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Introduction 
 
Objectives 
This section is a short revision in English of what you have studied in high school 

about elements, the types of bonds or forces that hold them together to form 

compounds; how compounds behave in aqueous solution; acids and bases; and the 

common types of reactions that you’ll encounter when studying Biochemistry.  

 

At the conclusion of this section, you will be expected to: 

 
1. Know the definitions of matter, elements and bonds. 

2. Describe the various types of bonds found in molecules. 

3. Know the different types of solutions (found in our bodies). 

4. Understand that compounds with ionic bonds will dissociate in water to give ions. 

5. Define pH and pKa, and understand the relationship between them (The 

Henderson-Hasselbalch equation). 

6. Know the definition of a buffer, and name the common buffers in our bodies. 

7. List the common functional groups involved in biochemical reactions. 

8. Name the common types of biochemical reactions in preparation to study 

Metabolism. 

9. Know the major groups of constituents in living cells in preparation to study them 

in more detail in Metabolism. 
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Carbohydrate Metabolism 
Objectives 

In this section, metabolism will be introduced, as will the principles of its regulation. 

The structure and properties of carbohydrates and their metabolism will be covered, 

and abnormalities in these processes will be mentioned. 

 
At the end of this section you are expected to: 

 
1. Define Metabolism and describe its three stages. 

2. Understand the principles of regulation of metabolism in cells and tissues. 

3. Be able to classify carbohydrates according to size; appreciate that in man 

carbohydrates are the D-isomers; know the properties and naming convention of 

the sugars and their derivatives; know that monosaccharides can be joined together 

by glycosidic bonds into linear or branched polymers. 

4. Describe the digestion and absorption of dietary carbohydrates, and their uptake 

into cells. 

5. Outline the pathway of Glycolysis (anaerobic breakdown of glucose) and the fates 

of the key intermediates Glucose-6-phosphate and Pyruvate and calculate the 

energy yield from this pathway. 

6. Describe the process of Gluconeogenesis and appreciate that it is not a simple 

reversal of Glycolysis. 

7. Understand how glycogen is synthesized (Glycogenesis) from glucose 6-

phosphate in times of plenty and how it is rapidly broken down in times of need 

(Glycogenolysis). 

8. Outline the oxidative and non-oxidative reactions of the pentose phosphate 

pathway and the generation of reducing equivalents and the consequence of 

inability to generate these (G6P dehydrogenase deficiency). 

9. Outline the metabolism of fructose, galactose and lactose and understand the 

consequences of abnormalities in these pathways. 
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12. Metabolic Concepts 

Metabolism is the term used to describe the 

chemical reactions that occur in the cell. These 

chemical reactions are often grouped into pathways 

and these pathways are given names such as 

glycolysis [the degradation of glucose – “glyco-” 

(glucose) and “lysis” (breakdown)] and 

gluconeogenesis [the synthesis of new glucose 

molecules – “gluco” (glucose), “neo” (new) and 

“genesis” (synthesis)]. Thus, the processes of 

metabolism can degrade OR synthesize molecules. 

The process of degradation is called catabolism 

and that of synthesis anabolism.  

Therefore glycolysis is a catabolic process while gluconeogenesis is an anabolic 

process. Figure 12.1 shows that catabolism generates chemical energy (in the form of 

ATP) and that the end products are CO2, H2O and NH3. Anabolism uses this chemical 

energy to synthesize complex molecules from precursor molecules (building blocks) 

such as amino acids, sugars, fatty acids and nitrogenous compounds. 

Catabolic pathways are divided into three stages (Figure 12.2). Complex molecules 

are broken down to their building blocks (amino acids, monosaccharides, glycerol, and 

fatty acids), and then to a common molecule called acetyl coenzyme A (acetyl-CoA 

or AcCoA). Acetyl-CoA then enters the citric acid cycle and through the electron 
transport chain generates energy (by oxidative phosphorylation), CO2 and H2O. 

  
 
 
 
 
 
 

 
 
Regulation of Metabolism 

Figure 12.1 Catabolism and 
Anabolism 

Figure 12.2 Stages of Metabolism 
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Coordination of metabolism in cells of organs of the body is achieved by the 

availability of nutrients, or through hormones or by neurotransmitters (released 

from nerve endings) Figure 12.3. These act by regulating signals generated inside 

cells. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

a. Intracellular signals in the form of substrates or products of a metabolic 

pathway are immediate.  
b. Intercellular signals are long term. They are through neurotransmitters and 

hormones (first messengers). These bind to specific receptors that promote 

formation of second messengers (e.g. cyclic adenosine monophosphate, 

cAMP) to initiate a cascade of protein interactions that result in amplification of 

the original signal. These can result in stimulation or inhibition of the particular 

pathway. 

Figure 12.3 Some mechanisms for 
transmission of regulatory signals 
between cells. Above: the structure of a 
G-protein linked membrane receptor 
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13. Carbohydrate structure & classification 
Carbohydrates are the most abundant organic molecules in nature. They have the 

empiric formula (CH2O)n i.e. hydrated carbon. Carbohydrates are aldehyde, or 

ketone compounds with multiple hydroxyl, ( -OH), groups.  

Carbohydrates serve as energy stores (e.g. glycogen in liver and muscle, starch 

in plants), and as fuels, (e.g. glucose). They are important structural components 

of nucleic acids and in the cell walls of bacteria and plants. Carbohydrates play a 

significant role on the plasma membrane of animal cells for signaling, and cell - 

cell recognition and interactions. 

