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pH, pka and Buffers 

Kw, the Ion Product of Water 

The dissociation of water into hydrogen ions and hydroxyl ions occurs to the 

extent that 10-7 mol of H+ and 10-7 mol of OH- are present at equilibrium in 1 L of water at 25°C. 

 

The equilibrium constant for this process is; 

 

Where brackets denote concentrations in moles per liter. Because the concentration of H2O in 1 

L of pure water is equal to the number of grams in a liter divided by the gram molecular weight 

of H2O, or 1000/18, the molar concentration of H2O in pure water is 55.5 M (molar). The 

decrease in H2O concentration as a result of ion formation ([H+], [OH-] = 10-7 M) is negligible in 

comparison, and thus its influence on the overall concentration of H2O can be ignored. Thus, 

 

The molar concentration of water, 55.56 mol/L, is too great to be significantly affected by 

dissociation. It therefore is considered to be essentially constant. This constant may then be 

incorporated into the dissociation constant, K, to provide a useful new constant Kw termed the 

ion product for water. The relationship between Kw and K is shown below: 
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Note that the dimensions of K are moles per liter and those of Kw are moles2 per liter2. As its 

name suggests, the ion product Kw is numerically equal to the product of the molar 

concentrations of H+ and OH-: 

 

At 25°C, Kw = (10-7)2, or 10-14 (mol/L)2. At temperatures below 25°C, Kw is somewhat less than 

10-14; and at temperatures above 25°C it is somewhat greater than 10-14. Within the stated 

limitations of the effect of temperature, Kw equals 10-14 (mol/L)2 for all aqueous solutions, 

even solutions of acids or bases. We shall use Kw to calculate the pH of acidic and basic 

solutions. 

 

pH 

The term pH was introduced in 1909 by Sörensen, who defined pH as the negative log of the 

hydrogen ion concentration: This definition, while not rigorous, suffices for many biochemical 

purposes.  

pH = -log [H+] 

To calculate the pH of a solution: 

1. Calculate hydrogen ion concentration [H+]. 

2. Calculate the base 10 logarithm of [H+]. 

3. pH is the negative of the value found in step 2. 

 

For example, for pure water at 25°C, 

pH = -log[H+]  

pH = -log10-7  

pH = -(-7.0) 

pH = 7.0 
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The term pOH is also defined as the negative log of the hydroxide ion 

  pOH = -log[OH-] 

Since,  

Kw = [H+][OH-] = 10-14 

Therefore,  

log [H+] + log [OH-] = log10-14 

pH + pOH = 14 

 

The pH Scale 

The ion product of water, Kw, is the basis for the pH scale. It is a convenient means of 

designating the concentration of H (and thus of OH) in any aqueous solution in the range 

between 1.0 M H and 1.0 M OH. The pH scale is widely used in biological applications because 

hydrogen ion concentrations in biological fluids are very low, about 107 M or 0.0000001 M, a 

value more easily represented as pH 7. The pH of blood plasma, for example, is 7.4 or 

0.00000004 M H+. At pH 7, [H+] = [OH-]; that is, there is no excess acidity or basicity. The point 

of neutrality is at pH 7, and solutions having a pH of 7 are said to be at neutral pH. Because the 

pH scale is a logarithmic scale, two solutions whose pH values differ by one pH unit have a 10-

fold difference in [H+]. For example, grapefruit juice at pH 3.2 contains more than 12 times as 

much H+ as orange juice at pH 4.3. 
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Low pH values correspond to high concentrations of H+ and high pH values correspond to low 

concentrations of H+. 

 

Measuring pH 

The pH of an aqueous solution can be approximately measured using various indicator dyes, 

including litmus, phenolphthalein, and phenol red, which undergo color changes as a proton 

dissociates from the dye molecule. Accurate determinations of pH in the chemical or clinical 

laboratory are made with a glass electrode that is selectively sensitive to H concentration but 

insensitive to Na+, K+, and other cations. In a pH meter the signal from such an electrode is 

amplified and compared with the signal generated by a solution of accurately known pH. 

Measurement of pH is one of the most important and frequently used procedures in 

biochemistry. The pH affects the structure and activity of biological macromolecules; for 

example, the catalytic activity of enzymes is strongly dependent on pH. Measurements 

of the pH of blood and urine are commonly used in medical diagnoses. 

Dissociation Constant (Ka) 
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Each acid has a characteristic tendency to lose its proton in an aqueous solution. The stronger the 

acid, the greater its tendency to lose its proton. The tendency of any acid (HA) to lose a proton 

and form its conjugate base (A) is defined by the equilibrium constant (Keq) for the reversible 

reaction; 

 

which is; 

 

Equilibrium constants for ionization reactions are usually called ionization or dissociation 

constants, often designated Ka. Stronger acids, such as phosphoric and carbonic acids, have 

larger dissociation constants; weaker acids, such as monohydrogen phosphate (HPO4 2- ) have 

smaller dissociation constants. 

