
phate transporter, red – respiratory chain enzymes, purple – adenine nucleotide translocator (ANT), yellow – adenylate 
kinase AK2, brown – adenylate kinase AK3, gray – porin VDAC. Bold arrows indicate transport of compounds; thin arrows 
indicate chemical transformations. The diagram depicts the situation when the respiratory chain generates a sufficiently 
high proton motive force (pmf ) for ATP synthesis; pH is 8.0 in the matrix and 7.4 in both the cytosol and intermembrane 
space. TCA cycle stands for tricarboxylic acid cycle.

Adenylate kinase AK3 (GTP:AMP phosphotrans-
ferase) is localized in the mitochondrial matrix [26] 
and catalyzes the reaction (2):

GTP + AMP ⇆ ADP + GDP. (2)

This enzyme is present in mitochondria in a sig-
nificant amount: a proteomic analysis of the human 
HEK293T cell line has shown that the number of AK3 
molecules per cell is approximately 700,000 [9].

Functions of the proteins described above, as 
well as the phosphate transporter SLC25A3 [27], are 
shown schematically in Fig.  1.

Experimental studies from the 1970s and 1980s 
indicate that the rate of oxidative phosphorylation 
is determined by the ATP/ADP ratio in the inter-
membrane space [28, 29], and that the rate-limit-
ing process is ATP/ADP translocation through ANT 
[30, 31]. However, a more detailed analysis has re-
vealed that ANT is only one of several key factors 
constraining the rate of oxidative phosphorylation, 

with its role being most significant when the respi-
ration rate is approximately 80% of the maximum 
possible value  [32].

Moreover, the ATP-Mg/Pi carrier located in the in-
ner mitochondrial membrane also influences nucleo-
tide concentration dynamics in the mitochondrial ma-
trix. This protein facilitates electroneutral transport 
of the MgATP2− complex and inorganic phosphate 
through the inner mitochondrial membrane [33] (not 
shown in Fig.  1). According to the proteomic study 
mentioned above, the total number of all isoforms 
of  this membrane protein approaches 300,000 mole-
cules per cell [9].

Outside mitochondria, the phosphocreatine shut-
tle (and, in many invertebrates, the phosphoarginine 
shuttle) significantly influences ATP concentration. 
Mitochondrial creatine kinase (or arginine kinase), lo-
cated in the intermembrane space, uses ATP to phos-
phorylate creatine (or arginine). Cytosolic isoforms 
of the same enzymes catalyze the reverse reaction, 
regenerating ATP from phosphocreatine and ADP, 
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and are associated with the sites of high energy con-
sumption, such as muscle fiber myosin, sarco/endo-
plasmic reticulum Ca2+-ATPase, plasma membrane 
Na+/K+-ATPase, and other ATP-utilizing proteins. 
However, a detailed examination of how these en-
zymes regulate cytosolic ATP concentrations lies be-
yond the scope of this review.

ADENINE NUCLEOTIDES IN THE CYTOSOL

As shown in Fig.  1, oxidative phosphorylation in 
mitochondria results in the conversion of cytosolic 
AMP, ADP, and inorganic phosphate to ATP. It should 
be noted that, with high adenylate kinase activity, 
the concentrations of ATP, ADP, and AMP will remain 
close to the thermodynamic equilibrium. Thus, if 
the rate of ATP consumption in the cell exceeds the 
rate of its synthesis, ATP concentration will decrease 
while ADP and AMP concentrations will increase. 
Importantly, in this situation, the AMP concentration 
relative to ATP will increase much more than the 
ADP concentration [34]. Indeed, for the adenylate ki-
nase reaction (3):

[ATP] × [AMP]

[ADP]2  = K, (3)

where [ATP], [ADP], and [AMP] are the equilibrium 
concentrations of the corresponding nucleotides, and 
K is the equilibrium constant, we have (4):

[ATP] × [AMP] = K × [ADP]2, (4)

and dividing both sides of the equation by [ATP]2, we 
obtain (5):

[AMP]

[ATP]
 ∝ ( [ADP]

