
QH2

Matrix FADH2 Producers
β‑Oxidation: ACADVL, ACADL, ACAD9, ACADM, ACADS

BCAAs: IVD, ACADSB, ACAD8
Lysine/Tryptophan: GCDH

Choline → 1‑Carbon Metabolism: SARDH, DMGDH
Organic‑Acid Detox: L2HGDH, D2HGDH

Matrix NADH Producers
TCA/Glycolysis: PDHc, α-KGDHc, IDH3, MDH2

BCAAs & Lysine/Tryptophan: BCKDHc, DHTKD1c
β‑Oxidation (later): HADH, MTP (LCADH)

Valine: HIBADH, ALDH6A1
Proline/Hydroxyproline: ALDH4A1

GABA Shunt: ALDH5A1
Ketone Bodies (IMM): BDH1

Retinoids: ALDH1B1
Acetaldehydes: ALDH2

Lysine Osmolyte: ALDH7A1
Anaplerosis/Cataplerosis: ME2, GLUD1/2, MTHFD2/L

ETF‑QO
ETF-QO-FADH2  +  [4Fe-4S](ox) → 
ETF-QO-FAD(ox) + [4Fe-4S](red),

[4Fe-4S](red)  +  Q →  [4Fe-4S](ox) + QH2

Complex II
Succinate + FAD →  Fumarate + FADH2,

FADH2  +  [2Fe-2S](ox) →  FAD   + [2Fe-2S](red),
[2Fe-2S](red)  +  [4Fe-4S](ox) →  [2Fe-2S](ox) + [4Fe-4S](red),
[4Fe-4S](red)  +  [3Fe-4S](ox) →  [4Fe-4S](ox) + [3Fe-4S](red),
 [3Fe-4S](red)  ⇄  b-haem(ox),       (store/release one electron)

[3Fe-4S](red) or b-haem(red)  +  Q  →  [3Fe-4S](ox) + QH2

SQOR
H2S  +  SQOR-Cys-S⁻ +  FAD → 

SQOR-Cys-SSH  +  FADH2,
FADH2 + Q → FAD + QH2

PRODH / PRODH2
Proline + FAD →  P5C + FADH2 / 

4-Hyp + FAD →  3-OHP5C + FADH2,
FADH2 + Q → FAD + QH2

GPD2 (IMS face)
G3P + FAD →  DHAP + FADH2,

FADH2 + Q → FAD + QH2

Complex I
NADH + FMN → NAD+ + FMNH2, 

FMNH2 + 8Fe-S(ox) → FMN + 8Fe-S(red),
8Fe-S(red) + Q  →  8Fe-S(ox) + QH2

3-OHP5C - Δ¹-Pyrroline-3-Hydroxy-5-Carboxylate
4-Hyp - trans-4-Hydroxy-L-Proline
α-KGDHc - α-Ketoglutarate Dehydrogenase complex
ACAD8 - Isobutyryl-CoA Dehydrogenase
ACAD9 - (SCADL2) Acyl-CoA Dehydrogenase Family Member 9
ACADL - Long-Chain acyl-CoA Dehydrogenase
ACADM - Medium-Chain Acyl-CoA Dehydrogenase
ACADS - Short-Chain Acyl-CoA Dehydrogenase
ACADSB - 2-Methylbutyryl-CoA Dehydrogenase
ACADVL - Very-long-Chain Acyl-CoA Dehydrogenase
Al - Aluminium
ALDH1B1 - Aldehyde Dehydrogenase 1B1
ALDH2 - Aldehyde Dehydrogenase 2
ALDH4A1 - Δ¹-Pyrroline-5-Carboxylate Dehydrogenase
ALDH5A1 - Succinate Semialdehyde Dehydrogenase (SSADH)
ALDH6A1 - Methylmalonate-Semialdehyde Dehydrogenase
ALDH7A1 - α-Aminoadipate Semialdehyde Dehydrogenase (antiquitin)
b_H - High-potential b-haem
b_L- Low-potential b-haem
BAld - Betaine-Aldehyde
BCAA - Branched-Chain Amino Acids
BDH1 - 3-Hydroxybutyrate Dehydrogenase 1
BCKDHc - Branched-Chain α-Ketoacid Dehydrogenase complex
CHDH - Choline Dehydrogenase
Complex I - NADH:Ubiquinone Oxidoreductase
Complex II - Succinate Dehydrogenase
Complex III - Cytochrome bc1 
Complex IV - Cytochrome Oxidase
Complex V - ATP Synthase
Cyt c - Cytochrome c
CuA / CuB - Copper Centres A and B
D2HGDH - D-2-Hydroxyglutarate Dehydrogenase
DHAP - Dihydroxyacetone Phosphate
DHTKD1c - 2-Oxoadipate Dehydrogenase complex
DHO - Dihydro-orotate
DHODH - Dihydro-orotate Dehydrogenase
DMGDH - Dimethylglycine Dehydrogenase
e - Electron
ECSIT - Evolutionarily Conserved Signalling Intermediate in Toll Pathways (assembly factor)
ETF - Electron-Transferring Flavoprotein
ETF-QO - ETF:Ubiquinone Oxidoreductase
FAD - Flavin Adenine Dinucleotide (oxidised)
FADH2 - Flavin Adenine Dinucleotide (reduced)
Fe - Iron
FLAD1-β/γ - FAD-synthetase
FMN - Flavin Mononucleotide (oxidised)
FMNH2 - Flavin Mononucleotide (reduced)
G3P - sn-Glycerol-3-Phosphate
GPD2 - Glycerol-3-Phosphate Dehydrogenase 2
GCDH - Glutaryl-CoA Dehydrogenase
GLUD1/2 - Glutamate Dehydrogenase 1 & 2
HADH - Short-Chain 3-Hydroxyacyl-CoA Dehydrogenase
HIBADH - 3-Hydroxyisobutyrate Dehydrogenase
H - Hydrogen
IDH3 - Isocitrate Dehydrogenase 3
IMM - Inner Mitochondrial Membrane
IMS - Intermembrane Space
IVD - Isovaleryl-CoA Dehydrogenase
L2HGDH - L-2-Hydroxyglutarate Dehydrogenase
LCADH - Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase (part of MTP)
LDH - Lactate Dehydrogenase
MCIA - Mitochondrial Complex I Assembly module (ACAD9-NDUFAF1-ECSIT core)
MDH2 - Malate Dehydrogenase 2
ME2 - Malic Enzyme 2
MTP - Mitochondrial Trifunctional Protein
MTHFD2/L - 10-Formyl-Tetrahydrofolate Dehydrogenase 2 / like isoform
NAD⁺ - Nicotinamide Adenine Dinucleotide (oxidised)
NADH - Nicotinamide Adenine Dinucleotide (reduced)
NDUFAF1 - NADH:Ubiquinone Oxidoreductase (Complex I) Assembly Factor 1
OMM - Outer Mitochondrial Membrane
Ox - Oxidised
P5C - Δ¹-Pyrroline-5-Carboxylate
PDHc - Pyruvate Dehydrogenase complex
PRODH - Proline Dehydrogenase
PRODH2 - Hydroxyproline Dehydrogenase
Q - Ubiquinone
QH2 - Ubiquinol
Red - Reduced
S - Sulphur
SARDH - Sarcosine Dehydrogenase
SQOR - Sulfide:Quinone Oxidoreductase 