Dissociation of Weak Electrolytes 

Substances with only a slight tendency to dissociate to form ions in solution 

are called weak electrolytes. Acetic acid, CH3COOH, is a good example: 

 

The acid dissociation constant Ka for acetic acid is 1.74x10-5 

The relatively low value of Ka for acetic acid reveals that the un-ionized form, CH3COOH, 

predominates over H and CH3COO- in aqueous solutions of acetic acid. Viewed another way, 

CH3COO-, the acetate ion, has a high affinity for H+. 

 

Henderson–Hasselbalch Equation 

Consider the ionization of some weak acid, HA, occurring with an acid dissociation constant, Ka.  

Then, 
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And  

 

Rearranging this expression in terms of the parameter of interest, [H], we have; 

 

Taking the logarithm of both sides gives 

 

If we change the signs and define pKa = - log Ka, we have 

   

or    

 

Stated more generally, 

 

This relationship is known as the Henderson–Hasselbalch equation. Thus, the pH of a solution 

can be calculated, provided Ka and the concentrations of the weak acid HA and its conjugate 

base A- are known. Note particularly that when [HA] = [A-], pH = pKa. The Henderson–

Hasselbalch equation provides a general solution to the quantitative treatment of acid–base 

equilibria in biological systems. The Henderson–Hasselbalch equation fits the titration curve 

of all weak acids and enables us to deduce a number of important quantitative relationships. 

Titration Curves 
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Titration is the analytical method used to determine the amount of acid in a solution. A measured 

volume of the acid solution is titrated by slowly adding a solution of base, typically NaOH, of 

known concentration. As incremental amounts of NaOH are added, the pH of the solution is 

determined and a plot of the pH of the solution versus the amount of OH- added yields a 

titration curve. 

 

             

As the titration begins, mostly HAc is present, plus some H+ and Ac-. Addition of a solution of 

NaOH allows hydroxide ions to neutralize any H+ present. As H+ is neutralized, more HAc 

dissociates to H+ and Ac-. As further NaOH is added, the pH gradually increases as Ac 

accumulates at the expense of diminishing HAc and the neutralization of H+. At the point where 

half of the HAc has been neutralized, that is, where 0.5 equivalent of 

OH- has been added, the concentrations of HAc and Ac are equal and pH = pKa for HAc. Thus, 

we have an experimental method for determining the pKa values of weak electrolytes. These pKa 

values lie at the midpoint of their respective titration curves. After all of the acid has been 

neutralized (that is, when one equivalent of base has been added), the pH rises exponentially. 
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Buffers  

Buffers are aqueous systems that tend to resist changes in pH when small amounts of acid (H+) 

or base (OH-) are added. A buffer system consists of a weak acid (the proton donor) and its 

conjugate base (the proton acceptor). As an example, a mixture of equal concentrations of acetic 

acid and acetate ion, found at the midpoint of the titration curve is a buffer system. 
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The titration curve of acetic acid has a relatively flat zone extending about 1 pH unit on either 

side of its midpoint pH of 4.76. In this zone, an amount of H+ or OH- added to the system has 

much less effect on pH than the same amount added outside the buffer range. This relatively flat 

zone is the buffering region of the acetic acid–acetate buffer pair. At the midpoint of the 

buffering region, where the concentration of the proton donor (acetic acid) exactly equals that of 

the proton acceptor (acetate), the buffering power of the system is maximal; that is, its pH 

changes least on addition of H+ or OH-. The pH at this point in the titration curve of 

acetic acid is equal to its pKa. The pH of the acetate buffer system does change slightly when a 

small amount of H+ or OH- is added, but this change is very small compared with the pH change 

that would result if the same amount of H+ or OH- were added to pure water or to a solution of 

the salt of a strong acid and strong base, such as NaCl, which has no buffering power. 

Biochemical Importance of Buffers 

The intracellular and extracellular fluids of multicellular organisms have a characteristic and 

nearly constant pH. The organism’s first line of defense against changes in internal pH is 

provided by buffer systems. The cytoplasm of most cells contains high concentrations of 

proteins, which contain many amino acids with functional groups that are weak acids or weak 

bases. Nucleotides such as ATP, as well as many low molecular weight metabolites, contain 
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ionizable groups that can contribute buffering power to the cytoplasm. Some highly specialized 

organelles and extracellular compartments have high concentrations of compounds that 

contribute buffering capacity: organic acids buffer the vacuoles of plant cells; ammonia buffers 

urine. 

