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Mitochondrial free radicals and redox poise are central to metabolism and cell fate. Their measurement in living cells remains a major challenge and their in vivo dynamics are poorly understood. Reports of ‘superoxide flashes’ in single mitochondria have therefore been perceived as a major breakthrough: single mitochondria expressing the genetically encoded sensor circularly permuted yellow fluorescent protein (cpYFP) display spontaneous flashes of fluorescence that are responsive to metabolic changes and stressors. We critically review the evidence that underpins the interpretation of mitochondrial cpYFP flashes as bursts of superoxide production and conclude that flashes do not represent superoxide bursts but instead are caused by transient alkalinisation of the mitochondrial matrix. We provide a revised framework that will help to clarify the interpretation of mitochondrial flashes. Mitochondrial free radical dynamics in living cells Mitochondrial bioenergetic and redox status are central to energy metabolism and the determination of cell fate, and mitochondrial dysfunction is implicated in a wide range of pathologies such as cancer and cardiovascular and neurodegenerative diseases [1]. Despite its fundamental importance, mitochondrial biochemistry continues to be difficult to characterize in living tissues. However, state-of-the-art imaging approaches are, literally and metaphorically, bringing new light to the subject. Key hallmarks of mitochondrial function such as membrane energisation, redox poise, calcium load, and the generation of free radicals have become experimentally accessible due to technical advances in the design of fluorescent sensors [2–7]. Mitochondria are a major intracellular source of free radicals and other reactive oxygen species (ROS). ROS generation causes mitochondrial oxidative damage and is critical for Corresponding author: Schwarzla¨nder, M. ([email protected]). Keywords: mitochondria; superoxide flashes; cpYFP; pH transients.



Glossary Circularly permuted yellow fluorescent protein (cpYFP): a yellow fluorescent protein that has been circularly permuted in its sequence (i.e., the N and C termini are fused via a linker and new termini are generated by cleavage in a central area of the protein). It is the basis for several genetic sensors that were constructed by inserting protein sequences between the termini that can bind a substrate and alter spectroscopic properties in response [6,23]. In the absence of additional substrate-binding domains, cpYFP was proposed to act as a superoxide sensor [8]. Enhanced yellow fluorescent protein (EYFP): derived from green fluorescent protein (GFP) by mutagenesis that causes increased brightness and a shift in excitation and emission towards longer wavelengths. Mitochondrial electron transport chain (mtETC): the large protein complexes located in the inner mitochondrial membrane that couple oxidation of substrates to ATP synthesis via the generation of mtPMF. Complexes I–IV facilitate electron flux from reduced substrates to oxygen while driving proton translocation across the membrane. Complex V harnesses the generated mtPMF for ATP synthesis. Mitochondrial permeability transition pore (mtPTP): a large, nonspecific pore in the inner mitochondrial membrane that can open under various conditions including calcium overload and oxidative stress, leading to equilibration of molecules of less than 1.5 kDa between the matrix and the cytosol. mtPTP opening is often associated with cell death. Mitochondrial proton-motive force (mtPMF): the proton electrochemical potential gradient that is established by mtETC-dependent proton pumping across the inner mitochondrial membrane. It comprises an electrical component, DCm, and a chemical component, the pH gradient (DpHm). Under normal conditions, DCm is the major contributor to the mtPMF. Nigericin: an ionophore that acts as a specific potassium–proton exchanger in biological membranes. In the presence of high potassium concentrations, nigericin can be used to collapse DpH and clamp the inner to outer proton concentration ratio. Because potassium–proton exchange is charge neutral, the membrane potential (DCm) is preserved. Reactive oxygen species (ROS): collective name for various chemical compounds with diverse properties that contain oxygen in an intermediate reduction state making them highly reactive. Biologically prominent ROS include the superoxide radical, hydrogen peroxide, the hydroxyl radical, and singlet oxygen. Superoxide radical (O2–): produced by a single electron reduction of molecular oxygen. In the cell, single electron transfers can arise from reduced protein metal redox centres that are accessible to oxygen; including those in complex I and III of the mtETC. Superoxide reacts readily with transition metal compounds and other radicals. Two superoxide molecules spontaneously dismutate to generate hydrogen peroxide and oxygen. This is catalyzed by SOD in mitochondria, limiting half-life to a few microseconds and diffusion distance to 
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