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Abstract 

Electron transfer is one of the most essential processes in biological systems. Redox reac-

tions, either directly or indirectly, drive the main ATP-synthesizing pathways, especially 

those relying on a chemiosmotic mechanism, and as such, they are fundamental to photo-

synthesis and respiration. During biochemical redox reactions, electrons are transferred 

from a low-potential donor to a high-potential acceptor, mainly affecting the oxidation 

state of carbon atoms. The mechanism of electron transfer remains an intriguing enigma 

because of the wave-particle duality of subatomic particles. According to the biophysical 

conditions, electrons can be transferred by quantum tunneling or hopping from one redox 

site to another. While the driving force is always the electrochemical potential, a particu-

larly interesting case is reversible electron bifurcation, where downhill (exergonic) redox 

reactions are coupled with uphill (endergonic) reactions by splitting the electrons of a two-

electron donor. Here, we aim to discuss these different mechanisms in a comprehensive 

review accessible to students, teachers, and researchers in biological sciences. 

Keywords: redox reactions; carbon oxidation state; tunneling; quinones; flavins; electron 

bifurcation; proton gradient 

 

1. Introduction 

Life is based on the chemistry of carbon, and living organisms are made of organic 

molecules. It is therefore important to begin with a definition of an organic molecule. To 

do this, we will use the European directive 1999/13/EC (Article 2, definition 16) of 11 

March 1999 [1], which defines an organic molecule as follows: “any compound containing 

at least the element carbon and one or more of the following: hydrogen, halogens, oxygen, 

sulfur, phosphorus, silicon or nitrogen, with the exception of carbon oxides and inorganic 

carbonates and bicarbonates”. According to this definition, CO2 or bicarbonates (HCO3−) 

are therefore not organic molecules, unlike CN−. 

Many organic molecules can easily be formed under reductive prebiotic conditions, 

such as those that have prevailed in deep ocean thermal vents, for instance [2,3]. Auto-

trophic organisms have the ability to fix and reduce CO2, thereby setting the first steps 

towards the formation of organic molecules (Figure 1) [4]. 

The carbon atom has the unique ability to form very stable covalent bonds with other 

carbon atoms or hydrogen, oxygen, and nitrogen atoms. Because of its tetravalent archi-

tecture, it can easily form stable three-dimensional assemblies necessary for the building 

of macromolecules. 
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Figure 1. In living organisms, the passage from an inorganic to an organic world is strictly depend-

ent on the fixation and reduction of CO2. 

Simple organic molecules (sugars, amino acids, fatty acids…) are the building blocks 

of living organisms, but many are also the fuels that are consumed for energy production 

through redox processes. Depending on the nature of the oxidant (electron acceptor), we 

can distinguish between aerobic (the oxidant is O2) and anaerobic (the oxidant is an inor-

ganic molecule different from O2 or an organic molecule) respiration (Figure 2). The en-

ergy released during the electron transfer is partially stored in a proton gradient, which is 

the driving force for the synthesis of ATP by proton-dependent ATP synthases. 

 

Figure 2. Generalized electron pathways in aerobic and anaerobic respiration and photosynthesis. 

In aerobic respiration (a), the electron donor (AH2, specifically a H− donor) is most commonly 

NADH or FADH2, and the terminal electron acceptor is O2 [5]. In anaerobic respiration (b), the ter-

minal electron acceptor (Y) is a molecule other than O2. This can be either an inorganic (nitrate, ferric 

iron, sulfate, sulfur) or an organic molecule (fumarate). In these systems, the electron donor may 

include NADH or FADH2, H2 or organic acids like formate or lactate. (c) Schematic pattern of elec-

tron flow in non-cyclic photosynthesis in chloroplasts. The electrons are energized at the level of 

photosystem II (PSII), facilitating the transfer of two electrons from H2O to plastoquinone. They are 

energized again at photosystem I (PSI), enabling the reduction of ferredoxin (Fd). Note that when 

the final electron acceptor is a species other than O2, the final complex is technically referred to as a 

reductase rather than an oxidase. 

While mitochondrial respiratory chains are highly conserved across eukaryotic organ-

isms, prokaryotic respiratory chains exhibit remarkable diversity in their electron donors and 

acceptors, redox site compositions, and protein subunits. A fundamental distinction is that 

prokaryotic pathways are often branched toward multiple terminal oxidases. These branch 

points, typically located at the quinone (Q) or cytochrome levels, provide the metabolic flexi-

bility necessary to thrive under fluctuating environmental conditions [5]. 
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From a phenomenological perspective, photosynthesis can be viewed as the reversal 

of respiration. In this process, electrons flow from a high (positive) to a low (negative) 

reduction potential. This thermodynamically “uphill” movement is driven by light en-

ergy, which excites electrons to states with highly negative potentials. 

In chloroplasts, pigments (chlorophylls) capture photon energy to excite electrons, 

which are ultimately used to reduce NADP+ to NADH. The resulting oxidized chlorophyll 

possesses an exceptionally high redox potential (+1.1 V), making it a potent enough oxi-

dant to extract electrons from water (H2O → ½ O2 + 2 H+ + 2 e−). Thus, while respiration 

consumes O2 to form water, photosynthesis splits water to release O2. Similarly to respir-

atory chains, photosynthetic transport involves specific plastoquinones, cytochromes, and 

ferredoxins (Fd) as intermediates. In non-cyclic photophosphorylation, the enzyme ferre-

doxin-NADP+ reductase (EC 1.18.1.2) catalyzes the final step (Figure 2): 2 Fdred + NADP+ + 

H+ ⇌ 2 Fdox + NADPH. 

Note that some organisms possess divergent respiratory chains. This is, for instance, the 

case of Cryptosporidium parvum with a highly minimized respiratory chain in a remnant mito-

chondrion called a mitosome, reflecting an adaptation to its parasitic mode of life [6]. 

