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                                UNIT - I               

                                Carbohydrate 

Most people are familiar with carbohydrates, one type of macromolecule, especially when it comes to what we eat. To lose 

weight, some individuals adhere to “low-carb” diets. Athletes, in contrast, often “carb-load” before important competitions 

to ensure that they have enough energy to compete at a high level. Carbohydrates are, in fact, an essential part of our diet; 

grains, fruits, and vegetables are all natural sources of carbohydrates. Carbohydrates provide energy to the body, particularly 

through glucose, a simple sugar that is a component of starch and an ingredient in many staple foods. Carbohydrates also 

have other important functions in humans, animals, and plants. 

Carbohydrates can be represented by the stoichiometric formula (CH2O)n, where n is the number of carbons in the 

molecule. In other words, the ratio of carbon to hydrogen to oxygen is 1:2:1 in carbohydrate molecules. This formula also 

explains the origin of the term “carbohydrate”: the components are carbon (“carbo”) and the components of water (hence, 

“hydrate”). Carbohydrates are classified into three subtypes: monosaccharides, disaccharides, and polysaccharides. 

Monosaccharides 

Monosaccharides (mono– = “one”; sacchar– = “sweet”) are simple sugars, the most common of which is glucose. In 

monosaccharides, the number of carbons usually ranges from three to seven. Most monosaccharide names end with the suffix 

–ose. If the sugar has an aldehyde group (the functional group with the structure R-CHO), it is known as an aldose, and if it 

has a ketone group (the functional group with the structure RC(=O)R′), it is known as a ketose. Depending on the number of 

carbons in the sugar, they also may be known as trioses (three carbons), pentoses (five carbons), and or hexoses (six carbons). 

Definition 

A monosaccharide is the most basic form of carbohydrates. Monosaccharides can by combined through glycosidic bonds to 

form larger carbohydrates, known as oligosaccharides or polysaccharides. An oligosaccharide with only two 

monosaccharides is known as a disaccharide. When more than 20 monosaccharides are combined with glycosidic bonds, a 

oligosaccharide becomes a polysaccharide. Some polysaccharides, like cellulose, contain thousands of monosaccharides. A 

monosaccharide is a type of monomer, or molecule that can combine with like molecules to create a larger polymer. 

Types of Monosaccharides 
 

Monosaccharides have two broad classifications on the basis of the functional group present in them. So if they contain an 

aldehyde group they are known as “aldose”. And if they contain a keto group we call them “ketose”. There is also additional 

classification on the number of carbon atoms each molecule consists of. This following table will make the names easy to 

remember 

https://biologydictionary.net/disaccharide/
https://biologydictionary.net/polysaccharide/
https://biologydictionary.net/monomer/
https://biologydictionary.net/molecule/
https://www.toppr.com/guides/chemistry/carbon-and-its-compounds/carbon/
https://www.toppr.com/guides/chemistry/atoms-and-molecules/molecule-and-molecule-of-elements/
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Structure of Monosaccharides 

The chemical formula that most monosaccharides have is Cx(H2O)y, where generally x≥ 3. The molecule is always formed by 

three elements and three elements only: Carbon (C), Hydrogen (H) and Oxygen (O). The molecule of monosaccharides is very 

small and compact in size. This is another reason we call monosaccharides simple sugars. 

                                                                    Glucose 

 

The most abundant monosaccharide found in nature is in fact glucose. It is the most abundant organic compound on earth. We 

can find glucose in varies fruits, honey and even in starch and cane sugar. We obtain a large part of the energy in our bodies from 

glucose through the foods we eat. It is an aldohexose, which means it has six carbon atoms in its molecule. Its chemical formula 

is C6H12O6 

We obtain glucose mainly from two sources which are starch and sucrose. Let us look at how we can prepare glucose from 

these sources 

• On a large and commercial scale glucose is prepared from hydrolysis of starch by boiling it with dilute H2SO4. 

The chemical reaction is as follows 

(C6H10O5) + n (H2O) ————-> n ( C6H12O6 ) 

Starch                                                         Glucose 

• Also, another way of preparing glucose, with fructose as a joint or by-product, is to boil sucrose in dilute HCl or even 

H2SO4 in an alcoholic solution. This chemical reaction is as follows 

C12H22O11 + H2O ————> C6H12O6 + C6H12O6 

https://www.toppr.com/guides/chemistry/atoms-and-molecules/writing-chemical-formulae/
https://www.toppr.com/guides/chemistry/hydrogen/position-of-hydrogen-in-the-periodic-table/
https://www.toppr.com/guides/science/air-around-us/oxygen-in-air/
https://www.toppr.com/guides/business-studies/business-services/nature-and-types-of-services/
https://www.toppr.com/guides/chemistry/chemical-reactions-and-equations/chemical-reactions-and-equations/
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Sucrose                                          Glucose      +  Fructose 

 Fructose 

 

 

Fructose is a simple ketonic monosaccharide. We mostly find fructose in plants and their fruits, flowers and root vegetables, 

hence earning it a moniker of fruit sugar. It is also abundantly present in honey and corn syrup. Generally, fructose bonds with 

glucose to form a disaccharide we know as sucrose. Fructose was first discovered by a French chemist Augustin – Pierre 

Debrunfaut. 

The chemical formula of fructose is also C6H12O6 but the bonding of fructose is very different than that of glucose. Fructose has 

a cyclic structure. The structure is an intramolecular hemiacetal. It has its carbonyl group at its number two carbon (its a ketone 

function group). In its cyclic form, it (generally) forms a five-member ring which we call a Furanose ring. 

Monosaccharides Classification is based on 

1. Placement of its carbonyl group, 

2. Number of carbon atoms it contains, and 

3. Its chiral handedness. 
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1. Placement Of Its Carbonyl Group 

If the carbonyl group is an aldehyde and attached to C-1, the monosaccharide is an Aldose; if the carbonyl group is a ketone 

attached to C-2, the monosaccharide is a Ketose. Therefore monosaccharides are called aldoses and ketoses derivatives of 

polyhydric alcohols. Glucose is an example of an aldose and fructose is an example of ketose. 

2. Number Of Carbon Atoms 

Monosaccharides with three carbon atoms are called trioses, those with four are called tetroses, five are called pentoses, six 

are hexoses, and so on. These two systems of classification are often combined. For example, glucose is an aldohexose (a 

six-carbon aldehyde), ribose is an aldopentose (a five-carbon aldehyde), and fructose is a ketohexose (a six-carbon ketone). 

Various examples of other monosaccharide are given in the following table. 

triose 

A triose is a monosaccharide containing three carbon atoms. The general formula is C3H6O3. There are only two trioses, an 

aldotriose (glyceraldehyde) and a ketotriose (dihydroxyacetone). Trioses are important in respiration. Namely, lactic acid 

and pyruvic acid are derived from aldotriose and ketotriose, respectively. 

 

Tetroses 

A tetrose is a monosaccharide containing four carbon atoms. The general formula is C4H8O4. Example:D- Erythrose-4-P is 

an intermediate in hexosemonophosphate shunt which is an alternative of glucose oxidation 

 

Pentoses 

A pentose is a monosaccharide containing five carbon atoms. The general formula is C5H10O5. 

Example of Pentoses are 

• D- ribose is a constituent of RNA and many co-enzymes e.g. FAD, NAD. 

• D-2 deoxy is a constituent of DNA component of DNA. 

• D-Lyxose is a constituentof lyxoflavin found in the human heart 

• D- arabinose is a constituent of plant cell wall 

• Phosphate esters of D- Ribulose and D- xylose occurs as an intermediate in the HMP pathway 

 

Hexoses 

A Hexose is a monosaccharide containing six carbon atoms. The general formula is C6H12O6 

D- Glucose 

It is the chief physiological sugar present in human blood. Its values are regulated between 70-110 mg/dl of blood by a 

pancreatic hormone Insulin and Glucagon. Increase in blood sugar levels leads to Diabetes. All tissues utilize glucose for 

energy. Brain and Erythrocytes depend exclusively on glucose. Its polymeric form glycogen is used as energy storage 

material in animals. Its polymeric form starch is used as energy storage material in plants.D-Galactose 

seldom found free in nature occurs as a constituent of milk sugar lactose and in tissues as galactolipids and glycoproteins. 

https://www.biochemden.com/the-hexose-monophosphate-shunt/
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D-Mannose 

It is used to stamp proteins by the process of glucosylation. It does not occur free in nature but is widely distributed in 

combination as the polysaccharide mannan, e.g.-ivory nut. It is also found as the constituent of glycoproteins 

D- Fructose 

it is a ketohexose and is commonly called the fruit sugar, as it occurs in fruit. It is a sweet sugar sweeter than glucose and 

sucrose. It is found in honey as laevulose. In the seminal fluid of man fructose is the chief source of energy for sperms. 

