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Abstract

:

Usnic acid (UA), a unique lichen metabolite, is a protonophoric uncoupler of oxidative phosphorylation, widely known as a weight-loss dietary supplement. In contrast to conventional proton-shuttling mitochondrial uncouplers, UA was found to carry protons across lipid membranes via the induction of an electrogenic proton exchange for calcium or magnesium cations. Here, we evaluated the ability of various divalent metal cations to stimulate a proton transport through both planar and vesicular bilayer lipid membranes by measuring the transmembrane electrical current and fluorescence-detected pH gradient dissipation in pyranine-loaded liposomes, respectively. Thus, we obtained the following selectivity series of calcium, magnesium, zinc, manganese and copper cations: Zn2+ > Mn2+ > Mg2+ > Ca2+ >> Cu2+. Remarkably, Cu2+ appeared to suppress the UA-mediated proton transport in both lipid membrane systems. The data on the divalent metal cation/proton exchange were supported by circular dichroism spectroscopy of UA in the presence of the corresponding cations.
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1. Introduction


Usnic acid (UA) has long been a popular fat-burning pill because of its ability to cause the dissipation of the proton motive force in mitochondria [1,2,3,4,5,6], similar to conventional mitochondrial uncouplers [7,8,9]. In contrast to the most common—and rather compromised, due to its side effects—chemical uncoupler 2,4-dinitrophenol (DNP), UA is a natural compound, a secondary lichen metabolite known for its numerous therapeutically beneficial modalities [4,10,11,12,13,14,15]. Although UA has been shown to induce a proton-selective current across a planar bilayer lipid membrane (BLM) [16] typical of protonophoric mitochondrial uncouplers [17], our previous studies revealed its unique properties; in particular, its ability to mediate an electrogenic proton/divalent cation exchange across a BLM [18], e.g., three protons per one magnesium cation [19]. According to the literature [20], UA is involved in heavy metal accumulation detoxification by lichens. However, the UA-mediated transport of divalent metal cations across natural and artificial membranes has not been explored in detail. In this work, we compared the potency of calcium, magnesium, zinc, manganese and copper cations in promoting a UA-mediated proton flow across both a planar and a vesicular BLM, thereby examining the selectivity of the calcium, magnesium, zinc, manganese and copper cations/proton exchange elicited by UA. The following order of UA transport activity was obtained: Zn2+ > Mn2+ > Mg2+ > Ca2+ >> Cu2+. Interestingly, Cu2+ was found to inhibit the UA-mediated proton transport. The results on the transport through the membranes were supplemented by circular dichroism (CD) spectroscopy data, which showed the binding of the metal cations to UA in methanol.




2. Results and Discussion


2.1. Impact of Divalent Metal Cations on a UA-Induced Electrical Current across a Planar BLM


Figure 1a shows a track of an electrical current across a BLM induced by the addition of 20 μM UA. Without the added divalent cations, the non-zero magnitude of the current was obviously due to the presence of traces of calcium ions in the buffer solution. The addition of EDTA suppressed the current to a zero level (Chart S1 in the Supplementary Materials), in agreement with our previous data [6]. The addition of 20 µM MgCl2 led to a substantial increase in the current, reaching 2.5 nA within 2 min of the stirring of the membrane-bathing solution. Under these conditions, a UA-mediated current, depending on both the pH and Mg2+ concentration, resulted from the electrogenic Mg2+/3H+ exchange [19]. The subsequent addition of 20 µM CuSO4 caused a substantial decrease in the BLM current, probably due to the strong binding of Cu2+ to UA, interfering with its ability to transport the cations. In the control experiments, the addition of 20 µM (or more) K2SO4 did not affect the UA-mediated BLM current, thereby proving that it was Cu2+ that inhibited the transport (Chart S2 in the Supplementary Materials). Figure 1b displays the dependence of the UA-mediated BLM current on the concentration of divalent metal cations in the solution. It is seen that the cations stimulated the current in the following series: Zn2+ > Mn2+ > Mg2+ > Ca2+. The addition of Cu2+ actually led to its suppression (Figure 1b, blue points).




