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Abstract

Ageing and lifespan of organisms are determined by complicated interactions between their 

genetics and the environment, but the cellular mechanisms remain controversial. There have been 

a number of studies suggesting that cellular energy metabolism and free radical dynamics affect 

lifespan, implicating mitochondrial function. Recently, Shen et al.1 provided apparent mechanistic 

insight by reporting that mitochondrial oscillations of ‘free radical production’, called 

‘mitoflashes’, in the pharynx of 3-day old Caenorhabditis elegans correlated inversely with 

lifespan. The interpretation of ‘mitoflashes’ as ‘bursts of superoxide’ radicals assumes that 

circularly permuted yellow fluorescent protein (cpYFP) is a reliable indicator of mitochondrial 

superoxide2. This interpretation has been criticised because experiments and theoretical 

considerations both show that changes in cpYFP fluorescence are due to alterations in pH, not 

superoxide3-7. We now provide direct evidence that purified cpYFP is completely unresponsive to 

superoxide. Therefore ‘mitoflashes’ do not reflect superoxide generation and are not evidence for 

a link between mitochondrial free radical dynamics and lifespan.

We carried out experiments with purified recombinant cpYFP sensor protein to test whether 

it responds to superoxide (Fig. 1A-E). Exposure of cpYFP to a superoxide-generating 

system (xanthine (X) and xanthine oxidase (XO)) slightly changed the excitation and 

emission spectra. However, the same change occurred when cpYFP was incubated with the 

individual assay constituents in the absence of superoxide production, or when superoxide 

dismutase (SOD) was added to degrade superoxide (Fig. 1A,B). The cytochrome c reduction 

assay confirmed that superoxide is produced by the X/XO system, and is abolished by SOD 

(Fig. 1C). Xanthine is dissolved in KOH, causing a small increase in pH upon addition. 

Indeed, there was an excellent correlation between spectral changes and resulting assay pH 

upon addition of xanthine (i.e. KOH) (Fig. 1A,B). In time course assays in which superoxide 

generation was started upon introduction of xanthine (Fig. 1D) addition of KOH as the 

solvent control for xanthine (Fig. 1E) gave the same increase in fluorescence ratio. Extended 

reductive or oxidative treatment with thiol redox agents (dithiothreitol (DTT, a reducing 

agent) and 2,2′-dipyridyl disulfide (DPS, an oxidizing agent)) did not alter the spectral 

behaviour (Fig. 1F,G,H), consistent with structural information suggesting that both Cys 

residues are buried inside the mature protein and are unlikely to be accessible for thiol redox 

chemistry (Fig. 1I). Likewise, reductive pre-treatment with DTT under inert atmosphere, 

followed by DTT removal did not impact on the outcome of the superoxide assays. Further 

variation of experimental variables, including pre-incubation conditions, pH buffer systems 

and a 100-fold range of sensor concentrations, did not lead to any rapid, reversible change in 
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cpYFP sensor signal required for superoxide-related ‘mitoflashes’, as long as the pH and 

halide ion concentrations were kept constant.

‘Mitoflashes’ can be fully explained by the extraordinary pH sensitivity of cpYFP, which 

has a pKa of ≈8.7 (upon excitation at 488 nm, the wavelength at which flashes are observed) 

and shows a >50-fold change in fluorescence ratio between pH 7 and 10, similar to the 

structurally related pH-sensor SypHer (Fig. 1J,K,L)8. In the mitochondrial matrix a resting 

pH (≈7.9) close to sensor pKa and a limited pH buffering capacity mean that even minor 

perturbations will elicit a pronounced sensor response (Fig. 1A,B,D,E). The cpYFP pH 

sensitivity is due to the structural perturbation caused by the circular permutation. A large 

cleft in the β-barrel exposes the pH-active phenoxy group of the chromophore (Fig. 1M, left 

panel), which is concealed in non-permuted GFP-based biosensors (Fig 1M, right panel).

Based on this evidence using purified cpYFP and earlier studies in cells and isolated 

mitochondria5,6,9, the ‘mitoflash’ phenomenon cannot be attributed to bursts of 

mitochondrial superoxide. In accordance with the pH responsiveness of the probe, recent 

work with different sensors suggests that ‘mitoflash’ events indicate brief periods of 

alkalinisation in individual mitochondria, possibly as a result of acceleration in proton 

pumping, triggered by mitochondrial fusion initiation and/or a change in ion 

homeostasis6,9,10.