 
Classification of Carbohydrates 

 

1. Monosaccharides are the simplest carbohydrate units. 

2. Disaccharides are composed of two monosaccharide units, linked together by 

a covalent glycosidic bond e.g. sucrose is a disaccharide of glucose and 

fructose, and lactose is a disaccharide of glucose and galactose. 

Monosaccharides and disaccharides are also commonly known as sugars. All 

sugar names end with the suffix '-ose'. 

3. Oligosaccharides are polymers of 3 - 10 carbohydrate monomers linked 

together. They may be linear or branched. 

4. Polysaccharides are large polymers of high molecular weight consisting of 

many carbohydrate monomers linked together. They may be linear, or 

branched in form, for example glycogen. 

 
Monosaccharides 

 
The smallest monosaccharides are three 

carbon compounds, glyceraldehyde and 

dihydroxyacetone (Figure 13.1. These two 

are isomers the former is described as an 

aldose, whilst the latter is a ketose.  

 

 

Figure 13.1 The smallest 
monosaccharides 
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Monosaccharides can exist in two sterioisomeric 

forms (D- or L-) depending on the positions of the  –

OH on the asymmetric carbon furthest from the    

aldehyde or keto group within the molecule (Figure 

13.2). Most sugars are in D-form.  

 

Monosaccharides are also named after the number 

of carbons in their structure. 

 
Table 13.1 The number of carbons in monosaccharides 

 

 

 

 

 

 

 

Glucose, an aldohexose, is an energy source for essentially all tissues and 

therefore of vital importance in metabolism. In solution glucose, like its abundant 

ketohexose isomer, D-fructose, is not an open chain structure but rather it 

cyclises to form a ring structure.  

Carbohydrates that differ only in their stereochemistry at one carbon are called 

epimers, e.g. mannose and galactose are epimers of glucose (Figure 13.3). 

 

 

 

 

 

 

 

 

 

 

Figure 13.2 
Enantiomers (mirror 
images) of glucose 

Figure 13.3 Mannose and galactose are epimers of glucose 
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These structures tend to form cyclic structures by reacting the aldehyde group 

with an –OH group in the same molecule. For glucose it produces a ring 

structure similar to pyran, hence the suffix pyranose. This makes C1 

anomeric. Ketosugars can also form furanoses (Figure 13.4). If the –OH at C1 

is above the plane of the ring the sugar is a β-anomer, and if the –OH is below 

the plane of the ring it is an α-anomer. In solution, either anomer can change to 

the other, a process referred to as mutarotation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Five carbon sugars such as D-ribose and D-deoxyribose form furanose rings, 

as found in nucleic acids. 

Glycosidic bonds 
When the anomeric carbon of a 

monosaccharide reacts with a hydroxyl group 

of another compound that may, or may not, 

be another monosaccharide, the covalent 

bond that is formed is called a glycosidic 
bond - specifically an O-glycosidic bond 

(Figure 13.5). If this is between two sugars 

the product is a disaccharide.  

Additional glycosidic bonds may be added to form oligo- or polysaccharides. 

Figure 13.4 Formation of ring structures in sugars 

Figure 13.5 The glycosidic 
bond of a disaccharide. Note 
how these saccharides are 
named 
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Table 13.2 The common disaccharides. (* indicates nonreducing sugar.) 

 

Name  Source Disaccharide (glycoside) Abbreviation 

Lactose  Milk galactose β(1,4) glucose  Gal β(1,4) Glc  

Sucrose*  Sugar cane glucose α(1,2) β-fructose  Glc α(1,2) β-Fru  

Trehalose*  Insects glucose α(1,1) α-glucose  Glc α(1,1) α-Glc  

Maltose  Starch glucose α(1,4) glucose  Glc α(1,4) Glc  

Cellobiose*  Cellulose glucose β(1,4) glucose  Glc β(1,4) Glc  

 
Reducing sugars 
The free aldehyde or keto group of the open-chain form of the aldose or ketose 

can reduce Cu2+ (cupric) to Cu+ (cuprous) in alkaline solutions (Fehling or 

Benedict). Examples of reducing sugars are glucose, galactose, fructose, 

maltose and lactose. On the other hand, sucrose and cellobiose are not 

reducing sugars because they do not have a free reducing group (Table 13.2).  

 

Derived sugars 
Gluconates and Uronates 
Gluconates are formed through the oxidation of the aldehyde group (at C-1 in 

aldoses) to a carboxyl group (e.g. 6-phosphogluconate). Uronates are produced 

through the oxidation of a primary alcohol group of a sugar to a carboxyl group. 

Addition of glucuronate to an insoluble molecule makes it a water soluble 

glucuronide, e.g. bilirubin diglucuronide. 

 

Phosphorylated monosaccharides are an important class of sugar 

derivatives. Phosphorylation makes the sugars anionic, the negative charge 

prevents these sugars from freely crossing cell membranes (which are 

negatively charged on the inside). This helps keep these sugars inside cells. 

The phosphate group may be removed by a phosphatase. 

Polysaccharides 
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Cellulose is a linear structure with b 1-4 linkages between glucose units (Figure 

13.6). It is found in plant cell walls and is insoluble. Humans cannot hydrolyze 

the b 1-4 linkages, therefore cellulose is not digestible in man.  

 

 

 

 

 

 

 

Starches are polysaccharides, which include long chain polymers of a-D-

glucose in the form of amylose, an unbranched chain of a-1,4 linked glucose 

units. Amylopectin has, in addition to a-1,4 bonds,  a-1,6 links that result in 

branching (Figure 13.7). Both amylose and amylopectin are of plant origin.  