2. Redox Reactions from Organic Chemistry to Biochemistry 

Electrons and protons are at the origin of all biochemical energy. In chloroplasts and 

microbial lithotrophs, the energy of photons is transformed into an electrochemical reduc-

tion potential and a proton gradient that provide the energy and the redox equivalents 

(NADPH) for the synthesis of organic compounds (carbohydrates): 

hν 

n CO2 + n H2O → [Cn(H2O)n] + n O2 

[NADPH] 

(1) 

In mitochondrial and bacterial respiratory chains, the redox potential provides the 

drive for the establishment of a transmembrane proton gradient. Finally, proton gradients 

drive ATP synthesis by a chemiosmotic mechanism. Moreover, as we previously dis-

cussed, substrate-level phosphorylation ultimately relies on the energy of redox reactions 

too [7] (Figure 3). 

 

Figure 3. General mechanism for coupling the formation of a thioester to ATP synthesis as occurring 

in glycolysis. The first step, catalyzed by glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12), 

corresponds to the redox-dependent formation of a thioester intermediate on the enzyme, followed 

by the formation of 1,3-bisphosphoglycerate (acyl-phosphate). The second step corresponds to the 

transfer of the phosphoryl group from 1,3-bisphosphoglycerate to ADP with synthesis of ATP (sub-

strate-level phosphorylation) catalyzed by phosphoglycerate kinase (EC 2.7.2.3). The oxidation 

numbers of the carbon atom are indicated in magenta. The high-transfer-potential phosphoryl 

group can then be transferred to ADP to form ATP [7]. 
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Another important point generally ignored (maybe because it is considered too triv-

ial) in all major textbooks is that, in biochemical reactions and even in whole metabolic 

sequences (see Equations (1) and (2)), the number of electron pair bonds (a double bond 

counts for two bonds) is identical between substrates and products [7]. The difference in 

free energy between substrates and products resides solely in their different bonding en-

ergies (i.e., different molecular rearrangement or connectivity between atoms) [7]. 

Electrons in the outer shells of atoms are involved in the formation of molecular bonds, 

and practically, all chemical reactions involve the transfer of electrons between atoms. 

The association of atoms to form molecules considerably reduces the freedom of elec-

trons that form the cement of molecular bonds. Quantum mechanics teaches us that elec-

trons are not free to occupy any energy level but that they are limited to discontinuous 

transitions, which are also known as quantum leaps. Moving to a higher level requires an 

input of energy from the external environment, while spontaneously falling back to a 

lower level releases energy in the form of quanta. 

The formation of bonds between elements in their standard state (pure substance in 

its most stable physical form at a pressure of 1 bar: for instance, pure O2 at a pressure of 1 

bar) to form molecules is accompanied by a decrease in energy [7]. Therefore, the en-

thalpies of bond formation are always negative, and the more negative they are, the 

stronger the bond. Hence, the driving force for any energy-releasing reaction (∆G < 0) 

derives from the difference in free energy between the initial and final products: i.e., the 

change in bond connectivity [7–9]. Indeed, the replacement of weak bonds in reaction sub-

strates by stronger bonds in product bonds results in a release of free energy. For instance, 

in O2, the bonding energy is particularly low, providing an explanation that combustion 

reactions are always accompanied by an energy release [7,9]. 

On the other hand, splitting molecular bonds requires an energy input. The breaking 

of molecular bonds can proceed either by homolytic cleavage (for instance, the dissocia-

tion of a gaseous hydrogen molecule into two hydrogen atoms: H—H  H + H) or, most 

frequently in biochemistry, by heterolytic cleavage. In the latter case, the most electroneg-

ative atom monopolizes a major part of the bond electrons and bears a partial negative 

charge (for instance: —Cδ−—Oδ+). 

In some cases, the separation is complete: an electron is entirely lost by one atom and 

gained by another. A classic example, frequently cited in textbooks, is the oxidation of 

zinc by copper ions: Zn + Cu2+ → Zn2+ + Cu. In this reaction, two electrons are transferred 

directly from Zn to Cu2+. A more biochemically relevant example is the photolysis that 

occurs during photosynthesis: H2O → 2H+ + 2 e− + ½ O2. In the respiratory chain, cyto-

chrome c oxidase catalyzes the reverse process: O2 + 4 e− + 4H+ → 2 H2O. This occurs 

through the sequential transfer of four electrons to O2 [10]. 

This brings us to the main subject of this review: the transfer of electrons between 

molecules. 

2.1. The Redox State of the Carbon Atom 

Redox reactions are very important in biochemistry as they are the source of ATP pro-

duction. Catabolic and anabolic metabolic reactions are accompanied by a change in the state 

of oxidation of carbon atoms (Figure 1), though it is understood that redox reactions in bio-

chemistry are not limited to carbon; hence, the reduction of O2 on the respiratory chain to form 

H2O is of course a redox reaction (Figure 2), and so is H2 production by bacteria. 

Whereas, in electrochemistry, redox reactions mainly concern ionic species (e.g., Fe2+, 

O2−, Na+, etc.) and lead to a modification of their charge, organic redox reactions concern 

the covalent bonds between a carbon atom and another atom. 

Since the carbon atom is located in the middle of the second period of the periodic 

table of elements (Figure 4a), it can react with either more electronegative (N, O, F, Cl) or 
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less electronegative (H) elements. We empirically assign a positive charge to the carbon 

atom in the first case and a negative one in the second case (Figure 4b). 

 

Figure 4. Covalent bonds formed by carbon atoms. (a) The carbon atom sits in the middle of the 2nd 

period in the periodic table of the elements. The ground-state electron configuration of carbon is 1s2 

2s2 2p2, of which the four outer electrons are valence electrons that may be in different states of 

hybridization (sp3, sp2 or sp1). (b) The carbon atom can be either an electron donor or an electron 

acceptor, depending on the substituent. By convention, the oxidation number of H is +1; those of N, 

O, and Cl are, respectively, −3, −2, and −1 when bound to a carbon atom. 

