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Κεφάλαιο 15

Μεταβολισμός: βασικές έννοιες και σχεδιασμός

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Βιοχημεία I

• Με ποιο τρόπο το κύτταρο αντλεί ενέργεια από το περιβάλλον του;

• Με ποιον τρόπο συνθέτει τις δομικές μονάδες των μακρομορίων
του και στη συνέχεια αυτά τα ίδια τα μακρομόρια;

Αυτές οι διεργασίες διεκπεραιώνονται από
ένα εξαιρετικά ολοκληρωμένο δίκτυο
χημικών αντιδράσεων, που είναι συνολικά
γνωστές ως μεταβολισμός
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15.0 Εισαγωγή

Γενικές αρχές του μεταβολισμού:

1. Τα καύσιμα ανοικοδομούνται και βήμα προς βήμα κατασκευάζονται μεγάλα μόρια σε μια σειρά από συνδυασμένες
αντιδράσεις που ονομάζονται μεταβολικές πορείες

2. Ένα νόμισμα κοινό σε όλες τις μορφές ζωής, η ΑΤΡ, συνδέει τις πορείες που απελευθερώνουν ενέργεια με τις πορείες
που απαιτούν ενέργεια

3. Η οξείδωση των καύσιμων μορίων ωθεί τον σχηματισμό της ΑΤΡ
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15.0 Εισαγωγή

Γενικές αρχές του μεταβολισμού:

4. Αν και υπάρχουν πολλές μεταβολικές πορείες, σε πολλές από αυτές είναι κοινός ένας πεπερασμένος αριθμός τύπων
αντιδράσεων και ιδιαίτερων ενδιαμέσων

5. Οι μεταβολικές πορείες ρυθμίζονται σε πολύ υψηλό βαθμό

6. Τα ένζυμα που μετέχουν στον μεταβολισμό είναι οργανωμένα σε μεγάλα σύμπλοκα
Γιατί;
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15.1 Ο μεταβολισμός αποτελείται από πολλές συζευγμένες και διασυνδεμένες αντιδράσεις

Οι ζώντες οργανισμοί απαιτούν συνεχή τροφοδότηση ενέργειας για τρεις κυρίως σκοπούς:

1. εκτέλεση μηχανικού έργου (σύσπαση μυών, κυτταρικές κινήσεις)

2. ενεργό μεταφορά μορίων και ιόντων

3. σύνθεση μακρομορίων και άλλων βιομορίων από απλά πρόδρομα μόρια

Η ελεύθερη ενέργεια που χρησιμοποιείται στις
διεργασίες αυτές προέρχεται απόQ το περιβάλλον

φωτότροφοι

χημειότροφοι
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15.1 Ο μεταβολισμός αποτελείται από πολλές συζευγμένες και διασυνδεμένες αντιδράσεις

Ο μεταβολισμός είναι μια σειρά χημικών αντιδράσεων οι οποίες αρχίζουν με ένα
συγκεκριμένο μόριο και το καταλήγουν στο σχηματισμό ενός άλλου μορίου ή
μορίων με προσεκτικά καθορισμένο τρόπο

Οι πορείες αυτές είναι αλληλεξαρτώμενες και η δραστικότητα τους συντονίζεται
από εξαιρετικά ευαίσθητα μέσα επικοινωνίας στα οποία επικρατούν τα
αλλοστερικά ένζυμα.

Μεταβολισμός της γλυκόζης
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15.1

Μεταβολικές πορείες
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15.1 Ο μεταβολισμός αποτελείται από πολλές συζευγμένες και διασυνδεμένες αντιδράσεις

Ο μεταβολισμός αποτελείται από αντιδράσεις που παράγουν ενέργεια και από αντιδράσεις που απαιτούν ενέργεια

Καταβολισμός
Καύσιμα (υδατάνθρακες, λίπη) CO2 + H2O + χρήσιμη ενέργεια

Αναβολισμός
Χρήσιμη ενέργεια + μικρά πρόδρομα μόρια πολύπλοκα μόρια

Μερικές πορείες μπορούν να είναι είτε αναβολικές είτε καταβολικές, αναλόγως της ενεργειακής κατάστασης του
κυττάρου (αμφιβολικές πορείες).
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15.1 Ο μεταβολισμός αποτελείται από πολλές συζευγμένες και διασυνδεμένες αντιδράσεις

Μια θερμοδυναμικά ευνοούμενη αντίδραση μπορεί να ωθήσει μια μη ευνοούμενη αντίδραση426
CHAPTER 15 Metabolism: Basic 
Concepts and Design

 An important thermodynamic fact is that  the overall free-energy change 
for a chemically coupled series of reactions is equal to the sum of the free-energy 
changes of the individual steps . Consider the following reactions: 

 A ∆ B 1 C        ¢G89 5 121 kJ mol21 (15 kcal mol21)
 B ∆ D                ¢G89 5 234 kJ mol21 (28 kcal mol21)

 A ∆ C 1 D        ¢G89 5 213 kJ mol21 (23 kcal mol21)

 Under standard conditions, A cannot be spontaneously converted into B 
and C, because  D  G  8  !  is positive. However, the conversion of B into D 
under standard conditions is thermodynamically feasible. Because free-
energy changes are additive, the conversion of A into C and D has a  D  G  8  !  
of  2 13 kJ mol 2  1  ( 2 3 kcal mol 2  1 ), which means that it can occur spontane-
ously under standard conditions. Thus,  a thermodynamically unfavorable 
reaction can be driven by a thermodynamically favorable reaction to which it 
is coupled . In this example, the reactions are coupled by the shared chemi-
cal intermediate B. Metabolic pathways are formed by the coupling of 
enzyme-catalyzed reactions such that the overall free energy of the path-
way is negative. 

  15.2      ATP Is the Universal Currency of Free Energy in 
Biological Systems  

 Just as commerce is facilitated by the use of a common currency, the 
commerce of the cell—metabolism—is facilitated by the use of a com-
mon energy currency,  adenosine triphosphate  (ATP). Part of the free 
energy derived from the oxidation of foodstuffs and from light is trans-
formed into this highly accessible molecule, which acts as the free-energy 
donor in most energy-requiring processes such as motion, active trans-
port, and biosynthesis. Indeed, most of catabolism consists of reactions 
that extract energy from fuels such as carbohydrates and fats and convert 
it into ATP. 

  ATP hydrolysis is exergonic  

 ATP is a nucleotide consisting of adenine, a ribose, and a triphosphate unit 
(Figure 15.3). The active form of ATP is usually a complex of ATP with 
Mg 2  1  or Mn 2  1 . In considering the role of ATP as an energy carrier, we can 
focus on its triphosphate moiety.  ATP is an energy-rich molecule because its 
triphosphate unit contains two phosphoanhydride bonds . A large amount of 
free energy is liberated when ATP is hydrolyzed to adenosine diphosphate 
(ADP) and orthophosphate (P i ) or when ATP is hydrolyzed to adenosine 
monophosphate (AMP) and pyrophosphate (PP i ). 

