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Overview 11 

Richard Altmann (1894): 12 

The protoplasm is a colony of bioblasts. 13 

Microorganisms and granula are at an 14 

equivalent level and represent elementary 15 

organisms, which are found wherever living 16 

forces are acting, thus we want to describe 17 

them by the common term bioblasts. In the 18 

bioblast, that morphological unit of living 19 

matter appears to be found. 20 

 Mitochondria are oxygen-consuming 21 

electrochemical generators that evolved 22 

from the endosymbiotic 23 

alphaproteobacteria which became 24 

integrated into a host cell related to Asgard 25 

Archaea (Margulis 1970; Lane 2005; Roger 26 

et al 2017). Richard Altmann (1894) 27 

described the ‘bioblasts’, which include not 28 

only the mitochondria as presently defined, 29 

but also symbiotic and free-living bacteria. 30 

The word ‘mitochondria’ (Greek mitos: 31 

thread; chondros: granule) was introduced 32 

by Carl Benda (1898). Mitochondrion is 33 

singular and mitochondria is plural. 34 

Abbreviation: mt, as generally used in 35 

mtDNA.  36 

 Given the multiple roles of 37 

mitochondria, it is perhaps not surprising 38 

that mitochondrial dysfunction is 39 

associated with a wide variety of genetic 40 

and degenerative diseases. Robust 41 

mitochondrial function is supported by 42 

physical exercise and caloric balance, and is 43 

central for sustained metabolic health 44 

throughout life. Therefore, a more 45 

consistent set of definitions for 46 

mitochondrial physiology will increase our 47 

understanding of the etiology of disease and 48 

improve the diagnostic repertoire of mitochondrial medicine with a focus on protective medicine, 49 

evolution, lifestyle, environment, and healthy aging. 50 

 51 

Updates: 52 
https://www.bioenergetics-communications.org/index.php/BEC2020.1_doi10.26124bec2020-0001.v1 53 
 54 
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Mitochondrial structure-function relationships 64 

 ‘For the physiologist, mitochondria afforded the first opportunity for an experimental approach 65 

to structure-function relationships, in particular those involved in active transport, vectorial 66 

metabolism, and metabolic control mechanisms on a subcellular level’ (Ernster and Schatz 1981). 67 

 68 

Contrary to current textbook dogma, which describes mitochondria as individual organelles, 69 

mitochondria form dynamic networks within eukaryotic cells. Mitochondrial movement is 70 

supported by microtubules. Mitochondrial size and number can change in response to energy 71 

requirements of the cell via processes known as fusion and fission; these interactions allow 72 

mitochondria to communicate within a network (Chan 2006). Mitochondria can even traverse cell 73 

boundaries in a process known as horizontal mitochondrial transfer (Torralba et al 2016). 74 

Another defining morphological characteristic of mitochondria is the double membrane. The 75 

mitochondrial inner membrane (mtIM) forms dynamic tubular to disk-shaped cristae that 76 

separate the mitochondrial matrix, i.e., the negatively charged internal mitochondrial 77 

compartment, from the intermembrane space; the latter being enclosed by the mitochondrial 78 

outer membrane (mtOM) and positively charged with respect to the matrix.  79 

 Intracellular stress factors may cause shrinking or swelling of the mitochondrial matrix that 80 

can ultimately result in permeability transition (mtPT; Lemasters et al 1998). The mtIM contains 81 

the non-bilayer phospholipid cardiolipin, which is also involved in the mtOM (Gebert et al 2009) 82 

but is not present in any other eukaryotic cellular membrane. Cardiolipin has many regulatory 83 

functions (Oemer et al 2018); it promotes and stabilizes the formation of supercomplexes 84 

(SCInIIInIVn) based on dynamic interactions between specific respiratory complexes (McKenzie et 85 

al 2006; Greggio et al 2017; Lenaz et al 2017), and it supports proton transfer on the mtIM from 86 

the electron transfer system to F1FO-ATPase (ATP synthase; Yoshinaga et al 2016). The mtIM is 87 

plastic and exerts an influence on the functional properties of incorporated proteins (Waczulikova 88 

et al 2007).  89 

 Mitochondria constitute the structural and functional elementary components of cell 90 

respiration (Figure 1). Mitochondrial respiration is the reduction of molecular oxygen by electron 91 

transfer coupled to electrochemical proton translocation across the mtIM. In the process of 92 

