
Energy:  Photophosphorylation

Photophosphorylation
The third type of phosphorylation to make 
ATP is found only in cells that carry out pho-
tosynthesis.  This process is simi-
lar to oxidative phosphoryla-
tion in several ways. A primary 
difference is the ultimate source 
of the energy for ATP synthesis.  In 
oxidative phosphorylation, the energy 
comes from electrons produced by oxidation 
of biological molecules.  In photosynthesis, 
the energy comes from the light of the sun.  

Photons from the sun interact with chloro-
phyll molecules in reaction centers in the 
chloroplasts (Figures 5.58 & 5.59)of 

plants or membranes of photosyn-
thetic bacteria.  

The similarities of photophospho-
rylation to oxidative phosphoryla-

tion include:

• a membrane associated electron trans-
port chain
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• creation of a proton gradient

• harvesting energy of the proton gradient by 
making ATP with the help of an ATP syn-
thase.

Differences
Some of the differences in-
clude :

• the source of the electrons – 
H2O for photosynthesis ver-
sus NADH/FADH2 for oxida-
tive phosphorylation

• direction of proton pumping 
– into the thylakoid space 
of the chloroplasts versus 
outside the matrix of the 

mitochondrion

• movement of protons during 
ATP synthesis – out of the thyla-
koid space in photosynthesis 
versus into the mitochondrial 
matrix in oxidative phosphoryla-
tion

• nature of the terminal electron 
acceptor – NADP+ in photo-
synthesis versus O2 in oxida-
tive phosphorylation.  

Electron transport:  
chloroplasts vs 
mitochondria

In some ways, the movement of electrons in 
chloroplasts during photosynthesis is oppo-
site that of electron transport in mitochon-
dria.  In photosynthesis, water is the source of 
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Figure 5.57 - Chloroplasts in moss cells
Wikipedia

Figure 5.58 - The chloroplast
Image by Aleia Kim



electrons and their final destination is 
NADP+ to make NADPH.  In mitochondria, 
NADH/FADH2 are electron sources and 
H2O is their final destination.  How do biologi-
cal systems get electrons to go both ways?  It 
would seem to be the equivalent of going to 
and from a particular place while always go-
ing downhill, since electrons will move accord-
ing to potential.  

Solar power
The answer is the captured energy of the pho-
tons from the sun (Figure 5.60), which ele-
vates electrons to an energy where they move 
“downhill” to their NADPH destination in a Z-
shaped scheme.  The movement of electrons 
through this scheme in plants requires en-
ergy from photons in two places to “lift” the 
energy of the electrons sufficiently.

Last, it should be noted that photosynthesis 
actually has two phases, referred to as the 
light cycle (described above) and the dark 
cycle, which is a set of chemical reactions 
that captures CO2 from the atmosphere and 
“fixes” it, ultimately into glucose.  The dark 
cycle is also referred to as the Calvin Cycle  
and is discussed HERE.

Photosynthesis
Photosynthesis is an energy capture process 
found in plants and other organisms to har-
vest light energy and convert it into chemi-
cal energy. This photochemical energy is 
stored ultimately in carbohydrates which 

are made using ATP (from the energy harvest-
ing), carbon dioxide and water.  In most 
cases, a byproduct of the process is oxygen, 
which is released from water in the capture 
process. Photosynthesis is responsible for 
most of the oxygen in the atmosphere and it 
supplies the organic materials and most of the 
energy used by life on Earth.

Steps
The steps in the photosynthesis process varies 
slightly between organisms.  In a broad over-
view, it always starts with energy capture 
from light by protein complexes, containing 
chlorophyll pigments, called reaction cen-
ters. Plants sequester these proteins in chlo-
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Figure 5.59 - Overview of photosynthesis
Wikipedia



roplasts, but bacteria, which don’t 
have organelles, embed them in their 
plasma membranes.  

Energy from the light is used to strip 
electrons away from electron donors 
(usually water) and leave a byproduct 
(oxygen, if water was used).  Electrons 
are donated to a carrier and ultimately 
are accepted by NADP+, to become 
NADPH.  As electrons travel towards 
NADP+, they generate a proton gradi-
ent across the thylakoid membrane, 
which is used to drive synthesis of ATP.  
Thus NADPH, ATP, and oxygen are the 
products of the first phase of photosynthe-
sis called the light reactions.  Energy from 
ATP and electrons from NADPH are used to 
reduce CO2 and build sugars, which are the 
ultimate energy storage directly arising from 
photosynthesis.  

Chloroplasts
Chloroplasts are found in almost all above-
ground plant cells, but are primarily concen-
trated in leaves. The interior of a leaf, below 
the epidermis is made up of photosynthesis 
tissue called mesophyll, which can contain up 
to 800,000 chloroplasts per square millime-
ter. 

