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B.1 Metabolism 

Metabolism is the collection of all biochemical reactions that happen inside our body. These biochemical reactions are made possible by enzymes, which are protein–
based molecules that act as catalysts. Without enzymes, biochemical reactions cannot occur at a fast–enough pace to allow organisms to efficiently function and exist. 
 
The enzyme–catalyzed reactions can be summarised as pathways, webs and cycles. Each step within a pathway, web or cycle is tightly controlled via negative feedback 
mechanisms. This allows the concentration of particular compounds to be regulated within narrow limits. 
 
Metabolic reactions can be further classified as anabolic and catabolic reactions: 

 Anabolism Catabolism 

Purpose 
Building large macromolecules or biopolymers from smaller 
monomer molecules 

Breaking down large macromolecules or biopolymers into smaller 
monomer molecules 

Type of chemical reaction Usually condensation Usually hydrolysis 

Examples 

Protein synthesis 
Photosynthesis 
Storage of monosaccharides as polysaccharides 
DNA replication 

Respiration 
Digestion 

Energy requirement Usually endothermic Usually exothermic 
 

B.1 

Energetics of 
living things – 
respiration and 
photosynthesis 

The general path for energy transfer through living things is 
 

 
 
Plants have evolved photosynthetic mechanisms to absorb light energy, using it to convert stable, simple inorganic molecules such as CO2 and H2O (which possess 
stronger C=O and O–H bonds) into less stable organic molecules, which possess weaker bonds, such as C–C and C–H bonds. The overall equation for the production of 
glucose via photosynthesis – a multiple–step, enzyme–mediated pathway, is 6CO2 + 6H2O  C6H12O6 + 6O2. This process requires plant structures, such as leaves, to 
possess photosynthetic pigments, such as chlorophyll, which absorb sunlight. Other important molecules, such as amino acids and nucleotides, can be synthesised via 
other intermediate compounds during photosynthesis. 
 
Many biochemical processes within living things require energy to occur. Respiration is the controlled release of energy within food molecules. Much like 
photosynthesis, respiration occurs through a complex set of enzyme–controlled biochemical reactions, as organic molecules, most notably glucose, can have their 
energy released as they are converted back to CO2 and H2O. Respiration ideally takes place aerobically (in the presence of oxygen), but can also occur anaerobically 
(without oxygen) with significantly lower efficiency. However, for most organisms, prolonged shortage of oxygen will result in inadequate aerobic respiration and will 
lead to death. 
 
The equation for aerobic respiration for all organisms is C6H12O6 + 6O2  6CO2 + 6H2O. 
Some organisms (animals, bacteria) produce lactic acid (C3H6O3 or CH3CH(OH)COOH) during anaerobic respiration: C6H12O6  2C3H6O3 
Other organisms (plants, fungi) produce ethanol and carbon dioxide during anaerobic respiration: C6H12O6  2C2H5OH + 2CO2 
 
The energy released is in the form of heat energy, which keeps the organism warm. Perhaps a more important consequence is the production of adenosine triphosphate 
(ATP) – a high–energy molecule which is used in a wide–range of life processes, such as the synthesis of proteins, DNA and sugar, transport of materials, muscle 
contraction and enzyme activation. 
 
The earth’s atmospheric CO2 and O2 concentrations have remained relatively constant over many years because the total global respiration rate is approximately equal 
to the global photosynthesis rate. However, anthropogenic influences, such as the excessive use of fossil fuels, are thought to cause the increase in CO2 levels in the 
atmosphere in recent years. 
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B.1 
Condensation 
and hydrolysis 
reactions 

A condensation reaction involves the joining of two smaller molecules into a larger molecule, with the concomitant loss of a water molecule. 
 
A hydrolysis reaction involves the breaking of a bond within a polymer molecule into smaller or monomer molecules. A molecule of water is used in the process. 
 
Important examples of condensation and hydrolysis reactions involving common biomolecules are summarised in the following table, and are elaborated in more 
details within further entries. 