Heptoses 

A heptose is a monosaccharide containing seven carbon atoms. The general formula is C7H14O7. Examples are Sedoheptulose 

It is a keto-heptulose found in plants of the sedum family. (most of the aldoses end in “-oses” and ketoses end in “-uloses” 

e.g. erythrose and erythrulose). 
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3.Its Chiral Handedness/ Isomerism 
 

 

A chiral carbon is an asymmetric carbon which is linked to four different groups of molecules. Presence of asymmetric 

carbon gives rise to isomers within the same compound. 

Isomers are molecules with same molecular formula but different structural formula. 

All the monosaccharides except dihydroxyacetone contain one or more asymmetric (chiral) carbon atom. Thus most of the 

monosaccharides exhibit isomerism. 

Physical properties of monosaccharides 

1. Colour and shape 

Monosaccharides are colourless and crystalline compounds. 
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2. Solubility 

They are readily soluble in water. 

3. Taste 

They have sweet tase. 

4. Stereo isomerism 

D-glucose and L-glucose are mirror images of each other. 

 

The presence of asymmetric carbon atoms in a compound give rise to the formation of isomers of that compound. Such 

compound which are identical in composition and differs only in spatial configuration are called “stereo isomers’’. For 

example glucose can exist in two forms as shown below. 

D-series and L-series 

The orientation of the H and OH groups around the carbon atom just adjacent to the terminal primary alcohol carbon, eg. 

C5 in glucose determines the series. The D and L forms of glyceraldehyde are given below. 
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when the -OH group of this C2 is at the right, it belongs to D-series, when the -OH group is on the left it belongs to L-series. 

5. Optical Isomerism 

A beam of ordinary light may be regarded as bundle of electromagnetic waves vibrating in all directions perpendicular to the 

axis of the beam. When such a beam of light is made to pass through a nicol prism, all vibrations except those in one plane 

are eliminated. This is called as plane polarised light. When such a beam of plane polarised light is passed through a solution 

of an optical isomer, and if the plane polarised light is found to rotate to the left, it is described as levorotation. If the plane 

polarised light rotates to an equal number of degrees to the right, it is described as dextrorotation. This phenomenon exhibited 

by asymmetric compounds, is called optical isomerism (Fig. 4.3 & 4.4). 

 

Polarimeter is an instrument by which the specific rotations of optical isomers are detected. 
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Expression of optical activity 

Optical rotation to the left i.e levorotation is expressed with a sign of l- and rotation to the right i.e dextrorotation is expressed 

as d+. 

Racemic mixture 

When equal amounts of dextrorotatory and levorotatory isomers are present, the resulting mixture has no optical activity, 

since the activities of isomers cancel each other. Such a mixture is said to be a “racemic mixture”. 

Resolution 

The separation of optically active isomers from a racemic mixture is called resolution. 

 6. Mutarotation 

When an aldohexose is first dissolved in water and the solution is kept in optical path and plane polarised light is passed, the 

initial optical rotation shown by the sugar gradually changes until a constant fixed rotation characteristic of the sugar is 

reached. This phenomenon of change of rotation is called as “Mutarotation”. 
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The mutarotation is due to the existence of two optical isomers of glucose, namely a, D glucose with a specific rotation 

+112.2° and b, D glucose with a specific rotation +18.7° 

 α and β isomers are called as anomers and the carbon atom responsible for this is the anomeric carbon atom. Anomers are 

isomers differing in configuration of a particular carbon atom alone. 

A freshly prepared aqueous solution of α, D glucose has a specific rotation of +112.2°. When this solution is allowed to 

stand, the rotation falls to 52.7° and remains constant at this value. This gradual change in specific rotation is called 

mutarotation. 

The value of mutarotation for α, D-glucose is +59.5°. 

(+112.2°) - (52.7°) = +59.5°. 

A freshly prepared solution of b, D glucose has a rotation value of 18.7°. It also gradually increases and reaches the same 

final value of + 52.7°. 

 

Chemical Properties of Monosaccharides: 

As mentioned above, monosaccharides are polyhydroxyaldehydes or poly- hydroxyketones: they will generally give 

reactions characteristic of alcoholic hydroxyls and of carbonyl groups. Of these numerous possibilities we will consider 

only some important reactions either from the view point of carbohydrate metabolism, or because they enable the 

characterisation of monosaccharides. 

1. Formation of Esters: 
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As will be seen in the following, phosphoric esters of monosaccharides are of very great importance in the metabolism of 

carbohydrates. In most cases the primary alcohol group is esterified, giving for example, glucose-6-phosphate, fructose-1-

phosphate, fructose-6-phosphate, fructose- 1,6-bisphosphate, ribose-5-phosphate, ribulose-5-phosphate, glyceraldehyde-3-

phosphate, dihydroxyacetone-phosphate, etc. 

The hemiacetal group can also be esterified (example: glucose-1-phosphate) and in some cases the monosaccharide is 

esterified both on its hemiacetal group and its primary alcohol group (example: 5-phosphoribosyl- 1-pyrophosphate, see 

fig. 6-18). 

 

2. Alkylation: 

In presence of alkaline agents (sodium hydroxide, silver oxide, dimethyl-for- mamide) and methyl sulphate or iodide, the 

free hydroxyls of monosaccharides are replaced by methoxy groups (OCH3). 

Alkylation does not take place on the blocked OH, like the one involved in the oxide bridge or those engaged in a glycoside 

linkage, in oligo- or polysaccharide molecules. This property is utilized in the determination of the modes of linkage between 

the molecules of monosaccharides in polysaccharides. 

3. Oxidation of Monosaccharides: 

The aldehyde or ketone group of monosaccharides can be oxidized; aldoses and ketoses will therefore behave like reductants 

and in particular, they will be able to reduce metal salts (in alkaline solution) up to the metal stage or up to a lower degree of 

oxidation. 

One of the reagents most frequently used for detecting the presence of reducing sugars for titrating them is based on a cupric 

salt (Cu2+) maintained in solution by a double tartrate of sodium and potassium which forms a complex (Fehling’s liquor); 

https://www.biologydiscussion.com/wp-content/uploads/2016/12/image-436.png
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The principle of the reaction is as follows: 

 

Since the medium is alkaline, we obtain: 

 

which is less soluble and gives a brick-red precipitate. 

This reaction will be produced by all molecules of aldoses and ketoses which have, if not a free aldehyde or ketone group, at 

least a pseudo-aldehyde or pseudo-ketone group capable of yielding a free group as the equilibrium existing in the solution 

is displaced by the reaction. 

On the contrary, the molecules whose pseudo-aldehyde or pseudo ketone group is involved in an oside linkage will not have 

any reducing character (except if this linkage is hydrolyzed). Examples will be given in the following while referring to 

heterosaccharides, disaccharides and polysaccharides. 

4. Action of Concentrated Acids: 

Under the effect of a concentrated acid and in heat, aldoses and ketoses give furfural (in the case of pentoses), a 

hydroxymethylated derivative of furfural (in the case of hexoses), or furoic acid (in the case of uronic acids). In the case of 

glucose the reaction is as follows (see fig. 4-13). 

 

Furfural and its derivatives can condense with various phenols (naphtol, orcinol, etc.), and give colorations enabling either 

the characterization or the titration of monosaccharides, excepting osamines and sialic acids. 

5. Action of Phenylhydrazine: 

In a first step, a molecule of phenylhydrazine reacts with a molecule of aldose or ketose to form a hydrazone. Then, an 

osazone is obtained in presence of an excess of phenylhydrazine. Osazones are crystallized products whose characteristics 

(form of crystals, melting point) can allow the identification of monosaccharides. 

https://www.biologydiscussion.com/wp-content/uploads/2016/12/clip_image044-4.jpg
https://www.biologydiscussion.com/wp-content/uploads/2016/12/clip_image046-2.jpg
https://www.biologydiscussion.com/wp-content/uploads/2016/12/image-438.png
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However, it should be borne in mind that in all cases, carbons 1 and 2 participate in the formation of osazones, so that 

the same osazone will be given by: 

1. Two epimer aldoses which differ only by the configuration of the hydroxyl carried by carbon 2; this is the case of glucose 

and mannose  

2. An aldose and a ketose isomers having the same configuration of the carbon atoms carrying secondary alcohol groups; 

this is the case of glucose and fructose  

 

6. Action of Alcohols: 

Monosaccharides mostly exist in a hemiacetal cyclic form. The pseudo-aldehyde or pseudo-ketone hydroxyl of 

monosaccharide can also react with an alcoholic hydroxyl to form an acetal. Depending on whether this alcoholic hydroxyl 

does or does not belong to another molecule of a monosaccharide, a disaccharide or a heterosaccharide will be obtained; this 

leads us to the study of oligo-saccharides. 