So how can we determine the degree of oxidation of a carbon atom within a neutral 

molecule such as CH4 or CO2? It is obvious that, in the following irreversible reaction, the 

carbon atom in CH4 is oxidized to CO2, though none of the reactants is ionic (charged): 

CH4 + 2 O2 → CO2 + 2 H2O (2) 

The redox state cannot, therefore, be determined by its charge (such as in Fe2+, for 

instance). Chemists have established a few simple rules that, in many cases, make it pos-

sible to determine the oxidation state of a carbon atom within a simple molecule [11]: 

• The degree of oxidation of an organic molecule depends on the oxidation state of the 

carbon (reference atom); 

• The sum of the oxidation numbers of a molecule is equal to the total charge of the 

molecule (often zero in organic chemistry); 

• The oxidation number of other atoms is positive when the atom is less electronegative 

than carbon and negative when the atom is more electronegative than carbon (Figure 4b). 

According to this method, the oxidation number of a carbon atom can therefore vary 

from −4 in methane (the most reduced state) to +4 in CO2 (the most oxidized state) (Figure 5). 

Another important point, often forgotten by students, is that replacing a single bond with a 

double bond consists of the oxidation of the two carbon atoms of the bond (sp3 → sp2) and that 

the opposite reaction corresponds to a reduction. Hence, in biochemistry, the reduction of the 

carbon atom generally corresponds to the gain of one or two hydrogen atoms [8]. 

It is understood that attributing an oxidation number to a carbon atom is an empirical 

stratagem to tackle the stoichiometry of redox reactions in organic chemistry [8]. The carbon 

oxidation number, as defined here, is a fictitious quantity because there is no complete sepa-

ration of charges: it is only defined with respect to the differences in electronegativity (relative 

https://doi.org/10.3390/biophysica6020027


Biophysica 2026, 6, 27 6 of 19 
 

https://doi.org/10.3390/biophysica6020027 

affinity for electrons) between the carbon atom and its substituents. Therefore, the oxidation 

state of an atom should not be confused with the actual charge of an atom or molecule. 

 

Figure 5. Oxidation number of the carbon atom in several organic molecules. Carbon atoms and 

their oxidation number are indicated in magenta. For substituents, the negative oxidation numbers 

are in red, and the positive oxidation numbers are in blue. 

2.2. Reducing Power and Chemical Transformation in Single Organic Molecules 

Let us now engage in a simple exercise involving propane, a very simple molecule 

composed of three saturated carbon atoms (Figure 6). 

 

Figure 6. Three-dimensional structure of n-propane. All three carbon atoms are in the sp3 hybridi-

zation state. 

The simplest molecular modification we can make is the replacement of a hydrogen 

atom by an oxygen or nitrogen atom (Figure 7). In the first case, we obtain an alcohol, 

namely, 1-propanol. The alcohol function can be oxidized to an aldehyde (propanal) and 

then to carboxylic acid (propanoic acid). The lengthening of aliphatic chains leads to fatty 

acids, constituents of lipids such as membrane phospholipids. Note that the passage from 

a saturated carbon to a carboxyl group consists of a series of oxidations. 

The replacement of one hydrogen atom in each carbon atom with an oxygen atom 

provides glycerol, another fundamental constituent of many lipids such as phospho-

glycerates. Starting with propanol, the oxidation of the remaining two carbons to an alco-

hol provides us with glyceraldehyde, the simplest sugar there is. Note that the middle 

carbon is asymmetric, and there are therefore two different enantiomers. 
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Figure 7. Main categories of metabolites and building blocks of complex macromolecules. The oxi-

dation number of carbon 2 in 2-oxoacids and α-amino acids is indicated in magenta. 

Another alternative is to replace a hydrogen atom with a nitrogen atom, resulting in 

an α-amino acid. The amino acids, in addition to being the constituents of proteins, are 

precursors for the synthesis of many heterocycles (nucleic bases, vitamins, hemes, etc.). 

The formation of a glycosidic bond between sugars and bases gives rise to nucleosides, 

precursors of nucleotides and nucleic acids. 

Let us take our reasoning even further. From propanoic acid, we can oxidize carbon 

2 into a carbonyl to obtain a 2-oxoacid (pyruvate, oxaloacetate, or 2-oxoglutarate for the 

most important) that plays a fundamental role in biochemistry. Indeed, the sp2 carbon of 

the carbonyl group, which is relatively unshielded, carries a partial positive charge, al-

lowing a nucleophilic attack, a strategy widely used in biochemistry. 

Note that the oxidation number of carbon 2 is +2 in 2-oxoacids but 0 in α-amino acids. 

This explains why the transfer of a —NH2 group on a carbonyl is a redox reaction cata-

lyzed by dehydrogenases. These mostly reversible reactions (often called reductive ami-

nation or oxidative deamination processes according to the metabolically dominant direc-

tion) are encountered in many biochemical pathways (see, for instance, glutamate dehy-

drogenase, EC 1.4.1.2). 

The three-dimensional model of propane, as illustrated (Figure 6), shows that all 

three carbon atoms are shielded all around by hydrogen or carbon atoms. Note that the 

difference in electronegativity between the carbon and hydrogen atoms is relatively small 

(∆Electronegativity = 2.5 − 2.1 = 0.4, Figure 4a) so that the bonds have a low level of polarization. 

Such a molecule has very high kinetic stability (we transport propane gas in cylinders), 

but its combustion in the presence of oxygen is very exergonic (∆G ≪ 0): It requires high 

activation energy that is not compatible with mild biochemical conditions. This same ar-

gument applies to any other (at least partially) saturated organic molecules, including the 

aliphatic chain of fatty acids or carbohydrates. 

