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Adenine nucleotide translocases (ANTs) and uncoupling proteins (UCPs) are known to facilitate proton leak across the inner mitochondrial membrane. However, it remains to be unravelled whether UCP2/3 contribute to significant amount of proton leak in vivo. Reports are indicative of UCP2 dependent proton-coupled efflux of C4 metabolites from the mitochondrial matrix. Previous studies have suggested that UCP2/3 knockdown (KD) contributes to increased ANT-dependent proton leak. Here we investigated the hypothesis that interaction exists between the UCP2 and ANT2 proteins, and that such interaction is regulated by the cellular metabolic demand. Protein-protein interaction was evaluated using reciprocal co-immunoprecipitation and in situ proximity ligation assay. KD of ANT2 and UCP2 was performed by siRNA in human embryonic kidney cells 293A (HEK293A) cells. Mitochondrial and cellular respiration was measured by high-resolution respirometry. ANT2-UCP2 interaction was demonstrated, and this was dependent on cellular metabolism. Inhibition of ATP synthase promoted ANT2-UCP2 interaction whereas high cellular respiration, induced by adding the mitochondrial uncoupler FCCP, prevented interaction. UCP2 KD contributed to increased carboxyatractyloside (CATR) sensitive proton leak, whereas ANT2 and UCP2 double KD reduced CATR sensitive proton leak, compared to UCP2 KD. Furthermore, proton leak was reduced in double KD compared to UCP2 KD. In conclusion, our results show that there is an interaction between ANT2-UCP2, which appears to be dynamically regulated by mitochondrial respiratory activity. This may have implications in the regulation of mitochondrial efficiency or cellular substrate utilization as increased activity of UCP2 may promote a switch from glucose to fatty acid metabolism.
Keywords: adenine nucleotide translocase-2, uncoupling protein-2, mitochondria, proximity ligation assay, protein interaction
INTRODUCTION
Adenine nucleotide translocases (ANTs) are the most abundant proteins in mitochondria and account for up to 1% of the total mitochondrial protein content (Brand et al., 2005). Functional forms of ANTs are present in monomers and dimers (Ardalan et al., 2021b; Nicholls, 2021). The main function of the ANT isoforms (i.e., ANT 1–4) is to catalyse the 1:1 electrogenic exchange of newly synthesized ATP for cytosolic localized ADP across the inner mitochondrial membrane. The charge imbalance between ATP and ADP drives the efflux of ATP and influx of ADP (Klingenberg, 2008). ANT isoforms are categorized by their tissue-specific transcriptional expression; ANT1 is the predominant isoform in heart and skeletal muscle (Liu and Chen, 2013), ANT2 is mostly found in kidney, spleen, liver, fibroblasts and lymphocytes (Stepien et al., 1992; Doerner et al., 1997), whereas ANT3 is ubiquitously expressed in most tissues (Stepien et al., 1992). ANT4 is exclusively expressed in the testis, liver and brain (Dolce et al., 2005; Dupont and Stepien, 2011).
Besides their crucial role in oxidative phosphorylation, ANTs have been identified as a part of the permeability transition pore (Bernardi et al., 2015; Halestrap and Richardson, 2015) and are involved in the regulation of the Ca2+-dependent sensitivity of pore opening (Halestrap, 2009). Ca2+ sensitivity is decreased upon trapping ANT in m-conformation with bongkrekik acid, whereas locking it in c-conformation with carboxyatractyloside (CATR) increases Ca2+ sensitivity (Hunter and Haworth, 1979; Halestrap et al., 1997; Haworth and Hunter, 2000). ANT has been shown to interact with various subunits of the electron transport chain complexes (Lu et al., 2017; Chorev et al., 2018). Ya-Wen Lu and colleagues (Lu et al., 2017) showed that human ANT assembled in a range of complexes from 67 to >669 kDa, and COX IV was also shown to co-immunoprecipitate with ANT2. In addition, numerous mitochondrial carriers have been shown to assemble with ANT1 and ANT2 (Lu et al., 2017). Interestingly, knockdown (KD) of ANT2 improved coupling efficiency and reduced proton leak dependent respiration, whereas overexpressing any of the ANT isoforms increased basal respiration (Lu et al., 2017).
