
 

Fosforilazione 
ossidativa



Fosforilazione ossidativa: una visione d’insieme

Punti chiave: 

1) Trasporto di elettroni; 
2) Riduzione O2 

3) Gradiente protonico 
4) Potenziale elettrochimico 
5) ATP sintasi



I mitocondri: la centrale energetica della cellula



Punto di partenza: NADH e FADH2 o FMNH2

NAD+ + 2e- + 2H+ => NADH + H+ 

FAD(FMN) + 2e- + 2H+ => FADH2(FMNH2)

Molecola ridotta Molecola ossidata
Deidrogenasi

Gli elettroni vengono “stoccati” su

Questi trasportatori di elettroni li cederanno alla catena di 
trasporto degli elettroni localizzata sulla membrana interna 

mitocondriale.

Da notare che non vi è libero passaggio di questi due trasportatori di elettroni tra 
citoplasma e matrice mitocondriale => strategie alternative => riduzione di molecole nel 
citoplasma, trasporto in mitocondrio e ossidazione  
FAD e FMN sono legati saldamente alle loro deidrogenasi e il loro potenziale di 
ossidoriduzione dipende da questo stesso legame.

(Nicotinammide adenin dinucleotide)

(Flavin adenin dinucleotide e Flavin mononucleotide)



Trasportatori di elettroni nella catena respiratoria (I) 
Ubichinone o cofattore Q

La coda idrofobica isoprenoide permette l’inserimento nella membrana 
interna mitocondriale e la sua diffusione nel piano della membrana, in 
questo modo può fungere da trasportatore.



Trasportatori di elettroni nella catena respiratoria (II) 
Citocromi (gruppo prostetico eme)

Gruppi eme differentemente 
sostituiti, legati covalentemente o 
meno alla porzione proteica. 
Proteine integrali di membrana 
(tranne il citocromo c che è legato 
tramite interazioni elettrostatiche 
alla porzione esterna della 
membrana mitocondriale interna e 
che è una proteina solubile.

Coda isoprenoide

…ed anche nella mioglobina e emoglobina



Trasportatori di elettroni nella catena respiratoria (III) 
Proteine FERRO-ZOLFO

Ferro coordinato sia da atomi di zolfo inorganico che da zolfo presente nelle 
cisteine. 

Il potenziale di riduzione degli atomi di ferro dipende dalla proteina.

Il ferro (Fe) nei citocromi e nelle proteine ferro-zolfo può 
trovarsi nella forma Fe2+ o Fe3+



Trasportatori di elettroni nella catena respiratoria 
Determinazione del percorso

1) Trasportatori in ordine crescente di potenziale di riduzione 

2) Sistema del blocco e rilascio: si elimina l’ossigeno, tutti diventano ridotti 
(accumulo), poi si rilascia il sistema immettendo di nuovo ossigeno e si 
determina l’ordine temporale di ossidazione. Chi si ossida per primo è più 
vicino alla fine della catena di trasporto. 

3) Metodo dell’utilizzo di inibitori. Inibendo un specifico passaggio si 
determina chi è ossidato (a valle - arancio) e chi è ridotto (a monte - 
azzurro). L’inibizione a livelli diversi permette di stabilire l’ordine.



Sequenza della catena di trasporto
In base alla determinazione sperimentale dei potenziali standard di riduzione
- basso potenziale standard: buoni donatori di elettroni
- alto potenziale standard: buoni accettori di elettroni
ci si aspetta che i trasportatori siano disposti in ordine di potenziale di riduzione crescente,
dato che gli elettroni tendono a fluire spontaneamente da trasportatori con E’° basso verso
quelli con E’° alto

In base ai potenziali standard l’ordine di trasportatori è: 
NADH -> Q -> citocromo b -> citocromo c1 -> citocromo c -> citocromo a -> citocromo a3 -> O2
Da considerare che l’ordine reale all’interno della cellula dipende anche dalle concentrazioni 

relative delle forme ossidate e ridotte 

START

END

NB1: effetto del contesto molecolare su potenziale di 
ossidoriduzione! 