As we previously suggested [7], one can consider that fuel molecules store potential 

reducing power. The release of this reducing power under mild biochemical conditions 

requires molecular bond rearrangements that lead to the oxidation of their carbon atoms, 
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powering an electron flow towards NAD(P)H, which can then drive (O2-dependent) ATP 

synthesis and biosynthetic processes. 

As noted above, propane and other fuel molecules are kinetically stable under. Para-

doxically, though highly reduced, these molecules do not have a high electron transfer 

potential, such as true reductants (NAD(P)H, for instance) [7]. The half-reactions of true 

redox reactions can be physically separated, each taking place in one compartment, with 

the electrons flowing from one compartment to the other. There is no such reaction with 

glucose or fatty acids, at least not one compatible with biological conditions. 

Such a transformation from a molecule endowed with potential reducing power to a 

molecule that can directly be used as a reducing agent is illustrated by a sequence of reac-

tions common to several pathways, such as the TCA cycle (succinate → fumarate → mal-

ate → oxaloacetate) and β-oxidation of fatty acids (Figure 8). 

 

Figure 8. Preparation of a saturated carbon for nucleophilic attack. Such a sequence involving reduction 

and formation of a double C=C bond, followed by hydration and oxidation of the alcohol to a carbonyl, 

is a recurring sequence observed during the last part of the TCA cycle or the ß-oxidation of fatty acids. A 

practically reversed reaction sequence is observed during the synthesis of fatty acids [4]. 

The reduced tetrahedral sp3 target carbon is transformed to a trigonal planar sp2 carbon 

in the 2-oxoacid, allowing nucleophilic attack. During this process, reducing equivalents are 

gradually transferred to FAD and NAD+. This pattern is mechanistically remarkably similar 

to the steps involved in ß-oxidation of fatty acids. Note that this sequence would correspond 

to the passage from a carboxylic acid to a 2-oxoacid, as illustrated in Figure 7. 

The examples quoted above nicely illustrate how, starting from a very simple pro-

pane molecule, a few modifications allow the reconstitution of the main groups of mole-

cules of life, as well as a strategy for extracting reducing power from a precursor that is 

otherwise inert under mild biochemical conditions. 

This example emphasizes the concept that the essence of life lies in the way molecules 

are transformed into each other, namely through metabolism. It also shows that most of 

the basic transformations involve a change in the redox state of organic molecules. 

3. Carbon, Electron, and Energy Flows Through Central  

Catabolic Pathways 

As previously discussed [7,8], the oxidation of partially reduced organic fuel mole-

cules to CO2 gives rise to the following (Figure 9): 

(1) A (metabolic) flow of matter (actually, the transformation of carbonated molecules, 

rather than a true vectorial process). 

(2) A flow of electrons from fuel molecules to NAD(P)H and FADH2. 

(3) A flow of energy. 

The final carbon product (CO2) is in a higher oxidation state than the initial reactants: 

CO2 is the most oxidized form of carbon (oxidation state +4), while organic molecules are 

hydrogenated and therefore in a lower oxidation state than CO2. During metabolic activ-

ity, electrons (usually in the form of hydride anions, H−) are transferred to NADPH and 

NADH. The latter is oxidized in the respiratory chain by O2, and the electrons are trans-

ferred to H2O (Figure 9). Just as some reactions are coupled to ATP synthesis, many redox 
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reactions are coupled to the synthesis of reducing equivalents (NADH and FADH2). It is 

important to remember that no compound can lose an electron without an acceptor. 

 

Figure 9. Catabolic flows of matter (carbon), energy, and electrons through the central energy met-

abolic pathways (glycolysis, tricarboxylic acid (TCA) cycle, and pentose phosphate pathway (PPP)). 

For simplification, no subcellular compartmentations are indicated, and the scheme may concern 

any prokaryotic or eukaryotic organism. The driving forces (∆G’, defined at pH 7) depend on dif-

ferences in concentrations (Q) and the structural rearrangement between initial and final reactants 

(∆G’°] and redox potential (∆E’) (adapted from [7]). 

O2 has a particularly weak double bond that, when substituted by stronger bonds 

(H2O or CO2) in a reaction (see Equation (2)), will result in the release of a considerable 

amount of free energy [7,9,12]. 

It is intellectually satisfying to observe that nature has associated a specific type of 

molecule with each of the metabolic flows. Carbohydrates undergo chemical transfor-

mations and oxidation of their carbon atoms. NAD(P)H is the main vector of reduction 

equivalents and supports the “electron flow”, while “energy-rich” molecules, nucleoside 

triphosphates and O2, store chemical energy to release it on demand. 

4. Electron Transfer in Biochemical Reactions 

4.1. General Considerations on Electron Transfer in Biochemical Reactions 

As we explained above, fuel molecules, such as glucose or fatty acids, are partially 

reduced molecules that are oxidized during catabolism (Figure 7). Hence, this catabolic 

activity gives rise to a flow of electrons from the fuel molecules to only a few reduced 

coupling intermediates: NADPH (oxidative portion of the pentose phosphate shunt), 

NADH and FADH2 (glycolysis and TCA cycle), and ferredoxins ([Fe-S]: cluster proteins 

involved in electron transfer reactions in photosynthesis and bacterial metabolism). In the 

respiratory chain, NADH and FADH2 are oxidized by O2, a process coupled to ATP syn-

thesis through a chemiosmotic mechanism. In contrast, NADPH is involved in the transfer 

of reducing equivalents from catabolism to power anabolic reactions. 

