
OXIDATIVE 
PHOSPHORYLATION AND 

PHOTOPHOSPHORYLATION



Oxidative phosphorylation is the culmination of energy-
yielding metabolism in aerobic organisms. 

All oxidative steps in the degradation of carbohydrates, 
fats, and amino acids converge at this final stage of 
cellular respiration, in which the energy of oxidation 
drives the synthesis of ATP. 

Photophosphorylation is the means by which 
photosynthetic organisms capture the energy of sunlight 
and harness it to make ATP.

In eukaryotes, oxidative phosphorylation occurs in 
mitochondria, photophosphorylation in chloroplasts.



Oxidative phosphorylation involves the reduction of O2 to 
H2O with electrons donated by NADH and FADH2; it 
occurs equally well in light or darkness.

Photophosphorylation involves the oxidation of H2O to O2, 
with NADP as ultimate electron acceptor; it is absolutely 
dependent on the energy of light.

These two highly efficient energy-converting processes have 
fundamentally similar mechanisms.

ATP synthesis in mitochondria and chloroplasts is based on 
the hypothesis, that transmembrane differences in proton 
concentration are the reservoir for the energy extracted 
from biological oxidation reactions. 

This chemiosmotic theory has been accepted.



Oxidative phosphorylation and photophosphorylation are 
mechanistically similar in three respects. 

1) Both processes involve the flow of electrons through a 
chain of membrane-bound carriers. 

2) The free energy made available by this “downhill”
(exergonic) electron flow is coupled to the “uphill”
transport of protons across a proton-impermeable 
membrane, conserving the free energy of fuel oxidation 
as a transmembrane electrochemical potential. 

3) The transmembrane flow of protons down their 
concentration gradient through specific protein channels 
provides the free energy for synthesis of ATP, catalyzed 
by a membrane protein complex (ATP synthase) that 
couples proton flow to phosphorylation of ADP.



Oxidative Phosphorilation

1. Electron-Transfer Reactions in 
Mitochondria



Mitochondria, like gram-negative bacteria, have two 
membranes. 

The outer mitochondrial membrane is readily permeable to 
small molecules (Mr < 5,000) and ions, which move 
freely through transmembrane channels formed by a 
family of integral membrane proteins called porins. 

The inner membrane is impermeable to most small 
molecules and ions, including protons (H+).

The only species that cross this membrane do so through 
specific transporters.



Biochemical anatomy of a 
mitochondrion

The convolutions (cristae) of the 
inner membrane provide a very 
large surface area. 

The inner membrane of a single 
liver mitochondrion may have 
more than 10,000 sets of 
electron-transfer systems (respi-
ratory chains) and ATP synthase
molecules, distributed over the 
membrane surface.



Heart mitochondria, which have 
more profuse cristae and thus a 
much larger area of inner 
membrane, contain more than three 
times as many sets of electron-
transfer systems as liver 
mitochondria. 

The mitochondrial pool of 
coenzymes and intermediates is 
functionally separate from the 
cytosolic pool. 

The mitochondria of invertebrates, 
plants, and microbial eukaryotes 
are similar to those shown here, but 
with much variation in size, shape, 
and degree of convolution of the 
inner membrane.



The mitochondrial matrix, enclosed by the inner 
membrane, contains the pyruvate dehydrogenase
complex and the enzymes of the citric acid cycle, the 
fatty acid -oxidation pathway, and the pathways of 
amino acid oxidation − all the pathways of fuel oxidation 
except glycolysis, which takes place in the cytosol. 

The selectively permeable inner membrane segregates the 
intermediates and enzymes of cytosolic metabolic 
pathways from those of metabolic processes occurring in 
the matrix.

ADP and Pi are specifically transported into the matrix as 
newly synthesized ATP is transported out.



Electrons are funnelled to universal electron acceptors

Oxidative phosphorylation begins with the entry of 
electrons into the respiratory chain. 

Most of these electrons arise from the action of 
dehydrogenases that collect electrons from catabolic 
pathways and funnel them into universal electron 
acceptors − nicotinamide nucleotides (NAD+ or NADP+) 
or flavin nucleotides (FMN or FAD).



Nicotinamide nucleotide-linked dehydrogenases
catalyze reversible reactions of the following general 
types:

reduced substrate + NAD+

oxidized substrate + NADH + H+

reduced substrate + NADP+

oxidized substrate + NADPH + H+

Most dehydrogenases that act in catabolism are specific for 
NAD+ as electron acceptor.



Some important reactions catalyzed by NAD(P)H-linked dehydrogenases

†M designates mitochondria; C, cytosol.



NAD-linked dehydrogenases remove two hydrogen atoms 
from their substrates. 

One of these is transferred as a hydride ion (:H–) to NAD+; 
the other is released as H+ in the medium. 

NADH and NADPH are water-soluble electron carriers 
that associate reversibly with dehydrogenases. 

NADH carries electrons from catabolic reactions to their 
point of entry into the respiratory chain.

NADPH generally supplies electrons to anabolic reactions. 

Cells maintain separate pools of NADPH and NADH, with 
different redox potentials.



Flavoproteins contain a very tightly, sometimes 
covalently, bound flavin nucleotide, either FMN or FAD.

The oxidized flavin nucleotide can accept either one 
electron or two (yielding FADH2 or FMNH2).

The flavin nucleotide should be considered part of the 
flavoprotein’s active site rather than a reactant or product 
in the electron-transfer reaction. 

Flavoproteins can participate in either one- or two-electron 
transfers.



Electrons pass through a series of membrane-bound 
carriers

The mitochondrial respiratory chain consists of a series of 
sequentially acting electron carriers, most of which 
are integral proteins with prosthetic groups capable 
of accepting and donating either one or two 
electrons.

Three types of electron transfers occur in oxidative 
phosphorylation: 

1. direct transfer of electrons, as in the reduction of Fe3+ to 
Fe2+;

2. transfer as a hydrogen atom (H+ + e−); 

3. transfer as a hydride ion (:H–), which bears two electrons.



Three other types of electron-carrying molecules function in 
the respiratory chain: a hydrophobic quinone (ubiquinone) 
and two different types of iron-containing proteins 
(cytochromes and iron-sulfur proteins). 

Ubiquinone (called coenzyme Q):
It is a lipid-soluble benzoquinone with a long isoprenoid side 

chain.
Ubiquinone can accept one electron to become the semiquinone

radical (·QH) or two electrons to form ubiquinol (QH2) and, like 
flavoprotein carriers, it can act at the junction between a two-
electron donor and a one-electron acceptor. 

Because ubiquinone is both small and hydrophobic, it is freely 
diffusible within the lipid bilayer of the inner mitochondrial 
membrane, can shuttle reducing equivalents between other, less 
mobile electron carriers in the membrane.



Ubiquinone
(Q, or coenzyme Q) 

Complete reduction of 
ubiquinone requires two 
electrons and two pro-
tons, and occurs in two 
steps through the semi-
quinone radical interme-
diate.



Cytochromes:

They are proteins with characteristic strong absorption of 
visible light, due to their ironcontaining heme prosthetic 
groups.

Mitochondria contain three classes of cytochromes, 
designated a, b, and c, which are distinguished by 
differences in their light-absorption spectra. 

Each type of cytochrome in its reduced (Fe2+) state has three 
absorption bands in the visible range.



The longest-wavelength band is near 600 nm in type a 
cytochromes, near 560 nm in type b, and near 550 nm in 
type c.

The heme cofactors of a and b cytochromes are tightly, but 
not covalently, bound to their associated proteins; the hemes
of c-type cytochromes are covalently attached through Cys
residues.

The standard reduction potential of the heme iron atom of a 
cytochrome depends on its interaction with protein side 
chains and is therefore different for each cytochrome.



Prosthetic groups of cytochromes

Each group consists of four five-membered, nitrogen-containing rings in a cyclic 
structure called a porphyrin.

The four nitrogen atoms are coordinated with a central Fe ion, either Fe2+ or Fe3+.

Iron protoporphyrin IX is found in b-type cytochromes and in hemoglobin and 
myoglobin.



Heme c is covalently bound to the protein of cytochrome c through thioether bonds to 
two Cys residues.

Heme a, found in the a-type cytochromes, has a long isoprenoid tail attached to one of 
the five-membered rings. 

The conjugated double-bond system (shaded pink) of the porphyrin ring accounts for 
the absorption of visible light by these hemes.