ANT has an intrinsic property of mediating proton leak across the mitochondrial inner membrane, contributing to basal proton leak, which has been coupled to basal metabolic rate (Brand et al., 2005). ANT-mediated proton leak is known to be induced by fatty acids (Andreyev et al., 1989) and oxidative stress-modified lipid peroxidation products such as 4-hydroxy-2-nonenal (HNE) (Echtay et al., 2003). Recently, it has been shown that ANT1 and ANT2 could participate in N-acyl amino acid–associated uncoupled respiration (Long et al., 2016). Overexpressing ANT3 and ANT2 generates increased ANT-specific transport and increased basal and maximal respiration, respectively (Lu et al., 2017), indicative of isoform-specific properties. A recent study suggested that ANT serves as a master regulator of mitochondrial energy output, contributing to a delicate balance between ATP production and thermogenesis, where the proton conductance is negatively regulated by ADP/ATP exchange (Bertholet et al., 2019). Furthermore, cold-induced expression of ANT in chicken (Toyomizu et al., 2002) and rat skeletal muscle (Boss et al., 1997) suggests involvement in thermoregulation (Toyomizu et al., 2002). Similarly, with ANTs, uncoupling proteins (UCPs) are known to contribute to proton leak across the mitochondrial inner membrane and thereby induce a mild reduction in membrane potential. UCP1 is responsible for the adaptive non-shivering thermogenesis (Nicholls et al., 1978; Matthias et al., 2000; Golozoubova et al., 2001), whereas proton leak through UCP2 and UCP3 has been suggested to be under the regulation of superoxide and HNE (Brand et al., 2004; Malingriaux et al., 2013). In addition, deglutathionylation during oxidative stress may activate proton leak through UCP2 which is thought to be implicated in reducing superoxide production (Mailloux and Harper, 2011).
In a skeletal muscle UCP3 knockout model, mitochondria were more coupled and this was associated with increased production of reactive oxygen species (ROS) (Vidal-Puig et al., 2000). Similarly to ANT, UCP3 expression was shown to be cold-induced in chickens (Toyomizu et al., 2002). In addition, 3,4-methylenedioxymethamphetamine (MDMA)-induced thermogenic response is almost completely abolished in mice lacking UCP3 (Mills et al., 2003).
However, whether UCP2/3 contribute to physiologically relevant levels of proton leak in vivo is still under debate. No, difference in proton leak in skeletal muscle mitoplasts was observed in UCP2/UCP3 KO mice compared to WT and the proton leak was guanosine diphosphate (GDP) insensitive (Bertholet et al., 2019). Many studies have shown that UCP2/3 are required to prevent oxidative stress, however, the underlying mechanisms remain elusive and are still a subject of debate. Controversies surrounding ROS- and HNE-dependent activation of UCP2/3-mediated proton leak has been addressed in several reviews (Cannon et al., 2006; Nicholls 2021). Recently, Ardalan and colleagues proposed the formation of tetrameric (dimer of stable dimers) UCP2 in which each monomer within the dimers are in the same transport mode (cytoplasmic or matrix states) (Ardalan et al., 2021a; Ardalan et al., 2021b). Matrix and cytoplasmic salt-bridge networks seem to be key controllers of the different states of UCP2 (Ardalan et al., 2021a).
Vozza and colleagues showed that UCP2 is utilizing efflux of C4 citric acid cycle metabolites malate, oxaloacetate, aspartate and malonate in exchange for inorganic phosphate and H+ (Vozza et al., 2014). They concluded that UCP2 works as a “break” in glucose/pyruvate metabolism by reducing oxaloacetate as the availability regulates the oxidation of pyruvate-derived acetyl-CoA (Bouillaud, 2009; Vozza et al., 2014). The results are in line with the observed fasting-induced UCP2 expression (Boss et al., 1997), which thereby induces a switch from glucose towards fatty acid metabolism (Pecqueur et al., 2008).