Before pursuing our research further, it is not unnecessary to remind the reader of 

the origin of the notions of high and low electrostatic or redox potential. Indeed, in phys-

ics, the conventional direction of currents corresponds to the flow of positive charges, 

though the charge carrier is most often electrons. Hence, the current flows from a region 
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of high (+) potential, where positive charges have the highest potential energy, to a region 

of low potential energy (less positive or more negative). 

All redox reactions require a transfer of electrons from a donor (reductant) to an acceptor 

(oxidant). In metals, which have high electrical conductivity, electrons can move relatively 

freely from a low (negative) electrostatic potential to a high (positive) electrostatic potential. 

This is not the case in solutions. There are no free electrons in solutions, and electrons are 

transferred from a donor molecule to an acceptor molecule, directly or indirectly, through en-

zymes, coenzymes, or proteins. Indeed, in biology, electrons are transferred between organic 

molecules and adjacent proteins or through proteins (oxidoreductases) such as the multien-

zyme membrane complexes of the respiratory chain and photosystems. 

Though the notion of electron flow is essentially correct from a phenomenological 

point of view, in biological systems, however, electron transfer is always local, as electrons 

are transferred only over very short distances (typically in the nanomolar range) from one 

complex to another (see below [13,14]). Electron transfer is critical for driving essential 

processes such as respiration, photosynthesis, and bacterial proton pumping. 

Some authors make a distinction between electron transport and electron transfer 

[14,15]. In both cases, the driving force is the electrochemical potential, but while electron 

transport is purely electrical (electron flow through a wire or across a protein in the ab-

sence of a redox reaction), electron transfer is a chemical reaction with at least two redox 

sites [14]. Electron transport is generally measured in a solid phase between two elec-

trodes [14,15], and it is not clear to what extent such a phenomenon is useful in biochem-

istry, as, to our knowledge, electron flow is always accompanied by the oxidation of the 

donor and the reduction of the acceptor. 

However, many redox reactions are more than just the transfer of electrons from one 

redox center to another. Redox reactions can happen with a change in connectivity, in 

which case the driving force is the difference in bond energies between products and sub-

strates, and the difference in bond energies between products and substrates could be the 

main contribution to the overall ∆G of the reaction [9]. 

While the transfer of electrons from one redox site to another can proceed either 

straightforwardly (by tunneling or hopping) or in a more complex fashion in a chemical 

reaction involving bond (connectivity) changes, the reaction always proceeds toward low-

ering the free energy of the system (∆G < 0). 

Electron bifurcation (see Section 4.4) represents a particular type of reaction where 

an exergonic redox reaction is coupled to an endergonic one. But the overall free energy 

change is often close to 0, making these reactions reversible. 

These concepts are clearly illustrated by the mitochondrial respiratory chain (Figure 10). 

Reducing equivalents are captured in the form of NADH or succinate (rather than 

fumarate) generated during the TCA cycle. Electrons from NADH enter complex I 

(NADH dehydrogenase), which shuttles them toward the ubiquinone (Q) pool via a series 

of iron–sulfur (Fe-S) clusters [16]. While the oxidation of NADH or succinate involves 

changes in molecular connectivity, the subsequent transfer of electrons through protein 

complexes and their various redox centers occurs via electron hopping or tunneling. 

Succinate is oxidized to fumarate by complex II (succinate dehydrogenase); its two 

electrons are also used to reduce ubiquinone via an intermediate FAD/FADH2 couple. 

These electrons are then sequentially transmitted to complex III through a mechanism of 

quinone-based electron bifurcation. This process involves two heme groups of 

cytochrome (heme bL and heme bH ) and ultimately results in the reduction of two mobile 

cytochrome c carriers (see Section 4.4.1). 

The reduced cytochrome then docks at complex IV (cytochrome c oxidase), where its 

electrons are transferred to the final acceptor, O2, via two copper centers (CuA and CuB) 

and two cytochromes (a and a3). Quantum mechanical calculations indicate that heme-to-
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heme electron transfer is consistent with quantum tunneling [17]. The complete reduction 

of one O2 molecule requires the sequential transfer of four electrons from four reduced 

cytochrome c molecules [10]. 

The complexes of the respiratory chain are targets for several clinically significant inhib-

itors. Complex I is inhibited by rotenone; chronic exposure to this toxin has been linked to an 

increased risk of Parkinson’s disease [18]. Complex IV is targeted by potent inhibitors such as 

cyanide (CN−), azide (N3−), and carbon monoxide (CO). Notably, all four mitochondrial com-

plexes are strategic targets in oncology, as cancer cells often rely heavily on the respiratory 

chain to meet the energy and biosynthetic demands of rapid growth [19]. 

 

Figure 10. Electron flow in the mitochondrial respiratory chain (from [8]). The first reactions involve 

a transfer of H– + H+ towards the acceptor Q. On the other hand, complexes III and IV act more like 

wires, conducting electrons coupled to proton pumps. This is, of course, only a phenomenological 

interpretation, as there is no continuous flow of electrons like in a wire, but the electrons hop from 

one redox site to the other (see below). Mobile carriers are indicated in red. Electron flow is shown 

in magenta lines. 

4.2. Electron Transfer by Tunneling or Hopping 

When looking at Figure 10 or at a similar figure in biochemical textbooks, one is left 

with the impression that the electrons simply “flow” from a low redox potential (the neg-

ative electrode) to a higher potential site so as to minimize free energy. But be reminded 

that there are no free stable electrons in aqueous media and protein complexes. The res-

piratory chain or the photosynthetic systems are discontinuous media where electrons are 

transferred from one site to the other over very small distances. 

In classical mechanics, an electron is represented as a particle and behaves as such. 

When it encounters a potential energy barrier with higher energy than its own, it eventu-

ally ricochets off the barrier: It can only pass the barrier with sufficient activation energy. 

