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A B S T R A C T   

Selenite as an inorganic form of selenium can affect the redox state of mitochondria by modifying the thiol 
groups of cysteines. The F1FO-ATPase has been identified as a mitochondrial target of this compound. Indeed, the 
bifunctional mechanism of ATP turnover of F1FO-ATPase was differently modified by selenite. The activity of 
ATP hydrolysis was stimulated, whereas the ADP phosphorylation was inhibited. We ascertain that a possible 
new protein adduct identified as seleno-dithiol (-S-Se-S-) mercaptoethanol-sensitive caused the activation of F- 
ATPase activity and the oxidation of free –SH groups in mitochondria. Conversely, the inhibition of ATP synthesis 
by selenite might be irreversible. The kinetic analysis of the activation mechanism was an uncompetitive mixed 
type with respect to the ATP substrate. Selenite bound more selectively to the F1FO-ATPase loaded with the 
substrate by preferentially forming a tertiary (enzyme-ATP-selenite) complex. Otherwise, the selenite was a 
competitive mixed-type activator with respect to the Mg2+ cofactor. Thus, selenite more specifically bound to the 
free enzyme forming the complex enzyme-selenite. However, even if the selenite impaired the catalysis of F1FO- 
ATPase, the mitochondrial permeability transition pore phenomenon was unaffected. Therefore, the reversible 
energy transduction mechanism of F1FO-ATPase can be oppositely regulated by selenite.   

1. Introduction 

The rotational ATPase family member F-type ATP synthase (also 
known as F1FO-ATPase) is found in eukaryotic mitochondria, serving as 
both an ion pump and an ATP synthesis complex. The catalytic F1 hy-
drophilic domain and the FO transmembrane hydrophobic domain are 
the two main structural components of F1FO-ATPase [1–5]. Both a 
functional and a structural function are assigned to the FO domain. It 
participates in the generation of ATP during oxidative phosphorylation 
(OXPHOS), and the supramolecular organization in dimers arrayed in a 
long row contributes to the development of mitochondrial cristae [6]. 
ADP and Pi are the substrates used to synthesize ATP in the mitochon-
dria. Proton motive force (Δp), produced by the mitochondrial respira-
tory complexes, provides the energy needed for this reaction [7]. 

Furthermore, the creation of the mitochondrial permeability transi-
tion pore (mPTP), which is located in the inner mitochondrial 

membrane (IMM), is directly influenced by the FO transmembrane 
domain [8,9]. Recently it has been demonstrated that a natural com-
pound such as the bergamot polyphenolic fraction positively influences 
mitochondrial bioenergetic parameters, improving cellular oxidative 
metabolism [10]; as well as protecting porcine aortic endothelial cells 
from metabolic alterations caused by doxorubicin, an 
apoptosis-inducing anticancer agent [11]. Therefore, testing the effect of 
another naturally occurring compound, selenium seemed interesting. 
Although research in recent years has shown that selenium is an 
essential component for human health, it is a micronutrient that is only 
found in small amounts in our bodies. With oxygen, sulfur, and tellu-
rium, selenium is a member of the group of oxoacids, group 16 of the 
periodic table. It is an element with properties of transition semimetals. 
It can be found in the environment in several states, such as elemental 
(Se0), selenides (Se2− ), selenate (SeO4

2− ), or selenites (SeO3
2− ). It is an 

element characterized by the ease of transition to adjacent oxidation 
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states, which are controlled by humidity, pH, free oxygen concentration, 
and redox potential [12]. Selenium is found in nature in numerous 
sources, including the soil, given the erosion of rocks containing the 
element; in plants, related to the quantity present in the soil; in water, 
from atmospheric deposits or soil drainage; in food and in the air, where 
it plays an important role in its biogeochemical cycle [12]. In living 
beings, it has an important structural and enzymatic role in some 
functions such as, for example, various antioxidant processes, the syn-
thesis, metabolism and function of thyroid hormones. It is also necessary 
to properly function the immune system [13], showing antimutagenic, 
anti-inflammatory and antibacterial activity [14]. This element has 
multiple beneficial functions in our body. Therefore, its deficiency can 
lead to numerous physiological problems, including mood alterations, 
increased susceptibility to diseases such as pathologies involving 
oxidative stress and inflammation and an increased risk of tumour for-
mation. Numerous selenium deficiency illnesses are frequently linked to 
a shortage of a different significant nutrient with antioxidant properties, 
such as vitamin E [14]. Selenium exhibits toxicity towards tumour cells, 
stimulating the apoptosis process in cell cultures and showing more 
significant toxicity towards malignant cells than benign ones. The 
mechanism of anticancer action is based on the induction of cell death 
through the production of superoxide radicals at the level of the mito-
chondria, which stimulates the mitochondrial pathway of apoptosis. It 
has been observed that this pathway induced by selenite is inhibited by 
overexpression of manganese superoxide dismutase, the concentration 
of which, in tumour cells, is relatively low compared to the healthy 
counterpart; therefore, it is possible to state that, in the prevention of 
tumours, selenium selectively induces apoptosis in tumour cells without 
causing significant damage to normal cells [14]. In other studies, it is 
reported that treatment with selenite causes damage to the mitochon-
dria, leading to cell death [15]. 