Absorption spectra of 
cytochrome c (cyt c) in its 
oxidized (red) and reduced 
(blue) forms. 

Also labeled are the 
characteristic , , and 
bands of the reduced form.



In the overall reaction electrons move from NADH, 
succinate, or some other primary electron donor through 
flavoproteins, ubiquinone, iron-sulfur proteins, and 
cytochromes, and finally to O2.

First, the standard reduction potentials of the individual 
electron carriers have been determined experimentally.

We would expect the carriers to function in order of 
increasing reduction potential, because electrons tend to 
flow spontaneously from carriers of lower E’° to carriers 
of higher E’°. 

The order of carriers deduced by this method is NADH →
Q → cytochrome b → cytochrome c1 → cytochrome c 
→ cytochrome a → cytochrome a3 → O2.



Standard reduction potentials of respiratory chain and related electron carriers



The order of standard reduction potentials is not necessarily the same 
as the order of actual reduction potentials under cellular conditions.

A second method for determining the sequence of electron carriers 
involves reducing the entire chain of carriers experimentally by 
providing an electron source but no electron acceptor (no O2).

This method measures 
the effects of inhibitors 
of electron transfer on 
the oxidation state of 
each carrier.

In the presence of an 
electron donor and O2, 
each inhibitor causes a  
characteristic pattern 
of oxidized/reduced
carriers: those before the block become reduced (blue), and those after the block 
become oxidized (pink).

Method for determining the sequence of electron carriers.



Electron carriers function in multienzyme complexes
The electron carriers of the respiratory chain are organized 

into membrane-embedded supramolecular complexes that 
can be physically separated. 

Gentle treatment of the inner mitochondrial membrane with 
detergents allows the resolution of four unique 
electroncarrier complexes, each capable of catalyzing 
electron transfer through a portion of the chain.

Complexes I and II catalyze electron transfer to ubiquinone
from two different electron donors: NADH (Complex I) 
and succinate (Complex II). 

Complex III carries electrons from reduced ubiquinone to 
cytochrome c, and Complex IV completes the sequence by 
transferring electrons from cytochrome c to O2.



The protein components of the mitochondrial electron-transfer chain

†Cytochrome c is not part of an enzyme complex; it moves between Complexes III and IV as a 
freely soluble protein.



Treatment with digitonin

Osmotic repture

Inner membrane 
fragments

Outer membrane 
fragment discarded

ATP 
synthase

Solubilization with detergent followed by ion-
exchange chromatography

Separation of functional 
complexes of the respiratory 

chain 

The outer mitochondrial mem-
brane is first removed by 
treatment with the detergent 
digitonin. 

Fragments of inner membrane are 
then obtained by osmotic 
rupture of the mitochondria, 
and the fragments are gently 
dissolved in a second detergent.

The resulting mixture of inner 
membrane proteins is resolved 
by ion-exchange chromatogra-
phy into different complexes (I 
through IV) of the respiratory 
chain.



Solubilization with detergent followed by ion-
exchange chromatography

I
I II III IV ATP 

synthase

NADH Q
succinate Q

Q Cyt c
Cyt c O2

ATP ADP 
+ Pi

Each complexes with its 
unique protein composition, 
and the enzyme ATP 
synthase. 

The isolated Complexes I 
through IV catalyze 
transfers between donors 
(NADH and succinate), 
intermediate carriers and O2, 
as shown.

In vitro, isolated ATP 
synthase has only ATP-
hydrolyzing, not ATP-
synthesizing, activity.



Complex I: NADH to Ubiquinone:

Complex I, also called NADH:ubiquinone oxidoreductase
or NADH dehydrogenase, is a large enzyme composed of 
42 different polypeptide chains, including an FMN-
containing flavoprotein and at least six iron-sulfur centres.

Complex I catalyzes two simultaneous and obligately coupled 
processes: (1) the exergonic transfer to ubiquinone of a 
hydride ion from NADH and a proton from the matrix, 
expressed by

NADH + H+ + Q → NAD+ + QH2

and (2) the endergonic transfer of four protons from the 
matrix to the intermembrane space.



Path of electrons from NADH, succinate, fatty acyl–CoA, and glycerol 3-
phosphate to ubiquinone

Electrons from NADH 
pass through a flavo-
protein to a series of iron-
sulfur proteins (in 
Complex I) and then to 
Q. 

Electrons from succinate
pass through a flavo-
protein and several Fe-S 
centres (in Complex II) 
on the way to Q. 



Glycerol 3-phosphate dona-
tes electrons to a flavo-
protein (glycerol 3-
phosphate dehydrogenase) 
on the outer face of the 
inner mitochondrial mem-
brane, from which they 
pass to Q. 

Acyl-CoA dehydrogenase
(the first enzyme of 
oxidation) transfers elec-
trons to electron-trans-
ferring flavoprotein (ETF), 
from which they pass to Q 
via ETF: ubiquinone oxido-
reductase.



NADH: ubiquinone oxidoreductase
(Complex I)

Complex I catalyzes the transfer 
of a hydride ion from NADH to 
FMN, from which two 
electrons pass through a series 
of Fe-S centres to the iron-
sulfur protein N-2 in the matrix 
arm of the complex. 

Electron transfer from N-2 to 
ubiquinone on the membrane 
arm forms QH2, which diffuses 
into the lipid bilayer.

This electron transfer also drives 
the expulsion from the matrix 
of four protons per pair of 
electrons.

The detailed mechanism that couples electron and proton transfer in Complex I is not 
yet known.

Proton flux produces an electrochemical potential across the inner mitochondrial 
membrane (N side negative, P side positive), which conserves some of the energy 
released by the electron-transfer reactions. 

This electrochemical potential drives ATP synthesis.



Complex I is a proton pump driven by the energy of electron 
transfer, and the reaction it catalyzes is vectorial.

It moves protons in a specific direction from one location (the 
matrix, which becomes negatively charged with the 
departure of protons) to another (the intermembrane space, 
which becomes positively charged).

The location of the protons: P for the positive side of the inner 
membrane (the intermembrane space), N for the negative 
side (the matrix):

NADH + 5 HN + Q → NAD+ + QH2 + 4 HP

Ubiquinol (QH2, the fully reduced form) diffuses in the inner 
mitochondrial membrane from Complex I to Complex III, 
where it is oxidized to Q.

+ +



Complex II: Succinate to Ubiquinone:

Complex II, succinate dehydrogenase, the only membrane-
bound enzyme in the citric acid cycle, it contains five 
prosthetic groups of two types and four different protein 
subunits.

Other substrates for mitochondrial dehydrogenases pass 
electrons into the respiratory chain at the level of 
ubiquinone, but not through Complex II.



Structure of Complex II (succinate
dehydrogenase)

The enzyme has two transmembrane
subunits, C (green) and D (blue).

The cytoplasmic extensions contain 
subunits B (orange) and A (purple). 

Just behind the FAD in subunit A 
(gold) is the binding site for 
succinate (occupied in this crystal 
structure by the inhibitor 
oxaloacetate, green). 

Subunit B has three sets of Fe-S 
centres (yellow and red); ubiquinone
(yellow) is bound to subunit C; and 
heme b (purple) is sandwiched 
between subunits C and D.

Electrons move (blue arrows) from 
succinate to FAD, then through the 
three Fe-S centres to ubiquinone.



Complex III: Ubiquinone to Cytochrome c:

Complex III, also called cytochrome bc1 complex or 
ubiquinone:cytochrome c oxidoreductase, couples the 
transfer of electrons from ubiquinol (QH2) to 
cytochrome c with the vectorial transport of protons 
from the matrix to the intermembrane space.

The net equation for the redox reactions of this Q cycle is 

QH2 + 2 cyt c1(oxidized) + 2 HN

Q + 2 cyt c1(reduced) + 4 HP
+

+



Complex IV: Cytochrome c to O2:

In the final step of the respiratory chain, Complex IV, also 
called cytochrome oxidase, carries electrons from 
cytochrome c to molecular oxygen, reducing it to H2O.

Complex IV is a large enzyme (13 subunits; Mr 204,000) of 
the inner mitochondrial membrane.