In principle, an electron donor (NADH, QH2) is oxidized by a metal center or a heme 

group, with the electron hopping through the transmembrane protein from one redox site 

to the next until it reaches another soluble acceptor (Figure 11a). Hopping, which is com-

mon in multicenter transmembrane proteins such as cytochrome complexes, flavoprotein, 

or iron–sulphur clusters [13], allows the transfer of electrons over longer distances (10–30 

Å). 

However, it was found that, in a number of cases, the transfer of electrons is inde-

pendent of temperature, an observation thought to be incompatible with a transfer in the 

form of hopping. The possibility of tunneling transfer was then raised [13,14,20]. 

In quantum mechanics, a subatomic particle is represented by a wave function, and 

there is a certain probability that the wave function can cross an energy barrier that is not 
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infinitely high or wide (Figure 11b). This phenomenon is called the tunneling effect. “Tun-

neling” can only occur with a certain probability when the particle is light enough. In 

practice, it is therefore limited to electrons and protons. Proton tunneling is probably lim-

ited to hydrogen bonding in biology and could be significant in base pairing in DNA [21]. 

Indeed, in most cases, rather than the proton, it is its charge that is transferred (by permu-

tations of covalent and hydrogen bonds) via a network of hydrogen bonds: the so-called 

Grotthuss mechanism [22,23]. 

Electron tunneling is only possible between centers less than 10–14 Å apart [15,20], 

but it occurs very rapidly with rate constants (kelectron transfer) of the order of 106–109 s−1 so as 

not to be rate-limiting in enzyme kinetics [17,24]. 

 

Figure 11. Transport of electrons through protein complexes and the tunnel effect. (a) Electrons do 

not exist in isolation: They can only be located at the donor site or at the acceptor site, never in 

between. In classical mechanics, they behave as particles and hop from one site to the other. Tun-

neling implies a residence time of less than 1 femtosecond near any nucleus, which is consistent 

with a current flowing through the conducting protein over distances of about 2.1 nm [14,24]. (b) 

The concept of electron tunneling. The red arrow illustrates the pathway of an electron with suffi-

cient energy to pass over the activation barrier (black line). The blue line illustrates the tunneling of 

an electron (or rather its wave function) through the activation barrier. 

The important point here is not so much to understand the exact mechanism by 

which an electron passes through a protein (which would exceed the scope of this review) 

but to realize that this mechanism is, from a phenomenological point of view, comparable 

to the conduction of an electron along a conducting wire where the driving force is equal 

to the redox potential difference (∆G = −nF ∆E). This contrasts with redox reactions with 

connectivity changes, which we will address now. 

4.3. Redox Reactions with Connectivity Change 

As discussed above, electron flow may be appropriate for a few simple half-reactions 

involving only a change in the charge of an ion (e.g., from Fe3+ to Fe2+). The motion of 

electrons is usually limited to the reduction of metals, mainly Cu2+ and Fe3+, the latter very 

often in iron–sulfur clusters or hemes (cytochromes, for example, Figure 10) within protein 

complexes. This is because electrons only transfer energy when they move through a “wire”, 

which, in the case of respiratory chain complexes, powers the transport of H+ to the internal 

compartment (matrix) by respiratory complexes I, III, and IV [9]. Put differently, electrons are 

not at the origin of the underlying exergonic redox reaction, but on the contrary, they are 

driven by the difference in free energy between the reactants and the products. 

However, when the chemical connectivity between atoms and molecules changes, 

for example, in the reaction O2(g) + 4 H+(aq) + 4 e− (or 2 H+ + 2 H−) → 2 H2O(l), the difference 

in binding energies of reactants and products often makes a dominant contribution to the 

free energy of reactions and drives the electron flow [9]. 

Another important point is that in biochemical redox reactions involving organic 

compounds, electrons are very often not transferred as is but as hydride anions (H−, or 2 
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e− + H+) (see, e.g., oxidation of NADH and FADH2 or the reduction of glutathione), hence 

the name “dehydrogenases” for the enzymes catalyzing such reactions. That is why the 

reduction of a carbon atom is, in many cases, equivalent to hydrogenation. Indeed, from 

Figure 5, it is evident that the oxidation state of carbon in organic molecules varies by 

increments of two, justifying the transfer of two reducing equivalents. 

Often, reduction potentials are simply considered to be intrinsic properties of mole-

cules or ions, when in fact they derive from the binding, ionization, and hydration ener-

gies of conjugated oxidized and reduced species [9]. 

4.4. Electron Bifurcation 

In biochemistry, the term “electron bifurcation” describes the coupling of exergonic 

and endergonic chemical reactions. In this process, a two-electron donor transfers two 

electrons to two separate one-electron acceptors with widely divergent redox potentials, 

minimizing the dissipation of energy in the form of heat (Figure 12). 

The initial two-electron donor (such as NADH) transfers its electrons to a specialized 

bifurcating quinone or flavin (Figure 13). This cofactor can exist in three states: fully re-

duced (two electrons), a semiquinone intermediate (one electron), or fully oxidized (0 elec-

trons). The mechanism operates through a sequence of “crossed” redox potentials. The 

first electron is transferred to a high-potential acceptor (A1). This is a highly exergonic 

(downhill) step. This first transfer leaves behind an unstable, low-potential semiquinone 

radical. Crucially, the redox potential of this semiquinone is much lower (more negative) 

than that of the original fully reduced species. This extremely “reductive” power allows 

the second electron to be transferred to a low-potential acceptor (A2), driving an ender-

gonic (uphill) reaction. 

The defining feature of electron bifurcation is this concerted flow: The energy 

“dropped” by the first electron effectively “pushes” the second electron uphill. This tight 

coupling ensures that the overall reaction remains thermodynamically spontaneous while 

conserving energy that would otherwise be lost. 