Interestingly, UCP2 or UCP3 deficiency seems to contribute to increased proton leak through ANT (Bevilacqua et al., 2010; Friederich-Persson et al., 2012) suggesting an existing crosstalk between ANT:s and UCP:s. Components of the respiratory system are known to form super-complexes (Acin-Perez et al., 2008; Moreno-Lastres et al., 2012; Lu et al., 2017; Guo et al., 2018), but it has not been investigated whether any interaction(s) exist between ANT:s and UCP:s. Brand and colleagues (Parker et al., 2008) observed that UCP3 dependent proton leak was abolished upon pre-inhibition of ANT with CATR or bongkrekik acid (BKA). They speculated that there might exist a direct interaction between ANT and UCP or via other proteins (Parker et al., 2008). In this study we aimed to establish whether an interaction exists between UCP2 and ANT2 and if such interaction is dependent on cellular metabolic demands as it may contribute to the regulation of substrate utilization during alterations in cellular metabolism.
MATERIAL AND METHODS
Animals
All animal procedures were evaluated and approved by the regional ethical committee in Uppsala and Stockholm, and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (Charles River, Sulzfeldt, Germany), 12–16 weeks old, and were housed in a light-dark, temperature and humidity-controlled environment, and given ad libitum access to standard rodent chow and tap water until euthanization by decapitation followed by immediate excision of the kidneys.
Mitochondrial Isolation and Leak Respiration
Mitochondria from the rat renal cortex were isolated by differential centrifugation, as described elsewhere (Schiffer et al., 2018). Mitochondrial respiration was measured using high-resolution respirometry (Oroboros 2K, Innsbruck, Austria). Arachidonic acid (2 μM) was used to initiate mitochondrial proton leak.
The GDP and ANT inhibitor sensitive leak respiration was defined as the change in proton leak-dependent respiration, when adding the selective ANT inhibitors carboxyatractyloside (CATR; 5 μM), bongkrekik acid (BKA; 5 μM) and GDP (2 mM) in the presence of pyruvate (5 mM), malate (2 mM) and oligomycin (2.5 μM). Mitochondrial integrity was confirmed by measuring respiratory control ratio (RCR) defined as maximal complex I mediated oxidative phosphorylation capacity (pyruvate (5 mM), malate (2 mM) and ADP (2.5 mM)) divided by leak state without adenylates. Mitochondrial respiration was evaluated in respiration medium containing EGTA 0.5 mM, MgCl2*6 H2O 3 mM, K-lactobionate 60 mM, taurine 20 mM, KH2P04 10 mM, HEPES 20 mM, Sucrose 110 mM, pH 7.1. Respiration was normalized to mitochondrial protein.
Co-Immunoprecipitation of ANT2 and UCP2
We sought to evaluate UCP2-ANT2 interaction by co-immunoprecipitation and immunoblot analysis of endogenous proteins. The kidney cortex was collected, as described above, and immediately after dissection, samples were snap-frozen in liquid nitrogen. Samples were stored at −80°C until processed for analysis. A mortar was placed in liquid nitrogen and samples were cryogrinded to a fine powder with a pestle. Samples were lysed in lysis buffer provided by the commercial kit (Dynabeads™, CO-immunoprecipitation kit; Invitrogen, Carlsbad, California, United States) adjusted to 100 mM NaCl. ANT2 and UCP2 were immunocaptured from rat kidney cortex by using monoclonal antibodies against UCP2 (#89326; Cell Signaling, Danvers, Massachusetts, United States) and ANT2 (#14671; Cell Signaling) diluted in Phosphate Buffered Saline (PBS). Antibodies were cross-linked to magnetic beads (Dynabeads™, Co-immunoprecipitation kit; Invitrogen) following the manufacturer’s instructions. Lysates were incubated with magnetic beads at room temperature for 35 min with rotation before the purification steps were initiated. The final sample was diluted with Laemmi buffer (4x Laemmli sample buffer (Bio-Rad Laboratories, Hercules, California, United States), 5% beta-mercaptoethanol) and heated at 95°C for 5 min. Immune complexes were separated by SDS-PAGE using precast gradient gels (Criterion, TGX, 4–20% (Bio-Rad). Proteins were transferred to a polyvinylidene difluoride membrane. Membranes were blocked with TBS, containing 0.2% Tween-20 and 5% bovine serum albumin (BSA). Primary antibodies targeting UCP2 (#89326; Cell Signaling) and ANT2 (#14671; Cell Signaling) were diluted 1:1000 in Tris-buffered saline, 0.1% Tween 20, 5% BSA. Stripping buffer was used between immunoblotting following the manufacturer’s instructions (Restore western blot, stripping buffer; Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Cell Culture
HEK293 cells were grown at 37°C and 5% CO2 in DMEM supplemented with 10% fetal bovine serum (FBS), 50 units/ml penicillin, 50 μg/ml streptomycin and 1 mM l-glutamine, 0.1 mM MEM Non-Essential Amino Acids (NEAA) (all from Thermo Fisher Scientific). The cells were tested for mycoplasma using Mycoplasma Detection Kit-Quick Test (Biotool, Jupiter, Florida, United States).