Selenium is mainly incorporated into human physiology in the form 
of selenocysteine (Sec), and Sec-containing proteins are known as sele-
noproteins. Although all functional selenoproteins have redox active 
functions, Sec is also used for several biological roles. An example is 
glutathione peroxidase, belonging to a family of antioxidant enzymes 
able to perform the neutralization of hydrogen peroxide and organic 
hydroperoxides, in synergy with vitamin E, in the intracellular and 
extracellular compartments. The enzymatic activity is directly propor-
tional to the intake of selenium; therefore, there is an important corre-
lation between selenium deficiency and oxidative stress [12,14]. In 
particular, sodium selenite (Na2SeO3) is an inorganic form of the trace 
element selenium, commonly used for its potential neoplastic activity as 
it can induce apoptosis and inhibit the proliferation of cancer cells, as 
well as having various beneficial effects in the body. It has been 
demonstrated that selenite activates signalling pathways capable of 
stimulating mitochondrial biogenesis by increasing the synthesis of 
mitochondrial proteins [16]. 

Furthermore, selenite treatments significantly boost oxygen intake, 
enhancing the activities of the respiratory complexes and mitochondrial 
respiration. Additionally, selenite reduces free radical-induced 
apoptosis via influencing signalling pathways [16]. Exposure of cells 
to selenite prevents loss of mitochondrial membrane potential and 
metabolic activity, protecting cells from mitochondrial damage. Addi-
tionally, increased levels of ATP production in the mitochondrion have 
been observed in the presence of selenite [17]. It is known that 
F1FO-ATPase is inhibited by Mg-ADP, which, in the absence of phos-
phate, induces conformational changes on the catalytic portion of F1, 
blocking Mg-ADP and preventing catalysis. A study on the coccoid 
bacterium Paracoccus denitrificans demonstrated that the phosphate-like 
selenite oxyanion can occupy phosphate binding sites on the F1 domain 
or catalytic β-subunits or non-catalytic α-subunits, and induce confor-
mational changes that allow the release of Mg-ADP, allowing ATP hy-
drolysis [18]. In the present study, the effects of selenite on F1FO-ATPase 
were investigated, as its modulating action on enzymatic activity and 
the effect on the mPTP are not yet known. The main aim was to 

determine the action of the compound on the enzyme by titration and 
shed light on the molecular mechanisms that can lead selenite to 
establish interactions with the thiol groups of F1FO-ATPase. For this 
purpose, both oxidizing and reducing reagents have been used. 

2. Material and methods 

2.1. Chemicals 

Oligomycin (a mixture of oligomycins A, B and C), antimycin A, 
Fura-FF, glutamate, malate, and succinate were purchased from Vinci- 
Biochem (Vinci, Italy). Na2ATP, ADP, rotenone, DL-dithiothreitol 
(DTT), 5,5′-Dithio-bis-(2-nitrobenzoic Acid) (DTNB), phenylarsine 
oxide (PAO), HgCl2, 2-mercaptoethanol (ME), and sodium selenite were 
obtained from Sigma–Aldrich (Milan, Italy). Quartz double distilled 
water was used for all reagent solutions. 

2.2. Preparation of the mitochondrial fractions 

Swine hearts (Sus scrofa domesticus) were collected at a local abattoir 
and transported to the lab within 2 h in ice buckets at 0–4 ◦C. After 
removal of fat and blood clots as much as possible, approximately 30–40 
g of heart tissue was rinsed in ice-cold washing Tris-HCl buffer (medium 
A) consisting of 0.25 M sucrose, 10 mM Tris(hydroxymethyl)- 
aminomethane (Tris), pH 7.4 and finely chopped into fine pieces with 
scissors. Each preparation was made from one heart. Once rinsed, tissues 
were gently dried on blotting paper and weighed. Then tissues were 
homogenized in medium B consisting of 0.25 M sucrose, 10 mM Tris, 1 
mM EDTA (free acid), 0.5 mg/ml BSA fatty acid free, pH 7.4 with HCl at 
a ratio of 10 ml medium B per 1 g of fresh tissue. After a preliminary 
gentle break-up by Ultraturrax T25, the tissue was carefully homoge-
nized by a motor-driven Teflon pestle homogenizer (Braun Melsungen 
Type 853,202) at 650 rpm with 3 up-and-down strokes. The mito-
chondrial fraction was then obtained by stepwise centrifugation (Sorvall 
RC2-B, rotor SS34). Briefly, the homogenate was centrifuged at 1,000×g 
for 5 min, thus yielding a supernatant and a pellet. The pellet was re- 
homogenized under the same conditions of the first homogenization 
and re-centrifuged at 1,000×g for 5 min. The gathered supernatants 
from these two centrifugations, filtered through four cotton gauze 
layers, were centrifuged at 10,500×g for 10 min to yield the raw mito-
chondrial pellet. The raw pellet was resuspended in medium A and 
further centrifuged at 10,500×g for 10 min to obtain the final mito-
chondrial pellet. The latter was resuspended by gentle stirring using a 
Teflon Potter Elvejehm homogenizer in a small volume of medium A, 
thus obtaining a protein concentration of 30 mg/ml [19]. All steps were 
carried out at 0–4 ◦C. The protein concentration was determined ac-
cording to the colourimetric method of Bradford [20] by Bio-Rad Protein 
Assay kit II with BSA as standard. The mitochondrial preparations were 
then stored in liquid nitrogen until the evaluation of F1FO-ATPase 
activities. 

