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Abstract 17 

The mitochondrial permeability transition pore (PTP), which drives regulated cell death when Ca2+ 18 

concentration suddenly increases in mitochondria, was related to changes in the Ca2+-activated F1FO-ATPase. 19 

The effects of the gadolinium cation (Gd3+), widely used for diagnosis and therapy, and reported as PTP 20 

blocker, were evaluated on the F1FO-ATPase activated by Mg2+ or Ca2+ and on the PTP. Gd3+ more effectively 21 

inhibits the Ca2+-activated F1FO-ATPase than the Mg2+-activated F1FO-ATPase by a mixed-type inhibition on 22 

the former and by uncompetitive mechanism on the latter. Most likely Gd3+ binding to F1, is favoured by Ca2+ 23 

insertion. The maximal inactivation rates (Kinact) of pseudo-first order inactivation are similar either when the 24 

F1FO-ATPase is activated by Ca2+ or by Mg2+. The half-maximal inactivator concentrations (KI) are 2.35±0.35 25 

mM and 0.72±0.11 mM, respectively. The potency of a mechanism‐based inhibitor (Kinact/KI) also highlights a 26 

higher inhibition efficiency of Gd3+ on the Ca2+-activated F1FO-ATPase (0.59±0.09 mM-1∙s-1) than on the Mg2+-27 

activated F1FO-ATPase (0.13±0.02 mM-1∙s-1). Consistently, the PTP is desensitized in presence of Gd3+. The Gd3+ 28 

inhibition on both the mitochondrial Ca2+-activated F1FO-ATPase and the PTP strengthens the link between 29 

the PTP and the F1FO-ATPase when activated by Ca2+ and provides insights on the biological effects of Gd3+. 30 
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1. Introduction 32 

The F1FO-ATPase, an oligomeric complex of the inner mitochondrial membrane (IMM) ubiquitous in 33 

mammals, is an energy-transducing machine characterized by a reversible working mode of ATP 34 

synthesis/hydrolysis [1]. According to the chemiosmotic theory, the H+ transfer from the mitochondrial 35 

matrix to the intermembrane space by the respiratory complexes, pushed by substrate oxidation, creates the 36 

protonmotive force (Δp) that is converted into a useful chemical form, ATP [2]. Contrary, in the reverse-mode, 37 

the hydrolysis of the high-energy phosphoanhydridic bonds of ATP drives H+ pumping in the intermembrane 38 

space and energizes the IMM. The bi-functional catalysis of the F1FO-ATPase is a unique energy transmission 39 

mechanism sustained by the structural enzyme arrangement in two molecular motors, a hydrolytic F1 sector 40 

and a hydrophobic FO sector. The two sectors are coupled by a reversible torque generation [3,4] (Fig. 1). The 41 

catalytic domain F1 is a globular hexamer in which three α subunits and three β subunits alternate. F1 contains 42 

three catalytic and three non-catalytic sites which bind adenine nucleotides. The catalytic sites are each β 43 

subunit at the interface with the adjacent α subunit, whereas the non-catalytic sites are on each α subunit at 44 

the interface with the adjacent β subunit [5]. During the ATP synthesis/hydrolysis, according to the “binding 45 

change model” [6], the conformational change in the (αβ)3 assembly occurs during the rotor rotation. During 46 

a 360° rotation the catalytic and non-catalytic site conformations change in TP (binding ATP), DP (binding 47 

ADP), and E (empty) conformations, driven by the rotation of the central stalk. The β subunits undergo a 48 

decrease in affinity for nucleotides with the sequential transition βTP→βDP→βE, while the α subunits only 49 

undergo the conformational changes during the rotor rotation. This mechanochemical mechanism of the F1 50 

domain is driven by the H+ flow through FO which generates the torsional movement. The H+ translocation 51 

from one side to the opposite side of the IMM within two asymmetrical half-channels on a subunit at the 52 

interface with the c-ring which hosts the H+ binding sites [7]. Differently from the bacterial enzyme, the 53 

mitochondrial FO domain contains supernumerary subunits which intervene during the enzyme dimerization 54 

and oligomerization, which in turn play a morphological role in mitochondrial crista formation [8,9]. 55 

Moreover, the supernumerary subunits are important to form and open the permeability transition pore 56 

(PTP) inside the c-ring [10]. 57 

Accordingly, the IMM becomes permeable to solutes up to 1.5 kDa in a process defined permeability 58 

transition (PT) when the PTP, a Ca2+-activated channel with high conductance, opens. It seems ascertained 59 

that the F1FO-ATPase is the main playmaker which triggers the PTP formation and opening. Additionally, a 60 

low conductance channel inhibited by both CsA and BKA could be formed by the adenine nucleotide 61 

translocase isoforms [11,12]. After about 50 years of debate, the arcane molecular mechanism of PTP was 62 

revealed by Sazanov’s group [10]. When Ca2+ concentration increases in the mitochondrial matrix, the F1FO-63 