[ATP] )2

, (5)

meaning the AMP/ATP ratio is proportional to the 
square of the ADP/ATP ratio. Therefore, it is not sur-
prising that an increase in the AMP concentration sig-
nals energy deficiency in the cell. The hypothesis that 
the AMP/ATP ratio regulates the activity of enzymes 
involved in energy metabolism was first proposed by 
Atkinson in 1964 during his study of yeast phospho-
fructokinase [35]. Atkinson later expanded this hypoth-
esis by introducing a variable reflecting the number 
of high-energy phosphoanhydride bonds per adenine 
nucleotide in the cell. Since an ATP molecule contains 
two such bonds, and ADP contains one, this variable 
is calculated by the formula (6):

2[ATP] + [ADP]

[ATP] + [ADP] + [AMP]
, (6)

ranging from zero (pure AMP; no ADP or ATP) to 
two (pure ATP; no ADP or AMP). To normalize the 

range to unity, Atkinson divided the expression by 2 
and called the result the ‘adenylate energy charge’ 
(AEC) of the cell, which reflects the energy available 
in the phosphoanhydride bonds of adenine nucleo-
tides for metabolic reactions [36]. Thus, cellular AEC 
is calculated from intracellular concentrations of ATP, 
ADP, and AMP using the formula (7):

AEC = 
[ATP] + ½[ADP]

[ATP] + [ADP] + [AMP]
 (7)

and ranges from zero to one.
Soon after its initial success, the AEC hypothesis 

became less popular because the number of enzymes 
directly regulated by adenine nucleotides was found 
to be quite small. A revival occurred in the late 1980s 
with the discovery of the AMP-activated protein ki-
nase (AMPK) cascade [37], which in response to an 
increase in AMP initiates a series of reactions that 
stimulate catabolism and suppress ATP-consuming 
processes both on a short-term (via enzyme phos-
phorylation) and long-term (via gene expression) time 
scale [38]. The subsequent extensive body of data on 
AMPK activation during hypoxia, ischemia, muscle 
activity, and other states of cellular energy depletion 
provided a solid experimental basis for the role of 
AEC in regulating cellular bioenergetics and broad-
ened its relevance beyond the strictly metabolic reg-
ulation [34].

As previously noted, due to the activity of ade-
nylate kinases, concentrations of adenine nucleotides 
in the cytosol are tightly interconnected, governed 
by thermodynamics of the adenylate kinase reaction. 
Blair [24] calculated these concentrations and the free 
magnesium levels equilibrated by adenylate kinase at 
different AEC values under conditions close to those 
in the cytosol (pH  7.5, 100  mM  K+; Fig.  2).

The data shown in Fig.  2 illustrate the connec-
tion between the ATP hydrolysis and the increase in 
free magnesium concentration, as well as the relative 
stability of ADP concentration across a wide range 
of  AEC values.

To date, a significant amount of experimental 
data on nucleotide concentrations in the cytosol has 
been accumulated. Most of these data are obtained 
from measurements using whole cells and, strictly 
speaking, reflect not the cytosolic concentrations but 
the total, averaged concentrations in both cytosol 
and mitochondria. However, since the volume of mi-
tochondria is generally much smaller than that of the 
cytosol, the contribution of mitochondrial nucleotides 
to the total pool is also small and, as a first approx-
imation, can be neglected, except for cardiomyocytes 
and other cells with very high mitochondrial con-
tent. In a large-scale metabolomic study quantifying 
the most abundant low-molecular-weight metabolites 
in human cells and baker’s yeast, concentrations of 
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Fig. 2. Relationship between adenylate energy charge (AEC) 
and concentrations of free magnesium and adenine nucle-
otides in the presence of adenylate kinase. Data were tak-
en from [24] for the following conditions: total nucleotide 
concentration 5  mM, total magnesium concentration 5  mM, 
potassium concentration 100  mM, pH  7.5. The graph shows 
total nucleotide concentrations (magnesium-bound plus free) 
for ATP, ADP, and AMP, and concentration of free Mg2+.

adenine nucleotides in eukaryotic cells were reported 
to fall within the following ranges: ATP, 1.4-7.0  mM; 
ADP, 0.43-0.57  mM; and AMP, 0.036-0.103  mM [39]. 
These values are in good agreement with the majority 
of previously obtained data [40, 41] and correspond 
to an AEC value of about 0.95 (see Fig.  2).

