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Οι φωτεινές αντιδράσεις της φωτοσύνθεσης
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  The Light Reactions of 
Photosynthesis  

  Every year, Earth is bathed in photons with a total energy content of 
approximately 10  24   kJ. By comparison, a major hurricane has 10  2  9   that 

amount of energy. The source of the energy is, of course, the electromagnetic 
radiation from the sun. On our planet, there are organisms capable of collect-
ing a fraction, approximately 1%, of this solar energy and converting it into 
chemical energy.     Green plants are the most obvious of these organisms, 
although 60% of this conversion is carried out by algae and bacteria. Although 
only a small amount of the incident energy is captured, it is enough to power 
all life on Earth. This transformation is perhaps the most important of all of 
the energy transformations that we will see in our study of biochemistry; 
without it, life as we know it on our planet simply could not exist.  

    The process of converting electromagnetic radiation into chemical 
energy is called   photosynthesis,   which uses light energy to convert carbon 
dioxide and water into carbohydrates and oxygen.  

CO2 1 H2O Light
888n (CH2O) 1 O2

  In this equation, CH  2  O represents carbohydrate, primarily sucrose and 
starch. Photosynthetic carbohydrate synthesis is the most common meta-
bolic pathway on Earth. These carbohydrates provide not only the energy to 

  Chloroplasts (left) convert light energy into chemical energy. High-energy 
electrons in chloroplasts are transported through two photosystems 
(right). In this transit, which culminates in the generation of reducing 
power, ATP is synthesized in a manner analogous to mitochondrial ATP 
synthesis. In contrast with mitochondrial electron transport, however, 
electrons in chloroplasts are energized by light.     [(Left) John Durham/
Science Source.]  
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Οι φωτοσυνθετική οργανισμοί ονομάζονται αυτότροφοι
(μπορούν να συνθέσουν καύσιμα μόρια)

Οι οργανισμοί που προμηθεύονται ενέργεια μόνο από καύσιμα
μόρια, ονομάζονται ετερότροφοι

Υδατάνθρακες: Ενέργεια αλλά και ανθρακούχα
μόρια για την σύνθεση βιομορίων

Φωτοσύνθεση: μετατροπή της ηλεκτρομαγνητικής 
ακτινοβολίας σε χημική ενέργεια
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19.0 Εισαγωγή

Η φωτοσύνθεση αποτελείται από δύο μέρη: τις φωτεινές αντιδράσεις και τις σκοτεινές αντιδράσεις (κύκλος του Calvin)
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run the biological world, but also the carbon molecules to make a wide array 
of biomolecules. Photosynthetic organisms are called   autotrophs   (literally, 
“self-feeders”) because they can synthesize chemical fuels such as glucose 
from carbon dioxide and water by using sunlight as an energy source and 
then recover some of this energy from the synthesized glucose through the 
glycolytic pathway and aerobic metabolism. Organisms that obtain energy 
from chemical fuels only are called   heterotrophs,   which ultimately depend 
on autotrophs for their fuel.  

    Photosynthesis is composed of two parts: the light reactions and the dark 
reactions. In the   light reactions,   light energy is transformed into two forms 
of biochemical energy with which we are already familiar: reducing power 
and ATP. The products of the light reactions are then used in the dark reac-
tions to drive the reduction of CO  2   and its conversion into glucose and other 
sugars. The dark reactions are also called the   Calvin cycle   or   light- independent 
reactions   and will be discussed in Chapter 20.  

  Photosynthesis converts light energy into chemical energy  

  The light reactions of photosynthesis closely resemble the events of oxida-
tive phosphorylation. In Chapters 17 and 18, we learned that cellular respi-
ration is the oxidation of glucose to CO  2   with the reduction of O  2   to water, 
a process that generates ATP. In photosynthesis, this process must be 
reversed—reducing CO  2   and oxidizing H  2  O to synthesize glucose.  

Energy 1 6 H2O 1 6 CO2
 Photosynthesis
88888888n C6H12O6 1 6 O2

   C6H12O6 1 6 O2    
Cellular

respiration
888888n 6 O2 1 6 H2O 1 energy

    Although the processes of respiration and photosynthesis are chemically 
opposite each other, the biochemical principles governing the two processes are 
nearly identical. The key to both processes is the generation of high-energy 
electrons. The citric acid cycle oxidizes carbon fuels to CO  2   to generate high-
energy electrons. The flow of these high-energy electrons down an electron-
transport chain generates a proton-motive force. This proton-motive force is 
then   transduced   by ATP   synthase   to form ATP. To synthesize glucose from 
CO  2  , high-energy electrons are required for two purposes: (1) to provide reduc-
ing power in the form of NADPH to reduce CO  2  , and (2) to generate ATP to 
power the reduction. How can high-energy electrons be generated without 
using a chemical fuel  ?     Photosynthesis uses energy from light to boost electrons from 
a low-energy state to a high-energy state  .   In the high-energy, unstable state, 
nearby molecules can abscond with the excited electrons.   These electrons are 
used to produce reducing power, and to generate a proton-motive force across 
a membrane, which subsequently drives the synthesis of ATP. The reactions 
that are powered by sunlight are called the   light reactions   (Figure 19.1).  
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FIGURE 19.1 The light 
reactions of photosynthesis. 
Light is absorbed and the 
energy is used to drive 
electrons from water to 
generate NADPH and to drive 
protons across a membrane. 
These protons return through 
ATP synthase (purple 
structure) to make ATP.

“If a year’s yield of photosynthesis were 
amassed in the form of sugar cane, it would 
form a heap over two miles high and with a 
base 43 square miles.”

