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Κεφάλαιο 16

Γλυκόλυση και γλυκονεογένεση

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Βιοχημεία I

Η γλυκόλυση είναι μια πορεία μετατροπής
ενέργειας

Η γλυκόζη είναι ένα πολύτιμο καύσιμο και έτσι
μπορεί να συντεθεί εκ νέου από μεταβολικά
προϊόντα (πυροσταφυλικό και γαλακτικό) με τη
διεργασία της γλυκονεογένεσης

Η γλυκόλυση και η γλυκονεογένεση
ρυθμίζονται αντίρροπα. Ρυθμίζονται έτσι ώστε
να μην λαμβάνουν χώρα ταυτόχρονα σε μεγάλη
έκταση μέσα στο ίδιο κύτταρο.
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16.0 Μερικά από τα προϊόντα διάσπασης της γλυκόζης

Η γλυκόλυση είναι η καταβολική πορεία που μετατρέπει
ένα μόριο γλυκόζης σε δύο μόρια πυροσταφυλικού, με
την ταυτόχρονη καθαρή παραγωγή δύο μορίων ΑΤΡ

ΖΥΜΩΣΗ: αναφέρεται στην αναερόβια αποδόμηση της
γλυκόζης που επεκτείνεται στη παραγωγή γαλακτικού ή
αιθανόλης. (πορεία παραγωγής ΑΤΡ στην οποία δότες και
δέκτες e- είναι οργανικές ενώσεις)

ΠΛΗΡΗΣ ΟΞΕΙΔΩΣΗ

• Κύκλος του κιτρικού οξέος
• Οξειδωτική φωσφορυλίωση
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16.0 Μερικά από τα προϊόντα διάσπασης της γλυκόζης

Γιατί γλυκόζη και όχι κάποιοι άλλοι μονοσακχαρίτες;

2. Η τάση της γλυκόζης να γλυκοζυλιώνει πρωτεΐνες, σε σχέση με
άλλους μονοσακχαρίτες, είναι χαμηλή. Οι μονοσακχαρίτες ανοιχτής
δομής περιέχουν καρβονυλικές ομάδες που αντιδρούν με τις
αμινικές ομάδες των πρωτεϊνών σχηματίζοντας βάσεις του Schiff

1. Η γλυκόζη είναι από τους μονοσακχαρίτες που σχηματίστηκαν από φορμαλδεΰδη
κάτω από προβιωτικές συνθήκες και ίσως ήταν η διαθέσιμη πηγή καυσίμου για τα
πρωτόγονα βιοχημικά συστήματα
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς

Τα ένζυμα της γλυκόλυσης συνδέονται μεταξύ τους

• Μετακίνηση υποστρωμάτων και προϊόντων
(διοχέτευση υποστρώματος)

• Παρεμποδίζει της απελευθέρωσης τοξικών ενδιαμέσων

Η γλυκόλυση μπορεί να διαιρεθεί σε δύο στάδια

1. Φάση της παγίδευσης και της προετοιμασίας. Δεν
παράγεται ΑΤΡ αλλά η γλυκόζη μετατρέπεται σε 1,6-
διφωσφορική φρουκτόζη, η οποία διασπάται δύο
θραύσματα των τριών ατόμων άνθρακα

2. Συλλέγεται ΑΤΡ όταν θραύσματα των τριών ατόμων
άνθρακα οξειδώνονται σε πυροσταφυλικό
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16.1 Glycolysis

  Glucose is an important fuel for most organisms  

  Glucose is a common and important fuel. In mammals, glucose is the 
only fuel that the brain uses under nonstarvation conditions and the 

only fuel that red blood cells can use at all. Indeed, almost all organisms use 
glucose, and most that do process it in a similar fashion. Recall from 
Chapter 11 that there are many carbohydrates. Why is glucose instead of 
some other monosaccharide such a prominent fuel? We can speculate on the 
reasons. First, glucose is one of several monosaccharides formed from form-
aldehyde under prebiotic conditions, and so it may have been available as a 
fuel source for primitive biochemical systems. Second, glucose has a low 
tendency, relative to other monosaccharides, to nonenzymatically glycosyl-
ate proteins. In their open-chain forms, monosaccharides contain carbonyl 
groups that can react with the amino groups of proteins to form Schiff bases, 
which rearrange to form a more stable amino–ketone linkage (p. 321). Such 
nonspecifically modified proteins often do not function effectively. Glucose 
has a strong tendency to exist in the ring conformation and, consequently, 
relatively little tendency to modify proteins. Recall that all the hydroxyl 
groups in the ring conformation of   b  -glucose are equatorial, contributing to 
the sugar’s high relative stability (p. 320).  

  16.1      Glycolysis Is an Energy-Conversion Pathway 
in Many Organisms  

  We now begin our consideration of the glycolytic pathway. This pathway is 
common to virtually all cells, both prokaryotic and eukaryotic. In eukaryotic 
cells, glycolysis takes place in the cytoplasm. This pathway can be thought of as 
comprising two stages (Figure 16.2). Stage 1 is the trapping and preparation 
phase. No ATP is generated in this stage. In stage 1, glucose is converted into 
fructose 1,6-bisphosphate in three steps: a phosphorylation, an isomerization, 
and a second phosphorylation reaction.   The strategy of these initial steps in gly-
colysis is to trap the glucose in the cell and form a compound that can be readily 
cleaved into phosphorylated three-carbon units.   Stage 1 is completed with the 
cleavage of the fructose 1,6-bisphosphate into two   three-carbon fragments. 
These resulting three-carbon units are readily interconvertible. In stage 2, ATP 
is harvested when the three-carbon fragments are oxidized to pyruvate.  

  Hexokinase traps glucose in the cell and begins glycolysis  

  Glucose enters cells through specific transport proteins (p. 473) and has one 
principal fate:   it is phosphorylated by ATP to form glucose 6-phosphate.   This 
step is notable for several reasons. Glucose 6-phosphate cannot pass 
through the membrane because of the negative charges on the phosphoryl 
groups, and it is not a substrate for glucose transporters. Also, the addition 
of the phosphoryl group facilitates the eventual metabolism of glucose into 
three-carbon molecules with high-phosphoryl-transfer-potential. The 
transfer of the phosphoryl group from ATP to the hydroxyl group on car-
bon 6 of glucose is catalyzed by   hexokinase.  

+ ATP + ADP H++
Hexokinase

Glucose Glucose 6-phosphate
(G-6P)
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OH
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Pyruvate
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2

First stage of glycolysis. The first stage of 
 glycolysis begins with the phosphorylation of 
glucose by hexokinase and ends with the 
 isomerization of dihydroxyacetone phosphate 
to glyceraldehyde 3-phosphate.
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16.1 Glycolysis

  The oxidation of an aldehyde to an acid powers the formation of a 
compound with high phosphoryl-transfer potential  

  The preceding steps in glycolysis have transformed one molecule of glucose 
into two molecules of glyceraldehyde 3-phosphate, but no energy has yet 
been extracted. On the contrary, thus far, two molecules of ATP have been 
invested. We come now to the second stage of glycolysis, a series of steps 
that harvest some of the energy contained in glyceraldehyde 3-phosphate as 
ATP. The initial reaction in this sequence is the   conversion of glyceraldehyde   
  3-phosphate into 1,3-bisphosphoglycerate   (1,3-BPG), a reaction catalyzed by 
  glyceraldehyde 3-phosphate dehydrogenase.  

+ Pi+NAD+ + +NADH H+

Glyceraldehyde
3-phosphate

(GAP)

1,3-Bisphosphoglycerate
(1,3-BPG)

Glyceraldehyde
3-phosphate

dehydrogenase
C
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2– O

  1,3-Bisphosphoglycerate is an acyl phosphate, which is a mixed anhydride 
of phosphoric acid and a carboxylic acid. Such compounds have a high 
phosphoryl-transfer potential; one of its phosphoryl groups is transferred to 
ADP in the next step in glycolysis.  

    The reaction catalyzed by glyceraldehyde 3-phosphate dehydrogenase 
can be viewed as the sum of two processes: the   oxidation   of the aldehyde to 
a carboxylic acid by NAD  1   and the   joining   of the carboxylic acid and ortho-
phosphate to form the acyl-phosphate product.  
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  The first reaction is thermodynamically quite favorable, with a standard 
free-energy change,   D  G  89  , of approximately   2  50 kJ mol  2  1   (  2  12 kcal 
mol  2  1  ), whereas the second reaction is quite unfavorable, with a standard 
free-energy change of the same magnitude but the opposite sign. If these 
two reactions simply took place in succession, the second reaction would 
have a very large activation energy and thus not take place at a biologically 
significant rate. These two processes   must be coupled   so that the favorable 
aldehyde oxidation can be used to drive the formation of the acyl phosphate. 
How are these reactions coupled?   The key is an intermediate, formed as a 
result of the aldehyde oxidation, that is linked to the enzyme by a thioester 
bond.   Thioesters are high-energy compounds found in many biochemical 
pathways (Section 15.4). This intermediate reacts with orthophosphate to 
form the high-energy compound 1,3-bisphosphoglycerate.  

  The thioester intermediate is higher in free energy than the free carboxylic 
acid is.   The favorable oxidation and unfavorable phosphorylation reactions 
are coupled by the thioester intermediate, which preserves much of the free 

Glucose

F-1,6-BP
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STAGE 2
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2×

Second stage of glycolysis. The oxidation of 
three-carbon fragments yields ATP.
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς

1. Η εξοκινάση παγιδεύει γλυκόζη μέσα στα κύτταρα αρχίζοντας τη γλυκόλυση

• Η 6-φωσφορική-γλυκοζη δεν μπορεί να διαχυθεί μέσω της μεμβράνης

• Η προσθήκη της PO3
2- ομάδας αρχίζει να αποσταθεροποιεί τη γλυκόζη και έτσι διευκολύνεται ο περαιτέρω

μεταβολισμός της
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  Glucose is an important fuel for most organisms  

  Glucose is a common and important fuel. In mammals, glucose is the 
only fuel that the brain uses under nonstarvation conditions and the 
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  Glucose enters cells through specific transport proteins (p. 473) and has one 
principal fate:   it is phosphorylated by ATP to form glucose 6-phosphate.   This 
step is notable for several reasons. Glucose 6-phosphate cannot pass 
through the membrane because of the negative charges on the phosphoryl 
groups, and it is not a substrate for glucose transporters. Also, the addition 
of the phosphoryl group facilitates the eventual metabolism of glucose into 
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transfer of the phosphoryl group from ATP to the hydroxyl group on car-
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First stage of glycolysis. The first stage of 
 glycolysis begins with the phosphorylation of 
glucose by hexokinase and ends with the 
 isomerization of dihydroxyacetone phosphate 
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Γλυκόζη 6 Φωσφορική γλυκόζη
(G-6P)

Eξοκινάση
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς

Επαγόμενη προσαρμογή στην εξοκινάση

• Κινάσες (καταλύουν την φωσφορυλίωση)

• Από ΑΤΡ σε ένα δέκτη

• Χρειάζεται Μg2+ (ή Mn2+)

• Το κλείσιμο της σχισμής επάγεται από το
υπόστρωμα (γενικό γνώρισμα των κινασών)

• Το κλείσιμο της δομής. Γιατί είναι σημαντικό;
α) ευνοεί την αντίδραση
β) κρατά μακριά το H2O

Πως μπορούμε να δούμε/μελετήσουμε αυτή την κίνηση;
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς

2. Ισομερείωση της 6-φωσφορική γλυκόζης προς 6-φωσφορική φρουκτόζη
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CHAPTER 16 Glycolysis and 
Gluconeogenesis

aldehyde group at carbon 1, whereas the open-chain form of fructose has a 
keto group at carbon 2. Thus, the isomerization of glucose 6-phosphate to 
fructose 6-phosphate is a   conversion of an aldose into a ketose.   The reaction 
catalyzed by   phosphoglucose isomerase   takes several steps because both glu-
cose 6-phosphate and fructose 6-phosphate are present primarily in the 
cyclic forms. The enzyme must first open the six-membered ring of glucose 
6-phosphate, catalyze the isomerization, and then promote the formation of 
the five-membered ring of fructose 6-phosphate.  

Glucose 6-phosphate 
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Glucose 6-phosphate 
(open-chain form)
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  A second phosphorylation reaction follows the isomerization step. 
  Fructose 6-phosphate is phosphorylated at the expense of ATP to fructose 
1,6-bisphosphate   (F-l,6-BP). The prefix   bis-   in bisphosphate means that two 
separate monophosphoryl groups are present, whereas the prefix   di-   in 
diphosphate (as in adenosine diphosphate) means that two phosphoryl 
groups are present and are connected by an anhydride bond.  

+ ATP + H++ADP
Phosphofructokinase

Fructose 6-phosphate
(F-6P)

Fructose 1,6-bisphosphate
(F-1, 6-BP)

O
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    This reaction is catalyzed by   phosphofructokinase   (PFK), an allosteric 
enzyme that sets the pace of glycolysis. As we will learn, this enzyme plays 
a central role in the metabolism of many molecules in all parts of the body.  

  What is the biochemical rationale for the isomerization of glucose 
6-phosphate to fructose 6-phosphate and its subsequent phosphorylation to 
form fructose 1,6-bisphosphate? Had the aldol cleavage taken place in the 
aldose glucose, a two-carbon and a four-carbon fragment would have 
resulted. Two different metabolic pathways, one to process the two-carbon 
fragment and one for the four-carbon fragment, would have been required 
to extract energy. Phosphorylation of the fructose 6-phosphate to fructose 
1,6-bisphosphate prevents the reformation of glucose 6-phosphate. As 
shown below, aldol cleavage of fructose 1,6-bisphosphate yields two phos-
phorylated interconvertible three-carbon fragments that will be oxidized in 
the later steps of glycolysis to capture energy in the form of ATP.  

  The six-carbon sugar is cleaved into two three-carbon fragments  

  The newly formed fructose 1,6-bisphosphate is cleaved into   glyceral-
dehyde 3-phosphate   (GAP) and   dihydroxyacetone phosphate   (DHAP), 

completing stage 1 of glycolysis. The products of the remaining steps in 
glycolysis consist of three-carbon units rather than six-carbon units.  