Two especially important biological buffers are the phosphate and bicarbonate systems. The 

phosphate buffer system, which acts in the cytoplasm of all cells, consists of H2PO4
- as proton 

donor and HPO4
2- as proton acceptor: 

 

Blood plasma is buffered in part by the bicarbonate system, consisting of carbonic acid (H2CO3) 

as proton donor and bicarbonate (HCO3
-) as proton acceptor: 

 

Human blood plasma normally has a pH close to 7.4. Should the pH-regulating mechanisms fail 

or be overwhelmed, as may happen in severe uncontrolled diabetes when an overproduction of 

metabolic acids cause acidosis, the pH of the blood can fall to 6.8 or below, leading to 

irreparable cell damage and death. In other diseases the pH may rise to lethal levels. 
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Introduction to Protein 

Proteins are the most versatile macromolecules in living systems and serve crucial functions in 

essentially all biological processes. They function as catalysts, they transport and store other 

molecules such as oxygen, they provide mechanical support and immune protection, they 

generate movement, they transmit nerve impulses, and they control growth and differentiation. 

Amino acids are the building blocks of proteins. An α-amino acid consists of a central carbon 

atom, called the α carbon, linked to an amino group, a carboxylic acid group, a hydrogen atom, 

and a distinctive R group. The R group is often referred to as the side chain. With four different 

groups connected to the tetrahedral α-carbon atom, α-amino acids are chiral. 

 

 

When chiral compounds are formed by ordinary chemical reactions, the result is 

a racemic mixture of D (Dextrorotatory) and L (Levorotatory) isomers, which are difficult for a 

chemist to distinguish and separate. But to a living system, D and L isomers are as different as 

the right hand and the left. The two mirror-image forms are called the L isomer (Levorotatory) 

and the D isomer (Dextrorotatory). Only L isomer amino acids are found in Proteins. 
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Amino acids in solution at neutral pH exist predominantly as dipolar ions (also called 

zwitterions). In the dipolar form, the amino group is protonated (-NH3 
+) and the carboxyl group 

is deprotonated (-COO-). Molecules that contain an equal number of ionizable groups of opposite 

charge and that therefore bear no net charge are termed zwitterions. Substances having this dual 

nature are amphoteric and are often called ampholytes. 

Twenty kinds of side chains varying in size, shape, charge, hydrogen-bonding capacity, 

hydrophobic character, and chemical reactivity are commonly found in proteins. Indeed, all 

proteins in all species bacterial, archaeal, and eukaryotic are constructed from the same set of 20 

amino acids. 

Amino Acids Can Be Classified by R Group 

Knowledge of the chemical properties of the common amino acids is central to an understanding 

of biochemistry. Amino acids are classified into five main classes based on the properties of their 

R groups, in particular, their polarity, or tendency to interact with water at biological pH (pH 

7.4). The polarity of the R groups varies widely, from nonpolar and hydrophobic (water-

insoluble) to highly polar and hydrophilic (water-soluble). 

A. Nonpolar, Aliphatic R Groups  

The R groups in this class of amino acids are nonpolar and hydrophobic. The side 

chains of alanine, valine, leucine, and isoleucine tend to cluster together within proteins, 

stabilizing protein structure by means of hydrophobic interactions. 
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B. Aromatic R Groups  

Phenylalanine, tyrosine, and tryptophan, with their aromatic side chains, are relatively 

nonpolar (hydrophobic). All can participate in hydrophobic interactions. The hydroxyl 

group of tyrosine can form hydrogen bonds, and it is an important functional group in 

some enzymes. Tyrosine and tryptophan are significantly more polar than phenylalanine, 

because of the tyrosine hydroxyl group and the nitrogen of the tryptophan indole ring. 

Tryptophan and tyrosine, and to a much lesser extent phenylalanine, absorb ultraviolet 

light. This accounts for the characteristic strong absorbance of light by most proteins at a 

wavelength of 280 nm, a property exploited by researchers in the characterization of 

proteins. 
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C. Polar, Uncharged R Groups  

The R groups of these amino acids are more soluble in water, or more hydrophilic, 

than those of the nonpolar amino acids, because they contain functional groups that form 

hydrogen bonds with water. This class of amino acids includes serine, threonine, 

cysteine, asparagine, and glutamine. The polarity of serine and threonine is contributed 

by their hydroxyl groups; that of cysteine by its sulfhydryl group; and that of asparagine 

and glutamine by their amide groups. 
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D. Positively Charged (Basic) R Groups  

The most hydrophilic R groups are those that are either positively or negatively charged. 