—G. E. Fogge
If all of this sugar cane were converted into 
sugar cubes (0.5 inch, or 1.27 cm, on a side) 
and stacked end to end, the sugar cubes 
would extend 1.6 3 1010 miles (2.6 3 
1010 kilometers) or to the dwarf planet Pluto.

Οι διεργασίες τις αναπνοής και της

φωτοσύνθεσης είναι χημικά αντίθετες,
αλλά οι βιοχημικές αρχές που διέπουν

τις δύο διεργασίες είναι ταυτόσημες

Παραγωγή e- υψηλής ενέργειας

Η φωτοσύνθεση χρησιμοποιεί την φωτεινή ενέργεια ώστε να ωθήσει τα e- από την 

κατάσταση χαμηλής στην κατάσταση υψηλής ενέργειας

Κυτταρική 

αναπνοή

Φωτοσύνθεση

6CO2+
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19.0 Εισαγωγή

Οι αντιδράσεις που παίρνουν ενέργεια από το ηλιακό φως ονομάζονται φωτεινές αντιδράσεις
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19.1 Η φωτοσύνθεση λαμβάνει χώρα στους χλωροπλάστες

Όπως το μιτοχόνδριο, έτσι και ο χλωροπλάστης..

3 μεμβράνες
• Εξωτερική
• Εσωτερική
• Μεμβράνη των 

θυλακοειδών 

3 διαφορετικούς χώρους
• Διαμεμβρανικό
• Στρωματικό
• Θηλακοειδή χώρο
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19.1 Η φωτοσύνθεση λαμβάνει χώρα στους χλωροπλάστες

Τα πρωταρχικά γεγονότα της φωτοσύνθεσης λαμβάνουν χώρα στις μεμβράνες των θυλακοειδών

Περιέχει συσκευές μετατροπής ενέργειας:
• φωτοσυλλεκτικές πρωτεΐνες
• κέντρα αντίδρασης
• αλυσίδες μεταφοράς e-

• συνθάση της ΑΤΡ

Περιέχει ένζυμα που χρησιμοποιούν NADPH
και την ΑΤΡ για να μετατρέψουν το CO2 σε
σάκχαρο
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Η δέσμευση του φωτός είναι το κλειδί στην φωτοσύνθεση

Ο κύριος φωτοϋποδοχέας στους χλωροπλάστες είναι η χρωστική
χλωροφύλλη α

• Ένα κυκλικό τετραπυρρόλιο

• Σύμπλοκο συναρμογής με ένα κεντρικό ιόν μαγνησίου

• Ένα ανηγμένο δακτύλιο πυρρολίου

• Ένα επιπλέον πεντανθρακικό δακτύλιο

• Περιέχει φυτόλη (υδρόφοβη αλκοόλη 20 ατόμων C,
εστεροποιημένη σε μια πλευρική αλυσίδα οξέος)

Με τι μοιάζει;

Γιατί είναι 
αποτελεσματικοί 
φωτοϋποδοχείς;
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Απορρόφηση φωτός από την χλωροφύλλη α

Τι χρώμα είναι 
και γιατί;
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Τι συμβαίνει όμως όταν απορροφά φως η χλωροφύλλη;
φωτοεπαγωγόμενος διαχωρισμός φορτίων

Κέντρο αντίδρασης

Οι συνιστώσες της φωτοσύνθεσης είναι διαρρυθμισμένες έτσι ώστε μεγιστοποιηθεί ο φωτοεπαγωγόμενος διαχωρισμός
φορτίων και να ελαχιστοποιηθεί η μη παραγωγική επιστροφή του e- στην θεμελιώδη κατάσταση
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Βακτηριακό κέντρο φωτοσυνθετικής αντίδρασης

Τα πολυπεπτίδια:

• Υπομονάδα L
• Υπομονάδα Μ
• Υπομονάδα Η
• Υπομονάδα C (κυτόχρωμα τύπου c με 4 μόρια

αίμης)

Είναι ομόλογο με τα πιο πολύπλοκα συστήματα των
φυτών

Πολλές από τις παρατηρήσεις έχουν εφαρμογή στα
συστήματα φυτών

Δομικός και λειτουργικός πυρήνας

Κυτταροπλασματική
πλευρά

Περιπλασματική
πλευρά
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Οι υπομονάδες L και Μ είναι συνδεμένες με:
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The bacterial reaction center consists of four polypeptides: L (31   kDa  , red), 
M (36   kDa  , blue), and H (28   kDa  , white) subunits and C, a   c  -type cyto-
chrome with four   c  -type   hemes   (yellow) (Figure 19.9).   Sequence comparisons 
and low-resolution structural studies have revealed that the bacterial reaction 
center is homologous to the more complex plant systems  . Thus, many of our 
observations of the bacterial system apply to plant systems as well.  

    The L and M subunits form the structural and functional core of the 
bacterial photosynthetic reaction center (Figure 19.9). Each of these homol-
ogous subunits contains five transmembrane helices, in contrast with the 
H subunit, which has just one. The H subunit lies on the   cytoplasmic   side 
of the cell membrane, and the cytochrome subunit   lies   on the exterior 
face of the cell membrane, called the   periplasmic   side   because it faces the 
   periplasm  , the space between the cell membrane and the cell wall. Four 
  bacteriochlorophyll     b   (  BChl  -  b  ) molecules, two   bacteriopheophytin     b   (  BPh  ) 
molecules, two   quinones   (Q  A   and Q  B  ), and a ferrous ion are associated with 
the L and M subunits.  