ATP 1 H2O ∆ ADP 1 Pi
 ¢G89 5 230.5 kJ mol21 (27.3 kcal mol21)

ATP 1 H2O ∆ AMP 1 PPi
 ¢G89 5 245.6 kJ mol21 (210.9 kcal mol21)

 The precise  D  G    for these reactions depends on the ionic strength of the 
medium and on the concentrations of Mg 2+  and other metal ions (problems 
23 and 34). Under typical cellular concentrations, the  D  G  for these hydro-
lyses is approximately  2 50 kJ mol 2  1  ( 2 12 kcal mol 2  1 ). 

Η ολική μεταβολή της ελεύθερης ενέργειας για μια σειρά χημικά συζευγμένων αντιδράσεων ισούται με το άθροισμα
των επιμέρους μεταβολών ελεύθερης ενέργειας

Οι μεταβολές τις ελεύθερης ενέργειας είναι προσθετικές

Οι μεταβολικές πορείες σχηματίζονται από σύζευξη ενζυμικά καταλυόμενων αντιδράσεων, έτσι ώστε η συνολική
ελεύθερη ενέργεια της πορείας να είναι αρνητική
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Όπως το εμπόριο διευκολύνεται από την χρησιμοποίηση κοινού νομίσματος, έτσι
και το εμπόριο του κυττάρου, ο μεταβολισμός, διευκολύνεται από την χρήση της
τριφωσφορικής αδενοσίνης (ΑΤΡ) ως κοινού νομίσματος

• Μέρος της ελεύθερης ενέργειας που προέρχεται από την οξείδωση τροφίμων (όπως υδατάνθρακες, λίπη) και από το
φως μετατρέπεται σε ΑΤΡ

• Δρα ως δότης ελεύθερης ενέργειας στις περισσότερες πορείες που χρειάζονται ενέργεια, όπως η κίνηση, βιοσύνθεση
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Η υδρόλυση της ΑΤΡ είναι εξώεργη
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triphosphate unit contains two phosphoanhydride bonds . A large amount of 
free energy is liberated when ATP is hydrolyzed to adenosine diphosphate 
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monophosphate (AMP) and pyrophosphate (PP i ). 

ATP 1 H2O ∆ ADP 1 Pi
 ¢G89 5 230.5 kJ mol21 (27.3 kcal mol21)

ATP 1 H2O ∆ AMP 1 PPi
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• Αδενίνη, ριβόζη και τριφωσφορική
ομάδα

• Η ενεργός μορφή της ΑΤΡ είναι
σύμπλοκο με Mg2+ ή Mn2+ Pi: ορθοφωσφορικό PPi: πυροφωσφορικό
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Τι κάνει την ΑΤΡ έναν ιδιαίτερα αποτελεσματικό δότη φωσφορικής ομάδας;
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15.2 ATP: Currency of Free Energy

Through such changes in protein conformation, molecular motors such as 
myosin, kinesin, and dynein convert the chemical energy of ATP into 
mechanical energy (Chapter 34). Indeed, this conversion is the basis of 
muscle contraction. 

 Alternatively, A and B may refer to the concentrations of an ion or mol-
ecule on the outside and inside of a cell, as in the active transport of a nutri-
ent. The active transport of Na 1  and K 1  across membranes is driven by the 
phosphorylation of the sodium–potassium pump by ATP and its subse-
quent dephosphorylation (Section 13.2). 

  The high phosphoryl potential of ATP results from structural 
differences between ATP and its hydrolysis products  

 What makes ATP an efficient phosphoryl-group donor? Let us compare 
the standard free energy of hydrolysis of ATP with that of a phosphate ester, 
such as glycerol 3-phosphate: 

ATP 1 H2O ∆ ADP 1 Pi

  ¢G89 5 230.5 kJ mol21 (27.3 kcal mol21)  

Glycerol 3-phosphate 1 H2O ∆ glycerol 1 Pi

  ¢G89 5 29.2 kJ mol21 (22.2 kcal mol21)  

   The magnitude of  D  G  8  !  for the hydrolysis of glycerol 3-phosphate is 
much smaller than that of ATP, which means that ATP has a stronger 
tendency to transfer its terminal phosphoryl group to water than does 
glycerol 3-phosphate. In other words, ATP has a higher  phosphoryl-
transfer potential (phosphoryl-group-transfer potential)  than does glycerol 
3-phosphate. 

 The high phosphoryl-transfer potential of ATP can be explained by 
features of the ATP structure. Because  D  G  8  !  depends on the  difference  in 
free energies of the products and reactants, we need to examine the struc-
tures of both ATP and its hydrolysis products, ADP and P i , to answer this 
question. Four factors are important:  resonance stabilization, electrostatic 
repulsion ,  increase in entropy,  and  stabilization due to hydration . 

  1.     Resonance Stabilization  . Orthophosphate (P  i  ), one of the products of 
ATP hydrolysis, has greater resonance stabilization than do any of the 
phosphoryl groups of ATP. Orthophosphate has a number of resonance 
forms of similar energy (Figure 15.4), whereas the   g   phosphoryl group 
of ATP has a smaller number. Forms like that shown in Figure 15.5 are 
unfavorable because a positively charged oxygen atom is adjacent to a 
positively charged phosphorus atom, an electrostatically unfavorable 
juxtaposition.  
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FIGURE 15.5 Improbable resonance 
structure. The structure contributes little to 
the terminal part of ATP, because two 
positive charges are placed adjacent to 
each other.
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 2.  Electrostatic Repulsion.  At pH 7, the triphosphate unit of ATP carries 
about four negative charges. These charges repel one another because they 
are in close proximity. The repulsion between them is reduced when ATP 
is hydrolyzed. 
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 The free energy liberated in the hydrolysis of ATP is harnessed to 
drive reactions that require an input of free energy, such as muscle con-
traction. In turn, ATP is formed from ADP and P i  when fuel molecules 
are oxidized in chemotrophs or when light is trapped by phototrophs. 
 This ATP–ADP cycle is the fundamental mode of energy exchange in bio-
logical systems.  

 Some biosynthetic reactions are driven by the hydrolysis of other 
nucleoside triphosphates—namely, guanosine triphosphate (GTP), uri-
dine triphosphate (UTP), and cytidine triphosphate (CTP). The diphos-
phate forms of these nucleotides are denoted by GDP, UDP, and CDP, 
and the monophosphate forms are denoted by GMP, UMP, and CMP. 
Enzymes catalyze the transfer of the terminal phosphoryl group from 
one nucleotide to another. The phosphorylation of nucleoside mono-
phosphates is catalyzed by a family of  nucleoside monophosphate kinases,  
as discussed in Section 9.4. The phosphorylation of nucleoside diphos-
phates is catalyzed by  nucleoside diphosphate kinase,  an enzyme with 
broad specificity. 

Nucleoside monophosphate 
kinase

NMP 1 ATP ∆ NDP 1 ADP
 Nucleoside 
 monophosphate

Nucleoside diphosphate 
kinase

NDP 1 ATP ∆ NTP 1 ADP
 Nucleoside
 diphosphate

   It is intriguing to note that although all of the nucleotide triphosphates 
are energetically equivalent, ATP is nonetheless the primary cellular energy 
carrier. In addition, two important electron carriers, NAD 1  and FAD, as 
well the acyl group carrier, coenzyme A, are derivatives of ATP.  The role of 
ATP in energy metabolism is paramount . 