Glycogen (animal starch) resembles 

amylopectin but is more highly 

branched (Figure 13.8). It is the 

storage form of carbohydrate in 

humans. Branching ensures that many 

non-reducing ends are available for 

enzymes to release glucose in times of 

need. Glycogen molecules are stored 

as aggregates in rosette formations in 

the cytoplasm called glycogen 
granules, which contain the enzymes 

for synthesis and breakdown. Most 

tissues contain some glycogen but 

liver and muscles store the most, up to 

10 and 2 percent by weight, 

respectively.   

 

 

 

Figure 13.6 The β1,4 glycosidic bonds in cellulose 

Figure 13.7 The structures of amylose 
and Amylopectin 



Chemistry 231: "Foundation Biochemistry” 3rd Edition 
 

 - 11 - 
Copyrightã2008 Dept. of Medical Biochemistry, CMMS, Arabian Gulf University  

These two pools of glycogen have slightly different functions.  

Muscles use their glycogen locally to meet energy needs of muscle contraction. 

Liver glycogen is used to maintain a constant level of glucose in the blood. 

Muscle cells are unable to release glucose from glycogen into the blood. 

 
 
 
 
 
 
 
 

Glycoproteins and Proteoglycans 
Glycoproteins consist of oligosaccharides or small polysaccharides covalently 

linked to a protein via N-, or O- glycosidic bonds involving N-acetylhexosamine 

(Figure 13.9). They are important in cell recognition (e.g. blood group 

substances), and as signaling molecules.  

Proteoglycans are large protein 

polysaccharide conjugates that form the 

ground substance of connective tissue. The 

polysaccharides of proteoglycans are high 

molecular weight, polyanionic chains called 

glycosaminoglycans. The repeating units of 

glycosaminoglycans are disaccharides. One 

of the sugars in the disaccharide is always an 

amino sugar - either glucosamine or 

galactosamine - and the other is usually a 

uronic acid residue. 

 

Figure 13.8 The branched structure of glycogen 

Figure 13.9 Examples of N- 
and O-glycosidic bonds 
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14. Digestion & absorption of carbohydrates 
Digestion of dietary carbohydrates breaks the glycosidic bonds in di-, oligo- and 

polysaccharides to finally produce monosaccharides for absorption in the intestine. 

The enzymes involved are therefore glycosidases. In the mouth, saliva contains 

α-amylase to break the α1,4 glycosidic bonds in starch and glycogen. This process 

is completed in the small intestine by pancreatic α-amylase. Amylases release the 

disaccharide unit maltose (glucose-α1,4-glucose), and isomaltose (glucose-α1,6-

glucose) from branch points in amylopectin and glycogen (Figure 14.1A). These 

disaccharides are hydrolyzed by specific disaccharidases found in the mucosal 

brush border before absorption. Deficiency of any disaccharidase will leave the 

particular disaccharide undigested to be acted upon by bacteria to cause diarrhea, 

abdominal distension, and dehydration. The common lactose intolerance is due 

to lactase deficiency (Figure 14.1B). 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
B 

Figure 14.1   A. The digestion of carbohydrates, and  
                      B.  Lactose intolerance 
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a. Transport of glucose into cells 

i. Na+-independent facilitated transport 
There are about 14 glucose transporters 

named GLUT-1 to GLUT-14. These are 

located on cell membranes and change 

conformation upon binding glucose (Figure 

14.2). 

 

 

 

 

 

 

ii. Na+-dependent co-transport 
In this mechanism, energy is used to transport glucose against a 

concentration gradient. A special carrier binds glucose and Na+ at the outer 

surface of a cell membrane. This results in a change in conformation that 

translocates the glucose and Na+ (down a concentration gradient) into the 

cytoplasm. Because Na+ is an extracellular cation, it must be pumped out by 

the action of Na+/K+ ATPase. This enzyme uses the energy released by 

hydrolysis of a phosphate from ATP to pump out the Na+ (against a 

concentration gradient) in exchange for K+ (the major intracellular cation). 

Figure 14.2 How a glucose 
transporter (GLUT) works. 
Note the conformational 
change upon binding glucose 
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15. Glycolysis - 1 

Most dietary sugars are converted to glucose before utilization in metabolism. 

Once glucose enters a cell it becomes phosphorylated on C-6 and therefore 

becomes negatively charged. This keeps it trapped inside the cell because the 

inside of the cell membrane is negatively charged. This glucose-6-phosphate 

(G6P) molecule is either utilized in building other carbohydrates (e.g. glycogen 

for storage), or broken down to generate energy (Figure 15.1). Energy is 
released in steps so that it can be utilized usefully. All cells catabolize the six 

carbon glucose to the three carbon pyruvate by the pathway called glycolysis 

which can be aerobic (if oxygen is present) or anaerobic (if oxygen is absent or 

cells do not have mitochondria e.g. red blood cells). Glycolysis proceeds in two 

phases: (1) energy investment phase, and (2) energy generation phase. 

 

 
 
 
 
 
 
 
 
 
 
 
 

A. The Energy-Investment Phase 

There are two phosphotransferases that may phosphorylate glucose: 

hexokinase (in all cells) or glucokinase (in liver and the insulin-

producing β-cells of the pancreatic islets). Hexokinase can phosphorylate 

most hexoses and has a low Km and a low Vmax, while glucokinase is 

specific for glucose and has a high Km and a high Vmax. Hexokinase is 

inhibited by its reaction product G6P that does not inhibit glucokinase. 