ADENINE NUCLEOTIDES 
IN MITOCHONDRIA

The interconversion of adenine nucleotides in 
mitochondria is less understood than that in the cy-
tosol. As noted above, in mammals, the mitochondri-
al matrix apparently lacks adenylate kinase, which 
could regenerate ADP from ATP and AMP. However, 
AK3 is capable of converting AMP to ADP using GTP. 
Mammalian mitochondria lack a carrier protein that 
transports GTP across the inner membrane, so the 
mitochondrial GTP and GDP pools can be considered 
isolated from the cytosolic pool on a short timescale. 
GTP in the matrix is synthesized by the succinyl-CoA 
synthetase, an enzyme of the TCA cycle. Notably, ani-
mal mitochondria have two isoforms of this enzyme: 
one synthesizes GTP and the other ATP [42]. The rel-
ative abundance of each isoform varies among dif-
ferent tissues.

GTP in mitochondria is mainly required for 
RNA and protein synthesis, AMP rephosphorylation 
by adenylate kinase AK3, and for conversion of ox-
aloacetate to phosphoenolpyruvate by mitochondrial 
phosphoenolpyruvate carboxykinase (PEPCK-M) [43].

Nucleoside diphosphate kinases (NDPKs) consti-
tute another important class of enzymes influencing 
the relationship between nucleotide concentrations. 
They catalyze the exchange of phosphate groups 
between various nucleoside di- and triphosphates, 
maintaining thermodynamic equilibrium among ATP, 
ADP, and other nucleotides in the cytosol. However, 
in human cells, only one nucleoside diphosphate ki-
nase, namely NDPK  D, has a mitochondrial target-
ing sequence [44, 45]. This enzyme is present in the 
cell in significant amounts; proteomic studies of the 
HEK293T cells report up to 200,000 NDPK D molecules 
per cell [9]. Most experimental data suggest that it is 
localized in the intermembrane space and is an-
chored to the inner mitochondrial membrane [46]. 
(Some studies, however, report nucleoside diphos-
phate kinase activity in the mitochondrial matrix of 
vertebrate cells [47, 48]). Additional support for the 
absence of NDPK in the matrix comes from the ex-
periments on baker’s yeast. Yeast normally possess-
es the mitochondrial GTP/GDP transporter, which is 
absent in the vertebrate mitochondria. After genetic 
deletion of this transporter, it was necessary to ex-
press human NDPK with an added matrix localiza-
tion signal to compensate for the deletion [49]. This 
observation implies that yeast mitochondria cannot 
produce GTP from ATP without NDPK artificially in-
troduced into the matrix.

We have not found studies that address the re-
lationship between guanine and adenine nucleotide 
concentrations in the mitochondrial matrix, or that 
report whether the adenylate kinase-driven thermo-
dynamic equilibrium observed in the cytosol is like-
wise sustained in the matrix.

Accurate quantification of nucleotide concentra-
tions in the mitochondrial matrix is crucial for eluci-
dating the mitochondrial contribution to the cellular 
energy metabolism and its regulation. However, such 
measurements are rather difficult, primarily because 
of the substantial methodological difficulties. HPLC 
and other analytical approaches provide highly ac-
curate measurements of total nucleotide content in 
the sample. Yet, when applied to intact cells, they 
cannot resolve relative contributions of the cytoso-
lic and mitochondrial pools. Since the mitochondrial 
matrix usually occupies only a minor fraction of the 
cellular volume, the resulting values predominantly 
reflect cytosolic ATP, offering minimal information 
about its  concentration in the matrix.

Measuring nucleotide levels in the isolated mi-
tochondria provides only limited insight into in  vivo 
concentrations of these nucleotides, as the isolation 
process subjects mitochondria to substantial stress 
and non-physiological conditions. The ATP/ADP/AMP 
ratios measured in the isolated mitochondria vary 
depending on biological source and experimental 
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Table 1. Relative proportions of adenine nucleotides in the isolated mitochondrial preparations from bovine 
heart and rat liver

Source ATP, % ADP, % AMP, % AEC Reference

Bovine heart mitochondria
12 30 58 0.27 [50]

39 33 28 0.56 [51]

Rat liver mitochondria

46 29 25 0.61 [52]

35 50 15 0.6 [16]

from 10 to 46 from 47 to 75 from 8 to 16 – [53]

20 69 11 0.55 [31]

Note. Absolute nucleotide concentrations were not determined in these studies, with the exception of reference [31]. The AEC 
was calculated as (ATP + ½ADP)/(ATP + ADP + AMP).

conditions, yet they consistently diverge from the 
cytosolic values and typically correspond to an AEC 
level of approximately 0.6 or less (Table  1).