ATPase can replace the natural cofactor Mg2+ with Ca2+ on β subunits [13]. The Ca2+-activated enzyme can 64 

sustain ATP hydrolysis [14]. Since Ca2+ has a larger atomic radius than Mg2+ it induces conformational changes 65 

in the F1 domain which are transmitted to the membrane-embedded subunits [15]. Under physiological and 66 

pathological conditions, according to the “bent-pull” model of the Ca2+-activated F1FO-ATPase [16], the PTP 67 

opens within the c-ring. In detail, the lipid plug anchored to e subunit, a lyso-phosphatidylserine which 68 

penetrates and fills the hole of the c-ring at the intermembrane space, is pulled out by e subunit 69 

displacement. The different conformational states of the F1FO-ATPase when activated by Ca2+, which 70 

apparently cannot occur when Mg2+ plays the cofactor role, permit the detachment of the F1 domain by 71 

pushing the phosphatidylserine that fills the hole at the matrix side when water molecules enter the c-ring 72 

[10]. The F1FO-ATPase activated by Ca2+ as cofactor undergoes conformational changes which open the PTP 73 

[17]. Since PTP opening leads to cell death [18] and PTP dysregulation is increasingly involved in severe 74 

human diseases [2], once identified the main macromolecular target responsible for PTP formation, several 75 

compounds have been considered and investigated as potential pore inhibitors [19]. 76 

The rare earth transition metals known as Lanthanides are widely used in medicine due to their 77 

physicochemical characteristics [20]. They play an increasingly recognized role in diagnosis and therapy, 78 
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other than being widely exploited in research. Gadolinium (Gd)-based compounds belonging to organometals 79 

are widely used in Magnetic Resonance Imaging (MRI) as a contrast medium [21] as well as putative 80 

anticancer drugs [22]. Although for clinical use Gd ion (Gd3+) is always chelated with specific ligands due to 81 

its high toxicity, it seems to accumulate in the tissues, especially in the brain, therefore its long-term use has 82 

raised emerging concern [23]. Interestingly, the trivalent Gd3+ has biophysical characteristics similar to the 83 

divalent Ca2+ (radius of Gd3+ 1.05-1.11 Å vs Ca2+ 1.00-1.06 Å), which allow it to replace Ca2+ in its biological 84 

and biochemical mechanisms. Accordingly, the biological effects are currently ascribed to the cationic form 85 

Gd3+. Most likely, Gd3+ acts at the cellular level by directly interfering with the Ca2+ entry pathways. Gd3+ is 86 

also used in experimental tests as an inhibitor of Ca2+ channels activated by stretching [24]. The Gd3+-based 87 

compounds used in MRI seem to have negative effects on the mitochondrial activity by altering ATP 88 

production, reducing mitochondrial oxidative capacities and also promoting cellular apoptosis [25] and other 89 

forms of cell death [26]. These effects were also related to the Gd3+ capability to promote PTP opening [27]. 90 

Conversely, the cation was also reported to act as a PTP blocker in mammalian mitochondria [16]. 91 

The possibility that Gd3+ may act on the mammalian F1FO-ATPase activated by Ca2+ differently from the Mg2+-92 

activated enzyme was investigated and compared with the effects on PTP opening. The results may not only 93 

contribute to casting light on some still unexplored molecular mechanisms of Gd3+ toxicity [26], but also may 94 

improve the knowledge on the mechanism of PTP formation and opening and broaden the spectrum of 95 

exogenous PTP modulators. Moreover, since membrane permeabilization often results in a cellular 96 

catastrophe and Gd3+ is widely employed in medical fields, such as research, diagnosis and therapy, the 97 

assessment of the Gd3+ action mechanism on the key enzyme in bioenergetics may be extremely useful to 98 

adequately exploit Gd3+ properties for medical purposes. 99 

 100 

 101 

2. Materials and methods 102 

 103 

2.1. Chemicals 104 

Oligomycin (a mixture of oligomycins A, B and C), and Fura-FF were purchased from Vinci-Biochem (Vinci, 105 

Italy). Na2ATP and gadolinium trichloride (GdCl3) were obtained from Sigma–Aldrich (Milan, Italy). Quartz 106 

double distilled water was used for all reagent solutions. 107 

 108 

2.2. Preparation of the mitochondrial fractions 109 

Swine hearts (Sus scrofa domesticus) were collected at a local abattoir and transported to the lab within 2 h 110 

in ice buckets at 0–4°C. After removal of fat and blood clots as much as possible, approximately 30–40 g of 111 

heart tissue was rinsed in ice-cold washing Tris-HCl buffer (medium A) consisting of 0.25 M sucrose, 10 mM 112 

Tris(hydroxymethyl)-aminomethane (Tris), pH 7.4 and finely chopped into fine pieces with scissors. Each 113 

preparation was made from one heart. Once rinsed, tissues were gently dried on blotting paper and 114 

weighted. Then tissues were homogenized in medium B consisting of 0.25 M sucrose, 10 mM Tris, 1 mM 115 

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 116 

tissue. After a preliminary gentle break up by Ultraturrax T25, the tissue was carefully homogenized by a 117 

motor-driven teflon pestle homogenizer (Braun Melsungen Type 853202) at 650 rpm with 3 up-and-down 118 

strokes. The mitochondrial fraction was then obtained by stepwise centrifugation (Sorvall RC2-B, rotor SS34). 119 