  ATP hydrolysis drives metabolism by shifting the equilibrium 
of coupled reactions  

 An otherwise unfavorable reaction can be made possible by coupling to ATP 
hydrolysis. Consider a reaction that is thermodynamically  unfavorable 
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FIGURE 15.3 Structures of ATP, ADP, and AMP. These adenylates 
consist of adenine (blue), a ribose (black), and a tri-, di-, or 
monophosphate unit (red). The innermost phosphorus atom of ATP is 
designated P!, the middle one P", and the outermost one P#.
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15.2 ATP: Currency of Free Energy

Through such changes in protein conformation, molecular motors such as 
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15.2 ATP: Currency of Free Energy
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15.2 ATP: Currency of Free Energy

Through such changes in protein conformation, molecular motors such as 
myosin, kinesin, and dynein convert the chemical energy of ATP into 
mechanical energy (Chapter 34). Indeed, this conversion is the basis of 
muscle contraction. 

 Alternatively, A and B may refer to the concentrations of an ion or mol-
ecule on the outside and inside of a cell, as in the active transport of a nutri-
ent. The active transport of Na 1  and K 1  across membranes is driven by the 
phosphorylation of the sodium–potassium pump by ATP and its subse-
quent dephosphorylation (Section 13.2). 

  The high phosphoryl potential of ATP results from structural 
differences between ATP and its hydrolysis products  

 What makes ATP an efficient phosphoryl-group donor? Let us compare 
the standard free energy of hydrolysis of ATP with that of a phosphate ester, 
such as glycerol 3-phosphate: 

ATP 1 H2O ∆ ADP 1 Pi

  ¢G89 5 230.5 kJ mol21 (27.3 kcal mol21)  

Glycerol 3-phosphate 1 H2O ∆ glycerol 1 Pi

  ¢G89 5 29.2 kJ mol21 (22.2 kcal mol21)  

   The magnitude of  D  G  8  !  for the hydrolysis of glycerol 3-phosphate is 
much smaller than that of ATP, which means that ATP has a stronger 
tendency to transfer its terminal phosphoryl group to water than does 
glycerol 3-phosphate. In other words, ATP has a higher  phosphoryl-
transfer potential (phosphoryl-group-transfer potential)  than does glycerol 
3-phosphate. 

 The high phosphoryl-transfer potential of ATP can be explained by 
features of the ATP structure. Because  D  G  8  !  depends on the  difference  in 
free energies of the products and reactants, we need to examine the struc-
tures of both ATP and its hydrolysis products, ADP and P i , to answer this 
question. Four factors are important:  resonance stabilization, electrostatic 
repulsion ,  increase in entropy,  and  stabilization due to hydration . 

  1.     Resonance Stabilization  . Orthophosphate (P  i  ), one of the products of 
ATP hydrolysis, has greater resonance stabilization than do any of the 
phosphoryl groups of ATP. Orthophosphate has a number of resonance 
forms of similar energy (Figure 15.4), whereas the   g   phosphoryl group 
of ATP has a smaller number. Forms like that shown in Figure 15.5 are 
unfavorable because a positively charged oxygen atom is adjacent to a 
positively charged phosphorus atom, an electrostatically unfavorable 
juxtaposition.  
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 2.  Electrostatic Repulsion.  At pH 7, the triphosphate unit of ATP carries 
about four negative charges. These charges repel one another because they 
are in close proximity. The repulsion between them is reduced when ATP 
is hydrolyzed. 
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3-φωσφορική γλυκερόλη

Η ΑΤΡ έχει υψηλότερο
δυναμικό μεταφοράς
φωσφορικής ομάδας!

Γιατί;
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Το υψηλό δυναμικό μεταφοράς φωσφορικής ομάδας της ΑΤΡ μπορεί να εξηγηθεί από χαρακτηριστικά της δομής της ΑΤΡ

• Σταθεροποίηση συντονισμού

Το Pi σε σχέση με την φωσφορική ομάδα γ της ΑΤΡ, έχει περισσότερες δομές συντονισμού παρόμοιας ενέργειας

απίθανη δομή
συντονισμού
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Το υψηλό δυναμικό μεταφοράς φωσφορικής ομάδας της ΑΤΡ μπορεί να εξηγηθεί από χαρακτηριστικά της δομής της ΑΤΡ

• Ηλεκτροστατική άπωση

Σε pH 7 η τριφωσφορική ομάδα της ΑΤΡ έχει περίπου
τέσσερα αρνητικά φορτία.

Απωθούν το ένα το άλλο ενώ η άπωση ελαττώνεται με την
υδρόλυση της ΑΤΡ
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

• Αύξηση της εντροπίας

Από ένα (ΑΤΡ) σε δύο μόρια (ADP + Pi)

Το υψηλό δυναμικό μεταφοράς φωσφορικής ομάδας της ΑΤΡ μπορεί να εξηγηθεί από χαρακτηριστικά της δομής της ΑΤΡ
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

• Σταθεροποίηση που οφείλεται στην ενυδάτωση

Ενυδάτωση των ADP + Pi, σταθεροποιώντας τα μόρια
και καθιστώντας την αντίστροφη αντίδραση μη ευνοϊκή

Το υψηλό δυναμικό μεταφοράς φωσφορικής ομάδας της ΑΤΡ μπορεί να εξηγηθεί από χαρακτηριστικά της δομής της ΑΤΡ
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Το δυναμικό μεταφοράς φωσφορικής
ομάδας είναι μια σπουδαία μορφή
μετασχηματισμού της κυτταρικής ενέργειας

Μερικές ενώσεις στα βιολογικά συστήματα
έχουν υψηλότερο δυναμικό μεταφοράς
φωσφορικής ομάδας από ότι η ATP

Η ενδιάμεση θέση δίνει την δυνατότητα
στην ΑΤΡ να λειτουργεί αποτελεσματικά ως
φορέας φωσφορικών ομάδων
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Το δυναμικό μεταφοράς φωσφορικής ομάδας είναι μια σπουδαία μορφή μετασχηματισμού της κυτταρικής ενέργειας

Του δίνουν 

και

δίνει 

φωσφορική 
ομάδα
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15.2 Η ΑΤΡ είναι το παγκόσμιο νόμισμα ελεύθερης ενέργειας στα βιολογικά συστήματα

Η ποσότητα της ΑΤΡ στους μυς επαρκεί για να διατηρήσει την συνολική δραστηριότητα για
λιγότερο από ένα δευτερόλεπτο

πηγές ΑΤΡ κατά την διάρκεια άσκησης
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15.3 Η οξείδωση των καύσιμων οργανικών μορίων είναι μια σπουδαία πηγή κυτταρικής ενέργειας

Ο κύκλος της ATP-ADP (θεμελιώδης τρόπος ανταλλαγής ενέργειας
στα βιολογικά συστήματα)

• Αν και η ποσότητα της ΑΤΡ στο σώμα είναι 100 g

• Ο ρυθμός ανακύκλησης αυτής της ποσότητας είναι πολύ υψηλός

• Ένας άνθρωπος σε ανάπαυση καταναλώνει 40 kg ATP σε 24 ώρες

• Και 0,5 kg σε 1 λεπτό σε καταπόνηση (Τρέξιμο 2 ωρών, 60 kg ATP)
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15.3 Η οξείδωση των καύσιμων οργανικών μορίων είναι μια σπουδαία πηγή κυτταρικής ενέργειας