    Bacteriochlorophylls   are photoreceptors similar to chlorophylls, except 
for the reduction of an additional pyrrole ring and other minor differences 
that shift their absorption maxima to the near infrared, to wavelengths as 
long as 1000 nm.   Bacteriopheophytin   is the term for a bacteriochlorophyll 
that has two protons instead of a magnesium ion at its center.  

    The reaction begins with light absorption by a pair of   BChl  -  b   mole-
cules that lie near the   periplasmic   side of the membrane in the L–M 
  dimer  . The pair of   BChl  -  b   molecules is called the   special pair   because of 

Special pair

Bacteriochlorophyll

Bacteriopheophytin

Quinone

Heme

Nonheme iron

 FIGURE 19.9 Bacterial photosynthetic reaction center. The core of the reaction center 
from Rhodopseudomonas viridis consists of two similar chains: L (red) and M (blue). An H chain 
(white) and a cytochrome subunit (yellow) complete the structure. Notice that the L and M 
subunits are composed largely of a helices that span the membrane. Also notice that a chain 
of electron-carrying prosthetic groups, beginning with a special pair of bacteriochlorophylls 
and ending at a bound quinone, runs through the structure from bottom to top in this view. 
[Drawn from 1PRC.pdb.]
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Η αλυσίδα των ηλεκτρονίων στο βακτηριακό κέντρο φωτοσυνθετικής αντίδρασης
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Η αλυσίδα των ηλεκτρονίων στο βακτηριακό κέντρο φωτοσυνθετικής αντίδρασης
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19.2 Η απορρόφηση φωτός από την χλωροφύλλη επάγει τη μεταφορά ηλεκτρονίων

Η κυκλική ροή των ηλεκτρονίων
ανάγει το κυτόχρωμα στο κέντρο
αντίδρασης

Ωθεί την παραγωγή 
ΑΤΡ μέσω της δράσης 
της συνθάσης της ΑΤΡ
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Τα δύο φωτοσυστήματα

Οι φωτοσύνθεση στα πράσινα φυτά είναι
πιο πολύπλοκη από ότι στα φωτοσυνθετικά
βακτήρια

Και τα δύο χρειάζονται φως για να
ενεργοποιήσουν ένα κέντρο αντίδρασης
που αποτελείται από ειδικά ζεύγη
• Ρ700 (φωτοσύστημα Ι)
• Ρ680 (φωτοσύστημα ΙΙ)

Χρησιμοποιούν αλυσίδες μεταφοράς e-

Δεν είναι κυκλική η μεταφορά
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Τα φωτοσύστημα ΙΙ μεταφέρει e- από το H2O στην πλαστοκινόνη και παράγει μια
βαθμίδωση συγκέντρωσης H+

573

between an oxidized form (Q) and a reduced form (QH  2  , plastoquinol). The   
  overall reaction catalyzed by photosystem II is  

2 Q 1 2 H2O Light
888n O2 1 2 QH2

    The electrons in QH  2   are at a higher redox potential than those in H  2  O. 
Recall that, in oxidative phosphorylation, electrons flow from   ubiquinol   to 
an acceptor, O  2  , which is at a   lower   potential. Photosystem II drives the 
reaction in a thermodynamically uphill direction by using the free energy 
of light.  

    This reaction is similar to one catalyzed by the bacterial system in that a 
quinone is converted from its oxidized into its reduced form. Photosystem 
II is reasonably similar to the bacterial reaction center (Figure 19.13). The 
core of the photosystem is formed by D1 and D2, a pair of similar 32-kDa 
subunits that span the thylakoid membrane. These subunits are homolo-
gous to the L and M chains of the bacterial reaction center. Unlike the bac-
terial system, photosystem II contains a large number of additional subunits 
that bind more than 30 chlorophyll molecules altogether and increase the 
efficiency with which light energy is absorbed and transferred to the reac-
tion center (Section 19.5).  

Water-oxidizing
complex

Thylakoid
lumen

Stroma

Special pair

D2 D1

 FIGURE 19.13 The structure of 
photosystem II. The D1 (red) and D2 
(blue) subunits and the numerous bound 
chlorophyll molecules (green). Notice that 
the special pair and the water-oxidizing 
complex lay toward the thylakoid-lumen 
side of the membrane. [Drawn from 
1S5L.pdb.]

H3C

H3C

O

O

CH3

H

H3C

H3C

OH

OH

CH3

H

n

n

(n = 6 to 10)

Plastoquinone
(oxidized form, Q)

Plastoquinol
(reduced form, QH2)

    The photochemistry of photosystem II begins with 
excitation of a special pair of chlorophyll molecules that 
are bound by the D1 and D2 subunits (Figure 19.14). 
Because the chlorophyll   a   molecules of the special pair 
absorb light at 680 nm, the special pair is often called 
  P680  . On excitation, P680 rapidly transfers an electron to 
a nearby   pheophytin  . From there, the electron is trans-
ferred first to a tightly bound plastoquinone at site Q  A   and 
then to a mobile plastoquinone at site Q  B  . This electron 
flow is entirely analogous to that in the bacterial system. 
With the arrival of a second electron and the uptake of two 
protons, the mobile plastoquinone is reduced to QH  2  . At 
this point, the energy of two photons has been safely and 
efficiently stored in the reducing potential of QH  2  .  

    The major difference between the bacterial system and 
photosystem II is the source of the electrons that are used to 
neutralize the positive charge formed on the special pair. 
  P680  1  ,     a very strong oxidant, extracts electrons from water 

O22 H2O

P680

Pheophytin

Mn4

Plastoquinone

QA

QB

Exchangeable
plastoquinone

FIGURE 19.14 Electron flow through photosystem II. Light 
absorption induces electron transfer from P680 down an electron-
transfer pathway to an exchangeable plastoquinone. The positive 
charge on P680 is neutralized by electron flow from water 
molecules bound at the manganese center.