Disaccharides and oligosaccharides 

Disaccharides are a specialized type of glycoside in which the anomeric hydroxyl group of one sugar has combined with the 

hydroxyl group of a second sugar with the elimination of the elements of water. Although an enormous number 

of disaccharide structures are possible, only a limited number are of commercial or biological significance. 

Sucrose and trehalose 

Sucrose, or common table sugar, is a major commodity worldwide. By the second decade of the 21st century, its world 

production had amounted to more than 170 million tons annually. The unusual type of linkage between the two anomeric 

hydroxyl groups of glucose and fructose means that neither a free aldehyde group (on the glucose moiety) nor a free keto 

group (on the fructose moiety) is available to react unless the linkage between the monosaccharides is destroyed; for this 

reason, sucrose is known as a nonreducing sugar. Sucrose solutions do not exhibit mutarotation, which involves formation 

https://www.britannica.com/science/disaccharide
https://www.britannica.com/science/disaccharide
https://www.britannica.com/science/glycoside
https://www.britannica.com/science/hydroxyl-group
https://www.britannica.com/science/water
https://www.britannica.com/science/disaccharide
https://www.britannica.com/science/sucrose
https://www.britannica.com/science/glucose
https://www.britannica.com/science/fructose
https://www.britannica.com/science/aldehyde
https://www.britannica.com/science/sugar-chemical-compound
https://www.biologydiscussion.com/wp-content/uploads/2016/12/image-439.png
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of an asymmetrical centre at the aldehyde or keto group. If the linkage between the monosaccharides composing sucrose is 

broken, the optical rotation value of sucrose changes from positive to negative; the new value reflects the composite rotation 

values for D-glucose, which is dextrorotatory (+52°), and D-fructose, which is levorotatory (−92°). The change in the sign 

of optical rotation from positive to negative is the reason sucrose is sometimes called invert sugar. 

 

 

The commercial preparation of sucrose takes advantage of the alkaline stability of the sugar, and a variety of impurities are 

removed from crude sugarcane extracts by treatment with alkali. After this step, syrup preparations are crystallized to form 

table sugar. Successive “crops” of sucrose crystals are “harvested,” and the later ones are known as brown sugar. The residual 

syrupy material is called either cane final molasses or blackstrap molasses; both are used in the preparation of antibiotics, 

as sweetening agents, and in the production of alcohol by yeast fermentation. Sucrose is formed following photosynthesis in 

plants by a reaction in which sucrose phosphate first is formed. 

The disaccharide trehalose is similar in many respects to sucrose but is much less widely distributed. It is composed of two 

molecules of α-D-glucose and is also a nonreducing sugar. Trehalose is present in young mushrooms and in the resurrection 

plant (Selaginella); it is of considerable biological interest because it is also found in the circulating fluid (hemolymph) of 

many insects. Since trehalose can be converted to a glucose phosphate compound by an enzyme-catalyzed reaction that does 

not require energy, its function in hemolymph may be to provide an immediate energy source, a role similar to that of the 

carbohydrate storage forms (i.e., glycogen) found in higher animals. 

Lactose and maltose 

Lactose is one of the sugars (sucrose is another) found most commonly in human diets throughout the world; 

it constitutes about 7 percent of human milk and about 4–5 percent of the milk of mammals such as cows, goats, and sheep. 

Lactose consists of two aldohexoses—β-D-galactose and glucose—linked so that the aldehyde group at the 

anomeric carbon of glucose is free to react; i.e., lactose is a reducing sugar. 

https://www.britannica.com/science/optical-activity
https://www.britannica.com/plant/sugarcane
https://www.britannica.com/topic/molasses
https://www.britannica.com/science/antibiotic
https://www.britannica.com/topic/sweetener
https://www.britannica.com/science/alcohol
https://www.britannica.com/science/fermentation
https://www.britannica.com/science/photosynthesis
https://www.britannica.com/science/disaccharide
https://www.britannica.com/science/trehalose
https://www.britannica.com/science/mushroom
https://www.britannica.com/plant/rose-of-Jericho
https://www.britannica.com/plant/rose-of-Jericho
https://www.merriam-webster.com/dictionary/compound
https://www.britannica.com/science/enzyme
https://www.britannica.com/science/energy
https://www.britannica.com/science/glycogen
https://www.britannica.com/science/lactose
https://www.britannica.com/science/maltose
https://www.britannica.com/science/lactose
https://www.merriam-webster.com/dictionary/constitutes
https://www.britannica.com/science/carbon-chemical-element
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A variety of metabolic disorders related to lactose may occur in infants; in some cases, they are the result of a failure to 

metabolize properly the galactose portion of the molecule. 

Although not found in uncombined form in nature, the disaccharide maltose is biologically important because it is a product 

of the enzymatic breakdown of starches during digestion. Maltose consists of α-D-glucose linked to a second glucose unit in 

such a way that maltose is a reducing sugar. Maltose, which is readily hydrolyzed to glucose and can be metabolized by 

animals, is employed as a sweetening agent and as a food for infants whose tolerance for lactose is limited. 

Polysaccharides 

Polysaccharides, or glycans, may be classified in a number of ways; the following scheme is frequently used. 

Homopolysaccharides are defined as polysaccharides formed from only one type of monosaccharide. Homopolysaccharides 

may be further subdivided into straight-chain and branched-chain representatives, depending upon the arrangement of the 

monosaccharide units. Heteropolysaccharides are defined as polysaccharides containing two or more different types of 

monosaccharides; they may also occur in both straight-chain and branched-chain forms. In general, extensive variation of 

linkage types does not occur within a polysaccharide structure, nor are there many polysaccharides composed of more than 

three or four different monosaccharides; most contain one or two. 

Representative homopolysaccharides 

*May contain sulfate groups. 

homopolysaccharide sugar component Linkage function Sources 

Cellulose Glucose β, 1 → 4 structural throughout plant kingdom 

Amylase Glucose α, 1 → 4 food storage starches, especially corn, potatoes, rice 

Chitin N-acetylglucosamine β, 1 → 4 structural insect and crustacean skeleton 

Inulin Fructose β, 2 → 1 food storage artichokes, chicory 

Xylan Xylose β, 1 → 4 structural all land plants 

Glycogen Glucose α, 1 → 4, 

6 ← 1, α 

food storage liver and muscle cells of all animals 

Amylopectin Glucose α, 1 → 4, 

6 ← 1, α 

food storage starches, especially corn, potatoes, rice 

Dextran Glucose α, 1 → 6, 

4 ← 1, α 

unknown primarily bacterial 

agar* Galactose α, 1 → 3 structural Seaweeds 
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Homopolysaccharides 

In general, homopolysaccharides have a well-defined chemical structure, although the molecular weight of an individual 

amylose or xylan molecule may vary within a particular range, depending on the source; molecules from a single source also 

may vary in size, because most polysaccharides are formed biologically by an enzyme-catalyzed process lacking genetic 

information regarding size. 

The basic structural component of most plants, cellulose, is widely distributed in nature. It has been estimated that 50 billion 

to 100 billion tons of cellulose are synthesized yearly as a result of photosynthesis by higher plants. The proportion of 

cellulose to total carbohydrate found in plants may vary in various types of woods from 30 to 40 percent, and to more than 

98 percent in the seed hair of the cotton plant. Cellulose, a large, linear molecule composed of 3,000 or more β-D-

glucose molecules, is insoluble in water. 

The chains of glucose units composing cellulose molecules are frequently aligned within the cell-wall structure of a plant to 

form fibre-like or crystalline arrangements. This alignment permits very tight packing of the chains and promotes their 

structural stability but also makes structural analysis difficult. The relationships between cellulose and other polysaccharides 

present in the cell wall are not well established; in addition, the presence of unusual chemical linkages or nonglucose units 

within the cellulose structure has not yet been established with certainty. 

During the preparation of cellulose, raw plant material is treated with hot alkali; this treatment removes most of the lignin, 

the hemicelluloses, and the mucilaginous components. The cellulose then is processed to produce papers and fibres. The high 

resistance of cellulose to chemical or enzymatic breakdown is important in the manufacture of paper and cloth. Cellulose 

also is modified chemically for other purposes; e.g., compounds such as cellulose acetate are used in the plastics industry, in 

the production of photographic film, and in the rayon-fibre industry. Cellulose nitrate (nitrocellulose) is employed in 

the lacquer and explosives industries. 

 

The noteworthy biological stability of cellulose is dramatically illustrated by trees, the life-span of which may be several 

thousand years. Enzymes capable of breaking down cellulose are generally found only among several species 

of bacteria and molds. The apparent ability of termites to utilize cellulose as an energy source depends on the presence in 

their intestinal tracts of protozoans that can break it down. Similarly, the single-celled organisms present in the rumina of 

sheep and cattle are responsible for the ability of these animals to utilize the cellulose present in typical grasses and other 

feeds. 