Η παραγωγή της ΑΤΡ είναι ένας από τους πρωταρχικούς ρόλους του καταβολισμού

Όσο πιο ανηγμένος ο άνθρακας, τόσο περισσότερη ελεύθερη ενέργεια προκύπτει από την οξείδωση του

Ελεύθερη 
ενέργεια 

οξείδωσης 
μονοανθρακικών 

ενώσεων
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15.3 Η οξείδωση των καύσιμων οργανικών μορίων είναι μια σπουδαία πηγή κυτταρικής ενέργειας

Καύσιμα πρώτης γραμμής

Πιο πολύπλοκες ενώσεις από τις μονοανθρακικές ενώσεις, αλλά η οξείδωση λαμβάνει χώρα σε ένα άτομα
άνθρακα κάθε φορά
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15.3 Η οξείδωση των καύσιμων οργανικών μορίων είναι μια σπουδαία πηγή κυτταρικής ενέργειας

Πως μετατρέπεται σε ΑΤΡ η ενέργεια που απελευθερώνεται κατά την οξείδωση μιας ένωσης άνθρακα;
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oxidation of that sugar. The C-1 carbon (shown in red) is at the aldehyde-
oxidation level and is not in its most oxidized state. Oxidation of the alde-
hyde to an acid will release energy. 
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 However, the oxidation does not take place directly. Instead, the carbon 
oxidation generates an acyl phosphate, 1,3-bisphosphoglycerate. The elec-
trons released are captured by NAD 1 , which we will consider shortly. 
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 For reasons similar to those discussed for ATP, 1,3-bisphosphoglycerate has 
a high phosphoryl-transfer potential that is, in fact, greater than that of ATP. 
Thus, the hydrolysis of 1,3-BPG can be coupled to the synthesis of ATP. 
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  The energy of oxidation is initially trapped as a high- 
phosphoryl-transfer-potential compound   and then used to 
form ATP . The oxidation energy of a carbon atom is 
 transformed into phosphoryl-transfer potential, first as 
1,3-bisphosphoglycerate and ultimately as ATP. We will 
consider these reactions in mechanistic detail in Chapter 16. 

  Ion gradients across membranes provide an important
form of cellular energy that can be coupled to 
ATP synthesis  

 As described in Chapter 13, electrochemical potential is 
an effective means of storing free energy. Indeed, the elec-
trochemical potential of  ion gradients across membranes,  
produced by the oxidation of fuel molecules or by photo-
synthesis, ultimately powers the synthesis of most of the 
ATP in cells. In general, ion gradients are versatile means 
of coupling thermodynamically unfavorable reactions to 
favorable ones. Indeed, in animals,  proton gradients  gener-
ated by the oxidation of carbon fuels account for more 
than 90% of ATP generation (Figure 15.11). This process 
is called  oxidative phosphorylation  (Chapter 18). ATP 
hydrolysis can then be used to form ion gradients of differ-
ent types and functions. The electrochemical potential of a 
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FIGURE 15.11 Proton gradients. The oxidation of fuels can 
power the formation of proton gradients by the action of specific 
proton pumps (yellow cylinders). These proton gradients can in 
turn drive the synthesis of ATP when the protons flow through an 
ATP-synthesizing enzyme (red complex).
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3-Φωσφoγλυκερικό οξύ

Η οξείδωση δεν λαμβάνει χώρα απευθείας…
Οξείδωση
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3-Φωσφoγλυκερικό οξύ

Η ενέργεια οξείδωσης αρχικά παγιδεύεται ως μια ένωση υψηλού δυναμικού μεταφοράς φωσφορικής ομάδας και στην
συνέχεια χρησιμοποιείται για να σχηματιστεί ΑΤΡ
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15.3

Οι βαθμιδώσεις συγκέντρωσης ιόντων στις δυο πλευρές
των μεμβρανών παρέχουν μια σπουδαία μορφή
κυτταρικής ενέργειας, η οποία μπορεί να συζευχθεί με
την σύνθεση της ΑΤΡ

Οξειδωτική φωσφορυλίωση
Στα ζώα, η παραγωγή του >90% ATP αποδίδεται στις
βαθμιδώσεις συγκέντρωσης πρωτονίων που παράγονται
από την οξείδωση των καύσιμων οργανικών μορίων
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15.3 Η οξείδωση των καύσιμων οργανικών μορίων είναι μια σπουδαία πηγή κυτταρικής ενέργειας

Η ενέργεια από τις τροφές εξάγεται σε τρία στάδια

i. Μεγάλα μόρια των τροφών διασπώνται σε μικρότερες
μονάδες (πέψη).

ii. Τα πολυάριθμα μικρά μόρια ανοικοδομούνται σε μερικές
απλές μονάδες οι οποίες παίζουν κεντρικό ρόλο στο
μεταβολισμό (κυρίως σε ακετυλο-CoA)

iii. Η ΑΤΡ παράγεται από την πλήρη οξείδωση της ακετυλικής
μονάδας του ακετυλο-CoA
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1. Ενεργοποιημένοι φορείς ηλεκτρονίων για την οξείδωση των καυσίμων

Στους αερόβιους οργανισμούς, ο βασικός δέκτης ηλεκτρονίων κατά την
οξείδωση των καυσίμων είναι το Ο2. Τα ηλεκτρόνια δεν μεταφέρονται
απευθείας στο Ο2. Τα καύσιμα μόρια μεταφέρουν τα ηλεκτρόνια σε
ειδικούς φορείς τα οποία είναι είτε νουκλεοτίδια πυριδίνης είτε φλαβίνες
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completely oxidized to CO 2 . Four pairs of electrons are transferred (three to 
NAD 1  and one to FAD) for each acetyl group that is oxidized. Then, a proton 
gradient is generated as electrons flow from the reduced forms of these carri-
ers to O 2 , and this gradient is used to synthesize ATP (Chapters 17 and 18). 

  15.4     Metabolic Pathways Contain Many Recurring Motifs  

 At first glance, metabolism appears intimidating because of the sheer num-
ber of reactants and reactions. Nevertheless, there are unifying themes that 
make the comprehension of this complexity more manageable. These unify-
ing themes include common metabolites, reactions, and regulatory schemes 
that stem from a common evolutionary heritage. 

  Activated carriers exemplify the modular design and economy 
of metabolism  

 We have seen that phosphoryl transfer can be used to drive otherwise end-
ergonic reactions, alter the energy of conformation of a protein, or serve as a 
signal to alter the activity of a protein. The phosphoryl-group donor in all of 
these reactions is ATP. In other words,  ATP is an activated carrier of phos-
phoryl groups because phosphoryl transfer from ATP is an exergonic process . 
The use of activated carriers is a recurring motif in biochemistry, and we 
will consider several such carriers here. Many such activated carriers func-
tion as coenzymes (Section 8.1): 

  1.     Activated Carriers of Electrons for Fuel Oxidation  . In aerobic organisms, 
the ultimate electron acceptor in the oxidation of fuel molecules is O  2  . 
However, electrons are not transferred directly to O  2  . Instead, fuel mole-
cules transfer electrons to special carriers, which are either   pyridine nucleo-
tides   or   flavins  . The reduced forms of these carriers then transfer their high-
potential electrons to O  2  .  