The debate about the nature of ‘mitoflashes’ has focussed on in situ evidence which has left 

space for interpretation on both sides. Critics have pointed out the implausibility of 

‘superoxide flashes’ based on mitochondrial energetics3,5,9, the absence of a plausible 

chemical mechanism for the reversible interaction between cpYFP and superoxide4,7, and 

the fact that the pH sensor SypHer also detects ‘mitoflashes’6,10. These arguments have been 

countered by data suggesting a correlation of ‘mitoflashes’ with the response of chemical 

ROS probes11-13, the notion that the pH probe SypHer may also respond to superoxide17, 

and the suggestion that a ‘mitoflash’ represents a mixture of superoxide burst and pH 

transient11,13. Ultimate resolution of the debate has been hampered by the use of different 

biological systems and the complexity of mitochondrial physiology, where matrix pH and 

free radical release are connected via the electron transport chain and linked to several other 

parameters such as availability of respiratory substrates, membrane potential, redox and ion 

homeostasis, and mitochondrial morphology2,5-7,10,14-16. Here we resolve the controversy 

by a thorough analysis of the fundamental properties of the ‘mitoflash’ sensor cpYFP. 

Previous work already excluded the suggestion that the pH probe SypHer responds to 

superoxide6. We now provide definitive evidence that cpYFP itself does not respond to 

superoxide and that flashes recorded by cpYFP do not represent superoxide bursts. Of 

course, sudden changes in mitochondrial physiology may still include altered free radical 

levels. While the ‘mitoflash’ phenomenon may reflect an important feature of mitochondrial 

function that deserves further mechanistic analysis the interpretation of the events by Shen et 

al. lacks a biophysical foundation and ‘mitoflashes’ cannot serve as evidence for free radical 

involvement in determining lifespan.
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Methods

cpYFP was purified from Escherichia coli Origami (DE3) and Rosetta 2 (DE3) 24 h after 

induction at 20 °C and assayed at 10, 25 and 1000 μg protein/mL using a Jasco 

spectrofluorimeter FP8300 and a BMG Labtech Clariostar plate reader. Detector gain was 

adjusted for individual experiments. Buffers contained 100 mM NaCl, 1 mM Na2EDTA and 

100 mM Tris-HCl, pH 7.5 (for thiol redox and superoxide assays; degassed and under argon 

for thiol redox treatments) or 100 mM Tris-TES (for pH assays). All reagents were dissolved 

in assay buffer, except for xanthine (100x stock in 1 M KOH, base required for solubility) 

and xanthine oxidase (118x (NH4)2SO4 suspension as delivered by Sigma). Protein 

structures (PDB entries 3O78 and 1JC1) were rendered using PyMOL.

References

1. Shen EZ, et al. Mitoflash frequency in early adulthood predicts lifespan in Caenorhabditis elegans. 
Nature. 2014; 508:128–132. doi:10.1038/nature13012. [PubMed: 24522532] 

2. Wang W, et al. Superoxide flashes in single mitochondria. Cell. 2008; 134:279–290. doi:10.1016/
j.cell.2008.06.017. [PubMed: 18662543] 

3. Muller FL. A critical evaluation of cpYFP as a probe for superoxide. Free Radical Biology & 
Medicine. 2009; 47:1779–1780. doi:10.1016/j.freeradbiomed.2009.09.019. [PubMed: 19778603] 

4. Ezerina D, Morgan B, Dick TP. Imaging dynamic redox processes with genetically encoded probes. 
Journal of Molecular and Cellular Cardiology. 2014; 73:43–49. doi:10.1016/j.yjmcc.2013.12.023. 
[PubMed: 24406687] 

5. Schwarzländer M, Logan DC, Fricker MD, Sweetlove LJ. The circularly permuted yellow 
fluorescent protein cpYFP that has been used as a superoxide probe is highly responsive to pH but 
not superoxide in mitochondria: implications for the existence of superoxide ‘flashes’. Biochemical 
Journal. 2011; 437:381–387. doi:10.1042/BJ20110883. [PubMed: 21631430] 

6. Santo-Domingo J, Giacomello M, Poburko D, Scorrano L, Demaurex N. OPA1 promotes pH flashes 
that spread between contiguous mitochondria without matrix protein exchange. The EMBO Journal. 
2013; 32:1927–1940. doi:10.1038/emboj.2013.124. [PubMed: 23714779] 

7. Schwarzländer M, et al. Mitochondrial ‘flashes’: a radical concept repHined. Trends in Cell 
Biology. 2012; 22:503–508. doi:10.1016/j.tcb.2012.07.007. [PubMed: 22917552] 

8. Poburko D, Santo-Domingo J, Demaurex N. Dynamic regulation of the mitochondrial proton 
gradient during cytosolic calcium elevations. The Journal of Biological Chemistry. 2011; 
286:11672–11684. doi:10.1074/jbc.M110.159962. [PubMed: 21224385] 

9. Schwarzländer M, et al. Pulsing of membrane potential in individual mitochondria: a stress-induced 
mechanism to regulate respiratory bioenergetics in Arabidopsis. The Plant Cell. 2012; 24:1188–
1201. doi:10.1105/tpc.112.096438. [PubMed: 22395486] 