The overall reaction catalyzed by Complex IV is

4 cyt c (reduced) + 8 HN + O2

4 cyt c (oxidized) + 4 HP + 2 H2O

+

+



The energy of electron transfer is efficiently conserved 
in a proton gradient

The transfer of two electrons from NADH through the 
respiratory chain to molecular oxygen:

NADH + H+ + ½ O2 NAD+ + H2O
This net reaction is highly exergonic. 
For the redox pair NAD+/NADH, E’° is −0.320 V, and for 

the pair O2/H2O, E’° is 0.816 V. 
The ΔE’° for this reaction is therefore 1.14 V, and the 

standard free-energy change is
ΔG’° = −nFΔE’°

= − 2 (96.5 kJ/V·mol) (1.14 V)
= − 220 kJ/ mol (of NADH).



In actively respiring mitochondria the real free-energy 
change is substantially greater (more negative) than −220 
kJ/mol.

Much of this energy is used to pump protons out of the 
matrix. 

For each pair of electrons transferred to O2, four protons 
are pumped out by Complex I, four by Complex III, and 
two by Complex IV.

The vectorial equation for the process is

NADH + 11 HN + ½ O2 NAD+ + 10 HP + H2O
+ +



Summary of the flow of electrons and protons through the four 
complexes of the respiratory chain. 

Electrons reach Q through Complexes I and II. 
QH2 serves as a mobile carrier of electrons and protons. 
It passes electrons to Complex III, which passes them to another mobile 

connecting link, cytochrome c. 
Complex IV then transfers electrons from reduced cytochrome c to O2. 
Electron flow through Complexes I, III, and IV is accompanied by proton 

flow from the matrix to the intermembrane space.



The energy stored in such a gradient, termed the proton-
motive force, has two components:

1. The chemical potential energy due to the difference in 
concentration of a chemical species (H+) in the two 
regions separated by the membrane. 

2. The electrical potential energy that results from the 
separation of charge when a proton moves across the 
membrane without a counterion.



Proton-motive force
The inner mitochondrial membrane 

separates two compartments of 
different [H+], resulting in differences 
in chemical concentration (ΔpH) and 
charge distribution (ΔΨ) across the 
membrane. 

The net effect is the proton-motive force 
(ΔG), which can be calculated.









 ZF

C
ClnRTG

1

2

ΔG = 2.3 RT ΔpH + FΔΨ

C2 and C1 are the 
concentrations of an ion in 
two regions, and C2 > C1.

Z is the absolute value of its 
electrical charge (1 for a 
proton).

ΔΨ is the transmembrane
difference in electrical poten-
tial, measured in volts.



Because the transfer of two electrons from NADH to O2 is 
accompanied by the outward pumping of 10 H+, roughly 
200 kJ of the 220 kJ released by oxidation of a mole of 
NADH is conserved in the proton gradient.

When protons flow spontaneously down their electro-
chemical gradient, energy is made available to do work.

The electrochemical energy in the proton gradient drives 
the synthesis of ATP from ADP and Pi.



Summary for „Electron-Transfer Reactions in 
Mitochondria” I.

• Chemiosmotic theory provides the intellectual framework 
for understanding many biological energy transductions, 
including oxidative phosphorylation and photo-
phosphorylation. The mechanism of energy coupling is 
similar in both cases: the energy of electron flow is 
conserved by the concomitant pumping of protons across 
the membrane, producing an electrochemical gradient, 
the proton-motive force.

• In mitochondria, hydride ions removed from substrates by 
NAD-linked dehydrogenases donate electrons to the 
respiratory (electron-transfer) chain, which transfers the 
electrons to molecular O2, reducing it to H2O.



• Shuttle systems convey reducing equivalents from cytosolic
NADH to mitochondrial NADH. Reducing equivalents 
from all NAD-linked dehydrogenations are transferred to 
mitochondrial NADH dehydrogenase (Complex I).

• Reducing equivalents are then passed through a series of Fe-S 
centres to ubiquinone, which transfers the electrons to 
cytochrome b, the first carrier in Complex III. The Fe-S 
centre passes electrons, one at a time, through cytochrome
c into Complex IV, cytochrome oxidase. Complex IV, 
cytochrome oxidase. This copper-containing enzyme, 
which also contains cytochromes a and a3, accumulates 
electrons, then passes them to O2, reducing it to H2O.

Summary for „Electron-Transfer Reactions in 
Mitochondria” II.



2. ATP Synthesis



Electron transfer releases, and the proton-motive force 
conserves, more than enough free energy (about 200 kJ) 
per “mole” of electron pairs to drive the formation of a 
mole of ATP, which requires about 50 kJ.

What is the chemical mechanism that couples proton flux 
with phosphorylation?

According to the chemiosmotic model, the electrochemical 
energy inherent in the difference in proton concentration, 
and separation of charge across the inner mitochondrial 
membrane, drives the synthesis of ATP, as protons flow 
passively back into the matrix through a proton pore 
associated with ATP synthase.



The equation for ATP synthesis is sometimes written 

ADP + Pi + n HP → ATP + H2O + n HN

When isolated mitochondria are suspended in a buffer 
containing ADP, Pi, and an oxidizable substrate such as 
succinate, three easily measured processes occur: 

– the substrate is oxidized (succinate yields fumarate), 

– O2 is consumed, 

– ATP is synthesized.

+ +



Chemiosmotic model

In this simple represen-
tation of the chemiosmo-
tic theory applied to 
mitochondria, electrons 
from NADH and other 
oxidizable substrates 
pass through a chain of 
carriers arranged asym-
metrically in the inner 
membrane.

Electron flow is accompanied by proton transfer across the membrane, producing both a 
chemical gradient (ΔpH) and an electrical gradient (ΔΨ).

The inner mitochondrial membrane is impermeable to protons; protons can re-enter the 
matrix only through proton-specific channels (Fo).

The proton-motive force that drives protons back into the matrix provides the energy 
for ATP synthesis, catalyzed by the F1 complex associated with Fo.



Chemiosmotic theory readily explains the dependence of 
electron transfer on ATP synthesis in mitochondria.

When the flow of protons into the matrix through the proton 
channel of ATP synthase is blocked, no path exists for the 
return of protons to the matrix, and the continued extrusion 
of protons driven by the activity of the respiratory chain 
generates a large proton gradient. 

The proton-motive force builds up until the cost (free energy) 
of pumping protons out of the matrix against this gradient 
equals or exceeds the energy released by the transfer of 
electrons from NADH to O2. 

At this point electron flow must stop; the free energy for the 
overall process of electron flow coupled to proton pumping 
becomes zero, and the system is at equilibrium.



A prediction of the chemiosmotic theory is that, because 
the role of electron transfer in mitochondrial ATP 
synthesis is simply to pump protons to create the 
electrochemical otential of the proton-motive force, an 
artificially created proton gradient should be able to 
replace electron transfer in driving ATP synthesis.

This has been experimentally confirmed. 

Mitochondria manipulated so, as to impose a difference of 
proton concentration, and a separation of charge across 
the inner membrane synthesize ATP in the absence of an 
oxidizable substrate; the proton-motive force alone 
suffices to drive ATP synthesis.



ATP synthase has two functional domains, Fo and F1

Mitochondrial ATP synthase is an F-type ATPase.

This large enzyme complex of the inner mitochondrial 
membrane, catalyzes the formation of ATP from ADP 
and Pi, accompanied by the flow of protons from the P to 
the N side of the membrane.

ATP synthase, also called Complex V, has two distinct 
components: F1, a peripheral membrane protein, and Fo

(o denoting oligomycin-sensitive), which is integral to 
the membrane.



The proton-motive force energizes active transport

The primary role of the proton gradient in mitochondria is 
to furnish energy for the synthesis of ATP, the proton-
motive force also drives several transport processes 
essential to oxidative phosphorylation. 

The inner mitochondrial membrane is generally 
impermeable to charged species, but two specific 
systems transport ADP and Pi into the matrix and ATP 
out to the cytosol.



Adenine nucleotide and phosphate 
translocases

Transport systems of the inner
mitochondrial membrane carry 
ADP and Pi into the matrix and 
newly synthesized ATP into the 
cytosol.

The adenine nucleotide translocase
is an antiporter; the same protein
moves ADP into the matrix and 
ATP out.

The effect of replacing ATP4−

with ADP3− is the net efflux of one
negative charge, which is favoured
by the charge difference across the 
inner membrane (outside positive).

At pH 7, Pi is present as both 
HPO2− and H2PO4; the phosphate
translocase is specific for H2PO4.