OXPHOS, the catabolic reaction of oxygen consumption is electrochemically coupled to the 93 

transformation of energy in the phosphorylation of ADP to adenosine triphosphate (ATP; Mitchell 94 

1961, 2011). Mitochondria are the powerhouses of the cell that contain the machinery of the 95 

OXPHOS-pathways, including transmembrane respiratory complexes (proton pumps with FMN, 96 

Fe-S and cytochrome b, c, aa3 redox systems); alternative dehydrogenases and oxidases; the 97 

coenzyme ubiquinone (Q); F1FO-ATPase or ATP synthase; the enzymes of the tricarboxylic acid 98 

cycle (TCA), fatty acid and amino acid oxidation; transporters of ions, metabolites and co-factors; 99 

iron/sulphur cluster synthesis; and mitochondrial kinases related to catabolic pathways. TCA 100 

cycle intermediates are vital precursors for macromolecule biosynthesis (Diebold et al 2019). The 101 

mitochondrial proteome comprises over 1,200 proteins (Calvo et al 2015; 2017), mostly encoded 102 

by nuclear DNA (nDNA), with a variety of functions, many of which are relatively well known, e.g., 103 

proteins regulating mitochondrial biogenesis or apoptosis, while others are still under 104 

investigation, or need to be identified, e.g., mtPT pore and alanine transporter. The mammalian 105 

mitochondrial proteome can be used to discover and characterize the genetic basis of 106 

mitochondrial diseases (Williams et al 2016; Palmfeldt and Bross 2017). 107 

 108 
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Mitochondrial crosstalk 109 

 110 

Numerous cellular processes are orchestrated by a constant crosstalk between mitochondria and 111 

other cellular components. For example, the crosstalk between mitochondria and the endoplasmic 112 

reticulum is involved in the regulation of calcium homeostasis, cell division, autophagy, 113 

differentiation, and anti-viral signaling (Murley and Nunnari 2016). Mitochondria contribute to 114 

the formation of peroxisomes, which are hybrids of mitochondrial and ER-derived precursors 115 

(Sugiura et al 2017). Cellular mitochondrial homeostasis (mitostasis) is maintained through 116 

regulation at transcriptional, post-translational and epigenetic levels (Ling and Rönn 2018; 117 

Lisowski et al 2018), resulting in dynamic regulation of mitochondrial turnover by biogenesis of 118 

new mitochondria and removal of damaged mitochondria by fusion, fission and mitophagy (Singh 119 

et al 2018). Cell signalling modules contribute to homeostatic regulation throughout the cell cycle 120 

or even cell death by activating proteostatic modules, e.g., the ubiquitin-proteasome and 121 

autophagy-lysosome/vacuole pathways; specific proteases like LON, and genome stability 122 

modules in response to varying energy demands and stress cues (Quiros et al 2016). In addition, 123 

several post-translational modifications, including acetylation and nitrosylation, are capable of 124 

influencing the bioenergetic response, with clinically significant implications for health and 125 

disease (Carrico et al 2018). 126 

 127 

The mitochondrial genome 128 

 129 

Mitochondria of higher eukaryotes typically maintain several copies of their own circular genome 130 

known as mitochondrial DNA (mtDNA; hundred to thousands per cell; Cummins 1998), which is 131 

maternally inherited in many species. However, biparental mitochondrial inheritance is 132 

documented in some exceptional cases in humans (Luo et al 2018), is widespread in birds, fish, 133 

reptiles and invertebrate groups, and is even the norm in some bivalve taxonomic groups (Breton 134 

et al 2007; White et al 2008). The mitochondrial genome of the angiosperm Amborella contains a 135 

record of six mitochondrial genome equivalents acquired by horizontal transfer of entire 136 

genomes, two from angiosperms, three from algae and one from mosses (Rice et al 2016). In 137 

unicellular organisms, i.e., protists, the structural organization of mitochondrial genomes is highly 138 

variable and includes circular and linear DNA (Zíková et al 2016). While some of the free-living 139 

flagellates exhibit the largest known gene coding capacity, e.g., jakobid Andalucia godoyi mtDNA 140 

codes for 106 genes (Burger et al 2013), some protist groups, e.g., alveolates, possess 141 

mitochondrial genomes with only three protein-coding genes and two rRNAs (Feagin et al 2012). 142 

The complete loss of mitochondrial genome is observed in the highly reduced mitochondria of 143 