Briefly, the homogenate was centrifuged at 1,000xg for 5 min, thus yielding a supernatant and a pellet. The 120 

pellet was re-homogenized under the same conditions of the first homogenization and re-centrifuged at 121 
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1,000xg for 5 min. The gathered supernatants from these two centrifugations, filtered through four cotton 122 

gauze layers, were centrifuged at 10,500xg for 10 min to yield the raw mitochondrial pellet. The raw pellet 123 

was resuspended in medium A and further centrifuged at 10,500xg for 10 min to obtain the final 124 

mitochondrial pellet. The latter was resuspended by gentle stirring using a Teflon Potter Elvejehm 125 

homogenizer in a small volume of medium A, thus obtaining a protein concentration of 30 mg/ml [28]. All 126 

steps were carried out at 0–4°C. The protein concentration was determined according to the colorimetric 127 

method of Bradford [29] by Bio-Rad Protein Assay kit II with BSA as standard. The mitochondrial preparations 128 

were then stored in liquid nitrogen until the evaluation of F1FO-ATPase activities. 129 

 130 

2.3. Mitochondrial F-ATPase activity assays 131 

Thawed mitochondrial preparations were immediately used for F-ATPase activity assays. The capability of 132 

ATP hydrolysis was assayed in a reaction medium (1 ml). The optimal conditions to obtain the maximal activity 133 

of the F1FO-ATPase, which depend on substrates concentration and pH values, are at 0.15 mg mitochondrial 134 

protein and 75 mM ethanolammine–HCl buffer pH 9.0, 6.0 mM Na2ATP and 2.0 mM MgCl2 for the Mg2+-135 

activated F1FO-ATPase assay, and 75 mM ethanolammine–HCl buffer pH 8.8, 3.0 mM Na2ATP and 2.0 mM 136 

CaCl2 for the Ca2+-activated F1FO-ATPase assay [14,30]. These assay conditions were previously proven to elicit 137 

the maximal enzyme activities either stimulated by Mg2+ or by Ca2+ in swine heart mitochondria [31]. After 5 138 

min preincubation at 37°C, the reaction, carried out at the same temperature, was started by the addition of 139 

the substrate Na2ATP and stopped after 5 min by the addition of 1 ml of ice-cold 15% (w/w) trichloroacetic 140 

acid (TCA) aqueous solution. Once the reaction was stopped, vials were centrifuged for 15 min at 3,500 rpm 141 

(Eppendorf Centrifuge 5202). In the supernatant, the concentration of inorganic phosphate (Pi) hydrolyzed 142 

by known amounts of mitochondrial protein, which is an indirect measure of F-ATPase activity, was 143 

spectrophotometrically evaluated [32]. According to the method employed, to detect the Pi release by the 144 

enzymatic reaction, the Pi released independently of the F1FO-ATPase activity should be quantified. To this 145 

aim, 1 μl from a stock solution of 3 mg/ml oligomycin in dimethylsulfoxide was directly added to the reaction 146 

mixture before starting the reaction. The total ATPase activity was calculated by detecting the Pi in control 147 

tubes run in parallel and containing 1 μl dimethylsulfoxide per ml reaction system. In each experimental set, 148 

control tubes were alternated to the condition to be tested. The employed dose of oligomycin, specific 149 

inhibitor of F-ATPases which selectively blocks the FO subunit ensured maximal enzyme activity inhibition and 150 

was currently used in F-ATPase assays [30]. 151 

To test the effect of Gd3+ on the differently activated F1FO-ATPase activities, aqueous solutions of GdCl3 at 152 

different standard concentrations were prepared immediately before each experimental set. Small aliquots 153 

(10 µl) of these solutions were added to the reaction system and incubated at 37°C before starting the F1FO-154 

ATPase reaction. Control tubes contained the same final volume, adjusted with 10 µl of the reaction buffer. 155 

In all experiments, the F1FO-ATPase activity was routinely measured by subtracting, from the Pi hydrolyzed 156 

by total ATPase activity, the Pi hydrolyzed in the presence of oligomycin [28]. In all experiments the F-ATPase 157 

activity, either activated by Ca2+ as cofactor or by Mg2+, was expressed as μmol Pi∙mg protein−1∙min−1. 158 

 159 

2.4. Kinetic analyses 160 

The inhibition mechanism of Gd3+ on the Ca2+- or Mg2+-activated F1FO-ATPases was explored by the graphical 161 

methods of Dixon and Cornish-Bowden plots, which complement one another. [33] To this aim, the 1/v 162 

(reciprocal of the enzyme activity v) in Dixon plot or the S/v ratio in Cornish-Bowden plot were plotted as a 163 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 
 

function of GdCl3 concentration. In all plots the enzyme specific activity was taken as the expression of v. To 164 

build these plots, different experimental sets were designed in which the F-ATPase activity was evaluated in 165 

the presence of increasing GdCl3 concentrations at two ATP concentrations, keeping the divalent cofactor 166 

(Mg2+ or Ca2+) concentration constant. In these plots and in the definition of the binary or ternary complexes 167 