4
−

−



Adenine nucleotide and phosphate 
translocases

There is no net flow of charge 
during symport of H2PO4 and 
H+, but the relatively low 
proton concentration in the 
matrix favours the inward 
movement of H+.

Thus the proton-motive force is 
responsible both for providing 
the energy for ATP synthesis 
and for transporting substrates 
(ADP and Pi) in and product 
(ATP) out of the mitochondrial 
matrix.

−



The adenine nucleotide translocase, integral to the inner 
membrane, binds ADP3− in the intermembrane space, and 
transports it into the matrix in exchange for an ATP4−

molecule simultaneously transported outward.
Because this antiporter moves four negative charges out for 

every three moved in, its activity is favoured by the 
transmembrane electrochemical gradient, which gives the 
matrix a net negative charge; the proton-motive force drives 
ATP-ADP exchange.

A second membrane transport system essential to oxidative 
phosphorylation is the phosphate translocase, which 
promotes symport of one H2PO4 and one H+ into the matrix. 

This transport process is favoured by the transmembrane
proton gradient.

–



Shuttle systems indirectly convey cytosolic NADH into 
mitochondria for oxidation

The inner membrane is not permeable to NADH, how can 
the NADH generated by glycolysis in the cytosol be 
reoxidized to NAD+ by O2 via the respiratory chain? 

Special shuttle systems carry reducing equivalents from 
cytosolic NADH into mitochondria by an indirect route. 

The most active NADH shuttle, which functions in liver, 
kidney, and heart mitochondria, is the malate-aspartate
shuttle.



Malate-aspartate shuttle
This shuttle for transporting reducing equivalents from cytosolic NADH into the 

mitochondrial matrix is used in liver, kidney, and heart. 
(1) NADH in the cytosol (intermembrane space) passes two reducing equivalents to 

oxaloacetate, producing malate.



Malate-aspartate shuttle
(2) Malate crosses the inner membrane via the malate-α-ketoglutarate transporter. 
(3) In the matrix, malate passes two reducing equivalents to NAD+, and the resulting 

NADH is oxidized by the respiratory chain. 
The oxaloacetate formed from malate cannot pass directly into the cytosol.



Malate-aspartate shuttle

(4) It is first transaminated to aspartate, which (5) can leave via the glutamate-
aspartate transporter.

(6) Oxaloacetate is regenerated in the cytosol, completing the cycle.



The reducing equivalents of cytosolic NADH are first 
transferred to cytosolic oxaloacetate to yield malate, 
catalyzed by cytosolic malate dehydrogenase.

The malate thus formed passes through the inner 
membrane via the malate--ketoglutarate transporter.

Within the matrix the reducing equivalents are passed to 
NAD+ by the action of matrix malate dehydrogenase, 
forming NADH; this NADH can pass electrons directly 
to the respiratory chain. 

About 2.5 molecules of ATP are generated as this pair of 
electrons passes to O2. 



Cytosolic oxaloacetate must be regenerated by 
transamination reactions and the activity of membrane 
transporters to start another cycle of the shuttle.

Skeletal muscle and brain use a different NADH shuttle, 
the glycerol 3-phosphate shuttle.

It differs from the malate-aspartate shuttle in that it 
delivers the reducing equivalents from NADH to 
ubiquinone and thus into Complex III, not Complex I, 
providing only enough energy to synthesize 1.5 ATP 
molecules per pair of electrons.



Glycerol 3-phosphate shuttle
This alternative means of moving 

reducing equivalents from the 
cytosol to the mitochondrial 
matrix operates in skeletal 
muscle and the brain. 

In the cytosol, dihydroxyacetone
phosphate accepts two reducing 
equivalents from NADH in a 
reaction catalyzed by cytosolic
glycerol 3-phosphate dehydroge-
nase.

An isozyme of glycerol 3-
phosphate dehydrogenase bound 
to the outer face of the inner 
membrane, then transfers two 
reducing equivalents from glyce-
rol 3-phosphate in the inter-
membrane space to ubiquinone.



Summary for „ATP synthesis” I.

• The flow of electrons through Complexes I, III, and IV 
results in pumping of protons across the inner 
mitochondrial membrane, making the matrix alkaline 
relative to the intermembrane space. This proton 
gradient provides the energy (in the form of the proton-
motive force) for ATP synthesis from ADP and Pi by 
ATP synthase (FoF1 complex) in the inner membrane.

• ATP formation on the enzyme requires little energy; the 
role of the proton-motive force is to push ATP from its 
binding site on the synthase.



• The inner mitochondrial membrane is impermeable to 
NADH and NAD+, but NADH equivalents are moved 
from the cytosol to the matrix by either of two shuttles. 
NADH equivalents moved in by the malate-aspartate
shuttle enter the respiratory chain at Complex I and 
yield a P/O ratio of 2.5; those moved in by the glycerol 
3-phosphate shuttle enter at CoQ and give a P/O ratio 
of 1.5.

Summary for „ATP synthesis” II.



3. Regulation of Oxidative 
Phosphorilation



Oxidative phosphorylation produces most of the ATP 
made in aerobic cells. 

Complete oxidation of a molecule of glucose to CO2 yields 
30 or 32 ATP.

ATP yield from complete oxidation of glucose



By comparison, glycolysis under anaerobic conditions 
(lactate fermentation) yields only 2 ATP per glucose.

The evolution of oxidative phosphorylation provided a 
tremendous increase in the energy efficiency of 
catabolism. 

Complete oxidation to CO2 of the coenzyme A derivative 
of palmitate (16:0), which also occurs in the 
mitochondrial matrix, yields 108 ATP per palmitoyl-
CoA. 

A similar calculation can be made for the ATP yield from 
oxidation of each of the amino acids.



Oxidative phosphorylation is regulated by cellular 
energy needs

The rate of respiration (O2 consumption) in mitochondria 
is tightly regulated; it is generally limited by the 
availability of ADP as a substrate for phosphorylation.

Dependence of the rate of O2 consumption on the 
availability of the Pi acceptor ADP, the acceptor control 
of respiration, can be remarkable.

The intracellular concentration of ADP is one measure of 
the energy status of cells. Another, related measure is the 
mass-action ratio of the ATP-ADP system, 
[ATP]/([ADP][Pi]).

Normally this ratio is very high, so the ATP-ADP system 
is almost fully phosphorylated.



When the rate of some energy-requiring process increases, 
the rate of breakdown of ATP to ADP and Pi increases, 
lowering the mass-action ratio. 

With more ADP available for oxidative phosphorylation, the 
rate of respiration increases, causing regeneration of ATP. 

This continues until the mass-action ratio returns to its 
normal high level, at which point respiration slows again. 

The rate of oxidation of cellular fuels is regulated with such 
sensitivity and precision that the [ATP]/([ADP][Pi]) ratio 
fluctuates only slightly in most tissues, even during 
extreme variations in energy demand. 

In short, ATP is formed only as fast as it is used in energy-
requiring cellular activities.



ATP-producing pathways are coordinately regulated

The major catabolic pathways have interlocking and 
concerted regulatory mechanisms, that allow them to 
function together, in an economical and self-regulating 
manner, to produce ATP and biosynthetic precursors.

The relative concentrations of ATP and ADP control not 
only the rates of electron transfer and oxidative 
phosphorylation, but also the rates of the citric acid 
cycle, pyruvate oxidation, and glycolysis.



Regulation of the ATP-
producing pathways 

This and the following diagrams 
shows the interlocking regu-
lation of glycolysis, pyruvate
oxidation, the citric acid cycle, 
and oxidative phosphorylation
by the relative concentrations 
of ATP, ADP, and AMP, and 
by NADH. High [ATP] (or 
low [ADP] and [AMP]) 
produces low rates of glyco-
lysis, pyruvate oxidation, 
acetate oxidation via the citric 
acid cycle, and oxidative 
phosphorylation. 



All four pathways are accelerated 
when the use of ATP and the 
formation of ADP, AMP, and Pi
increase. 

The interlocking of glycolysis and 
the citric acid cycle by citrate, 
which inhibits glycolysis, 
supplements the action of the 
adenine nucleotide system. 

In addition, increased levels of 
NADH and acetyl-CoA also 
inhibit the oxidation of pyruvate
to acetyl-CoA, and a high 
[NADH]/[NAD+] ratio inhibits 
the dehydrogenase reactions of 
the citric acid cycle.



Whenever ATP consumption increases, the rate of electron 
transfer and oxidative phosphorylation increases. 