10. Azarias G, Chatton JY. Selective ion changes during spontaneous mitochondrial transients in intact 
astrocytes. PLoS One. 2011; 6:e28505. doi:10.1371/journal.pone.0028505. [PubMed: 22145050] 

11. Wei-LaPierre L, et al. Respective contribution of mitochondrial superoxide and pH to 
mitochondria-targeted circularly permuted yellow fluorescent protein (mt-cpYFP) flash activity. J 
Biol Chem. 2013; 288:10567–10577. doi:10.1074/jbc.M113.455709. [PubMed: 23457298] 

12. Pouvreau S. Superoxide flashes in mouse skeletal muscle are produced by discrete arrays of active 
mitochondria operating coherently. PLoS One. 2010; 5:e13035. doi:10.1371/journal.pone.
0013035. [PubMed: 20927399] 

13. Zhang X, et al. Superoxide constitutes a major signal of mitochondrial superoxide flash. Life Sci. 
2013; 93:178–186. doi: 10.1016/j.lfs.2013.06.012. [PubMed: 23800644] 

14. Ma Q, et al. Superoxide flashes: early mitochondrial signals for oxidative stress-induced apoptosis. 
J Biol Chem. 2011; 286:27573–27581. doi:10.1074/jbc.M111.241794. [PubMed: 21659534] 

Schwarzländer et al. Page 5

Nature. Author manuscript; available in PMC 2015 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Breckwoldt MO, et al. Multiparametric optical analysis of mitochondrial redox signals during 
neuronal physiology and pathology in vivo. Nat Med. 2014; 20:555–560. doi: 10.1038/nm.3520. 
[PubMed: 24747747] 

16. Hou T, Wang X, Ma Q, Cheng H. Mitochondrial flashes: new insights into mitochondrial ROS 
signaling and beyond. J Physiol (Lond.). 2014; 592:3703–3713. doi:10.1113/jphysiol.
2014.275735. [PubMed: 25038239] 

17. Quatresous E, Legrand C, Pouvreau S. Mitochondria-targeted cpYFP: pH or superoxide sensor? J 
Gen Physiol. 2012; 140:567–570. doi:10.1085/jgp.201210863. [PubMed: 23071268] 

Schwarzländer et al. Page 6

Nature. Author manuscript; available in PMC 2015 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure. Spectroscopic and structural analysis of the ‘mitoflash’ probe cpYFP
(A) cpYFP fluorescence excitation spectra (emission at 515 nm) and (B) emission spectra 

(excitation at 488 nm) upon addition of X (xanthine 2 mM), XO (xanthine oxidase 100 mU/

mL), SOD (bovine Cu/Zn superoxide dismutase 600 U/mL) and KOH (solvent control for 

xanthine, note pH increase), and the in situ pH of the assayed 200 μL reaction mix. (C) 
Cytochrome c reduction detected by absorption at 550 nm to measure superoxide generation 

in response to the X/XO system in the presence and absence of SOD and in response to 

KOH as solvent control for X. Cyt c 100 μM; arrows indicates X or KOH addition. (D) The 

response of cpYFP excitation ratio (488/405 nm) to superoxide generation. The arrow 

indicates introduction of X to constitute the X/XO system. Controls contained either SOD in 

addition or no XO. (E) The same assays were performed with KOH introduction as solvent 

control for X. (F) cpYFP fluorescence excitation spectra and (G) emission spectra upon 24 h 

incubation with DTT (dithiothreitol; 10 mM) and DPS (2,2′-dipyridyl disulfide; 1 mM) and 

the in situ pH of the assayed 200 μL reaction mix. (H) cpYFP fluorescence ratio upon DTT 

and DPS addition over 3 h; arrow indicates DTT or DPS addition. (I) Cross-sections through 

a surface model of cpYFP (left and middle). Chromophore (chr) and cysteines are 

represented as ball-and-stick models. The Cys171 thiol is relatively close to the protein 

surface, but unlikely to be accessible to solutes as indicated by the docking of a DTT 

Schwarzländer et al. Page 7

Nature. Author manuscript; available in PMC 2015 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecule to the protein surface (right). (J) cpYFP fluorescence excitation spectra (emission 

at 515 nm) and (K) emission spectra (excitation at 488 nm) in response to pH as determined 

in situ after the measurements. (L) pH dependence of cpYFP excitation ratio (488/405 nm; 

normalized to pH 7.0) as compared to the cpYFP part of the pH sensor SypHer. (M) 
Sectional views through volume models of cpYFP and roGFP2, with the clipping plane 

parallel to and just above the chromophore phenoxy ring. The chromophore is represented as 

a ball-and-stick model. Data in panels A-H and J-L are background corrected and 

experiments were repeated at least 5 times with consistent results.
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