Furthermore, when isolated mitochondria are 
incubated in the media containing phosphate and 
magnesium, adenine nucleotides leak out rapidly. 
This loss depends on the ATP/ADP/AMP ratio and 
could reach as much as 75% of the total nucleotide 
pool [52], implying that a substantial and variable 
fraction of adenine nucleotides could be lost during 
mitochondrial isolation. In light of these observations, 
the relative nucleotide contents measured in the iso-
lated mitochondria seem to provide an unreliable ba-
sis for evaluating their matrix concentrations in  vivo. 
Nevertheless, as discussed below, available in  vivo es-
timates align reasonably well with the values shown 
in Table  1.

One of the few studies that attempted to quantify 
the in  vivo ratios of ATP, ADP, and their magnesium 
complexes in the cytosol and mitochondria exam-
ined cambial cells of white maple (Acer pseudoplata-

nus  L.)  [54]. Using the 31P-NMR spectra of living cells, 
cell extracts, and isolated mitochondria, the authors 
estimated nucleotide levels from the areas under the 
peaks corresponding to the γ-phosphate of ATP and 
the β-phosphate of ADP. The proportions of free nu-
cleotides and their Mg2+ complexes were determined 
from the chemical shifts  (δ), which depend on pH and 
Mg2+ concentration. ATP concentrations in the cytosol 
and mitochondrial matrix were reported to be simi-
lar  – approximately 450  μM and 530  μM, respective-
ly  – whereas ADP concentrations were about 30  μM 
in the cytosol and 220  μM in the matrix. Thus, the 
cytosolic ATP/ADP ratio was several-fold higher than 
that in the matrix. It should be noted, however, that 
the cytosolic ATP and ADP concentrations reported in 
this study are far lower than those characteristic of 
animal cells and yeast, in which ATP and ADP lev-

els are roughly 5  mM and 0.5  mM, respectively [39]. 
Moreover, the nucleotide concentrations reported in 
the study were not validated by the independent 
methods such as HPLC or luciferase assays, raising 
concerns about absolute accuracy of these measure-
ments.

The authors also reported that most ATP exists as 
a magnesium complex in both compartments – 88% in 
the cytosol and 98% in the mitochondrial matrix [54]. 
In contrast, ADP was found to be predominantly free 
in the cytosol (71%) but largely magnesium-bound in 
the matrix (80%), implying that Mg2+ concentration is 
roughly an order of magnitude higher in the matrix 
than in the cytosol (2.4  mM vs. 250  μM).

Cytosolic ATP levels in the white maple cambial 
cells proved to be sensitive to metabolic context. They 
rose severalfold after exposure to excess adenine and 
decreased when cells were transferred into a phos-
phate-depleted medium or incubated with glycerol or 
choline, which are rapidly phosphorylated. In con-
trast, the cytosolic ADP levels remained comparative-
ly stable. From this, the authors suggested that free 
ADP in the cytosol acts as a central regulator of respi-
ration and cellular energy metabolism [54]. However, 
considering the limited dynamic range of cytosolic 
ADP permitted by adenylate kinase (Fig.  2) and the 
well-established role of AMP as a principal metabolic 
regulator, further experimental support might be nec-
essary to confirm this interpretation.

Finally, the authors of [54] argued that the com-
paratively low Mg2+ concentration in the cytosol, rel-
ative to that of the mitochondrial matrix, favors the 
presence of ADP in its free form, thereby promoting 
its uptake by ANT and subsequent transport into the 
matrix, where it participates in oxidative phosphory-
lation as MgADP.

The principal advantage of the NMR approach 
used in this study is its ability to quantify adenine 
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nucleotides in living cells. However, the method has 
significant limitations, including technical complexity, 
requirement for large amounts of biological material, 
and low sensitivity to ADP and AMP.