Τα φωτοσύστημα ΙΙ ωθεί την αντίδραση προς μια θερμοδυναμικά ενεργοβόρο
κατεύθυνση, χρησιμοποιώντας την ελεύθερη ενέργεια του φωτός
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reaction in a thermodynamically uphill direction by using the free energy 
of light.  

    This reaction is similar to one catalyzed by the bacterial system in that a 
quinone is converted from its oxidized into its reduced form. Photosystem 
II is reasonably similar to the bacterial reaction center (Figure 19.13). The 
core of the photosystem is formed by D1 and D2, a pair of similar 32-kDa 
subunits that span the thylakoid membrane. These subunits are homolo-
gous to the L and M chains of the bacterial reaction center. Unlike the bac-
terial system, photosystem II contains a large number of additional subunits 
that bind more than 30 chlorophyll molecules altogether and increase the 
efficiency with which light energy is absorbed and transferred to the reac-
tion center (Section 19.5).  
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 FIGURE 19.13 The structure of 
photosystem II. The D1 (red) and D2 
(blue) subunits and the numerous bound 
chlorophyll molecules (green). Notice that 
the special pair and the water-oxidizing 
complex lay toward the thylakoid-lumen 
side of the membrane. [Drawn from 
1S5L.pdb.]
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    The photochemistry of photosystem II begins with 
excitation of a special pair of chlorophyll molecules that 
are bound by the D1 and D2 subunits (Figure 19.14). 
Because the chlorophyll   a   molecules of the special pair 
absorb light at 680 nm, the special pair is often called 
  P680  . On excitation, P680 rapidly transfers an electron to 
a nearby   pheophytin  . From there, the electron is trans-
ferred first to a tightly bound plastoquinone at site Q  A   and 
then to a mobile plastoquinone at site Q  B  . This electron 
flow is entirely analogous to that in the bacterial system. 
With the arrival of a second electron and the uptake of two 
protons, the mobile plastoquinone is reduced to QH  2  . At 
this point, the energy of two photons has been safely and 
efficiently stored in the reducing potential of QH  2  .  

    The major difference between the bacterial system and 
photosystem II is the source of the electrons that are used to 
neutralize the positive charge formed on the special pair. 
  P680  1  ,     a very strong oxidant, extracts electrons from water 
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FIGURE 19.14 Electron flow through photosystem II. Light 
absorption induces electron transfer from P680 down an electron-
transfer pathway to an exchangeable plastoquinone. The positive 
charge on P680 is neutralized by electron flow from water 
molecules bound at the manganese center.
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Η δομή του φωτοσυστήματος ΙΙ

Μοιάζει αρκετά με το βακτηριακό κέντρο
φωτοσυνθετικής αντίδρασης

D1 και D2: πυρήνας

Επιπλέον υπομονάδες

30 μόρια χλωροφύλλης

Αύξηση αποτελεσματικότητας με την οποία
απορροφάται η ενέργεια τους φωτός και
μεταφέρεται στο κέντρο αντίδρασης
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προσδεμένα στο σύμπλοκο οξείδωσης του νερού (WOC) ή αλλιώς κέντρο μαγγανίου
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molecules bound at the water-oxidizing complex   (WOC), also called the   manga-
nese center.   The core of this complex includes a calcium ion, four manganese 
ions, and four water molecules (Figure 19.15A). Manganese was apparently 
evolutionarily selected for this role because of its ability to exist in multiple 
oxidation states     and to form strong bonds with oxygen- containing species. In 
its reduced form, the   WOC   oxidizes two molecules of water to form a single 
molecule of oxygen. Each time the absorbance of a photon powers the removal 
of an electron from P680, the positively charged special pair extracts an elec-
tron from a tyrosine residue (often designated Z) of subunit D1 of the WOC, 
forming a tyrosine radical (Figure 19.15B). The tyrosine radical then removes 
an electron from a manganese ion. This process occurs four   times,   with the 
result that H  2  O is oxidized to generate O  2   and H  1  . Four photons must be 
absorbed to extract four electrons from a water molecule (Figure 19.16). The 
four electrons harvested from water are used to reduce two molecules of Q to 
QH  2  . All oxygenic   phototrophs  , the most common type of photosynthetic 
organism, use the same inorganic core and protein components for capturing 
the energy of sunlight. A single solution to the biochemical problem of extract-
ing electrons from water evolved billions of years ago, and has been conserved 
for use under a wide variety of   phylogenetic   and ecological circumstances.  

    Photosystem II spans the thylakoid membrane such that the site of qui-
none reduction is on the side of the stroma, whereas WOC lies in the 

FIGURE 19.15 The core of the water-oxidizing complex. (A) The deduced core structure 
of the water-oxidizing complex (WOC), including four manganese ions and one calcium ion, 
is shown. The valence states of the individual manganese ions are not indicated because of 
uncertainty about the charge on the individual ions. The center is oxidized, one electron at a 
time, until two H2O molecules are oxidized to form a molecule of O2, which is then released 
from the complex. (B) The absorption of photons by the reaction center generates a tyrosine 
radical (red arrows), which then extracts electrons from the manganese ions. The structures 
are designated S0 to S4 to indicate the number of electrons that have been removed.
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FIGURE 19.16 Four photons are 
required to generate one oxygen 
molecule. When dark-adapted chloroplasts 
are exposed to a brief flash of light, one 
electron passes through photosystem II. 
Monitoring the O2 released after each flash 
reveals that four flashes are required to 
generate each O2 molecule. The peaks in 
O2 release are after the 3rd, 7th, and 11th 
flashes because the dark-adapted 
chloroplasts start in the S1 state—that is, 
the one-electron reduced state.
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between an oxidized form (Q) and a reduced form (QH  2  , plastoquinol). The   
  overall reaction catalyzed by photosystem II is  

2 Q 1 2 H2O Light
888n O2 1 2 QH2

    The electrons in QH  2   are at a higher redox potential than those in H  2  O. 
Recall that, in oxidative phosphorylation, electrons flow from   ubiquinol   to 
an acceptor, O  2  , which is at a   lower   potential. Photosystem II drives the 
reaction in a thermodynamically uphill direction by using the free energy 
of light.  