S indicates the ATP substrate. The values of Ki, which corresponds to the dissociation constant of the EI 168 

complex were calculated from the abscissa (changed to positive) of the intercept of the straight lines 169 

obtained in the Dixon plots. The values of K'i, which represent the dissociation constant of the ternary ESI 170 

complex, were calculated as the abscissa (changed to positive) of the intercept of the straight lines obtained 171 

in the Cornish-Bowden plots. 172 

The inactivation kinetics was investigated by incubating the mitochondrial suspensions in the presence of 173 

various GdCl3 concentrations (1.0 – 2.0 – 4.0 mM GdCl3 when the F1FO-ATPase was activated by Mg2+ as 174 

cofactor, and 1.0 – 1.5 – 2.0 mM GdCl3 when the F1FO-ATPase was activated by Ca2+). The F1FO-ATPase reaction 175 

activated by either Mg2+ or Ca2+ as cofactor was stopped after different time intervals (1-7 min) by 1 ml TCA 176 

15% (w/w) addition. The pseudo first-order rate constants (kobs) for the enzyme inactivation were determined 177 

in both cases by plotting the natural logarithm of the residual activity vs time and extracting the rate constant 178 

from the slope [34]. 179 

A double-reciprocal plot is created by plotting the 1/kobs (x axis) as a function of the inverse of the GdCl3 180 

concentrations (1/[GdCl3]) (y axis). The maximal inactivation rate (kinact) can be accurately determined and 181 

thus the inhibitor concentration at ½kinact (KI) can also be determined with accuracy because a straight line is 182 

formed. The y-intercept is 1/kinact, and the x-intercept is -1/KI. The ratio kinact/KI is used to calculate the 183 

inhibitor efficiency, a rate constant for the potency of a mechanism-based inhibitor [35]. 184 

 185 

2.5. Evaluation of PTP 186 

Immediately after the preparation of swine heart mitochondrial fractions, fresh mitochondrial suspensions 187 

(1mg/ml) were energized in the assay buffer (130 mM KCl, 1 mM KH2PO4, 20 mM HEPES, pH 7.2 with TRIS), 188 

incubated at 25°C with 1 μg/ml rotenone and 5 mM succinate as respiratory substrate. To evaluate Gd3+ 189 

effect, selected Gd3+ concentrations, obtained by sampling small aliquots from standard GdCl3 aqueous 190 

solutions, as described in Section 2.3, were added to the mitochondrial suspensions before PTP evaluation. 191 

PTP opening was induced by the addition of low concentrations of Ca2+ (10 μM) as CaCl2 aqueous solution at 192 

fixed time intervals (1 min). The Ca2+ retention capacity (CRC), whose lowering indicates mPTP opening, was 193 

spectrofluorophotometrically evaluated in the presence of 0.8 μM Fura-FF. The probe has different spectral 194 

properties in the absence and in the presence of Ca2+, namely it displays excitation/emission spectra of 195 

365/514 nm in the absence of Ca2+ (Fura-FF low Ca2+) and shifts to 339/507 nm in the presence of high Ca2+ 196 

concentrations (Fura-FF high Ca2+). PTP opening, was evaluated by the increase in the fluorescence intensity 197 

ratio (Fura-FF high Ca2+)/(Fura-FF low Ca2+), which indicates a decrease in CRC [36]. All measurements were 198 

processed by LabSolutions RF software. 199 

 200 

2.6. Calculations and statistics 201 

The data represent the mean ± SD (shown as vertical bars in the figures) of the number of experiments 202 

reported in the figure captions. In each experimental set, the analyses were carried out on different pools of 203 

animals. Statistical analyses were performed by SIGMASTAT software. The analysis of variance followed by 204 

Students–Newman–Keuls’ test when F values indicated significance (P≤0.05) was applied. Percentage data 205 

were arcsin-transformed before statistical analyses to ensure normality. 206 
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 207 

 208 

3. Results and discussion 209 

The mPTP opening and the mitochondrial F1FO-ATPase participation in the mPTP are both linked to an abrupt 210 
Ca2+ increase in mitochondria. In detail, the substitution of the natural cofactor Mg2+ by Ca2+ as cofactor in 211 
the β subunits of the F1FO-ATPase [13] has been involved in the mechanism of mPTP formation [9,30]. The 212 
mitochondrial F1FO-ATPase can be activated by either Mg2+ or Ca2+, which can both act as cofactor, even if by 213 
displaying different kinetic features [14,17]. The rare earth metal cation Gd3+, whose effects on the mPTP are 214 
still partially known, offers the opportunity to verify the effect on the F1FO-ATPase and to explore its putative 215 
connection with the mPTP. Accordingly, Gd3+ was reported to induce mitochondrial dysfunction, probably 216 
due to PTP opening [27]. Acute toxicity of the intraperitoneally injected salt of all the stable rare earth 217 
compounds in mice at level of 300 to 500 mg/Kg were produced [37]. In erythrocyte membranes Gd3+, which 218 
is able to interact with membrane phospholipids [38], would act as pore former [39]. Conversely, Gd3+ was 219 
shown to inhibit membrane permeabilization by physically modifying the membrane structure in a model 220 

system [40]. In this paper all the mitochondrial effects of Gd3+ were tested by adding selected concentrations 221 
of the chloride salt GdCl3 which in aqueous media dissociates yelding Gd3+ and Cl-. We tried to exploit the 222 
Gd3+ inhibition mechanism to understand its modulatory role of Gd3+ on the Ca2+-activated F1FO-ATPase when 223 
the PTP forms. So the observed effects are currently ascribed to Gd3+, known to interact with proteins. 224 