 Nicotinamide adenine dinucleotide is a major electron carrier in the oxi-
dation of fuel molecules (Figure 15.13). The reactive part of NAD 1  is its 
nicotinamide ring, a pyridine derivative synthesized from the vitamin nia-
cin.  In the oxidation of a substrate, the nicotinamide ring of NAD  1   accepts a 
hydrogen ion and two electrons, which are equivalent to a hydride ion  (H: 2 ). 
The reduced form of this carrier is called  NADH . In the oxidized form, the 
nitrogen atom carries a positive charge, as indicated by NAD 1 . NAD 1  is 
the electron acceptor in many reactions of the type 

OH

C
R R!

H
R

C

O

R!
+ +NAD+ NADH + H+

 In this dehydrogenation, one hydrogen atom of the substrate is directly 
transferred to NAD 1 , whereas the other appears in the solvent as a proton. 
Both electrons lost by the substrate are transferred to the nicotinamide ring. 

 The other major electron carrier in the oxidation of fuel molecules is the 
coenzyme  flavin adenine dinucleotide  (Figure 15.14). The abbreviations for 
the oxidized and reduced forms of this carrier are FAD and FADH 2 , 
respectively. FAD is the electron acceptor in reactions of the type 
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FIGURE 15.13 Structures of the oxidized 
forms of nicotinamide-derived electron 
carriers. Nicotinamide adenine dinucleotide 
(NAD1) and nicotinamide adenine 
dinucleotide phosphate (NADP1) are 
prominent carriers of high-energy electrons. 
In NAD1, R = H; in NADP1, R = PO22.3
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1. Ενεργοποιημένοι φορείς ηλεκτρονίων για την οξείδωση των καυσίμων
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completely oxidized to CO 2 . Four pairs of electrons are transferred (three to 
NAD 1  and one to FAD) for each acetyl group that is oxidized. Then, a proton 
gradient is generated as electrons flow from the reduced forms of these carri-
ers to O 2 , and this gradient is used to synthesize ATP (Chapters 17 and 18). 

  15.4     Metabolic Pathways Contain Many Recurring Motifs  

 At first glance, metabolism appears intimidating because of the sheer num-
ber of reactants and reactions. Nevertheless, there are unifying themes that 
make the comprehension of this complexity more manageable. These unify-
ing themes include common metabolites, reactions, and regulatory schemes 
that stem from a common evolutionary heritage. 

  Activated carriers exemplify the modular design and economy 
of metabolism  

 We have seen that phosphoryl transfer can be used to drive otherwise end-
ergonic reactions, alter the energy of conformation of a protein, or serve as a 
signal to alter the activity of a protein. The phosphoryl-group donor in all of 
these reactions is ATP. In other words,  ATP is an activated carrier of phos-
phoryl groups because phosphoryl transfer from ATP is an exergonic process . 
The use of activated carriers is a recurring motif in biochemistry, and we 
will consider several such carriers here. Many such activated carriers func-
tion as coenzymes (Section 8.1): 

  1.     Activated Carriers of Electrons for Fuel Oxidation  . In aerobic organisms, 
the ultimate electron acceptor in the oxidation of fuel molecules is O  2  . 
However, electrons are not transferred directly to O  2  . Instead, fuel mole-
cules transfer electrons to special carriers, which are either   pyridine nucleo-
tides   or   flavins  . The reduced forms of these carriers then transfer their high-
potential electrons to O  2  .  

 Nicotinamide adenine dinucleotide is a major electron carrier in the oxi-
dation of fuel molecules (Figure 15.13). The reactive part of NAD 1  is its 
nicotinamide ring, a pyridine derivative synthesized from the vitamin nia-
cin.  In the oxidation of a substrate, the nicotinamide ring of NAD  1   accepts a 
hydrogen ion and two electrons, which are equivalent to a hydride ion  (H: 2 ). 
The reduced form of this carrier is called  NADH . In the oxidized form, the 
nitrogen atom carries a positive charge, as indicated by NAD 1 . NAD 1  is 
the electron acceptor in many reactions of the type 

OH

C
R R!

H
R

C

O

R!
+ +NAD+ NADH + H+

 In this dehydrogenation, one hydrogen atom of the substrate is directly 
transferred to NAD 1 , whereas the other appears in the solvent as a proton. 
Both electrons lost by the substrate are transferred to the nicotinamide ring. 

 The other major electron carrier in the oxidation of fuel molecules is the 
coenzyme  flavin adenine dinucleotide  (Figure 15.14). The abbreviations for 
the oxidized and reduced forms of this carrier are FAD and FADH 2 , 
respectively. FAD is the electron acceptor in reactions of the type 
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FIGURE 15.13 Structures of the oxidized 
forms of nicotinamide-derived electron 
carriers. Nicotinamide adenine dinucleotide 
(NAD1) and nicotinamide adenine 
dinucleotide phosphate (NADP1) are 
prominent carriers of high-energy electrons. 
In NAD1, R = H; in NADP1, R = PO22.3
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• Μια μονάδα φλαβινο-μονονουκλεοτίδιο (FΜΝ)

• Μια μονάδα ΑΜΡ
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 The reactive part of FAD is its isoalloxazine ring, a derivative of the vitamin 
riboflavin (Figure 15.15). FAD, like NAD 1 , can accept two electrons. In 
doing so, FAD, unlike NAD 1 , takes up two protons. These carriers of high-
potential electrons as well as flavin mononucleotide (FMN), an electron 
carrier similar to FAD but lacking the adenine nucleotide, will be consid-
ered further in Chapter 18. 

FIGURE 15.14 Structure of the oxidized 
form of flavin adenine dinucleotide 
(FAD). This electron carrier consists of a 
flavin mononucleotide (FMN) unit (shown in 
blue) and an AMP unit (shown in black).
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FIGURE 15.15 Structures of 
the reactive components of 
FAD and FADH2. The electrons 
and protons are carried by the 
isoalloxazine ring component of 
FAD and FADH2.
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 2.  An Activated Carrier of Electrons for Reductive Biosynthesis . High-
potential electrons are required in most biosyntheses because the precursors 
are more oxidized than the products. Hence, reducing power is needed in 
addition to ATP. For example, in the biosynthesis of fatty acids, a keto 
group is reduced to a methylene group in several steps. This sequence of 
reactions requires an input of four electrons. 
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+ +4 H+ + 4 e– H2O

 The electron donor in most reductive biosyntheses is NADPH, the reduced 
form of nicotinamide adenine dinucleotide phosphate (NADP 1 ; Figure 
15.13). NADPH differs from NADH in that the 2 ! -hydroxyl group of its 
adenosine moiety is esterified with phosphate. NADPH carries electrons in 
the same way as NADH. However,  NADPH is used almost exclusively for 
reductive biosyntheses, whereas NADH is used primarily for the generation of 
ATP . The extra phosphoryl group on NADPH is a tag that enables enzymes 
to distinguish between high-potential electrons to be used in anabolism and 
those to be used in catabolism. 