Xylans are almost as ubiquitous as cellulose in plant cell walls and contain predominantly β-D-xylose units linked as in 

cellulose. Some xylans contain other sugars, such as L-arabinose, but they form branches and are not part of the main chain. 

Xylans are of little commercial importance. 

The term starch refers to a group of plant reserve polysaccharides consisting almost exclusively of a linear component 

(amylose) and a branched component (amylopectin). The use of starch as an energy source by humans depends on the ability 

to convert it completely to individual glucose units; the process is initiated by the action of enzymes called amylases, 

synthesized by the salivary glands in the mouth, and continues in the intestinal tract. The primary product of amylase action 

is maltose, which is hydrolyzed to two component glucose units as it is absorbed through the walls of the intestine. 

https://www.britannica.com/science/homopolysaccharide
https://www.britannica.com/science/molecular-weight
https://www.britannica.com/science/molecule
https://www.britannica.com/science/cellulose
https://www.britannica.com/science/photosynthesis
https://www.britannica.com/science/glucose
https://www.britannica.com/science/water
https://www.britannica.com/science/cell-biology
https://www.britannica.com/science/cell-wall-plant-anatomy
https://www.britannica.com/science/lignin
https://www.britannica.com/science/mucilage
https://www.britannica.com/technology/paper
https://www.britannica.com/technology/fiber-technology
https://www.merriam-webster.com/dictionary/compounds
https://www.britannica.com/science/cellulose-acetate
https://www.britannica.com/science/plastic
https://www.britannica.com/technology/rayon-textile-fibre
https://www.britannica.com/science/nitrocellulose
https://www.britannica.com/art/lacquer
https://www.britannica.com/technology/explosive
https://www.britannica.com/plant/tree
https://www.britannica.com/science/bacteria
https://www.britannica.com/science/mold-fungus
https://www.britannica.com/animal/termite
https://www.britannica.com/science/energy
https://www.britannica.com/science/protozoan
https://www.merriam-webster.com/dictionary/ubiquitous
https://www.britannica.com/science/starch
https://www.britannica.com/science/amylopectin
https://www.britannica.com/science/amylase
https://www.britannica.com/science/salivary-gland


FUNDAMENTALS OF BIOCHEMISTRY                                                            UNIT I                                                                   CARBOHYDRATES 

 
 

 
DEPARTMENTOF NUTRITION AND DIETETICS 

A characteristic reaction of the amylose component of starch is the formation with iodine of a complex compound with a 

characteristic blue colour. About one iodine molecule is bound for each seven or eight glucose units, and at least five times 

that many glucose units are needed in an amylose chain to permit the effective development of the colour. 

The amylopectin component of starch is structurally similar to glycogen in that both are composed of glucose units linked 

together in the same way, but the distance between branch points is greater in amylopectin than in glycogen, and the former 

may be thought of as occupying more space per unit weight. 

 

 

The applications of starches other than as foods are limited. Starches are employed in adhesive manufacture, and starch 

nitrate has some utility as an explosive. 

Glycogen, which is found in all animal tissues, is the primary animal storage form of carbohydrate and, indirectly, of rapidly 

available energy. The distance between branch points in a glycogen molecule is only five or six units, which results in a 

compact treelike structure. The ability of higher animals to form and break down this extensively branched structure is 

essential to their well-being; in conditions known as glycogen storage diseases, these activities are abnormal, and the 

asymmetrical glycogen molecules that are formed have severe, often fatal, consequences. Glycogen synthesis and breakdown 

are controlled by substances called hormones. 

Large molecules—e.g., pectins and agars—composed of galactose or its uronic-acid derivative (galacturonic acid) are 

important because they can form gels. Pectins, which are predominantly galacturonans, are produced from citrus fruit rinds; 

they are used commercially in the preparation of jellies and jams. Agar is widely employed in biological laboratories as a 
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solidifying agent for growth media for microorganisms and in the bakery industry as a gelling agent; it forms a part of the 

diet of people in several areas of East Asia. 

Dextrans, a group of polysaccharides composed of glucose, are secreted by certain strains of bacteria as slimes. The structure 

of an individual dextran varies with the strain of microorganism. Dextrans can be used as plasma expanders (substitutes for 

whole blood) in cases of severe shock. In addition, a dextran derivative compound is employed medically as 

an anticoagulant for blood. 

Chitin is structurally similar to cellulose, but the repeating sugar is 2-deoxy-2-acetamido-D-glucose (N-acetyl-D-

glucosamine) rather than glucose. 

 

Sometimes referred to as animal cellulose, chitin is the major component of the outer skeletons of insects, crustaceans, and 

other arthropods, as well as annelid and nematode worms, mollusks, and coelenterates. The cell walls of most fungi also are 

predominantly chitin, which comprises nearly 50 percent of the dry weight of some species. Since chitin is nearly as 

chemically inactive as cellulose and easily obtained, numerous attempts, none of which has thus far been successful, have 

been made to develop it commercially. The nitrogen content of the biosphere, however, is stabilized by the ability of soil 

microorganisms to degrade nitrogen-containing compounds such as those found in insect skeletons; these microorganisms 

convert the nitrogen in complex molecules to a form usable by plants. If such microorganisms did not exist, much of the 

organic nitrogen present in natural materials would be unavailable to plants. 

 

Heteropolysaccharides 

In general, heteropolysaccharides (heteroglycans) contain two or more different monosaccharide units. Although a few 

representatives contain three or more different monosaccharides, most naturally occurring heteroglycans contain only two 

different ones and are closely associated with lipid or protein. The complex nature of these substances has made detailed 

structural studies extremely difficult. The major heteropolysaccharides include the connective-tissue polysaccharides, 

the blood group substances, glycoproteins (combinations of carbohydrates and proteins) such as gamma globulin, and 

glycolipids (combinations of carbohydrates and lipids), particularly those found in the central nervous system of animals and 

in a wide variety of plant gums. 
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The most important heteropolysaccharides are found in the connective tissues of all animals and include a group of large 

molecules that vary in size, shape, and interaction with other body substances. They have a structural role, and the structures 

of individual connective-tissue polysaccharides are related to specific animal functions; hyaluronic acid, for example, the 

major component of joint fluid in animals, functions as a lubricating agent and shock absorber. 

The connective-tissue heteropolysaccharides contain acidic groups (uronic acids or sulfate groups) and can bind 

both water and inorganic metal ions. They can also play a role in other physiological functions; e.g., in the accumulation 

of calcium before bone formation. Ion-binding ability also appears to be related to the anticoagulant activity of the 

heteropolysaccharide heparin. 

The size of the carbohydrate portion of glycoproteins such as gamma globulin or hen-egg albumin is usually between five 

and 10 monosaccharide units; several such units occur in some glycoprotein molecules. The function of the carbohydrate 

component has not yet been established except for glycoproteins associated with cell surfaces; in this case, they appear to act 

as antigenic determinants—i.e., they are capable of inducing the formation of specific antibodies. 

 

BIOLOGICAL SIGNIFICANCE OF  CARBOHYDRATES 

 

The importance of carbohydrates to living things can hardly be overemphasized. The energy stores of most animals and 

plants are both carbohydrate and lipid in nature; carbohydrates are generally available as an immediate energy source, 

whereas lipids act as a long-term energy resource and tend to be utilized at a slower rate. Glucose, the prevalent uncombined, 

Repreentative heteropolysaccharides 

*Covalently linked to protein; the proportion of protein to carbohydrate in such complex molecules varies from 

about 10% protein in the case of chondroitin-4-sulfate to better than 95% for gamma globulin. 

heteropolysaccharide component sugars Functions Distribution 

hyaluronic acid D-glucuronic acid and N-acetyl-D-

glucosamine 

lubricant, shock absorber, 

water binding 

connective tissue, skin 

chondroitin-4-sulfate* D-glucuronic acid and N-acetyl-D-

galactosamine-4-O-sulfate 

calcium accumulation, 

cartilage and bone formation 

Cartilage 

heparin* D-glucuronic acid, L-iduronic 

acid, N-sulfo-D-glucosamine 

Anticoagulant mast cells, blood 

gamma globulin* N-acetyl-hexosamine, D-mannose, 

D-galactose 

Antibody Blood 

blood group substance* D-glucosamine, D-

galactosamine, L-fucose, D-

galactose 

blood group specificity cell surfaces, especially 

red blood cells 
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or free, sugar circulating in the blood of higher animals, is essential to cell function. The proper regulation 

of glucose metabolism is of paramount importance to survival. 