2.2. UA-Mediated Alkalization inside Liposomes in the Presence of Divalent Metal Cations


To confirm the divalent cation preference of UA by an alternative experimental technique, we monitored the pH gradient resulting from the cation–proton exchange activity of UA in the pyranine-loaded liposomes. The addition of 1 mM MnCl2 (red curve in Figure 2), 1 mM MgCl2 (blue curve) or 1 mM CaCl2 (pink curve) to the buffer solution (pH 6.0) outside the liposomes containing 30 µM UA caused alkalization inside the liposomes, manifesting in an increase in the pyranine fluorescence intensity as a result of the influx of the divalent cations and the efflux of the protons from the liposomes (Figure 2). The subsequent addition of KOH at 75 s, shifting the external pH from 6 to 8, led to a substantial stimulation of the alkalization inside the liposomes. The alkalization was the most pronounced in the case of MnCl2 (red track), intermediate in the case of MgCl2 (blue track) and small in the case of CaCl2 (pink track). The black track displayed a weak alkalization of the liposomal lumen induced by UA without the addition of divalent cations. No alkalization took place inside the liposomes in the absence of UA, thereby showing that there was no proton leakage from the liposomes without UA (grey track). In the control experiments without UA, even 1 mM Mn2+ did not elicit a proton leakage (Chart S3 in the Supplementary Materials). We have not presented the data of similar experiments with ZnCl2 and CuCl2 because these cations caused a strong quenching of the pyranine fluorescence (Chart S4 in the Supplementary Materials). Therefore, the liposome system showed the following series of UA cation selectivity: Mn2+ > Mg2+ > Ca2+.




2.3. UA-Mediated Efflux of Divalent Cations from Liposomes


To confirm the divalent cations/proton exchange mediated by UA on the liposomes, we measured the Zn2+ and Ca2+ efflux from the liposomes loaded with these cations by using Fluo-5N as a fluorescent probe. Figure 3a shows the kinetics of the Fluo-5N fluorescence intensity after the addition of UA at a concentration of 20 μM (green and cyan curves) or 40 μM (blue and pink curves). The data were normalized to the level of the complete efflux of the cations elicited by the addition of the conventional calcium ionophore ionomycin at the end of each track. The efflux of zinc ions was faster than that of the calcium ions at all concentrations of UA tested (Figure 3b). The preference of Zn2+ over Ca2+ was in agreement with the data from both the planar BLM (Figure 1) and the pyranine-loaded liposomes (Figure 2).




2.4. Effect of Divalent Metal Cations on the CD and Absorbance Spectra of UA


To examine the formation of metal–UA complexes, we measured the CD and UV absorbance spectra of UA in the presence of divalent metal cations in methanol, enabling both lipophilic UA and hydrophilic inorganic salts to be dissolved. The CD spectrum of UA in methanol exhibited two positive bands peaking at about 250 nm and 330 nm and a negative band peaking at about 290 nm (black curve in Figure 4a) in agreement with the literature data [21]. Interestingly, the CD spectrum of UA in chloroform is known to be substantially different: there is a positive broad band around 260 nm and two weak negative bands at both sides [22]. In line with [21], we found that Cu2+ severely altered the CD spectra of UA, leading to the appearance of a negative 270 nm band at low Cu2+ concentrations, which indicated the formation of a tight UA–Cu2+ complex (cyan curve in Figure 4a), as suggested by the effect of Cu2+ on the BLM current (Figure 1). Of note, the strong binding of Cu2+ to UA might be involved in a high copper toxicity to lichens [23]. Other cations did not distort the CD spectrum of UA; an increase in both the positive 330 nm band and the negative 290 nm band was observed in the CD spectrum of UA upon the addition of the cations (Figure 4a). Figure 4b shows the UV spectra of UA in the presence of a 1 mM concentration of Zn2+, Mn2+, Mg2+ and Ca2+. The addition of the cations led to an increase in the absorbance at 290 nm; the effect of Mg2+ was the most pronounced (blue curve). Overall, the spectral data pointed to the chelation of the divalent metal cations by usnic acid.