The amino acids in which the R groups have significant positive charge at pH 7.0 are 

lysine, which has a second primary amino group at the position on its aliphatic chain; 

arginine, which has a positively charged guanidino group; and histidine, which has an 

imidazole group. Histidine is the only common amino acid having an ionizable side chain 

with a pKa near neutrality. In many enzyme-catalyzed reactions, a histidine residue 

facilitates the reaction by serving as a proton donor/acceptor. 

 

 

 

E. Negatively Charged (Acidic) R Groups  

The two amino acids having R groups with a net negative charge at pH 7.0 

are aspartate and glutamate, each of which has a second carboxyl group. 
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Uncommon Amino Acids 

Several amino acids occur only rarely in proteins. These include hydroxylysine and 

hydroxyproline, which are found mainly in the collagen and gelatin proteins, and thyroxine and 

3,3,5-triiodothyronine, iodinated amino acids that are found only in thyroglobulin, a protein 

produced by the thyroid gland. (Thyroxine and 3,3,5-triiodothyronine are produced by iodination 

of tyrosine residues in thyroglobulin in the thyroid gland. Degradation of thyroglobulin releases 

these two iodinated amino acids, which act as hormones to regulate growth and development.) 

Certain muscle proteins contain methylated amino acids, including methylhistidine, -N 

methyllysine, and -N,N, N-trimethyllysine. Carboxyglutamic acid is found in several proteins 

involved in blood clotting, and pyroglutamic acid is found in a unique light-driven proton-

pumping protein called bacteriorhodopsin, which is discussed elsewhere in this book. Certain 

proteins involved in cell growth and regulation are reversibly phosphorylated on the OOH 

groups of serine, threonine, and tyrosine residues. Aminoadipic acid is found in proteins 

isolated from corn. Finally, N-methylarginine and N-acetyllysine are found in histone proteins 

associated with chromosomes. They have a variety of functions but are not 

constituents of proteins.  
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Amino Acids Not Found in Proteins 

Certain amino acids and their derivatives, although not found in proteins, nonetheless are 

biochemically important. Aminobutyric acid, or GABA, is produced by the 

decarboxylation of glutamic acid and is a potent neurotransmitter. Histamine, which is 

synthesized by decarboxylation of histidine, and serotonin, which is derived from tryptophan, 

similarly functions as neurotransmitters and regulators. β-Alanine is found in nature in the 

peptides carnosine and anserine and is a component of pantothenic acid (a vitamin), which is a 

part of coenzyme A. Epinephrine (also known as adrenaline), derived from tyrosine, is an 

important hormone. Penicillamine is a constituent of the penicillin antibiotics. Ornithine, 

betaine, homocysteine, and homoserine are important metabolic intermediates. Citrulline is 

the immediate precursor of arginine. 

Titration curves of Amino Acids 

The shared properties of many amino acids permit some simplifying generalizations about their 

acid-base behaviors. First, all amino acids with a single -amino group, a single -carboxyl group, 

and an R group that does not ionize have titration curves resembling that of glycine. These amino 

acids have very similar, although not identical, pKa values: pKa of the -COOH group in the range 

of 1.8 to 2.4, and pKa of the -NH3
+ group in the range of 8.8 to 11.0. 
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Secondly, amino acids with an ionizable R group have more complex titration curves, with three 

stages corresponding to the three possible ionization steps; thus they have three pKa values (e.g 

glutamate and histidine). The additional stage for the titration of the ionizable R group merges to 

some extent with the other two. 

 

Isoelectric pH (pI) of Amino Acids 

The isoelectric species is the form of a molecule that has an equal number of positive and 

negative charges and thus is electrically neutral. The isoelectric point or isoelectric pH, also 

called the pI, is the pH midway between pKa values on either side of the isoelectric species. If an 

amino acid (or protein) has more basic groups (Arg, Lys, His) than acidic groups (Glu, Asp), the 

pI is greater than 7. If an amino acid or protein has more acidic groups, the pI is less than 7. For 

an amino acid such as alanine that has only two dissociating groups, there is no ambiguity. The 

first pKa (R-COOH) is 2.35 and the second pKa (R-NH3
+) is 9.69. The isoelectric pH (pI) of 

alanine thus is; 

 

In the clinical laboratory, knowledge of the pI guides selection of conditions for electrophoretic 

separations. For example, electrophoresis at pH 7.0 will separate two molecules with pI values of 
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6.0 and 8.0 because at pH 8.0 the molecule with a pI of 6.0 will have a net positive charge, and 

that with pI of 8.0 a net negative charge. 