Cryptosporidium species (Liu et al 2016). Reaching the final extreme, the microbial eukaryote, 144 

oxymonad Monocercomonoides, has no mitochondrion whatsoever and lacks all typical nuclear-145 

encoded mitochondrial proteins, showing that while in 99 % of organisms mitochondria play a 146 

vital role, this organelle is not indispensable (Karnkowska et al 2016). 147 

 In vertebrates, but not all invertebrates, mtDNA is compact (16.5 kB in humans) and encodes 148 

13 protein subunits of the transmembrane respiratory Complexes CI, CIII, CIV and ATP synthase 149 

(F1FO-ATPase), 22 tRNAs, and two ribosomal RNAs. Additional gene content has been suggested 150 

to include microRNAs, piRNA, smithRNAs, repeat associated RNA, long noncoding RNAs, and even 151 

additional proteins or peptides (Rackham et al 2011; Duarte et al 2014; Lee et al 2015; Cobb et al 152 

2016). The mitochondrial genome requires nuclear-encoded mitochondrially targeted proteins, 153 

e.g., TFAM, for its maintenance and expression (Rackham et al 2012). The nuclear and the 154 

mitochondrial genomes encode peptides of the membrane spanning redox pumps (CI, CIII and 155 

CIV) and F1FO-ATPase, leading to strong constraints in the coevolution of both genomes (Blier et 156 

al 2001). 157 

 158 

Mitochondrial respiratory control and regulation 159 

 160 

The terms metabolic control and regulation are frequently used synonymously, but are 161 

distinguished in metabolic control analysis: “We could understand the regulation as the 162 
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mechanism that occurs when a system maintains some variable constant over time, in spite of 163 

fluctuations in external conditions (homeostasis of the internal state). On the other hand, 164 

metabolic control is the power to change the state of the metabolism in response to an external 165 

signal” (Fell 1997). Respiratory control may be induced by experimental control signals that exert 166 

an influence on: (1) ATP demand and ADP phosphorylation-rate; (2) fuel substrate composition, 167 

pathway competition; (3) available amounts of substrates and O2, e.g., starvation and hypoxia; (4) 168 

the protonmotive force, redox states, flux–force relationships, coupling and efficiency; (5) Ca2+ and 169 

other ions including H+; (6) inhibitors, e.g., nitric oxide or intermediary metabolites such as 170 

oxaloacetate; (7) signalling pathways and regulatory proteins, e.g., insulin resistance, 171 

transcription factor hypoxia inducible factor 1.  172 

 Mechanisms of respiratory control and regulation include adjustments of: (1) enzyme activities 173 

by allosteric mechanisms and phosphorylation; (2) enzyme content, concentrations of cofactors 174 

and conserved moieties such as adenylates, nicotinamide adenine dinucleotide [NAD+/NADH], 175 

coenzyme Q, cytochrome c; (3) metabolic channeling by supercomplexes; and (4) mitochondrial 176 

density (enzyme concentrations) and morphology (membrane area, cristae folding, fission and 177 

fusion). Mitochondria are targeted directly by hormones, e.g., progesterone and glucacorticoids, 178 

which affect their energy metabolism (Lee et al 2013; Dai et al 2013; Gerö and Szabo 2016; Price 179 

and Dai 2016; Moreno et al 2017; Singh et al 2018). Evolutionary or acquired differences in the 180 

genetic and epigenetic basis of mitochondrial function (or dysfunction) between individuals; age; 181 

biological sex, and hormone concentrations; life style including exercise and nutrition; and 182 

environmental issues including thermal, atmospheric, toxic and pharmacological factors, exert an 183 

influence on all control mechanisms listed above. For reviews, see Brown 1992; Gnaiger 1993; 184 

2001; 2009; 2020; Paradies et al 2014; Morrow et al 2017. 185 

 Lack of control by a metabolic pathway, e.g., phosphorylation-pathway, means that there will 186 

be no response to a variable activating it, e.g., [ADP]. The reverse, however, is not true as the 187 

absence of a response to [ADP] does not exclude the phosphorylation-pathway from having some 188 

degree of control. The degree of control of a component of the OXPHOS-pathway on an output 189 

variable, such as O2 flux, will in general be different from the degree of control on other outputs, 190 

such as phosphorylation-flux or proton leak flux. Therefore, it is necessary to be specific as to 191 

which input and output are under consideration (Fell 1997). 192 

 Respiratory control refers to the ability of mitochondria to adjust O2 flux in response to 193 

external control signals by engaging various mechanisms of control and regulation. Respiratory 194 

control is monitored in a mitochondrial preparation under conditions defined as respiratory 195 

states, preferentially under near-physiological conditions of temperature, pH, and medium ionic 196 

composition, to generate data of higher biological relevance. When phosphorylation of ADP to ATP 197 

is stimulated or depressed, an increase or decrease is observed in electron transfer measured as 198 