 225 

3.1. Gd3+ affects the F1FO-ATPase activity either activated by Mg2+ or by Ca2+ 226 

The effect of GdCl3, in the range of 0.01 – 5.0 mM, was evaluated on the F1FO-ATPase either activated by Mg2+ 227 

or by Ca2+ as cofactor (Fig. 2). Increasing GdCl3 concentrations promotes an exponential F1FO-ATPase activity 228 

decay independently of the divalent cofactors that sustain ATP hydrolysis. Both the differently activated F1FO-229 

ATPase activities are increasingly inhibited by increasing GdCl3 concentrations. However, the main difference 230 

between the F1FO-ATPase activities when activated by Mg2+ or by Ca2+ as cofactor is that the F1FO-ATPase 231 

when activated by Mg2+ only attains a maximal 40% inhibition at the highest concentration tested (5mM 232 

GdCl3) (Fig. 2A), while when activated by Ca2+ the enzyme is progressively inhibited up to attain a value close 233 

to zero at 5 mM GdCl3 (Fig. 2B). 234 

 235 

3.2. The Inhibition mechanism is revealed by inhibition kinetics analyses 236 

Kinetic studies, based on the building of Dixon and Cornish-Bowden plots, can lead to define the features of 237 
the enzyme–inhibitor complex in the presence or in the absence of the ATP substrate or cation cofactors. 238 
These kinetic analyses were carried out to understand the GdCl3 inhibition mechanism, most likely exerted 239 
by Gd3+, on the F1FO-ATPase. The inhibition exerted by Gd3+ on the Mg2+-activated F1FO-ATPase shows a 240 
competitive mechanism with respect to the ATP substrate (Fig. 3A,B) and an uncompetitive type mechanism 241 
with respect to the Mg2+ cofactor (Fig. 3C,D). The competitive inhibition indicates that the inhibitor only binds 242 
to the free enzyme, while the uncompetitive inhibition indicates that Gd3+ only binds to the enzyme-Mg2+ 243 
complex. According to the mechanism of uncompetitive inhibition, usually observed when the enzyme has 244 
two or more binding sites [41], Gd3+ binds to a different site than that of the Mg2+ cofactor, but only when 245 
the enzyme–substrate (ES) complex is already formed, to yield the enzyme–substrate-inhibitor (ESI) complex. 246 

The competitive inhibition mechanism is also exerted by Gd3+ on the Ca2+-activated F1FO-ATPase with respect 247 

to the ATP substrate (Fig. 4A,B). Gd3+ blocks the ATP binding to the enzyme by inhibiting the ATPase activity 248 

irrespective of the cation cofactor. The Ki value of the F1FO-ATPase is about three times lower than that of 249 
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the Mg2+-activated F1FO-ATPase (0.5±0.4 mM vs 1.4±0.1 mM) (Table 1). These Ki values indicate that Gd3+ 250 

more efficiently competes with ATP in the substrate binding site to form the binary complex (EI) when the 251 

F1FO-ATPase is activated by Ca2+ as cofactor than when the enzyme is activated by Mg2+. Moreover, when the 252 

natural cofactor Mg2+ is substituted by Ca2+, the F1FO-ATPase undergoes a mixed type inhibition mechanism 253 

on the cofactor (Fig. 4C,D). This inhibition type indicates that the inhibitor Gd3+ can bind either to the free 254 

enzyme or to the enzyme Ca2+-complex. These results prove that Gd3+ and Ca2+ bind to distinct enzyme sites. 255 

Since the Gd3+ binding site does not overlap with the Ca2+ binding site on β subunits [13], the Ca2+-activated 256 

F1FO-ATPase can form either a binary (enzyme-Gd3+) or a ternary (Ca2+-enzyme-Gd3+) complex with the 257 

inhibitor. However, on considering the dissociation constants of the enzyme-inhibitor complex (Ki) and of the 258 

enzyme-substrate-inhibitor complex (K'i), since the Ki value is three times lower than the K'i value, the 259 

formation of the binary complex (enzyme-Gd3+) is preferred with respect to that of the ternary complex 260 

(enzyme-cofactor-inhibitor). Moreover, the K'i values in the presence of Mg2+ or Ca2+ as cofactor are similar 261 

(Table 1), thus pointing out that the ternary complex is independent of the activating cation. In other words, 262 

even if Gd3+ preferentially binds to the enzyme before the cofactor binding to form the binary complex, it 263 

binds to the enzyme-cofactor complex to form the ternary complex with the same strength when the cofactor 264 

is Mg2+ or Ca2+. 265 

 266 

3.3. How the cofactor may affect the F1FO-ATPase function 267 

The different size of cations with a larger radius than Mg2+ (1.45 Å) such as Ca2+ (1.94 Å) would promote a 268 

different coordination chemistry in the catalytic sites of the F1 hexamer. The hypothesized more flexible 269 

coordination geometry, characterized by irregular bond distances and angles in the β subunits induced by 270 