Reactions of Amino Acids 

 Carboxyl and Amino Group Reactions 

The α-carboxyl and α-amino groups of all amino acids exhibit similar chemical reactivity. The 

side chains, however, exhibit specific chemical reactions, depending on the nature of the 

functional groups. Whereas all of these reactions are important in the study and analysis of 

isolated amino acids, it is the characteristic behavior of the side chain that governs the reactivity 

of amino acids incorporated into proteins. There are three reasons to consider these reactions. 

Proteins can be chemically modified in very specific ways by taking advantage of the chemical 

reactivity of certain amino acid side chains. The detection and quantification of amino acids and 

proteins often depend on reactions that are specific to one or more amino acids and that result in 

color, radioactivity, or some other quantity that can be easily measured. Finally and most 

importantly, the biological functions of proteins depend on the behavior and reactivity of specific 

R groups. 

The carboxyl groups of amino acids undergo all the simple reactions common to this functional 

group. Reaction with ammonia and primary amines yields unsubstituted and substituted amides, 

respectively. Esters and acid chlorides are also readily formed. Esterification proceeds in the 

presence of the appropriate alcohol and a strong acid. Polymerization can occur by repetition of 

the reaction. Free amino groups may react with aldehydes to form Schiff bases and can be 

acylated with acid anhydrides and acid halides. 
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The Ninhydrin Reaction 

Amino acids can be readily detected and quantified by reaction with ninhydrin. As shown in 

below, ninhydrin, or triketohydrindene hydrate, is a strong oxidizing agent and causes the 

oxidative deamination of the –amino function. The products of the reaction are the resulting 

aldehyde, ammonia, carbon dioxide, and hydrindantin, a reduced derivative of ninhydrin. The 

ammonia produced in this way can react with the hydrindantin and another molecule of 

ninhydrin to yield a purple product (Ruhemann’s Purple) that can be quantified 

spectrophotometrically at 570 nm. The appearance of CO2 can also be monitored. Indeed, CO2 
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evolution is diagnostic of the presence of an α-amino acid. α-Imino acids, such as proline and 

hydroxyproline, give bright yellow ninhydrin products with absorption maxima at 440 nm, 

allowing these to be distinguished from the -amino acids. Because amino acids are one of the 

components of human skin secretions, the ninhydrin reaction was once used extensively by law 

enforcement and forensic personnel for fingerprint detection. (Fingerprints as old as 15 years can 

be successfully identified using the ninhydrin reaction.) More sensitive fluorescent reagents are 

now used routinely for this purpose. 

 

 

 Specific Reactions of Amino Acid Side Chains 

A number of reactions of amino acids have become important in recent years because they are 

essential to the degradation, sequencing, and chemical synthesis of peptides and proteins. In 

recent years, biochemists have developed an arsenal of reactions that are relatively specific to the 

side chains of particular amino acids. These reactions can be used to identify functional amino 

acids at the active sites of enzymes or to label proteins with appropriate reagents for further 
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study. Cysteine residues in proteins, for example, react with one another to form disulfide 

species and also react with a number of reagents  

 

 

Peptides 

Proteins are linear polymers formed by linking the α-carboxyl group of one amino acid to the α-

amino group of another amino acid with a peptide bond (also called an amide bond). The 

formation of a dipeptide from two amino acids is accompanied by the loss of a water molecule. 

In a peptide, the amino acid residue at the end with a free -amino group is the 

amino-terminal (or N-terminal) residue; the residue at the other end, which has a free carboxyl 

group, is the carboxyl-terminal (C-terminal) residue. Although hydrolysis of a peptide bond is 

an exergonic reaction, it occurs slowly because of its high activation energy. As a result, the 

peptide bonds in proteins are quite stable, with an average half-life (t1/2) of about 

7 years under most intracellular conditions. 

 

 

A series of amino acids joined by peptide bonds form a polypeptide chain, and each amino acid 

unit in a polypeptide is called a residue. A polypeptide chain has polarity because its ends are 
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different, with an α-amino group at one end and an α-carboxyl group at the other. By convention, 

the amino end is taken to be the beginning of a polypeptide chain, and so the sequence of amino 

acids in a polypeptide chain is written starting with the aminoterminal residue. Amino acids 

present in peptides are called aminoacyl residues and are named by replacing the -ate or -ine 

suffixes of free amino acids with -yl (eg, alanyl, aspartyl, tyrosyl). Peptides are then named as 

derivatives of the carboxyl terminal aminoacyl residue. For example, the tetrapeptide below is 

called Alanylglutamylglycyllysine. The -ine ending on lysine indicates that its α-carboxyl group 

is not involved in peptide bond formation. 

 

 

Alanylglutamylglycyllysine. This tetrapeptide has one free -amino group, one free -carboxyl 

group, and two ionizable R groups. Three-letter abbreviations linked by straight lines can also be 

used to represent the above tetrapeptide structure (e.g Ala-Glu-Gly-Lys). Lines are omitted for 

single-letter abbreviations (e.g A E G K).  