The ability of ruminants, such as cattle, sheep, and goats, to convert the polysaccharides present in grass and similar feeds 

into protein provides a major source of protein for humans. A number of medically important antibiotics, such as 

streptomycin, are carbohydrate derivatives. The cellulose in plants is used to manufacture paper, wood for construction, and 

fabrics. 

Role in the biosphere 

respiration, photosynthesis, and the cycle of lifeLearn about the role of photosynthesis in glucose and oxygen production 

in plants. Compare the plant production of glucose and oxygen with the animal production of glucose and carbon 

dioxide.Encyclopædia Britannica, Inc.See all videos for this article 

The essential process in the biosphere, the portion of Earth in which life can occur, that has permitted the evolution of life as 

it now exists is the conversion by green plants of carbon dioxide from the atmosphere into carbohydrates, using light energy 

from the Sun. This process, called photosynthesis, results in both the release of oxygen gas into the atmosphere and the 

transformation of light energy into the chemical energy of carbohydrates. The energy stored by plants during the formation 

of carbohydrates is used by animals to carry out mechanical work and to perform biosynthetic activities. 

During photosynthesis, an immediate phosphorous-containing product known as 3-phosphoglyceric acid is formed. 

 

This compound then is transformed into cell wall components such as cellulose, varying amounts of sucrose, and starch—

depending on the plant type—and a wide variety of polysaccharides, other than cellulose and starch, that function as essential 

structural components. For a detailed discussion of the process of photosynthesis, see photosynthesis. 

Role in human nutrition 

The total caloric, or energy, requirement for an individual depends on age, occupation, and other factors but generally ranges 

between 2,000 and 4,000 calories per 24-hour period (one calorie, as this term is used in nutrition, is the amount of heat 

necessary to raise the temperature of 1,000 grams of water from 15 to 16 °C [59 to 61 °F]; in other contexts this amount of 

heat is called the kilocalorie). Carbohydrate that can be used by humans produces four calories per gram as opposed to nine 

calories per gram of fat and four per gram of protein. In areas of the world where nutrition is marginal, a high proportion 
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(approximately one to two pounds) of an individual’s daily energy requirement may be supplied by carbohydrate, with most 

of the remainder coming from a variety of fat sources. 

Although carbohydrates may compose as much as 80 percent of the total caloric intake in the human diet, for a given diet, 

the proportion of starch to total carbohydrate is quite variable, depending upon the prevailing customs. In East Asia and in 

areas of Africa, for example, where rice or tubers such as manioc provide a major food source, starch may account for as 

much as 80 percent of the total carbohydrate intake. In a typical Western diet, 33 to 50 percent of the caloric intake is in the 

form of carbohydrate. Approximately half (i.e., 17 to 25 percent) is represented by starch; another third by table 

sugar (sucrose) and milk sugar (lactose); and smaller percentages by monosaccharides such as glucose and fructose, which 

are common in fruits, honey, syrups, and certain vegetables such as artichokes, onions, and sugar beets. The small remainder 

consists of bulk, or indigestible carbohydrate, which comprises primarily the cellulosic outer covering of seeds and the stalks 

and leaves of vegetables. (See also nutrition.) 

Role in energy storage 

Starches, the major plant-energy-reserve polysaccharides used by humans, are stored in plants in the form of nearly spherical 

granules that vary in diameter from about three to 100 micrometres (about 0.0001 to 0.004 inch). Most plant starches consist 

of a mixture of two components: amylose and amylopectin. The glucose molecules composing amylose have a straight-chain, 

or linear, structure. Amylopectin has a branched-chain structure and is a somewhat more compact molecule. Several thousand 

glucose units may be present in a single starch molecule. (In the diagram, each small circle represents one glucose molecule.) 

 

In addition to granules, many plants have large numbers of specialized cells, called parenchymatous cells, the principal 

function of which is the storage of starch; examples of plants with these cells include root vegetables and tubers. The starch 

content of plants varies considerably; the highest concentrations are found in seeds and in cereal grains, which contain up to 

80 percent of their total carbohydrate as starch. The amylose and amylopectin components of starch occur in variable 

proportions; most plant species store approximately 25 percent of their starch as amylose and 75 percent as amylopectin. 

This proportion can be altered, however, by selective-breeding techniques, and some varieties of corn have been developed 

that produce up to 70 percent of their starch as amylose, which is more easily digested by humans than is amylopectin. 

In addition to the starches, some plants (e.g., the Jerusalem artichoke and the leaves of certain grasses, particularly rye grass) 

form storage polysaccharides composed of fructose units rather than glucose. Although the fructose polysaccharides can be 

broken down and used to prepare syrups, they cannot be digested by higher animals. 
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Starches are not formed by animals; instead, they form a closely related polysaccharide, glycogen. Virtually all vertebrate 

and invertebrate animal cells, as well as those of numerous fungi and protozoans, contain some glycogen; particularly high 

concentrations of this substance are found in the liver and muscle cells of higher animals. The overall structure of glycogen, 

which is a highly branched molecule consisting of glucose units, has a superficial resemblance to that of the amylopectin 

component of starch, although the structural details of glycogen are significantly different. Under conditions of stress or 

muscular activity in animals, glycogen is rapidly broken down to glucose, which is subsequently used as an energy source. 

In this manner, glycogen acts as an immediate carbohydrate reserve. Furthermore, the amount of glycogen present at any 

given time, especially in the liver, directly reflects an animal’s nutritional state. When adequate food supplies are available, 

both glycogen and fat reserves of the body increase, but when food supplies decrease or when the food intake falls below the 

minimum energy requirements, the glycogen reserves are depleted quite rapidly, while those of fat are used at a slower rate. 

Role in plant and animal structure 

Whereas starches and glycogen represent the major reserve polysaccharides of living things, most of the carbohydrate found 

in nature occurs as structural components in the cell walls of plants. Carbohydrates in plant cell walls generally consist of 

several distinct layers, one of which contains a higher concentration of cellulose than the others. The physical and chemical 

properties of cellulose are strikingly different from those of the amylose component of starch. 

In most plants, the cell wall is about 0.5 micrometre thick and contains a mixture of cellulose, pentose-containing 

polysaccharides (pentosans), and an inert (chemically unreactive) plastic-like material called lignin. The amounts of cellulose 

and pentosan may vary; most plants contain between 40 and 60 percent cellulose, although higher amounts are present in 

the cotton fibre. 

Polysaccharides also function as major structural components in animals. Chitin, which is similar to cellulose, is found 

in insects and other arthropods. Other complex polysaccharides predominate in the structural tissues of higher animals. 

METABOLISM OF CARBOHYDRATES 

Carbohydrate metabolism is a fundamental biochemical process that ensures a constant supply of energy to living cells. 

The most important carbohydrate is glucose, which can be broken down via glycolysis, enter into the Kreb's cycle and 

oxidative phosphorylation to generate ATP. 

 Muscle Physiology - Glucose Metabolism. Two different pathways are involved in the metabolism of glucose: one 

anaerobic and one aerobic. The anaerobic process occurs in the cytoplasm and is only moderately efficient. The aerobic 

cycle takes place in the mitochondria and is results in the greatest release of energy.  

In the liver, muscles, and the kidney, this process occurs to provide glucose when necessary. A single glucose molecule is 

cleaved from a branch of glycogen, and is transformed into glucose-1-phosphate during this process. 

Energy is required for the normal functioning of the organs in the body. ... Glucose is stored in the body as glycogen. The 

liver is an important storage site for glycogen. Glycogen is mobilized and converted to glucose by gluconeogenesis when 

the blood glucose concentration is low. 
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Disorders of carbohydrate metabolism occur in many forms. The most common disorders are acquired. Acquired or 

secondary derangements in carbohydrate metabolism, such as diabetic ketoacidosis, hyperosmolar coma, and 

hypoglycemia, all affect the central nervous system 

 

Carbohydrate metabolism involves glycolysis, the Krebs cycle, and the electron transport chain. 

 

GLYCOLYSIS VIA THE EMBDEN-MEYERHOF-PARNAS GLYCOLYTIC PATHWAY 

What is glycolysis? 

Glycolysis is the almost universal pathway that converts glucose into pyruvate along with the formation of nicotinamide 

adenine dinucleotide (NADH) and adenosine triphosphate (ATP). It primarily occurs in the cytoplasm of the cell.   

 

Aerobic and anerobic glycolysis 

Under aerobic conditions, the pyruvate passes into the mitochondria where it is completely oxidized by O2 into CO2 and H2O 

and its chemical energy largely conserved as ATP. Pyruvate generated via aerobic glycolysis feeds into the TCA or Krebs 

cycle. 

In the absence of sufficient oxygen, the pyruvate is reduced by NADH via anaerobic glycolysis or fermentation to a wide 

range of products, routinely lactate in animals and ethanol in yeasts. 