O2 flux in respiratory coupling states of intact mitochondria (‘controlled states’ in the classical 199 

terminology of bioenergetics). Alternatively, coupling of electron transfer with phosphorylation 200 

is diminished by uncouplers. The corresponding coupling control state is characterized by a high 201 

respiratory rate without control by P» (noncoupled or ‘uncontrolled state’). 202 

 203 

References 204 

 205 
Altmann R (1894) Die Elementarorganismen und ihre Beziehungen zu den Zellen. Zweite vermehrte 206 

Auflage. Verlag Von Veit & Comp, Leipzig:160 pp. 207 
Benda C (1898) Weitere Mitteilungen über die Mitochondria. Verh Dtsch Physiol Ges:376-83. 208 
Blier PU, Dufresne F, Burton RS (2001) Natural selection and the evolution of mtDNA-encoded peptides: 209 

evidence for intergenomic co-adaptation. Trends Genet 17:400-6. 210 
Breton S, Beaupré HD, Stewart DT, Hoeh WR, Blier PU (2007) The unusual system of doubly uniparental 211 

inheritance of mtDNA: isn't one enough? Trends Genet 23:465-74. 212 
Brown GC (1992) Control of respiration and ATP synthesis in mammalian mitochondria and cells. Biochem 213 

J 284:1-13. 214 
Burger G, Gray MW, Forget L, Lang BF (2013) Strikingly bacteria-like and gene-rich mitochondrial genomes 215 

throughout jakobid protists. Genome Biol Evol 5:418-38. 216 



 
 

BEC202n.nn doi:10.26124/bec:2020-0001.vnn  

 

www.bioenergetics-communications.org 5 of 10 
 

Calvo SE, Klauser CR, Mootha VK (2016) MitoCarta2.0: an updated inventory of mammalian mitochondrial 217 
proteins. Nucleic Acids Research 44:D1251-7. 218 

Calvo SE, Julien O, Clauser KR, Shen H, Kamer KJ, Wells JA, Mootha VK (2017) Comparative analysis of 219 
mitochondrial N-termini from mouse, human, and yeast. Mol Cell Proteomics 16:512-23.  220 

Carrico C, Meyer JG, He W, Gibson BW, Verdin E (2018) The mitochondrial acylome emerges: proteomics, 221 
regulation by Sirtuins, and metabolic and disease implications. Cell Metab 27:497-512. 222 

Chan DC (2006) Mitochondria: dynamic organelles in disease, aging, and development. Cell 125:1241-52. 223 
Cobb LJ, Lee C, Xiao J, Yen K, Wong RG, Nakamura HK, Mehta HH, Gao Q, Ashur C, Huffman DM, Wan J, 224 

Muzumdar R, Barzilai N, Cohen P (2016) Naturally occurring mitochondrial-derived peptides are age-225 
dependent regulators of apoptosis, insulin sensitivity, and inflammatory markers. Aging (Albany NY) 226 
8:796-809. 227 

Cummins J (1998) Mitochondrial DNA in mammalian reproduction. Rev Reprod 3:172-82. 228 
Dai Q, Shah AA, Garde RV, Yonish BA, Zhang L, Medvitz NA, Miller SE, Hansen EL, Dunn CN, Price TM (2013) 229 

A truncated progesterone receptor (PR-M) localizes to the mitochondrion and controls cellular 230 
respiration. Mol Endocrinol 27:741-53. 231 

Diebold LP, Gil HJ, Gao P, Martinez CA, Weinberg SE, Chandel NS (2019) Mitochondrial Complex III is 232 
necessary for endothelial cell proliferation during angiogenesis. Nat Metab 1:158–71.  233 

Duarte FV, Palmeira CM, Rolo AP (2014) The role of microRNAs in mitochondria: small players acting wide. 234 
Genes (Basel) 5:865-86. 235 