2.3. Mitochondrial F-ATPase activity assays 

Thawed mitochondrial preparations were immediately used for F- 
ATPase activity assays. The capability of ATP hydrolysis was assayed in 
a reaction medium (1 ml). The optimal conditions to obtain the maximal 
activity of the F1FO-ATPase, which depend on substrates concentration 
and pH values, are at 0.15 mg mitochondrial protein and 75 mM 
ethanolamine-HCl buffer pH 9.0, 6.0 mM Na2ATP and 2.0 mM MgCl2 for 
the Mg2+-activated F1FO-ATPase assay, and 75 mM ethanolamine-HCl 
buffer pH 8.8, 3.0 mM Na2ATP and 2.0 mM CaCl2 for the Ca2+-acti-
vated F1FO-ATPase assay [21,22]. These assay conditions were previ-
ously proven to elicit the maximal enzyme activities either stimulated by 
Mg2+ or by Ca2+ in swine heart mitochondria [23]. After 5 min pre-
incubation at 37 ◦C, the reaction carried out at the same temperature, 
was started by the addition of the substrate Na2ATP and stopped after 5 
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min by the addition of 1 ml of ice-cold 15 % (w/w) trichloroacetic acid 
(TCA) aqueous solution. Once the reaction was stopped, vials were 
centrifuged for 15 min at 3500 rpm (Eppendorf Centrifuge 5202). In the 
supernatant, the concentration of inorganic phosphate (Pi) hydrolyzed 
by known amounts of mitochondrial protein, which is an indirect 
measure of F-ATPase activity, was spectrophotometrically evaluated 
[24]. According to the method employed, to detect the Pi release by the 
enzymatic reaction, the Pi released independently of the F1FO-ATPase 
activity should be quantified. To this aim, 1 μl from a stock solution of 3 
mg/ml oligomycin in dimethylsulfoxide was directly added to the re-
action mixture before starting the reaction. The total ATPase activity 
was calculated by detecting the Pi in control tubes run in parallel and 
containing 1 μl dimethylsulfoxide per ml reaction system. In each 

experimental set, control tubes were alternated to the condition to be 
tested. The employed dose of oligomycin, a specific inhibitor of 
F-ATPases which selectively blocks the FO subunit ensured maximal 
enzyme activity inhibition and was currently used in F-ATPase assays 
[22]. 

To test the effect of selenite on the differently activated F1FO-ATPase 
activities, aqueous solutions of selenite at different standard concen-
trations were prepared immediately before each experimental set. Small 
aliquots (10 μl) of these solutions were added to the reaction system and 
incubated at 37 ◦C before starting the F1FO-ATPase reaction. Control 
tubes contained the same final volume, adjusted with 10 μl of the re-
action buffer. 

In all experiments, the F1FO-ATPase activity was routinely measured 
by subtracting, from the Pi hydrolyzed by total ATPase activity, the Pi 

Fig. 1. Dose-response curve of selenite on the F1FO-ATPase activity. ATP hy-
drolysis in the presence of increasing selenite concentrations. Data represent the 
mean ± SD from three independent experiments carried out on distinct mito-
chondrial preparations. * indicate significantly different values within each 
treatment (P ≤ 0.05). 

Fig. 2. F1FO-ATPase activity in selenite-treated mitochondria with and without thiol redox agent. The effect of increased selenite concentration was evaluated in the 
absence (green bars, ) and in the presence) of (A) 50 μM DTT (red bars, ), (B) 2.5 μM HgCl2 (blue bars, ), (C) 50 μM phenylarsine oxide, (yellow bars, ), (D) 
400 mM mercaptoethanol (lavender bars, ). Data represent the mean ± SD from three independent experiments carried out on three different mitochondrial 
preparations. * indicate significantly different values within each treatment (P ≤ 0.05). 

Fig. 3. Available mitochondrial protein single bond –SH groups in the absence 
or in the presence of 1 mM selenite and/or 400 mM mercaptoethanol (ME). 
Data are expressed as mean ± SD of four experiments carried out on mito-
chondria from different preparations. Different letters indicate significantly 
different values between treatments at P ≤ 0.05. 

C. Algieri et al.                                                                                                                                                                                                                                  



Free Radical Biology and Medicine 210 (2024) 333–343

336

hydrolyzed in the presence of oligomycin [19]. In all experiments, the 
F-ATPase activity, either activated by Ca2+ as cofactor or by Mg2+, was 
expressed as μmol Pi•mg protein− 1 min− 1. 

2.4. Quantitative evaluation of free thiols 

Free thiols in mitochondrial suspensions in the absence and in the 
presence or absence of selenite with and without ME were colouri-
metrically quantified by Ellman’s reagent [25]. The selected compounds 
were added to the mitochondrial suspensions immediately before the 
colourimetric analysis. The widely used Ellman’s method is based on the 
capability of 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) to react with 
free thiol groups by disulphide bonds with thionitrobenzoic acid (TNB). 
As the ratio of protein thiols to TNB formed is 1:1, TNB formation is 
currently taken as a measure of the number of free thiol groups in 
mitochondrial suspensions. After the addition of 15 % w/v trichloro-
acetic acid solution (250 μL/0.15 mg protein) to precipitate proteins, the 

mitochondrial suspensions were centrifuged at 12,000 g for 5 min at 
4 ◦C. After the removal of the supernatant, the mitochondrial pellet was 
carefully resuspended with a Potter Eppendorf pestle. Then, 400 μL of 
reagent solution containing 0.5 M phosphate buffer (KH2PO4/K2HPO4, 
pH 7.4), 0.2 mM DTNB, were added to the suspensions and incubated for 
20 min at 4 ◦C. The absorbance at 412 nm (maximum TNB absorption 
wavelength) of the supernatant from a second centrifugation at 12,000 g 
for 5 min at 4 ◦C was read on a Perkin–Elmer lambda 45 spectropho-
tometer. Mitochondrial thiol groups were quantitatively evaluated by 
interpolating the absorbance values in a calibration curve built by 
employing known cysteine concentrations as –SH standard. 