Simultaneously, the rate of pyruvate oxidation via the citric 
acid cycle increases, increasing the flow of electrons into 
the respiratory chain.

When conversion of ADP to ATP lowers the ADP 
concentration, acceptor control slows electron transfer 
and thus oxidative phosphorylation.

Glycolysis and the citric acid cycle are also slowed, 
because ATP is an allosteric inhibitor of the glycolytic
enzyme phosphofructokinase-1, and of pyruvate
dehydrogenase.



Summary for „Regulation of oxidative phosphorylation”

• Oxidative phosphorylation is regulated by cellular energy 
demands. The intracellular [ADP] and the mass-action 
ratio [ATP]/([ADP][Pi]) are measures of a cell’s 
energy status.

• ATP and ADP concentrations set the rate of electron 
transfer through the respiratory chain, via a series of 
interlocking controls on respiration, glycolysis, and the 
citric acid cycle.



Photosynthesis: 
Harvesting light energy



The capture of solar energy by photosynthetic organisms 
and its conversion to the chemical energy of reduced 
organic compounds is the ultimate source of nearly all 
biological energy.

Photosynthetic organisms trap solar energy and form ATP 
and NADPH, which they use as energy sources to make 
carbohydrates and other organic compounds from CO2
and H2O; simultaneously, they release O2 into the 
atmosphere.

Aerobic heterotrophs use the O2 so formed to degrade the 
energy-rich organic products of photosynthesis to CO2
and H2O, generating ATP. 



Solar energy as the ultimate 
source of all biological energy

Photosynthetic organisms use the 
energy of sunlight to manufacture 
glucose and other organic 
products, which heterotrophic 
cells use as energy and carbon 
sources.



The CO2 returns to the atmosphere, to be used again by 
photosynthetic organisms. 

Solar energy thus provides the driving force for the 
continuous cycling of CO2 and O2 through the biosphere 
and provides the reduced substrates on which nonpho-
tosynthetic organisms depend.

The overall equation for photosynthesis in vascular plants 
describes an oxidation-reduction reaction in which H2O 
donates electrons (as hydrogen) for the reduction of CO2
to carbohydrate (CH2O):

CO2 + H2O O2 + (CH2O)light



4. General Features of 
Photophosphorylation



NADH the major electron donor in oxidative 
phosphorylation, H2O is a poor donor of electrons; its 
standard reduction potential is 0.816 V, compared with 
0.320 V for NADH.

In photophosphorylation, electrons flow through a series of 
membrane-bound carriers including cytochromes, 
quinones, and iron-sulfur proteins, while protons are 
pumped across a membrane to create an electrochemical 
potential. 

Electron transfer and proton pumping are catalyzed by 
membrane complexes homologous in structure and 
function to Complex III of mitochondria. 



The electrochemical potential they produce is the driving 
force for ATP synthesis from ADP and Pi, catalyzed by a 
membrane-bound ATP synthase complex closely similar to 
that of oxidative phosphorylation.

Photosynthesis in plants encompasses two processes: the 
light-dependent reactions, or light reactions, which 
occur only when plants are illuminated, and the carbon-
assimilation reactions (or carbon-fixation reactions).

In the light reactions, chlorophyll and other pigments of 
photosynthetic cells absorb light energy and conserve it as 
ATP and NADPH; simultaneously, O2 is evolved. 

In the carbon-assimilation reactions, ATP and NADPH are 
used to reduce CO2 to form triose phosphates, starch, and 
sucrose, and other products derived from them.



The light reactions of photosynthesis 
generate energy-rich NADPH and 
ATP at the expense of solar energy

These products are used in the carbon-
assimilation reactions, which occur in 
light or darkness, to reduce CO2 to 
form trioses and more complex 
compounds (such as glucose) derived 
from trioses.



Photosynthesis in plants takes place in chloroplasts

In photosynthetic eukaryotic cells, both the light-dependent 
and the carbon-assimilation reactions take place in the 
chloroplasts, membrane-bounded intracellular organelles 
that are variable in shape and generally a few 
micrometers in diameter. 

They are surrounded by two membranes, an outer 
membrane that is permeable to small molecules and ions, 
and an inner membrane that encloses the internal 
compartment. 

This compartment contains many flattened, membrane-
surrounded vesicles or sacs, the thylakoids, usually 
arranged in stacks called grana.



Embedded in the thylakoid membranes are the 
photosynthetic pigments and the enzyme complexes 
that carry out the light reactions and ATP synthesis. 

The stroma (the aqueous phase enclosed by the inner 
membrane) contains most of the enzymes required 
for the carbon-assimilation reactions.

(a) Schematic diagram. 
(b) Electron micrograph at high magnification 

showing grana, stacks of thylakoid membranes.

(b)

Cloroplast



Light drives electron flow in chloroplasts

Hill found that when leaf extracts containing chloroplasts 
were illuminated, they (1) evolved O2 and (2) reduced a 
nonbiological electron acceptor added to the medium, 
according to the Hill reaction:

2 H2O + 2 A 2 AH2 + O2

where A is the artificial electron acceptor, or Hill 
reagent. 

One Hill reagent, the dye 2,6-dichlorophenolindophenol, is 
blue when oxidized (A) and colourless when reduced 
(AH2), making the reaction easy to follow.

light



When a leaf extract supplemented with the dye was 
illuminated, the blue dye became colourless and O2 was 
evolved. 

In the dark, neither O2 evolution nor dye reduction took 
place. 

This was the first evidence that absorbed light energy 
causes electrons to flow from H2O to an electron 
acceptor.

Several years later Ochoa showed that NADP+ is the 
biological electron acceptor in chloroplasts, according to 
the equation.



Summary for „General Features of Photophosphorylation”

• The light reactions of photosynthesis takes electrons from 
H2O and drives them through a series of membrane-
bound carriers, producing NADPH and ATP.

• The carbon-assimilation reactions of photosynthesis 
reduce CO2 with electrons from NADPH and energy 
from ATP.



5. Light Absorption



Visible light is electromagnetic radiation of wavelengths 400 
to 700 nm, a small part of the electromagnetic spectrum, 
ranging from violet to red. 

The energy of a single photon (a quantum of light) is greater 
at the violet end of the spectrum than at the red end; shorter 
wavelength (and higher frequency) corresponds to higher 
energy. 

The energy, E, in a “mole” of photons (1 einstein, or 
6 × 1023 photons) of visible light is 170 to 300 kJ, as given 
by the Planck equation:

E = h

where h is Planck’s constant (6.626 × 10−34 J·s) and  is the 
wavelength.



Electromagnetic radiation

The spectrum of electromagnetic radiation, and the energy of 
photons in the visible range of the spectrum. 



These amounts of energy are almost an order of magnitude 
greater than the 30 to 50 kJ required to synthesize a mole of 
ATP from ADP and Pi.

When a photon is absorbed, an electron in the absorbing 
molecule (chromophore) is lifted to a higher energy level.

This is an all-or-nothing event; to be absorbed, the photon must 
contain a quantity of energy (a quantum) that exactly matches 
the energy of the electronic transition.

A molecule that has absorbed a photon is in an excited state, 
which is generally unstable. 

An electron lifted into a higher-energy orbital usually returns 
rapidly to its normal lower-energy orbital; the excited molecule 
decays to the stable ground state, giving up the absorbed 
quantum as light or heat or using it to do chemical work.



Chlorophylls absorb light energy for photosynthesis

The most important light-absorbing pigments in the 
thylakoid membranes are the chlorophylls, green 
pigments with polycyclic, planar structures resembling 
the protoporphyrin of hemoglobin, except that Mg2+, not 
Fe2+, occupies the central position.

All chlorophylls have a long phytol side chain, esterified
to a carboxyl-group substituent in ring IV, and 
chlorophylls also have a fifth five-membered ring not 
present in heme.



Chloroplasts always contain both chlorophyll a and 
chlorophyll b. 

Although both are green, their absorption spectra are 
sufficiently different, they complement each other’s 
range of light absorption in the visible region. 

Most plants contain about twice as much chlorophyll a as 
chlorophyll b.

Chlorophyll is always associated with specific binding 
proteins, forming light-harvesting complexes in which 
chlorophyll molecules are fixed in relation to each other, 
to other protein complexes, and to the membrane.



Primary and secondary photopigments I.

Chlorophylls a and b and bacteriochlorophyll are the primary gatherers 
of light energy.