Alternative approaches for assessing adenine 
nucleotide levels in animal cells rely on rapid frac-
tionation to obtain a mitochondrial-enriched fraction 
within seconds. One method, reported effective for 
rat hepatocytes, uses brief exposure (20-40  s) to dig-
itonin, followed by rapid centrifugation (20  s) [55]. 
Digitonin selectively disrupts the sterol-rich plasma 
membrane while leaving the sterol-poor inner mi-
tochondrial membrane intact, which allows, after 
centrifugation, to obtain a supernatant containing 
cytosolic nucleotides and a pellet containing in-
tact mitochondria. Using this technique, ATP, ADP, 
and AMP proportions of 45-75%, 28-31%, and 3-21% 
were reported in the mitochondria from rat hepa-
tocytes [55, 56].

A different rapid-fractionation technique subject-
ed rat liver cell suspensions to shear forces by pass-
ing them through a narrow metal needle, rupturing 
the plasma membrane while leaving most mitochon-
dria intact [57]. The complete workflow – including 
disruption and centrifugation through silicone oil into 
fixative – required less than one minute. Using this 
method, the ATP/ADP ratio was found to be ~7 in the 
cytosolic fraction and close to 1 in the mitochondrial 
fraction.

Another study from the mid-1970s reported an 
intriguing and unconventional method for determin-
ing adenine nucleotide composition in rat liver mito-
chondria [58]. The technique involved rapid freezing 
of the tissue, its homogenization in the frozen state, 
lyophilization, and fractionation using a carbon tet-
rachloride–heptane solvent system. Despite appearing 
at first unsuitable for separating membrane-bound 
organelles, the procedure proved effective: electron 
microscopy and enzyme assays confirmed good sep-
aration of cytosolic and mitochondrial fractions. The 
authors found ATP, ADP, and AMP proportions of 
roughly 85%, 14%, and 1% in the cytosol and 27%, 
47%, and 26% in the mitochondria, respectively. Nota-
bly, these ratios correspond well to the matrix values 
observed in the isolated mitochondria (Table  1) and 
to the cytosolic concentrations determined by other 
methods.

The reliability of this new method was further 
verified on isolated rat hepatocytes by direct com-
parison between the digitonin permeabilization pro-
tocol and the freezing-lyophilization-organic solvent 
fractionation. When both methods were applied to 
the same hepatocyte sample, they yielded the same 
values for mitochondrial adenine nucleotide content 
within experimental error [59]. A related study ana-
lyzing pre- and postnatal rat liver mitochondria with 

the organic solvent fractionation method reported the 
following values for the matrix adenine nucleotides: 
25%, 32%, and 43% for ATP, ADP, and AMP in adult 
animals, and 21%, 19%, and 60% in the three-day-old 
pups [60].

A combination of the rapid freezing, lyophiliza-
tion, and organic solvent fractionation method with 
an ultra-fast (3-second) procedure for extracting rat 
liver allowed estimation of the ATP/ADP ratio in mi-
tochondria in  vivo. In the control group of rats, this 
ratio was 0.92  ±  0.18; in the rats fasted for 48  h be-
fore liver extraction, it increased to 1.04  ±  0.03, and 
in the rats subjected to anesthesia, it decreased to 
0.55  ±  0.06 (pentobarbital) or 0.86  ±  0.04 (ketamine) 
[61]. These data also agree with the experimental es-
timates of the ATP, ADP, and AMP ratios in the isolat-
ed rat liver mitochondria shown in Table  1.

Estimates of the ratio of ATP, ADP, and AMP con-
centrations in the mitochondrial matrix appear to 
be reliable, since many experiments using different 
objects and different methods yield similar results. 
At  the same time, the absolute values of these con-
centrations remain difficult to assess. The range of 
absolute values reported in the literature is quite 
broad (Table  2).

In the study [62], an attempt was made to quan-
titatively evaluate the content of a wide range of me-
tabolites in the mitochondrial matrix of HeLa cells. 
To quickly and selectively separate mitochondria 
from other cellular components, the authors used an 
immunoaffinity method, capturing mitochondria by 
an epitope of a recombinant protein localized in the 
outer mitochondrial membrane. To quantify metabo-
lites in the mitochondrial preparations, the authors 
employed liquid chromatography-mass spectrometry 
(LC/MS) and estimated total mitochondrial matrix 
volume per cell – required for calculating absolute 
concentrations – using confocal microscopy. The ade-
nine nucleotide concentrations reported in this work 
(Table  2, bottom row), however, raise substantial 
concerns. Most experimental data, including mea-
surements obtained with fluorescent protein sensors 
[66-69], consistently show that the ATP levels in the 
matrix are in the millimolar range, nearly two orders 
of magnitude higher than the 50  μM value reported 
in [62]. A likely explanation is an error in the esti-
mation of mitochondrial volume, a parameter that is 
difficult to determine precisely.