 
 
Glucose + ATP                                        G6P + ADP  

hexokinase 
glucokinase 

– 

G6P 

GLYCOGEN 

PYRUVATE 

GLUCOSE PENTOSE 

Glycolysis Gluconeogenesis 

Glycogenesis Glycogenolysis 

Figure 15.1 The 
fates of glucose 6-P 
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Because of its low Km for glucose, 

hexokinase is active at normal or low 

blood glucose concentrations. In 

contrast, glucokinase is active when 

blood glucose concentration is high, 

as after a carbohydrate-rich meal 

(Figure 15.2). This allows glucokinase 

to continue phosphorylating glucose 

for storage. Both enzymes catalyze 

energetically irreversible reactions 

and are therefore suitable for 

regulating the overall pathway of 

glycolysis.  

 

 

G6P is reversibly isomerized by phosphoglucose isomerase to form fructose 

6-phosphate (F6P) which becomes phosphorylated on C-1 to form fructose 1,6-
bisphosphate (F1,6P2) by phosphofructokinase-1 (PFK-1). This is the most 

regulated step of glycolysis. A small amount of F6P is phosphorylated on C-2 

by another enzyme, PFK-2 to form fructose 2,6-bisphosphate the most potent 

activator of PFK-1. Signals indicating adequate energy stores in the cell (ATP 
or citrate) inhibit PFK-1, and indicators of low energy stores (e.g. AMP) activate 

it.  

Figure 15.2 Glucose phosphorylation 
by hexokinase and glucokinase 
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16. Glycolysis - 2 
B.  Energy Generation Phase 

F1,6P2 is cleaved by aldolase A into two triose phosphates, 

glyceraldehyde 3-P (GAP) and dihydroxyacetone-P (DHAP). These are 

interconvertible by triose phosphate isomerase. Oxidation of GAP by 

GAP dehydrogenase is coupled with the binding of a phosphate group to 

C-1 to form the energy-rich 1,3-bisphosphoglycerate (1,3-BPG). This is 

an example of a substrate-level phosphorylation.  

The high energy phosphate is then transferred to 

ADP to form ATP by the action of 

phosphoglycerate kinase to produce 3-

phosphoglycerate (3-PG). In red blood cells, some 

of the 1,3-BPG is converted to 2,3-BPG by the 

action of a mutase (enzyme that transfers a group 

from one carbon to another in the same molecule) 

with loss of the high energy content. In all cells, 3-

PG is converted to 2-PG by the action of a mutase, 

and this is followed by removal of water from 2-PG 

by the action of enolase to form 

phosphoenolpyruvate (PEP). This dehydration 

reaction raises the energy level in the phosphate 

group such that it can be transferred to ADP to form 

ATP and pyruvate (PYR) by the energetically 

irreversible reaction catalyzed by pyruvate kinase 

(PK).  

PK activity is stimulated by F1,6P2 or by 

phosphorylation of the enzyme protein by cAMP-
dependent protein kinase A. Because of the 

limited supply of NAD+ needed for the substrate-

level phosphorylation reaction necessary for the 

generation of ATP, the NADH+H+ generated must 

be reoxidized. Under anaerobic conditions (or in the 

absence of mitochondria) NADH+H+ is reoxidized by 

Figure 16.1 The 
pathway of anaerobic 
glycolysis. 
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reducing the pyruvate to lactate by the lactate 

dehydrogenase (LDH) reaction (Figure 16.1). 

Lactate can diffuse out of cells to the blood, and 

excessive formation of lactate can therefore lead to 

lactic acidosis. 

 
C.  Energy Yield from Glycolysis (Figure 16.2) 

In glycolysis 2 ATP are used up in the investment 

phase and 4 ATP are generated in the energy 

generating phase (2 from each triose phosphate). 

The net is formation of 2 ATP per molecule of 

glucose. In addition, there are two pyruvate 

molecules and 2 NADH+H+ that can generate much 

more ATP if oxidized aerobically in mitochondria.  

Note that under anaerobic conditions, there will be no NADH+H+ or pyruvate since 

these will be used to form lactate. 

D. Alternate Fates of Pyruvate 

In mitochondria, pyruvate can be oxidatively decarboxylated in the presence of 

coenzyme-A to form Acetyl-CoA by the action of pyruvate dehydrogenase 

complex (PDH). Pyruvate may be carboxylated by pyruvate carboxylase (PC) 

to form oxaloacetate. Intestinal bacterial and yeast can decarboxylate pyruvate 

to acetaldehyde, which is reduced to ethanol (Figure 16.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.2  Energy 
yield of glycolysis 

PYRUVATE 

LACTATE 

Acetyl-CoA 

Oxaloacetate 

ETHANOL 

CO2 

NADH+H+ 

NAD + 

CoA 

Figure 16.3 The fates 
of pyruvate 

ALANINE 
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17. Gluconeogenesis 
  

During fasting, glucose is formed by the liver (and to 

a lesser extent by kidneys) from non carbohydrate 

precursors e.g. lactate, glycerol and a-keto acids 

(from the deamination of amino acids). Lactate is 

produced in exercising muscles and from cells that 

have no mitochondria. It circulates back to the liver 

(Cori cycle) where it is used to form glucose by 

gluconeogenesis (Figure 17.1).  This is not a simple 

reversal of glycolysis because there are three 

irreversible steps that require different enzymes to 

bypass them. Initially lactate is oxidized to pyruvate 

by lactate dehydrogenase.  

 

 

Pyruvate then enters the mitochondrion where it becomes carboxylated to 

oxaloacetate (OAA) by the biotin-dependent enzyme pyruvate carboxylase.  