Ernster L, Schatz G (1981) Mitochondria: a historical review. J Cell Biol 91:227s-55s. 236 
Feagin JE, Harrell MI, Lee JC, Coe KJ, Sands BH, Cannone JJ, Tami G, Schnare MN, Gutell RR (2012) The 237 

fragmented mitochondrial ribosomal RNAs of Plasmodium falciparum. PLoS One 7:e38320. 238 
Fell D (1997) Understanding the control of metabolism. Portland Press. 239 
Gebert N, Joshi AS, Kutik S, Becker T, McKenzie M, Guan XL, Mooga VP, Stroud DA, Kulkarni G, Wenk MR, 240 

Rehling P, Meisinger C, Ryan MT, Wiedemann N, Greenberg ML, Pfanner N (2009) Mitochondrial 241 
cardiolipin involved in outer-membrane protein biogenesis: implications for Barth syndrome. Curr Biol 242 
19:2133-9. 243 

Gerö D, Szabo C (2016) Glucocorticoids suppress mitochondrial oxidant production via upregulation of 244 
uncoupling protein 2 in hyperglycemic endothelial cells. PLoS One 11:e0154813. 245 

Gnaiger E (1993). Efficiency and power strategies under hypoxia. Is low efficiency at high glycolytic ATP 246 
production a paradox? In: Surviving Hypoxia: Mechanisms of Control and Adaptation. Hochachka PW, 247 
Lutz PL, Sick T, Rosenthal M, Van den Thillart G, eds. CRC Press, Boca Raton, Ann Arbor, London, 248 
Tokyo:77-109. 249 

Gnaiger E (2001) Bioenergetics at low oxygen: dependence of respiration and phosphorylation on oxygen 250 
and adenosine diphosphate supply. Respir Physiol 128:277-97.  251 

Gnaiger E (2009) Capacity of oxidative phosphorylation in human skeletal muscle. New perspectives of 252 
mitochondrial physiology. Int J Biochem Cell Biol 41:1837-45.  253 

Gnaiger E (2020) Mitochondrial pathways and respiratory control. An introduction to OXPHOS analysis. 5th 254 
ed. Bioenerg Commun 2020.2.  255 

Greggio C, Jha P, Kulkarni SS, Lagarrigue S, Broskey NT, Boutant M, Wang X, Conde Alonso S, Ofori E, Auwerx 256 
J, Cantó C, Amati F (2017) Enhanced respiratory chain supercomplex formation in response to exercise 257 
in human skeletal muscle. Cell Metab 25:301-11.  258 

Karnkowska A, Vacek V, Zubáčová Z, Treitli SC, Petrželková R, Eme L, Novák L, Žárský V, Barlow LD, Herman 259 
EK, Soukal P, Hroudová M, Doležal P, Stairs CW, Roger AJ, Eliáš M, Dacks JB, Vlček Č, Hampl V (2016) A 260 
eukaryote without a mitochondrial organelle. Curr Biol 26:1274-84. 261 

Lane N (2005) Power, sex, suicide: mitochondria and the meaning of life. Oxford University Press:354 pp. 262 
Lee C, Zeng J, Drew BG, Sallam T, Martin-Montalvo A, Wan J, Kim SJ, Mehta H, Hevener AL, de Cabo R, Cohen 263 

P (2015) The mitochondrial-derived peptide MOTS-c promotes metabolic homeostasis and reduces 264 
obesity and insulin resistance. Cell Metab 21:443-54. 265 

Lee SR, Kim HK, Song IS, Youm J, Dizon LA, Jeong SH, Ko TH, Heo HJ, Ko KS, Rhee BD, Kim N, Han J (2013) 266 
Glucocorticoids and their receptors: insights into specific roles in mitochondria. Prog Biophys Mol Biol 267 
112:44-54. 268 

Lemasters JJ, Nieminen AL, Qian T, Trost LC, Elmore SP, Nishimura Y, Crowe RA, Cascio WE, Bradham CA, 269 
Brenner DA, Herman B (1998) The mitochondrial permeability transition in cell death: a common 270 
mechanism in necrosis, apoptosis and autophagy. Biochim Biophys Acta 1366:177-96. 271 

Lemieux H, Blier PU, Gnaiger E (2017) Remodeling pathway control of mitochondrial respiratory capacity 272 
by temperature in mouse heart: electron flow through the Q-junction in permeabilized fibers. Sci Rep 273 
7:2840.  274 



 
 
  Consortium Communication 

 

6 of 10 NN et al (202n) Bioenerg Commun 202n.nn 
 

Lenaz G, Tioli G, Falasca AI, Genova ML (2017) Respiratory supercomplexes in mitochondria. In: 275 
Mechanisms of primary energy trasduction in biology. M Wikstrom (ed) Royal Society of Chemistry 276 
Publishing, London, UK:296-337. 277 