Of note, we previously failed to detect a UA-mediated efflux of Zn2+ from liposomes loaded with this cation [18], which was probably due to the low Zn2+ sensitivity of the fluorescence technique used in the experiments. Here, we found the zinc cations to be more effective in promoting he UA-mediated proton transport than the magnesium and calcium cations, thus indicating the higher selectivity of the UA-induced divalent cation/proton exchange for Zn2+ than for Mg2+ and Ca2+.



As aforementioned, UA is used as a mitochondrial uncoupler to stimulate metabolism. This study, together with our previous results [6,18,19], indicated that UA induced a proton transfer into the mitochondria in exchange for the efflux of the divalent cations from the mitochondria, thereby suggesting that UA-mediated uncoupling should depend on the concentration of calcium and magnesium cations in the mitochondrial matrix. This should be kept in mind when studying the action of UA in physiological experiments as both the magnesium content and, to an even greater extent, the calcium content inside the mitochondria depend on the physiological conditions of cells [24,25,26].





3. Materials and Methods


3.1. Materials


Most chemicals, including (+)-usnic acid (UA) and diphytanoylphosphatidylcholine (DPhPC), were from Sigma-Aldrich, St. Louis, MO, USA.




3.2. Planar Lipid Bilayers


A bilayer lipid membrane (BLM) was formed using the brush technique [27] from a 2% decane solution of DPhPC on a 0.8 mm hole in a Teflon partition that separated the experimental cell into two 3 mL compartments. The electrical current through the BLM was measured with two Ag/AgCl electrodes placed into the solutions on the opposite sides of the BLM via agar bridges by using a Keithley 428 amplifier (Cleveland, OH, USA).




3.3. Pyranine-Loaded Liposomes


To measure the proton efflux from the liposomes, we prepared large unilamellar vesicles loaded with the pH-sensitive fluorescent dye pyranine and used the method described in [28] with slight modifications. The liposomes were created from a mixture of 2.5 mg POPC, 1 mg POPG and 1.5 mg cholesterol dissolved in chloroform. The pyranine fluorescence intensity was measured at 505 nm upon excitation at 455 nm with a Panorama Fluorat 02 spectrofluorometer (Lumex, Saint-Petersburg, Russia). At the end of each recording, 1 µM lasalocid A was added to dissipate the remaining pH gradient. To prevent the formation of a proton diffusion potential, all the measurements were performed in the presence of 10 nM valinomycin.




3.4. Ca2+- and Zn2+-Loaded Liposomes


The preparation of liposomes loaded with 100 mM CaCl2 or ZnSO4 and the measurements of the Ca2+ (Zn2+) efflux from the liposomes were performed as described in [18]. The outside Ca2+ and Zn2+ were assayed by measuring the fluorescence intensity of the Ca2+ (Zn2+)-sensitive fluorophore Fluo-5N at 520 nm upon excitation at 495 nm with a Solar CM2203 spectrofluorometer (Minsk, Belarus). To remove the contribution of 3–5 µM Ca2+, always present in the medium outside the liposomes, to the Fluo-5N fluorescence, we added an aliquot of 1 mM EDTA before the addition of UA.




3.5. Circular Dichroism Spectra of Metal–Usnic Acid Complexes in Methanol


The electronic circular dichroism (CD) spectra were recorded on a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, UK) using a 1 cm quartz cuvette.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232416203/s1.