Για παράδειγμα στην βιοσύνθεση των λιπαρών οξέων

Αυτή η αλληλουχία των αντιδράσεων χρειάζεται την
είσοδο τεσσάρων ηλεκτρονίων
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3. Ένας ενεργοποιημένος φορέας μορίων δύο ανθράκων

Ένας φορέας ακυλομάδων
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  3.     An Activated Carrier of Two-Carbon Fragments  . Coenzyme A, another 
central molecule in metabolism, is a carrier of acyl groups derived from the 
vitamin pantothenate (Figure 15.16). Acyl groups are important constitu-
ents both in catabolism, as in the oxidation of fatty acids, and in anabolism, 
as in the synthesis of membrane lipids. The terminal sulfhydryl group in 
CoA is the reactive site. Acyl groups are linked to CoA by thioester bonds. 
The resulting derivative is called an   acyl CoA  . An acyl group often linked to 
CoA is the acetyl unit; this derivative is called   acetyl CoA  . The   D  G  8  !   for the 
hydrolysis of acetyl CoA has a large negative value:  

Acetyl CoA 1 H2O ∆ acetate 1 CoA 1 H1

  ¢G89 5 231.4 kJ mol21(27.5 kcal mol21)  
 A thioester is thermodynamically more unstable than an oxygen ester 
because the electrons of the C“O bond cannot form resonance structures 
with the C—S bond that are as stable as those that they can form with the 
C—O bond. Consequently,  acetyl CoA has a high acetyl-group-transfer 
potential because transfer of the acetyl group is exergonic . Acetyl CoA carries 
an activated acetyl group, just as ATP carries an activated phosphoryl group. 

 The use of activated carriers illustrates two key aspects of metabolism. 
First, NADH, NADPH, and FADH 2  react slowly with O 2  in the absence 
of a catalyst. Likewise, ATP and acetyl CoA are hydrolyzed slowly (over 
many hours or even days) in the absence of a catalyst. These molecules are 
kinetically quite stable in the face of a large thermodynamic driving force for 
reaction with O 2  (in regard to the electron carriers) and H 2 O (for ATP and 
acetyl CoA).  The kinetic stability of these molecules in the absence of specific 
catalysts is essential for their biological function because it enables enzymes to 
control the flow of free energy and reducing power . 

 Second,  most interchanges of activated groups in metabolism are accomplished 
by a rather small set of carriers  (Table 15.2). The existence of a recurring set of 
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TABLE 15.2 Some activated carriers in metabolism

Carrier molecule in activated form Group carried Vitamin precursor

ATP Phosphoryl
NADH and NADPH Electrons  Nicotinate (niacin) 
  (vitamin B3)
FADH2 Electrons Riboflavin (vitamin B2)
FMNH2 Electrons Riboflavin (vitamin B2)
Coenzyme A Acyl Pantothenate (vitamin B5)
Lipoamide Acyl
Thiamine pyrophosphate Aldehyde Thiamine (vitamin B1)
Biotin CO2 Biotin (vitamin B7)
Tetrahydrofolate One-carbon units Folate (vitamin B9)
S-Adenosylmethionine Methyl
Uridine diphosphate glucose Glucose
Cytidine diphosphate diacylglycerol Phosphatidate
Nucleoside triphosphates Nucleotides

Note: Many of the activated carriers are coenzymes that are derived from water-soluble vitamins.

Ακυλο-CoA Ακετυλο-CoA
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Πολλοί ενεργοποιημένοι φορείς παράγονται από βιταμίνες

(βιταμίνη Β3)

(βιταμίνη Β7)
(βιταμίνη Β9)
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activated carriers in all organisms is one of the unifying motifs of biochemistry. 
Furthermore, it illustrates the modular design of metabolism. A small set of 
molecules carries out a very wide range of tasks. Metabolism is readily com-
prehended because of the economy and elegance of its underlying design. 

  Many activated carriers are derived from vitamins  

 Almost all the activated carriers that act as coenzymes are derived from 
 vitamins . Vitamins are organic molecules that are needed in small amounts 
in the diets of some higher animals. Table 15.3 lists the vitamins that act as 
coenzymes and Figure 15.17 shows the structures of some of them. This 
series of vitamins is known as the vitamin B group. In all cases, the vitamin 
must be modified before it can serve its function. We have already touched 
on the roles of niacin, riboflavin, and pantothenate. We will see these three 
and the other B vitamins many times in our study of biochemistry. 

 Vitamins serve the same roles in nearly all forms of life, but higher 
animals lost the capacity to synthesize them in the course of evolution. 

For instance, whereas  E. coli  can thrive on glucose and organic salts, human 
beings require at least 12 vitamins in their diet. The biosynthetic pathways for 

TABLE 15.3 The B vitamins

  Typical reaction Consequences of 
Vitamin Coenzyme type deficiency

Thiamine (B1) Thiamine  Aldehyde transfer Beriberi (weight loss, 
 pyrophosphate  heart problems,  
   neurological dysfunction)
Riboflavin (B2) Flavin adenine  Oxidation–reduction Cheliosis and angular
 dinucleotide (FAD)  stomatitis (lesions of the 
   mouth), dermatitis
Pyridoxine (B6) Pyridoxal phosphate Group transfer to or  Depression, confusion,
  from amino acids convulsions
Nicotinic acid  Nicotinamide adenine Oxidation–reduction Pellagra (dermatitis,

(niacin) (B3) dinucleotide (NAD1)  depression, diarrhea)
Pantothenic acid (B5) Coenzyme A Acyl-group transfer Hypertension
Biotin (B7) Biotin–lysine  ATP-dependent Rash about the
 adducts (biocytin) carboxylation and  eyebrows, muscle
  carboxyl-group  pain, fatigue (rare)
  transfer
Folic acid (B9) Tetrahydrofolate Transfer of one- Anemia, neural-tube
  carbon components;  defects in development
  thymine synthesis 
B12 59-Deoxyadenosyl  Transfer of methyl Anemia, pernicious
 cobalamin groups;  anemia, methylmalonic
  intramolecular  acidosis
  rearrangements 
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FIGURE 15.17 Structures of some 
of the B vitamins. These vitamins 
are often referred to as water-soluble 
vitamins because of the ease with 
which they dissolve in water.
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vitamins can be complex; thus, it is biologically more efficient to ingest vita-
mins than to synthesize the enzymes required to construct them from simple 
molecules. This efficiency comes at the cost of dependence on other organ-
isms for chemicals essential for life. Indeed, vitamin deficiency can generate 
diseases in all organisms requiring these molecules (Tables 15.3 and 15.4). 