    This reaction is similar to one catalyzed by the bacterial system in that a 
quinone is converted from its oxidized into its reduced form. Photosystem 
II is reasonably similar to the bacterial reaction center (Figure 19.13). The 
core of the photosystem is formed by D1 and D2, a pair of similar 32-kDa 
subunits that span the thylakoid membrane. These subunits are homolo-
gous to the L and M chains of the bacterial reaction center. Unlike the bac-
terial system, photosystem II contains a large number of additional subunits 
that bind more than 30 chlorophyll molecules altogether and increase the 
efficiency with which light energy is absorbed and transferred to the reac-
tion center (Section 19.5).  
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ferred first to a tightly bound plastoquinone at site Q  A   and 
then to a mobile plastoquinone at site Q  B  . This electron 
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With the arrival of a second electron and the uptake of two 
protons, the mobile plastoquinone is reduced to QH  2  . At 
this point, the energy of two photons has been safely and 
efficiently stored in the reducing potential of QH  2  .  

    The major difference between the bacterial system and 
photosystem II is the source of the electrons that are used to 
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Κατεύθυνση της βαθμίδωσης συγκέντρωσης πρωτονίων

Η θέση της αναγωγής της κινόνης βρίσκεται στην
πλευρά του στρώματος, ενώ το WOC (η θέση
οξείδωσης του νερού) να βρίσκεται στον αυλό του
θυλακοειδούς

2Η+ παράγονται από κάθε αναγωγή της πλαστικινόνης
Q σε QH2 προέρχονται από το στρώμα

4Η+ παράγονται από την οξείδωση του νερού και
απελευθερώνονται στον αυλό του θυλακοειδούς

Βαθμίδωση συγκέντρωσης Η+ μεταξύ των δυο
πλευρών της μεμβράνης του θυλακοειδούς
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Το σύμπλεγμα κυτοχρωμάτων bf συνδέει το φωτοσύστημα ΙΙ με το φωτοσύστημα Ι
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thylakoid lumen. Thus, the two protons that are taken up with the reduction 
of Q to QH  2   come from the stroma, and the four protons that are   liberated 
in the course of water oxidation are released into the lumen. This distribu-
tion of protons generates a proton gradient across the thylakoid membrane 
characterized by an excess of protons in the thylakoid lumen compared with 
the stroma (Figure 19.17).  

  Cytochrome   bf   links photosystem II to photosystem I  

  Electrons flow from photosystem II to photosystem I through the   cyto-
chrome   bf complex. This complex catalyzes the transfer of electrons from 
plastoquinol (QH  2  ) to plastocyanin (Pc), a small, soluble copper protein in 
the thylakoid lumen.  

   QH2 1 2 Pc(Cu21 ) S Q 1 2 Pc(Cu1 ) 1 2 H1
thylakoid lumen   

    The two protons from plastoquinol are released into the thylakoid lumen. 
This reaction is reminiscent of that catalyzed by Complex III in oxidative 
phosphorylation, and most components of the   cytochrome   bf complex are 
homologous to those of Complex III. The cytochrome   bf   complex includes 
four subunits: a 23-kDa cytochrome with two   b  -type   hemes  , a 20-kDa 
  Rieske  -type Fe–S protein (p. 534), a 33-kDa cytochrome   f   with a   c  -type 
cytochrome, and a 17-kDa chain.  

    This complex catalyzes the reaction by proceeding through the Q cycle 
(Figure 18.12). In the first half of the Q cycle, plastoquinol (QH  2  ) is oxi-
dized to plastoquinone (Q), one electron at a time. The electrons from plas-
toquinol flow through the Fe–S protein to convert oxidized plastocyanin 
(Pc) into its reduced form.  

    In the second half of the Q cycle, cytochrome   bf   reduces a molecule of 
plastoquinone from the Q pool to plastoquinol, taking up two protons from 
one side of the membrane, and then   reoxidizes     plastoquinol   to release these 
protons on the other side. The enzyme is oriented so that protons are released 
into the thylakoid lumen and taken up from the stroma, contributing further 
to the proton gradient across the thylakoid membrane (Figure 19.18).  

  Photosystem I uses light energy to generate reduced 
ferredoxin, a powerful reductant  

  The final stage of the light reactions is catalyzed by photosystem I, a trans-
membrane complex consisting of about 15 polypeptide chains and multiple 
associated proteins and cofactors (Figure 19.19). The core of this system is a 

2 QH2

O2 + 4 H+2 H2O

2 Q

4 H+

Thylakoid lumen   (low pH)

Stroma
(high pH)

FIGURE 19.17 Proton-gradient 
direction. Photosystem II releases protons 
into the thylakoid lumen and takes them up 
from the stroma. The result is a pH gradient 
across the thylakoid membrane with an 
excess of protons (low pH) inside.