 

Figure 12. General model of electron bifurcation. First, the electron donor (commonly NAD(P)+, 

FADH2, or H2) transfers 2 electrons to the bifurcating quinone/flavin (Q/Fl). The reduced bifurcation 

quinone/flavine transfers one electron to the high-potential (more positive) acceptor A1 (∆G < 0). 

This creates a semi-reduced radical intermediate (Q•−/FlSQ•) containing a second electron that is less 

tightly bound—meaning that it possesses a redox potential lower (more negative) than that of the 

initial donor D. In the subsequent step, this radical donates its remaining electron to the low-poten-

tial acceptor A2 (∆G < 0). 

First, the electron donor—commonly NAD(P)H, FADH2, or H2—transfers two elec-

trons to the bifurcating quinone or flavin (Q/Fl). The reduced cofactor then transfers one 

electron to the high-potential (more positive) acceptor A1, a highly exergonic step (ΔG ≪ 

0). This creates a highly reactive semi-reduced radical intermediate (Q•−/FlSQ•) containing 

a second electron that is less tightly bound. Consequently, this second electron possesses 
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Biophysica 2026, 6, 27 14 of 19 
 

https://doi.org/10.3390/biophysica6020027 

a redox potential that is significantly lower (more negative) than that of the initial donor 

D. In the subsequent step, this “energized” radical donates its remaining electron to the 

low-potential acceptor A2 (ΔG < 0). 

 

Figure 13. The catalytic cycles of quinones and flavins. (a) The two steps of the reduction of quinone 

(Q) to quinol (QH2) via a negatively charged semiquinone (Q•−). (b) Structure of the flavin hetero-

cycle and its three states: oxidized (Flox), semi-reduced neutral (FlSQ•, a radical), and reduced (Flred). 

Electron bifurcation is only possible because of the crossed-over redox potentials of quinones and 

flavins. This means that the Q/Q•− and Flox/FlSQ• couples have a more negative midpoint potential 

than the SQ•−/QH2 and FlSQ•−/Flred couples. In other words, the semiquinones have more reducing 

power than the totally reduced species. The unpaired electrons are indicated as red dots. 

Electron bifurcation is a very fundamental mechanism that probably played a pri-

mary role in proto-metabolism and in the development of life [25]. It is a fundamental 

energy-coupling mechanism in anaerobic microorganisms that likely originated in meth-

anogens near geological, iron-rich, serpentinizing hydrothermal vents. During this pro-

cess, electron pairs extracted from geological H2 allow thermodynamically uphill reduc-

tions (e.g., reduction of ferredoxin) to drive carbon fixation and create a proton gradient 

[25–27] (Figure 14). As already recognized by Peter Mitchell [28], electron bifurcation also 

plays a fundamental role in photosynthesis and mitochondrial respiration through the Q 

cycle of b6f and bc1 complexes [29–31]. 

The delocalized π-electron system of flavins favors the stabilization of the semiqui-

none form, allowing a sequential transfer of the two electrons. This makes flavins ideal 

intermediates between one-electron reductors (Fe-S complexes, for example) and pyrimi-

dine nucleotides NAD(P)+/NAD(P)H (see below). 

While quinone-based electron bifurcation (QBEB) is inherently involved in the estab-

lishment of electrochemical proton gradients through the Q-cycle, flavin-based electron 

bifurcation (FBEB) is mainly used to couple exergonic reactions (NAD+ reduction) to en-

dergonic reactions such as ferredoxin reduction. Establishment of a H+ or Na+ gradient can 

be a secondary event coupled to the reoxidation of ferredoxin (Figure 14). 
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Figure 14. Electron bifurcation in metabolism. In FBEB, common two-electron donors are NAD(P)H 

or H2. The low-potential acceptor is often ferredoxin (Fd). In some anaerobic bacteria, reoxidation 

of Fedred by NAD+ is coupled to H+/Na+ translocation by H+/Na+-translocating ferredoxin: NAD+ re-

ductase (Rnf) [32]. In QBEB (in mitochondrial bc1 complex, for instance), one electron derived from 

metabolic activity through NADH or FADH2 directly goes to the acceptor cytochrome c, while the 

second electron is recycled back via cytochrome b for another round. The whole process is coupled 

to proton pumping. p, Positive side of the membrane; n, negative side of the membrane. 

4.4.1. Quinone-Based Electron Bifurcation (QBEB) 

The Q cycle, first proposed by Peter Mitchell in 1975 [28] for the mitochondrial res-

piratory chain, is a typical example of QBEB (Figure 15). During a complete cycle, qui-

nones assume the role of H+ transporters, releasing 4 H+ in the intermembrane space [33]: 

QH2 + 2 cytochrome c (Fe3+) + 2 H+in → Q + cytochrome c (Fe2+) + 4 H+out  

The quinone (Q) and quinol (or hydroquinone, QH2) family of molecules form im-

portant redox pairs in many biological systems. A semiquinone radical (Q•−) functions as 

intermediate between the oxidized and reduced forms. 

Note that the redox potentials are crossed: The oxidation of the quinone to a semiqui-

none, Q•−, generates a more potent reductant (E’ = −320 mV) than the initial QH2 (E’ = 90 mV) 

and is able to reduce cyt bL. This property is important for electron bifurcation, as will be dis-

cussed below. An important question to ask is what prevents Q•− from also reducing the [2Fe-

2S] center? In order to prevent the two electrons from following the same path to the high-

potential acceptor, in this case, [2Fe-2S], unequivocal routing of the electrons is an essential 

part of this mechanism. This is accomplished, in particular, by a change in the conformation 

of the complex by moving the Q•– oxidation site away from the [2Fe-2S] center. 