Compound 
class 

Monomer 
Larger 

molecule, or 
polymer 

Type of bond 
formed or 

broken 
Example 

Carbo–
hydrates 

Mono–
saccharides 

Disaccha–
rides Glycosidic 

bond 
 

Disaccha–
rides 

Polysaccha–
ride 

Proteins 

Amino acids Dipeptides Amide bond 
(peptide 
bond) 

 

Shorter 
peptides 

Longer 
peptides 

Lipids 
Glycerol + 
fatty acids 

Triglycerides Ester bond 

 

Nucleic 
acids 

Nucleotides 
Poly–
nucleotides 

Phospho–
diester bond 
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B.2 

Amino acids – 
physical and 
chemical 
properties, 
zwitterionic 
structure, 
isoelectric 
point (pI) 

The general structure of biologically important amino acids features a “central carbon” bonded to an amino (–NH2) group, a carboxyl group (–COOH), a hydrogen atom, 
and an R–group. The R–group varies from amino acid to amino acid. 
 
There are twenty amino acids that are directly coded for by the genetic code. Table 33 in the data booklet lists these twenty important amino acids, and the chemical 
details of the R–group. 
 
Because each amino acid possesses two functional groups (amino and carboxylic acid) that are capable of undergoing acid–base reactions, all amino acids are 
amphiprotic and amphoteric. Furthermore, an intramolecular proton–transfer reaction causes all amino acids to exist as a zwitterion – an overall neutral molecule that 
has a cationic and anionic atom group within the molecule – as a pure substance. Biology students should be aware to use the zwitterionic structure and not the IB 
Biology structure in answering option–B questions. 
 

Acid–base equilibrium Analysis 

 

The zwitterionic structure is the heavily favored structure by far within this reversible 
acid–base dissociation reaction. The zwitterionic structure allows amino acids to 
undergo ionic bonding – this can further explain why amino acids have exceptionally 
high melting points (compared to other polar organic molecules with similar Mr) and 
are solids at room temperature. Further, amino acids are all soluble in water, despite the 
fact that some amino acids bear a large non–polar side chain as their R group. 
 

 
When an amino acid is dissolved into an aqueous medium, the amino acid molecule can take on several protonation states: 
 

 
For some amino acids, the R group can also participate in protonation and deprotonation reactions. The following scheme shows the stepwise deprotonation of 
cysteine. The deprotonation of –SH, whose pKa = 8.3, occurs after the deprotonation of the –COOH group, whose pKa is 1.7, but before the deprotonation of the –NH3+ 
group, whose pKa is 10.4. 

 
The isoelectric point (pI) is the pH of an aqueous medium that allows the amino acid to exist as an overall electrically neutral state. For amino acids whose R group does 
not undergo acid–base chemistry, the isoelectric point pH is the simple mathematical average of the pKa (around 3) of the carboxylic acid and the pKa (around 9) of the 
ammonium salt – hence the pI value of these amino acids is usually about 6. For amino acids that possess acidic side chains (such as cysteine) in their electrically–
neutral structure, the isoelectric pH tends to be further lower than 6. Not surprisingly, amino acids that possess basic side chains in their electrically–neutral structure 
have isoelectric point pH that is above 7. 
 
Students do not need to know how the isoelectric point pH values are derived. However, students need to be able to use isoelectric pH values, which are given in the 
data booklet alongside the chemical structures of the amino acid, to determine the predominant form of an amino acid when the amino acid is dissolved in a medium of 
a specific pH. This is most likely going to be tested in connection with gel electrophoresis. 
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B.2 

Analysis of 
amino acids – 
(gel) electro–
phoresis 

Gel electrophoresis is a technique that involves the migration of ions and charged fragments along a gel medium. A voltage is applied across a medium soaked with an 
electrolyte that is buffered at a specific pH. Species will migrate towards the oppositely charged terminal, and the extent of migration depends on the relative 
magnitudes of the charges as well as the size of the fragment – in general, ions of higher charge and smaller size undergo more rapid migration. 
 
Amino acids are colorless substances. However, their presence on a white or colorless medium can be identified by the application of a locating agent called ninhydrin – 
spraying a ninhydrin solution onto the medium results in a reaction between amino acids and ninhydrin to produce a purple–pink compound. 
 