6 Φωσφορική γλυκόζη
(G-6P)

6 Φωσφορική φρουκτόζη
(F-6P)

• Καταλύεται από την ισομεράση της φωσφογλυκόζης σε αρκετά βήματα… Τι πρέπει να γίνει πρώτα;
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς
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aldehyde group at carbon 1, whereas the open-chain form of fructose has a 
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    This reaction is catalyzed by   phosphofructokinase   (PFK), an allosteric 
enzyme that sets the pace of glycolysis. As we will learn, this enzyme plays 
a central role in the metabolism of many molecules in all parts of the body.  

  What is the biochemical rationale for the isomerization of glucose 
6-phosphate to fructose 6-phosphate and its subsequent phosphorylation to 
form fructose 1,6-bisphosphate? Had the aldol cleavage taken place in the 
aldose glucose, a two-carbon and a four-carbon fragment would have 
resulted. Two different metabolic pathways, one to process the two-carbon 
fragment and one for the four-carbon fragment, would have been required 
to extract energy. Phosphorylation of the fructose 6-phosphate to fructose 
1,6-bisphosphate prevents the reformation of glucose 6-phosphate. As 
shown below, aldol cleavage of fructose 1,6-bisphosphate yields two phos-
phorylated interconvertible three-carbon fragments that will be oxidized in 
the later steps of glycolysis to capture energy in the form of ATP.  

  The six-carbon sugar is cleaved into two three-carbon fragments  

  The newly formed fructose 1,6-bisphosphate is cleaved into   glyceral-
dehyde 3-phosphate   (GAP) and   dihydroxyacetone phosphate   (DHAP), 

completing stage 1 of glycolysis. The products of the remaining steps in 
glycolysis consist of three-carbon units rather than six-carbon units.  

3. Η 6-φωσφορική φρουκτόζη φωσφορυλιώνεται από την ΑΤΡ σε 1,6 διφωσφορική φρουκτόζη

6 Φωσφορική φρουκτόζη
(F-6P)

1,6 Διφωσφορική φρουκτόζη
(F-1,6-ΒP)

Φωσφοφρουκτοκινάση
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  This reaction, which is readily reversible, is catalyzed by   aldolase.   This enzyme 
derives its name from the nature of the reverse reaction, an aldol condensation.  

    Glyceraldehyde 3-phosphate is on the direct pathway of glycolysis, 
whereas dihydroxyacetone phosphate is not. Unless a means exists to con-
vert dihydroxyacetone phosphate into glyceraldehyde 3-phosphate, a three-
carbon fragment useful for generating ATP will be lost. These compounds 
are isomers that can be readily interconverted: dihydroxyacetone phosphate 
is a ketose, whereas glyceraldehyde 3-phosphate is an aldose. The isomeri-
zation of these three-carbon phosphorylated sugars is catalyzed by   triose 
phosphate isomerase   (TPI, sometimes abbreviated TIM; Figure 16.4).  
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    This reaction is rapid and reversible. At equilibrium, 96% of the triose 
phosphate is dihydroxyacetone phosphate. However, the reaction proceeds 
readily from dihydroxyacetone phosphate to glyceraldehyde 3-phosphate 
because the subsequent reactions of glycolysis remove this product. Triose 
phosphate isomerase deficiency, a rare condition, is the only glycolytic 
enzymopathy that is lethal. This deficiency is characterized by severe 
hemolytic anemia and   neurodegeneration.  

  Mechanism: Triose phosphate isomerase salvages a 
three-carbon fragment  

  Much is known about the catalytic mechanism of triose phos-
phate isomerase. TPI catalyzes the transfer of a hydrogen 
atom from carbon 1 to carbon 2, an intramolecular oxidation–
reduction. This isomerization of a ketose into an aldose pro-
ceeds through an   enediol intermediate   (Figure 16.5).  

    X-ray crystallographic and other studies showed that gluta-
mate 165 plays the role of a general acid–base catalyst: it abstracts 
a proton (H  1  ) from carbon 1 and then donates it to carbon 2. 
However, the carboxylate group of glutamate 165 by itself is not 
basic enough to pull a proton away from a carbon atom adjacent 
to a carbonyl group. Histidine 95 assists catalysis by donating a 
proton to stabilize the negative charge that develops on the C-2 
carbonyl group.  

    Two features of this enzyme are noteworthy. First, TPI dis-
plays great catalytic prowess. It accelerates isomerization by a 

His 95
Glu 165

Substrate

Loop

 FIGURE 16.4 Structure of triose 
phosphate isomerase. This enzyme 
consists of a central core of eight parallel b 
strands (orange) surrounded by eight a 
helices (blue). This structural motif, called 
an ab barrel, is also found in the glycolytic 
enzymes aldolase, enolase, and pyruvate 
kinase. Notice that histidine 95 and 
glutamate 165, essential components of 
the active site of triose phosphate 
isomerase, are located in the barrel. A loop 
(red) closes off the active site on substrate 
binding. [Drawn from 2YPI.pdb.]
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16.1 Η γλυκόλυση είναι μια πορεία μετατροπής ενέργειας σε πολλούς οργανισμούς

Το σάκχαρο με τους 6 C
διασπάται σε δύο
θραύσματα των 3 C

4. Η 1,6 διφωσφορική φρουκτόζη διασπάται σε 3-φωσφορική γλυκεραλδεΰδη (GAP) και
φωσφορική διυδρόξυακετόνη (DHAP)

1,6 Διφωσφορική φρουκτόζη
(F-1,6-ΒP)

Φωσφορική διυδροξυακετόνη
(DHAP)

3-Φωσφορική γλυκεραλδεΰδη 
(GAP)

Αλδολάση
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5. Η ισομερείωση των φωσφορυλιωμένων μορίων καταλύεται από την ισομεράση των φωσφορικών
τριοζών (διασώζει ένα θραύσμα 3C)
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  This reaction, which is readily reversible, is catalyzed by   aldolase.   This enzyme 
derives its name from the nature of the reverse reaction, an aldol condensation.  

    Glyceraldehyde 3-phosphate is on the direct pathway of glycolysis, 
whereas dihydroxyacetone phosphate is not. Unless a means exists to con-
vert dihydroxyacetone phosphate into glyceraldehyde 3-phosphate, a three-
carbon fragment useful for generating ATP will be lost. These compounds 
are isomers that can be readily interconverted: dihydroxyacetone phosphate 
is a ketose, whereas glyceraldehyde 3-phosphate is an aldose. The isomeri-
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    This reaction is rapid and reversible. At equilibrium, 96% of the triose 
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    X-ray crystallographic and other studies showed that gluta-
mate 165 plays the role of a general acid–base catalyst: it abstracts 
a proton (H  1  ) from carbon 1 and then donates it to carbon 2. 
However, the carboxylate group of glutamate 165 by itself is not 
basic enough to pull a proton away from a carbon atom adjacent 
to a carbonyl group. Histidine 95 assists catalysis by donating a 
proton to stabilize the negative charge that develops on the C-2 
carbonyl group.  

    Two features of this enzyme are noteworthy. First, TPI dis-
plays great catalytic prowess. It accelerates isomerization by a 

His 95
Glu 165

Substrate

Loop

 FIGURE 16.4 Structure of triose 
phosphate isomerase. This enzyme 
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strands (orange) surrounded by eight a 
helices (blue). This structural motif, called 
an ab barrel, is also found in the glycolytic 
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glutamate 165, essential components of 
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Φωσφορική διυδροξυακετόνη
(DIHAP)

3-Φωσφορική γλυκεραλδεΰδη 
(GAP)

Ισομεράση των 
φωσφορικών τριοζών

Σε ισορροπία η τριόζη βρίσκεται κατά 96% στην μορφή της φωσφορικής διυδροξυακετόνης. Πως προχωράει η αντίδραση;
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16.1

Η ισομεράση των φωσφορικών τριοζών

• Δομικό μοτίβο βαρέλι αβ
8 παράλληλες β-αλυσίδες στον πυρήνα και
8 α-έλικες που τις περιβάλλουν

• Glu και His σημαντικά συστατικά του ενεργού κέντρου

• Θηλιά που κλείνει το ενεργό κέντρο με την πρόσδεση
του υποστρώματος

• Καταλυτική δεινότητα (επιταχύνει 1010 φορές)

• Αναστέλει μια ανεπιθύμητη παράπλευρη αντίδραση
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16.1
Καταλυτικός μηχανισμός της ισομεράσης των φωσφορικών τριοζών



14Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

16.1
Καταλυτικός μηχανισμός της ισομεράσης των φωσφορικών τριοζών
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factor of 10  10   compared with the rate obtained with a simple base catalyst such 
as acetate ion. Indeed, the   k  cat  /K  M     ratio for the isomerization of glyceralde-
hyde 3-phosphate is 2   3   10  8   M  2  1   s  2  1  , which is close to the diffusion- 
controlled limit. In other words, catalysis takes place every time that enzyme 
and substrate meet. The diffusion-controlled encounter of substrate and 
enzyme is thus the rate- limiting step in catalysis. TPI is an example of a 
  kinetically perfect enzyme   (Section 8.4). Second, TPI suppresses an undesired 
side reaction, the decomposition of the enediol intermediate into methyl 
 glyoxal and orthophosphate.  

Pi

Enediol intermediate Methyl glyoxal

HO OH

C

C

H2
OPO3

2–

C

H

OO

CH3

CC

H

    In solution, this physiologically useless reaction is 100 times as fast as isom-
erization. Moreover, methyl glyoxal is a highly reactive compound that can 
modify the structure and function of a variety of biomolecules, including 
proteins and DNA. The reaction of methyl glyoxal with a biomolecule is an 
example of deleterious reactions called advanced glycation end products, 
discussed earlier (AGEs, Section 11.1). Hence, TPI must prevent the ene-
diol from leaving the enzyme. This labile intermediate is trapped in the 
active site by the movement of a loop of 10 residues (Figure 16.4). This loop 
serves as a lid on the active site, shutting it when the enediol is present and 
reopening it when isomerization is completed.   We see here a striking example 
of one means of preventing an undesirable alternative reaction: the active site 
is kept closed until the desirable reaction takes place.  

    Thus, two molecules of glyceraldehyde 3-phosphate are formed from one 
molecule of fructose 1,6-bisphosphate by the sequential action of aldolase 
and triose phosphate isomerase. The economy of metabolism is evident in 
this reaction sequence. The isomerase funnels dihydroxyacetone phosphate 
into the main glycolytic pathway; a separate set of reactions is not   needed.  
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FIGURE 16.5 Catalytic mechanism 
of triose phosphate isomerase. (1) 
Glutamate 165 acts as a general base by 
abstracting a proton (H1) from carbon 1. 
Histidine 95, acting as a general acid, 
donates a proton to the oxygen atom 
bonded to carbon 2, forming the enediol 
intermediate. (2) Glutamic acid, now acting 
as a general acid, donates a proton to C-2 
while histidine removes a proton from the 
OH group of C-1. (3) The product is formed, 
and glutamate and histidine are returned to 
their ionized and neutral forms, respectively.
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6. H αρχική αντίδραση είναι η μετατροπή της 3-φωσφορικής γλυκεραλδεΰδης σε 1,3-

διφωσφογλυκερικό (1,3-BPG) καταλυόμενη απόQ την αφυδρογονάση της 3-φωσφορικής

γλυκεραλδεΰδης
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16.1 Glycolysis

  The oxidation of an aldehyde to an acid powers the formation of a 
compound with high phosphoryl-transfer potential  

  The preceding steps in glycolysis have transformed one molecule of glucose 
into two molecules of glyceraldehyde 3-phosphate, but no energy has yet 
been extracted. On the contrary, thus far, two molecules of ATP have been 
invested. We come now to the second stage of glycolysis, a series of steps 
that harvest some of the energy contained in glyceraldehyde 3-phosphate as 
ATP. The initial reaction in this sequence is the   conversion of glyceraldehyde   
  3-phosphate into 1,3-bisphosphoglycerate   (1,3-BPG), a reaction catalyzed by 
  glyceraldehyde 3-phosphate dehydrogenase.  

+ Pi+NAD+ + +NADH H+

Glyceraldehyde
3-phosphate

(GAP)

1,3-Bisphosphoglycerate
(1,3-BPG)

Glyceraldehyde
3-phosphate

dehydrogenase
C

C

CH2OPO3
2–

OHH

H O
C

C

CH2OPO3
2–

OHH

O PO3
2– O

  1,3-Bisphosphoglycerate is an acyl phosphate, which is a mixed anhydride 
of phosphoric acid and a carboxylic acid. Such compounds have a high 
phosphoryl-transfer potential; one of its phosphoryl groups is transferred to 
ADP in the next step in glycolysis.  

    The reaction catalyzed by glyceraldehyde 3-phosphate dehydrogenase 
can be viewed as the sum of two processes: the   oxidation   of the aldehyde to 
a carboxylic acid by NAD  1   and the   joining   of the carboxylic acid and ortho-
phosphate to form the acyl-phosphate product.  

+ H2O+NAD+ + H++NADH

+ Pi + H2O
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  The first reaction is thermodynamically quite favorable, with a standard 
free-energy change,   D  G  89  , of approximately   2  50 kJ mol  2  1   (  2  12 kcal 
mol  2  1  ), whereas the second reaction is quite unfavorable, with a standard 
free-energy change of the same magnitude but the opposite sign. If these 
two reactions simply took place in succession, the second reaction would 
have a very large activation energy and thus not take place at a biologically 
significant rate. These two processes   must be coupled   so that the favorable 
aldehyde oxidation can be used to drive the formation of the acyl phosphate. 
How are these reactions coupled?   The key is an intermediate, formed as a 
result of the aldehyde oxidation, that is linked to the enzyme by a thioester 
bond.   Thioesters are high-energy compounds found in many biochemical 
pathways (Section 15.4). This intermediate reacts with orthophosphate to 
form the high-energy compound 1,3-bisphosphoglycerate.  