Oxaloacetate leaves the mitochondrion and is decarboxylated and 

phosphorylated to form phosphoenolpyruvate (PEP). This overcomes the 

irreversible pyruvate kinase reaction of glycolysis. The second irreversible step 

of glycolysis, namely PFK-1 is bypassed by the enzyme fructose 1,6-

bisphosphatase to form F6P. This isomerizes to G6P that is dephosphorylated 

by glucose 6-phosphatase to form free glucose (Figure 17.2). 

 

 

 

 

 

 

 

 

 

Figure 17.1 The Cori cycle 
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Note that glycolysis and gluconeogenesis do not operate at the same time to 

avoid wasteful (futile) cycles that release energy as heat. Therefore an activator 

for one of the key glycolytic enzymes will inhibit the corresponding 

gluconeogenic enzyme and vice versa (reciprocal control). We shall cover this 

topic in more detail when we study integration of metabolism. 

Figure 17.2 Key reactions of glycolysis and gluconeogenesis 
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18. Glycogen metabolism - 1  
Glycogen is the storage form of carbohydrate in animals. Its highly branched 

structure with non-reducing ends is shown in figure 13.8 and is essential to 

provide a fast supply of glucose to blood in times of need. 

a. Glycogen synthesis (Glycogenesis) 
The substrate for glycogen synthesis is UDP-glucose. This is generated by 

reacting glucose 1-P with UTP (a high energy nucleotide). 
                   

 

Glucose 1-P is produced from G6P by phosphoglucomutase. 

UDP-glucose transfers its glucose to an OH-group of a tyrosine on a protein 

called glycogenin found in the centre of glycogen granules. Additional 

glucose molecules are added to the non-reducing end through a1®4 

linkages made by glycogen synthase. When the glycogen chain grows to 

10 -12 glucose units, a branching enzyme cuts a 5 – 8 glucosyl residues 

from the non-reducing end and transfers it to another glucose residue in the 

original chain through an a 1®6 link. Additional glucose residues are then 

added by glycogen synthase to the non-reducing ends (Figure 18 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                           UDP-glucose pyrophosphorylase 
Glucose 1-P + UTP                                                      UDP-glucose + PPi 

Figure 18.1 Glycogen synthesis 



Chemistry 231: "Foundation Biochemistry” 3rd Edition 
 

 - 21 - 
Copyrightã2008 Dept. of Medical Biochemistry, CMMS, Arabian Gulf University  

19. Glycogen metabolism - 2 

b. Glycogen degradation (Glycogenolysis) 
Glucose units from the non-reducing ends of the glycogen branches are 

removed by phosphorolysis using glycogen phosphorylase. In this 

reaction, inorganic phosphate is used, instead of water, to break a1®4 

linkages giving rise to glucose –1P and a glycogen branch shorter by a 

glucose unit. This continues until each branch is only 4 units long. The 

glycogen with these short branches is called limit dextrin. A debranching 
enzyme then moves a piece of three units to the non-reducing end of 

another branch. The now elongated branches can be shortened by 

phosphorylase until a single glucose residue linked by an a1®6 bond is left. 

This is released as free glucose by hydrolysis by the debranching enzyme. 

All released glucose 1-P molecules are rapidly converted to G6P for use in 

glycolysis (in muscle) or to provide blood glucose (in liver). 

c. Regulation of glycogen metabolism 
At this stage we shall only consider the principle of allosteric regulation of 

the opposing pathways of synthesis and degradation. These pathways must 

be reciprocally regulated to avoid futile cycles. Regulation is different in liver 

and muscle due to different functions (Figure 19.1). 

 In contracting skeletal muscle Ca2+ is 

released from the sarcoplasmic reticulum and 

binds to calmodulin. This calcium-binding 

protein binds 4 Ca2+ per molecule and the 

resulting change in conformation allows it to 

bind and activate phosphorylase kinase that 

phosphorylates and activates glycogen 

phosphorylase to break down glycogen. 

Glycogen phosphorylase can also be 

activated by AMP, which signals depletion of 

energy during severe exercise. In liver, 

glycogen phosphorylase is inhibited by 

glucose, an example of negative feedback 

control. Figure 19.1 Allosteric 
regulation of glycogen 
metabolism. 
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20. Pentose phosphate pathway (PPP)  
(Hexose Monophosphate Pathway/Shunt) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reactions of this pathway can be divided into: (a) two irreversible oxidative 

reactions, and (b) several reversible non-oxidative reactions (Figure 20.1). The 

main function of the oxidative reactions is to generate the reduced coenzyme 

NADPH for use in reductive biosynthesis (e.g. fatty acid synthesis) and for 

detoxification of reactive oxygen species (ROS) to be discussed later. The 

reactions are catalyzed by glucose 6-phosphate dehydrogenase (G6PD) and 6-

phosphogluconate dehydrogenase (6PGD). Deficiency of G6PD can lead to 

accumulation of ROS in red blood cells leading to damage of their membranes and 
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Figure 20.1 The oxidative and non-oxidative reactions of the 
pentose phosphate pathway.  
Ru5P = ribulose 5-P; Xu5P = xylulose 5-P; R5P = ribose 5-P; 
E = epimerase; I = isomerase; TK = Transketolase; TA = transaldolase 
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hemolysis. This condition is common in Bahrain, and can be triggered by the intake 

of oxidizing drugs (e.g. antimalarials) or eating some beans (Viccia fava). 