NB2: stiamo parlando di E’°…il reale potenziale di 
ossiduriduzione dipende dalla concentrazione dei substrati e 

dei prodotti!



Schema generale trasporto elettroni mitocondriale

Complesso  
I 

Complesso 
III

Complesso 
IV

NADH

Citocromo 
C O2

Complesso 
I (45)

Complesso 
III (11)

Complesso 
IV (13)

NADH deidrogenasi

Succinato Complesso  
II

Coenzima 
Q

Complesso  
II (4) Succinato deidrogenasi

Ubichinone (coenzimaQ):citocromo c ossidoreduttasi

Citocromo c ossidasi



COMPLESSO I
NADH + H+ + Q=> NAD+ + QH2

4 H+ (matrice, N) => 4 H+ (spazio intermembrana, P)

1) Riduzione Q 
2) Cambiamento conformazionale 

di tipo allosterico   
3) Pompaggio protoni esterno 

QH2 diffonde verso complesso III

Composizione 
45 proteine tra cui 
Una flavoproteina (FMN) 
8 centri Fe-S 
Forma L 
Pompa Protonica (controgradiente) 
Reazione vettoriale (H+ spostati 
da matrice a spazio 
intermembrana) 
Accoppiamento trasferimento e- 
con cambiamento conformazionale 
e relativo pompaggio H+ 
all’esterno.



Overall structure

Seven core subunits (Nqo1-6 and Nqo9, T. thermophilus no-
menclature) constitute the peripheral arm of bacterial complex
I and another seven its membrane arm (Nqo7-8 and Nqo10-
14). T. thermophilus enzyme contains two additional hydro-
philic subunits Nqo15 and Nqo16, specific for thermophiles
(Hinchliffe et al. 2006; Baradaran et al. 2013). The peripheral
arm provides a rigid scaffold harbouring iron-sulphur clusters,
seven of which constitute a conserved electron transfer path-
way between the NADH binding site at the tip of the domain
and the ubiquinone binding site at the interface with the
membrane domain (Sazanov and Hinchliffe 2006; Baradaran
et al. 2013) (Fig. 1b). The peripheral arm sits on top of
membrane subunit Nqo8. Subunits Nqo7/10/11 separate the
peripheral arm from the three membrane antiporter-like

subunits Nqo14/13/12, which are arranged linearly, like the
carriages of a train (Fig. 1a). The membrane arm contains
64 trans-membrane (TM) helices: 16 helices in subunit
Nqo12, 14 in Nqo13, 14 in Nqo14, 5 in Nqo10, 3 in
Nqo11, 3 in Nqo7 and 9 in Nqo8. A notable structural
element, the 110 Å long amphipathic helix HL from the
C-terminal part of Nqo12, spans nearly the entire length
of the membrane domain, stabilizing it and likely
playing important mechanistic role.

Analysis of the electron density map from eukaryotic com-
plex I (Hunte et al. 2010) showed that the fold of the core 14
subunits is indeed highly conserved between bacterial and
eukaryotic enzymes, as is their ternary organization
(Efremov and Sazanov 2011a). Only slight re-arrangement
of core subunits (as conserved rigid bodies) has occurred
during billions of years of evolution. The analysis also
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Fig. 1 Structure of complex I from T. thermophilus (Baradaran et al.
2013). a. Overview (PDB 4HEA). Subunits are coloured differently and
indicated. FMN and Fe-S clusters are shown as magenta and red-orange
spheres, respectively, with cluster N2 labelled. Key helices around the
entry point (Q) into the quinone reaction chamber, and approximate
membrane position are indicated. Prefixes indicate subunit number. b.
Positions of the redox cofactors in complex I. The distances between the
centers given in Åwere calculated both center-to-center and edge-to-edge
(shown in parentheses). Blue arrows show the main electron transfer
pathway between FMN and quinone. Green arrow shows a diversion to
cluster N1a, likely serving for temporary storage of electrons and thus
reducing ROS production. c. Proton translocation channels in the
antiporter-like subunits. Polar residues lining the channels are shown as

