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The Redox Tower 
• Redox couples are arranged from the strongest e-

donors at the top (E0’<0) to the strongest e- acceptors 
at the bottom (E0’>0)

• The larger the difference in reduction potential 
between electron donor and electron acceptor, the 
more free energy is released (ΔG0’ can be computed 
via Nernst equation from reduction potential)

3 Madigan et al. 2018 



Cytoplasm

Periplasmic space

• In the membrane 
• Intimate interaction between proteins (dehydrogenase, flavoproteins, iron-sulfur 

proteins) and diffusible molecules (quinons and cytochromes)
• Electrons are swapped
• Protons are pumped outside the cell (cytoplasm —> periplasmic space)

Electron transport chain (ETC), I
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Electron transport chain, II
• A set of membrane-bound electron carriers (4) organized from high to low redox potentials —> 

spontaneous flow of electrons to the terminal electron acceptor

• The membrane carriers are not structurally linked so they can diffuse laterally in the 
membrane and collide with one another to promote the rapid exchange of electrons 

• Escherichia coli uses lipophilic organic molecules called quinones to electronically link a 
dehydrogenase enzyme complex to a specific terminal reductase 

Madigan et al. 2018 

Hydrophobic

Hydrophylic

5



General features: 

(1) Carriers are arranged in order of increasingly more positive E0’ (reduction potential)

(2) Alternation of electron-only and electron-plus-proton carriers in the chain

(3) Net result is reduction of terminal electron acceptor (such as O2) + generation proton motive force 
(PMF, thanks to harnessing e- flow)

(4) ATP production by PMF (ATP synthesis is driven by an ion gradient through the activity of ATP synthase)

Electron transport chain, III

Madigan et al. 2018 

e- flow

H+ flow
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General features: 

(1) Carriers are arranged in order of increasingly more positive E0’ (reduction potential)

(2) Alternation of electron-only and electron-plus-proton carriers in the chain

(3) Net result is reduction of terminal electron acceptor (such as O2) + generation proton motive force 
(PMF, thanks to harnessing e- flow)

(4) ATP production by PMF (ATP synthesis is driven by an ion gradient through the activity of ATP synthase)

Electron transport chain, III

Madigan et al. 2018 e- flow

H+ flow
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Structural orientation for ATP 
production 

• Spontaneous flow of electrons (E0’)

• H+ are separated from e- across membrane 
(spatial localization ETC)

• Inner and outer surfaces of the membrane 
differ in charge, pH, and electrochemical 
potential

• Electrochemical potential is proton motive 
force (PMF)  and energizes the membrane, 
much like a battery

• Only three of the four mentioned electron 
carriers are capable of transporting protons 
from the matrix to the intermembrane space: 
I, III, and IV

Madigan et al. 2018 
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ATP production 

• H+ gradient that drives phosphorolation of ADP to ATP as well as several other 
important transport systems (nutrient transport, flagellar rotation, and other 
energy-requiring reactions)

• 3 H+ —> ATP (Noguchi et al., 2004): F1 is the catalytic complex responsible for 
the  interconversion of ADP + Pi and ATP. Fo, the rotor, is  integrated in the 
membrane

http://w
atcut.uw

aterloo.ca/w
ebnotes/M

etabolism
/R

espiratoryC
hain.htm

l
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ATP production 

• In analogy to how dissipation of the pmf applies torque that rotates the 
bacterial flagellum, the pmf also creates torque in the large membrane protein 
complex that synthesizes ATP

• This complex is called ATP synthase (ATPase)

• The activity of ATPase is driven by the pmf, and the formation of  ATP from 
respiratory electron flow is called oxidative phosphorylation (contrast this 
with substrate-level phosphorylation  in fermentation)

http://w
atcut.uw

aterloo.ca/w
ebnotes/M

etabolism
/R

espiratoryC
hain.htm

l
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P
PP

ATP

C and P: Anhydrides 
and Esters in ATP
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Microbial Redox couples

12

• Across periodic table

• P, H, C, S, Se, Fe, U, Mn, As, N, Cl, O



Microbial Redox couples structure 
the metabolism

DONOR

ACCEPTOR

DONOR DONOR DONOR

DONOR

DONOR

DONOR

ACCEPTOR

ACCEPTOR

ACCEPTOR
ACCEPTOR

ACCEPTOR

ACCEPTOR
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Microbial diversity and metabolic 
pathways to survive in the environment