Taken together, the experimental evidence in-
dicates that in the cytosol of mammalian cells, ATP, 
ADP, and AMP concentrations are constrained by the 
adenylate kinase equilibrium and typically are esti-
mated as approximately 5  mM, 0.5  mM, and 0.05  mM, 
respectively, yielding an AEC of about 0.95. In the 
mitochondrial matrix, the total adenine nucleotide 
concentration is likewise in the millimolar range, 
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Table 2. Experimental estimates of absolute adenine nucleotide concentrations in the mitochondrial matrix

Source ATP, mM ADP, mM AMP, mM AEC Reference

Guinea pig heart 5.6-7.2 1.4-2.0 ND – [63]

Rat liver 3.5 12.4 1.9 0.54 [31]

Rat liver (fasted rats) 5.2 7.8 1.5 0.63 [64]

Rat liver (fed rats) 1.4 7.8 3.8 0.41 [64]

Rat liver 12.5-16.4 12.0-14.1 ND – [57]

Rat liver 10.4 5.9 4.3 0.65 [56]

Rat; renal proximal tubular cells 2.62 ND ND – [65]

HeLa cells 0.05 0.07 0.02 0.61 [62]

Note. In the studies cited, concentrations were calculated using approximate estimates of matrix volume per milligram of 
protein or per milligram of dry weight, except in the study [62], where the mitochondrial volume was derived from the 
microscopy data. AEC denotes the adenylate energy charge; ND indicates cases where no data were available.

but the ATP/ADP/AMP ratios are more variable and 
the AEC is lower – generally between 0.4 and 0.65.

It is widely assumed that in the resting state, 
when cellular ATP demand is low, the adenylate ener-
gy charge in the mitochondrial matrix rises and ADP 
becomes nearly fully phosphorylated to ATP. In this 
scenario, ATP synthase is unable either to continue 
ATP production or to consume pmf through proton 
translocation coupled to ATP synthesis. As a result, 
pmf increases and suppresses the activity of respira-
tory chain enzymes, producing the so-called ‘state  4’ 
[70], extensively characterized in  vitro in isolated mi-
tochondria. Inhibition of respiration elevates the re-
duction state of the respiratory electron carriers and 
increases the intracellular O2 levels, thereby promot-
ing non-enzymatic formation of reactive oxygen spe-
cies (ROS) and increasing the risk of oxidative dam-
age [71]. Vladimir Skulachev proposed that, in order 
to limit ROS production under these conditions, cells 
increase proton conductivity of the inner mitochon-
drial membrane (‘mild uncoupling’), thereby lowering 
pmf, stimulating respiration, and reducing O2 concen-
tration [72].

The evidence summarized in this review, howev-
er, indicates that such complete depletion of matrix 
ADP – and thus a true state  4 – is unlikely to occur 
in  vivo. All available data show that the matrix ADP 
concentration remains appreciable and is consistently 
higher than the cytosolic one, which itself remains 
remarkably stable at ~0.5  mM – more than sufficient 
to support continuous ATP synthesis by ATP synthase. 
Accordingly, the processes grouped under the term 
‘mild uncoupling’ likely serve a physiological role 
distinct from the suppression of mitochondrial ROS 
production in the resting state.