QH2

4 H+
2 Pcox 2 Pcred

Q

2 H+

FIGURE 19.18 Cytochrome bf contribution 
to proton gradient. The cytochrome bf 
complex oxidizes QH2 to Q through the Q 
cycle. Four protons are released into the 
thylakoid lumen in each cycle.
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 FIGURE 19.19 The structure of 
photosystem I. The psaA and psaB 
subunits are shown in red and blue, 
respectively. Notice the numerous bound 
chlorophyll molecules, shown in green, 
including the special pair, as well as the iron–
sulfur clusters that facilitate electron transfer 
from the stroma. [Drawn from 1JBO.pdb.]

Μεταφορά ηλεκτρονίων από την πλαστοκινόλη
(QH2) στην πλαστοκυανίνη (Pc) μια μικρή
διαλυτή πρωτεΐνη χαλκού

αυλού του θυλακοειδούς
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Το φωτοσύστημα Ι χρησιμοποιεί την ενέργεια του φωτός για να παράγει φερρεδοξίνη,
ένα ισχυρό αναγωγικό μέσο

psaA και psaB: πυρήνας

Επιπλέον υπομονάδες

80 μόρια χλωροφύλλης

Άλλους οξειδοαναγωγικούς
παράγοντες



22Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

19.3

Το φωτοσύστημα Ι
χρησιμοποιεί την
ενέργεια του
φωτός για να
παράγει
φερρεδοξίνη, ένα
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pair of similar subunits,   psaA   (83   kDa  , red) and   psaB   (82   kDa  , blue), which 
bind 80 chlorophyll molecules as well as other redox factors. These subunits 
are quite a bit larger than the core subunits of photosystem II and the bacte-
rial reaction center. Nonetheless, they appear to be homologous; the termi-
nal 40% of each subunit is similar to a corresponding subunit of photosystem 
II.   A special pair of chlorophyll   a   molecules lie   at the center of the structure 
and absorb light maximally at 700 nm. This center, called   P700  , initiates 
photoinduced charge separation (Figure 19.20). The electron travels from 
P700 down a pathway through chlorophyll at site A  0   and quinone at site A  1   
to a set of 4Fe–4S clusters. The next step is the transfer of the electron to 
  ferredoxin   (  Fd  ), a soluble protein containing a 2Fe–2S cluster coordinated 
to four   cysteine   residues (Figure 19.21). Ferredoxin transfers electrons to 
NADP  1  .   Meanwhile, P700  1   captures an electron from reduced plastocya-
nin provided by photosystem II to return to P700 so that P700 can be 
excited again. Thus, the overall reaction catalyzed by photosystem I is a 
simple one-electron oxidation–reduction reaction.  

Pc(Cu1) 1 Fdox 
Light

888n Pc(Cu21) 1 Fdred

    Given that the reduction potentials for plastocyanin and ferredoxin are 
  1  0.37 V and   2  0.45 V, respectively, the standard free energy for this reac-
tion is   1  79.1 kJ mol  2  1   (  1  18.9 kcal mol  2  1  ). This uphill reaction is driven by 
the absorption of a 700-nm photon, which has   an energy   of 171 kJ mol  2  1   
(40.9 kcal mol  2  1  ).  

4Fe-4S
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Plastocyanin

P700

Quinone
(A1)

Chlorophyll
(A0)

FIGURE 19.20 Electron flow through 
photosystem I to ferredoxin. Light 
absorption induces electron transfer from 
P700 down an electron-transfer pathway 
that includes a chlorophyll molecule, a 
quinone molecule, and three 4Fe–4S 
clusters to reach ferredoxin. The positive 
charge left on P700 is neutralized 
by electron transfer from reduced 
plastocyanin.
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 FIGURE 19.21 Structure of 
ferredoxin. In plants, ferredoxin contains a 
2Fe-2S cluster. This protein accepts 
electrons from photosystem I and carries 
them to ferredoxin–NADP1 reductase. 
[Drawn from 1FXA.pdb.]

  Ferredoxin–NADP  1   reductase converts NADP  1   into NADPH  

  The reduced ferredoxin generated by photosystem I is a strong reductant 
that is used as an electron source for a variety of reactions, most notably 
the fixation of N  2   into NH  3   (Section 24.1). However, ferredoxin is not 
useful for driving many reactions, in part because ferredoxin carries only 
one available electron. In contrast, NADPH, a two-electron reductant, is 
a widely used electron donor in biosynthetic processes, including the reac-
tions of the Calvin cycle (Chapter 20). How is reduced ferredoxin used to 
drive the reduction of NADP  1   to NADPH? This reaction is catalyzed 
by    ferredoxin–NADP  1     reductase,   a flavoprotein with an FAD prosthetic 

Μεταφέρει 
ηλεκτρόνια προς το 

NADP+
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Η αναγωγάση του ζεύγους φερρεδοξίνης-NADP+ μετατρέπει το NADP+ σε NADPH
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19.3 Στη φωτοσύνθεση που παράγει Ο2, δύο φωτοσυστήματα παράγουν μια βαθμίδωση συγκεντρ. Η+ και NADPH

Η πορεία ροής των ηλεκτρονίων από το H2O στο NADP+ στην φωτοσύνθεση



25Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

19.4 Η σύνθεση της ΑΤΡ ωθείται από μια βαθμίδωση συγκέντρωσης Η+ μεταξύ των δύο πλευρών της μεμβράνης 
των θυλακοειδών

Η απόδειξη του Jagendorf

Ο σχηματισμός της ΑΤΡ ωθείται από μια
πρωτονιοκινητική δύναμη τόσο στην
φυτοφωσφορυλίωση τόσο και στην οξειδωτική
φωσφορυλίωση