2.5. Kinetic analyses 

In all plots the specific enzyme activity, evaluated as μmoles Pi•mg 
protein− 1•min− 1, was taken as the expression of the initial reaction rate 
v. To evaluate the enzyme activation kinetics by the ATP substrate, Hill 

Fig. 4. Plots to obtain the kinetic parameters of the mitochondrial F1FO-ATPase. Hill plots to obtain the nHi and [S]0.5 of the F1FO-ATPases related to ATP in the 
absence (A) or with 1 mM selenite (B) or Mg2+ in the absence (D) or with 1 mM selenite (E). Lineweaver-Burk plots of the F1FO-ATPase with respect to 1.0–2.0 - 
4.0–6.0 mM ATP substrate (C) in the absence (○) or with 1 mM selenite (●) and with respect to 0.25–0.5 - 1.0–2.0 mM Mg2+ cofactor (F) in the absence (□) or with 
1 mM selenite (■). Km and Vmax values were obtained as detailed in the kinetic analyses section of Materials and Methods. Each point represents the mean ± SD 
from three experiments on distinct mitochondrial preparations. 

C. Algieri et al.                                                                                                                                                                                                                                  



Free Radical Biology and Medicine 210 (2024) 333–343

337

plots were built [26]. To this aim, Mg2+-activated F-ATPase assays were 
carried out at various stated ATP millimolar concentrations in the re-
action medium, by keeping constant all other assay conditions in the 
presence or in the absence of selenite. The linear transformation of the 
Hill equation was used: 

log
v0

Vmax − v0
= − nHi log[S] + log K′ Eq. 1  

where Vmax and v0 represent the enzyme reaction rates, respectively in 
the presence of substrate concentration (ATP or Mg2+) which gives the 
maximal rate and in the presence of a stated substrate concentration [S], 
K′ or [S]0.5 is the substrate concentration occupying half of the binding 
sites. By plotting log v0/(Vmax-v0) versus log[S] a straight line is ob-
tained, whose slope is Hill coefficient (-nHi). In case |nHi|∕=1 multiple 
binding sites for the substrate can be involved [26] even if the nHi value 
cannot stoichiometrically correspond to the binding sites. 

The mechanism of the enzyme activation by selenite on the F-ATPase 
was explored with the aid of the graphical method of Lineweaver-Burk 
(double reciprocal plots). In all kinetic analyses, the enzyme-specific 
activity was taken as the expression of the reaction rate (v). To calcu-
late the kinetic parameters (Vmax and Km) of ATP substrate or Mg2+

cofactor, enzyme activity data were fitted to the Lineweaver-Burk 
equation: 

1
v
=

Km

Vmax

1
[S]

+
1

Vmax
Eq. 2  

in which the reciprocal of the reaction rate 1/v (y-axis) was plotted as a 
function of the concentration of ATP or Mg2+ cofactor (x-axis) consid-
ered as substrate (S) raised to a power of nHi. This corrective procedure 
allows the building of linear double reciprocal plots, and consequently, 
the calculation of Vmax and Km values from the intercept with y- and x- 
axis, respectively, even when nHi is ∕=1. Moreover, the enzyme activity 
stimulated by selenite fits a straight line in which the Lineweaver-Burk 
equation considers the factor α, α= 1+ [A]/Ka, or α′, α′= 1+ [A]/ K′

a. 

1
v
=

αKm

Vmax

1
[S]

+
α′

Vmax
Eq. 3  

The equilibrium constant for activation binding, Ka or K’a, can be ob-
tained from the double reciprocal plots by considering the value of α or 
α′, respectively. Ka is the constant related to the binary complex of the 
free enzyme (E) plus activator (A), i.e., EA or in other words E plus 

selenite, obtained by rearranging the value of α, Ka = [A]/(α − 1), 
whereas K’a, calculated as K′

a = [A]/(α′ − 1), is the constant describing 
the ternary complex EA plus S, i.e., ESA or in other words ES plus sele-
nite, as reported in the enzyme reactions scheme: 

Analyzing Lineweaver-Burk plots, the α is assumed as follows: 
gradient of Eq. (3), (αKm

Vmax
), multiplied by the ratio of Vmax and Km values 

from Eq. (2) in the absence of selenite; the α′ is assumed as follows: y-axis 
intercept of Eq. (3), ( α′

Vmax
), multiplicate by the Vmax values of Eq. (2) in 

the absence of selenite. 
In the plot, distinct straight lines, each of which corresponded to a 

fixed concentration of selenite, were obtained by linear regression. The 
R2 value was never lower than 0.98, thus confirming the linearity of 
these plots. 