  The thioester intermediate is higher in free energy than the free carboxylic 
acid is.   The favorable oxidation and unfavorable phosphorylation reactions 
are coupled by the thioester intermediate, which preserves much of the free 

Glucose

F-1,6-BP

NADH

ATP

ATP
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Pyruvate

ATP

ATP

STAGE 2

DHAP GAP

2×

Second stage of glycolysis. The oxidation of 
three-carbon fragments yields ATP.

3-Φωσφορική γλυκεραλδεΰδη 
(GAP)

1,3-Διφωσφογλυκερικό 
(1,3-BPG) 

Αφυδρογονάση
της 3-φωσφορικής 
γλυκεραλδεΰδης
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free-energy change,   D  G  89  , of approximately   2  50 kJ mol  2  1   (  2  12 kcal 
mol  2  1  ), whereas the second reaction is quite unfavorable, with a standard 
free-energy change of the same magnitude but the opposite sign. If these 
two reactions simply took place in succession, the second reaction would 
have a very large activation energy and thus not take place at a biologically 
significant rate. These two processes   must be coupled   so that the favorable 
aldehyde oxidation can be used to drive the formation of the acyl phosphate. 
How are these reactions coupled?   The key is an intermediate, formed as a 
result of the aldehyde oxidation, that is linked to the enzyme by a thioester 
bond.   Thioesters are high-energy compounds found in many biochemical 
pathways (Section 15.4). This intermediate reacts with orthophosphate to 
form the high-energy compound 1,3-bisphosphoglycerate.  

  The thioester intermediate is higher in free energy than the free carboxylic 
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are coupled by the thioester intermediate, which preserves much of the free 
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Οι δύο διεργασίες είναι συζευγμένες. Το κλειδί είναι ένα ενδιάμεσο!
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Η δομή της αφυδρογονάσης της 3-φωσφορικής γλυκεραλδεΰδης

• Κατάλοιπο Cys και His δίπλα
σε ένα προσδεμένο μόριο
NAD+

• Το άτομο του θείου της Cys
θα συνδεθεί με το
υπόστρωμα για να
σχηματίσει το μεταβατικό
ενδιάμεσο θειοεστέρα
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Καταλυτικός μηχανισμός της αφυδρογονάσης της 3-φωσφορικής γλυκεραλδεΰδης
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Καταλυτικός μηχανισμός της αφυδρογονάσης της 3-
φωσφορικής γλυκεραλδεΰδης
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Καταλυτικός μηχανισμός της αφυδρογονάσης της 3-
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attack by orthophosphate. In step 4, orthophosphate attacks the thioester 
to form 1,3-BPG and free the cysteine residue. This example illustrates the 
essence of energy transformations and of metabolism itself: energy released 
by carbon oxidation is converted into high phosphoryl-transfer potential.  

  ATP is formed by phosphoryl transfer from 1,3-bisphosphoglycerate  

  1,3-Bisphosphoglycerate is an energy-rich molecule with a greater 
 phosphoryl-transfer potential than that of ATP (Section 15.2). Thus, 1,3-
BPG can be used to power the synthesis of ATP from ADP.   Phosphoglycerate 
kinase   catalyzes the transfer of the phosphoryl group from the acyl phos-
phate of 1,3- bisphosphoglycerate to ADP. ATP and 3-phosphoglycerate 
are the products.  
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FIGURE 16.8 Catalytic mechanism of glyceraldehyde 
3-phosphate dehydrogenase. The reaction proceeds through a 
thioester intermediate, which allows the oxidation of glyceraldehyde 
to be coupled to the phosphorylation of 3-phosphoglycerate. 
(1) Cysteine reacts with the aldehyde group of the substrate, forming 
a hemithioacetal. (2) An oxidation takes place with the transfer of a 
hydride ion to NAD1, forming a thioester. This reaction is facilitated 
by the transfer of a proton to histidine. (3) The reduced NADH is 
exchanged for an NAD1 molecule. (4) Orthophosphate attacks the 
thioester, forming the product 1,3-BPG.

Υπενθυμίζεται ότι, σχηματίστηκαν δύο μόρια 3-φωσφορικής γλυκεραλδεΰδης και συνεπώς στη συνέχεια δύο μόρια ΑΤΡ

Αυτά τα μόρια ΑΤΡ αναπληρώνουν τα δύο μόρια ΑΤΡ που καταναλώθηκαν στο πρώτο στάδιο της γλυκόλυσης

1,3-Διφωσφογλυκερικό 
(1,3-BPG) 

3-Φωσφογλυκερικό

Κινάση του 
φωσφογλυκερικού 
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CHAPTER 16 Glycolysis and 
Gluconeogenesis

  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  

Phosphoglycerate
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3-Phosphoglycerate 2-Phosphoglycerate

H2O
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Phosphenolpyruvate Pyruvate

ADP
+ H+ ATP

Pyruvate
kinase

C

C

C

OHH

OO

H

H

OPO3
2–
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

3-Φωσφογλυκερικό 2-Φωσφογλυκερικό

Μουτάση του 
φωσφογλυκερικού

Άρα το άθροισμα…

• Δεν μετακινεί την ομάδα

• Ιδιαίτερος μηχανισμός

Πως λειτουργεί;
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  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  

Phosphoglycerate
mutase

3-Phosphoglycerate 2-Phosphoglycerate
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

2-Φωσφογλυκερικό Φωσφο-ενολοπυροσταφυλικό

Ενολάση

Μεγαλώνει αισθητά το δυναμικό μεταφοράς φωσφορικής ομάδας. Γιατί;
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  The sum of these reactions yields the mutase reaction:  

   3-Phosphoglycerate ∆ 2-phosphoglycerate   

  In the next reaction, the dehydration of 2-phosphoglycerate introduces 
a double bond, creating an   enol. Enolase   catalyzes this formation of the enol 
phosphate   phosphoenolpyruvate   (PEP). This dehydration markedly elevates 
the transfer potential of the phosphoryl group. An   enol phosphate   has a 
high  phosphoryl-transfer potential, whereas the phosphate ester of an 
 ordinary alcohol, such as 2-phosphoglycerate, has a low one. The   D  G  89 of 
the hydrolysis of a phosphate ester of an ordinary alcohol is   213 kJ mol  2  1 
(  23 kcal mol  2  1), whereas that of phosphoenolpyruvate is   262 kJ mol  2  1 
(  215 kcal mol  2  1).  

  Why does phosphoenolpyruvate have such a high phosphoryl-transfer 
potential? The phosphoryl group traps the molecule in its unstable enol 
form. When the phosphoryl group has been donated to ATP, the enol 
undergoes a conversion into the more stable ketone—namely, pyruvate.  

Phosphenolpyruvate PyruvatePyruvate
(enol form)

OPO3
2–

H H CH3

OOH

H H

ADP
+ H+ ATP
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O

O

–

C
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O

O

–

C
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O

O
–

C
C

C

  Thus,   the high phosphoryl-transfer potential of phosphoenolpyruvate arises 
primarily from the large driving force of the subsequent enol–ketone conversion. 
  Hence, pyruvate is formed, and ATP is generated concomitantly. The vir-
tually irreversible transfer of a phosphoryl group from phosphoenolpyru-
vate to ADP is catalyzed   by pyruvate kinase.   What is the energy source for 
the formation of phosphoenolpyruvate? The answer to this question 
becomes clear when we compare the structures of 2-phosphoglycerate and 
pyruvate. The formation of pyruvate from 2-phosphoglycerate is, in 
essence, an internal oxidation–reduction reaction; carbon 3 takes electrons 
from carbon 2 in the conversion of 2-phosphoglycerate into pyruvate. 
Compared with 2-phosphoglycerate, C-3 is more reduced in pyruvate, 
whereas C-2 is more oxidized. Once again, carbon oxidation powers the 
synthesis of a compound with high phosphoryl-transfer potential, phos-
phoenolpyruvate here and 1,3-bisphosphoglycerate earlier, which allows 
the synthesis of ATP.  

  Because the molecules of ATP used in forming fructose 1,6- bisphosphate 
have already been regenerated, the two molecules of ATP generated from 
phosphoenolpyruvate are “profit.”  

  Two ATP molecules are formed in the conversion of 
glucose into pyruvate  

  The net reaction in the transformation of glucose into pyruvate is  

Glucose 1 2 Pi 1 2 ADP 1 2 NAD1 S
   2 pyruvate 1 2 ATP 1 2 NADH 1 2 H1 1 2 H2O   

  Thus,   two molecules of ATP are generated in the conversion of glucose into 
two molecules of pyruvate.   The reactions of glycolysis are summarized in 
Table 16.1.  

  The energy released in the anaerobic conversion of glucose into two 
molecules of pyruvate is about   290 kJ mol  2  1 (  222 kcal mol  2  1). We shall 

Φωσφο-ενολοπυροσταφυλικό Πυροσταφυλικό
(ενολική μορφή)

Πυροσταφυλικό

Μεγαλώνει αισθητά το δυναμικό μεταφοράς φωσφορικής ομάδας. Γιατί;
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  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  

Phosphoglycerate
mutase
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

Τα δύο μόρια ΑΤΡ που παράγονται από το φωσφο-ενολοπυροσταφυλικό είναι «κέρδος»

Φωσφο-ενολοπυροσταφυλικό Πυροσταφυλικό

Κινάση του 
πυροσταφυλικού
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16.1 Glycolysis

  The oxidation of an aldehyde to an acid powers the formation of a 
compound with high phosphoryl-transfer potential  

  The preceding steps in glycolysis have transformed one molecule of glucose 
into two molecules of glyceraldehyde 3-phosphate, but no energy has yet 
been extracted. On the contrary, thus far, two molecules of ATP have been 
invested. We come now to the second stage of glycolysis, a series of steps 
that harvest some of the energy contained in glyceraldehyde 3-phosphate as 
ATP. The initial reaction in this sequence is the   conversion of glyceraldehyde   
  3-phosphate into 1,3-bisphosphoglycerate   (1,3-BPG), a reaction catalyzed by 
  glyceraldehyde 3-phosphate dehydrogenase.  

+ Pi+NAD+ + +NADH H+

Glyceraldehyde
3-phosphate

(GAP)

1,3-Bisphosphoglycerate
(1,3-BPG)
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dehydrogenase
C

C

CH2OPO3
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OHH

H O
C

C

CH2OPO3
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OHH

O PO3
2– O

  1,3-Bisphosphoglycerate is an acyl phosphate, which is a mixed anhydride 
of phosphoric acid and a carboxylic acid. Such compounds have a high 
phosphoryl-transfer potential; one of its phosphoryl groups is transferred to 
ADP in the next step in glycolysis.  

    The reaction catalyzed by glyceraldehyde 3-phosphate dehydrogenase 
can be viewed as the sum of two processes: the   oxidation   of the aldehyde to 
a carboxylic acid by NAD  1   and the   joining   of the carboxylic acid and ortho-
phosphate to form the acyl-phosphate product.  
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  The first reaction is thermodynamically quite favorable, with a standard 
free-energy change,   D  G  89  , of approximately   2  50 kJ mol  2  1   (  2  12 kcal 
mol  2  1  ), whereas the second reaction is quite unfavorable, with a standard 
free-energy change of the same magnitude but the opposite sign. If these 
two reactions simply took place in succession, the second reaction would 
have a very large activation energy and thus not take place at a biologically 
significant rate. These two processes   must be coupled   so that the favorable 
aldehyde oxidation can be used to drive the formation of the acyl phosphate. 
How are these reactions coupled?   The key is an intermediate, formed as a 
result of the aldehyde oxidation, that is linked to the enzyme by a thioester 
bond.   Thioesters are high-energy compounds found in many biochemical 
pathways (Section 15.4). This intermediate reacts with orthophosphate to 
form the high-energy compound 1,3-bisphosphoglycerate.  

  The thioester intermediate is higher in free energy than the free carboxylic 
acid is.   The favorable oxidation and unfavorable phosphorylation reactions 
are coupled by the thioester intermediate, which preserves much of the free 

Glucose

F-1,6-BP

NADH

ATP

ATP

PEP

Pyruvate

ATP

ATP

STAGE 2

DHAP GAP

2×

Second stage of glycolysis. The oxidation of 
three-carbon fragments yields ATP.
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  Glucose is an important fuel for most organisms  

  Glucose is a common and important fuel. In mammals, glucose is the 
only fuel that the brain uses under nonstarvation conditions and the 

only fuel that red blood cells can use at all. Indeed, almost all organisms use 
glucose, and most that do process it in a similar fashion. Recall from 
Chapter 11 that there are many carbohydrates. Why is glucose instead of 
some other monosaccharide such a prominent fuel? We can speculate on the 
reasons. First, glucose is one of several monosaccharides formed from form-
aldehyde under prebiotic conditions, and so it may have been available as a 
fuel source for primitive biochemical systems. Second, glucose has a low 
tendency, relative to other monosaccharides, to nonenzymatically glycosyl-
ate proteins. In their open-chain forms, monosaccharides contain carbonyl 
groups that can react with the amino groups of proteins to form Schiff bases, 
which rearrange to form a more stable amino–ketone linkage (p. 321). Such 
nonspecifically modified proteins often do not function effectively. Glucose 
has a strong tendency to exist in the ring conformation and, consequently, 
relatively little tendency to modify proteins. Recall that all the hydroxyl 
groups in the ring conformation of   b  -glucose are equatorial, contributing to 
the sugar’s high relative stability (p. 320).  

  16.1      Glycolysis Is an Energy-Conversion Pathway 
in Many Organisms  

  We now begin our consideration of the glycolytic pathway. This pathway is 
common to virtually all cells, both prokaryotic and eukaryotic. In eukaryotic 
cells, glycolysis takes place in the cytoplasm. This pathway can be thought of as 
comprising two stages (Figure 16.2). Stage 1 is the trapping and preparation 
phase. No ATP is generated in this stage. In stage 1, glucose is converted into 
fructose 1,6-bisphosphate in three steps: a phosphorylation, an isomerization, 
and a second phosphorylation reaction.   The strategy of these initial steps in gly-
colysis is to trap the glucose in the cell and form a compound that can be readily 
cleaved into phosphorylated three-carbon units.   Stage 1 is completed with the 
cleavage of the fructose 1,6-bisphosphate into two   three-carbon fragments. 
These resulting three-carbon units are readily interconvertible. In stage 2, ATP 
is harvested when the three-carbon fragments are oxidized to pyruvate.  