Πως θα μπορούσαν να 
συνθέσουν οι 

χλωροπλάστες ΑΤΡ στο 
σκοτάδι;
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19.4 Η σύνθεση της ΑΤΡ ωθείται από μια βαθμίδωση συγκέντρωσης Η+ μεταξύ των δύο πλευρών της μεμβράνης 
των θυλακοειδών

Η συνθάση της ΑΤΡ των χλωροπλαστών μοιάζει πάρα πολύ με εκείνες των μιτοχονδρίων και των προκαρυωτικών οργανισμών
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19.4 Η σύνθεση της ΑΤΡ ωθείται από μια βαθμίδωση συγκέντρωσης Η+ μεταξύ των δύο πλευρών της μεμβράνης 
των θυλακοειδών

Η δραστικότητα της συνθάσης της ΑΤΡ των χλωροπλαστών ρυθμίζεται
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CHAPTER 19 The Light Reactions of 
Photosynthesis

which is formed from ferredoxin generated in photosystem I, by  ferredoxin–
thioredoxin reductase, an iron–sulfur containing enzyme.  

   2 Reduced ferredoxin 1 thioredoxin disulfide     
Ferredoxin-thioredoxin

reductase
3:::::::::4  

   2 oxidized ferredoxin 1 reduced thioredoxin 1 2H1   

    Conformational changes in the   ́    subunit also contribute to synthase 
regulation. The   ́    subunit appears to exist in two conformations. One con-
formation inhibits ATP hydrolysis by the synthase, while the other, which 
is generated by an increase in the proton-motive force, allows ATP synthe-
sis and facilitates the reduction of the disulfide bond in the   g   subunit. Thus, 
synthase activity is maximal when biosynthetic reducing power and a pro-
ton gradient are available. We will see in Chapter 20 that redox regulation is 
also important in photosynthetic carbon metabolism.  

  Cyclic electron flow through photosystem I leads to the 
production of ATP instead of NADPH  

  On occasion, when the ratio of NADPH to NADP  1   is very high, as might be 
the case if there was another source of electrons to form NADPH (Section 20.3), 
NADP  1   may be unavailable to accept electrons from reduced ferredoxin. In 
these circumstances, specific large protein complexes allow cyclic electron flow 
that powers ATP synthesis. Electrons arising from P700, the reaction center of 
photosystem I, generate reduced ferredoxin. The electron in reduced ferredoxin 
is transferred to the cytochrome   bf   complex rather than to NADP  1  . This elec-
tron then flows back through the cytochrome   bf   complex to reduce plastocyanin, 
which can then be reoxidized by P700  1   to complete a cycle. The net outcome of 
this cyclic flow of electrons is the pumping of protons by the cytochrome   bf   
complex. The resulting proton gradient then drives the synthesis of ATP. In 
this process, called   cyclic photophosphorylation, ATP is generated without the 
concomitant formation of NADPH   (Figure 19.26). Photosystem II does not par-
ticipate in   cyclic photophosphorylation, and so O  2   is not formed from H  2  O.  
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FIGURE 19.26 Cyclic photophosphorylation.  (A) In this pathway, electrons from reduced 
ferredoxin are transferred to cytochrome bf rather than to ferredoxin–NADP1 reductase. The 
flow of electrons through cytochrome bf pumps protons into the thylakoid lumen. These 
protons flow through ATP synthase to generate ATP. Neither NADPH nor O2 is generated by 
this pathway. (B) A scheme showing the energetic basis for cyclic photophosphorylation. 
Abbreviations: Fd, ferredoxin; Pc, plastocyanin.
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• Για να υπάρξει μέγιστη δραστικότητα, ένας ειδικός δισουλφιδικός δεσμός στην υπομονάδα γ πρέπει να αναχθεί
σε δύο Cys

• Το αναγωγικό μέσω είναι η ανηγμένη θειορεδοξίνη

ανηγμένη θειορεδοξίνη

δισουλφιδική θειορεδοξίνη

Αναγωγάση της 
φερρεδοξίνης/θειρεδοξίνης

2 ανηγμένη φερρεδοξίνη

2 οξειδωμένη φερρεδοξίνη
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19.4 Η σύνθεση της ΑΤΡ ωθείται από μια βαθμίδωση συγκέντρωσης Η+ μεταξύ των δύο πλευρών της μεμβράνης 
των θυλακοειδών

Η κυκλική ροή ηλεκτρονίων διαμέσου του φωτοσυστήματος Ι οδηγεί στην παραγωγή ΑΤΡ αντί για NADPH

Δεν υπάρχει διαθέσιμο NADP+

Υπάρχει πολύ NADPH

Κυκλική φυτοφωσφορυλίωση
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19.4 Η σύνθεση της ΑΤΡ ωθείται από μια βαθμίδωση συγκέντρωσης Η+ μεταξύ των δύο πλευρών της μεμβράνης 
των θυλακοειδών

Η απορρόφηση οκτώ φωτονίων αποδίδει ένα μόριο Ο2, δύο μόρια NADPH και τρία μόρια ATP
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19.5 Accessory Pigments

  The absorption of eight photons yields one O  2  , two NADPH, 
and three ATP molecules  

  We can now estimate the overall   stoichiometry   for the light reactions. The 
absorption of four photons by photosystem II generates one molecule of O  2   
and releases four protons into the thylakoid lumen. The two molecules of 
plastoquinol are oxidized by the Q cycle of the cytochrome   bf   complex to 
release eight protons into the lumen. Finally, the electrons from four mole-
cules of reduced plastocyanin are driven to ferredoxin by the absorption of 
four additional photons. The four molecules of reduced ferredoxin generate 
two molecules of NADPH. Thus, the overall reaction is  