Ca2+, allows the accommodation of up to eight bonds while Mg2+ forms hexacoordinated octahedral 271 

complexes [42]. The nucleotide-binding to the catalytic and non-catalytic F1FO-ATPase subunits requires the 272 

coordination of the essential cofactor Mg2+ which contributes to yield the binding site asymmetry and 273 

generation of the different affinities for nucleotides [43]. The presence of Ca2+ as cofactor modifies the 274 

enzyme kinetic parameters [14] and ascribes to the F1FO-ATPase a new role in mitochondrial biology [9,17]. 275 

Indeed, the new cryo-EM structure of the F1FO-ATPase [10] highlights a thorough conformational change in 276 

the enzyme structure when the Ca2+ replaces Mg2+ in the catalytic site and triggers the PTP formation 277 

according to the “bent-pull” model of the c-ring-gated channel [16]. The role of Ca2+ in the catalytic sites of 278 

the enzyme is corroborated by mutagenesis studies carried out by Bernardi’s group [15]. Among the six bonds 279 

that coordinate the Mg2+ cofactor, only the βThr163 of P-loop is directly linked to the cation. The Thr-Ser 280 

substitution promotes a selective decrease in mitochondrial Ca2+-ATPase hydrolysis of ATP [15,44] associated 281 

with a resistance to the Ca2+-induced PTP opening [15]. 282 

The reduction in the F1FO-ATPase catalytic efficiency of upon exposure to Gd3+ helps to correlate the enzyme 283 

structure and function in a selected domain, and to understand the enzyme involvement in PTP formation. 284 

The natural logarithm of the residual activity (uninhibited rate minus inhibited rate) vs time provides the 285 

observed first-order rate constants calculated from the slopes of the straight lines obtained at different GdCl3 286 

concentrations when either Mg2+ or Ca2+ act as cofactor of the F1FO-ATPase activity. The plots in Figure 5A 287 

and 6A show the typical time course of Gd3+-mediated inhibition on the activity of the F1FO-ATPase when 288 

activated either by Mg2+ or by Ca2+ as cofactor, respectively. In both cases, the time course of the Gd3+-289 

mediated inhibition is well fitted to an exponential function. The kobs, which is obtained from the slope of 290 

each straight line, displays a gradual GdCl3 concentration-dependent increase only when the F1FO-ATPase is 291 

activated by Mg2+ (Fig. 5A). The inhibition mechanism of Gd3+ on the Mg2+- or the Ca2+-activated F1FO-ATPase, 292 

depicted in figure 5B and figure 5B, respectively, shows the GdCl3 concentrations which promote the half-293 

maximal enzyme inactivation in the presence of different cofactors. The F1FO-ATPase when activated by Ca2+ 294 
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as cofactor shows a three times lower Ki value than when it is activated by Mg2+-activated F1FO-ATPase (Table 295 

1), suggesting that Gd3+ bound to the catalytic region affects the kinetics of cofactor-mediated ATP hydrolysis. 296 

The higher propensity of Gd3+ to react with the F1FO-ATPase when activated by Ca2+ than when activated by 297 

Mg2+ is also confirmed by a significantly higher kinact value for the Ca2+-activated F1FO-ATPase (Table 1). The 298 

inhibition potency of Gd3+, which indicates the Gd3+ inhibition efficiency on the Mg2+- and the Ca2+-activated 299 

F1FO-ATPase, is shown by the kinact/KI ratio (Table 1). Gd3+ shows a kinact/KI ratio for the Ca2+-activated F1FO-300 

ATPase, which is 4.5 times higher than the ratio for the Mg2+-activated F1FO-ATPase (Table 1). Therefore, Gd3+ 301 

more quickly reacts with the enzyme in the presence of Ca2+ as cofactor, resulting in a prompter and stronger 302 

inhibition of the F1FO-ATPase activity when activated by Ca2+ as cofactor. To sum up, all data indicate that 303 

when Ca2+ replaces the natural cofactor Mg2+ in the enzyme binding site, the F1FO-ATPase becomes more 304 

prone to the inhibition by Gd3+. 305 

 306 

3.4. PTP desensitization to Ca2+ 307 

Ca2+ pulses accumulate in the mitochondrial matrix and are released when the PTP opens. Mitochondria 308 

retain calcium and do not form the PTP until the IMM remains intact. The CRC, represents the capability of 309 

intact mitochondria to accumulate Ca2+. According to the method adopted, the CRC decrease in GdCl3 treated 310 

mitochondria, revealed by an increase in fluorescence intensity, points out the Gd3+ ability to desensitize the 311 

PTP opening (Fig. 7A). In control mitochondria, the CRC decrease is revealed after 210 sec upon a two-train 312 