  Hexokinase traps glucose in the cell and begins glycolysis  

  Glucose enters cells through specific transport proteins (p. 473) and has one 
principal fate:   it is phosphorylated by ATP to form glucose 6-phosphate.   This 
step is notable for several reasons. Glucose 6-phosphate cannot pass 
through the membrane because of the negative charges on the phosphoryl 
groups, and it is not a substrate for glucose transporters. Also, the addition 
of the phosphoryl group facilitates the eventual metabolism of glucose into 
three-carbon molecules with high-phosphoryl-transfer-potential. The 
transfer of the phosphoryl group from ATP to the hydroxyl group on car-
bon 6 of glucose is catalyzed by   hexokinase.  

+ ATP + ADP H++
Hexokinase
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(G-6P)

O

OH

CH2OH

OH

OH

HO
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F-1,6-BP

DHAP GAP

NADH

ATP

ATP

PEP

Pyruvate

ATP

ATP

STAGE 1

2

First stage of glycolysis. The first stage of 
 glycolysis begins with the phosphorylation of 
glucose by hexokinase and ends with the 
 isomerization of dihydroxyacetone phosphate 
to glyceraldehyde 3-phosphate.
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Οι αντιδράσεις του πυροσταφυλικού που έχουν
πρωταρχική σημασία είναι τρεις

Από το μεταβολισμό του πυροσταφυλικού αναγεννάται το NAD+

• Υπάρχουν περιορισμένες ποσότητες NAD+ στο
κύτταρο

• Για να προχωρήσει η γλυκόλυση, πρέπει να
αναγεννηθεί το NAD+

Ζύμωση
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by NADH, in a reaction catalyzed by   alcohol dehydrogenase.   This reaction 
regenerates NAD  1.  

H+ CO2 + H+
NADH

NAD+

Pyruvate Acetaldehyde

Pyruvate
decarboxylase

Alcohol
dehydrogenase

Ethanol

CH3

H O

CH3

H OH
H

CH3

O
C CO

O
–

C
C

  The active site of alcohol dehydrogenase contains a zinc ion that is coordi-
nated to the sulfur atoms of two cysteine residues and a nitrogen atom of 
histidine (Figure 16.10). This zinc ion polarizes the carbonyl group of the 
substrate to favor the transfer of a hydride from NADH.  

  The conversion of glucose into ethanol is an example   of alcoholic fermen-
tation.   The net result of this anaerobic process is  

Glucose 1 2 Pi 1 2 ADP 1 2 H1 S
   2 ethanol 1 2 CO2 1 2 ATP 1 2 H2O   

  Note that NAD  1 and NADH do not appear in this equation, even 
though they are crucial for the overall process. NADH generated by the 
oxidation of glyceraldehyde 3-phosphate is consumed in the reduction 
of acetaldehyde to ethanol. Thus,   there is no net oxidation–reduction in 
the conversion of glucose into ethanol   (Figure 16.11). The ethanol formed 
in alcoholic fermentation provides a key ingredient for brewing and 
winemaking.  

  2.   Lactate   is formed from pyruvate in a variety of microorganisms in a 
process called   lactic acid fermentation.   Certain types of skeletal muscles 

  DG89 in kJ mol21 DG in kJ mol21

Enzyme Reaction type (kcal mol21) (kcal mol21)

Hexokinase Phosphoryl transfer 216.7 (24.0) 233.5 (28.0)
Phosphoglucose isomerase Isomerization 11.7 (10.4) 22.5 (20.6)
Phosphofructokinase Phosphoryl transfer 214.2 (23.4) 222.2 (25.3)
Aldolase Aldol cleavage 123.8 (15.7) 21.3 (20.3)

Triose phosphate isomerase Isomerization 17.5 (11.8) 12.5 (10.6)
Glyceraldehyde 3-phosphate Phosphorylation coupled 16.3 (11.5) 21.7 (20.4)
 dehydrogenase  to oxidation
Phosphoglycerate kinase Phosphoryl transfer 218.8 (24.5) 11.3 (10.3)
Phosphoglycerate mutase Phosphoryl shift 14.6 (11.1) 10.8 (10.2)
Enolase Dehydration 11.7 (10.4) 23.3 (20.8)
Pyruvate kinase Phosphoryl transfer 231.4 (27.5) 216.7 (24.0) Cys

Cys

His

Zn2+

Acetaldehyde

Hydride
acceptor

Hydride
donor

NADH

FIGURE 16.10 Active site of alcohol 
dehydrogenase. The active site contains a 
zinc ion bound to two cysteine residues 
and one histidine residue. Notice that the 
zinc ion binds the acetaldehyde substrate 
through its oxygen atom, polarizing the 
substrate so that it more easily accepts a 
hydride from NADH. Only the nicotinamide 
ring of NADH is shown.
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FIGURE 16.11 Maintaining redox balance. 
The NADH produced by the glyceraldehyde 
3-phosphate dehydrogenase reaction must 
be reoxidized to NAD1 for the glycolytic 
pathway to continue. In alcoholic 
fermentation, alcohol dehydrogenase 
oxidizes NADH and generates ethanol. In 
lactic acid fermentation (not shown), lactate 
dehydrogenase oxidizes NADH while 
generating lactic acid.

Πυροσταφυλικό Ακεταλδεΰδη Αιθανόλη

Αλκοολική 
αφυδρογονάση

Αποκαρβοξυλάση του 
πυροσταφυλικού

Ενεργό κέντρο 
της αλκοολικής 

αφυδρογονάσης
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in most animals can also function anaerobically for short periods. For 
 example, a specific type of muscle fiber, called fast twitch or type IIb 
fibers, performs short bursts of intense exercise. The ATP needs rise 
faster than the ability of the body to provide oxygen to the muscle. The 
muscle functions anaerobically until fatigue sets in, which is caused, in 
part, by lactate buildup. Indeed, the pH of resting type IIb muscle 
fibers, which is about 7.0, may fall to as low as 6.3 during the bout 
of  exercise. The drop in pH inhibits phosphofructokinase (p. 469). 
A lactate/H  1 symporter allows the exit of lactate from the muscle cell. 
The reduction of pyruvate by NADH to form lactate is catalyzed by 
  lactate dehydrogenase.  
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  The overall reaction in the conversion of glucose into lactate is  

   Glucose 1 2 Pi 1 2 ADP S 2 lactate 1 2 ATP 1 2 H2O   

  As in alcoholic fermentation, there is no net oxidation–reduction. The 
NADH formed in the oxidation of glyceraldehyde 3-phosphate is con-
sumed in the reduction of pyruvate.   The regeneration of NAD  1   in the reduc-
tion of pyruvate to lactate or ethanol sustains the continued process of glycolysis 
under anaerobic conditions.  

  3. Only a fraction of the energy of glucose is released in its anaerobic con-
version into ethanol or lactate. Much more energy can be extracted aerobi-
cally by means of the citric acid cycle and the electron-transport chain. The 
entry point to this oxidative pathway is   acetyl coenzyme A   (acetyl CoA), 
which is formed inside mitochondria by the oxidative decarboxylation 
of pyruvate.  

   Pyruvate 1 NAD1 1 CoA S acetyl CoA 1 CO2 1 NADH 1 H1   

  This reaction, which is catalyzed by the pyruvate dehydrogenase complex, 
will be considered in detail in Chapter 17. The NAD  1 required for this 
reaction and for the oxidation of glyceraldehyde 3-phosphate is regenerated 
when NADH ultimately transfers its electrons to O  2 through the electron-
transport chain in mitochondria.  

  Fermentations provide usable energy in the absence of oxygen  

  Fermentations yield only a fraction of the energy available from the com-
plete combustion of glucose. Why is a relatively inefficient metabolic path-
way so extensively used? The fundamental reason is that oxygen is not 
required. The ability to survive without oxygen affords a host of living 
accommodations such as soils, deep water, and skin pores. Some organisms, 
called   obligate anaerobes,   cannot survive in the presence of O  2, a highly reac-
tive compound. The bacterium   Clostridium perfringens,   the cause of gan-
grene, is an example of an obligate anaerobe. Other pathogenic obligate 
anaerobes are listed in Table 16.2. Some organisms, such as yeast, are   facul-
tative anaerobes   that metabolize glucose aerobically when oxygen is present 
and perform fermentation when oxygen is absent.  

  Although we have considered only lactic acid and alcoholic fermenta-
tion, microorganisms are capable of generating a wide array of molecules as 

Glucose

F-1,6-BP

NADH

NAD+

NADH

NAD+

2 ATP

2 ATP

PEP

Pyruvate

Lactate

ATP

ATP

DHAP GAP

2×

Regeneration of NAD1.

464
CHAPTER 16 Glycolysis and 
Gluconeogenesis

in most animals can also function anaerobically for short periods. For 
 example, a specific type of muscle fiber, called fast twitch or type IIb 
fibers, performs short bursts of intense exercise. The ATP needs rise 
faster than the ability of the body to provide oxygen to the muscle. The 
muscle functions anaerobically until fatigue sets in, which is caused, in 
part, by lactate buildup. Indeed, the pH of resting type IIb muscle 
fibers, which is about 7.0, may fall to as low as 6.3 during the bout 
of  exercise. The drop in pH inhibits phosphofructokinase (p. 469). 
A lactate/H  1 symporter allows the exit of lactate from the muscle cell. 
The reduction of pyruvate by NADH to form lactate is catalyzed by 
  lactate dehydrogenase.  

Pyruvate Lactate

Lactate
dehydrogenase

CH3

O

CH3

C

C HHO

OO
–

+ H+
NADH

NAD+

O

O
–

C
C

  The overall reaction in the conversion of glucose into lactate is  

   Glucose 1 2 Pi 1 2 ADP S 2 lactate 1 2 ATP 1 2 H2O   

  As in alcoholic fermentation, there is no net oxidation–reduction. The 
NADH formed in the oxidation of glyceraldehyde 3-phosphate is con-
sumed in the reduction of pyruvate.   The regeneration of NAD  1   in the reduc-
tion of pyruvate to lactate or ethanol sustains the continued process of glycolysis 
under anaerobic conditions.  

  3. Only a fraction of the energy of glucose is released in its anaerobic con-
version into ethanol or lactate. Much more energy can be extracted aerobi-
cally by means of the citric acid cycle and the electron-transport chain. The 
entry point to this oxidative pathway is   acetyl coenzyme A   (acetyl CoA), 
which is formed inside mitochondria by the oxidative decarboxylation 
of pyruvate.  

   Pyruvate 1 NAD1 1 CoA S acetyl CoA 1 CO2 1 NADH 1 H1   

  This reaction, which is catalyzed by the pyruvate dehydrogenase complex, 
will be considered in detail in Chapter 17. The NAD  1 required for this 
reaction and for the oxidation of glyceraldehyde 3-phosphate is regenerated 
when NADH ultimately transfers its electrons to O  2 through the electron-
transport chain in mitochondria.  

  Fermentations provide usable energy in the absence of oxygen  

  Fermentations yield only a fraction of the energy available from the com-
plete combustion of glucose. Why is a relatively inefficient metabolic path-
way so extensively used? The fundamental reason is that oxygen is not 
required. The ability to survive without oxygen affords a host of living 
accommodations such as soils, deep water, and skin pores. Some organisms, 
called   obligate anaerobes,   cannot survive in the presence of O  2, a highly reac-
tive compound. The bacterium   Clostridium perfringens,   the cause of gan-
grene, is an example of an obligate anaerobe. Other pathogenic obligate 
anaerobes are listed in Table 16.2. Some organisms, such as yeast, are   facul-
tative anaerobes   that metabolize glucose aerobically when oxygen is present 
and perform fermentation when oxygen is absent.  

  Although we have considered only lactic acid and alcoholic fermenta-
tion, microorganisms are capable of generating a wide array of molecules as 

Glucose

F-1,6-BP

NADH

NAD+

NADH

NAD+

2 ATP

2 ATP

PEP

Pyruvate

Lactate

ATP

ATP

DHAP GAP

2×

Regeneration of NAD1.

Πυροσταφυλικό Γαλακτικό

Γαλακτική 
αφυδρογονάση

2. Γαλακτική ζύμωση (αναερόβιες συνθήκες)

• Σε μια ποικιλία μικροοργανισμών και στα περισσότερα ζώα (μυς)
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3. Mόνο ένα κλάσμα από την ενέργεια της γλυκόζης απελευθερώνεται κατά την αναερόβια μετατροπή της σε αιθανόλη ή
γαλακτικό. Πολύ περισσότερη ενέργεια εξάγεται αεροβίως μέσω του κύκλου του κιτρικού οξέος και της αλυσίδας
μεταφοράς ηλεκτρονίων

Από το μεταβολισμό του πυροσταφυλικού αναγεννάται το NAD+

Σχηματίζεται ακετυλοσυνένζυμο A (ακετυλο-CoA) μέσα στα μιτοχόνδρια με την οξειδωτική
αποκαρβοξυλίωση του πυροσταφυλικού
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16.1

Σημεία εισόδου γαλακτόζης και φρουκτόζης στην γλυκόλυση

Άλλοι μονοσακχαρίτες είναι επίσης σημαντικά καύσιμα…
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  The main site of fructose metabolism is the liver, using 
  the fructose 1-phosphate pathway   (Figure 16.14). The first 
step is the phosphorylation of   fructose   to   fructose 1-phosphate 
  by   fructokinase.   Fructose 1-phosphate is then split into   glyc-
eraldehyde   and   dihydroxyacetone phosphate,   an intermediate 
in glycolysis. This aldol cleavage is catalyzed by a specific 
  fructose 1-phosphate aldolase.   Glyceraldehyde is then phos-
phorylated to   glyceraldehyde 3-phosphate,   a glycolytic inter-
mediate, by   triose kinase.   In other tissues, such as adipose 
tissue,   fructose can be phosphorylated to fructose 6-phosphate 
by hexokinase.  