Author Contributions


Funding acquisition, Y.N.A.; Investigation, T.I.R., A.M.A., L.S.K., A.D.K., A.M.F. and Y.N.A.; Project administration, Y.N.A.; Resources, Y.N.A.; Supervision, Y.N.A.; Writing, E.A.K. and Y.N.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Russian Science Foundation (project No. 21-14-00062).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Johnson, R.B.; Feldott, G.; Lardy, H.A. The mode of action of the antibiotic, usnic acid. Arch. Biochem. 1950, 28, 317–323. [Google Scholar] [PubMed]

	



Abo-Khatwa, A.N.; Al-Robai, A.A.; Al-Jawhari, D.A. Lichen acids as uncouplers of oxidative phosphorylation of mouse-liver mitochondria. Nat. Toxins 1996, 4, 96–102. [Google Scholar] [CrossRef] [PubMed]

	



Han, D.; Matsumaru, K.; Rettori, D.; Kaplowitz, N. Usnic acid-induced necrosis of cultured mouse hepatocytes: Inhibition of mitochondrial function and oxidative stress. Biochem. Pharmacol. 2004, 67, 439–451. [Google Scholar] [CrossRef]

	



Einarsdottir, E.; Groeneweg, J.; Bjornsdottir, G.G.; Harethardottir, G.; Omarsdottir, S.; Ingolfsdottir, K.; Ogmundsdottir, H.M. Cellular mechanisms of the anticancer effects of the lichen compound usnic acid. Planta Med. 2010, 76, 969–974. [Google Scholar] [CrossRef] [PubMed]

	



Bessadottir, M.; Egilsson, M.; Einarsdottir, E.; Magnusdottir, I.H.; Ogmundsdottir, M.H.; Omarsdottir, S.; Ogmundsdottir, H.M. Proton-shuttling lichen compound usnic acid affects mitochondrial and lysosomal function in cancer cells. PLoS ONE 2012, 7, e51296. [Google Scholar] [CrossRef] [PubMed]

	



Antonenko, Y.N.; Khailova, L.S.; Rokitskaya, T.I.; Nosikova, E.S.; Nazarov, P.A.; Luzina, O.A.; Salakhutdinov, N.F.; Kotova, E.A. Mechanism of action of an old antibiotic revisited: Role of calcium ions in protonophoric activity of usnic acid. Biochim. Biophys. Acta Bioenerg. 2019, 1860, 310–316. [Google Scholar] [CrossRef]

	



Liberman, E.A.; Topaly, V.P.; Tsofina, L.M.; Jasaitis, A.A.; Skulachev, V.P. Mechanism of coupling of oxidative phosphorylation and the membrane potential of mitochondria. Nature 1969, 222, 1076–1078. [Google Scholar] [CrossRef] [PubMed]

	



Terada, H. Uncouplers of oxidative phosphorylation. Environ. Health Perspect. 1990, 87, 213–218. [Google Scholar] [CrossRef] [PubMed]

	



Kotova, E.A.; Antonenko, Y.N. Fifty years of research on protonophores: Mitochondrial uncoupling as a basis for therapeutic action. Acta Nat. 2022, 14, 4–13. [Google Scholar] [CrossRef]

	



Ingolfsdottir, K. Usnic acid. Phytochemistry 2002, 61, 729–736. [Google Scholar] [CrossRef]

	



Cocchietto, M.; Skert, N.; Nimis, P.L. A review on usnic acid, an interesting natural compound. Naturwissenschaften 2002, 89, 137–146. [Google Scholar] [CrossRef] [PubMed]

	



Araujo, A.A.; de Melo, M.G.; Rabelo, T.K.; Nunes, P.S.; Santos, S.L.; Serafini, M.R.; Santos, M.R.; Quintans-Junior, L.J.; Gelain, D.P. Review of the biological properties and toxicity of usnic acid. Nat. Prod. Res. 2015, 29, 2167–2180. [Google Scholar] [CrossRef] [PubMed]

	



Luzina, O.A.; Salakhutdinov, N.F. Biological activity of usnic acid and its derivatives: Part 2. Effects on higher organisms. Molecular and physicochemical aspects. Russ. J. Bioorg. Chem. 2016, 42, 249–268. [Google Scholar] [CrossRef]