2.6. Evaluation of oxidative phosphorylation 

Immediately after the fresh preparation of the swine heart mito-
chondrial fraction, the mitochondrial respiratory activity was polaro-
graphically evaluated by a Clark-type electrode using a thermostated 
Oxytherm System (Hansatech Instruments, King’s Lynn, UK) in terms of 
oxygen consumption at 37 ◦C in a 1 mL polarographic chamber. The 
reaction mixture, maintained at a fixed temperature and continuously 
stirred, contained a 0.25 mg/mL mitochondrial suspension, 40 mM KCl, 
0.2 mg/mL fatty-acid-free BSA, 75 mM sucrose, 0.5 mM EDTA, 30 mM 
Tris–HCl, pH 7.4, and 5 mM KH2PO4, plus 3 mM MgCl2. The reaction 
was carried out at a fixed temperature and under constant stirring. The 
assessment of the rate of oxygen consumption was made in the presence 
of specific substrates. In regard to complex I, the substrates were 
glutamate/malate in a ratio of 1:1; for complex II, the substrate was 
succinate. Furthermore, complex I was inhibited by 1 μg/mL of rote-
none, while the inhibition of complex III was achieved by 1 μM of 
antimycin A. The oxidation of glutamate/malate made it possible to 
determine the activity of NADH; for ubiquinone oxidoreductase, on the 
other hand, the oxidation of succinate represented the multicomponent 
succinoxidase pathway, i.e., the electron flux in the respiratory chain 
through complex II. By adding 1 μM of antimycin A to the respective 
tests with glutamate/malate and succinate, it was possible to evaluate 
the nonspecific oxygen consumption. To evaluate the coupling between 
respiratory activity and phosphorylation, 150 nmol ADP at state 2 of 
respiring mitochondria was added [27,28]. The respiratory control ratio 
(RCR) of OXPHOS was assessed as the ratio between state 3 (when ATP 
is synthesized) and state 4 (when ATP is not synthesized). To evaluate 
the effects of the selenite, the mitochondrial suspensions were added at 
the same time to selenite in the polarographic chamber before starting 
the reaction at 37 ◦C. Respiratory activities were expressed as nmoles 
O2•mg protein− 1 min− 1. The experimental protocol provided for the 
injection (in a very precise order) of reagents into the polarographic cell 
using a syringe. In particular, to mitochondrial protein suspensions, in 
the presence and absence of the selenite, the following were added: 
inhibitors of the previous respiratory chain steps (when required), 

Table 1 
Effect of selenite on the kinetic parameters of the F1FO-ATPase.  

Kinetic parameters ATP (substrate) Mg2+ (cofactor) 

No 
selenite 

1 mM 
Selenite 

No 
selenite 

1 mM 
Selenite 

nHi (a.u.) 2.12 ±
0.14a 

1.94 ±
0.27a 

1.13 ±
0.04a 

1.26 ±
0.07a 

[S]0.5 (mM) 0.25 ±
0.03a 

0.33 ±
0.07a 

0.61 ±
0.01a 

0.62 ±
0.02a 

Km (mM) 1.88 ±
0.04a 

2.01 ±
0.07b 

0.27 ±
0.01a 

0.24 ±
0.01b 

Vmax (μmol Pi/mg 
protein/min) 

1.39 ±
0.06a 

1.63 ±
0.08b 

1.79 ±
0.01a 

2.19 ±
0.01b 

Ka (mM)  10.78 ±
0.75*  

3.64 ±
0.58* 

K’a (mM)  06.61 ±
0.47§

5.54 ±
0.74§

The values of kinetic parameters were calculated as detailed in Section 2.5. Data 
are the mean ± SD of n = 3 sets of experiments carried out on different mito-
chondrial preparations. Different letters (a, b) indicate significantly different 
values between the treatments with or without selenite on ATP substrate or 
Mg2+ cofactor effect. Different symbols (*, §) indicate significantly different 
values between the same treatment with selenite on activation constants (Ka vs 
K’a) obtained with respect to the ATP substrate or Mg2+ cofactor. P ≤ 0.05. 
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substrate(s), ADP, and inhibitors (rotenone for 
glutamate/malate-stimulated respiration and antimycin A for 
succinate-stimulated respiration) [10]. The rate of oxygen consumption 
was assessed in the presence of the specific substrates, glutamate/malate 
for complex I and succinate for complex II. Polarographic assays were 
performed at least in triplicate on three mitochondrial preparations from 
different animals. 

2.7. Evaluation of mPTP 

Immediately after the preparation of swine heart mitochondrial 

fractions, fresh mitochondrial suspensions (1 mg/ml) were energized in 
the assay buffer (130 mM KCl, 1 mM KH2PO4, 20 mM HEPES, pH 7.2 
with TRIS), incubated at 25 ◦C with 1 μg/ml rotenone and 5 mM suc-
cinate as respiratory substrate. To evaluate selenite effect, selected 
selenite concentrations, obtained by sampling small aliquots from 
standard selenite aqueous solutions were added to the mitochondrial 
suspensions before mPTP evaluation. mPTP opening was induced by the 
addition of low concentrations of Ca2+ (10 μM) as CaCl2 aqueous solu-
tion at fixed time intervals (1 min). The Ca2+ retention capacity (CRC), 
whose lowering indicates mPTP opening, was spectrofluorophoto-
metrically evaluated in the presence of 0.8 μM Fura-FF. The probe has 

Fig. 5. Selenite effect on selected oxidative phosphorylation parameters: state 3 and 4 respiration rates and their ratio as the respiratory control ratio. Glutamate/ 
malate- (A, C, E) and succinate- (B, D, F) stimulated mitochondrial respiration in the absence (green, ) or in the presence of 1 mM selenite (red, ), 50 μM DTT 
(yellow, ), and selenite + DTT (blu, ). Data expressed as columns represent the mean ± SD from three independent experiments carried out on different 
mitochondrial preparations. Different letters indicate significant differences (P ≤ 0.05) among treatments within the same parameter between treatments. 
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different spectral properties in the absence and in the presence of Ca2+, 
namely, it displays excitation/emission spectra of 365/514 nm in the 
absence of Ca2+ (Fura-FF low Ca2+) and shifts to 339/507 nm in the 
presence of high Ca2+ concentrations (Fura-FF high Ca2+). mPTP 
opening was evaluated by the increase in the fluorescence intensity ratio 
(Fura-FF high Ca2+)/(Fura-FF low Ca2+), which indicates a decrease in 
CRC [29]. All measurements were processed by LabSolutions RF 
software. 