Worked example. A sheet of filter paper is soaked in pH = 6.0 buffer. Drops of aqueous solutions containing a mixture of alanine (pI = 6.0), histidine (pI = 7.6), lysine 
(pI = 9.7) and asparagine (pI = 5.4) were blotted onto the centre of the paper. Determine a possible appearance of the chromatogram after a voltage is applied across 
the filter paper for some time, and the filter paper is then treated with ninhydrin spray. 
Suggested answer: The aqueous medium, with a pH = 6.0, will cause different amino acids to exist predominantly in different protonation states. 

Analysis Appearance before and after 
Alanine has a pI = 6.0, hence it should exist as an electrically neutral state, and its position would be 
unaffected by the applied voltage. 
 
Asparagine has a pI value of 5.4, hence a surrounding pH of 6.0 will provide high enough of a concentration 
of [OH–] to cause asparagine to deviate from electrical neutrality. Specifically, a surrounding pH of 6.0 will 
cause deprotonation of a significant proportion of the acidic groups (–COOH), resulting in asparagine 
existing in a negatively–charged state. Hence asparagine would be expected to migrate to the positive 
terminal. 
 
Both histidine and lysine have a pI value above 6.0, meaning that a measurable proportion of both of these 
amino acids would exist in a protonated state, be positively charged and hence migrate towards the 
negative terminal. Moreover, we can expect lysine to migrate more than histidine, as the surrounding pH of 
6.0 deviates more from the pI of lysine (9.7) than from the pI of histidine (7.5). 
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B.2, 
B.9 

Analysis of 
amino acids 
and pigments –
chromato–
graphy 

Another method to separate, or look for the presence of different amino acids within a mixture, is to use chromatography. The chromatographic material can be as 
simple as cellulose within the filter paper, or alumina (Al2O3) or silica (SiO2) powder that is coated on a thin cuttable sheet of glass or metal foil. The chromatogram is 
partially immersed into a container of solvent so that the solute spots are above the solvent level, while solvent is allowed to diffuse up the chromatogram, in the 
process carrying the solutes up the chromatogram. Depending on relative solubility, which depends on solvent and solute polarity, different amino acids travel up the 

chromatogram to various extents, as quantified by the retention factor (Rf), whose value is calculated using the equation Rf  =
distance moved by spot

distance moved by solvent
 . 

 
In general, chromatographic material interacts strongly with polar solutes (which adsorb strongly onto chromatographic material), hence solutes with relatively low 
polarity tend to move more quickly with the solvent and have higher Rf values. Nevertheless, the exact Rf values depend on the solvent employed, with experimental 
values typically compared to established literature values. 
 
Chromatography can also be used to analyse organic pigments. As pigments are colored, a locating agent is not required. 
 
A major advantage of using TLC over paper chromatography is that the samples can be more conveniently recovered by scraping off the alumina and silica, followed by 
the addition of a solvent to dissolve the alumina or silica–adsorbed compound, filtration, and evaporation of the solvent. 
 
Worked example. A mixture of amino acids is applied near the bottom of a silica–coated glass plate. Authentic serine and leucine samples are applied on neighboring 
lanes, the chromatogram is developed using ethyl ethanoate as solvent, and is treated with ninhydrin spray. Address the questions below. 

Chromatogram Question Suggested answers 

 

Without referring to 
the chemical 
structures, determine 
whether serine or 
leucine is more polar. 

We expect more polar amino acids to adsorb onto silica more strongly and 
move more slowly. Since the serine spot moved a smaller distance, serine is 
likely more polar than leucine (and in reality serine is indeed more polar). 

Determine the Rf 
values of leucine and 
serine. 

Using the Rf value formula, we have 

Rf, leucine =
distance moved by spot

distance moved by solvent
=

3.5

5.0
= 0.70  

Rf, serine =
distance moved by spot

distance moved by solvent
=

0.9

5.0
= 0.18  

Analyze the 
composition of the 
mixture with respect 
to the presence or 
absence of specific 
amino acids. 

The mixture does not contain leucine, as we should otherwise expect to 
observe a spot with Rf = 0.70. 
The mixture does produce a spot with the same Rf value as serine. However, it 
is possible that it is another amino acid that produces a spot with the same Rf 
value by coincidence. 

The mixture produces a spot with an Rf value of 
1.5

5.0
= 0.30. This spot cannot be 

accounted for by either serine or leucine, hence another amino acid must have 
been present. 