	



Filimonov, A.S.; Yarovaya, O.I.; Zaykovskaya, A.V.; Rudometova, N.B.; Shcherbakov, D.N.; Chirkova, V.Y.; Baev, D.S.; Borisevich, S.S.; Luzina, O.A.; Pyankov, O.V.; et al. (+)-Usnic Acid and Its Derivatives as Inhibitors of a Wide Spectrum of SARS-CoV-2 Viruses. Viruses 2022, 14, 2154. [Google Scholar] [CrossRef]

	



Oh, E.; Wang, W.; Park, K.-H.; Park, C.; Cho, Y.; Lee, J.; Kang, E.; Kang, H. (+)-Usnic acid and its salts, inhibitors of SARS-CoV-2, identifed by using in silico methods and in vitro assay. Sci. Rep. 2022, 12, 13118. [Google Scholar] [CrossRef] [PubMed]

	



Backor, M.; Gaburjakova, J.; Hudak, J.; Zeigler, W. The biological role of secondary metabolites from lichens. 1. The influence of usnic acid on bimolecular lipid membranes. Acta Fac. Rerum Nat. Univ. Comen.-Physiol. Plant. 1997, 29, 67–71. [Google Scholar]

	



McLaughlin, S.G.; Dilger, J.P. Transport of protons across membranes by weak acids. Physiol. Rev. 1980, 60, 825–863. [Google Scholar] [CrossRef]

	



Chelombitko, M.A.; Firsov, A.M.; Kotova, E.A.; Rokitskaya, T.I.; Khailova, L.S.; Popova, L.B.; Chernyak, B.V.; Antonenko, Y.N. Usnic acid as calcium ionophore and mast cells stimulator. Biochim. Biophys. Acta Biomembr. 2020, 1862, 183303. [Google Scholar] [CrossRef]

	



Rokitskaya, T.I.; Kotova, E.A.; Antonenko, Y.N. Anomalous potentials on bilayer lipid membranes in the presence of usnic acid: Markin-Sokolov versus Nernst-Donnan equilibrium. Bioelectrochemistry 2021, 141, 107825. [Google Scholar] [CrossRef]

	



Backor, M.; Loppi, S. Interactions of lichens with heavy metals. Biol. Plant. 2009, 53, 214–222. [Google Scholar] [CrossRef]

	



Takani, M.; Yajima, T.; Masuda, H.; Yamauchi, O. Spectroscopic and structural characterization of copper(II) and palladium(II) complexes of a lichen substance usnic acid and its derivatives. Possible forms of environmental metals retained in lichens. J. Inorg. Biochem. 2002, 91, 139–150. [Google Scholar] [CrossRef] [PubMed]

	



Cavalloro, V.; Marrubini, G.; Stabile, R.; Rossi, D.; Linciano, P.; Gheza, G.; Assini, S.; Martino, E.; Collina, S. Microwave-assisted extraction and HPLC-UV-CD determination of (S)-usnic acid in Cladonia foliace. Molecules 2021, 26, 455. [Google Scholar] [CrossRef] [PubMed]

	



Cabral, J.P. Differential sensitivity of four Lobaria lichens to copper in vitro. Environ. Toxicol. Chem. 2002, 21, 2468–2476. [Google Scholar] [CrossRef] [PubMed]

	



Carafoli, E. The fateful encounter of mitochondria with calcium: How did it happen? Biochim. Biophys. Acta 2010, 1797, 595–606. [Google Scholar]

	



Zhang, G.; Gruskos, J.J.; Afzal, M.S.; Buccella, D. Visualizing changes in mitochondrial Mg2+ during apoptosis with organelle-targeted triazole-based ratiometric fluorescent sensors. Chem. Sci. 2015, 6, 6841–6846. [Google Scholar] [CrossRef] [PubMed]

	