Cysteine is readily oxidized to form a covalently linked dimeric amino acid called cystine, in 

which two cysteine molecules or residues are joined by a disulfide bond. The disulfide-linked 

residues are strongly hydrophobic (nonpolar). Disulfide bonds play a special role in the 

structures of many proteins by forming covalent links called disulfide bridge between parts of a 

protein molecule or between two different polypeptide chains. 
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Most natural polypeptide chains contain between 50 and 2000 amino acid residues. Peptides 

made of small numbers of amino acids are called oligopeptides or simply peptides. The mean 

molecular weight of an amino acid residue is about 110, and so the molecular weights of most 

proteins are between 5500 and 220,000. We can also refer to the mass of a protein, which is 

expressed in units of daltons; one dalton is equal to one atomic mass unit. A protein with a 

molecular weight of 50,000 has a mass of 50,000 daltons, or 50 kd (kilodaltons). 

Levels of Protein Structure 

For large macromolecules such as proteins, the tasks of describing and understanding structure 

are approached at several levels of complexity, arranged in a kind of conceptual hierarchy. Four 

levels of protein structure are commonly defined. A description of all covalent bonds (mainly 

peptide bonds and disulfide bonds) linking amino acid residues in a polypeptide chain is its 

primary structure. The most important element of primary structure is the sequence of amino 

acid residues. Secondary structure refers to particularly stable arrangements of amino acid 

residues giving rise to recurring structural patterns. Tertiary structure describes all aspects of 

the three-dimensional folding of a polypeptide. When a protein has two or more polypeptide 

subunits, their arrangement in space is referred to as quaternary structure. 
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Introduction to Lipids 

Introduction 

The lipids are a heterogeneous group of compounds, including fats, oils, steroids, waxes, and 

related compounds, which are related more by their physical than by their chemical properties. 

They have the common property of being 

(1) relatively insoluble in water and 

(2) soluble in nonpolar solvents such as ether and chloroform.  

They are important dietary constituents not only because of their high energy value but also 

because of the fat-soluble vitamins and the essential fatty acids contained in the fat of natural 

foods. Fat is stored in adipose tissue, where it also serves as a thermal insulator in the 

subcutaneous tissues and around certain organs. Nonpolar lipids act as electrical insulators, 

allowing rapid propagation of depolarization waves along myelinated nerves. Combinations of 

lipid and protein (lipoproteins) are important cellular constituents, occurring both in the cell 

membrane and in the mitochondria, and serving also as the means of transporting lipids in the 

blood.  

Lipids can be divided in two major classes, nonsaponifiable lipids and saponifiable lipids. A 

nonsaponifiable lipid cannot be broken up into smaller molecules by hydrolysis, which includes 

steroids, prostaglandins, and terpenes A saponifiable lipid contains one or more ester groups 

allowing it to undergo hydrolysis in the presence of an acid, base, or enzyme e.g triglycerides, 

waxes, phospholipids, and sphingolipids.. Within these two major classes of lipids, there are 

several specific types of lipids important to life, including fatty acids, triglycerides, 

glycerophospholipids, sphingolipids, and steroids. Each of these categories can be further broken 

down. Nonpolar lipids, such as triglycerides, are used for energy storage and fuel. Polar lipids, 

which can form a barrier with an external water environment, are used in membranes. Polar 

lipids include glycerophospholipids and sphingolipids. Fatty acids are important components of 

all of these lipids 

Knowledge of lipid biochemistry is necessary in understanding many important biomedical 

areas, e.g, obesity, diabetes mellitus, atherosclerosis, and the role of various polyunsaturated 

fatty acids in nutrition and health. 

Classification of Lipids 

Lipids are classified as follows: 

1. Simple lipids: Esters of fatty acids with various alcohols. 

(a) Fats: Esters of fatty acids with glycerol. Oils are fats in the liquid state. 

(b) Waxes: Esters of fatty acids with higher molecular weight monohydric alcohols. 
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2. Complex lipids: Esters of fatty acids containing groups in addition to an alcohol and a fatty 

acid. 

(a) Phospholipids: Lipids containing, in addition to fatty acids and an alcohol, a 

phosphoric acid residue. They frequently have nitrogen containing bases and other 

substituents, e.g, in glycerophospholipids the alcohol is glycerol and in 

sphingophospholipids the alcohol is sphingosine. 

(b) Glycolipids (glycosphingolipids): Lipids containing a fatty acid, sphingosine, and 

carbohydrate. 

(c) Other complex lipids: Lipids such as sulpholipids and aminolipids. Lipoproteins may 

also be placed in this category. 