Native PAGE
HEK293 cells were harvested and lysed in RIPA buffer. Native PAGE was performed to confirm the binding of antibodies to the native target protein used during in situ PLA. Electrophoresis was performed at 90V using precast gels on ice in a cold room (Mini-PROTEAN TGX 4–15%; Bio-Rad). The running buffer contained: Tris-base, 30g/L and glycine 144 g/L. Transfer of proteins to PVDF membrane was performed at 30V for 16h on ice in a cold room using Bjerrum transfer buffer containing: 58.2 g/L Tris-base and 29.3 g/L glycine and 0.04% SDS (pH 9.2). Membranes were washed for 20 min with Bjerrum transfer buffer without SDS before blocked with 5% milk in TBST (0.1% Tween 20). Membranes were incubated with primary antibodies overnight with either mouse anti-UPC2 (1:1000, orb333895; Biorbyt) or rabbit anti-ANT2 (1:1000, #14671; Cell Signaling) primary antibodies. After washing in TBST, membranes were incubated with secondary HRP-linked anti-rabbit or anti-mouse antibodies (1:10000, #7074S, #7076S; Cell Signaling). Blots were developed using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and intensities were quantified using densitometry (ChemiDoc MP Imaging System; Bio-Rad).
In situ Proximity Ligation Assay
Human embryonic kidney cells 293 (HEK 293) cells were seeded at a density of approximately 120,000 cells/cm2 and grown for 1–2 days in 8-well Nunc Lab-Tek II CC2 Chamber Slides (Thermo Fisher Scientific) until confluency reached 70–80%.
The cells were subsequently incubated in Dulbecco's Modified Eagle's Medium (DMEM) at 37°C with or without 2.5 µM oligomycin or 0.5 µM FCCP for 2 min, respectively. The cells were washed twice in 1x PBS before fixation with pre-warmed 3.7% formaldehyde (F8775; Sigma-Aldrich, Saint Louis, Missouri, United States) with 5% sucrose (84097; Sigma-Aldrich) in 1x PBS (pH 7.4) for 20 min at 37°C. After rinsing once with 1x PBS, permeabilization was carried out with ice-cold acetone for 10 min at -20°C (00570; Honeywell Fluka, Munich, Germany,) and rinsed again with 1x PBS.
In situ PLA was performed using a standard protocol at PLA and Single Cell Proteomics Facility SciLifeLab, Uppsala University, as previously described (Soderberg et al., 2006). To reduce the likelihood of unspecific binding of PLA probes, the HEK 293 cells were blocked at 37°C for 1h in Duolink blocking solution (DUO92003, MilliporeSigma, Burlington, Massachusetts, United States). Cells were incubated at 4°C overnight with mouse anti-UPC2 (1:250, orb333895; Biorbyt, Cambridge, United Kingdom) and rabbit anti-ANT2 (1:750, #14671; Cell Signaling) primary antibodies, washed for 5 min for 3 times with TBST, followed by 1h incubation at 37°C with donkey anti-mouse and donkey anti-rabbit (715–005–151 and 715–005–152; Jackson ImmunoResearch, West Grove, Pennsylvania, United States) conjugated to the priming and non-priming proximity probe oligonucleotides, as described by Söderberg et al. (Soderberg et al., 2006). Cells were washed in Tris-buffered saline, 0.1% Tween20 (TBST) and incubated for 30 min at 37°C in a ligation/hybridization solution. Following another wash in TBST, the PLA signals were amplified for 90 min at 37°C. The detection oligonucleotides were labelled with Cy3 fluorophore. The ligation/hybridization, amplification solution and protocol, as well as the sequences of the connector and detection oligonucleotides, are described by Söderberg et al. (22). Nuclei were visualized by Hoechst incubation. Cell slides were mounted for microscopy analysis using SlowFade Gold Antifade Reagent (S36936; Thermo Fisher Scientific). A single primary antibody with PLA probes and PLA probes without primary antibodies were routinely included as negative controls. PLA signals from samples were subtracted with background PLA signals from the negative controls before running statistical analysis.