2.8. Calculations and statistics 

The data represent the mean ± SD (shown as vertical bars in the 
figures) of the number of experiments reported in the figure captions. In 
each experimental set, the analyses were carried out on different pools of 
animals. Statistical analyses were performed by SIGMASTAT software. 
The analysis of variance followed by Students–Newman–Keuls’ test 
when F values indicated significance (P ≤ 0.05) was applied. Percentage 
data were arcsin-transformed before statistical analyses to ensure 
normality. 

3. Results 

3.1. Selenite affects the F1FO-ATPase activity by reversible modulation of 
thiol redox state 

The effect of selenite, in the range of 0.1–2.0 mM, was evaluated on 
the F1FO-ATPase activated by Mg2+ as cofactor (Fig. 1). Increasing 
selenite concentrations promote a significant increase of ATP hydrolysis 
at the highest concentration tested (0.5–1.0 – 2.0 mM selenite). The 
enzyme attained a maximal 26 % activation at the 1.0 mM selenite. 

To verify if the cysteine redox state by selenite was related to the 
activation effects on the F1FO-ATPase the thiols reagents: 50 μM DTT, 
2.5 μM HgCl2, 50 μM PAO, and 400 mM ME were tested. The Mg2+- 
activated F1FO-ATPase activity was evaluated in the presence of 
0.50–1.00 mM or in the absence of selenite (Fig. 2A–D) with and without 
DTT, HgCl2, PAO, or ME to check if the modified cysteine thiols (-SH) of 
the protein adduct with selenite were reduction-sensitive. In the pres-
ence of selenite, the Mg2+-activated F1FO-ATPase showed the same 
enzyme activity as with 50 μM DTT, 2.5 μM HgCl2, or 50 μM PAO in the 
reaction medium (Fig. 2A,B,C). Conversely, the addition of 400 mM ME 
significantly lessened at the value of control the enzyme activity stim-
ulated in the presence of 0.50 or 1.00 mM selenite (Fig. 2D). 

Taking into account selenite’s capacity to form complexes with Cys- 
SH, its possible binding to mitochondrial proteins was studied by 
measuring the –SH content in swine heart mitochondria incubated in the 
absence or presence of selenite with and without the ME. The number of 
free thiol groups in mitochondria decreased dramatically in the presence 
of 1 mM selenite up to 45 %. The redox state of –SH groups were not 
modified by 400 mM of ME, and the oxidation of –SH groups by selenite 
adduct was reverted by the addition of ME (Fig. 3). 

3.2. Activation kinetics of selenite on F1FO-ATPase 

The F1FO-ATPase mechanism of ATP hydrolysis was characterized by 
positive cooperativity that promoted enzyme catalysis. The activation 
effect of selenite was studied on enzyme cooperativity to verify if the 
relationship between the fraction of occupied sites and the ligand con-
centration was changed. The Hill plots built at different concentrations 
of substrate ATP in the absence and in the presence of 1 mM of selenite 
(Fig. 4A and B) showed similar Hill coefficients, namely 2.12 ± 0.14 and 
1.94 ± 0.27 respectively (Table 1), thus suggesting that, in both cases, 
ATP can bind to two catalytic sites. Moreover, the binding sites of the 
enzyme were filled with the same concentration of ATP since the [S]0.5 
with and without selenite had the same value (Table 1). However, the 
F1FO-ATPase in the presence of selenite sustained a higher ATP hydro-
lysis. The molecular mechanism of enzyme activation, plotted as a 

Fig. 6. Effect of selenite on the F1FO-ATPase activity and the mPTP opening. A) 
ATP hydrolysis of F1FO-ATPase activated by Ca2+ in the presence of increasing 
selenite concentrations. B) The calcium retention capacity (CRC) was moni-
tored in response to subsequent 10 μM CaCl2 pulses (shown by the triangles), as 
detailed in Section 2.7., in the absence (control, — black line), in the presence 
of the inhibitor 2 mM MgADP ( green line), and 1 mM selenite ( red line). 
C) Quantitation of the mPTP opening is expressed as the ratio of the number of 
calcium pulses required to induce the mPTP in MgADP-inhibited (CRCi) and 
uninhibited (CRCo) mitochondria in the absence (control) and in the presence 
of selenite. Data represent the mean ± SD from three independent experiments 
carried out on distinct mitochondrial preparations. 
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function of the concentration of ATP substrate, was an uncompetitive 
mixed type (Fig. 4C). Accordingly, in the presence of selenite the Km and 
the Vmax of the enzyme showed higher values than in the absence 
(Table 1), which indicated that when activated by selenite, the enzyme 
hydrolytic activity was more efficient but more substrate was required to 
reach one-half Vmax increased by the factor α’. The activation mecha-
nism of selenite was corroborated by Ka and K’a values that describe the 
dissociation of binary (EA) and ternary (ESA) complexes, respectively. 
The Ka value higher than K’a value indicated that selenite bound more 
easily to F1FO-ATPase complexed with ATP according to the uncom-
petitive mixed-type inhibition mechanism forming ESA complex. 
(Table 1). The same study has been performed in relation to the Mg2+

cofactor regarding the cooperativity of the enzyme (Fig. 4D and E) and 
the activation mechanism of selenite (Fig. 4F). The nHi values with and 
without selenite highlighted the absence of cooperativity to Mg2+ and 
likewise the [S]0.5 values did not change; selenite did not affect the 
cofactor concentration occupying half of the binding sites (Table 1). 
Selenite activation of F1FO-ATPase was mixed competitive with respect 
to Mg2+ cofactor. On considering the activation constants of the enzy-
me–activator complex (Ka) and the enzyme–substrate–activator com-
plex (K’a), since F1FO-ATPase showed Ka value slightly lower than K’a 
value (Table 1), the formation of the binary complex (enzyme–selenite) 
was preferred. 