Embden-Meyerhof-Parnas glycolytic pathway 

The starting molecule for glycolysis is glucose, a simple and abundant sugar found in carbohydrates, which provides the 

energy for most cells. Carbohydrates synthesized during photosynthesis act as the main storage molecules of solar energy. 

When ingested, complex carbohydrates are enzymatically hydrolyzed to monosaccharides, such as starch to D(+)-glucose. 

The catabolism of glucose is the primary energy source for short-term requirements. 

The remainder of this article will focus on the glycolytic pathway known as the Embden-Meyerhof-Parnas (EMP) pathway, 

named for its discoverers, Gustav Embden, Otto Meyerhof, and Jakub Karol Parnas.  

10 steps in the glycolytic pathway and enzymes of glycolysis 

The table below outlines the 10 individual reactions of the glycolytic pathway and the enzyme (with IUBMB Enzyme 

Commission number) that catalyzes each step. 

   

1. Phosphorylation of glucose. D(+)-Glucose is phosphorylated with 

ATP to give glucose-6-phosphate. 

Hexokinase 

https://www.sigmaaldrich.com/technical-documents/articles/biofiles/citric-acid-cycle.html
https://www.sigmaaldrich.com/technical-documents/articles/biofiles/citric-acid-cycle.html
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2. Isomerization of glucose-6-P to fructose-6-P. The isomerization of 

glucose-6-phosphate in the second reaction to fructose-6-phosphate 

occurs via ring-opening and subsequent keto-enol-tautomerization. 

Glucose-6-phosphate 

isomerase 

3. Phosphorylation of fructose-6-P. The third reaction is another 

phosphorylation with ATP, whereby fructose-6-phosphate is 

converted to fructose-1,6-bisphosphate. 

6-P-Fructokinase 

4. Fructose-1,6-bisphosphate to glyceraldehyde phosphate and 

dihydroxyacetone phosphate. A key branching reaction is the fourth 

reaction: a ring-opening reaction of fructose-1,6-bisphosphate, 

which is cleaved in a retro-aldol reaction into D-glyceraldehyde-3-

phosphate, and dihydroxyacetone phosphate. 

Fructose-bisphosphate 

aldolase 

5. Isomerization of dihydroxyacetone-P to glyceraldehyde-P. The 

branch via dihydroxyacetonephosphate is channelled back into D-

glyceraldehyde-3-phosphate in the fifth reaction by an 

isomerization. 

Triose-phosphate isomerase 

6. Glyceraldehyde phosphate oxidation & phosphorylation to 1,3-

bisphosphoglycerate. In the sixth reaction, the combined D-

glyceraldehyde- 3-phosphate from both routes is oxidized at the C1 

to a carboxylic acid and then phosphorylated in the 1-position to 

yield 1,3-bisphospho-D-glycerate. 

Glyceraldehyde phosphate 

dehydrogenase 

7. ATP formation. This phosphate group in the 1-position is 

transferred in the seventh reaction from the carboxyl group to ADP 

to give 3-phospho-D-glycerate. 

Phosphoglycerate kinase 

8. 3-Phosphoglycerate to 2-phosphoglycerate. The eighth reaction is an 

isomerization of 3-phospho-D-glycerate to 2-phospho-D-glycerate. 

Phosphoglycerate mutase 

9. 2-Phosphoglycerate to phosphonenolpyruvate. The next metabolite, 

phosphoenolpyruvate, is formed in a dehydration reaction from 2-

phospho-D-glycerate. 

Enolase 

10. Formation of pyruvate & ATP. The glycolysis pathway from D(+)-

glucose to two molecules of pyruvate is concluded by the tenth 

reaction, which transfers a phosphate group from 

phosphoenolpyruvate to ADP, thereby giving ATP and pyruvate. 

Pyruvate kinase 
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CITRIC ACID CYCLE 

The citric acid cycle is a series of reactions that produces two carbon dioxide molecules, one GTP/ATP, and reduced forms 

of NADH and FADH2. 

Citric Acid Cycle (Krebs Cycle) 

Like the conversion of pyruvate to acetyl CoA, the citric acid cycle takes place in the matrix of the mitochondria. Almost all 

of the enzymes of the citric acid cycle are soluble, with the single exception of the enzyme succinate dehydrogenase, which 

is embedded in the inner membrane of the mitochondrion. Unlike glycolysis, the citric acid cycle is a closed loop: the last 

part of the pathway regenerates the compound used in the first step. The eight steps of the cycle are a series of redox, 

dehydration, hydration, and decarboxylation reactions that produce two carbon dioxide molecules, one GTP/ATP, and 

reduced forms of NADH and FADH2. This is considered an aerobic pathway because the NADH and FADH2 produced 

must transfer their electrons to the next pathway in the system, which will use oxygen. If this transfer does not occur, the 

oxidation steps of the citric acid cycle also do not occur. Note that the citric acid cycle produces very little ATP directly and 

does not directly consume oxygen. 
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The citric acid cycle: In the citric acid cycle, the acetyl group from acetyl CoA is attached to a four-carbon oxaloacetate 

molecule to form a six-carbon citrate molecule. Through a series of steps, citrate is oxidized, releasing two carbon dioxide 

molecules for each acetyl group fed into the cycle. In the process, three NAD+ molecules are reduced to NADH, one FAD 

molecule is reduced to FADH2, and one ATP or GTP (depending on the cell type) is produced (by substrate-level 

phosphorylation). Because the final product of the citric acid cycle is also the first reactant, the cycle runs continuously in 

the presence of sufficient reactants. 
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Steps in the Citric Acid Cycle 

Step 1. The first step is a condensation step, combining the two-carbon acetyl group (from acetyl CoA) with a four-carbon 

oxaloacetate molecule to form a six-carbon molecule of citrate. CoA is bound to a sulfhydryl group (-SH) and diffuses 

away to eventually combine with another acetyl group. This step is irreversible because it is highly exergonic. The rate of 

this reaction is controlled by negative feedback and the amount of ATP available. If ATP levels increase, the rate of this 

reaction decreases. If ATP is in short supply, the rate increases. 

Step 2. Citrate loses one water molecule and gains another as citrate is converted into its isomer, isocitrate. 

Steps 3 and 4. In step three, isocitrate is oxidized, producing a five-carbon molecule, α-ketoglutarate, together with a 

molecule of CO2 and two electrons, which reduce NAD+ to NADH. This step is also regulated by negative feedback from 

ATP and NADH and by a positive effect of ADP. Steps three and four are both oxidation and decarboxylation steps, which 

release electrons that reduce NAD+ to NADH and release carboxyl groups that form CO2 molecules. α-Ketoglutarate is the 

product of step three, and a succinyl group is the product of step four. CoA binds the succinyl group to form succinyl CoA. 

The enzyme that catalyzes step four is regulated by feedback inhibition of ATP, succinyl CoA, and NADH. 

Step 5. A phosphate group is substituted for coenzyme A, and a high- energy bond is formed. This energy is used in substrate-

level phosphorylation (during the conversion of the succinyl group to succinate) to form either guanine triphosphate (GTP) 

or ATP. There are two forms of the enzyme, called isoenzymes, for this step, depending upon the type of animal tissue in 

which they are found. One form is found in tissues that use large amounts of ATP, such as heart and skeletal muscle. This 

form produces ATP. The second form of the enzyme is found in tissues that have a high number of anabolic pathways, such 

as liver. This form produces GTP. GTP is energetically equivalent to ATP; however, its use is more restricted. In particular, 

protein synthesis primarily uses GTP. 

Step 6. Step six is a dehydration process that converts succinate into fumarate. Two hydrogen atoms are transferred to FAD, 

producing FADH2. The energy contained in the electrons of these atoms is insufficient to reduce NAD+ but adequate to 

reduce FAD. Unlike NADH, this carrier remains attached to the enzyme and transfers the electrons to the electron transport 

chain directly. This process is made possible by the localization of the enzyme catalyzing this step inside the inner membrane 

of the mitochondrion. 

Step 7. Water is added to fumarate during step seven, and malate is produced. The last step in the citric acid cycle regenerates 

oxaloacetate by oxidizing malate. Another molecule of NADH is produced. 

Products of the Citric Acid Cycle 

Two carbon atoms come into the citric acid cycle from each acetyl group, representing four out of the six carbons of one 

glucose molecule. Two carbon dioxide molecules are released on each turn of the cycle; however, these do not necessarily 

contain the most recently-added carbon atoms. The two acetyl carbon atoms will eventually be released on later turns of the 

cycle; thus, all six carbon atoms from the original glucose molecule are eventually incorporated into carbon dioxide. Each 

turn of the cycle forms three NADH molecules and one FADH2 molecule. These carriers will connect with the last portion 

of aerobic respiration to produce ATP molecules. One GTP or ATP is also made in each cycle. Several of the intermediate 

compounds in the citric acid cycle can be used in synthesizing non-essential amino acids; therefore, the cycle is amphibolic 

(both catabolic and anabolic). 
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Breakdown of Pyruvate 

After glycolysis, pyruvate is converted into acetylKey Points 

• The four-carbon molecule, oxaloacetate, that began the cycle is regenerated after the eight steps of the citric acid cycle. 