Knockdown of UCP2 and ANT2
HEK293A cells were grown under similar conditions. At 60–80% confluence, cells were transfected with siRNA targeting ANT2 and UCP2 (Thermofisher, Waltham, Massachusetts, United States). Using Lipofectamine RNAiMAX as transfection reagent following the manufacturer’s instructions (Thermo Fisher Scientific). UCP2 and ANT2 knockdown (KD) were confirmed by qPCR. Primer sequence for UCP2 forward: AAG​GTC​CGA​TTC​CAA​GCT​CA, reverse: TCA​GCA​CAG​TTG​ACA​ATG​GC. ANT2 forward: GGC​TTT​AAC​GTG​TCT​GTG​CA, reverse: ATA​GGA​AGT​CAA​CCC​GGC​AA.
Cell Respiration
Basal cell respiration was determined by high-resolution respirometry (Oroboros 2K). Cells were permeabilized with digitonin (∼4 μM). Rotenone (0.5 μM), succinate (10 μM) and oligomycin (10 nM) were added to measure leak respiration. CATR (5 μM) was added to determine CATR sensitive respiration. Respiration was normalized to cell number. Viability was determined with trypan blue.
Statistics
Paired student’s t-test was used when comparing differences in mitochondria isolated from the same animal. Unpaired Student´s t-test was performed when analysing differences in isolated mitochondria between animals assuming Gaussian distribution. A one-way ANOVA followed by Tukey’s multiple comparisons test was used when comparing more than two groups. Non-parametric Mann-Whitney test was performed when evaluating partial differences between inhibitor specific influence on UCP and ANT inhibition. p < 0.05 was considered statistically significant. * denotes p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 respectively, and non-significant differences are indicated as n.s.
RESULTS
Respirometry
The respiratory control ratio confirmed mitochondria with high integrity after the isolation process (9,7± 0.4). Inhibition order specific effects on ANT and GDP-sensitive mediated mitochondrial proton leak was evaluated using the ANT inhibitors CATR (locking ANT in c-conformation) or BKA (locking ANT in m-conformation) together with GDP as UCP inhibitor. UCP2 inhibition prior to CATR (Figure 1A) or BKA (Figure 1B) revealed an approximately 30/70 contribution of GDP-sensitive and ANT specific proton leak. On the other hand, inhibiting ANT with either CATR or BKA abolished further GDP-sensitive proton leak (Figure 1A, Figure 1B), showing similarities between UCP2 and UCP3 previously reported by Parker and colleagues (Parker et al., 2008). Total leak respiration did not differ between animals receiving CATR (255 ± 25 pmol mg−1 s−1) or BKA (230 ± 8 pmol mg−1s−1).
[image: Figure 1]FIGURE 1 | Inhibitor order specific ANT- and UCP-dependent leak respiration were measured in isolated rat kidney mitochondria and defined as the change in leak respiration by adding the ANT specific inhibitor CATR locking ANT into c-conformation and the UCP inhibitor GDP during mitochondrial leak state in presence of pyruvate, malate and oligomycin. Before ANT and UCP inhibition, leak mediated respiration was induced by arachidonic acid. The order of inhibition is stated underneath the x-axis. (A) Inhibitor order specific ANT and UCP dependent leak respiration using CATR and GDP. (B) In a separate experiment with similar conditions, ANT inhibitor BKA (locking ANT in m-conformation) was used.
Co-Immunoprecipitation of ANT2 and UCP2
Reciprocal co-immunoprecipitation was performed on rat kidney cortex tissue lysates using ANT2 and UCP2 coupled to magnetic beads and the samples were immunoblotted with either anti-ANT2- or anti-UCP2 antibodies. The band representing ANT2 (Figure 2A) was co-immunoprecipitated with UCP2 using the anti-UCP2 antibody. Bands were absent when lysates were incubated with CATR or BKA prior to the co-immunoprecipitation protocol. Incubating samples with GDP prevented the protein association. Similarly, the weaker band representing UCP2 (Figure 2B) was co-immunoprecipitated with ANT2 when using the anti-ANT2 antibody. The signal in the bands representing UCP2 when incubating samples with CATR and BKA and GDP did not exceed the background signal representing the non-selective binding of UCP2 to the magnetic beads in the lane with only beads as control.