  Excessive fructose consumption can lead to 
pathological conditions  

  Fructose, a commonly used sweetener, is a component 
of sucrose and high fructose corn syrup (which con-

tains approximately 55% fructose and 45% glucose). 
Epidemiological as well as clinical studies have linked exces-
sive fructose consumption to fatty liver, insulin insensitivity, 
and obesity. These conditions may eventually result in type 

2 diabetes (Chapter 27). Studies have shown that these disorders are not 
necessarily the result of simple excess energy consumption, but rather how 
fructose is processed by the liver. What aspects of liver fructose metabo-
lism are the contributing factors then? Note that, as shown in Figure 16.14, 
the actions of fructokinase and triose kinase bypass the most important 
regulatory step in glycolysis, the phosphofructokinase- catalyzed reaction. 
The fructose-derived glyceraldehyde 3-phosphate and dihydroxyacetone 
phosphate are processed by glycolysis to pyruvate and subsequently to 
acetyl CoA in an unregulated fashion. As we will see in Chapter 22, this 
excess acetyl CoA is converted to fatty acids, which can be transported to 
adipose tissue, resulting in obesity. The liver also begins to accumulate 
fatty acids, resulting in fatty liver. The activity of the fructokinase and 
 triose kinase can deplete the liver of ATP and inorganic phosphate, com-
promising liver function. We will return to the topic of obesity and caloric 
homeostasis in Chapter 27.  

  Galactose is converted into glucose 6-phosphate  

  Like fructose,   galactose   is an abundant sugar that must be converted into 
metabolites of glucose (Figure 16.13). Galactose is converted into   glucose 
6-phosphate   in four steps. The first reaction in the   galactose–glucose intercon-
version pathway   is the phosphorylation of galactose to galactose 1- phosphate 
by   galactokinase.  
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  Galactose 1-phosphate then acquires a uridyl group from uridine diphos-
phate glucose (UDP-glucose), an activated intermediate in the synthesis of 
carbohydrates (p. 331 and Section 21.4).  
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FIGURE 16.14 Fructose metabolism. 
Fructose enters the glycolytic pathway 
in the liver through the fructose 
1-phosphate pathway.
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FIGURE 16.13 Entry points in glycolysis for fructose 
and galactose.
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  The products of this reaction, which is catalyzed by   galactose 1-phosphate 
uridyl transferase,   are UDP-galactose and glucose 1-phosphate. The galactose 
moiety of UDP-galactose is then epimerized to glucose. The configuration of 
the hydroxyl group at carbon 4 is inverted by   UDP-galactose 4-epimerase.  

  The sum of the reactions catalyzed by galactokinase, the transferase, and 
the epimerase is  

   Galactose 1 ATP S glucose 1-phosphate 1 ADP 1 H1   

  Note that UDP-glucose is not consumed in the conversion of galactose into 
glucose, because it is regenerated from UDP-galactose by the epimerase. 
This reaction is reversible, and the product of the reverse direction also is 
important.   The conversion of UDP-glucose into UDP-galactose is essential for 
the synthesis of galactosyl residues in complex polysaccharides and glycopro-
teins if the amount of galactose in the diet is inadequate to meet these needs.  

  Finally, glucose 1-phosphate, formed from galactose, is isomerized to 
glucose 6-phosphate by   phosphoglucomutase.  

Phosphoglucomutase

      Glucose 1-phosphate∆ glucose 6-phosphate      

  We shall return to this reaction when we consider the synthesis and degra-
dation of glycogen, which proceeds through glucose 1-phosphate, in 
Chapter 21.  

  Many adults are intolerant of milk because they are deficient in lactase  

  Many adults are unable to metabolize the milk sugar lactose and 
experience gastrointestinal disturbances if they drink milk.   Lactose 

Γαλακτόζη 1-Φωσφορική γαλακτόζη

Γαλακτοκινάση
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intolerance,   or hypolactasia, is most commonly caused by a deficiency of the 
enzyme lactase, which cleaves lactose into glucose and galactose.  
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  “Deficiency” is not quite the appropriate term, because a decrease in lactase 
is normal in the course of development in all mammals. As children are 
weaned and milk becomes less prominent in their diets, lactase activity nor-
mally declines to about 5% to 10% of the level at birth. This decrease is not 
as pronounced with some groups of people, most notably Northern 
Europeans, and people from these groups can continue to ingest milk with-
out gastrointestinal difficulties. With the development of dairy farming, an 
adult with active lactase would have a selective advantage in being able to 
consume calories from the readily available milk. Indeed, estimates suggest 
that people with the mutation would produce almost 20% more fertile off-
spring. Because dairy farming appeared in northern Europe about 10,000 
years ago, the evolutionary selective pressure on lactase persistence must 
have been substantial, attesting to the biochemical value of being able to use 
milk as an energy source into adulthood.  

  What happens to the lactose in the intestine of a lactase-deficient per-
son? The lactose is a good energy source for microorganisms in the colon, 
and they ferment it to lactic acid while generating methane (CH  4) and 
hydrogen gas (H  2). The gas produced creates the uncomfortable feeling of 
gut distension and the annoying problem of flatulence. The lactate pro-
duced by the microorganisms is osmotically active and draws water into the 
intestine, as does any undigested lactose, resulting in diarrhea. If severe 
enough, the gas and diarrhea hinder the absorption of other nutrients such 
as fats and proteins. The simplest treatment is to avoid the consumption of 
products containing much lactose. Alternatively, the enzyme lactase can be 
ingested with milk products.  

  Galactose is highly toxic if the transferase is missing  

  Less common than lactose intolerance are disorders that interfere 
with the metabolism of galactose. The disruption of galactose 

metabolism is referred to as   galactosemia.   The most common form, called 
classic galactosemia, is an inherited deficiency in galactose 1-phosphate 
uridyl transferase activity. Afflicted infants fail to thrive. They vomit or 
have diarrhea after consuming milk, and enlargement of the liver and 
jaundice are common, sometimes progressing to cirrhosis. Cataracts will 
form, and lethargy and retarded mental development also are common. 
The blood-galactose level is markedly elevated, and galactose is found in 
the urine. The absence of the transferase in red blood cells is a definitive 
diagnostic criterion.  

  The most common treatment is to remove galactose (and lactose) from 
the diet. An enigma of galactosemia is that, although elimination of galac-
tose from the diet prevents liver disease and cataract development, the 
majority of patients still suffer from central nervous system malfunction, 
most commonly a delayed acquisition of language skills. Female patients 
also display ovarian failure.  

  Scanning electron micrograph of 
  Lactobacillus.     The anaerobic bacterium 
  Lactobacillus   is shown here. As suggested by 
its name, this genus of bacteria ferments glu-
cose into lactic acid and is widely used in the 
food industry.   Lactobacillus   is also a component 
of the normal human bacterial flora of the 
 urogenital tract where, because of its ability 
to generate an acidic environment, it prevents 
the growth of harmful bacteria.    [Power and 
Syred/ Science Photo Library.] 
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Οι μικροοργανισμοί ζυμώνουν τη
λακτόζη σε γαλακτικό οξύ, ενώ
παράγεται CH4 και αέριο H2

Γαλακτόζη ΓλυκόζηΛακτόζη

Λακτάση
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  Cataract formation is better understood. A cataract is the clouding of the 
normally clear lens of the eye (Figure 16.15). If the transferase is not active 
in the lens of the eye, the presence of aldose reductase causes the accumulat-
ing galactose to be reduced to galactitol.  

NADPH
+  H+ NADP+

Galactose Galactitol

Aldose
reductase

C

C

C

C

C

CH2OH

O H

OHH

HHO

HHO

OHH

C

C

C

C

C

CH2OH

HO
H

OHH

HHO

HHO

OHH

H

  Galactitol is poorly metabolized and accumulates in the lens. Water will dif-
fuse into the lens to maintain osmotic balance, triggering the formation of 
cataracts. In fact, there is a high incidence of cataract formation with age in 
populations that consume substantial amounts of milk into adulthood.  

  16.2   The Glycolytic Pathway Is Tightly Controlled  

  The glycolytic pathway has a dual role: it degrades glucose to generate ATP 
and it provides building blocks for biosynthetic reactions. The rate of con-
version of glucose into pyruvate is regulated to meet these two major cellu-
lar needs.   In metabolic pathways, enzymes catalyzing essentially irreversible 
reactions are potential sites of control.   In glycolysis, the reactions catalyzed 
by hexokinase, phosphofructokinase, and pyruvate kinase are virtually irre-
versible, and each of them serves as a control site. These enzymes become 
more active or less so in response to the reversible binding of allosteric effec-
tors or to covalent modification. In addition, the amounts of these impor-
tant enzymes are varied by the regulation of transcription to meet changing 
metabolic needs. The time required for allosteric control, regulation by 
phosphorylation, and transcriptional control is measured typically in milli-
seconds, seconds, and hours, respectively. We will consider the control of 
glycolysis in two different tissues—skeletal muscle and liver.  

  Glycolysis in muscle is regulated to meet the need for ATP  

  Glycolysis in skeletal muscle provides ATP primarily to power contraction. 
Consequently,   the primary control of muscle glycolysis is the energy charge of 
the cell  —the ratio of ATP to AMP. Let us examine how each of the key 
regulatory enzymes responds to changes in the amounts of ATP and AMP 
present in the cell.  

  Phosphofructokinase.     Phosphofructokinase is the most important control site 
in the mammalian glycolytic pathway   (Figure 16.16). High levels of ATP 
allosterically inhibit the enzyme (a 340-kDa tetramer). ATP binds to a spe-
cific regulatory site that is distinct from the catalytic site. The binding of 
ATP lowers the enzyme’s affinity for fructose 6-phosphate. Thus, a high 
concentration of ATP converts the hyperbolic binding curve of fructose 
6-phosphate into a sigmoidal one (Figure 16.17). AMP reverses the inhibi-
tory action of ATP, and so   the activity of the enzyme increases when the 
ATP  /  AMP ratio is lowered.   In other words,   glycolysis is   stimulated as the 
energy charge falls.   A decrease in pH also inhibits phosphofructokinase 

(A)

(B)

FIGURE 16.15 Cataracts are evident as 
the clouding of the lens. (A) A healthy eye. 
(B) An eye with a cataract. [(A) © Imageafter; 
(B) SPL/Photo Researchers.]

Η γαλακτιτόλη δεν μεταβολίζεται, συσσωρεύεται στο φακό, διαχέετε νερό μέσα στο
φακό για την ωσμωτική ισορροπία, προκαλώντας τον σχηματισμό του καταρράκτη

Γαλακτόζη Γαλακτιτόλη
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16.2 Η γλυκολυτική πορεία ελέγχεται αυστηρά

Η γλυκολυτική πορεία έχει διπλό ρόλο: διασπά την γλυκόζη για να παράγει ΑΤΡ και προμηθεύει δομικές μονάδες

Στην γλυκόλυση:

Στις μεταβολικές πορείες, τα ένζυμα που καταλύουν μη αντιστρεπτές αντιδράσεις
αποτελούν δυνητικές θέσεις ελέγχου

Για να ικανοποιηθούν οι δύο αυτές κυτταρικές ανάγκες, η ταχύτητα μετατροπής της
γλυκόζης σε πυροσταφυλικό πρέπει να ρυθμίζεται

• Φωσφοφρουκτοκινάση • Κινάση του πυροσταφυλικού• Εξοκινάση
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  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  

Phosphoglycerate
mutase

3-Phosphoglycerate 2-Phosphoglycerate

H2O

Enolase

Phosphenolpyruvate Pyruvate
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

Φωσφο-ενολοπυροσταφυλικό Πυροσταφυλικό

Κινάση του 
πυροσταφυλικού
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aldehyde group at carbon 1, whereas the open-chain form of fructose has a 
keto group at carbon 2. Thus, the isomerization of glucose 6-phosphate to 
fructose 6-phosphate is a   conversion of an aldose into a ketose.   The reaction 
catalyzed by   phosphoglucose isomerase   takes several steps because both glu-
cose 6-phosphate and fructose 6-phosphate are present primarily in the 
cyclic forms. The enzyme must first open the six-membered ring of glucose 
6-phosphate, catalyze the isomerization, and then promote the formation of 
the five-membered ring of fructose 6-phosphate.  

Glucose 6-phosphate 
(G-6P)

Glucose 6-phosphate 
(open-chain form)

Fructose 6-phosphate 
(open-chain form)

Fructose 6-phosphate 
(F-6P)

O H
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CH2OPO3
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O H

OHH

HHO

OHH

OHH
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O
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HO

2–O3POH C2
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H OH

  A second phosphorylation reaction follows the isomerization step. 
  Fructose 6-phosphate is phosphorylated at the expense of ATP to fructose 
1,6-bisphosphate   (F-l,6-BP). The prefix   bis-   in bisphosphate means that two 
separate monophosphoryl groups are present, whereas the prefix   di-   in 
diphosphate (as in adenosine diphosphate) means that two phosphoryl 
groups are present and are connected by an anhydride bond.  

+ ATP + H++ADP
Phosphofructokinase

Fructose 6-phosphate
(F-6P)

Fructose 1,6-bisphosphate
(F-1, 6-BP)

O
CH2OH

HO

2–O3POH C2

OH

3
2–

O
CH2OPO

HO

OHOH

2–O3POH C2

OH

    This reaction is catalyzed by   phosphofructokinase   (PFK), an allosteric 
enzyme that sets the pace of glycolysis. As we will learn, this enzyme plays 
a central role in the metabolism of many molecules in all parts of the body.  

  What is the biochemical rationale for the isomerization of glucose 
6-phosphate to fructose 6-phosphate and its subsequent phosphorylation to 
form fructose 1,6-bisphosphate? Had the aldol cleavage taken place in the 
aldose glucose, a two-carbon and a four-carbon fragment would have 
resulted. Two different metabolic pathways, one to process the two-carbon 
fragment and one for the four-carbon fragment, would have been required 
to extract energy. Phosphorylation of the fructose 6-phosphate to fructose 
1,6-bisphosphate prevents the reformation of glucose 6-phosphate. As 
shown below, aldol cleavage of fructose 1,6-bisphosphate yields two phos-
phorylated interconvertible three-carbon fragments that will be oxidized in 
the later steps of glycolysis to capture energy in the form of ATP.  