Ca2+ pulses, as shown by the rise in the (Fura-FF high Ca2+)/(Fura-FF low Ca2+) ratio. Accordingly, the increase 313 

in CRC upon subsequent 10 μM Ca2+ additions at 1 min intervals, indicates that mitochondria in the presence 314 

of Gd3+ must attain a higher threshold value of Ca2+ concentration in the matrix to trigger PTP formation, with 315 

respect to control mitochondria. This phenomenon, known as PTP desensitization to Ca2+, is shown by a 316 

delayed rise in the Fura-FF ratio, which indicates a decreased CRC (Fig. 7A). Consistently, the PTP formation 317 

extent, expressed as the ratio of the number of Ca2+ pulses required to induce the PTP in MgADP inhibited 318 

(CRCi) and untreated (CRCo) mitochondria [31], is doubled in the presence of 1.0 mM GdCl3 (Fig. 7B). 319 

 320 

3.5. The Gd3+ inhibition of the F1FO-ATPase activity when Ca2+ acts as cofactor is consistent with the PTP 321 

desensitization 322 

We can speculate that the GdCl3 effects on the PTP are due to the interactions of Gd3+ in the F1 region of the 323 

F1FO‐ATPase, which hamper the PTP formation. The GdCl3 preferential inhibition on the F1FO-ATPase when 324 

the cofactor is Ca2+ corroborates the link between the Ca2+-activated F1FO-ATPase and the PTP and points out 325 

Gd3+ as a PTP inhibitor, consistently with other reports in swine mitochondria [44]. On the other hand, 326 

Lanthanide ions are long known as blockers of membrane permeabilization [40], even if this topic is still 327 

controversial [45]. Under the experimental conditions adopted, the strong binding of Gd3+ to the F1FO-ATPase 328 

catalytic domain when the enzyme activity is activated by Ca2+ hampers both ATP hydrolysis and PTP 329 

formation. 330 

 331 

4. Conclusion 332 

The results add further information on the mitochondrial effects of Gd3+, which from a literature overview, 333 

are still controversial. Lanthanide ions including Gd3+ were shown to increase mitochondrial fluidity and to 334 

promote mitochondrial swelling and apoptosis in mice liver, thus strongly suggesting the induction of PTP 335 

opening [45]. Gd3+ promoted PTP opening in rat liver mitochondria at 500 µM concentration [27] and induced 336 

mitochondrial impairment and neuronal cell apoptosis [46]. On the contrary, recently Gd3+ was reported as 337 
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known PTP blocker in mammalian mitochondria [16]. These reports open intriguing questions on the PTP 338 

modulation by exogenous compounds. Most likely the Gd3+ effect and action mechanism on the membrane 339 

permeabilization mainly depend on the dose and on the experimental conditions. The concentration-340 

dependent effects of Gd3+ on mitochondria were already pointed out [47]. 341 

On these bases, the mitochondrial membrane composition and the Gd3+ concentration may be crucial in 342 
determining the accessibility of Gd3+ to the F1FO-ATPase, especially on considering that Gd3+ by interacting 343 
with membrane phospholipids can modify the membrane structure [45]. 344 
The inhibition kinetic analyses confirm that in swine heart mitochondria the F1FO-ATPase is a molecular target 345 
of Gd3+ which directly interacts with the enzyme proteins. The Gd3+ effect on the F1FO-ATPase catalytic activity 346 
reinforces the link between PTP formation and the F1FO-ATPase activation in the presence of Ca2+ as cofactor. 347 
Indeed, Gd3+, not only blocks PTP opening, but exerts a more efficient F1FO-ATPase inhibition when the natural 348 
Mg2+ cofactor is replaced by Ca2+. Assuming that the enzyme has different conformations when it binds Mg2+ 349 
or Ca2+ [10] the molecular model that ascribes to Ca2+ insertion in the catalytic F1FO-ATPase sites the event 350 
which triggers the F1FO-ATPase conformational changes which open the PTP [9,15,17] is strongly 351 
corroborated. The role of Gd3+ as PTP blocker opens new perspectives in the putative protective role of this 352 
cation to prevent mitochondrial decay and cell death. Accordingly, GdCl3 administration to counteract 353 
ischemia/riperfusion injury was reported to attenuate the mitochondrial damage in liver cells [48] as well as 354 
cardiomyocyte apoptosis in rats [49]. Gd3+ derivatives inhibited the mitochondrial pathway of apoptosis in 355 
human hepatocytes [50]. However, since the mitochondrial effects of Gd3+ are still poorly investigated, any 356 
extrapolation should be taken with caution and further studies are required. 357 
 358 
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 520 

Figure captions 521 

Figure 1. Subunit composition of mammalian mitochondrial F1FO-ATPase. The enzyme subunits are drawn as 522 

ribbon representations obtained from modified PDB ID code: 6TT7. The letter colors are the same as those 523 

of the subunits to which the structures belong. 524 

 525 

Figure 2. Dose-response curve of GdCl3 inhibition of the F1FO-ATPase activity. A) F1FO-ATPase activated by 526 

Mg2+ (Mg2+-activated F1FO-ATPase) (□) and by Ca2+ (Ca2+-activated F1FO-ATPase) (○) activities in the presence 527 

of increasing GdCl3 concentrations. Data represent the mean ± SD from three independent experiments 528 

carried out on different mitochondrial preparations. 529 

 530 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



14 
 

Figure 3. Inhibition kinetics of the mitochondrial Mg2+-activated F1FO-ATPase by GdCl3. Dixon (A, C) and 531 