Ling C, Rönn T (2019) Epigenetics in human obesity and type 2 diabetes. Cell Metab 29:1028-44. 278 
https://doi.org/10.1016/j.cmet.2019.03.009.  279 

Liu S, Roellig DM, Guo Y, Li N, Frace MA, Tang K, Zhang L, Feng Y, Xiao L (2016) Evolution of mitosome 280 
metabolism and invasion-related proteins in Cryptosporidium. BMC Genomics 17:1006. 281 

Lisowski P, Kannan P, Mlody B, Prigione A (2018) Mitochondria and the dynamic control of stem cell 282 
homeostasis. EMBO Rep 19:e45432. 283 

Luo S, Valencia CA, Zhang J, Lee NC, Slone J, Gui B, Wang X, Li Z, Dell S, Brown J, Chen SM, Chien YH, Hwu WL, 284 
Fan PC, Wong LJ, Atwal PS, Huang T (2018) Biparental inheritance of mitochondrial DNA in humans. 285 
Proc Natl Acad Sci U S A doi: 10.1073/pnas.1810946115. 286 

Margulis L (1970) Origin of eukaryotic cells. New Haven: Yale University Press. 287 
McKenzie M, Lazarou M, Thorburn DR, Ryan MT (2006) Mitochondrial respiratory chain supercomplexes 288 

are destabilized in Barth Syndrome patients. J Mol Biol 361:462-9.  289 
Mitchell P (1961) Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type 290 

of mechanism. Nature 191:144-8.  291 
Mitchell P (2011) Chemiosmotic coupling in oxidative and photosynthetic phosphorylation. Biochim 292 

Biophys Acta Bioenergetics 1807:1507-38.  293 
MitoEAGLE Task Group (2020) Mitochondrial physiology. 2. Respiratory states and rates. Bioenerg 294 

Commun 2020.#. 295 
MitoEAGLE Task Group (2020) Mitochondrial physiology. 3. Mitochondrial markers. Bioenerg Commun 296 

2020.#. 297 
Moreno M, Giacco A, Di Munno C, Goglia F (2017) Direct and rapid effects of 3,5-diiodo-L-thyronine (T2). 298 

Mol Cell Endocrinol 7207:30092-8.  299 
Morrow RM, Picard M, Derbeneva O, Leipzig J, McManus MJ, Gouspillou G, Barbat-Artigas S, Dos Santos C, 300 

Hepple RT, Murdock DG, Wallace DC (2017) Mitochondrial energy deficiency leads to hyperproliferation 301 
of skeletal muscle mitochondria and enhanced insulin sensitivity. Proc Natl Acad Sci U S A 114:2705-10.  302 

Murley A, Nunnari J (2016) The emerging network of mitochondria-organelle contacts. Mol Cell 61:648-53. 303 
Oemer G, Lackner L, Muigg K, Krumschnabel G, Watschinger K, Sailer S, Lindner H, Gnaiger E, Wortmann SB, 304 

Werner ER, Zschocke J, Keller MA (2018) The molecular structural diversity of mitochondrial 305 
cardiolipins. Proc Nat Acad Sci U S A 115:4158-63. 306 

Palmfeldt J, Bross P (2017) Proteomics of human mitochondria. Mitochondrion 33:2-14. 307 
Paradies G, Paradies V, De Benedictis V, Ruggiero FM, Petrosillo G (2014) Functional role of cardiolipin in 308 

mitochondrial bioenergetics. Biochim Biophys Acta 1837:408-17.  309 
Price TM, Dai Q (2015) The role of a mitochondrial progesterone receptor (PR-M) in progesterone action. 310 

Semin Reprod Med 33:185-94. 311 
Quiros PM, Mottis A, Auwerx J (2016) Mitonuclear communication in homeostasis and stress. Nat Rev Mol 312 

Cell Biol 17:213-26. 313 
Rackham O, Mercer TR, Filipovska A (2012) The human mitochondrial transcriptome and the RNA-binding 314 

proteins that regulate its expression. WIREs RNA 3:675–95. 315 
Rackham O, Shearwood AM, Mercer TR, Davies SM, Mattick JS, Filipovska A (2011) Long noncoding RNAs 316 

are generated from the mitochondrial genome and regulated by nuclear-encoded proteins. RNA 317 
17:2085-93. 318 