  The six-carbon sugar is cleaved into two three-carbon fragments  

  The newly formed fructose 1,6-bisphosphate is cleaved into   glyceral-
dehyde 3-phosphate   (GAP) and   dihydroxyacetone phosphate   (DHAP), 

completing stage 1 of glycolysis. The products of the remaining steps in 
glycolysis consist of three-carbon units rather than six-carbon units.  

6 Φωσφορική φρουκτόζη
(F-6P)

1,6 Διφωσφορική φρουκτόζη
(F-1,6-ΒP)

Φωσφοφρουκτοκινάση
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  Glucose is an important fuel for most organisms  

  Glucose is a common and important fuel. In mammals, glucose is the 
only fuel that the brain uses under nonstarvation conditions and the 

only fuel that red blood cells can use at all. Indeed, almost all organisms use 
glucose, and most that do process it in a similar fashion. Recall from 
Chapter 11 that there are many carbohydrates. Why is glucose instead of 
some other monosaccharide such a prominent fuel? We can speculate on the 
reasons. First, glucose is one of several monosaccharides formed from form-
aldehyde under prebiotic conditions, and so it may have been available as a 
fuel source for primitive biochemical systems. Second, glucose has a low 
tendency, relative to other monosaccharides, to nonenzymatically glycosyl-
ate proteins. In their open-chain forms, monosaccharides contain carbonyl 
groups that can react with the amino groups of proteins to form Schiff bases, 
which rearrange to form a more stable amino–ketone linkage (p. 321). Such 
nonspecifically modified proteins often do not function effectively. Glucose 
has a strong tendency to exist in the ring conformation and, consequently, 
relatively little tendency to modify proteins. Recall that all the hydroxyl 
groups in the ring conformation of   b  -glucose are equatorial, contributing to 
the sugar’s high relative stability (p. 320).  

  16.1      Glycolysis Is an Energy-Conversion Pathway 
in Many Organisms  

  We now begin our consideration of the glycolytic pathway. This pathway is 
common to virtually all cells, both prokaryotic and eukaryotic. In eukaryotic 
cells, glycolysis takes place in the cytoplasm. This pathway can be thought of as 
comprising two stages (Figure 16.2). Stage 1 is the trapping and preparation 
phase. No ATP is generated in this stage. In stage 1, glucose is converted into 
fructose 1,6-bisphosphate in three steps: a phosphorylation, an isomerization, 
and a second phosphorylation reaction.   The strategy of these initial steps in gly-
colysis is to trap the glucose in the cell and form a compound that can be readily 
cleaved into phosphorylated three-carbon units.   Stage 1 is completed with the 
cleavage of the fructose 1,6-bisphosphate into two   three-carbon fragments. 
These resulting three-carbon units are readily interconvertible. In stage 2, ATP 
is harvested when the three-carbon fragments are oxidized to pyruvate.  

  Hexokinase traps glucose in the cell and begins glycolysis  

  Glucose enters cells through specific transport proteins (p. 473) and has one 
principal fate:   it is phosphorylated by ATP to form glucose 6-phosphate.   This 
step is notable for several reasons. Glucose 6-phosphate cannot pass 
through the membrane because of the negative charges on the phosphoryl 
groups, and it is not a substrate for glucose transporters. Also, the addition 
of the phosphoryl group facilitates the eventual metabolism of glucose into 
three-carbon molecules with high-phosphoryl-transfer-potential. The 
transfer of the phosphoryl group from ATP to the hydroxyl group on car-
bon 6 of glucose is catalyzed by   hexokinase.  

+ ATP + ADP H++
Hexokinase

Glucose Glucose 6-phosphate
(G-6P)

O

OH

CH2OH

OH

OH

HO

O

OH

CH2OPO3
2–

OH

OH
HO

Glucose

F-1,6-BP

DHAP GAP

NADH

ATP

ATP

PEP

Pyruvate

ATP

ATP

STAGE 1

2

First stage of glycolysis. The first stage of 
 glycolysis begins with the phosphorylation of 
glucose by hexokinase and ends with the 
 isomerization of dihydroxyacetone phosphate 
to glyceraldehyde 3-phosphate.

Γλυκόζη 6 Φωσφορική γλυκόζη
(G-6P)

Eξοκινάση

• Εξοκινάση

• Φωσφοφρουκτοκινάση

• Κινάση του πυροσταφυλικού

?

?

?
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16.2 Η γλυκολυτική πορεία ελέγχεται αυστηρά

Αυτά τα ένζυμα γίνονται λιγότερο ή περισσότερο ενεργά, σε απόκριση:

• αλλοστερικών τελεστών

• με ομοιοπολική τροποποίηση

• με ρύθμιση της μεταγραφής των γονιδίων τους, ώστε οι ποσότητες αυτών των ενζύμων να ποικίλλουν για να

αντιμετωπιστούν αλλαγές στις μεταβολικές ανάγκες

Θα μελετήσουμε τον έλεγχο της γλυκόλυσης σε δυο διαφορετικούς ιστούς – στους σκελετικούς μυς και στο ήπαρ

(χιλιοστά του δευτερολέπτου)

(δευτερόλεπτα)

(ώρες)
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16.2 Η γλυκολυτική πορεία ελέγχεται αυστηρά

Η γλυκόλυση στους μυς ρυθμίζεται για να ικανοποιηθεί η ανάγκη για ΑΤΡ (κυρίως για να ωθήσει την σύσπαση)

• Πρωταρχικός έλεγχος της μυϊκής γλυκόλυσης
είναι το ενεργειακό φορτίο του κυττάρου

• η αναλογία ΑΤΡ προς ΑΜΡ

Πώς το κάθε ένα από τα βασικά ρυθμιστικά ένζυμα ανταποκρίνεται στις 
αλλαγές των ποσοτήτων των ΑΤΡ και ΑΜΡ που υπάρχουν στο κύτταρο;

ΑΤΡ

ΑΜΡ
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Φωσφοφρουκτοκινάση

• Ένα τετραμερές 340 kDa

• Θέσεις κατάλυσης

• Αλλοστερικές θέσεις
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aldehyde group at carbon 1, whereas the open-chain form of fructose has a 
keto group at carbon 2. Thus, the isomerization of glucose 6-phosphate to 
fructose 6-phosphate is a   conversion of an aldose into a ketose.   The reaction 
catalyzed by   phosphoglucose isomerase   takes several steps because both glu-
cose 6-phosphate and fructose 6-phosphate are present primarily in the 
cyclic forms. The enzyme must first open the six-membered ring of glucose 
6-phosphate, catalyze the isomerization, and then promote the formation of 
the five-membered ring of fructose 6-phosphate.  
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(G-6P)

Glucose 6-phosphate 
(open-chain form)
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(open-chain form)
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  A second phosphorylation reaction follows the isomerization step. 
  Fructose 6-phosphate is phosphorylated at the expense of ATP to fructose 
1,6-bisphosphate   (F-l,6-BP). The prefix   bis-   in bisphosphate means that two 
separate monophosphoryl groups are present, whereas the prefix   di-   in 
diphosphate (as in adenosine diphosphate) means that two phosphoryl 
groups are present and are connected by an anhydride bond.  

+ ATP + H++ADP
Phosphofructokinase

Fructose 6-phosphate
(F-6P)

Fructose 1,6-bisphosphate
(F-1, 6-BP)
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    This reaction is catalyzed by   phosphofructokinase   (PFK), an allosteric 
enzyme that sets the pace of glycolysis. As we will learn, this enzyme plays 
a central role in the metabolism of many molecules in all parts of the body.  

  What is the biochemical rationale for the isomerization of glucose 
6-phosphate to fructose 6-phosphate and its subsequent phosphorylation to 
form fructose 1,6-bisphosphate? Had the aldol cleavage taken place in the 
aldose glucose, a two-carbon and a four-carbon fragment would have 
resulted. Two different metabolic pathways, one to process the two-carbon 
fragment and one for the four-carbon fragment, would have been required 
to extract energy. Phosphorylation of the fructose 6-phosphate to fructose 
1,6-bisphosphate prevents the reformation of glucose 6-phosphate. As 
shown below, aldol cleavage of fructose 1,6-bisphosphate yields two phos-
phorylated interconvertible three-carbon fragments that will be oxidized in 
the later steps of glycolysis to capture energy in the form of ATP.  

  The six-carbon sugar is cleaved into two three-carbon fragments  

  The newly formed fructose 1,6-bisphosphate is cleaved into   glyceral-
dehyde 3-phosphate   (GAP) and   dihydroxyacetone phosphate   (DHAP), 

completing stage 1 of glycolysis. The products of the remaining steps in 
glycolysis consist of three-carbon units rather than six-carbon units.  

6 Φωσφορική φρουκτόζη
(F-6P)

1,6 Διφωσφορική φρουκτόζη
(F-1,6-ΒP)

Φωσφοφρουκτοκινάση

Τι προσδένεται;

(υπόστρωμα)

(ATP, AMP)
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Φωσφοφρουκτοκινάση

• Υψηλά επίπεδα της ATP αναστέλλουν αλλοστερικά το ένζυμο

• Το ΑΤΡ προσδένεται σε ρυθμιστικές θέσεις, άλλες από το ενεργό κέντρο

• Η πρόσδεση της ΑΤΡ μειώνει τη συγγένεια του ενζύμου για την 6-φωσφορική φρουκτόζη

• H AMP αντιστρέφει την ανασταλτική δράση της ΑΤΡ

• Η δραστικότητα του ενζύμου αυξάνεται όταν μικραίνει ο λόγος ATP/AMP Αδενυλική κινάση

Γιατί AMP και όχι ADP;

ADP + ADP ATP + AMP
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intolerance,   or hypolactasia, is most commonly caused by a deficiency of the 
enzyme lactase, which cleaves lactose into glucose and galactose.  

+ H2O +
Lactase

Lactose Galactose Glucose
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  “Deficiency” is not quite the appropriate term, because a decrease in lactase 
is normal in the course of development in all mammals. As children are 
weaned and milk becomes less prominent in their diets, lactase activity nor-
mally declines to about 5% to 10% of the level at birth. This decrease is not 
as pronounced with some groups of people, most notably Northern 
Europeans, and people from these groups can continue to ingest milk with-
out gastrointestinal difficulties. With the development of dairy farming, an 
adult with active lactase would have a selective advantage in being able to 
consume calories from the readily available milk. Indeed, estimates suggest 
that people with the mutation would produce almost 20% more fertile off-
spring. Because dairy farming appeared in northern Europe about 10,000 
years ago, the evolutionary selective pressure on lactase persistence must 
have been substantial, attesting to the biochemical value of being able to use 
milk as an energy source into adulthood.  

  What happens to the lactose in the intestine of a lactase-deficient per-
son? The lactose is a good energy source for microorganisms in the colon, 
and they ferment it to lactic acid while generating methane (CH  4) and 
hydrogen gas (H  2). The gas produced creates the uncomfortable feeling of 
gut distension and the annoying problem of flatulence. The lactate pro-
duced by the microorganisms is osmotically active and draws water into the 
intestine, as does any undigested lactose, resulting in diarrhea. If severe 
enough, the gas and diarrhea hinder the absorption of other nutrients such 
as fats and proteins. The simplest treatment is to avoid the consumption of 
products containing much lactose. Alternatively, the enzyme lactase can be 
ingested with milk products.  

  Galactose is highly toxic if the transferase is missing  

  Less common than lactose intolerance are disorders that interfere 
with the metabolism of galactose. The disruption of galactose 

metabolism is referred to as   galactosemia.   The most common form, called 
classic galactosemia, is an inherited deficiency in galactose 1-phosphate 
uridyl transferase activity. Afflicted infants fail to thrive. They vomit or 
have diarrhea after consuming milk, and enlargement of the liver and 
jaundice are common, sometimes progressing to cirrhosis. Cataracts will 
form, and lethargy and retarded mental development also are common. 
The blood-galactose level is markedly elevated, and galactose is found in 
the urine. The absence of the transferase in red blood cells is a definitive 
diagnostic criterion.  

  The most common treatment is to remove galactose (and lactose) from 
the diet. An enigma of galactosemia is that, although elimination of galac-
tose from the diet prevents liver disease and cataract development, the 
majority of patients still suffer from central nervous system malfunction, 
most commonly a delayed acquisition of language skills. Female patients 
also display ovarian failure.  