Cornish–Bowden (B, D) plots at 2mM MgCl2 plus 3 mM (○) or 6 mM (●) ATP (A,B); at 6 mM ATP plus 0.5 mM 532 

(□) or 2 mM (■) Mg2+ (C, D). The experimental design to build these plots is detailed in Section 2.4. All points 533 

represent the mean ± SD (vertical bars) of four distinct experiments carried out on different mitochondrial 534 

preparations. 535 

 536 

Figure 4. Inhibition kinetics of the mitochondrial Ca2+-activated F1FO-ATPase by GdCl3. Dixon (A, C) and 537 

Cornish–Bowden (B, D) plots at 2mM CaCl2 plus 1 mM (○) or 3 mM (●) ATP (A,B); at 3 mM ATP plus 0.5 mM 538 

(□) or 2 mM (■) Ca2+ (C, D) The experimental design to build these plots is detailed in Section 2.4. All points 539 

represent the mean ± SD (vertical bars) of four distinct experiments carried out on different mitochondrial 540 

preparations. 541 

 542 

Figure 5. Inactivation kinetics of the Mg2+-activated F1FO-ATPase by increasing GdCl3 concentrations. (A) 543 
Semilogarithmic plot of the residual activity (ϴ) versus time at fixed concentrations of GdCl3 (Δ) 1.0 mM, (◊) 544 
2.0 mM, (□) 4.0 mM. (B) Replot of the reciprocal of first-order rate constant (kobs) from the straight lines of 545 
(A). Each point corresponds to GdCl3 (▲) 1.0 mM, (♦) 2.0 mM, and (■) 4.0 mM. The experimental design to 546 
build these plots is detailed in Section 2.4. All points represent the mean ± SD (vertical bars) of four distinct 547 
experiments carried out on different mitochondrial preparations. 548 

 549 

Figure 6. Inactivation kinetics of the Ca2+-activated F1FO-ATPase by increasing GdCl3 concentrations. (A) 550 

Semilogarithmic plot of the residual activity (ϴ) versus time at fixed concentrations of GdCl3 (○) 1.0 mM, (□) 551 

1.5 mM, (□) 2.0 mM. (B) Replot of the reciprocal of first-order rate constant (kobs) from the straight lines of 552 

(A). Each point corresponds to 1.0 mM GdCl3 (●) 1.5 mM GdCl3 (■) and 2 mM (▲). The experiments were 553 

carried out as detailed in Section 2.4. All points represent the mean ± SD (vertical bars) of four distinct 554 

experiments carried out on different mitochondrial preparations. 555 

 556 

Figure 7. Evaluation of mPTP opening. Representative curves (A) of the calcium retention capacity (CRC). CRC 557 

was monitored in response to subsequent 10 μM CaCl2 pulses (shown by the arrows), as detailed in the 558 

Section 2.5, in the absence (Control-black line) and in the presence of the inhibitors 2 mM MgADP (red line), 559 

and 1 mM GdCl3 (green line). B) Quantitation of the mPTP displayed as the ratio of the number of calcium 560 

pulses required to induce the mPTP opening in MgADP-inhibited (CRCi) and uninhibited (CRCo) mitochondria. 561 

Data represent the mean ± SD from three independent experiments carried out on distinct mitochondrial 562 

preparations. * indicates significant differences with respect to the control (P≤0.05). 563 
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Abbreviations 

Table 1 

Kinetic constants of Gd3+ inhibition on the F1FO-ATPase activated by the cofactors Mg2+ or Ca2+. 

 

ATP substrate Cofactor 
KI 

(mM) 
kinact 
(s-1) 

kinact/KI 
(mM-1∙s-1) 

Ki 
(mM) 

K'i 
(mM) 

Ki 
(mM) 

K'i 
(mM) 

Mg2+-ATPase 1.4±0.1A ∞ ∞ 5.2±0.2A 2.35±0.35A 0.30±0.04A 0.13±0.02A 

Ca2+-ATPase 0.5±0.4B ∞ 1.4±0.3a 4.5±1.0Ab 0.72±0.11B 0.42±0.06B 0.59±0.09B 

F1FO-ATPase activated by Mg2+ (Mg2+-ATPase); F1FO-ATPase activated by Ca2+ (Ca2+-ATPase); Substrate (ATP); 

Cofactor (Mg2+ or Ca2+). Ki and K'i values were graphically obtained from the Dixon and Cornish Bowden plots, 

respectively reported in Fig. 3 for Mg2+-activated F1FO-ATPase and in Fig. 5 for the Ca2+-activated F1FO-ATPase. 

KI and kinact values of Mg2+-activated F1FO-ATPase or Ca2+-activated F1FO-ATPase were graphically obtained 

from the double reciprocal plots of Fig. 4B and Fig. 5B, respectively. Details are reported in the section 2.4. 

Data are the mean ± SD of three different experiments carried out on distinct mitochondrial pools. Different 

upper case letters indicate significantly different values (P≤0.05) between different activated F1FO-ATPases; 

different lower case letters indicate different values (P≤0.05) within the same treatment. ∞= not detectable. 
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