sticks with carbon in dark blue for the first (N-terminal) half-channel, in
green for the second (C-terminal) half-channel and in orange for
connecting residues. Key residues, GluTM5 and LysTM7 from the first
half-channel, Lys/HisTM8 from the connection and Lys/GluTM12 from
the second half-channel, are labelled. Approximate proton translocation
paths are indicated by blue arrows. d. E-channel (fourth proton translo-
cation channel). Charged and polar residues constituting the channel are
shown as sticks. Central residues are shown with carbon in yellow, those
forming a link to the Q site in magenta, link to the cytoplasm in blue, link
to the periplasm in green and those interacting with quinone headgroup in
cyan. Key residues are labelled, with Glu/Asp quartet in red. Quinone
cavity is shown with surface in brown
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4_Tyr87 and 4_His38. To control protonation, the pKa of
these residues has to be high, which would be the case for a
tyrosine. 4_His38 interacts closely with conserved 4_Asp139,
which would increase the pKa of the histidine. This aspartate,
if deprotonated by 4_His38, could be one of the charged
residues holding the negative charge within the chamber,
driving conformational changes. Notably, 4_Asp139 sits on
the 4-helix bundle moving upon reduction (Berrisford and
Sazanov 2009).

Overall, about 200 times per second (complex I turnover
rate) quinone would enter the cavity, travel all the way to the
vicinity of cluster N2, accept two electrons and then be pro-
tonated only after key conformational changes take place,
moving out of the cavity as a quinol. The energetics of such
unusual movements remain to be studied in more detail, for
example bymolecular dynamics. It is possible that opening up
of the narrow entry point into the Q-site forms part of the
overall conformational cycle, to allow bulky quinone
headgroup to get in and out of cavity. This is consistent with
the fact that mutations to the key charged residues in the
proton channels, even to the most distal 12_LysTM12
(Nakamaru-Ogiso et al. 2010), completely abolish oxidore-
ductase activity. Such mutations also show how tightly
coupled is this conformational machine.

When quinone is bound in the site, the end of its isoprenoid
tail will likely seal the cavity. This is probably not essential for

activity per se, as complex I is active with short-chain quinone
analogues. However, it means that in vivo protons for Q
protonation are delivered through the protein rather than bulk
solvent: either via the Nqo4 pathway described earlier
(Berrisford and Sazanov 2009) or through charged residues
linking Nqo8 to the cytoplasm (Baradaran et al. 2013). In
mammalian complex I, a cysteine residue equivalent to
7_Ser46 is accessible for chemical modification only in the
“deactive” form of the enzyme (Galkin et al. 2008), important
in ischemia-reperfusion injury (Chouchani et al. 2013). In the
structure, this serine is shielded from the solvent in the loop
that provides part of the seal for the Q cavity. It is therefore
possible that in the “deactive” mammalian enzyme this loop
moves away, breaking the seal close to quinone headgroup
and thus leading to loss of activity.