[image: Figure 2]FIGURE 2 | Reciprocal co-immunoprecipitation was performed on lysate extracted from rat kidney cortex using magnetic beads coupled to anti-ANT2 and anti-UCP2 antibodies. (A), ANT2 co-purified with UCP2 when using beads coupled to anti-UCP2 antibodies. ANT and UCP inhibitors interfered with the ANT2-UCP2 interaction. (B), Similarly, UCP2 co-purified with ANT2 when using beads coupled to anti-ANT2 antibodies. The lane representing beads control revealed binding between the magnetic beads and UCP2, although to a smaller extent than in the lane representing the ANT2. The same inhibitor specific interaction interference was observed, as the band densities did not exceed the apparent unspecific binding between the beads and UCP2.
In situ Proximity Ligation Assay
The in situ PLA confirmed co-localization between ANT2 and UCP2 at basal cellular conditions with a reduction of the signal upon FCCP stimulation and an increased signal after treating cells with oligomycin (Figures 3A,B). A significantly lower number of PLA signals per cell were observed during FCCP-mediated mitochondrial uncoupling compared to those of unstimulated cells, which was indicative of dissociation between UCP2 and ANT2 at higher respiration and lower membrane potential (Figures 3A,B). Furthermore, artificially minimizing mitochondrial respiration via ATP-synthase inhibition with oligomycin leading to maximized membrane potential, significantly increased the number of PLA signals per cell compared to unstimulated cells (Figures 3A,B). This is indicative of an association between UCP2 and ANT2 at low respiration and high membrane potential. Native PAGE confirmed binding of primary antibodies to the native target proteins UCP2 and ANT2 (Figure 3C). Negative controls with secondary antibodies together with either anti-ANT2 or anti-UCP2 primary antibodies assured the absence of interaction between antibodies (Figures 3D,E). Various negative controls with oligomycin and FCCP present ensured that substances did not influence the signals (Figures 3D,E).
[image: Figure 3]FIGURE 3 | In situ PLA was performed on HEK293 cells using anti-ANT2 and anti-UCP2 antibodies. Yellow dots represent a within approximately 40 nm co-localization of UCP2 and ANT2. (A) Unstimulated cells represent cells at basal condition, whereas FCCP stimulated cells represent artificially induced mitochondrial respiration and lowering of membrane potential via mitochondrial uncoupling. Oligomycin stimulated cells represent the lowest possible respiration together with the highest possible membrane potential via ATP-synthase inhibition with oligomycin. (B), Graph displaying the extent of ANT2-UCP2 interaction dependent on cellular respiration explained in (A). (C) Native PAGE was performed to confirm binding of the anti-UCP2 and anti-ANT2 to the native proteins. (D) Negative controls using only secondary antibodies or secondary antibodies in presence of either primary anti-ANT2 or anti-UCP2 antibodies. (E) Graph representing negative controls displayed as the average number of PLA signals per cell.
Knockdown of UCP2 and ANT2 in HEK293A Cells
Real-time qPCR confirmed approximately 70% efficiency of ANT2 KD and 85% efficiency of UCP2 KD (Figure 4A). Basal respiration trended to decrease in the double KD whereas it was unchanged in the UCP2 KD or ANT2 KD group (Figure 4B). UCP2 KD contributed to significantly increased CATR sensitive respiration (Figure 4C). Leak respiration trended to increase upon ANT2 KD and was significantly higher than the double KD (Figure 4D).
[image: Figure 4]FIGURE 4 | ANT2 and UCP2 were knocked down (KD) in HEK293A cells using siRNA. The efficiency of KD by siRNA was evaluated by rtqPCR (A). Cells were harvested and diluted in respiration medium. Basal cell respiration was measured by high-resolution respirometry. Respiration was normalized to cell number. Basal cell respiration was measured after ANT2 and UCP2 KD. (B). CATR sensitive respiration was determined in permeabilized cells and defined as the change in respiration after the addition of CATR during leak respiration. (C). Leak respiration was measured in permeabilized cells (digitonin) in presence of complex II substrates (succinate) rotenone and oligomycin (D).