Rice DW, Alverson AJ, Richardson AO, Young GJ, Sanchez-Puerta MV, Munzinger J, Barry K, Boore JL, Zhang 319 
Y, dePamphilis CW, Knox EB, Palmer JD (2016) Horizontal transfer of entire genomes via mitochondrial 320 
fusion in the angiosperm Amborella. Science 342:1468-73. 321 

Rich PR (2013) Chemiosmotic theory. Encyclopedia Biol Chem 1:467-72. 322 
Roger JA, Munoz-Gomes SA, Kamikawa R (2017) The origin and diversification of mitochondria. Curr Biol 323 

27:R1177-92. 324 
Singh BK, Sinha RA, Tripathi M, Mendoza A, Ohba K, Sy JAC, Xie SY, Zhou J, Ho JP, Chang CY, Wu Y, Giguère V, 325 

Bay BH, Vanacker JM, Ghosh S, Gauthier K, Hollenberg AN, McDonnell DP, Yen PM (2018) Thyroid 326 
hormone receptor and ERRα coordinately regulate mitochondrial fission, mitophagy, biogenesis, and 327 
function. Sci Signal 11(536) DOI: 10.1126/scisignal.aam5855. 328 

Sugiura A, Mattie S, Prudent J, McBride HM (2017) Newly born peroxisomes are a hybrid of mitochondrial 329 
and ER-derived pre-peroxisomes. Nature 542:251-4. 330 

Torralba D, Baixauli F, Sánchez-Madrid F (2016) Mitochondria know no boundaries: mechanisms and 331 
functions of intercellular mitochondrial transfer. Front Cell Dev Biol 4:107. eCollection 2016. 332 



 
 

BEC202n.nn doi:10.26124/bec:2020-0001.vnn  

 

www.bioenergetics-communications.org 7 of 10 
 

Waczulikova I, Habodaszova D, Cagalinec M, Ferko M, Ulicna O, Mateasik A, Sikurova L, Ziegelhöffer A (2007) 333 
Mitochondrial membrane fluidity, potential, and calcium transients in the myocardium from acute 334 
diabetic rats. Can J Physiol Pharmacol 85:372-81. 335 

White DJ, Wolff JN, Pierson M, Gemmell NJ (2008) Revealing the hidden complexities of mtDNA inheritance. 336 
Mol Ecol 17:4925–42. 337 

Williams EG, Wu Y, Jha P, Dubuis S, Blattmann P, Argmann CA, Houten SM, Amariuta T, Wolski W, Zamboni 338 
N, Aebersold R, Auwerx J (2016) Systems proteomics of liver mitochondria function. Science 352 339 
(6291):aad0189 340 

Yoshinaga MY, Kellermann MY, Valentine DL, Valentine RC (2016) Phospholipids and glycolipids mediate 341 
proton containment and circulation along the surface of energy-transducing membranes. Prog Lipid Res 342 
64:1-15. 343 

Zíková A, Hampl V, Paris Z, Týč J, Lukeš J (2016) Aerobic mitochondria of parasitic protists: diverse genomes 344 
and complex functions. Mol Biochem Parasitol 209:46-57. 345 

 346 

*Authors (MitoEAGLE Task Group): for list of authors and affiliations, see: 347 
https://www.bioenergetics-communications.org/index.php/BEC2020.1_doi10.26124bec2020-0001.v1  348 
 349 
Author contributions: This manuscript developed as an open invitation to scientists and students to join 350 
as coauthors in the bottom-up spirit of COST, based on a first draft written by the corresponding author, 351 
who integrated coauthor contributions in a sequence of Open Access versions. Coauthors contributed to the 352 
scope and quality of the manuscript, may have focused on a particular section, and are listed in alphabetical 353 
order. Coauthors confirm that they have read the final manuscript and agree to implement the 354 
recommendations into future manuscripts, presentations and teaching materials.  355 
 356 