APPLICATION OF FLUORESCENT 
PROTEIN SENSORS TO MEASURING 

ATP CONCENTRATION IN MITOCHONDRIA

A powerful strategy for quantifying ATP levels 
within both mitochondria and cytosol is the use of 
fluorescent protein-based sensors whose spectral 
characteristics shift upon ATP binding. The first such 
sensor, ATeam, was developed by Hiromi Imamura 
and colleagues [69]. ATeam comprises yellow and 
cyan fluorescent proteins joined by a small protein 
that undergoes a reversible conformational transi-
tion in response to ATP binding. This structural re-
arrangement decreases the distance between the flu-
orophores and enhances Förster resonance energy 
transfer (FRET). Consequently, fluorescence spectral 
measurements permit accurate monitoring of relative 
abundance of the free versus ATP-bound forms of 
the probe. A major advantage of this method is that 
its readout is independent of probe concentration. 
Application of ATeam in HeLa cells revealed mito-
chondrial ATP concentrations in the millimolar range, 
although consistently lower than those observed in 
the cytosol [69].

Further development of this approach substan-
tiated the initial observation and enabled real-time 
assessment of ATP concentration changes within the 
mitochondrial matrix in response to various stimuli 
[66-68]. Parallel observations of a mitochondria-tar-
geted ATeam probe and its cytosolic counterpart 
in cardiomyocytes demonstrated that hypoxia pro-
duces a substantial decline in the matrix ATP over 
several hours, whereas cytosolic ATP levels remain 
nearly constant. A similar pattern was observed un-
der normoxia following the addition of oligomycin, 
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an  ATP  synthase inhibitor, although in this case the 
signal changes were developing within minutes [67].

In another study, ATeam probes were employed 
to analyze ATP concentration dynamics in the cyto-
sol and mitochondria of HeLa cells following glucose 
depletion [73]. Under these conditions, cytosolic ATP 
levels remained largely stable, whereas the mito-
chondrial matrix exhibited a transient elevation in 
ATP followed by a marked decline. The authors pro-
posed that the initial rise in mitochondrial ATP level 
results from the activity of hexokinases associated 
with the outer mitochondrial membrane. Although 
the hexokinase-catalyzed phosphorylation of glucose 
to glucose-6-phosphate is generally regarded as ir-
reversible under physiological conditions, the au-
thors speculate that rapid mitochondrial ATP uptake 
in the absence of cytosolic glucose could make the 
reverse reaction feasible. This hypothesis, however, 
requires further confirmation. Another study com-
bined the fluorescent dye TMRE with a mitochon-
dria-targeted ATeam probe to assess the correlation 
between pmf and ATP levels in the neuronal mito-
chondria [74].

ATeam sensors have also been applied success-
fully to monitor mitochondrial ATP dynamics in in-
tact tissues and even whole organs. Analysis using 
a mitochondria-targeted probe in the mouse hearts 
demonstrated that empagliflozin, an inhibitor of the 
sodium–glucose cotransporter 2 (SGLT2), elevates mi-
tochondrial ATP levels [75].

In our laboratory, an ATeam-derived sensor was 
successfully employed to quantify ATP concentrations 
in yeast cells and in isolated mitochondria. We select-
ed the yAT1.03 variant, optimized for expression in 
Saccharomyces cerevisiae and exhibiting reduced pH 
sensitivity relative to the original ATeam sensors [76]. 
We isolated mitochondria from the yeast expressing 
this probe fused to the mitochondrial localization sig-
nal. Permeabilization with the channel-forming anti-
biotic alamethicin – which renders the inner mem-
brane permeable to low-molecular-weight solutes (up 
to 1.5  kDa) but not to proteins [77] – enabled cali-
bration of the matrix yAT1.03 signal by adding ATP 
at defined concentrations to the incubation medium. 
These experiments demonstrated that ATP concen-
tration in the matrix of isolated yeast mitochondria 
increases to millimolar levels upon the addition of 
respiratory substrates [78]. This method also appears 
promising for quantitative in  vitro studies of intra-
mitochondrial ATP concentration dynamics under 
various conditions.

Besides the FRET-based ATeam family, additional 
protein sensors comprising a single fluorescent pro-
tein with ATP-dependent spectral shifts have been de-
veloped. These ‘single-color’ sensors include QUEEN 
[79] and MaLion [80]. QUEEN has been applied with 

moderate success to quantify ATP levels in yeast mi-
tochondria [81], where – consistent with observations 
in HeLa cells – mitochondrial ATP was found to be 
slightly lower than cytosolic ATP. Another study em-
ploying QUEEN demonstrated that, in yeast, addition 
of the protonophore FCCP (carbonyl cyanide p-trifluo-
romethoxyphenylhydrazone), which collapses the pmf 
across the inner mitochondrial membrane, leads to 
an increase in ATP within the matrix and a decrease 
in the cytosol [82]. To account for this unexpected 
behavior, the authors proposed that FCCP stimulates 
ATP import from the cytosol into mitochondria via 
the ATP-Mg2+/HPO4