 

Because the Rf values depend on the nature of both the 
amino acid and the solvent, or combination of solvents, 
two–way chromatography can sometimes help resolve 
spots that contain two or more amino acids. A squared–
shaped chromatogram is first developed normally. After 
the first solvent has completely evaporated, the 
chromatogram is multipled by i rotated 90o as it is partly 
immersed into a different solvent. Hopefully the second 
solvent can produce different Rf values for amino acids 
that ended up present in the same spot during the first 
development. 
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B.2 

4 levels of 
protein 
structures – 
primary 
structure 

The way in which living things utilise amino acids can be summarised using the following scheme: 
 

 

B.2 
Primary 
structure 

The primary structure of a protein refers to the sequence in which amino acids 
are joined within the polypeptide. Living things rely on genetic information in 
order to allow the protein–synthesis mechanism to join the amino acids in the 
correct order. Students need to know how to use structural formula to 
illustrate the joining of two amino acids during a condensation reaction. The 
bond formed during this reaction is an amide (peptide) bond. 

 
Primary structures may be expressed using amino acid abbreviations, such as the example (Gly–Ala) above. When this notation is used, it is implied that the amino (N) 
terminal of the leftmost amino acid (Gly) is free, as is the C (carboxyl) terminal of the rightmost amino acid (Ala). Students should further recognise that when n non–
identical amino acid molecules are provided, the number of possible variations of polypeptides is given by the expression n!. Students also need to remember that 
polypeptides can be hydrolysed into individual amino acids via treatment with hot concentrated aqueous HCl or NaOH, or with suitable protease (protein–digesting) 
enzymes. If a strong acid or alkali is used, the final protonation state of the amino acids can be further changed by changing the pH of the medium. 
 
Worked example. (i) Draw the two possible dipeptides that can be formed between serine and valine. (ii) Determine the number of possible tripeptides that can be 
formed between serine, valine and lysine. 
Suggested answers: (i) The two possible ways to join serine and valine into a dipeptide are shown below: 

  
(ii) With three distinct amino acid molecules given, the total number of possible tripeptides that can be synthesised = 3! = 6. 
 
Worked example. Dianthin G is an amino acid–derived molecule that has been used to treat various forms of cancer. Given below is the skeletal formula of dianthin G. 

Identify the amino acids that were used in the synthesis of dianthin G, and determine the number of water molecules lost during the synthesis. 

Structure Suggested answers 

 

Students should recognise the need to “hydrolyse” all 
amide bonds on paper, which should allow the clear 
recognition and identification of the constituent amino 
acids, perhaps with the help of the data booklet: 
leucine – threonine – leucine – phenylalanine – glycine 
– proline. 
 
To form a cyclic hexapeptide structure with 6 amino 
acids, 6 amide bonds need to be made, hence 6 
condensation reactions need to occur, which means 
that 6 water molecules would have been lost during the 
synthesis.  
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B.2 
Secondary 
structure 

Depending on the nature (R groups) of the amino acids involved, certain sections of the polypeptide primary structure may fold itself into what we call a secondary 
structure. A secondary structure is maintained using hydrogen bonds which involve the H atom of the N–H bond, and the O atom of the C=O bond within the 
carboxamide (amide) function groups along the polypeptide backbone. 
 
Note that certain amino acids (asparagine and glutamine) also possess the carboxamide function group on the R group. Students should recognise that these 
carboxamides are not involved in the formation of secondary structures.  
 
For exam purposes, students only need to recall the terms “alpha helix” and “beta–pleated sheets” as secondary structures. Questions that require the drawing of 
secondary structures or the recognition of secondary structures have yet to show up on past papers. 
 

Alpha–helix 

Tertiary structure of lactase, showing regions 
of alpha helices and beta–pleated sheets 

(https://www.sas.upenn.edu/~carrolld/LessP
lan4Lactase.pdf) 

Beta–pleated sheet 

 

  

 
Worked example. By referring to the structural formula of proline, explain why proline is rarely found within alpha helices or beta–pleated sheets. 
Suggested answer: 

Structure of proline 
Structure of proline after 
undergoing condensation 

Explanation 

 
 

Proline possesses a secondary amino functional group. It becomes a tertiary amide after 
condensation and incorporation into a polypeptide chain, which means that the nitrogen atom of 
proline lacks the hydrogen atom that is required to form hydrogen bonds, which maintain stability 
of a secondary structure. 