Note that the second oxidative reaction involves decarboxylation to produce a 

ketopentose (ribulose 5-P, Ru5P). This molecule can then be isomerized to ribose 

5-P (R5P) or epimerized to xylulose 5-P (Xu5P). R5P may be used for the 

synthesis of nucleotides (e.g. ATP, GTP, CTP, UTP, TTP) or reconverted to 

intermediates of glycolysis by the reversible, non-oxidative reactions of the 

pathway (Figure 20.1) for the generation of energy. 
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21. Metabolism of non-glucose sugars 

i. Fructose Metabolism  
Fructose may constitute more than 10 % of our daily intake of carbohydrate 

mostly in the form of sucrose (Table 13.2). Sucrose is hydrolyzed in the 

intestine by sucrase found on the mucosal cells. This generates equimolar 

amounts of glucose and fructose. In cells, fructose can be phosphorylated by 

hexokinase to F6P if the concentration is high (because the Km is high). 

When fructose concentration is low, it is phosphorylated by the specific 

fructokinase to F1P. Cleavage of F1P by aldolase B generates DHAP and 

glyceraldehyde (Figure 21.1). These can be further metabolized in the 

glycolytic pathway after glyceraldehyde is phosphorylated to GAP. 

 

 

 

 

 

 

 

 

When intracellular glucose and NADPH concentrations are high, an enzyme 

aldose reductase reduces glucose to the alcohol sorbitol (a polyol). 
Sorbitol cannot diffuse out of cells and will lead to cell swelling and damage 

unless it is oxidized to fructose by sorbitol dehydrogenase (Figure 21.2).  
 

 

 

 

 

ii. Galactose metabolism 

The major source of dietary galactose is the lactose of milk. This is hydrolyzed 

to equimolar amounts of glucose and galactose in the intestine by lactase on 

mucosal cells (Figure 14.1B). Galactose may be phosphorylated by 

hexokinase to galactose 6-P or by the specific galactokinase to galactose 1-

Figure 21.1 The metabolism of fructose 
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Figure 21.2 The polyol pathway 
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P. To be metabolized in glycolysis, galactose 1-P must be converted to UDP-

galactose, which is epimerized to UDP-glucose (Figure 21.3). 

 

 

 

 

 

 

 

 

 

 

 

iii. Lactose biosynthesis 

Lactose is synthesized in the mammary gland by the 

transfer of galactose from UDP-galactose to a 

glucose molecule by the action of lactose synthase 
(Figure 21.4). This enzyme is a dimer of protein A 

(β-galactosyltransferase) and protein B (α-
lactalbumin) the synthesis of which is stimulated by 

the hormone prolactin. In the absence of prolactin, 

protein A of lactose synthase transfers the galactose 

from UDP-galactose to N-acetyl-glucosamine to 

form N-acetyllactosamine used in glycoprotein 

synthesis.  
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Figure 21.3 The metabolism of galactose 

Figure 21.4 Lactose biosynthesis 
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Citric Acid Cycle and 
Bioenergetics 

Concepts 

In this section you will study the organization of the tricarboxylic (citric) acid cycle and 

appreciate that it functions as the final common pathway for the oxidation of 

intermediates from all nutrients. The reducing equivalents generated are then oxidized 

aerobically in the electron transport (respiratory) chain to generate ATP. 

 

At the end of this section you are expected to: 

 
1. Describe how acetyl-CoA is generated from pyruvate and appreciate that this 

reaction is NOT part of the citric acid cycle. 

2. Outline the key reactions of the cycle and how the carbon skeleton of the various 

amino acids feed in for oxidation to generate energy. 

3. Calculate the energy yield (as ATP) from the oxidation of glucose under aerobic 

conditions. 

4. Understand the energetics of chemical reactions and that exergonic reactions can 

drive endergonic reaction if they are coupled through a common intermediate. 

5. Describe the organization of the electron transport chain and its constituents in the 

inner mitochondrial membrane and understand the spatial orientation of these 

components is necessary to generate an electrochemical gradient. 

6. Understand the functions of uncoupling proteins (and drugs) and the 

consequences of their actions on energy generation. 

7. Appreciate the consequences of blocking electron transport by drugs and contrast 

these with blocking oxidative phosphorylation. 

8. Describe the various transport mechanisms across the inner mitochondrial 

membrane. 
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22. The Tricarboxylic acid cycle (citric acid cycle; Krebs cycle) 
The tricarboxylic acid cycle is the final common pathway for the oxidation of all 

nutrients to generate energy under aerobic conditions. Its enzymes are located in 

the mitochondrial matrix. It can be considered as a catalytic cycle for the oxidation 

of the 2 carbons of acetyl-CoA to carbon dioxide. Additionally, intermediates in the 

cycle may be used for the synthesis of important biological molecules such as 

heme and some non-essential amino acids. 

a. Generation of acetyl-CoA from Pyruvate 

Pyruvate generated in glycolysis (or from 

amino acids) is oxidatively decarboxylated 

by the pyruvate dehydrogenase complex 
(Figure 22.1). This complex reaction is not 

part of the tricarboxylic acid cycle, and 

requires the participation of 5 coenzymes: 

TPP, NAD+, FAD, Coenzyme-A and Lipoic 

acid (see Table 11.2). Deficiency of any of the 

coenzymes or abnormalities of components 

of the enzyme complex will result in the 

accumulation of pyruvate (and hence 

lactate). Note that this complex enzyme is 

under negative feedback control by its 

products Acetyl-CoA and NADH.  

b. Reactions of the tricarboxylic acid (TCA) cycle 

 

 

 

 

 

 

 

 

 

Figure 22.2 Overview of the tricarboxylic acid cycle. 