   2 H2O 1 2 NADP1 1 10 H1
stroma S O2 1 2 NADPH 1 12 H1

lumen   

    The 12 protons released in the lumen can then flow through ATP synthase. 
Let us assume that there are 12 subunit III components in CF  0  . We expect 
that 12 protons must pass through CF  0   to complete one full rotation of CF  1  . 
A single rotation generates three molecules of ATP. Given the ratio of 
3 ATP for 12 protons, the overall reaction is  

   2 H2O 1 2 NADP1 1 10 H1
stroma ¡ O2 1 2 NADPH 1 12 H1

lumen   

3 ADP32 1 3 P22
i 1 3 H1 1 12 H1

lumen ¡ 3 ATP42 1 3 H2O 1 12 H1
stroma

   2 NADP1 1 3 ADP32 1 3 P22
i 1 H1 ¡ O2 1 2 NADPH 1 3 ATP42 1 H2O   

    Thus, eight photons are required to yield three molecules of ATP   (2.7 pho-
tons/ATP)  .  

    Cyclic photophosphorylation is a somewhat more productive way to 
synthesize ATP than   noncyclic     photophosphorylation   (the Z scheme). 
The absorption of four photons by photosystem I   leads   to the release 
of eight protons into the lumen by the cytochrome   bf   system. These pro-
tons flow through ATP synthase to yield two molecules of ATP. Thus, 
each two absorbed photons yield one molecule of ATP. No NADPH 
is produced.  

  19.5      Accessory Pigments Funnel Energy into 
Reaction Centers  

  A light-harvesting system that relied only on the chlorophyll   a   molecules 
of the special pair would be rather inefficient for two reasons. First, chlo-
rophyll   a   molecules absorb light only at specific wavelengths (  Figure 19.6). 
A large gap is present in the middle of the visible region between approxi-
mately 450 and 650 nm. This gap falls right at the peak of the solar spec-
trum, and so failure to collect this light would constitute a considerable lost 
opportunity.   Second, even   on a cloudless day, many photons that can be 
absorbed by chlorophyll   a   pass through the chloroplast without being 
absorbed, because the density of chlorophyll   a   molecules in a reaction cen-
ter is not very great.   Accessory pigments, both additional chlorophylls and 
other classes of molecules, are closely associated with reaction centers. 
  These pigments absorb light and funnel the energy to the reaction center for 
conversion into chemical forms  . Accessory pigments prevent the reaction 
center from sitting idle.  

    Chlorophyll     b   and   carotenoids   are important accessory pigments   that fun-
nel energy to the reaction center. Chlorophyll   b   differs from chlorophyll   a   in 
having a   formyl   group in place of a methyl group. This small difference 
shifts its two major absorption peaks toward the center of the visible region. 
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19.5 Επικουρικές χρωστικές διοχετεύουν ενέργεια στα κέντρα αντίδρασης

Η χλωροφύλλη b και τα καροτενοειδή
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In particular, chlorophyll   b   efficiently absorbs light with wavelengths 
between 450 and 500 nm (Figure 19.27).  

    Carotenoids are extended polyenes that absorb light between 400 and 
500 nm. The carotenoids are responsible for most of the yellow and red 
colors of fruits and flowers, and they provide the brilliance of fall, when 
the chlorophyll molecules degrade, revealing the carotenoids. Tomatoes 
are especially rich in   lycopene  , which accounts for their red color, whereas 
carrots and pumpkins have abundant   b  -carotene, accounting for their 
orange color.   

Lycopene

!-Carotene

    In addition to their role in transferring energy to reaction centers, the 
carotenoids serve a safeguarding function. Carotenoids suppress damaging 
photochemical reactions, particularly those including   oxygen, that   can be 
induced by bright sunlight. This protection may be especially important in 
the fall, when the primary pigment chlorophyll is being degraded and thus 
not able to absorb light energy. Plants lacking carotenoids are quickly killed 
on exposure to light and oxygen.  

  Resonance energy transfer allows energy to move from the site of 
initial absorbance to the reaction center  

  How is energy funneled from accessory pigments to a reaction center? The 
absorption of a photon does not always lead to electron excitation and trans-
fer. More commonly, excitation energy is transferred from one molecule to 
a nearby molecule through electromagnetic interactions through space 
(Figure 19.28). The rate of this process, called   resonance energy transfer,   
depends strongly on the distance between the energy-donor and the energy-
acceptor molecules; an increase in the distance between the donor and the 
acceptor by a factor of 2 typically results in a decrease in the energy-transfer 
rate by a factor of 2  6     5     64. For reasons of conservation of energy, energy 
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FIGURE 19.28 Resonance energy transfer.  (1) An electron can accept energy from 
electromagnetic radiation of appropriate wavelength and jump to a higher energy state. 
(2) When the excited electron falls back to its lower energy state, the absorbed energy is 
released. (3) The released energy can be absorbed by an electron in a nearby molecule, 
and this electron jumps to a high energy state.
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FIGURE 19.27 Absorption spectra of 
chlorophylls a and b.
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19.5

Μεταφορά ενέργειας από τις
επικουρικές χρωστικές στα κέντρα
αντίδρασης
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19.5 Επικουρικές χρωστικές διοχετεύουν ενέργεια στα κέντρα αντίδρασης

Οι συνιστώσες της φωτοσύνθεσης είναι πολύ οργανωμένες

Οι στοιβαγμένες και μη στοιβαγμένες περιοχές
• Οι στοιβαγμένες (φωτοσύστημα ΙΙ)

• Mη στοιβαγμένες περιοχές(φωτοσύστημα Ι και η συνθάση της ΑΤΡ)

Γιατί;