3. Precursor and derived lipids: These include fatty acids, glycerol, steroids, other alcohols, fatty 

aldehydes, and ketone bodies, hydrocarbons, lipid-soluble vitamins, and hormones. Because they 

are uncharged, acylglycerols (glycerides), cholesterol, and cholesteryl esters are termed neutral 

lipids. 

 

Fatty Acids 

A fatty acid is a molecule characterized by the presence of a carboxyl group attached to a long 

hydrocarbon chain. Therefore these are molecules with a formula R–COOH where R is a 

hydrocarbon chain. Fatty acids can be said to be carboxylic acids, and come in two major 

varieties. 

 Saturated fatty acids do not have any double bonds. A fatty acid is saturated 

when every carbon atom in the hydrocarbon chain is bonded to as many hydrogen atoms 

as possible (the carbon atoms are saturated with hydrogen). Saturated fatty acids are 

solids at room temperature. Animal fats are a source of saturated fatty acids. In addition, 

fatty acids pack easily and form rigid structures (e.g., fatty acids are found in 

membranes). 

 

 Unsaturated fatty acids can have one or more double bonds along its hydrocarbon chain. 

A fatty acid with one double bond is called monounsaturated. If it contains two or more 

double bonds, we say that the fatty acid is polyunsaturated. The melting point of a fatty 

acid is influenced by the number of double bonds that the molecule contains and by the 

length of the hydrocarbon tail. The more double bonds it contains, the lower the melting 

point. As the length of the tail increases, the melting point increases. Plants are the source 

of unsaturated fatty acids. 
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Unsaturated fatty acids may be further subdivided as follows: 

1. Monounsaturated (monoethenoid, monoenoic) acids, containing one double bond. 

2. Polyunsaturated (polyethenoid, polyenoic) acids, containing two or more double bonds. 

3. Eicosanoids: These compounds, derived from eicosa- (20-carbon) polyenoic fatty acids, 

comprise the prostanoids, leukotrienes (LTs), and lipoxins (LXs). Prostanoids include 

prostaglandins (PGs), prostacyclins (PGIs), and thromboxanes (TXs). 

There is also a common pattern in the location of double bonds; in most monounsaturated fatty 

acids the double bond is between C-9 and C-10 (∆9), and the other double bonds of 

polyunsaturated fatty acids are generally 12 and 15. (Arachidonic acid is an exception to this 

generalization.) The double bonds of polyunsaturated fatty acids are almost never conjugated 

(alternating single and double bonds, as in –CH=CH-CH=CH-), but are separated by a methylene 

group: -CH=CH-CH2-CH=CH-. In nearly all naturally occurring unsaturated fatty acids, the 

double bonds are in the cis configuration. Trans fatty acids are present in certain 

foods, arising as a by-product of the saturation of fatty acids during hydrogenation, or 

“hardening,” of natural oils in the manufacture of margarine. An additional small contribution 

comes from the ingestion of ruminant fat that contains trans fatty acids arising from the action of 

microorganisms in the rumen. 

 

 

Fatty Acids Nomenclature 

The most frequently used systematic nomenclature names the fatty acid after the hydrocarbon 

with the same number and arrangement of carbon atoms, with -oic being substituted for the final 

-e (Genevan system). Thus, saturated acids end in -anoic, eg, octanoic acid, and unsaturated 

acids with double bonds end in -enoic, eg, octadecenoic acid (oleic acid). 

Carbon atoms are numbered from the carboxyl carbon (carbon No. 1). The carbon atoms 

adjacent to the carboxyl carbon (Nos. 2, 3, and 4) are also known as the α, β, and γ carbons, 

respectively, and the terminal methyl carbon is known as the ω or n-carbon. Various conventions 

use ∆ for indicating the number and position of the double bonds; e.g, ∆9 indicates a double bond 

between carbons 9 and 10 of the fatty acid. An example is given below. 
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List of naturally occurring Fatty Acids 

Waxes 

Biological waxes are esters of long-chain (C14 to C36) saturated and unsaturated fatty acids with 

long-chain (C16 to C30) alcohols. Their melting points (60 to 100 °C) are generally higher than 

those of triacylglycerols. 
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Most natural waxes are mixtures of such esters. Plant waxes on the surfaces of leaves, stems, 

flowers, and fruits protect the plant from dehydration and invasion by harmful microorganisms. 

Carnauba wax, used extensively in floor waxes, automobile waxes, and furniture polish, is 

largely myricyl cerotate, obtained from the leaves of certain Brazilian palm trees. Animals also 

produce waxes that serve as protective coatings, keeping the surfaces of feathers, skin, and hair 

pliable and water repellent. In fact, if the waxy coating on the feathers of a water bird is 

dissolved as a result of the bird swimming in an oil slick, the feathers become wet and heavy, 

and the bird, unable to maintain its buoyancy, drowns. 