Figure 22.1 Oxidative 
decarboxylation of pyruvate 
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Figure 22.2 shows you that the two carbons of acetyl-CoA are added to a 4-

carbon intermediate of the TCA cycle (oxaloacetate) to form the 6-carbon 

citrate. Two carbons are eliminated sequentially by oxidative decarboxylation 

to form the 4-carbon succinyl-CoA from which oxaloacetate is regenerated by 

several reactions (Figure 22.3).  It is therefore clear that the cycle is catalytic 

since its intermediates are regenerated. Note that the oxidative decarboxylation 

reaction catalyzed by a-ketoglutarate dehydrogenase complex is very similar to 

that catalyzed by pyruvate dehydrogenase in its requirement for coenzymes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c. Energy generated by the TCA cycle 

There are three oxidative steps generating NADH+H+ (3, 4, 8 in Figure 22.3) 

and one generating FADH2 (step 6 in Figure 22.3). When these reduced 

coenzymes are oxidized by oxidative phosphorylation, the energy is used to 

form ATP from ADP and inorganic phosphate. Each molecule of NADH+H+ 

Figure 22.3 Reactions and intermediates of the TCA cycle. 
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generates 3 molecules of ATP, and each FADH2 generates 2 molecules of 

ATP.  

An additional high energy phosphate 

is generated by substrate level 

phosphorylation (step 5 in Figure 

10.3). The energy yield from oxidation 

of a molecule of acetyl-CoA in the TCA 

cycle is shown in Table 22.1. 

 

 

 

d. Anaplerosis 

When any of the intermediates of the TCA cycle is used up for biosynthetic 

reactions (e.g. oxaloacetate for gluconeogenesis), it must be replaced from 

other nutrients. The replacement reactions are called anaplerotic reactions 
(filling or replacing), and glucogenic amino acid carbon skeletons provide the 

necessary intermediates (Figure 22.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 22.1 Energy yield from 
oxidizing one molecule of acetyl-
CoA in the TCA cycle 

Figure 22.4 Fates of the carbon skeletons of amino acids. 
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23. Bioenergetics & oxidative phosphorylation - 1 
Figure 23.1 shows that the change in free 

energy (DG) of a reaction provides 

information on whether the reaction can 

proceed with generation of energy 

(exergonic), or whether energy must be 

added for the reaction to proceed 

(endergonic). In metabolism exergonic 

reactions are coupled to endergonic 

reactions through the sharing of common 

intermediates. It should be noted that the 

overall DG of a metabolic pathway is 

negative, i.e. reactions will proceed 

spontaneously with a net loss of energy. The 

DG depends on the concentrations of both 

reactants and products. 

 

 

 

DG0 is the standard free energy (both 

reactants and products are at 1mol/L),        R 

is the gas constant (1.987 cal/mol.degree)      

T is the absolute temperature (ºK). 

Because at equilibrium DG is zero, we can 

rearrange the above equation as follows: 

 

 

 

which can be simplified to:  

 
Adenosine Triphosphate (ATP) 
Many coupled reactions use ATP to generate 

a common intermediate, which can drive 

Figure 23.1 Changes in 
free energy of a reaction 
A = exergonic, B = 
endergonic 

Figure 23.2 Adenosine 
triphosphate (ATP) 

                                  [B] 
DG = DG0 + RT ln  
                               [A] 

                                        [B]eq 

DG = 0 = DG0 + RT ln  
                                    [A]eq 

DG0 = -RT ln Keq 
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subsequent endergonic reactions. This is 

because hydrolysis of a phosphate bond in 

ATP (Figure 23.2) releases 7.3 kcal/mol. 

Molecules with similar or higher bond 

energies are high-energy compounds. 

Figure 23.3 shows that energy rich nutrients 

are metabolized by a series of oxidations to 

yield CO2 and H2O. Metabolic intermediates 

generated in the process transfer electrons to 

the coenzymes NAD+ and FAD to form the 

energy-rich NADH+H+ and FADH2 

respectively. The reduced coenzymes are 

reoxidized (in the presence of oxygen) by 

transferring electrons to the electron 
transport chain.  

The inner mitochondrial membrane 

The surface area of the inner mitochondrial membrane is greatly increased by 

folding into finger-like projections called cristae. This membrane is not 

permeable to most ions and metabolic intermediates, which can only cross by 

specific transporters. The electron transport chain is a set of specialized electron 

carriers arranged along cristae into four complexes I – IV (Figure 23.4), followed 

by an ATP synthase (sometimes referred to as complex V). The ultimate 

acceptor of electrons is oxygen, hence the name respiratory chain.  

 

 

 

 

 

 

 

 

 

In this chain, the electron carriers are physically fixed to the inner membrane 

except for the non-protein coenzyme Q (ubiquinone) and cytochrome c, which 

Figure 23.3 Generation 
of energy in metabolism 

Figure 23.4 Organization of the electron transport (respiratory) chain 
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are mobile and serve to couple the various complexes. The cytochromes are 

hemeproteins in which the heme iron is in the ferric (Fe3+) form (Fig. 23.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electron carriers are arranged sequentially in order of their reduction-

oxidation (redox) potentials from high to low (Figure 23.6), oxygen having the 

lowest potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As electrons are transported down the gradient, protons (H+) are released to the 

space between the inner and outer mitochondrial membranes. This generates 

Figure 23.5 Cytochromes have a hemin prosthetic group (heme with Fe3+) to 
transport electrons and not oxygen. 

Figure 23.6   Organization of components of the electron transport chain 
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an electrical (and pH) gradient along the membrane because protons cannot 

reenter into the mitochondrial matrix except through ATP synthase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23.7 The chemiosmotic theory of oxidative phosphorylation 
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24. Bioenergetics & oxidative phosphorylation – 2 
Oxidative Phosphorylation 
ATP synthase provides an entry point for protons to cross the inner 

mitochondrial membrane and the energy released is utilized to phosphorylate 

ADP to ATP (Figure 23.7). This is known as the chemiosmotic hypothesis 

proposed by Mitchel.  