• The eight steps of the citric acid cycle are a series of redox, dehydration, hydration, and decarboxylation reactions. 

 

• Each turn of the cycle forms one GTP or ATP as well as three NADH molecules and one FADH2 molecule, which 

will be used in further steps of cellular respiration to produce ATP for the cell. 

Key Terms 

• citric acid cycle: a series of chemical reactions used by all aerobic organisms to generate energy through the 

oxidization of acetate derived from carbohydrates, fats, and proteins into carbon dioxide 

• Krebs cycle: a series of enzymatic reactions that occurs in all aerobic organisms; it involves the oxidative metabolism 

of acetyl units and serves as the main source of cellular energy 

mitochondria: in cell biology, a mitochondrion (plural mitochondria) is a membrane-enclosed organelle, often described as 

“cellular power plants” because they generate most of the ATP CoA in order to enter the citric acid cycle. 

Metabolic step Reducing equivalent ATP output 

Isocitrate → α-Ketoglutarate NAD+ → NADH + H+ 2.7 

α-Ketoglutarate → Succinyl-CoA NAD+ → NADH + H+ 2.7 

Succinyl-CoA → Succinate Substrate chain phosphorylation  

 GDP + P → GTP 1.0 

Succinate → Fumarate FAD → FADH2 1.6 

Malate → Oxaloacetate NAD+ → NADH + H+ 2.7 

  Sum 10.7 
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PENTOSE PHOSPHATE PATHWAY  

The pentose phosphate pathway (PPP; also called the phosphogluconate pathway and the hexose monophosphate shunt) is a 

process that breaks down glucose-6-phosphate into NADPH and pentoses (5-carbon sugars) for use in downstream biological 

processes. There are two distinct phases in the pathway: the oxidative phase and the non-oxidative phase. The first is the 

oxidative phase in which glucose-6-phosphate is converted to ribulose-5-phosphate. During this process two molecules of 

NADP+are reduced to NADPH. The overall reaction for this process is: 
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The pentose phosphate pathway generates reducing equivalents in the form of NADPH. It is used in reductive biosynthesis 

reactions within cells (e.g. fatty acid synthesis). It produces ribulose-5-phosphate, used in the synthesis of nucleotides. It also 

produces nucleic acids and erythrose-4-phosphate, used in the synthesis of aromatic amino acids. 

Glucose 6-phosphate + 2 NADP++ H2O → ribulose-5-phosphate + 2 NADPH + 2 H+ + CO2 

The second phase of this pathway is the non-oxidative synthesis of 5-carbon sugars. Depending on the body’s state, ribulose-

5-phosphate can reversibly isomerize to ribose-5-phosphate. Ribulose-5-phosphate can alternatively undergo a series of 

isomerizations as well as transaldolations and transketolations that result in the production of other pentose phosphates 

including fructose-6-phosphate, erythrose-4-phosphate, and glyceraldehyde-3-phosphate (both intermediates in glycolysis). 

These compounds are used in a variety of different biological processes including production of nucleotides and nucleic acids 

(ribose-5-phosphate), as well as synthesis of aromatic amino acids (erythrose-4-phosphate). 

Glucose-6-phosphate dehydrogenase is the rate-controlling enzyme in this pathway. It is allosterically stimulated by NADP+. 

NADPH-utilizing pathways, such as fatty acid synthesis, generate NADP+, which stimulates glucose-6-phosphate 

dehydrogenase to produce more NADPH. In mammals, the PPP occurs exclusively in the cytoplasm; it is found to be most 

active in the liver, mammary gland, and adrenal cortex. The ratio of NADPH:NADP+ is normally about 100:1 in liver cytosol, 

making the cytosol a highly-reducing environment. 

The PPP is one of the three main ways the body creates molecules with reducing power, accounting for approximately 60% 

of NADPH production in humans. While the PPP does involve oxidation of glucose, its primary role is anabolic rather than 

catabolic, using the energy stored in NADPH to synthesize large, complex molecules from small precursors. 

Additionally, NADPH can be used by cells to prevent oxidative stress. NADPH reduces glutathione via glutathione reductase, 

which converts reactive H2O2 into H2O by glutathione peroxidase. For example, erythrocytes generate a large amount of 

NADPH through the pentose phosphate pathway to use in the reduction of glutathione. 
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GLYOXYLATE PATHWAY 

A pathway related to the Citric Acid Cycle (CAC) is the glyoxylate pathway (Figure 6.6.1). This pathway, which overlaps 

all of the non-decarboxylation reactions of the CAC does not operate in animals, because they lack two enzymes necessary  

 

for the pathway – isocitrate lyase and malate synthase. Isocitrate lyase catalyzes the conversion of isocitrate into succinate 

and glyoxylate. Because of this, all six carbons of the CAC survive and do not end up as carbon dioxide. 

 

The Glyoxalate Cycle 
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Succinate continues through the remaining reactions of the CAC to produce oxaloacetate. Glyoxylate combines with another 

acetyl-CoA (one acetyl-CoA was used to start the cycle) to create malate (catalyzed by malate synthase). Malate can, in turn, 

be oxidized to oxaloacetate. 

It is at this point that the pathway’s contrast with the CAC is apparent. After one turn of the CAC, a single oxaloacetate is 

produced and it balances the single one used in the first reaction of the cycle. Thus, in the CAC, no net production of 

oxaloacetate is realized. By contrast, at the end of a turn of the glyoxylate cycle, two oxaloacetates are produced, starting 

with one. The extra oxaloacetate can then be used to make other molecules, including glucose in gluconeogenesis. 

Because animals do not run the glyoxylate cycle, they cannot produce glucose from acetyl-CoA in net amounts, but plants 

and bacteria can. As a result, these organisms can turn acetyl-CoA from fat into glucose, while animals can’t. Bypassing the 

decarboxylations (and substrate level phosphorylation) has its costs, however. Each turn of the glyoxylate cycle produces 

one FADH and one NADH instead of the three NADHs, one FADH2FADH2, and one GTP made in each turn of the CAC. 

GLUCONEOGENESIS 

Gluconeogenesis is the metabolic process by which glucose is formed from noncarbohydrate sources, such as lactate, amino 

acids, and glycerol. Gluconeogenesis provides glucose when dietary intake is insufficient to supply the requirements of the 

brain and nervous system, erythrocytes, renal medulla, testes, and embryonic tissues, all of which use glucose as a major 

source of fuel.  

    Gluconeogenesis has three additional functions 
 

Control of acid–base balance. Production of lactate in excess of its clearance causes metabolic acidosis, and 

resynthesis of glucose from lactate is a major route of lactate disposal. Since glycolysis is almost totally anaerobic in 

erythrocytes, renal medulla, and some other tissues, even under normal conditions, lactate is continually released. 

Other tissues, particularly muscle during vigorous exercise, can produce large amounts of lactate, which must be 

removed; otherwise, lactic acidosis will result. 

The continuous conversion of lactate to glucose in the liver, and of glucose to lactate by anaerobic glycolysis, 

particularly in muscle, forms a cyclical flow of carbon called the Cori cycle. Deamination of amino acids prior 

to gluconeogenesis in the kidney also provides a supply of NH3 to neutralize acids excreted in the urine  

 

 

Maintenance of amino acid balance. Metabolic pathways for the degradation of most amino acids and for the 

synthesis of nonessential amino acids involve some steps of the gluconeogenic pathway. Imbalances of most amino 

acids, whether due to diet or to an altered metabolic state, are usually corrected in the liver by degradation of the 

excess amino acids or by synthesis of the deficient amino acids through gluconeogenic intermediates. 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gluconeogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gluconeogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycolysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anaerobic-glycolysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gluconeogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-pathways
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Provision of biosynthetic precursors. In the absence of adequate dietary carbohydrate intake, gluconeogenesis 

supplies precursors for the synthesis of glycoproteins, glycolipids, and structural carbohydrates. 

            Gluconeogenesis from pyruvate is essentially the reverse of glycolysis, with the exception of three nonequilibrium       

reactions.. These reactions are 
 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carbohydrate-intake
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycoproteins
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycolipids
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GLYCOGENOLYSIS: 

In glycogenolysis, glycogen stored in the liver and muscles, is converted first to glucose-1- phosphate and then into glucose-

6-phosphate. Two hormones which control glycogenolysis are a peptide, glucagon from the pancreas and epinephrine from 

the adrenal glands. 