 

  

https://www.sas.upenn.edu/~carrolld/LessPlan4Lactase.pdf
https://www.sas.upenn.edu/~carrolld/LessPlan4Lactase.pdf
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B.2 
Tertiary 
structure 

Tertiary structure refers to the overall 3D shape of a polypeptide chain after further folding, due to the interaction of secondary structures. The interactions are 
mediated by R groups of certain amino acid residues within the secondary structure. Students need to be aware of the following types of R–group interactions. 
 

Type of R–
group 

interaction 
Description Examples, and diagram 

London 
dispersion 
force 
(hydro–
phobic 
interaction) 

Non–polar R groups are forced together by the 
surrounding aqueous medium. The R groups 
experience London dispersion forces. 

 

Hydrogen 
bonding 

Certain R groups possess atom groups that 
allow them to form hydrogen bonds with each 
other. 

 

Ionic 
bonding 

Certain R groups are capable of undergoing a 
proton transfer reaction, resulting in the R 
groups becoming charged. The electrostatic 
force of attraction between oppositely–charged 
R groups is called ionic bonding. 

 

Disulfide 
bridges 

Two cysteine residues on different secondary 
structures can form a disulfide bridge with each 
other, via an oxidation reaction which results in 
the loss of hydrogen atoms. The disulfide bridge 
is a covalent bond between two sulfur atoms, 
and is the strongest type of R–group 
interaction.  

 

B.2 
Quaternary 
structure 

Quaternary structures are formed when two or more tertiary structures (folded polypeptides) associate with each other, also using R–group interactions. 
 
Many proteins that function at the quaternary level possess a prosthetic group – a non–amino–acid–based atom group that serves key functions. Proteins that have a 
prosthetic group attached are called conjugated proteins. Important conjugated proteins and prosthetic groups in IB chemistry would be…… 
 the heme group, which is crucial for the oxygen–carrying capacity of hemoglobin and myoglobin.  
 retinal, which is essential for the functioning of rhodopsin as a light–sensing molecule. 
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B.2 
Globular vs 
fibrous 
proteins 

An important way to classify proteins would be to classify them as being globular or fibrous. 
 

 Fibrous proteins Globular proteins 
General molecular 
shape 

Long and narrow Round 

Examples and 
function 

Many important structural proteins are 
fibrous proteins: 
Collagen: connective tissues 
Keratin: fingernails and hair 
Spider silk: spider web 
Actin and myosin: muscle fibres 

Globular proteins serve a wide variety of functions within the body of living things: 
Enzymes: amylase, cytochrome c oxidase 
Circulation transport: hemoglobin, lipoproteins 
Membrane transport: aquaporin, sodium–potassium pumps 
Circulation signaling (hormone): insulin, anti–diuretic hormone, pituitary sex hormones 
Membrane signaling: rhodopsin (G–protein–coupled receptor), insulin receptor (receptor 
tyrosine kinase) 
Antibodies: different types of immunoglobulins 

Solubility 
Low aqueous solubility, due to large 
molecular size and high proportion of 
hydrophobic R–groups / side chains 

High solubility in water, due to hydrophilic amino acid R–groups positioned at the exterior, 
and hydrophobic groups at the interior of the tertiary / quaternary 3–D structure. 

Stability 
Less sensitive to changes in heat and 
extreme pH 

Prone to deactivation or denaturation by heat and extreme pH 

Amino acid 
sequence 

Often repetitive No regular pattern 

Functional at which 
structural level? 

Can be functional as a secondary 
structure 

Usually functional only after at least tertiary structure is achieved. 

Example Collagen, keratin, actin, myosin Hemoglobin, amylase, insulin, aquaporin 
 

B.2 Enzymes 

Enzymes are protein–based molecules, and are biological catalysts which increase the rate of biochemical reactions. 
Enzymes are not consumed during a chemical reaction. Much like an ordinary chemical catalyst, enzymes provide an alternative pathway with lower activation energy. 
The mechanism of enzyme actions is often explained using the lock–and–key hypothesis: 
i) Enzymes are substrate–specific and possess a binding site, called the active site (the ‘lock’), whose shape is complementary to the substrates (target reactant 
molecule(s), the ‘key’). 
ii) The structure after successful substrate binding is called an enzyme–substrate complex. 
iii) The formation of the enzyme–substrate complex will facilitate important bond–making or bond breaking steps. 
iv) The substrates have now been transformed into products, which unbind from the active site. The active site is now free to bind to other substrate molecules. 
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B.2 

Factors that 
affect the rate 
of enzyme–
catalyzed 
reactions 

The following table summarises how temperature, pH and substrate concentration separately affect the rate of enzyme–catalysed reactions. 
 