The Q-site is linked to the E-channel by a hydrophilic
“funnel” of charged residues, culminating with a Glu/Asp
quartet near the break in key conserved 10_TM3 (Fig. 1d).
Discontinuous helices holding key charged residues and the
dramatic tilt of all Nqo8 helices indicate that this part of the
structure is highly flexible. Thus, the negatively charged
ubiquinol can interact electrostatically with these negatively
charged residues and drive conformational changes in the E-
channel. Changes due to the redox state of cluster N2 could
also contribute, since the moving helices from Nqo4/6
(Berrisford and Sazanov 2009) are in direct contact with
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Fig. 2 Proposed coupling mechanism of complex I (Baradaran et al.
2013). Schematic showing key helices and residues. Upon electron
transfer from cluster N2, negatively charged quinone initiates a cascade
of conformational changes, propagating from the E-channel (Nqo8/10/
11) to the antiporters via the central axis (red arrows) of charged and polar
residues located around flexible breaks in key TM helices. Cluster N2-
driven shifts of Nqo4/6 helices (Berrisford and Sazanov 2009) (blue
arrows) likely assist overall conformational changes. Helix HL and the
βH element help coordinate conformational changes by linking discon-
tinuous TM helices between the antiporters. In the antiporters, LysTM7
from the first half-channel is assumed to be protonated (via the link to
cytoplasm) in the oxidised state (Efremov and Sazanov 2011b). Upon

reduction of quinone and subsequent conformational change, the first
half-channel closes to the cytoplasm, GluTM5 moves out and LysTM7
donates its proton to the connecting Lys/HisTM8 and then onto Lys/
GluTM12 from the second half-channel. Lys/GluTM12 ejects its proton
into periplasm upon return from reduced to oxidised state. A fourth
proton per cycle is translocated in the E-channel in a similar manner.
TM helices are numbered and key charged residues (GluTM5, LysTM7,
Lys/GluTM12, Lys/HisTM8 from Nqo12-14, 11_Glu67, 11_Glu32,
interacting with 10_Tyr59, 8_Glu213 and some residues from the con-
nection to Q cavity) are indicated by red circles for Glu and blue circles
for Lys/His
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Absract NADH-ubiquinone oxidoreductase (complex I) is the
first and largest enzyme in the respiratory chain of mitochondria
and many bacteria. It couples the transfer of two electrons
between NADH and ubiquinone to the translocation of four
protons across the membrane. Complex I is an L-shaped assem-
bly formed by the hydrophilic (peripheral) arm, containing all
the redox centres performing electron transfer and the mem-
brane arm, containing proton-translocating machinery.
Mitochondrial complex I consists of 44 subunits of about 1
MDa in total, whilst the prokaryotic enzyme is simpler and
generally consists of 14 conserved “core” subunits. Recently
we have determined the first atomic structure of the entire
complex I, using the enzyme from Thermus thermophilus
(536 kDa, 16 subunits, 9 Fe-S clusters, 64 TM helices).
Structure suggests a unique coupling mechanism, with redox
energy of electron transfer driving proton translocation via long-
range (up to ~200 Å) conformational changes. It resembles a
steam engine, with coupling elements (akin to coupling rods)
linking parts of this molecular machine.

Keywords NADH:ubiquinone oxidoreductase . Complex I .

Membrane protein structure . Proton pump .Respiratory chain

Introduction

Complex I (NADH:ubiquinone oxidoreductase) plays a cen-
tral role in the respiratory chain in mitochondria and many
bacteria, providing about 40% of the proton flux used for the
synthesis of ATP (Walker 1992; Yagi and Matsuno-Yagi
2003; Brandt 2006; Sazanov 2007; Hirst 2010). It catalyses

the exergonic transfer of two electrons from NADH to ubi-
quinone, coupled to the translocation of four protons (current
consensus value (Wikstrom 1984; Galkin et al. 1999; Galkin
et al. 2006)) against the electrochemical potential of ~180 mV
across the inner mitochondrial membrane. Complex I is a
reversible machine, able to reduce NAD+ by ubiquinol, utiliz-
ing the trans-membrane (TM) potential (Vinogradov 1998).