Glucagon is released from the pancreas in response to low blood glucose and epinephrine is released in response to a threat 

or stress. Both hormones act upon enzymes to stimulate glycogen phosphorylase to begin glycogenolysis and inhibit glycogen 

synthetase (to stop glycogenesis). 

Glycogen is a highly branched polymeric structure containing glucose as the basic monomer. First individual glucose 

molecules are hydrolyzed from the chain, followed by the addition of a phosphate group at C-1. In the next step the phosphate 

is moved to the C-6 position to give glucose 6-phosphate, a cross road compound. 

http://chemistry.elmhurst.edu/vchembook/547glycogen.html
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Glucose-6-phosphate is the first step of the glycolysis pathway if glycogen is the carbohydrate source and further energy is 

needed. If energy is not immediately needed, the glucose-6-phosphate is converted to glucose for distribution in the blood to 

various cells such as brain cells. 

 

 

 

Biosynthesis of Glycogen: 

The goal of glycolysis, glycogenolysis, and the citric acid cycle is to conserve energy as ATP from the catabolism of 

carbohydrates. If the cells have sufficient supplies of ATP, then these pathways and cycles are inhibited. Under these 

conditions of excess ATP, the liver will attempt to convert a variety of excess molecules into glucose and/or glycogen. 
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GLYCOGENESIS: 

Glycogenesis is the formation of glycogen from glucose. Glycogen is synthesized depending on the demand for glucose and 

ATP (energy). If both are present in relatively high amounts, then the excess of insulin promotes the glucose conversion into 

glycogen for storage in liver and muscle cells. 

In the synthesis of glycogen, one ATP is required per glucose incorporated into the polymeric branched structure of glycogen. 

actually, glucose-6-phosphate is the cross-roads compound. Glucose-6-phosphate is synthesized directly from glucose or as 

the end product of gluconeogenesis. 

 

 

 

 

 

 

 

 

http://chemistry.elmhurst.edu/vchembook/547glycogen.html
http://chemistry.elmhurst.edu/vchembook/543glucose.html
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BIOSYNTHESIS OF POLYSACCHARIDES AND SUGAR INTERCONVERSION 

 

The polysaccharides are the most abundant carbohydrates in nature and serve a variety of functions, such as energy storage 

or as components of plant cell walls. Polysaccharides are very large polymers composed of tens to thousands of 

monosaccharides joined together by glycosidic linkages. The three most abundant polysaccharides are starch, glycogen, and 

cellulose. These three are referred to as homopolymers because each yields only one type of monosaccharide (glucose) after 

complete hydrolysis. Heteropolymers may contain sugar acids, amino sugars, or noncarbohydrate substances in addition to 

monosaccharides. Heteropolymers are common in nature (gums, pectins, and other substances) but will not be discussed 

further in this textbook. The polysaccharides are nonreducing carbohydrates, are not sweet tasting, and do not undergo 

mutarotation. 

Starch 

Starch is the most important source of carbohydrates in the human diet and accounts for more than 50% of our carbohydrate 

intake. It occurs in plants in the form of granules, and these are particularly abundant in seeds (especially the cereal grains) 

and tubers, where they serve as a storage form of carbohydrates. The breakdown of starch to glucose nourishes the plant 

during periods of reduced photosynthetic activity. We often think of potatoes as a “starchy” food, yet other plants contain a 

much greater percentage of starch (potatoes 15%, wheat 55%, corn 65%, and rice 75%). Commercial starch is a white powder. 

Starch is a mixture of two polymers: amylose and amylopectin. Natural starches consist of about 10%–30% amylose and 

70%–90% amylopectin. Amylose is a linear polysaccharide composed entirely of D-glucose units joined by the α-1,4-

glycosidic linkages we saw in maltose Experimental evidence indicates that amylose is not a straight chain of glucose units 

but instead is coiled like a spring, with six glucose monomers per turn When coiled in this fashion, amylose has just enough 

room in its core to accommodate an iodine molecule. The characteristic blue-violet color that appears when starch is treated 

with iodine is due to the formation of the amylose-iodine complex. This color test is sensitive enough to detect even minute 

amounts of starch in solution. 

 Amylose is a linear chain of α-D-glucose units joined together by α-1,4-glycosidic bonds. (b) Because of hydrogen bonding, amylose 

acquires a spiral structure that contains six glucose units per turn. 

Amylopectin is a branched-chain polysaccharide composed of glucose units linked primarily by α-1,4-glycosidic bonds but 

with occasional α-1,6-glycosidic bonds, which are responsible for the branching. A molecule of amylopectin may contain 

many thousands of glucose units with branch points occurring about every 25–30 units. The helical structure of amylopectin 

is disrupted by the branching of the chain, so instead of the deep blue-violet color amylose gives with iodine, amylopectin 

produces a less intense reddish brown. 

Both amylopectin and glycogen contain branch points that are linked through α-1,6-linkages. These branch points occur more often 

in glycogen. 

Dextrins are glucose polysaccharides of intermediate size. The shine and stiffness imparted to clothing by starch are due to 

the presence of dextrins formed when clothing is ironed. Because of their characteristic stickiness with wetting, dextrins are 

used as adhesives on stamps, envelopes, and labels; as binders to hold pills and tablets together; and as pastes. Dextrins are 

more easily digested than starch and are therefore used extensively in the commercial preparation of infant foods. 
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The complete hydrolysis of starch yields, in successive stages, glucose: 

starch → dextrins → maltose → glucose 

In the human body, several enzymes known collectively as amylases degrade starch sequentially into usable glucose units. 

Glycogen 

Glycogen is the energy reserve carbohydrate of animals. Practically all mammalian cells contain some stored carbohydrates 

in the form of glycogen, but it is especially abundant in the liver (4%–8% by weight of tissue) and in skeletal muscle cells 

(0.5%–1.0%). Like starch in plants, glycogen is found as granules in liver and muscle cells. When fasting, animals draw on 

these glycogen reserves during the first day without food to obtain the glucose needed to maintain metabolic balance. 

Glycogen is structurally quite similar to amylopectin, although glycogen is more highly branched (8–12 glucose units 

between branches) and the branches are shorter. When treated with iodine, glycogen gives a reddish brown color. Glycogen 

can be broken down into its D-glucose subunits by acid hydrolysis or by the same enzymes that catalyze the breakdown of 

starch. In animals, the enzyme phosphorylase catalyzes the breakdown of glycogen to phosphate esters of glucose. 

About 70% of the total glycogen in the body is stored in muscle cells. Although the percentage of glycogen (by weight) is 

higher in the liver, the much greater mass of skeletal muscle stores a greater total amount of glycogen. 

Cellulose 

Cellulose, a fibrous carbohydrate found in all plants, is the structural component of plant cell walls. Because the earth is 

covered with vegetation, cellulose is the most abundant of all carbohydrates, accounting for over 50% of all the carbon found 

in the vegetable kingdom. Cotton fibrils and filter paper are almost entirely cellulose (about 95%), wood is about 50% 

cellulose, and the dry weight of leaves is about 10%–20% cellulose. The largest use of cellulose is in the manufacture of 

paper and paper products. Although the use of noncellulose synthetic fibers is increasing, rayon (made from cellulose) and 

cotton still account for over 70% of textile production. 

Like amylose, cellulose is a linear polymer of glucose. It differs, however, in that the glucose units are joined by β-1,4-

glycosidic linkages, producing a more extended structure than amylase. This extreme linearity allows a great deal of hydrogen 

bonding between OH groups on adjacent chains, causing them to pack closely into fibers. As a result, cellulose exhibits little 

interaction with water or any other solvent. Cotton and wood, for example, are completely insoluble in water and have 

considerable mechanical strength. Because cellulose does not have a helical structure, it does not bind to iodine to form a 

colored product. 

There is extensive hydrogen bonding in the structure of cellulose. In this electron micrograph of the cell wall of an alga, the 

wall consists of successive layers of cellulose fibers in parallel arrangement. 

Cellulose yields D-glucose after complete acid hydrolysis, yet humans are unable to metabolize cellulose as a source of 

glucose. Our digestive juices lack enzymes that can hydrolyze the β-glycosidic linkages found in cellulose, so although we 

can eat potatoes, we cannot eat grass. However, certain microorganisms can digest cellulose because they make the enzyme 

cellulase, which catalyzes the hydrolysis of cellulose. The presence of these microorganisms in the digestive tracts of 

herbivorous animals (such as cows, horses, and sheep) allows these animals to degrade the cellulose from plant material into 
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glucose for energy. Termites also contain cellulase-secreting microorganisms and thus can subsist on a wood diet. This 

example once again demonstrates the extreme stereospecificity of biochemical processes. 
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