  Scanning electron micrograph of 
  Lactobacillus.     The anaerobic bacterium 
  Lactobacillus   is shown here. As suggested by 
its name, this genus of bacteria ferments glu-
cose into lactic acid and is widely used in the 
food industry.   Lactobacillus   is also a component 
of the normal human bacterial flora of the 
 urogenital tract where, because of its ability 
to generate an acidic environment, it prevents 
the growth of harmful bacteria.    [Power and 
Syred/ Science Photo Library.] 
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Εξοκινάση

• Η 6-φωσφορική γλυκόζη την αναστέλλει (το ίδιο της το προϊόν )

• Αυτό οδηγεί στη αναστολή της εξοκινάσης

Γιατί;

• Υψηλές συγκεντρώσεις δίνουν σήμα ότι το κύτταρο δεν χρειάζεται
πλέον γλυκόζη (και έτσι παραμένει στο αίμα)

• Όταν η φωσφοφρουκτοκινάση είναι ανενενεργός αυξάνεται η
συγκέντρωση της 6-φωσφορικής φρουκτόζης
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• Η ATP την αναστέλλει αλλοστερικά για να επιβραδύνει τη

γλυκόλυση όταν το ενεργειακό φορτίο είναι υψηλό

• Όταν αυξάνεται ο ρυθμός της γλυκόλυσης, η παραγόμενη 1,6-διφωσφορική φρουκτόζη ενεργοποιεί την κινάση

Κινάση του πυροσταφυλικού
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  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

Φωσφο-ενολοπυροσταφυλικό Πυροσταφυλικό

Κινάση του 
πυροσταφυλικού

• Έτσι, συμβαδίζει ο ρυθμός με την επερχόμενη υψηλή ροή των ενδιαμέσων
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Ρύθμιση της γλυκόζης στους μυς

Σε κατάσταση ηρεμίας
(αναστολή της γλυκόλυσης)
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16.2 Η γλυκολυτική πορεία ελέγχεται αυστηρά

Ρύθμιση της γλυκόζης στους μυς

Κατά την άσκηση
(ενεργοποίηση της γλυκόλυσης)
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16.2 Η γλυκολυτική πορεία ελέγχεται αυστηρά

Η ρύθμιση της γλυκόλυσης στο ήπαρ απεικονίζει την βιοχημική ευελιξία του ήπατος

Φωσφοφρουκτοκινάση

• Η γλυκόλυση στο ήπαρ παρέχει ανθρακικούς σκελετούς για τις βιοσυνθέσεις

• Δεν παρατηρούνται οι ξαφνικές ανάγκες σε ΑΤΡ (όπως στους μυς)

• Ρυθμίζεται από ένα σήμα το οποίο δείχνει κατά πόσον υπάρχουν διαθέσιμες
δομικές μονάδες

Το κιτρικό την αναστέλλει 
αυξάνοντας την ανασταλτική 

δράση της ΑΤΡ
-
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  The regulation of glycolysis in the liver illustrates the biochemical 
versatility of the liver  

  The liver has more diverse biochemical functions than does muscle. 
Significantly, the liver maintains blood-glucose levels: it stores glucose as 
glycogen when glucose is plentiful, and it releases glucose when supplies 
are  low. It also uses glucose to generate reducing power for biosynthesis 
(Section 20.3) as well as to synthesize a host of biochemicals. So, although 
the liver has many of the regulatory features of muscle glycolysis, the regula-
tion of glycolysis in the liver is more complex.  

  Phosphofructokinase.   Liver phosphofructokinase can be regulated by 
ATP as in muscle, but such regulation is not as important since the liver 
does not experience the sudden ATP needs that a contracting muscle does. 
Likewise, low pH is not an important metabolic signal for the liver enzyme, 
because lactate is not normally produced in the liver. Indeed, as we will see, 
lactate is converted into glucose in the liver.  

  Glycolysis in the liver furnishes carbon skeletons for biosyntheses, and 
so a signal indicating whether building blocks are abundant or scarce should 
also regulate phosphofructokinase. In the liver,   phosphofructokinase is inhib-
ited by citrate,   an early intermediate in the citric acid cycle (Chapter 17). 
A high level of citrate in the cytoplasm means that biosynthetic precursors 
are abundant, and so there is no need to degrade additional glucose for this 
purpose. Citrate inhibits phosphofructokinase by enhancing the inhibitory 
effect of ATP.  

  The key means by which glycolysis in the liver responds to changes in 
blood glucose is through the signal molecule   fructose 2,6-bisphosphate 
  (F-2,6-BP), a potent activator of phosphofructokinase (Figure 16.19). In 
the liver, the concentration of fructose 6-phosphate rises when blood- 
glucose concentration is high, and the abundance of fructose 6-phosphate 
accelerates the synthesis of F-2,6-BP (Figure 16.20). Hence,   an abundance 
of fructose 6-phosphate leads to a higher concentration of F-2,6-BP.   The 
binding of fructose 2,6-bisphosphate increases the affinity of phosphofruc-
tokinase for fructose 6-phosphate and diminishes the inhibitory effect of 
ATP. Glycolysis is thus accelerated when glucose is abundant. Such a pro-
cess is called   feedforward stimulation.   We will turn to the synthesis and 
degradation of this important regulatory molecule after we have considered 
gluconeogenesis.  

Fructose 2,6-bisphosphate
(F-2,6-BP)

O
OPO

CH2OH

3
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HO

2–O3POH2C

Glucose

F-6P F-2,6-BP
activates PFK

PFK

F-1,6-BP

FIGURE 16.19 Regulation of 
phosphofructokinase by fructose 
2,6-bisphosphate. In high concentrations, 
fructose 6-phosphate (F-6P) activates the 
enzyme phosphofructokinase (PFK) through 
an intermediary, fructose 2,6-bisphosphate 
(F-2,6-BP).
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FIGURE 16.20 Activation of 
phosphofructokinase by fructose 
2,6-bisphosphate. (A) The sigmoidal 
dependence of velocity on substrate 
concentration becomes hyperbolic in 
the presence of 1 mM fructose 
2,6-bisphosphate. (B) ATP, acting as a 
substrate, initially stimulates the reaction. 
As the concentration of ATP increases, it 
acts as an allosteric inhibitor. The inhibitory 
effect of ATP is reversed by fructose 
2,6-bisphosphate. [Data from E. Van 
Schaftingen, M. F. Jett, L. Hue, and 
H. G. Hers, Proc. Natl. Acad. Sci. 
U. S. A. 78:3483–3486, 1981.]

+
2,6-Διφωσφορική φρουκτόζη

(F-2,6-BP)
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Φωσφοφρουκτοκινάση

ΑΤΡ-

472
CHAPTER 16 Glycolysis and 
Gluconeogenesis

  The regulation of glycolysis in the liver illustrates the biochemical 
versatility of the liver  

  The liver has more diverse biochemical functions than does muscle. 
Significantly, the liver maintains blood-glucose levels: it stores glucose as 
glycogen when glucose is plentiful, and it releases glucose when supplies 
are  low. It also uses glucose to generate reducing power for biosynthesis 
(Section 20.3) as well as to synthesize a host of biochemicals. So, although 
the liver has many of the regulatory features of muscle glycolysis, the regula-
tion of glycolysis in the liver is more complex.  

  Phosphofructokinase.   Liver phosphofructokinase can be regulated by 
ATP as in muscle, but such regulation is not as important since the liver 
does not experience the sudden ATP needs that a contracting muscle does. 
Likewise, low pH is not an important metabolic signal for the liver enzyme, 
because lactate is not normally produced in the liver. Indeed, as we will see, 
lactate is converted into glucose in the liver.  

  Glycolysis in the liver furnishes carbon skeletons for biosyntheses, and 
so a signal indicating whether building blocks are abundant or scarce should 
also regulate phosphofructokinase. In the liver,   phosphofructokinase is inhib-
ited by citrate,   an early intermediate in the citric acid cycle (Chapter 17). 
A high level of citrate in the cytoplasm means that biosynthetic precursors 
are abundant, and so there is no need to degrade additional glucose for this 
purpose. Citrate inhibits phosphofructokinase by enhancing the inhibitory 
effect of ATP.  

  The key means by which glycolysis in the liver responds to changes in 
blood glucose is through the signal molecule   fructose 2,6-bisphosphate 
  (F-2,6-BP), a potent activator of phosphofructokinase (Figure 16.19). In 
the liver, the concentration of fructose 6-phosphate rises when blood- 
glucose concentration is high, and the abundance of fructose 6-phosphate 
accelerates the synthesis of F-2,6-BP (Figure 16.20). Hence,   an abundance 
of fructose 6-phosphate leads to a higher concentration of F-2,6-BP.   The 
binding of fructose 2,6-bisphosphate increases the affinity of phosphofruc-
tokinase for fructose 6-phosphate and diminishes the inhibitory effect of 
ATP. Glycolysis is thus accelerated when glucose is abundant. Such a pro-
cess is called   feedforward stimulation.   We will turn to the synthesis and 
degradation of this important regulatory molecule after we have considered 
gluconeogenesis.  

Fructose 2,6-bisphosphate
(F-2,6-BP)

O
OPO

CH2OH

3
2–

HO

HO

2–O3POH2C

Glucose

F-6P F-2,6-BP
activates PFK

PFK

F-1,6-BP

FIGURE 16.19 Regulation of 
phosphofructokinase by fructose 
2,6-bisphosphate. In high concentrations, 
fructose 6-phosphate (F-6P) activates the 
enzyme phosphofructokinase (PFK) through 
an intermediary, fructose 2,6-bisphosphate 
(F-2,6-BP).

1 !M F-2,6-BP

Re
la

tiv
e 

ra
te

 o
f f

ru
ct

os
e

1,
6-

bi
sp

ho
sp

ha
te

 s
yn

th
es

is

0

[Fructose 6-phosphate] (mM) [ATP] (mM)

0.1 !M

1 !M F-2,6-BP

0

0.1 !M

(A) (B)

100

80

60

40

20

0 1 2 3 4 5 0 1 2 3 4 5

FIGURE 16.20 Activation of 
phosphofructokinase by fructose 
2,6-bisphosphate. (A) The sigmoidal 
dependence of velocity on substrate 
concentration becomes hyperbolic in 
the presence of 1 mM fructose 
2,6-bisphosphate. (B) ATP, acting as a 
substrate, initially stimulates the reaction. 
As the concentration of ATP increases, it 
acts as an allosteric inhibitor. The inhibitory 
effect of ATP is reversed by fructose 
2,6-bisphosphate. [Data from E. Van 
Schaftingen, M. F. Jett, L. Hue, and 
H. G. Hers, Proc. Natl. Acad. Sci. 
U. S. A. 78:3483–3486, 1981.]

+

2,6-Διφωσφορική φρουκτόζη
(F-2,6-BP)



52Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Η γλυκονεογένεση δεν είναι μια απόλυτη αντιστροφή της γλυκόλυσης

• Η γλυκονεογένεση μετατρέπει το πυροσταφυλικό σε γλυκόζη

Μη υδατανθρακικές πρόδρομες ενώσεις (μετατρέπονται σε
πυροσταφυλικό ή εισέρχονται στην πορεία) είναι:

• Η πλήρως μη αντιστρεπτές αντιδράσεις τις γλυκόλυσης παρακάμπτονται

• Γαλακτικό

• Αμινοξέα

• Γλυκερόλη

Ποιες αντιδράσεις είναι το πρόβλημα;
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Η μετατροπή του πυροσταφυλικού σε φωσφο-ενολοπυροσταφυλικό αρχίζει τον σχηματισμό του οξαλοξικού

Η αντίδραση πραγματοποιείται στα μιτοχόνδρια
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fatty acids. Glycerol is a precursor of glucose, but animals cannot convert 
fatty acids into glucose, for reasons that will be given later. Glycerol may 
enter either the gluconeogenic or the glycolytic pathway at dihydroxyace-
tone phosphate.  

ATP NAD+
NADH
+  H+

Glycerol
kinase

Glycerol
phosphate

dehydrogenase
Glycerol Glycerol

phosphate
Dihydroxyacetone

phosphate

CH2OH

C

CH2OH

HHO

CH2OH

CH2OPO3
2–

HHO O

CH2OH

CH2OPO3
2–

C C

ADP
+ H+

  The major site of gluconeogenesis is the   liver,   with a small amount 
also taking place in the   kidney.   Little gluconeogenesis takes place in 
the  brain, skeletal muscle, or heart muscle. Rather,   gluconeogenesis in 
the liver and kidney helps to maintain the glucose level in the blood so that 
the brain and muscle can extract sufficient glucose from it to meet their meta-
bolic demands.  

  Gluconeogenesis is not a reversal of glycolysis  

  In glycolysis, glucose is converted into pyruvate; in gluconeogenesis, pyru-
vate is converted into glucose. However,   gluconeogenesis is not a reversal of 
glycolysis.   Several reactions must differ because the equilibrium of glycolysis 
lies far on the side of pyruvate formation. The actual free energy change for 
the formation of pyruvate from glucose is about   290 kJ mol  2  1 (  222 kcal 
mol  2  1) under typical cellular conditions. Most of the decrease in free energy 
in glycolysis takes place in the three essentially irreversible steps catalyzed 
by hexokinase, phosphofructokinase, and pyruvate kinase.  

Glucose 1 ATP Hexokinase
8888888n Glucose 6-phosphate 1 ADP

   ¢G 5 233 kJ mol21 (28.0 kcal mol21)   

Fructose 6-phosphate 1 ATP Phosphofructokinase
888888888888n

fructose 1,6-bisphosphate 1 ADP
   ¢G 5 222 kJ mol21 (25.3 kcal mol21)   

Phosphoenolpyruvate 1 ADP 
 Pyruvate kinase

88888888888n pyruvate 1 ATP
   ¢G 5 217 kJ mol21 (24.0 kcal mol21)   

  In gluconeogenesis, these virtually irreversible reactions of glycolysis 
must be bypassed.  

  The conversion of pyruvate into phosphoenolpyruvate begins 
with the formation of oxaloacetate  

  The first step in gluconeogenesis is the carboxylation of pyruvate to form 
oxaloacetate at the expense of a molecule of ATP, a reaction catalyzed by 
  pyruvate carboxylase  . This reaction occurs in the mitochondria.  

+ + H2O+CO2 + Pi+ +ADP 2H+

C

C

COO–

HH

O COO–

Pyruvate Oxaloacetate

ATP

O

C
C

CH3

O
O

– Pyruvate 
carboxylase

Πυροσταφυλικό

Καρβοξυλάση του 
πυροσταφυλικού
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

• Η καρβοξυλάση του πυρροσταφυλικού απαιτεί βιοτίνη

• Ομοιοπολικά συνδεδεμένη προσθετική ομάδα

• Λειτουργεί ως φορέας ενεργοποιημένου CO2

3 στάδια

Υπάρχει έτσι εξαιτίας της ανθρακικής ανυδράσης
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Τα άλλα ένζυμα της γλυκονεογένεσης βρίσκονται στο κυτταρόπλασμα

Το οξαλοξικό μεταφέρεται στο κυτταρόπλασμα και μετατρέπεται σε φωσφο-
ενολοπυροσταφυλικό
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  The first partial reaction of pyruvate carboxylase, the formation of car-
boxybiotin, depends on the presence of acetyl CoA.   Biotin is not     carboxyl-
ated unless acetyl CoA is bound to the enzyme.   Acetyl CoA has no effect on 
the second partial reaction. The allosteric activation of pyruvate carboxylase 
by acetyl CoA is an important physiological control mechanism that will be 
discussed in Section 17.4.  