Bacterial complex I presents a minimal model of the mito-
chondrial enzyme (Carroll et al. 2006). It is an L-shaped assem-
bly normally consisting of 14 “core” subunits (7 hydrophilic
and 7 hydrophobic, ~550 kDa combined mass) conserved from
bacteria to humans (Walker 1992; Yagi and Matsuno-Yagi
2003; Sazanov 2007). Mammalian version contains 30 addi-
tional “accessory” subunits, bringing its total molecular mass to
~1 MDa (Walker 1992; Brandt 2006). The complex contains
from 8 (mitochondria) to 9 (T. thermophilus, E. coli) or
10 (A. aeolicus) iron-sulphur (Fe-S) clusters and a flavin
mononucleotide, located in the peripheral hydrophilic
arm. Two mechanisms of coupling between redox reac-
tion and proton translocation have been discussed: “di-
rect” (redox-driven) and “indirect” (conformation-driven)
(Friedrich 2001; Yagi and Matsuno-Yagi 2003; Brandt
2006; Sazanov 2007).

We have determined all known atomic structures of com-
plex I. The initial structure of the peripheral arm established
the electron transfer pathway between NADH and ubiquinone
binding sites (Sazanov and Hinchliffe 2006). The structure of
six membrane domain subunits established proton transloca-
tion pathways through three antiporter-like subunits (Efremov
et al. 2010; Efremov and Sazanov 2011b). Finally, the recent
structure of the entire complex I (Fig. 1a) identified the un-
usual enclosed quinone-binding site and the fourth proton
channel at the junction of the two main domains (Baradaran
et al. 2013). The structure clearly indicates that complex I
operates by a unique conformation-driven mechanism, not
observed so far in any other oxidoreductases.
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COMPLESSO I - Accoppiamento riduzione Q - trasporto H+ 

RIDUZIONE COFATTORE Q E SUO RILASCIO => CAMBIAMENTO CONFORMAZIONE CHE SI 
“DIFFONDE TRASVERSALMENTE” ALLE 4 PORZIONI COINVOLTE NEL TRASPORTO DI H+ 
CHE SONO COSTITUITE DA SEMICANALI. 



COMPLESSO II (Succinato deidrogenasi)

Passaggio d i e le t t ron i non è 
accoppiato a pompaggio H+ 

Eme b non coinvolto nel trasporto di 
elettroni: svolge ruolo di protezione 
nei confronti della produzione di  
ROS (reactive ossigen species) 

Rientra nel ciclo dell’acido citrico 
(passaggio succinato => fumarato 
Questo implica la possibilità di 
c o o r d i n a r e f o s f o r i l a z i o n e 
ossidativa con ciclo dell’acido 
citrico (disponibilità di Q ossidato è 
limitante per il funzionamento di 
questo complesso e quindi anche per 
l’ossidazione del succinato). 

Composizione 
4 Subunità proteiche 
C e D - proteine integral i di 
membrana. 
Sono presenti un gruppo eme b, tre 
centr i Fe-S e un FAD legato 
covalentemente 

….complesso I e II => elettroni a Q!



COMPLESSO III (complesso del citocromo bc1

Elettroni da QH2 a citocromo c 

P a s s a g g i o d i e l e t t r o n i è 
accoppiato al pompaggio di H+ 

S i s t e m a p e r a c c o p p i a r e 
trasportator i di 2 elettroni  
(coenzima Q) con trasportatori di 
un elettrone (citocromo c) 

Composizione: 
2 monomeri da 11 subunità cad. 
Proteine chiave: 
Citocromo b (2 gruppi eme bH e 
bL) 
Citocromo c1 
Proteina Fe-S di Rieske

QH2 + 2 Cit c (ox) + 2 H+N => Q + 2 Cit c (rid) + 4 H+P



COMPLESSO III (ciclo Q) (4 H+ all’esterno)

QH2

Q •Q- •Q-

QH2 Q

QH2

Cit c Cit c

Q
= 1 e-

= 2 H+

= si forma ed esce

Strategia passaggio trasportatore 2 e- a trasportatore 1 e-

Sito N

Sito P

Sito N

Sito P

Ubichinone

Ubichinolo

Radicale semichinonico

Ubichinone Ubichinone

Ubichinolo
UbichinoloRadicale semichinonico

Ubichinolo

Sito P

Sito N