 

Figure 15. Redox potential (E’) and electron transfer in the Q cycle. The redox potentials E’ are at 

pH 7, taking into account actual cellular conditions. Modified and redrawn from [34]. 
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This example perfectly illustrates the concept of cross-redox potentials, without 

which the mechanism of electron bifurcation could not work. In the conventional mode, 

both electrons reduce a higher potential (less negative) acceptor, making electron bifurca-

tion impossible. Inversion of this order ensures that the first electron can only be removed 

by a high-potential acceptor, which gives the remaining semiquinone a very low reduc-

tion potential able to reduce any nearby low-potential acceptor [35]. 

We already discussed another point deserving our attention once again (see Section 

4.3). Indeed, very often, redox reactions are presented as if the ∆E° of a chemical reaction 

results only from an electron moving from a lower potential to a higher potential. This is 

true during the passage of the electron from the center [2Fe-2S] to cyt c1 or from cyt bL to 

cyt bH, which can be assimilated to the transfer of the electron from one site to another 

without modification of the molecular bond: only the oxidation state of an iron ion is 

changed [17,36,37]. 

However, when we consider the electron transfer reaction of QH2 towards the cyt c1, 

it is evident that, in addition to the change in the oxidation state of the iron ion, the con-

nectivity of atoms in coenzyme Q is altered. As emphasized above, the difference between 

the binding energies between the products and the reactants plays at least as important a 

role as the potential of the electrons [9]. 

4.4.2. Flavin-Based Electron Bifurcation (FBEB) 

FBEB is a recently discovered mechanism in many strict anaerobic bacteria and ar-

chaea [35,38]. FBEB depends on a flavin as a cofactor (FAD or FMN). Flavins can exist in 

three oxidation states: fully oxidized (Flox), partially reduced semiquinones (FlSQ•), and 

completely reduced hydroquinone (Flred) (Figure 13). This makes flavins ideal candidates 

for accepting a pair of electrons and then transferring them sequentially. 

High-potential terminal one-electron acceptors are multiple and depend on the organism 

and the metabolic pathway involved (NAD+, crotonyl-CoA, or ubiquinone, for instance). Fer-

redoxins act as a low-potential terminal acceptor, and the reduced ferredoxin generated can 

then be used by membrane-bound complexes like Rnf (Fd:NAD reductase) [32] or Ech (Fd:H+ 

reductase) [35] to generate a proton or sodium motive force (Δ𝜇H+/Δ𝜇Na+) (Figure 14). 

Ferredoxin: NADP+ NADH-dependent oxidoreductase (EC 1.6.1.4) is involved in the 

regulation of the NADH/NADPH balance and represents the prototype of an FBEB en-

zyme [39,40]. It reversibly catalyzes the simultaneous oxidation of NADH and ferredoxin 

to produce NADPH: 

2 NADP+ + Fd2−red + H+ + NADH ⇌ NAD+ + 2 NADPH + Fd0ox ∆G’° = −20 kJ/mol  

Figure 16 shows a comparison of the reactions catalyzed by a conventional non-bi-

furcating and a bifurcation hydrogenase [41] (2 Fd2−red + NADH + 4 H+ ⇌ 2 Fd0ox + NAD+ + 

2 H2; EC 1.12.1.4). 

In addition to an energy-coupling mechanism where an exergonic (favorable) elec-

tron transfer drives an endergonic (unfavorable) one within a single enzyme complex, 

electron bifurcation, whether based on quinone or flavin, solves the problem of switching 

from two-electron donors (i.e., NADH and FADH2, QH2) generated by metabolic activity 

(oxidation, alcohol, aldehyde, and carboxyl) to single-electron acceptors of membrane 

complexes (complexes of the respiratory chain, photosynthesis, and specific complexes of 

prokaryotes and archaea). 
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Figure 16. Flavin-based electron bifurcation. Comparison of the reactions catalyzed by a conven-

tional non-bifurcating dehydrogenase (left) and a H2-producing bifurcating hydrogenase (right) 

[27]. In conventional dehydrogenase-catalyzed reactions, the reduced low-potential ferredoxin 

spontaneously forms H2. Conventional hydrogenases cannot produce H2 from NADH. On the other 

hand, the bifurcating dehydrogenase is able to couple ferredoxin and NADH oxidation to produce 

H2. In this reaction, 2 H2 could be replaced by 2 NADPH to illustrate the functioning of ferredoxin: 

NADP+ NADH-dependent oxidoreductase. The oxidation of the low-potential NADH coupled to 

H+ reduction is energetically unfavorable (∆G < 0) and cannot occur if not coupled to an exergonic 

reaction. The bifurcation flavin (FMN) is indicated in a green box. 

5. Conclusions 

Oxidation of organic substrates is at the origin of ATP production in biological sys-

tems, either at the level of substrate phosphorylation or oxidative phosphorylation [7]. All 

these processes rely on redox reactions, with the driving force being the difference in free 

energy between products and substrates. It is important to realize that when we address 

the notion of redox reactions, this invariably refers to the carbon atom of a substrate that 

transits from a reduced state to an oxidized state in catabolism, and the reverse during 

anabolism. Electron transfer is a cardinal mechanism for the transformation of light into 

chemical energy during photosynthesis or the combustion of fuel molecules during cellu-

lar respiration. However, the mechanism by which electrons are transferred from one re-

dox site to the other within proteins remains a hotly debated subject. Electrons can either 

quantum mechanically tunnel between redox centers over nanometer distances or hop in 

multiple steps between intermediate redox sites over longer distances. Electron bifurca-

tion represents a particular case that is fundamental in biological energy conversion pro-

cesses, coupling exergonic and endergonic redox reactions and driving unfavorable reac-

tions with minimal energy. Understanding the basic mechanisms of electron transfer re-

mains crucial for understanding some basic principles of life. 
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The following abbreviations are used in this manuscript: 

FBEB 

Fd 

Flavin-based electron bifurcation; 

Ferredoxin; 

QBEB 

Q 

Quinone-based electron bifurcation; 

Quinone; 

TCA cycle Tricarboxylic acid cycle. 
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