Q

Complex IV
(For each Cyt c):

Cyt c(Fe²⁺) [IMS] + CuA(ox) → Cyt c(Fe³⁺) + CuA(red),
CuA(red) → haem a → haem a3-CuB, (electron to binuclear site)

O₂ + haem a3 Fe²⁺–CuB¹⁺ → (Fe⁴⁺=O·, CuB²⁺–OH),
2 H⁺ (released to IMS) + 2 H⁺ [matrix] → H₂O (released to matrix)

Complex V
ADP + Pi + ~2.7 H⁺ [IMS] → ATP + H2O + ~2.7 H⁺ [matrix] 
(stoichiometry set by 8-subunit c-ring: 8 H⁺/360° for 3 ATP)

Complex III
1) QH2 → Q•- + 2H⁺ [IMS], (bifurcates e⁻)

[2Fe-2S] → Cyt c1 → Cyt c(Fe³⁺→Fe²⁺), (1st e⁻)
haem b_L → haem b_H → Q , (2nd e⁻ stored)

2) (Q•–) + e⁻ + 2 H⁺[matrix] → QH2 (matrix side) 
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FMNH2 + Q → FMN + QH2 

Figure 16. Pathway Diagram: A comprehensive overview of oxidative phosphorylation
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CHDH (IMS face)
Choline + FAD → BAld + FADH2,

FADH2 + Q → FAD + QH2

C
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2H+

ETF
ETF(FADH2)  +  ETF-QO-FAD → 

ETF(FAD) + ETF-QO-FADH• (1st e⁻), 
ETF(FADH•) +  ETF-QO-FADH• → 

ETF(FAD) + ETF-QO-FADH2 (2nd e⁻)
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Notes
1. ACAD9 toggles between two states - with FAD bound, it acts as a long-
chain acyl-CoA dehydrogenase, sending FADH2 electrons to ETF and
boosting QH2 during β-oxidation. When the Complex I assembly module
(MCIA) recruits ACAD9, ECSIT binds its C-terminal helix, the FAD pocket
opens, the flavin dissociates, and the now-inactive polypeptide serves as a
scaffold for NDUFAF1 and membrane sub-assemblies.

This swap is a redox throttle: incomplete or damaged Complex I sequesters
more ACAD9 in scaffold form, cutting long-chain β-oxidation input to the
quinone pool and preventing QH2 build-up and reverse electron transport.
Once Complex I is restored, ACAD9 reloads FAD and β-oxidation resumes full
electron delivery, keeping fuel use matched to respiratory capacity.

2. The total Q:QH2 pool can saturate with QH2 from high flux through FADH2

feeders, eg. succinate, β-oxidation, sulfide detox, [..].

If Complex I is idle / inhibited and flux remains high, Complex I may suffer from
reverse-electron-transport (RET), flowing from QH2 back into Complex I,
reducing its FMN into FMNH2 and spraying superoxide into the matrix. 

2a. Insufficient total Q:QH2 pool size or Q synthesis rate will exacerbate this -
the same rate of QH2 production will drive the fractional redox state (QH2:Q)
higher and faster, meaning Complex I faces RET and superoxide at a lower
FADH2 feeder flux than normal. In this state, the proton gradient itself may still
look healthy, ie. Complex III and IV can function as long as some oxidised Q is
cycling, however the margin before RET shrinks sharply.

2b. The feeder reactions, eg. SDH, CHDH, GPD2, [..], may also stall, causing
substrate elevations of succinate, choline, G3P, [..].

Starving GPD2 of its electron acceptor can therefore impair glycolysis and
elevate cytosolic NADH pool. In most cells, LDH activity will increase to
balance the cytosolic NAD+:NADH redox. However, in pancreatic β-cell with
little LDH, insulin release will be blunted.
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