Acknowledgements: We thank Marija Beno for management assistance, and Peter R Rich for valuable 357 
discussions. This publication is based upon work from COST Action MitoEAGLE, supported by COST 358 
(European Cooperation in Science and Technology), in cooperation with COST Actions CA16225 EU-359 
CARDIOPROTECTION and CA17129 CardioRNA; K-Regio project MitoFit funded by the Tyrolian 360 
Government, and project NextGen-O2k which has received funding from the European Union’s Horizon 361 
2020 research and innovation programme under grant agreement No. 859770. 362 
 363 
Competing financial interests: Erich Gnaiger is founder and CEO of Oroboros Instruments, Innsbruck, 364 
Austria. 365 
 366 
Corresponding author: Erich Gnaiger 367 
Chair COST Action CA15203 MitoEAGLE – http://www.mitoeagle.org 368 
Department of Visceral, Transplant and Thoracic Surgery, D. Swarovski Research Laboratory, Medical 369 
University of Innsbruck, Innrain 66/4, A-6020 Innsbruck, Austria 370 
Email: mitoeagle@i-med.ac.at; Tel: +43 512 566796, Fax: +43 512 566796 20 371 

https://www.bioenergetics-communications.org/index.php/BEC2020.1_doi10.26124bec2020-0001.v1
http://www.mitoeagle.org/


 
 
  Consortium Communication 

 

8 of 10 NN et al (202n) Bioenerg Commun 202n.nn 
 

 372 

Copyright: © 2020 The authors. This is an Open Access communication distributed under the terms of the 373 
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in 374 
any medium, provided the original authors and source are credited. © remains with the authors, who have 375 
granted Bioenergetics Communications an Open Access publication licence in perpetuity. 376 
  377 



 
 

BEC202n.nn doi:10.26124/bec:2020-0001.vnn  

 

www.bioenergetics-communications.org 9 of 10 
 

Figure 1.  378 



 
 
  Consortium Communication 

 

10 of 10 NN et al (202n) Bioenerg Commun 202n.nn 
 

Figure 1. Cell respiration and oxidative phosphorylation (OXPHOS) 379 

Mitochondrial respiration is the oxidation of fuel substrates (electron donors) with electron 380 

transfer to O2 as the electron acceptor. For explanation of symbols see also Overview.  381 

 (a) Respiration of living cells: Extramitochondrial catabolism of macrofuels and uptake of small 382 

molecules by the cell provide the mitochondrial fuel substrates. Dashed arrows indicate the 383 

connection between the redox proton pumps (respiratory Complexes CI, CIII and CIV) and the 384 

transmembrane protonmotive force, pmF. Coenzyme Q (Q) and the cytochromes b, c, and aa3 are 385 

redox systems of the mitochondrial inner membrane, mtIM. Glycerol-3-phosphate, Gp. 386 

 (b) Respiration in mitochondrial preparations: The mitochondrial electron transfer system 387 

(ETS) is (1) fuelled by diffusion and transport of substrates across the mtOM and mtIM, and in 388 

addition consists of the (2) matrix-ETS, and (3) membrane-ETS. Electron transfer converges at the 389 

N-junction, and from CI, CII and electron transferring flavoprotein complex (CETF) at the Q-390 

junction. Unlabeled arrows converging at the Q-junction indicate additional ETS-sections with 391 

electron entry into Q through glycerophosphate dehydrogenase, dihydroorotate dehydrogenase, 392 

proline dehydrogenase, choline dehydrogenase, and sulfide-ubiquinone oxidoreductase. The 393 

dotted arrow indicates the branched pathway of oxygen consumption by alternative quinol 394 

oxidase (AOX). ET-pathways are coupled to the phosphorylation-pathway. The H+pos/O2 ratio is 395 

the outward proton flux from the matrix space to the positively (pos) charged vesicular 396 

compartment, divided by catabolic O2 flux in the NADH-pathway. The H+neg/P» ratio is the inward 397 

proton flux from the inter-membrane space to the negatively (neg) charged matrix space, divided 398 

by the flux of phosphorylation of ADP to ATP. These stoichiometries are not fixed because of ion 399 

leaks and proton slip. Modified from Lemieux et al (2017) and Rich (2013). 400 

 (c) OXPHOS-coupling: The H+ circuit couples O2 flux through the catabolic ET-pathway, 401 

JkO2
, to flux through the phosphorylation-pathway of ADP to ATP, JP». 402 

 (d) Phosphorylation-pathway catalyzed by the proton pump F1FO­ATPase (ATP synthase), 403 

adenine nucleotide translocase (ANT), and inorganic phosphate carrier (PiC). The H+neg/P» 404 

stoichiometry is the sum of the coupling stoichiometry in the F1FO-ATPase reaction (­2.7 H+pos from 405 

the positive intermembrane space, 2.7 H+neg to the matrix, i.e., the negative compartment) and the 406 

proton balance in the translocation of ADP3­, ATP4- and Pi2- (negative for substrates). Modified 407 

from Gnaiger (2020). 408 
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