Primary and secondary photopigments II.

-Carotene (a carotenoid) and lutein (a xanthophyll) are accessory 
pigments in plants. 

The areas shaded pink are the conjugated systems (alternating single and 
double bonds) that largely account for the absorption of visible light.



Absorption of visible light 
by photopigments

Plants are green because their pigments absorb light from the red and blue regions of 
the spectrum, leaving primarily green light to be reflected or transmitted.

Compare the absorption spectra of the pigments with the spectrum of sunlight 
reaching the earth’s surface.

The combination of chlorophylls (a and b) and accessory pigments enables plants to 
harvest most of the energy available in sunlight.



The relative amounts of chlorophylls and accessory pigments are 
characteristic of a particular plant species. 

Variation in the proportions of these pigments is responsible for the range of 
colours of photosynthetic organisms, from the deep blue-green to the 
greener green to the red, brown, or purple colour. 

Absorption of visible light 
by photopigments



Accessory pigments extend the range of light absorption

Thylakoid membranes contain secondary light-absorbing 
pigments, or accessory pigments, called carotenoids. 

Carotenoids may be yellow, red, or purple. 

The most important are -carotene, which is a red-orange 
isoprenoid, and the yellow carotenoid lutein.

The carotenoid pigments absorb light at wavelengths not 
absorbed by the chlorophylls and thus are supplementary 
light receptors.



Chlorophyll funnels the absorbed energy to reaction 
centres by exciton transfer

The light-absorbing pigments of thylakoid are arranged in 
functional arrays called photosystems. 

In spinach chloroplasts, each photosystem contains about 200 
chlorophyll and 50 carotenoid molecules. 

All the pigment molecules in a photosystem can absorb 
photons, but only a few chlorophyll molecules associated 
with the photochemical reaction centre are specialized to 
transduce light into chemical energy. 

The other pigment molecules in a photosystem are called 
light-harvesting or antenna molecules. 

They absorb light energy and transmit it rapidly and 
efficiently to the reaction centre.



Organization of photosystems
in the thylakoid membrane

Photosystems are tightly packed 
in the thylakoid membrane, 
with several hundred antenna 
chlorophylls and accessory 
pigments surrounding a photo-
reaction centre. 

Absorption of a photon by any 
of the antenna chlorophylls 
leads to excitation of the 
reaction centre by exciton
transfer (black arrow).



When chlorophyll in intact leaves is excited by visible light 
(step 1), very little fluorescence is observed. 

Instead, the excited antenna chlorophyll transfers energy 
directly to a neighbouring chlorophyll molecule, which 
becomes excited as the first molecule returns to its 
ground state (step 2). 

This transfer of energy, exciton transfer, extends to a third, 
fourth, or subsequent neighbour, until one of a special 
pair of chlorophyll a molecules at the photochemical 
reaction centre is excited (step 3).

In this excited chlorophyll molecule, an electron is 
promoted to a high-energy orbital.



This electron then passes to a nearby electron acceptor that 
is part of the electron-transfer chain, leaving the reaction-
centre chlorophyll with a missing electron (an “electron 
hole,” denoted by  in step 4. 

The electron acceptor acquires a negative charge in this 
transaction. 

The electron lost by the reaction-centre chlorophyll is 
replaced by an electron from a neighbouring electron-
donor molecule (step 5), which thereby becomes 
positively charged.

In this way, excitation by light causes electric charge 
separation and initiates an oxidation-reduction chain.



Antenna 
molecules

Reaction-centre 
chlorophyll

light

Light excites an antenna 
molecule (chlorophyll or 
accessory pigment), rai-
sing an electron to a 
higher energy level.

The excited antenna 
molecule passes energy to 
a neighbouring chloro-
phyll molecule (resonance 
energy transfer), exciting 
it.

This energy is transferred 
to a reaction-centre chlo-
rophyll, exciting it.

The excited reaction-centre 
chlorophyll passes an 
electron to an electron 
acceptor.

The electron hole in the 
reaction centre is filled by 
an electron from an 
electron donor.

The absorption of a photon has caused 
separation of charge in the reaction centre.

Electron donor

Electron acceptor

Exciton and electron 
transfer

This generalized scheme 
shows conversion of the 
energy of an absorbed 
photon into separation of 
charges at the reaction 
centre. 

Note that step 1 may repeat 
between successive antenna 
molecules until the exciton
reaches a reaction-centre
chlorophyll. 

The asterisk (*) represents the
excited state of an antenna
molecule.



Summary for „Light Absorption”

• Photophosphorylation in the chloroplasts of green plants 
and in cyanobacteria involves electron flow through a 
series of membrane-bound carriers.

• In the light reactions of plants, absorption of a photon 
excites chlorophyll molecules and other (accessory) 
pigments, which funnel the energy into reaction centres
in the thylakoid membranes. In the reaction centres, 
photoexcitation results in a charge separation that 
produces a strong electron donor (reducing agent) and 
a strong electron acceptor.



6. Central Photochemical Event: 

Light-Driven Electron Flow



Bacteria have one of two types of single photochemical 
reaction centre

Photosynthetic bacteria have relatively simple photo-
transduction machinery, with one of two general types of 
reaction centre. 

One type (found in purple bacteria) passes electrons 
through pheophytin (chlorophyll lacking the central 
Mg2+ ion) to a quinone. 

The other (in green sulfur bacteria) passes electrons 
through a quinone to an iron-sulfur centre. 

Cyanobacteria and plants have two photosystems (PSI, 
PSII), one of each type, acting in tandem.



In plants, two reaction centres act in tandem

The photosynthetic apparatus of modern plants is more 
complex than the one-centre bacterial systems, and it 
appears to have evolved through the combination of two 
simpler bacterial photocentres.

The thylakoid membranes of chloroplasts have two 
different kinds of photosystems, each with its own type 
of photochemical reaction centre and set of antenna 
molecules. 

The two systems have distinct and complementary 
functions.



Integration of photosystems I and II in 
chloroplasts

This “Z scheme” shows the 
pathway of electron transfer 
from H2O (lower left) to 
NADP (far right) in noncyclic
photosynthesis. 

The position on the vertical 
scale of each electron carrier 
reflects its standard reduction 
potential. 

To raise the energy of electrons 
derived from H2O to the 
energy level required to 
reduce NADP to NADPH, 
each electron must be “lifted”
twice (heavy arrows) by 
photons absorbed in PSII and 
PSI. 

One photon is required per 
electron in each photosystem.



Integration of photosystems I and II in 
chloroplasts

After excitation, the high-
energy electrons flow 
“downhill” through the carrier 
chains shown. 

Protons move across the 
thylakoid membrane during 
the water-splitting reaction 
and during electron transfer 
through the cytochrome b6f 
complex, producing the 
proton gradient that is central 
to ATP formation. 

The dashed arrow is the path of 
cyclic electron transfer, which 
involves only PSI; electrons 
return via the cyclic pathway 
to PSI, instead of reducing 
NADP+ to NADPH.



Photosystem II (PSII) is a pheophytin-quinone type of 
system containing roughly equal amounts of chlorophylls 
a and b. 

Excitation of its reaction center P680 drives electrons 
through the cytochrome b6f complex with concomitant 
movement of protons across the thylakoid membrane. 

Photosystem I (PSI) has a reaction centre designated P700 
and a high ratio of chlorophyll a to chlorophyll b. 

Excited P700 passes electrons to the Fe-S protein 
ferredoxin, then to NADP+, producing NADPH. 

The thylakoid membranes of a single spinach chloroplast 
have many hundreds of each kind of photosystem.



These two reaction centres in plants act in tandem to catalyze 
the light-driven movement of electrons from H2O to NADP+. 

Electrons are carried between the two photosystems by the 
soluble protein plastocyanin, a one-electron carrier 
functionally similar to cytochrome c of mitochondria. 

To replace the electrons that move from PSII through PSI to 
NADP+, plants oxidize H2O producing O2.

This process is called oxygenic photosynthesis. 
All O2-evolving photosynthetic cells contain both PSI and 

PSII.
The diagram often called the Z scheme because of its overall 

form, outlines the pathway of electron flow between the two 
photosystems and the energy relationships in the light 
reactions.



The Z scheme thus describes the complete route by which 
electrons flow from H2O to NADP, according to the 
equation

2 H2O + 2 NADP+ + 8 photons → O2 + 2 NADPH + 2 H+

For every two photons absorbed one electron is transferred 
from H2O to NADP+. 