  Oxaloacetate is shuttled into the cytoplasm and converted into 
phosphoenolpyruvate  

  Oxaloacetate must thus be transported to the cytoplasm to complete the 
synthesis of phosphoenolpyruvate. Oxaloacetate is first reduced to malate 
by malate dehydrogenase. Malate is transported across the mitochondrial 
membrane and reoxidized to oxaloacetate by a cytoplasmic NAD  1-linked 
malate dehydrogenase (Figure 16.27). The formation of oxaloacetate from 
malate also provides NADH for use in subsequent steps in gluconeogene-
sis. Finally, oxaloacetate is simultaneously   decarboxylated   and   phosphory-
lated   by   phosphoenolpyruvate carboxykinase   (PEPCK) to generate 
phosphoenolpyruvate. The phosphoryl donor is GTP. The CO  2 that was 
added to pyruvate by pyruvate carboxylase comes off in this step.  

+ GTP + +GDPC
C

H H

C

O

OPO32–

OC

COO–

HH

Oxaloacetate Phosphoenolpyruvate

CO2

–C
O COO–

Phosphoenolpyruvate
carboxylase

  The sum of the reactions catalyzed by pyruvate carboxylase     and phos-
phoenolpyruvate carboxykinase     is  

Pyruvate 1 ATP 1 GTP 1 H2O 88n
phosphoenolpyruvate 1 ADP 1 GDP 1 Pi 1 2 H1

  This pair of reactions bypasses the irreversible reaction catalyzed by pyru-
vate kinase in glycolysis.  

  Why is a carboxylation and a decarboxylation required to form phospho-
enolpyruvate from pyruvate? Recall that, in glycolysis, the presence of a 
 phosphoryl group traps the unstable enol isomer of pyruvate as phosphoenol-
pyruvate (p. 461). However, the addition of a phosphoryl group to pyruvate 
is a highly unfavorable reaction: the   D  G  89 of the reverse of the glycolytic reac-
tion catalyzed by pyruvate kinase is 131 kJ mol  2  1 (17.5 kcal mol  2  1). In glu-
coneogenesis, the use of the carboxylation and decarboxylation steps results 
in a much more favorable   D  G  89. The formation of phosphoenolpyruvate from 
pyruvate in the gluconeogenic pathway has a   D  G  8  9 of 10.8 kJ mol  21 (10.2 kcal 
mol  2  1). A molecule of ATP is used to power the addition of a molecule of 
CO  2  to pyruvate in the carboxylation step. That CO  2 is then removed to 
power the formation of phosphoenolpyruvate in the decarboxylation step. 
  Decarboxylations often drive reactions that are otherwise highly endergonic. 
  This metabolic motif is used in the citric acid cycle (Chapter 17), the pentose 
phosphate pathway (Chapter 20), and fatty acid synthesis (Section 22.4).  

  The conversion of fructose 1,6-bisphosphate into fructose 
6-phosphate and orthophosphate is an irreversible step  

  On formation, phosphoenolpyruvate is metabolized by the enzymes of gly-
colysis but in the reverse direction. These reactions are near equilibrium 
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CO2 + ATP

ADP + Pi

NADH + H+

NAD+

NADH + H+

NAD+

Oxaloacetate

Oxaloacetate
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FIGURE 16.27 Compartmental 
cooperation. Oxaloacetate used in 
the cytoplasm for gluconeogenesis is 
formed in the mitochondrial matrix by the 
carboxylation of pyruvate. Oxaloacetate 
leaves the mitochondrion by a specific 
transport system (not shown) in the form of 
malate, which is reoxidized to oxaloacetate 
in the cytoplasm.

Οξαλοξικό
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discussed in Section 17.4.  

  Oxaloacetate is shuttled into the cytoplasm and converted into 
phosphoenolpyruvate  

  Oxaloacetate must thus be transported to the cytoplasm to complete the 
synthesis of phosphoenolpyruvate. Oxaloacetate is first reduced to malate 
by malate dehydrogenase. Malate is transported across the mitochondrial 
membrane and reoxidized to oxaloacetate by a cytoplasmic NAD  1-linked 
malate dehydrogenase (Figure 16.27). The formation of oxaloacetate from 
malate also provides NADH for use in subsequent steps in gluconeogene-
sis. Finally, oxaloacetate is simultaneously   decarboxylated   and   phosphory-
lated   by   phosphoenolpyruvate carboxykinase   (PEPCK) to generate 
phosphoenolpyruvate. The phosphoryl donor is GTP. The CO  2 that was 
added to pyruvate by pyruvate carboxylase comes off in this step.  

+ GTP + +GDPC
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H H

C

O

OPO32–
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COO–
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CO2
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  The sum of the reactions catalyzed by pyruvate carboxylase     and phos-
phoenolpyruvate carboxykinase     is  

Pyruvate 1 ATP 1 GTP 1 H2O 88n
phosphoenolpyruvate 1 ADP 1 GDP 1 Pi 1 2 H1

  This pair of reactions bypasses the irreversible reaction catalyzed by pyru-
vate kinase in glycolysis.  

  Why is a carboxylation and a decarboxylation required to form phospho-
enolpyruvate from pyruvate? Recall that, in glycolysis, the presence of a 
 phosphoryl group traps the unstable enol isomer of pyruvate as phosphoenol-
pyruvate (p. 461). However, the addition of a phosphoryl group to pyruvate 
is a highly unfavorable reaction: the   D  G  89 of the reverse of the glycolytic reac-
tion catalyzed by pyruvate kinase is 131 kJ mol  2  1 (17.5 kcal mol  2  1). In glu-
coneogenesis, the use of the carboxylation and decarboxylation steps results 
in a much more favorable   D  G  89. The formation of phosphoenolpyruvate from 
pyruvate in the gluconeogenic pathway has a   D  G  8  9 of 10.8 kJ mol  21 (10.2 kcal 
mol  2  1). A molecule of ATP is used to power the addition of a molecule of 
CO  2  to pyruvate in the carboxylation step. That CO  2 is then removed to 
power the formation of phosphoenolpyruvate in the decarboxylation step. 
  Decarboxylations often drive reactions that are otherwise highly endergonic. 
  This metabolic motif is used in the citric acid cycle (Chapter 17), the pentose 
phosphate pathway (Chapter 20), and fatty acid synthesis (Section 22.4).  

  The conversion of fructose 1,6-bisphosphate into fructose 
6-phosphate and orthophosphate is an irreversible step  

  On formation, phosphoenolpyruvate is metabolized by the enzymes of gly-
colysis but in the reverse direction. These reactions are near equilibrium 

Cytoplasm

Matrix

Pyruvate

CO2 + ATP

ADP + Pi

NADH + H+

NAD+

NADH + H+

NAD+

Oxaloacetate

Oxaloacetate

Malate

Malate

FIGURE 16.27 Compartmental 
cooperation. Oxaloacetate used in 
the cytoplasm for gluconeogenesis is 
formed in the mitochondrial matrix by the 
carboxylation of pyruvate. Oxaloacetate 
leaves the mitochondrion by a specific 
transport system (not shown) in the form of 
malate, which is reoxidized to oxaloacetate 
in the cytoplasm.

Καρβοξυλάση του 
φωσφο-ενολοπυροσταφυλικού

Φωσφο-ενολοπυροσταφυλικό
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Συνολικά το ζεύγος αντιδράσεων

Παρακάμπτει την μη αντιστρεπτή αντίδραση που
καταλύεται από την κινάση του πυροσταφυλικού
στην γλυκόλυση
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  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

Φωσφο-ενολοπυροσταφυλικό Πυροσταφυλικό

Κινάση του 
πυροσταφυλικού
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Η μετατροπή της 1,6-διφωσφορικής φρουκτόζης σε 6-φωσφορική φρουκτόζη και ορθοφωσφορικό

• Ένα μη αντιστρεπτό βήμα

• Καταλύεται από το την φωσφατάση της 1,6-διφωσφορικής φρουκτόζης (αλλοστερικό ένζυμο)

1,6-Διφωσφορική φρουκτόζη + Η2Ο 6-φωσφορική φρουκτόζη + Ρi
Φωσφατάση της 1,6-διφωσφορικής φρουκτόζης 
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Η 6-φωσφορική φρουκτόζη μετατρέπεται εύκολα σε 6-φωσφορική γλυκόζη

Το τελικό βήμα στην παραγωγή γλυκόζης λαμβάνει χώρα στο ήπαρ (διατηρεί επαρκεί γλυκόζη στο αίμα)

Η γλυκόζη δεν παράγεται στο κυτταρόπλασμα αλλά στο ενδοπλασματικό δίκτυο (ΕΔ)

Μεταφορείς Τ1, Τ2 και Τ3
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16.3 Η γλυκόζη μπορεί να συντεθεί από μη υδατανθρακικές πρόδρομες ενώσεις (γλυκονεογένεση)

Η στοιχειομετρία της γλυκονεογένεσης

• 6 φωσφορικές ομάδες υψηλού δυναμικού μεταφοράς δαπανώνται για την σύνθεση της γλυκόζης από πυροσταφυλικό

• Για να μετατρέψουν μια μη ευνοούμενη σε ευνοούμενη αντίδραση

under intracellular conditions; so, when conditions favor gluconeogenesis, 
the reverse reactions will take place until the next irreversible step is 
reached. This step is the hydrolysis of fructose 1,6-bisphosphate to fructose 
6-phosphate and P  i.  

Fructose 1,6-bisphosphate 1 H2O 
  Fructose 1,6-bisphosphatase

8888888888888888n  
fructose 6-phosphate 1 Pi

  The enzyme responsible for this step is   fructose 1,6-bisphosphatase  . Like its 
glycolytic counterpart, it is an allosteric enzyme that participates in the 
regulation of gluconeogenesis. We will return to its regulatory properties 
later in the chapter.  

  The generation of free glucose is an important control point  

  The fructose 6-phosphate generated by fructose 1,6-bisphosphatase is 
readily converted into glucose 6-phosphate. In most tissues, gluconeo-
genesis ends here. Free glucose is not generated; rather, the glucose 
6-phosphate is processed in some other fashion, notably to form glyco-
gen. One advantage to ending gluconeogenesis at glucose 6-phosphate is 
that, unlike free glucose, the molecule is not transported out of the cell. 
The enzyme responsible for the conversion of glucose 6-phosphate into 
glucose,   glucose 6-phosphatase,   is present only in 
tissues whose metabolic duty is to maintain 
blood-glucose homeostasis—tissues that release 
glucose into the blood. These tissues are the liver 
and to a lesser extent the kidney.  

  This final step in the generation of glucose does 
not take place in the cytoplasm. Rather, glucose 
6-phosphate is transported into the lumen of the 
endoplasmic reticulum, where it is hydrolyzed to 
glucose by glucose 6-phosphatase, which is bound 
to the membrane (Figure 16.28). Glucose and P  i 
are then shuttled back to the cytoplasm by a pair of 
transporters. The glucose transporter in the endo-
plasmic reticulum membrane is like those found in 
the plasma membrane.  

  Six high-transfer-potential phosphoryl groups are 
spent in synthesizing glucose from pyruvate  

  The formation of glucose from pyruvate is energetically unfavorable unless 
it is coupled to reactions that are favorable. Compare the stoichiometry of 
gluconeogenesis with that of the reverse of glycolysis.  

  The stoichiometry of gluconeogenesis is  

   2 Pyruvate 1 4 ATP 1 2 GTP 1 2 NADH 1 6 H2O S    
   glucose 1 4 ADP 1 2 GDP 1 6 Pi 1 2 NAD1 1 2 H1   

   ¢G89 5 248 kJ mol21 (211 kcal mol21)   

  In contrast, the stoichiometry for the reversal of glycolysis is  

   2 Pyruvate 1 2 ATP 1 NADH 1 2 H2O S    
   glucose 1 2 ADP 1 2 Pi 1 2 NAD1 1 2H1   

   ¢G89 5 190 kJ mol21 (122 kcal mol21)   

  Note that   six   nucleoside triphosphate molecules are hydrolyzed to synthesize 
glucose from pyruvate in gluconeogenesis, whereas only   two   molecules of 
ATP are generated in glycolysis in the conversion of glucose into pyruvate. 

Cytoplasmic side

Glucose 6-
phosphatase

T1 T2

Pi + glucoseH2O  + glucose
6-phosphate

T3

ER lumen

  FIGURE 16.28   Generation of glucose from glucose 
6-phosphate.     Several endoplasmic reticulum (ER) proteins play a role in the 
generation of glucose from glucose 6-phosphate. T1 transports glucose 
6-phosphate into the lumen of the ER, whereas T2 and T3 transport P  i and 
glucose, respectively, back into the cytoplasm.     [Information from A. Buchell 
and I. D. Waddel,   Biochem. Biophys.     Acta   1092:129–137, 1991.]  
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Η στοιχειομετρία για την αντίστροφη της γλυκόλυσης
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16.4 Η γλυκόλυση και η γλυκονεογένεση ρυθμίζονται αντίρροπα

Είναι συντονισμένες έτσι ώστε μέσα στο κύτταρο η μια πορεία
να είναι ανενεργός ενώ η άλλη να είναι πλήρως ενεργός
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16.4 Η γλυκόλυση και η γλυκονεογένεση ρυθμίζονται αντίρροπα

Το γαλακτικό που παράγεται από τους ενεργούς μυς μετατρέπεται σε γλυκόζη από το ήπαρ

Ο κύκλος του Cori
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16.4

Συνεργασία μεταξύ γλυκόλυσης
και γλυκονεογένεσης κατά την
διάρκεια ενός αγώνα ταχύτητας
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Άσκηση 2

Γιατί οι αντιδράσεις της γλυκόλυσης δεν μπορούν να τρέξουν αντίστροφα για να συνθέσουν την γλυκόζη;

Άσκηση 3

Υποθέστε ότι ένας μικροοργανισμός, υποχρεωτικά αναερόβιος, υπέφερε από μια μετάλλαξη που έχει ως 
αποτέλεσμα την απώλεια της δραστικότητας της ισομεράσης των φωσφορικών τριοζών. Πως αυτή η απώλεια 
επηρεάζει την παραγωγή ΑΤΡ από την ζύμωση; Θα μπορούσε να επιβιώσει;