The chloroplast’s membrane has a phos-
pholipid inner membrane, a phospholipid 
outer membrane, and a region between them 
called the intermembrane space (Figure 

5.61).  Within the inner chloroplast mem-
brane is the stroma, in which the chloroplast 
DNA and the enzymes of the Calvin cycle are 
located. Also within the stroma are stacked, 
flattened disks known as thylakoids which 
are defined by their thylakoid membranes. 
The space within the thylakoid membranes 
are termed the thylakoid spaces or thylakoid 
lumen.  The protein complexes containing the 
light-absorbing pigments, known as photosys-
tems, are located on the thylakoid membrane. 
Besides  chlorophylls, carotenes and xan-
thophylls are also present, allowing for ab-
sorption of light energy over a wider range.  
The same pigments are used by green algae 
and land plants.

Brown algae and diatoms add fucoxanthin 
(a xanthophyll) and red algae add phycoery-
thrin to the mix. In plants and algae, the pig-
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Figure 5.60 - Chloroplast anatomy
Wikipedia



ments are held in a very organized fashion 
complexes called antenna proteins that 
help funnel energy, through resonance energy 
transfer, to the reaction center chlorophylls.  
A system so organized is called a light 
harvesting complex.  The electron 
transport complexes of photosyn-
thesis are also located on the thy-
lakoid membranes.

Light reactions of photosynthesis
In chloroplasts, the light reactions of photo-
synthesis involving electron transfer occur in 

the thylakoid mem-
branes (Figure 5.62).  
Separate biochemical reac-
tions involving the assimila-
tion of carbon dioxide to 
make glucose are referred to 
as the Calvin cycle, also 
sometimes referred to as the 
“dark reactions”.  This will 
be discussed elsewhere in 
the section on metabolism 
(HERE).  

The chloroplasts are 
where the energy of light is 
captured, electrons are 
stripped from water, oxygen 
is liberated, electron trans-
port occurs, NADPH is 
formed, and ATP is gener-
ated.  The thylakoid mem-
brane corresponds to the in-

ner membrane of the mitochondrion for trans-
port of electrons and proton pumping (Fig-
ure 5.63).

The thylakoid membrane does its magic us-
ing four major protein complexes.  

These include Photosystem II 
(PS II), Cytochrome b6f com-
plex (Cb6f), Photosystem I (PS 

I), and ATP synthase.  The roles of 
these complexes, respectively, are to capture 
light energy, create a proton gradient from 
electron movement, capture light energy 
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Figure 5.61 - Side view of thylakoids
Wikipedia
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(again), and use proton gradient energy from 
the overall process to synthesize 
ATP.  

Light harvesting
Harvesting the energy of light be-
gins in PS II with the absorption 
of a photon of light at a reaction 
center.  PS II performs this duty best with 
light at a wavelength of 680 nm and it readily 
loses an electron to excitation when this oc-
curs, leaving PS II with a positive charge.  
This electron must be re-
placed.  The ultimate re-
placement source of elec-
trons is water, but water 
must lose four electrons 
and PS II can only accept 
one at a time.  

Manganese 
centers
An intermediate Oxy-
gen Evolving Com-
plex (OEC) contains 
four manganese centers 
that provide the immedi-
ate replacement elec-
tron that PSII requires.  
After four electrons 
have been donated by 
the OEC to PS II, the 
OEC extracts four elec-
trons from two water 
molecules, liberating 
oxygen and dumping 

four protons into the thylakoid 
space, thus contributing to the 

proton gradient.  The excited 
electron from PS II must be passed 
to another carrier very quickly, lest 
it decay back to its original state.  It 
does this, giving its electron within 

picoseconds to pheophytin (Figure 5.64).  

Pheophytin passes the electron on to protein-
bound plastoquinones .  The first is known 
as PQA.  PQA hands the electron off to a sec-

ond plastoquinone (PQB), 
which waits for a second 
electron and collects two 
protons to become PQH2, 

also known as plastoquinol 
(Figure 5.65). PQH2 
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Figure 5.62 - Complexes in the thylakoid membrane
Image by Aleia Kim

Photosynthesis left me aghast
As electrons all went whizzing past

Leaving water at start
They trace the Z chart

In the membranes of each chloroplast
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passes these to the Cytochrome b6f com-
plex (Cb6f) which uses passage of electrons 
through it to pump protons into the thyla-
koid space.  ATP synthase makes ATP from 
the proton gradient created in this way.  Cb6f 
drops the electron off at plastocyanin, 
which holds it until the next excitation proc-
ess begins with absorption of another photon 
of light at 700 nm by PS I.  