For each mole NADH+H+ oxidized 3 moles of 

ATP are generated, and for each FADH2 

oxidized, 2 moles of ATP are produced 

(because it joins at the level of complex II). 

ATP synthase can be inhibited by 

oligomycin. This will block the re-entry of 

protons to the mitochondrial matrix and 

electron transport will cease. If a channel is 

opened in the inner mitochondrial membrane 

to allow protons to flow back to the matrix, 

electron transport will continue without ATP 

formation and the energy is lost as heat.   

 

This is a mechanism of uncoupling oxidation from phosphorylation and can 

occur naturally through uncoupling proteins (UCP) found mainly in brown 
adipose tissue. The heat released helps in maintaining body temperature. 

Some lipophilic (hydrophobic) chemicals, e.g. 2,4-dinitrophenol, can uncouple 

oxidative phosphorylation (Figure 24.1).  

Some inhibitors of electron transport block specific reduction/oxidation reactions 

along the electron transport chain (Figure 24.2). As a result, the electron carriers 

before the block remain reduced and those after the block are oxidized. 

Inhibitors of electron transport or oxidative phosphorylation are therefore very 

toxic. 

 

 

 

 

Figure 24.1 Mitochondrial 
uncoupling proteins 

Figure 24.2 Inhibitors of electron transport 
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Membrane transport systems 

Transport across the inner mitochondrial membrane is only possible through 

special transport proteins. These proteins exchange (translocate) an anion 

from one side of the mitochondrial membrane to the other. Because anions are 

negatively charged, another anion with equivalent charge is translocated in the 

opposite direction to maintain the polarity of the membrane.  

 

Transport of reducing equivalents 
NADH+H+ generated in glycolysis in the cytoplasm will have to transfer 

its reducing equivalents to the mitochondrial matrix so that it can 

generate ATP. The inner mitochondrial membrane has no transporter for 

this reduced coenzyme and cells have to use one of two methods to 

achieve this translocation. 

 

The glycerophosphate shuttle (Figure 24.3) 

allows reducing equivalents to be transferred to 

DHAP to form glycerol 3-P, which can be 

translocated across the membrane. Once inside the 

mitochondrial matrix the reaction is reversed with 

regeneration of DHAP that can leave the 

mitochondrion in exchange for glycerol 3-P. Note 

that the intramitochondrial  acceptor of the reducing 

equivalents from cytoplasmic NADH+H+ is FAD, 

which can generate only 2 ATP molecules during 

oxidative phosphorylation. 

In the malate-aspartate shuttle (Figure 24.4) the 

acceptor of cytoplasmic reducing equivalents is 

oxaloacetate, which forms malate. Malate can cross 

into the mitochondrion in exchange for aspartate. In 

the matrix, malate can be oxidized using 

mitochondrial NAD+ to generate NADH+H+, which 

generates 3 ATP molecules in oxidative 

phosphorylation. 

Figure 24.3 The 
glycerophosphate 
shuttle 
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It therefore the number of ATP molecules generated 

depends on the shuttle used to transfer reducing 

equivalents from cytoplasm to mitochondria. For a 

molecule of glucose metabolized aerobically to CO2 

and H2O the yield of ATP will be 36 or 38 depending 

on whether glycolytic reducing equivalents are 

translocated by the glycerophosphate or the malate-

aspartate shuttle respectively. 

 
 
 
 
The adenine nucleotide transporter 
Note that the ATP generated in oxidative phosphorylation is in the mitochondrial matrix. 

It is mainly required outside the mitochondrion for anabolic reactions and active 

transport processes.  

Figure 24.5 shows that ATP can leave the 

mitochondrion in exchange for ADP. Since ATP has 

4 –ve charges and ADP has only 3, an inorganic 

phosphate must move into the matrix to balance the 

charges. This inorganic phosphate can then accept 

the high energy generated in the translocation of 

protons through the ATP synthase to phosphorylate 

ADP with formation of ATP. The plant poison 

actractyloside can block the adenine nucleotide 

translocase and results in arrest of further ATP 

synthesis because of deficiency of ADP to accept 

the inorganic phosphate (coming through a different 

tansporter). 

 

 

 

Figure 24.4 The 
malate-aspartate 
shuttle 

Figure 24.5 The adenine 
nucleotide transporter 
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APPENDIX 1. 
Units of measurement 

 
SI base units 

 
 

Base quantity  Name  Symbol 
length   meter  m 

mass   kilogram       kg 

time   second s 

electric current  ampere A 

thermodynamic temp.         kelvin  K 

amount of substance  mole  mol 

luminous intensity  candela cd 

 
 

The molecular weight is the sum of the atomic weights of all elements that 

make up a compound. When this is expressed in grams, it constitutes the “gram 

molecular weight” or the Mole.  

Volume is expressed in liters (note that 1 L of pure water weighs 1 kg). 
Fractions or multiples of these units are named by adding a prefix depending 

on the size of the fraction or multiplier: 

 
SI prefixes  

 
Factor  Name   Symbol  Factor  Name   Symbol 

1024  yotta  Y  10-1  deci  d 

1021  zetta  Z  10-2  centi  c 

1018  exa  E  10-3  milli  m 

1015  peta  P  10-6  micro  µ 

1012  tera  T  10-9  nano  n 

109  giga  G  10-12  pico  p 

106  mega  M  10-15  femto  f 

103  kilo  k  10-18  atto  a 

102  hecto  h  10-21  zepto  z 

101  deka  da  10-24  yocto  y 

 