3.3. Selenite effect on oxidative phosphorylation 

To assess the selenite effect on the bifunctional mechanism of F1FO- 
ATPase, the ATP synthesis coupled to the mitochondrial respiration in 
the OXPHOS system was studied in the presence of glutamate/malate or 
succinate as substrates for the first, in the Complex I (CI), or second 
phosphorylation sites, in the Complex II (CII), respectively, to under-
stand the relationship between substrate oxidation by mitochondrial 
respiratory complexes and the selenite effect on F1FO-ATPase (Fig. 5). 
Respiration was evaluated in State 3 respiring in presence of ADP and Pi, 
and State 4 obtained after State 3 when added ADP is phosphorylated 
maximally to ATP. Moreover, the coupling between substrate oxidation 
and ADP phosphorylation was calculated as the RCR index obtained as 
State3/State4 ratio. 

Mitochondrial respiration in State 4 was unaffected by selenite and/ 
or DTT assumed that the compound and the changing redox state of –SH 
thiol groups of the respiratory complex were unaffected indifferently of 

substrates to CI or CII (Fig. 5A and B). ME, which had a reversible effect 
on the stimulation of ATPase activity in the presence of selenite, 
inhibited mitochondrial respiration (data not shown). Conversely, the 
selenite influenced the respiration in State 3 irrespective of the substrate 
to the first or second phosphorylation site. Mitochondria in State 3 
energized with glutamate/malate were inhibited by 65 % with 1 mM 
selenite, whereas in the presence of a substrate at the second phos-
phorylation site, the inhibition was 35 %. Noteworthy, DTT had neither 
antagonistic nor synergistic effects with selenite (Fig. 5C and D). In the 
presence of a substrate for CI or CII, the respiratory control ratios (state 
3/state 4) decreased only in the presence of selenite or selenite plus DTT 
by 45 % and 70 % at the first phosphorylation site and 18 % and 20 % at 
second phosphorylation site, respectively (Fig. 5E and F). 

3.4. The action of selenite on the mitochondrial activities in the presence 
of Ca2+

Dose-response curve of selenite on the Ca2+-activated F1FO-ATPase 
highlighted a refractory response of the enzyme to selenite when the 
natural cofactor Mg2+ was replaced with Ca2+ (Fig. 6A). The mPTP was 
monitored to increased concentration of Ca2+ at subsequent steps to the 
mitochondrial suspensions evaluating the CRC, which represents the 
capability of intact mitochondria to accumulate Ca2+. CRC decreased 
when the mPTP opened and was revealed by an increase in fluorescence 
intensity. CRC increased in control mitochondria after subsequent 10 μM 
Ca2+ additions at fixed time intervals, as revealed by an increase in the 
(Fura-FF high Ca2+)/(Fura-FF low Ca2+) ratio, denoted as Fura-FF ratio 
in Fig. 6B. MgADP inhibited the mPTP opening and a higher CRC was 
registered. Mitochondrial suspensions were treated with 1 mM selenite, 
which corresponded to the selenite values for the stimulation of ATP 
hydrolysis activity (Fig. 1), and the mPTP opening sensitization to Ca2+

was not changed in the presence of selenite. Consistently, the mPTP 
formation showed the same number of Ca2+ pulses required to induce 
the mPTP formation in control mitochondria (Fig. 5B). Indeed, the 
mPTP formation, extent expressed as the ratio between MgADP inhibi-
ted (CRCi) and untreated (CRCo) mitochondria, (CRCi/CRCo), was un-
affected by 1 mM selenite (Fig. 6C). Therefore, the selenite did not 
modulate the mPTP in swine heart mitochondria. 

Fig. 7. Modified cysteine thiols with selenite on the protein adduct. The possible redox reactions of selenite con thiol groups of F1FO-ATPase and the reversible effect 
of ME (2-mercaptoethanol) on the seleno-dithiol groups. The possible products are depicted. 

C. Algieri et al.                                                                                                                                                                                                                                  



Free Radical Biology and Medicine 210 (2024) 333–343

341

4. Discussion 

The F1FO-ATPase has a bifunctional mechanism of ATP turnover 
[30–33]. The ATP hydrolysis provides the chemical force to drive the 
reverse function of the F1FO-ATPase working as H+ pump and 
re-energising the IMM. On the contrary, the forward work of F1FO-AT-
Pase dissipates the Δp generated with substrates oxidation during 
mitochondrial respiration to synthesize ATP in the OXPHOS [34–36]. 
The selenite has an opposite effect on the dual mode of work of the 
enzyme. Indeed, selenite stimulated the ATP hydrolysis of the enzyme 
and caused a significant decrease in the ADP phosphorylation. In prac-
tice, the activity of the Mg2+-activated F1FO-ATPase was increased by up 
to 1 mM selenite by 26 %. Selenite, by boosting ATPase activity, might 
improve the coupling between glycolytic and Δp oscillations in 
non-respiring mitochondria [37,38], whereas the inhibition of the ATP 
synthesis is much more responsive in the presence of substrates for the 
first site of phosphorylation than the second site of phosphorylation. 