DISCUSSION
The main finding of this study is the observed interaction between ANT2 and UCP2 and that this interaction is dependent on cellular metabolism. ANT is changing its conformation between facing the cytosolic (c-state) or the matrix side (m-state) (Yamamoto et al., 2015), where CATR and BKA lock ANT in c-state and m-state, respectively (Pebay-Peyroula et al., 2003; Yamamoto et al., 2015). At low cellular metabolism, i.e., high membrane potential, ANT favours m-state conformation, where it has previously been shown to be more prone to promote proton leak via HNE activation (Azzu et al., 2008; Bertholet et al., 2019). In our experimental setup, we measured ANT sensitive respiration at leak state during ATP-synthase inhibition which potentiates the membrane potential, where ANT favours m-state. GDP-sensitive inhibition was abolished after prior ANT inhibition by adding CATR or BKA (Figures 1A,B) indicating that UCP2 dependent proton leak is inhibited upon ANT inhibition, suggesting interaction between proteins. Previous reports showed similar effects for UCP3 (Parker et al., 2008; Komelina and Amerkhanov, 2010) However, GDP is shown to be an unspecific inhibitor of UCPs and partly inhibits ANTs as well (Komelina and Amerkhanov, 2010).
The reciprocal co-purification of ANT2 and UCP2 supported an existing protein-protein interaction between ANT2 and UCP2 (Figures 2A,B). The absence of ANT2 in the samples treated with either CATR or BKA is intriguing, suggesting that the inhibitors prevented the binding between the primary antibody and ANT in the native state or that the extreme transition states c- or m- prevented interaction. Firm conclusions regarding ANT2 conformation-specific dependent ANT2-UCP2 interaction was not possible to conduct in this setup. The beads control indicated unspecific binding between beads and UCP2, which made the interpretation of the reciprocal approach somewhat questionable. However, in support of the co-purification experiments, in situ PLA confirmed co-localization of ANT2 and UCP2 (Figures 3A,B) (Bagchi et al., 2015). ANT is known to form super-complexes with other components in the respiratory chain (Lu et al., 2017), and has also been shown to interact with voltage-dependent anion channel (VDAC) (Allouche et al., 2012). The in situ PLA establishes co-localization but it is not possible to rule out ANT2-UCP2 interaction via other protein members of an existing super-complex. Importantly, the ANT2-UCP2 co-localization was highly dependent on cellular metabolism, where boosting mitochondrial respiration using the mitochondrial uncoupler FCCP promoted dissociation between ANT2 and UCP2, whereas minimizing respiration by adding oligomycin promoted co-localization.
Although not supported by the co-purification experiments and therefore speculative, the ANT2-UCP2 interaction may be ANT2 conformation-dependent as ANT2 predominantly is in c-state during high mitochondrial respiration (high ADP/ATP exchange) and predominantly in m-state during low respiration and high membrane potential (Azzu et al., 2008). Indications of structural similarities between ANT and UCP2 have previously been reported (Berardi et al., 2011). However, a recent molecular dynamics analysis indicated that there are striking differences in the structure between these proteins (Zoonens et al., 2013). Monomeric, dimeric (Klingenberg and Appel, 1989; Jekabsons et al., 2003) and tetrameric forms (dimer of dimers) of functional UCP2 have been reported (Hoang et al., 2015). Ardalan and colleagues showed that the tetrameric form of UCP2 was capable of transporting protons in lipid layers where the two sets of dimers of the tetramer were present in different conformations, i.e., two being in the m-state and the other two in c-state (Ardalan et al., 2021b). The work by Ardalan, showed conformational changes of UCP2 upon oligomerization. There is a possibility that interaction between ANT and UCP2 may contribute to additional conformational changes in both directions which may have implications on function and proton conductance via these proteins. In addition, the presence of ATP known to have inhibitory effects on UCP:s may play a role in interaction between proteins. Concerns have been raised regarding detergent induced structural perturbations in some proteins which can make the functional interpretations after reconstitution in lipid layers questionable (Zhou and Cross, 2013). To date, UCP1 is the only accepted “true uncoupler” reviewed in, (Nicholls, 2021). The troubled history surrounding UCP2/3 in the prevention of oxidative stress and the transport of protons was recently highlighted (Nicholls, 2021).