Jelen et al. 2016
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Microbial diversity and metabolic 
pathways to survive in the environment

Jelen et al. 2016
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Reduction potential 
ranges of microbial 

respiration  

Klüpfel et al., 2014

• The achievable energy yield of ETC 
depends on the difference in electrical 
potential between electron donor and 
acceptor

• Microbes able to respire in multiple ways 
will always choose available acceptors with 
the biggest potential difference to the 
donor (e.g., E. coli O2 > NO3-> fumarate)

16



Madigan et al. 2018 

Anaerobic 
respiration

Melton et al., 201417



Fermentation/Respiration
• Fermentation is a form of anaerobic catabolism in which organic compounds both 

donate electrons and  accept electrons, and redox balance is achieved without the 
need for external electron acceptors

• ATP is made from these energy-rich  compounds by substrate-level phosphorylation, 
a process  whereby the energy-rich phosphate bond on the organic compound is 
transferred directly to ADP to form ATP

• Glucose fermentation into alcoholic or lactic acid: 2 ATP

• Respiration is a form of aerobic or anaerobic catabolism in which an organic or  inorganic 
electron donor is oxidized with O2 (in aerobic respiration) or some other compounds (in 
anaerobic respiration) functioning as electron acceptors

• ATP is made by PMF

• Glucose aerobic respiration into CO2: 38 ATP

18



• Not all compounds are inherently fermentable, but sugars (e.g. glucose, other hexoses, most 
disaccharides, other relatively small sugars) —are fermentable

• Polysaccharides (e.g. cellulose, starch, chitin) are also fermentable by bacteria that produce enzymes 
that attack these large molecules and produce sugars from them  if the latter are not glucose, they must 
first be converted to glucose before they enter glycolysis

• 2 net ATP molecules in glycolysis

• More ATP synthesis by substrate-level phosphorylation if fatty acid because the fatty acid is formed from 
its coenzyme-A precursor (energy-rich molecules)

Fermentation, II

19



• An organic compound is oxidized
• e- are recycled back to one of the oxidized organic products because an external e- 

acceptor is lacking
• Product is exceed from the cell and ATP is produced by substrate-level 

phosphorylation

Fermentation

• Both organic compounds 
accept and donate e-

• No need to external e- 
acceptor to achieve 
balanceM
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Fundamentals in Metabolisms
• Transfer e- and conserve energy
• Reactions are not performed in single-step —> 

consecutive reactions in different part of the cells
• Need of soluble e- carriers: NAD+/NADH, FAD+/FADH2
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• Glycolysis can generate ATP in the absence of oxygen: 
anaerobic metabolism

• Glycolysis and citric acid cycle (CAC) result from substrate-
level phosphorylation (SLP)

• SLP is distinct from oxidative phosphorylation that occurs in 
ETC

• Substrate-level phosphorylation refers to the formation of ATP 
from ADP and a phosphorylated intermediate, rather than from 
ADP and inorganic phosphate, Pi, as is done in oxidative 
phosphorylation (ET)

Substrate-Level-Phosphorylation



Madigan et al. 2020



Madigan et al. 2020



Photo
Synthesis: Calvin–Benson–Bassham

Mills et al. 2020

• Carboxysomes are made 
of polyhedral protein shells 
about 80 - 140 nm in 
diameter

• Concentrate carbon dioxide 
to overcome the 
inefficiency of RuBisCo 
(ribulose bisphosphate 
carboxylase/oxygenase)

• RuBisCO predominant 
enzyme in carbon fixation 
and the rate limiting 
enzyme in the Calvin-
Benson-Bassham cycle



Oxygenic photosynthesis

• Physical location within the cell (Cyanobacteria)

• Bilayer w. proteins and complex that capture light, phycobilisome

Madigan et al. 2020



Madigan et al. 2020

Photo

• Splitting of H2O
• Generation H+ motive force
• Generation of NADPH —> C fixation (from CO2) via Calvin–Benson–Bassham cycle 
• ATP production 

cytoplasm



Madigan et al. 2018 

Light driven processes
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Winogradsky columns
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https://schaechter.asmblog.org/schaechter/2018/08/how-to-build-a-giant-winogradsky-column.html
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Energy generating metabolic 
pathways