 Not all vitamins function as coenzymes. Vitamins designated by the letters 
A, C, D, E, and K (Figure 15.18 and Table 15.4) have a diverse array of func-
tions. Vitamin A (retinol) is the precursor of retinal, the light-sensitive group in 
rhodopsin and other visual pigments (Section 32.3), and retinoic acid, an 
important signaling molecule. A deficiency of this vitamin leads to night blind-
ness. In addition, young animals require vitamin A for growth. Vitamin C, or 
ascorbate, acts as an antioxidant. A deficiency in vitamin C results in the for-
mation of unstable collagen molecules and is the cause of scurvy, a disease 
characterized by skin lesions and blood-vessel fragility (Section 27.6). A metab-
olite of vitamin D is a hormone that regulates the metabolism of calcium and 
phosphorus. A deficiency in vitamin D impairs bone formation in growing 
animals. Vitamin E ( a -tocopherol) deficiency causes a variety of neuromuscular 
pathologies. This vitamin inactivates reactive oxygen species such as hydroxyl 

TABLE 15.4 Noncoenzyme vitamins

Vitamin Function Deficiency

A Roles in vision, growth,  Night blindness, cornea
 reproduction damage, damage to respiratory 
  and gastrointestinal tract
C (ascorbic acid) Antioxidant Scurvy (swollen and bleeding 
  gums, subdermal hemorrhaging)
D Regulation of calcium  Rickets (children): skeletal deformities,
 and phosphate metabolism impaired growth 
  Osteomalacia (adults): soft, bending 
  bones
E Antioxidant Lesions in muscles and nerves (rare)
K Blood coagulation Subdermal hemorrhaging

FIGURE 15.18 Structures 
of some vitamins that do 
not function as coenzymes. 
These vitamins are often called 
the fat-soluble vitamins because 
of their hydrophobic nature.
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radicals before they can oxidize unsaturated membrane lipids, damaging cell 
structures. Vitamin K is required for normal blood clotting (Section 10.4). 

  Key reactions are reiterated throughout metabolism  

 Just as there is an economy of design in the use of activated carriers, so is 
there an economy of design in biochemical reactions. The thousands of 
metabolic reactions, bewildering at first in their variety, can be subdivided 
into just six types (Table 15.5). Specific reactions of each type appear 
repeatedly, reducing the number of reactions that a student needs to learn. 

  1.     Oxidation  –  reduction reactions   are essential components of many path-
ways. Useful energy is often derived from the oxidation of carbon com-
pounds. Consider the following two reactions:  
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 These two oxidation–reduction reactions are components of the citric acid 
cycle (Chapter 17), which completely oxidizes the activated two-carbon 
fragment of acetyl CoA to two molecules of CO 2 . In reaction 1, FADH 2  
carries the electrons, whereas, in reaction 2, electrons are carried by NADH. 

 2.  Ligation reactions  form bonds by using free energy from ATP cleavage. 
Reaction 3 illustrates the ATP-dependent formation of a carbon–carbon 
bond, necessary to combine smaller molecules to form larger ones. 
Oxaloacetate is formed from pyruvate and CO 2 . 
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TABLE 15.5 Types of chemical reactions in metabolism

Type of reaction Description

Oxidation–reduction Electron transfer
Ligation requiring ATP cleavage Formation of covalent bonds (i.e., carbon–carbon bonds)
Isomerization Rearrangement of atoms to form isomers
Group transfer Transfer of a functional group from one molecule to another
Hydrolytic Cleavage of bonds by the addition of water
Carbon bond cleavage by means  Two substrates yielding one product or vice versa. When

other than hydrolysis or oxidation H2O or CO2 are a product, a double bond is formed.

Οι αντιδράσεις αυτές είναι συνιστώσες του κύκλου του κιτρικού οξέος

Ηλεκτρικό Φουμαρικό

ΟξαλικόΜηλικό
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2. Αντιδράσεις μεταφοράς ομάδας

Στο πρώτο βήμα της γλυκόλυσης..
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 The oxaloacetate can be used in the citric acid cycle, or converted into glu-
cose or amino acids such as aspartic acid. 

 3.  Isomerization reactions  rearrange particular atoms within a molecule. 
Their role is often to prepare the molecule for subsequent reactions such as 
the oxidation–reduction reactions described in point 1. 

C
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C (4)

H H
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C
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COO–

 Reaction 4 is, again, a component of the citric acid cycle. This isomerization 
prepares the molecule for subsequent oxidation and decarboxylation reac-
tions by moving the hydroxyl group of citrate from a tertiary to a secondary 
position. 

 4.  Group - transfer reactions  play a variety of roles. Reaction 5 is repre-
sentative of such a reaction. A phosphoryl group is transferred from the 
activated phosphoryl-group carrier, ATP, to glucose, the initial step in 
glycolysis, a key pathway for extracting energy from glucose (Chapter 16). 
This reaction traps glucose in the cell so that further catabolism can 
take place. 
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 As stated earlier, group-transfer reactions are used to synthesize ATP. We 
also saw examples of their use in signaling pathways (Chapter 14). 

 5.  Hydrolytic reactions  cleave bonds by the addition of water. Hydrolysis 
is a common means of degrading large molecules, either to facilitate 
further metabolism or to reuse some of the components for biosynthetic 
purposes. Proteins are digested by hydrolytic cleavage (chapters 9 
and 10). Reaction 6 illustrates the hydrolysis of a peptide to yield two 
smaller peptides. 

Γλυκόζη

6-Φωσφορική γλυκόζη 
(G-6P)
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3. Αντιδράσεις υδρόλυσης

Κοινός τρόπος αποικοδόμησης μεγάλων μορίων (π.χ. πρωτεΐνες)
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  6.     Carbon bonds can be cleaved by means other than hydrolysis or oxidation, 
with two substrates yielding one product or vice versa  .   When CO  2   or H  2  O is 
released, a double bond is   formed.   The enzymes that catalyze these types of 
reaction are classified as   lyases.   An important example, illustrated in reaction 
7, is the conversion of the six-carbon molecule fructose 1,6-bisphosphate 
into two three-carbon fragments: dihydroxyacetone phosphate and glyceral-
dehyde 3-phosphate.  
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 This reaction is a critical step in glycolysis (Chapter 16). Dehydrations to form 
double bonds, such as the formation of phosphoenolpyruvate (Figure  15.6) 
from 2-phosphoglycerate (reaction 8), are important reactions of this type. 
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 The dehydration sets up the next step in the pathway, a group-transfer reac-
tion that uses the high phosphoryl-transfer potential of the product PEP to 
form ATP from ADP. 

 These six fundamental reaction types are the basis of metabolism. 
Remember that all six types can proceed in either direction, depending on 
the standard free energy for the specific reaction and the concentrations of 
the reactants and products inside the cell. An effective way to learn is to look 
for commonalities in the diverse metabolic pathways that we will be examin-
ing. There is a chemical logic that, when exposed, renders the complexity of 
the chemistry of living systems more manageable and reveals its elegance. 

  Metabolic processes are regulated in three principal ways  

 It is evident that the complex network of metabolic reactions must be rigor-
ously regulated. The levels of available nutrients must be monitored and the 
activity of metabolic pathways must be altered and integrated to create 
 homeostasis , a stable biochemical environment. At the same time, metabolic 
control must be flexible, able to adjust metabolic activity to the constantly 
changing external environments of cells. Figure 15.19 illustrates the nutrient 
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4. Αντιδράσεις διάσπασης δεσμών C-C, εκτός υδρόλυσης ή οξείδωσης, με δύο υποστρώματα να δίνουν ένα
προϊόν ή αντιστρόφως

Καθοριστικό βήμα στην γλυκόλυση..
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  6.     Carbon bonds can be cleaved by means other than hydrolysis or oxidation, 
with two substrates yielding one product or vice versa  .   When CO  2   or H  2  O is 
released, a double bond is   formed.   The enzymes that catalyze these types of 
reaction are classified as   lyases.   An important example, illustrated in reaction 
7, is the conversion of the six-carbon molecule fructose 1,6-bisphosphate 
into two three-carbon fragments: dihydroxyacetone phosphate and glyceral-
dehyde 3-phosphate.  
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 This reaction is a critical step in glycolysis (Chapter 16). Dehydrations to form 
double bonds, such as the formation of phosphoenolpyruvate (Figure  15.6) 
from 2-phosphoglycerate (reaction 8), are important reactions of this type. 
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 The dehydration sets up the next step in the pathway, a group-transfer reac-
tion that uses the high phosphoryl-transfer potential of the product PEP to 
form ATP from ADP. 