Knocking down either ANT2 or UCP2 in HEK293A cells had no significant effect on basal cell respiration although trending to be attenuated in the double KD (Figure 4B). Unexpectedly, the CATR sensitive respiration was not significantly changed in ANT2 KD cells compared to controls. The explanation may be that the protein levels of ANT2 was not efficiently knocked down as indicated by the variability of the rtqPCR (Figure 4A) and the native PAGE results which indicated approximately 50% KD (Figure 3C). Nevertheless, although not reaching significance, ANT2 KD seemed to contribute to increased leak respiration which is likely not explained by increased leak via other ANT isoforms as the double KD presented a significantly lower proton leak dependent respiration compared to the ANT2 KD alone (Figure 4D). Furthermore, the CATR sensitive respiration in the double KD was not different from the ANT2 KD (Figure 4C). The results suggest that the proton conductance via UCP2 increased because of ANT2 KD which contradicting the recent findings by Vozza and others that UCP2 does not contribute to a significant proton leak (Vozza et al., 2014). As previously reported, the CATR sensitive respiration increased upon UCP2 KD (Figure 4C) (Bevilacqua et al., 2010; Friederich-Persson et al., 2012). The explanation may be a superoxide-dependent activation of ANT mediated leak respiration because of increased membrane potential in the absence of UCPs (Echtay et al., 2003) and vice versa. It may also depend on the attenuation of interaction between ANT2/UCP2 in the KD which would then suggest that the interaction between proteins may work as a break in the proton leak via each protein. However, the PLA assay showed an induced co-localization of ANT2-UCP2 during oligomycin treatment corresponding to a low ADP/ATP exchange previously shown to contribute to maximized proton leak via ANT (Vozza et al., 2014) arguing against the previous reasoning.
Vozza and colleagues showed UCP2 likely to be a transporter of C4 metabolites, rather than a proton uncoupler (Vozza et al., 2014) although the transport of these metabolites seemed to be facilitated by H+. Bertholet and colleagues argued that UCP2/3 does not contribute to proton leak as currents could not be detected through these proteins (Bertholet et al., 2019). However, it is unclear whether ANT was present in c-conformation during their experimental conditions.
As the proton conductance or transport of C4 metabolites via UCP2 may be dependent on ANT2 interaction, it would be of interest to investigate whether interaction may alter UCP2 activity. Moreover, ANT is subjected to post-translational modifications such as phosphorylation (Feng et al., 2008; Cesaro and Salvi, 2010; Zhao et al., 2011), acetylation (Mielke et al., 2014), S-nitrosylation (Chang et al., 2014), glutathionylation (Queiroga et al., 2010), and carbonylation (Yan and Sohal, 1998). The effect of such modifications on ANT dependent proton leak and the influence on the ANT-UCP interaction is currently unknown and warrants further investigations.
It is not possible to distinguish between specific UCP and ANT-isoforms when using the inhibitors available. Although ANT2 and UCP2 are the far most abundant isoforms in the renal cortex (Stepien et al., 1992; Doerner et al., 1997; Friederich et al., 2009), the respiratory results may also involve interactions between other isoforms present in the samples. In our study, co-immunoprecipitation and in situ PLA were performed on UCP2 and ANT2 isoforms only. The absence of specific UCP inhibitors is a limitation of the study, as the promiscuity of GDP that is commonly used as a UCP inhibitor also contributes to inhibition of proton leak via ANTs (Khailova et al., 2006; Parker et al., 2008; Komelina and Amerkhanov, 2010).
In conclusion, this study demonstrates an existing interplay between ANT2 and UCP2, which is dependent on cellular metabolism. This interaction may influence ANT2/UCP2 dependent proton leak. As UCP2 seems to be involved in the efflux of C4 metabolites in the mitochondria, this interaction may also have implications in the regulation of cellular substrate utilization as increased activity of UCP2 can promote a switch from glucose to fatty acid metabolism. ANT dependent increased UCP2 activity, at low cellular ATP demand, may contribute to a shift towards fatty acid oxidation, whereas a lower activity at higher cellular ATP demand may contribute to a switch towards glucose utilization. Future studies will reveal the functional significance of this interaction and if one may potentially target this pharmacologically to modulate balance between glucose and fatty acid metabolism.
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