Since selenite has the feature to change the redox state of cysteine 
residues of F1FO-ATPase modulating the enzyme activities, we have 
considered the thiol reaction with selenite [39] (Fig. 7). Vicinal thiols 
groups might be reduced to persulfide groups crosslinked by selenium 
and producing a new protein adduct identified as seleno-dithiol 
(-S-Se-S-). The modified cysteine thiols with selenite might form a 
bridge in which the reduction potential is so high that thiol reagents are 
unable to cleave the -S-Se-S- bond. Otherwise, the ME with its higher 
reduction potential could be able to reduce the seleno-dithiol group to 
free thiol groups (-SH) or form thio-selenol (Fig. 7). Indeed, these two 
forms can be revealed by Ellman’s Reagent (DTNB) that reacts with 
sulfhydryl groups [19], explaining the restored effect on the quantifi-
cation of free –SH in presence of selenite + ME (Fig. 3). Moreover, the 
ME effect reverted the activation mechanism on ATP hydrolysis of 
F1FO-ATPase but was not possible to evaluate it on the mechanism of 
ATP synthesis as ME inhibited mitochondrial respiration and conse-
quently impaired the ADP phosphorylation. We can speculate that 
critical –SH groups sensitive to selenite modulate in the opposite way 
the bifunctional mechanism of F1FO-ATPase [40]. Reversible cysteine 
oxidations have versatile control of the structure and function of the 
F1FO-ATPase. Dithiol potentially responsible for -S-Se-S- adduct might 
be localized on the α and γ subunits [40]. Indeed, disulfide bonds can be 
formed between cysteines of two α subunits (αCys-251) or cysteines of α 
and γ subunits (αCys-251 and γCys-78) before that the individual sub-
units assemble to yield the holoenzyme. Moreover, the ability to 
combine dithiols is determined by the conformation of the enzyme and 
the molecular structure of the cross-linked compound (X), which forms 
disulphide bridges (-S-X-S-) of varying lengths [41]. αCys-201 and 
αCys-251 is a dithiol with 14.3 Å intrasubuinit distance and OSCPCys-118 
and bCys-197 a dithiol with 18.5 Å intersubunit distance (Fig. S1) that 
could potentially allow the formation of a disulfide bridge with Se. 

Kinetic experiments were conducted to shed insight on the binding 
change process for the F1-ATPase [42], whose ATP hydrolysis is known 
to be supported by the positive cooperativity of three catalytic sites. 
During catalysis, the ATP substrate can simultaneously fill one to three 
sites, denoting it as uni-site, bi-site, or tri-site catalysis, respectively [43, 
44]. The rate of ATP hydrolysis was ATP concentration-dependent, and 
selenite activated the enzyme. However, the steady-state catalysis 
analysis showed that the main kinetic enhancement occurs through 
bi-site activation maintaining positive cooperativity irrespective of the 
presence of selenite. 

The analysis of the activation mechanism highlighted an uncom-
petitive mixed kinetic activation with respect to the ATP substrate. 
Therefore, selenite might improve the ATP binding to the enzyme by 
activating the ATPase activity. In general mixed kinetic activation is 
characterised by binary and ternary complex association described with 
Ka and K’a values, respectively. The constants are representative of the 
affinity of the activator to bind to the free enzyme or enzyme with 
substrate. Since K’a value was lower than the Ka value, selenite more 

efficiently complexed to form the ternary complex (ESA) than the binary 
complex (EA). In other words, ESA complex was more powerful than EA. 
Moreover, the F1FO-ATPase underwent a competitive mixed-type acti-
vation mechanism on the cofactor. This activation type was corrobo-
rated by a lower Ka value than K’a value indicating that the selenite 
preferentially bound to the free enzyme to form the binary complex 
(EA). These results prove that selenite has a distinct site on the enzyme 
that does not overlap the ATP or Mg2+ bind site. 

The F1FO-ATPase associates the bifunctional mechanism of energy 
transmission unique in biological systems [45] with the property of 
switching from the enzyme of life to the enzyme of death [46]. In 
particular, Ca2+-activated F1FO-ATPase sustaining ATP hydrolysis could 
be a potential event in determining the switch to the enzyme of death 
through mPTP formation and opening [5,47]. However, the opposite 
effect of selenite on the enzyme when the hydrolysis or the synthesis of 
ATP was sustained by Mg2+ did not show either an activating effect or an 
inhibitory effect on the H+-translocating Ca2+-dependent F1FO-ATP 
(hydrol)ase [9]. Since compounds that affect the Ca2+-activated 
F1FO-ATPase can modulate the mPTP opening [10,23,29,41,48–51] we 
have confirmed that the mPTP opening was similarly refractory to the 
presence of selenite. Probably, the selenite does not change the molec-
ular mechanism of conformational transmission, known as “bent-pull” 
model [8,52], from catalytic sites of Ca2+ on the F1 domain to membrane 
subunits of FO domain [9,46]. 

To sum up, we have defined how the bifunctional mechanism of the 
F1FO-ATPase can be differently regulated through the use of selenite. 1 
mM selenite stimulates ATP hydrolysis and inhibits ATP synthesis by 
F1FO-ATPase causing a depletion of ATP content in mitochondria. High 
dosages of sodium selenite (>1 mM) are effective in eliciting contrac-
tures in the heart and smooth muscles [53]. Indeed, healthy cardiac 
metabolism relies on an efficient rate of ATP fuels to support heart 
muscle function. Selenite effect on mitochondria is therefore toxic under 
normal metabolic conditions leading to a mitochondrial depletion of 
ATP. However, this negative action on bioenergetics does not trigger the 
mPTP phenomenon. Under pathophysiological conditions, the enzyme 
is driven to hydrolyze ATP and this activity is regulated by the IF1 
subunit, which can also regulate the ATP synthesis [54]. Future studies 
might be addressed to evaluate the interplay of selenite on the 
F1FO-ATPase regulatory mechanism with IF1. Indeed, pro-oncogenic or 
anti-metastatic phenotypes have mitohormetic programs in which the 
interplay in the IF1/F1FO-ATPase axis has a relevant role [55]. 
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