 These six fundamental reaction types are the basis of metabolism. 
Remember that all six types can proceed in either direction, depending on 
the standard free energy for the specific reaction and the concentrations of 
the reactants and products inside the cell. An effective way to learn is to look 
for commonalities in the diverse metabolic pathways that we will be examin-
ing. There is a chemical logic that, when exposed, renders the complexity of 
the chemistry of living systems more manageable and reveals its elegance. 

  Metabolic processes are regulated in three principal ways  

 It is evident that the complex network of metabolic reactions must be rigor-
ously regulated. The levels of available nutrients must be monitored and the 
activity of metabolic pathways must be altered and integrated to create 
 homeostasis , a stable biochemical environment. At the same time, metabolic 
control must be flexible, able to adjust metabolic activity to the constantly 
changing external environments of cells. Figure 15.19 illustrates the nutrient 

1,6 Διφωσφορική 
φρουκτόζη

Φωσφορική 
διυδροξυακετόνη

3-Φωσφορική γλυκεραλδεΰδη
(GAP)
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5. Αντιδράσεις ισομερείωσης

Οι αντίδραση αυτή είναι συνιστώσα του κύκλου του κιτρικού οξέος
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 The oxaloacetate can be used in the citric acid cycle, or converted into glu-
cose or amino acids such as aspartic acid. 

 3.  Isomerization reactions  rearrange particular atoms within a molecule. 
Their role is often to prepare the molecule for subsequent reactions such as 
the oxidation–reduction reactions described in point 1. 
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 Reaction 4 is, again, a component of the citric acid cycle. This isomerization 
prepares the molecule for subsequent oxidation and decarboxylation reac-
tions by moving the hydroxyl group of citrate from a tertiary to a secondary 
position. 

 4.  Group - transfer reactions  play a variety of roles. Reaction 5 is repre-
sentative of such a reaction. A phosphoryl group is transferred from the 
activated phosphoryl-group carrier, ATP, to glucose, the initial step in 
glycolysis, a key pathway for extracting energy from glucose (Chapter 16). 
This reaction traps glucose in the cell so that further catabolism can 
take place. 
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 As stated earlier, group-transfer reactions are used to synthesize ATP. We 
also saw examples of their use in signaling pathways (Chapter 14). 

 5.  Hydrolytic reactions  cleave bonds by the addition of water. Hydrolysis 
is a common means of degrading large molecules, either to facilitate 
further metabolism or to reuse some of the components for biosynthetic 
purposes. Proteins are digested by hydrolytic cleavage (chapters 9 
and 10). Reaction 6 illustrates the hydrolysis of a peptide to yield two 
smaller peptides. 

Κιτρικό Ισοκιτρικό
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6. Αντιδράσεις σύνδεσης

Το οξαλοξικό μπορεί να χρησιμοποιηθεί στο κύκλο του κιτρικού οξέος ή να μετατραπεί σε αμινοξέα, όπως είναι το Asp
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radicals before they can oxidize unsaturated membrane lipids, damaging cell 
structures. Vitamin K is required for normal blood clotting (Section 10.4). 

  Key reactions are reiterated throughout metabolism  

 Just as there is an economy of design in the use of activated carriers, so is 
there an economy of design in biochemical reactions. The thousands of 
metabolic reactions, bewildering at first in their variety, can be subdivided 
into just six types (Table 15.5). Specific reactions of each type appear 
repeatedly, reducing the number of reactions that a student needs to learn. 

  1.     Oxidation  –  reduction reactions   are essential components of many path-
ways. Useful energy is often derived from the oxidation of carbon com-
pounds. Consider the following two reactions:  
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Succinate Fumarate

Malate Oxaloacetate

FAD FADH2
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 These two oxidation–reduction reactions are components of the citric acid 
cycle (Chapter 17), which completely oxidizes the activated two-carbon 
fragment of acetyl CoA to two molecules of CO 2 . In reaction 1, FADH 2  
carries the electrons, whereas, in reaction 2, electrons are carried by NADH. 

 2.  Ligation reactions  form bonds by using free energy from ATP cleavage. 
Reaction 3 illustrates the ATP-dependent formation of a carbon–carbon 
bond, necessary to combine smaller molecules to form larger ones. 
Oxaloacetate is formed from pyruvate and CO 2 . 
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TABLE 15.5 Types of chemical reactions in metabolism

Type of reaction Description

Oxidation–reduction Electron transfer
Ligation requiring ATP cleavage Formation of covalent bonds (i.e., carbon–carbon bonds)
Isomerization Rearrangement of atoms to form isomers
Group transfer Transfer of a functional group from one molecule to another
Hydrolytic Cleavage of bonds by the addition of water
Carbon bond cleavage by means  Two substrates yielding one product or vice versa. When

other than hydrolysis or oxidation H2O or CO2 are a product, a double bond is formed.

Πυροσταφυλικό

Οξαλοξικό
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Ο μεταβολισμός ρυθμίζεται με τον έλεγχο:

a) στην ποσότητα των ενζύμων

b) της καταλυτικής δραστικότητας τους

c) της ευκολίας πρόσβασης στα υποστρώματα

Ομοιόσταση
Η διατήρηση ενός σταθερού κυτταρικού περιβάλλοντος απαιτεί
πολύπλοκη μεταβολική ρύθμιση η οποία συντονίζει τη χρήση των
αποθεμάτων των θρεπτικών ουσιών
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Άσκηση 1

1. Νόμισμα κυτταρικής ενέργειας

2. Αναβολικός φορέας e-

3. Φυτότροφος οργανισμός

4. Καταβολικός φορέας e-

5. Αντίδραση οξείδωσης-αναγωγής

6. Ενεργοποιημένος φορέας μορίων δύο C

7. Βιταμίνη

8. Αναβολισμός

9. Αμφιβολική αντίδραση

10. Καταβολισμός

a. NAD+

b. Συνενζυμο Α

c. Πρόδρομη ένωση των συνενζύμων

d. Παράγει ενέργεια

e. Απαιτεί ενέργεια

f. ΑΤΡ

g. Μεταφέρει e-

h. ΝΑDP+

i. Μετατρέπει την ενέργεια του φωτός σε χημική ενέργεια

j. Χρησιμοποιείται στον αναβολισμό και στον καταβολισμό

f

h

i

a

g

b

c

e

j

d
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Άσκηση 2

Η κρεατίνη είναι ένα δημοφιλές συμπλήρωμα διατροφής

• Ποια είναι η βιολογική λογική για την χρησιμοποίηση της κρεατίνης;

• Ποιος τύπος άσκησης θα ωφεληθεί περισσότερο από το συμπλήρωμα κρεατίνης;