Yamanaka, R.; Tabata, S.; Shindo, Y.; Hotta, K.; Suzuki, K.; Soga, T.; Oka, K. Mitochondrial Mg(2+) homeostasis decides cellular energy metabolism and vulnerability to stress. Sci. Rep. 2016, 6, 30027. [Google Scholar] [CrossRef]

	



Mueller, P.; Rudin, D.O.; Tien, H.T.; Wescott, W.C. Methods for the formation of single bimolecular lipid membranes in aqueous solution. J. Phys. Chem. 1963, 67, 534–535. [Google Scholar] [CrossRef]

	



Chen, Y.; Schindler, M.; Simon, S.M. A mechanism for tamoxifen-mediated inhibition of acidification. J. Biol. Chem. 1999, 274, 18364–18373. [Google Scholar] [CrossRef]








[image: Ijms 23 16203 g001 550] 





Figure 1. (a) Effect of magnesium ions (20 µM) on the induction of electrical current through BLM by usnic acid (UA, 20 µM) and the inhibitory effect of copper ions (20 µM); (b) dependence of the UA-mediated electrical current through BLM on the concentration of calcium, magnesium, manganese, copper and zinc ions. The solution was 10 mM Tris, 10 mM MES, 10 mM β-alanine and 10 mM KCl with a pH of 6.0. BLM voltage was 30 mV. BLM was created from DPhPC. The data in panel (b) are represented as the mean ± SE, with n = 3. 
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Figure 2. Effect of divalent metal cations (1 mM each) on usnic acid-mediated proton fluxes through liposomes loaded with the pH probe pyranine. The concentration of usnic acid was 30 µM. The inner liposomal pH was estimated from the pyranine fluorescence intensities measured at 505 nm upon excitation at 455 nm. Lasalocid A (1 µM) was added at the end of each track to equilibrate the pH. Lipid concentration was 20 µg/mL. Other conditions: see Materials and Methods section. At the zero-time moment, divalent metal cations were added in the form of chlorides at a concentration of 1 mM. The proton flux was stimulated by an alkaline pH shift from pH 6 to pH 8 at t = 75 s by the addition of the previously determined aliquot of KOH. The measurements were made at 15 °C in order to decrease the unspecific proton leak in liposomes. 






Figure 2. Effect of divalent metal cations (1 mM each) on usnic acid-mediated proton fluxes through liposomes loaded with the pH probe pyranine. The concentration of usnic acid was 30 µM. The inner liposomal pH was estimated from the pyranine fluorescence intensities measured at 505 nm upon excitation at 455 nm. Lasalocid A (1 µM) was added at the end of each track to equilibrate the pH. Lipid concentration was 20 µg/mL. Other conditions: see Materials and Methods section. At the zero-time moment, divalent metal cations were added in the form of chlorides at a concentration of 1 mM. The proton flux was stimulated by an alkaline pH shift from pH 6 to pH 8 at t = 75 s by the addition of the previously determined aliquot of KOH. The measurements were made at 15 °C in order to decrease the unspecific proton leak in liposomes.



[image: Ijms 23 16203 g002]







[image: Ijms 23 16203 g003 550] 





Figure 3. Efflux of Ca2+ or Zn2+ from Ca2+- or Zn2+-loaded liposomes induced by usnic acid. Panel (a) displays time courses of the cation efflux from the liposomes, panel (b) shows a histogram of the cation efflux after 10 minutes of the efflux. The data were normalized to the maximal fluorescence level achieved after the addition of 100 nM ionomycin. The concentrations of Ca2+ or Zn2+ ions were estimated from the Fluo-5N fluorescence intensities measured at 520 nm upon excitation at 495 nm. Lipid concentration was 20 µg/mL; T = 25 °C. Other conditions: see Materials and Methods section. 
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Figure 4. CD (a) and absorbance (b) spectra of UA (50 µM) in the absence (black curve) and in the presence of 1 mM calcium (pink), magnesium (blue), zinc (green), manganese (red) and copper (cyan) ions in methanol. The concentration of CuSO4 was 0.1 mM. 
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