Absorption of light at PS I
With absorption of a photon of light by PS I, 
a process begins, that is similar to the process 
in PS II.  PS I gains a positive charge as a re-
sult of the loss of an excited electron and pulls 
the electron in plastocyanin away from it.  
Meanwhile, the excited electron from PS I 
passes through an iron-sulfur protein, which 

gives the electron to ferredoxin (another 
iron sulfur protein).  Ferredoxin then passes 
the electron off to the last protein in the sys-
tem known as Ferredoxin:NADP+ oxidore-
ductase, which gives the electron and a pro-
ton to NADP+, creating NADPH.  

Note that reduction of NADP+ to NADPH re-
quires two electrons and one proton, so the 
four electrons and two protons from oxidation 
of water will result in production of two mole-
cules of NADPH.  At this point, the light cy-
cle is complete - water has been oxidized, 
ATP has been created, and NADPH has been 
made.  The electrons have made their way 
from water to NADPH via carriers in the thy-
lakoid membrane and their movement has 
released sufficient energy to make ATP.  En-
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Figure 5.63 - Movement of electrons through photosystems.  Cyclic 
photophosphorylation shown by blue dashed line

Image by Aleia Kim and Pehr Jacobson



ergy for the entire process came from four 
photons of light.

The two photosystems performing all 
of this magic are protein complexes 
that are similar in structure and 
means of operation. They absorb 
photons with high efficiency so 
that whenever a pigment in the photo-
synthetic reaction center absorbs a photon, 
an electron from the pigment is excited and 
transferred to another molecule almost instan-
taneously. This reaction is called photo-
induced charge separation and it is a unique 

means of transforming light energy into 
chemical forms.  

Cyclic photophosphorylation
Besides the path described above 

for movement of electrons 
through PS I, plants have an al-

ternative route that electrons can 
take.  Instead of electrons going 

through ferredoxin to form NADPH, they 
instead take a backwards path through the the 
proton-pumping b6f complex.  This system, 
called cyclic photophosphorylation (Fig-
ure 5.64) which generates more ATP and no 
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Figure 5.64 - Movement of electrons and protons through the thylakoid 
membrane

Image by Aleia Kim

YouTube Lectures 
by Kevin

HERE & HERE

http://www.davincipress.com/bffa/5/3p5.html
http://www.davincipress.com/bffa/5/3p5.html
http://www.davincipress.com/bffa/5/3p6.html
http://www.davincipress.com/bffa/5/3p6.html


NADPH, is similar to a system found in green 
sulfur bacteria. The ability of plants to switch 
between non-cyclic and cyclic photosystems 
allows them to make the proper ratio of ATP 
and NADPH they need for assimilation of car-
bon in the dark phase of photosynthesis.  
This ratio turns out to be 3 ATPs to 2 
NADPHs.  

Photosynthetic energy
The output of the photophosphorylation 
part of photosynthesis (O2, NADPH, and 
ATP), of course, is not the end of the process 
of photosynthesis. For the growing plant, the 
NADPH and ATP are used to capture carbon 
dioxide from the atmosphere and convert it 
(ultimately) into glucose and other impor-
tant carbon compounds.  This, as noted previ-
ously, occurs in the Calvin Cycle (see 

HERE) in what is called the 
dark phase of the process.  
The oxygen liberated in the proc-
ess is a necessary for respiration 
of all aerobic life forms on 
Earth.  Indeed, it is believed that 
essentially all of the oxygen in 
the atmosphere today is the re-
sult the splitting of water in pho-
tosynthesis over the many eons 
that the process has existed.
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Photosynthesis is divine 
Fixing carbon using sunshine 

It's thanks to plants that we've got a prayer 
They pull CO2 from the air

Reaping energy from the sun 
It's efficient second to none 

You grab the photons almost at will 
Protoporphyrin chlorophyll

Light reactions of System II 
Split up water, making O2 

Electrons pass through schemes labeled 'Z'  
Pumping protons gradiently

ATP's made due to a shift 
Of the protons spinning quite swift 

An enzyme turbine, cellular maze 
You know as A-T-P synthase

Carbon's fixed onto a substrate 
Ribulose-1,5-bisphosphate 
Rubisco acts in-e-fficient-ly 

Splitting it into 3PGs

If the enzyme grabs an O2 
It makes glycolate, it is true  

The Calvin Cycle works in a wheel 
Giving plants a sugary meal

So photosynthesis is divine 
'Cause it happens all of the time  

From dawn to dusk and times in between 
Solar panels truly are green

Photosynthesis is Divine
To the tune of “Scarborough Fair”

Metabolic Melodies Website HERE

Recording by David Simmons
Lyrics by Kevin Ahern 
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