2− carrier, although the presented 
data provide insufficient evidence to support this 
conclusion. In a separate investigation, use of the 
mitochondria-targeted MaLion probe revealed that 
when hepatocytes transition from glucose depriva-
tion to active glucose utilization, the mitochondrial 
ATP concentration declines, implying a potential role 
of the mitochondrial adenine-nucleotide dynamics 
in  regulating cellular metabolism [83].

Another family of fluorescent probes includes 
the Perceval sensor and its analogs. These proteins 
have very high affinity for both ATP and ADP, so in-
side the cells they are always bound to one of these 
nucleotides. The spectral properties of Perceval dif-
fer depending on which nucleotide is bound, and 
the overall fluorescence signal reliably reflects the 
ATP/ADP ratio [84]. However, the signal of this probe 
is sensitive to pH changes between 6 and 8, which 
makes quantitative interpretation more difficult. 
A later variant, PercevalHR, was developed with im-
proved spectral characteristics [85], but we found no 
reports of its successful use for measuring ATP/ADP 
ratios in mitochondria. Recently, a protein fluorescent 
probe capable of detecting the GTP/GDP ratio in mi-
tochondria was developed [86].

Although the studies described above demon-
strate varying degrees of success in applying the 
protein-based fluorescent sensors to mitochondrial 
ATP measurements, several substantial methodologi-
cal limitations remain. All such probes are influenced 
to some extent by pH and by ionic composition, dis-
play partial cross-reactivity with other nucleotides, 
and exhibit temperature-dependent fluorescence be-
havior. Moreover, probes of the ATeam family are 
subject to asynchronous maturation of their two 
fluorescent proteins, potentially leading to the accu-
mulation of an unknown – yet possibly considerable 
– population of non-functional probe species within 
the cell. These aberrant molecules lack either the 
FRET donor or acceptor and could, therefore, com-
promise the composite signal. Consequently, rigorous 
calibration of the probe output directly in the exper-
imental sample (e.g., through permeabilization fol-
lowed by the addition of defined ATP concentrations) 
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and cross-validation of ATP measurements using in-
dependent approaches (distinct fluorescent probes, 
luciferin–luciferase assays, HPLC) are critically im-
portant.

CONCLUSION

When discussing adenine nucleotide levels in eu-
karyotic cells, it can be stated that under most condi-
tions, cytosolic ATP concentration lies in the millimo-
lar range, while the concentrations of ADP and AMP 
are approximately 10-fold and 100-fold lower, respec-
tively. In the mitochondrial matrix, the proportion of 
ATP is lower and the proportions of ADP and AMP 
are higher compared with the cytosol; this indicates 
that the so-called ‘state 4’, in which oxidative phos-
phorylation is inhibited in the resting cells due to the 
lack of ADP in the matrix, is very unlikely to occur 
in  vivo under physiological conditions.

To clarify causal relationships between the ac-
tivities of bioenergetic enzymes, changes in pmf, and 
adenine nucleotide concentrations in the mitochon-
drial matrix and cytosol, reliable methods are needed 
for quantitative measurements of ATP concentrations 
in vivo. Fluorescent protein sensors are excellent tools 
for monitoring dynamic changes in ATP concentration 
in the cytosol and mitochondria, but they cannot pro-
vide precise values for absolute nucleotide concen-
trations because their calibration in  vivo is difficult. 
Therefore, an optimal strategy is to combine dynamic 
measurements obtained with several different fluores-
cent protein probes – calibrated using standard ATP 
solutions after cell permeabilization  – with tradition-
al nucleotide quantification methods (HPLC, lucifer-
in–luciferase assays) and newer analytical approaches 
such as single-cell metabolomics, mass-spectrometry 
imaging, and high-resolution respirometry within 
the same experimental framework.
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AEC adenylate energy charge
AMPK AMP-activated protein kinase
FRET Förster resonance energy transfer
NDPK nucleoside diphosphate kinase
pmf proton motive force
TCA tricarboxylic acid cycle
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