To form one molecule of O2, which requires transfer of 
four electrons from two H2O to two NADP+, a total of 
eight photons must be absorbed, four by each 
photosystem.



In PSII, two very similar proteins, D1 and D2, form an 
almost symmetrical dimer, to which all the electron-
carrying cofactors are bound.

Excitation of P680 in PSII produces P680*, an excellent 
electron donor that, within picoseconds, transfers an 
electron to pheophytin, giving it a negative charge 
(•Pheo−). 

With the loss of its electron, P680* is transformed into a 
radical cation, P680+. 

•Pheo− very rapidly passes its extra electron to a protein-
bound plastoquinone, PQA, which in turn passes its 
electron to another, more loosely bound plastoquinone, 
PQB.



When PQB has acquired two electrons in two such transfers 
from PQA and two protons from the solvent water, it is in 
its fully reduced quinol form, PQBH2. 

The overall reaction initiated by light in PSII is

4 P680 + 4 H+ + 2 PQB + 4 photons → 4 P680+ + 2 PQBH2

The electrons in PQBH2 pass through the cytochrome b6f 
complex.

The electron initially removed from P680 is replaced with an 
electron obtained from the oxidation of water.

The photochemical events that follow excitation of PSI at the 
reaction centre P700 are formally similar to those in PSII. 

The excited reaction centre P700* loses an electron to an 
acceptor, A0.



Creating A0 and P700+ again, excitation results in charge 
separation at the photochemical reaction centre.

P700+ is a strong oxidizing agent, which quickly acquires 
an electron from plastocyanin, a soluble Cu-containing 
electron-transfer protein. 

A0 is an exceptionally strong reducing agent that passes its 
electron through a chain of carriers that leads to NADP+. 
First, phylloquinone (A1) accepts an electron and passes 
it to an iron-sulfur protein.

–

–



From here, the electron moves to ferredoxin (Fd), another 
iron-sulfur protein loosely associated with the thylakoid
membrane.

The fourth electron carrier in the chain is the flavoprotein
ferredoxin : NADP+ oxidoreductase, which transfers 
electrons from reduced ferredoxin (Fdred) to NADP+:

2 Fdred + 2 H+ + NADP+ → 2 Fdox + NADPH + H+



Water is split by the oxygen-evolving complex

The ultimate source of the electrons passed to NADPH in 
plant (oxygenic) photosynthesis is water. 

Having given up an electron to pheophytin, P680+ (of 
PSII) must acquire an electron to return to its ground 
state in preparation for capture of another photon. 

In principle, the required electron might come from any 
number of organic or inorganic compounds.

About 3 billion years ago, evolution of primitive 
photosynthetic bacteria produced a photosystem capable 
of taking electrons from a donor that is always available 
− water.



Two water molecules are split, yielding four electrons, four 
protons, and molecular oxygen:

2 H2O → 4 H+ + 4 e− + O2

A single photon of visible light does not have enough 
energy to break the bonds in water; four photons are 
required in this photolytic cleavage reaction.

The four electrons abstracted from water do not pass 
directly to P680+, which can accept only one electron at a 
time. 

Instead, the oxygen-evolving complex (also called the 
water-splitting complex), passes four electrons one at a 
time to P680+. 



The immediate electron donor to P680+ is a Tyr residue in 
protein subunit D1 of the PSII reaction centre.

The Tyr residue loses both a proton and an electron, 
generating the electrically neutral Tyr free radical.

4 P680+ + 4 Tyr → 4 P680 + 4 •Tyr

The Tyr radical regains its missing electron and proton by 
oxidizing a cluster of four manganese ions in the water-
splitting complex. 



With each single-electron transfer, the Mn cluster becomes 
more oxidized; four single-electron transfers, each 
corresponding to the absorption of one photon, produce a 
charge of +4 on the Mn complex

4 •Tyr + [Mn complex]0 → 4 Tyr + [Mn complex]4+

In this state, the Mn complex can take four electrons from 
a pair of water molecules, releasing 4 H+ and O2:
[Mn complex]4+ + 2 H2O → [Mn complex]0 + 4 H+ + O2

Because the four protons produced in this reaction are 
released into the thylakoid lumen, the oxygen-evolving 
complex acts as a proton pump, driven by electron 
transfer.

2 H2O + 2 PQB + 4 photons → O2 + 2 PQBH2



Summary for „Central Photochemical Event: Light-
Driven Electron Flow” I.

• Bacteria have a single reaction centre; in purple bacteria, 
it is of the pheophytin-quinone type, and in green 
sulfur bacteria, the Fe-S type.

• Cyanobacteria and plants have two different 
photoreaction centres, arranged in tandem.

• Plant photosystem I passes electrons from its excited 
reaction centre, P700, through a series of carriers to 
ferredoxin, which then reduces NADP+ to NADPH.

• The reaction centre of plant photosystem II, P680, passes 
electrons to plastoquinone, and the electrons lost from 
P680 are replaced by electrons from H2O.



• The light-driven splitting of H2O is catalyzed by a Mn-
containing protein complex; O2 is produced. The 
reduced plastoquinone carries electrons to the 
cytochrome b6f complex; from here they pass to 
plastocyanin, and then to P700 to replace those lost 
during its photoexcitation.

• Electron flow through the cytochrome b6f complex drives 
protons across the plasma membrane, creating a 
proton-motive force that provides the energy for ATP 
synthesis by an ATP synthase.

Summary for „Central Photochemical Event: Light-
Driven Electron Flow” II.



7. ATP Synthesis by 

Photophosphorylation



The combined activities of the two plant photosystems
move electrons from water to NADP+, conserving some 
of the energy of absorbed light as NADPH.

Simultaneously, protons are pumped across the thylakoid
membrane and energy is conserved as an electrochemical 
potential. 

This proton gradient drives the synthesis of ATP, the other 
energy-conserving product of the light-dependent 
reactions.



A proton gradient couples electron flow and 
phosphorylation

Several properties of photosynthetic electron transfer and 
photophosphorylation in chloroplasts indicate that a 
proton gradient plays the same role as in mitochondrial 
oxidative phosphorylation.

The reaction centres, electron carriers, and ATP-forming 
enzymes are located in a proton-impermeable membrane 
− the thylakoid membrane − which must be intact to 
support photophosphorylation.

Photophosphorylation can be uncoupled from electron 
flow by reagents that promote the passage of protons 
through the thylakoid membrane.



ATP synthesis is catalyzed by FoF1 complexes, located on 
the outer surface of the thylakoid membranes, that are 
very similar in structure and function to the FoF1

complexes of mitochondria.

Electron-transferring molecules in the chain of carriers 
connecting PSII and PSI are oriented asymmetrically in 
the thylakoid membrane, so photoinduced electron flow 
results in the net movement of protons across the 
membrane, from the stromal side to the thylakoid lumen.



Proton and electron circuits in 
thylakoids

Electrons (blue arrows) 
move from H2O through 
PSII, through the 
intermediate chain of 
carriers, through PSI, and 
finally to NADP+. 

Protons (red arrows) are 
pumped into the thylakoid
lumen by the flow of 
electrons through the 
carriers linking PSII and 
PSI, and reenter the stroma
through proton channels 
formed by the Fo
(designated CFo) of ATP 
synthase. 

The F1 subunit (CF1) 
catalyzes synthesis of ATP.



The approximate stoichiometry of 
photophosphorylation has been established

As electrons move from water to NADP+ in plant 
chloroplasts, about 12 H+ move from the stroma to the 
thylakoid lumen per four electrons passed (that is, per O2
formed). 

Four of these protons are moved by the oxygen-evolving 
complex, and up to eight by the cytochrome b6f complex. 

The measurable result is a 1,000-fold difference in proton 
concentration across the thylakoid membrane (ΔpH = 3).

The energy stored in a proton gradient (the electrochemical 
potential) has two components: a proton concentration 
difference (ΔpH) and an electrical potential (ΔΨ) due to 
charge separation.



In chloroplasts, ΔpH is the dominant component; 
counterion movement apparently dissipates most of the 
electrical potential. 

In illuminated chloroplasts, the energy stored in the proton 
gradient per mole of protons is

ΔG = 2.3RT ΔpH + ZF ΔΨ = −17 kJ/mol

so the movement of 12 mol of protons across the 
thylakoid membrane represents conservation of about 
200 kJ of energy − enough energy to drive the synthesis 
of several moles of ATP (ΔG’° = 30.5 kJ/mol).