Biological waxes find a variety of applications in the pharmaceutical, cosmetic, and other 

industries. Lanolin (from lamb’s wool), beeswax and wax extracted from spermaceti oil (from 

whales) are widely used in the manufacture of lotions, ointments, and polishes. 

Triacylglycerols 

Triacylglycerols (formerly called triglycerides) are complex lipids. Triacylglycerols act as 

energy storage molecules, especially in adipose tissue; triacylglycerols are also found in 

lipoproteins. Triacylglycerols are not found in membranes, because they are essentially entirely 

non-polar. Triacylglycerols consist of three fatty acid molecules forming ester links to glycerol. 

A triacylglycerol molecule can be comprised of different fatty acids, or of three identical fatty 

acids. 

 

Glycerophospholipids 

Glycerophospholipids are the major component of biological membranes. As with 

triacylglycerols, glycerophospholipids are composed of a glycerol backbone forming ester 

linkages to fatty acids. However, the third position is a phosphate ester, other than a fatty acyl 

ester. This makes the glycerophospholipid molecule considerably more polar, because the 

phosphate group is charged under physiological conditions. In animal membranes, the fatty acyl 

chain attached at the 2 position is usually unsaturated. The phosphate and this additional 
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compound are collectively called the head group of the phospholipid. Note that in each case, the 

head group is a polar molecule. 

 

 

Sphingolipids 

Another minor but important class of membrane lipids is comprised of the sphingolipids. 

Sphingolipids are not based on glycerol, but instead are derivatives of sphingosine, an 18-carbon 

amino alcohol. Note that sphingosine contains a trans double bond. Sphingolipids are important 

in plasma membranes, especially in those of neurons. The simplest sphingolipid is ceramide, 

which is formed from sphingosine in an amide linkage to a fatty acid. 
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More important, and more commonly observed than ceramide, are sphingomyelins, which are 

ceramide derivatives. Sphingomyelins are phosphate esters of ceramide, and like the other 

phospholipids, usually have an additional group attached to the phosphate. The possible other 

groups are also similar to those found in the other phospholipids, and include choline (part of the 

head group of the sphingomyelin shown below) and ethanolamine. 

 

 

Glycolipids (Galactolipids and Sulfolipids) 

Galactolipids and Sulfolipids are membrane lipids that predominate in plant cells: the 

galactolipids, in which one or two galactose residues are connected by a glycosidic linkage to C-

3 of a 1,2-diacylglycerol. Galactolipids are localized in the thylakoid membranes (internal 

membranes) of chloroplasts; they make up 70% to 80% of the total membrane lipids of a 

vascular plant. They are probably the most abundant membrane lipids in the biosphere. 
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Phosphate is often the limiting plant nutrient in soil, and perhaps the evolutionary pressure to 

conserve phosphate for more critical roles favored plants that made phosphate free lipids. Plant 

membranes also contain sulfolipids, in which a sulfonated glucose residue is joined to a 

diacylglycerol in glycosidic linkage. In sulfolipids, the sulfonate on the head group bears a fixed 

negative charge like that of the phosphate group in phospholipids. 

 

 

 

 

 

 

Sterols 

Sterols are structural lipids present in the membranes of most eukaryotic cells. The characteristic 

structure of this fifth group of membrane lipids is the steroid nucleus, consisting of four fused 

rings, three with six carbons and one with five. The steroid nucleus is almost planar and is 

relatively rigid; the fused rings do not allow rotation about C-C bonds. Cholesterol, 

the major sterol in animal tissues, is amphipathic, with a polar head group (the hydroxyl group at 

C-3) and a nonpolar hydrocarbon body (the steroid nucleus and the hydrocarbon side chain at C-

Sulfolipid 

Galactolipids 
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17), about as long as a 16-carbon fatty acid in its extended form. Similar sterols 

are found in other eukaryotes: stigmasterol in plants and ergosterol in fungi, for example. 

Bacteria cannot synthesize sterols; a few bacterial species, however, can incorporate exogenous 

sterols into their membranes. The sterols of all eukaryotes are synthesized from simple five 

carbon isoprene subunits, as are the fat-soluble vitamins, quinones, and dolichols. 

 
Cholesterol 

 

In addition to their roles as membrane constituents, the sterols serve as precursors for a variety of 

products with specific biological activities. Steroid hormones, for example, are potent biological 

signals that regulate gene expression. Bile acids are polar derivatives of cholesterol that act as 

detergents in the intestine, emulsifying dietary fats to make them more readily accessible to 

digestive lipases. 
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Summary 

 