Madigan et al. 2018 
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Metabolic pathways evolved to 
utilize available substrates 
produced as end products of 
other types of microbial 
metabolism, either by 
modification of existing 
metabolic pathways or by using 
established ones in reverse 

Integrative approach, I
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https://www.genome.jp/


A, ammonification; AP, anoxygenic photosynthesis; AR, aerobic respiration; AU, autotrophy; D, denitrification; Exox, other elements oxidation; Exred, other elements reduction; H, 
heterotrophy; M, methanogenesis; MO, methane oxidation/methanotrophy; N/AO, nitrification/ammonia oxidation; NF, nitrogen fixation; OP, oxygenic photosynthesis; SDO, sulfide 
oxidation; SO, sulfur oxidation; SR, sulfur reduction; STR, sulfate reduction

Oxidative reactions

Reductive reactions

Integrative approach, II
Jelen et al. 2016
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• The achievable energy gain (Gibbs free energy, ΔG) of ETC depends on the redox 
potential difference (ΔE) of all reactions between electron donor and acceptor

• Microbes able to respire in multiple ways will always choose available acceptors with 
the biggest potential difference to the donor (e.g., E. coli O2 > NO3-> fumarate)

• Cellular metabolism coordinate the production, management and re-distribution 
of carbon building blocks and energy (ATP and NADPH) between various 
electron and carbon sinks

• ATP and NAD(P)H are essential energy carriers for numerous biochemical reactions 
occurring 

• With the exception of fermentation, in which substrate-level  phosphorylation occurs all 
other mechanisms of microbial energy conservation are linked to the proton motive  
force (or gradient of sodium ions, Na+, instead of protons)

• Whether electrons come from the oxidation of organic or inorganic chemicals or are 
mediated by light-driven processes, in both respiration and  photosynthesis, energy 
conservation is the result of electron transport reactions and the formation of a 
PMF —> ATP

• The oxidation of NADH and FADH, to NAD+ and  FAD, respectively, is linked to 
energy conservation via ETC

Energy conservation

32
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Inference: LUCA lived ~4.2 Ga (4.09–4.33 Ga) through divergence time analysis of pre-LUCA gene 
duplicates, calibrated using microbial fossils and isotope records under a new cross-bracing 
implementation
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Moore et al., 2017
3.

9 
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C
A

The availability of different metals and substrates has changed over the course of 
Earth’s history as a result of secular changes in redox conditions of the mantel
Solar energy used by early microbes

Earth redox state 
changes
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Coevolution of geosphere and biosphere through time as depicted 
by change in planetary redox state, availability of redox couples
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Standard reduction potential 
at pH 7 (E 0) of biologically 
relevant redox pairs. Redox 
halfreactions represent the 
reductive side (i.e., terminal 
electron \acceptor) of given 
pathways
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Moore et al., 2017

Emerging microbial 
metabolisms

3.
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C

A

The oxidoreductases responsible for these metabolisms 
incorporated metals that were readily available in Archaean 
oceans: iron and iron–sulfur clusters 
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Moore et al., 2017

Phylogenetic tree of the main lineages of Bacteria and 
Archaea and their putative divergence times
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Rewiring of exhibiting 
membrane-associated 

micromachies

38

Signatures of early evolution across different types of chemiosmotic 
energy conservation. 

Electron flow is shown as blue arrows. 

Likely ancestry from the LUCA is reflected by either direct phylogenetic 
evidence or the number of different LUCA proteome studies (out of 
eight total) that predict a component of the complex to be descended 
from the LUCA. 

Protein cofactors that are potential relics of prebiotic mineral catalysis or 
ribozyme catalysts are highlighted in green and purple, respectively. 

Homology across different ETC components is indicated by a dashed 
line. 

Electron carrier proteins that are components of ETC complexes such 
as cytochrome B are not shown.

Electron transport chains as a window into the earliest 
stages of evolution
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Biosphere model of energy 
fluxes and elemental cycles 
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Microbial microscale 
actions structure planet-
scale functioning
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