Experimental measurements yield values of about 3 ATP 
per O2 produced.



At least eight photons must be absorbed to drive four 
electrons from H2O to NADPH.

The energy in eight photons of visible light is more than 
enough for the synthesis of three molecules of ATP.

ATP synthesis is not the only energy-conserving reaction 
of photosynthesis in plants; the NADPH formed in the 
final electron transfer is also energetically rich. 

The overall equation for noncyclic photophosphorylation is

2 H2O + 8 photons + 2 NADP+ + ~3 ADP + ~3 Pi →
O2 + ~3 ATP + 2 NADPH



Cyclic electron flow produces ATP but not NADPH or O2

Using an alternative path of light-induced electron flow, 
plants can vary the ratio of NADPH to ATP formed in 
the light.

This path is called cyclic electron flow to differentiate it 
from the normally unidirectional or noncyclic electron 
flow from H2O to NADP+.

Cyclic electron involves only PSI. 

Electrons passing from P700 to ferredoxin do not continue 
to NADP+, but move back through the cytochrome b6f 
complex to plastocyanin. 

The path of electrons matches that in green sulfur bacteria.



Plastocyanin donates electrons to P700, which transfers 
them to ferredoxin when the plant is illuminated.

Thus, in the light, PSI can cause electrons to cycle 
continuously out of and back into the reaction centre of 
PSI, each electron propelled around the cycle by the 
energy yielded by the absorption of one photon. 

Cyclic electron flow is not accompanied by net formation 
of NADPH or evolution of O2. 

However, it is accompanied by proton pumping by the 
cytochrome b6f complex and by phosphorylation of ADP 
to ATP, referred to as cyclic photophosphorylation.



The overall equation for cyclic electron flow and 
photophosphorylation is simply

ADP + Pi ATP + H2O

By regulating the partitioning of electrons between NADP+ 

reduction and cyclic photophosphorylation, a plant 
adjusts the ratio of ATP to NADPH produced in the 
light-dependent reactions to match its needs for these 
products in the carbon-assimilation reactions and other 
biosynthetic processes.

The carbon-assimilation reactions require ATP and 
NADPH in the ratio 3:2.
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The ATP synthase of chloroplasts is like that of 
mitochondria

The enzyme responsible for ATP synthesis in chloroplasts 
is a large complex with two functional components, CFo

and CF1 (C denoting its location in chloroplasts). 

CFo is a transmembrane proton pore composed of several 
integral membrane proteins and is homologous to 
mitochondrial Fo. 

CF1 is a peripheral membrane protein complex very similar 
in subunit composition, structure, and function to 
mitochondrial F1.



Electron microscopy shows ATP synthase complexes as 
knoblike projections on the outside (stromal or N) surface 
of thylakoid membranes.

These complexes correspond to the ATP synthase complexes 
seen to project on the inside (matrix or N) surface of the 
inner mitochondrial membrane.

The relationship between the orientation of the ATP synthase
and the direction of proton pumping is the same in 
chloroplasts and mitochondria. 

In both cases, the F1 portion of ATP synthase is located on 
the more alkaline (N) side of the membrane through which 
protons flow down their concentration gradient; the 
direction of proton flow relative to F1 is the same in both 
cases: P to N.



Comparison of the topology of proton movement and ATP synthase
orientation in the membranes of mitochondria, chloroplasts, and the 
bacterium E. coli. 

In each case, orientation of the proton gradient relative to ATP
synthase activity is the same.



Diverse photosynthetic organisms use hydrogen donors 
other than water

At least half of the photosynthetic activity on Earth occurs 
in microorganisms − algae, other photosynthetic 
eukaryotes, and photosynthetic bacteria. 

Cyanobacteria have PSII and PSI in tandem, and the PSII 
has an associated water-splitting activity resembling that 
of plants.

However, the other groups of photosynthetic bacteria have 
single reaction centres and do not split H2O or produce 
O2. 

Many are obligate anaerobes and cannot tolerate O2; they 
must use some compound other than H2O as electron 
donor.



Some photosynthetic bacteria use inorganic compounds as 
electron (and hydrogen) donors. 

For example, green sulfur bacteria use hydrogen sulfide:

2 H2S + CO2 (CH2O) + H2O + 2 S

These bacteria form elemental sulfur as the oxidation 
product of H2S.

Other photosynthetic bacteria use organic compounds such 
as lactate as electron donors:

2 lactate + CO2 (CH2O) + H2O + 2 pyruvate
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The fundamental similarity of photosynthesis in plants and 
bacteria, despite the differences in the electron donors 
they employ, becomes more obvious when the equation 
of photosynthesis is written in the more general form

2 H2D + CO2 (CH2O) + H2O + 2D

in which H2D is an electron (and hydrogen) donor and D 
is its oxidized form. 

H2D may be water, hydrogen sulfide, lactate, or some other 
organic compound, depending on the species.
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The bacteria that first developed photosynthetic ability 
used H2S as their electron source, and only after the later 
development of oxygenic photosynthesis (about 2.3 
billion years ago) did oxygen become a significant 
proportion of the earth’s atmosphere. 

With that development, the evolution of electron-transfer 
systems that used O2 as their ultimate electron acceptor 
became possible, leading to the highly efficient energy 
extraction of oxidative phosphorylation.



In halophilic bacteria, a single protein absorbs light 
and pumps protons to drive ATP synthesis

The halophilic (“salt-loving”) bacterium Halobacterium
salinarum, an archaebacterium derived from very ancient 
evolutionary progenitors, traps the energy of sunlight in a 
process very different from the photosynthetic 
mechanisms.

This bacterium lives only in brine ponds and salt lakes, 
where the high salt concentration results from water loss 
by evaporation.

Halobacteria cannot live in NaCl concentrations lower than 
3 M. 

These organisms are aerobes and normally use O2 to 
oxidize organic fuel molecules.



The solubility of O2 is so low in brine ponds that 
sometimes oxidative metabolism must be supplemented 
by sunlight as an alternative source of energy.

The plasma membrane of H. salinarum contains patches of 
the light-absorbing pigment bacteriorhodopsin, which 
contains retinal as a prosthetic group.

When the cells are illuminated, all-trans-retinal bound to 
the bacteriorhodopsin absorbs a photon and undergoes 
photoisomerization to 13-cis-retinal. 

The restoration of all-trans-retinal is accompanied by the 
outward movement of protons through the plasma 
membrane.



The difference in the three-dimensional structure of 
bacteriorhodopsin in the dark and after illumination 
suggests a pathway by which a concerted series of proton 
“hops” could effectively move a proton across the 
membrane. 

The chromophore retinal is bound through a Schiff-base 
linkage to the -amino group of a Lys residue. 

In the dark, the N of this Schiff base is protonated; in the 
light, photoisomerization of retinal lowers the pKa of this 
group and it releases its proton to a nearby Asp residue, 
triggering a series of proton hops that ultimately result in 
the release of a proton at the outer surface of the 
membrane.



The electrochemical potential across the membrane drives 
protons back into the cell through a membrane ATP 
synthase complex very similar to that of mitochondria 
and chloroplasts.

When O2 is limited, halobacteria can use light to 
supplement the ATP synthesized by oxidative 
phosphorylation.

The proton-pumping mechanism used by this simple 
protein may prove to be prototypical for the many other, 
more complex, ion pumps.



Summary for „ATP synthesis by Photophosphorylation” I.

• In plants, both the water-splitting reaction and electron 
flow through the cytochrome b6f complex are 
accompanied by proton pumping across the thylakoid
membrane. The proton-motive force thus created 
drives ATP synthesis by a CFoCF1 complex similar to 
the mitochondrial FoF1 complex.

• Flow of electrons through the photosystems produces 
NADPH and ATP, in the ratio of about 2:3. A second 
type of electron flow (cyclic flow) produces ATP only 
and allows variability in the proportions of NADPH 
and ATP formed.



• The ATP synthases of eubacteria, cyanobacteria, 
mitochondria, and chloroplasts share a common 
evolutionary precursor and a common enzymatic 
mechanism.

• Many photosynthetic microorganisms obtain electrons 
for photosynthesis not from water but from donors 
such as H2S.

Summary for „ATP synthesis by Photophosphorylation” II.