Factor Description and explanation Typical graph 

Temperature 

At low temperatures, rate of reaction increases as temperature increases. This is 
entirely attributable to collision theory – enzymes molecules and reactant molecules 
have more kinetic energy and can undergo more frequent successful collision for the 
formation of enzyme–substrate complexes. 
 
The optimum temperature, typically 37oC, is the temperature at which the rate of 
enzyme–catalyzed reaction is fastest. Using even higher temperatures will result in 
enzymes undergoing denaturation – high temperature causes the breaking of weak 
hydrogen and ionic bonds, resulting in the permanent change in the tertiary 
structure of the enzyme and the loss of the 3D conformation (shape) of the active 
site. As a result, the reaction stops. 

 

pH 

Each enzyme has its optimal pH, and a small pH range within which the enzyme is 
functional. The rate of reaction decreases as the pH deviates from the optimal pH, as 
excess H+ or OH– in the aqueous medium may affect the protonation states of R 
groups, which in turn affect the weak ionic and hydrogen bonds that give the enzyme 
its tertiary structure. 
 
As many acid–base reactions are reversible, changes in enzyme activity due to slight 
pH changes can often be reversed. Extreme pHs, however, can cause permanent loss 
of the 3D conformation (i.e. denaturation) of enzymes. 

 

Substrate 
concentration 

At low substrate concentrations, increases in concentration increase the rate of 
reaction. This can be explained using collision theory: more substrate molecules per 
unit volume means more chances of collision between substrate and enzyme active 
site, leading to more frequent formation of enzyme–substrate complexes. 
 
At high substrate concentration, further increasing the concentration will have no 
effect in reaction rate, as all active sites are already occupied i.e. the concentration of 
enzyme becomes the limiting factor. 
 
HL students will need to know the mathematics behind how substrate concentration 
affects the rate of an enzyme–catalysed reaction. The mathematical details are 
presented in the “Michaelis–Menten kinetics” section under topic B.7. 
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B.3 

Fats – 
condensation 
and hydrolysis 
involving 
triglycerides 
and 
phospholipids 

Fats can be classified into the following three main classes: triglycerides, phospholipid and cholesterol. Triglycerides and phospholipids are built from monomers via 
condensation reactions, while cholesterol is ingested, absorbed and used as the intact molecule. 
 

Triglycerides 
Building blocks: glycerol + 3 fatty acids 

Phospholipid 
Building blocks: glycerol + 2 fatty acids + phosphate (hydrogenphosphate) + 

choline (may be present or absent) 

  
 

B.3 
Fat fun facts – 
solubility 

Fats have low solubility in water, due to the molecules containing large non–polar 
hydrocarbon–based sections, which are unable to hydrogen–bond with water. Fat 
molecules disrupt existing hydrogen bonding between water molecules if the 
molecules are to insert themselves between water molecules as the fat dissolves. 
 
Solubility of fats inside the body can be increased using by lipoproteins. This is 
elaborated on the next entry. 
 
Outside the body, triglycerides and phospholipids can be made soluble via hydrolysis 
reactions, typically using sodium hydroxide, which hydrolyses their ester linkages, 
resulting in the formation glycerol, phosphate (both of which are water–soluble) and 
fatty acids.  
 

 

The electrically–neutral fatty acids are still insoluble, but because the hydrolysis is carried out in an alkaline medium, the fatty acids will be formed as the anion of 
carboxylate salts. Being ionic, carboxylate salts have some solubility in water.  Furthermore, soap is an excellent cleaning agent because the ionic carboxylate group can 
experience ion–dipole attraction with rinsing water. This allows the hydrocarbon portion of the molecule, which is covalently bonded to the carboxylate, to attract 
other non–polar solutes such as grease, which can be carried away along with the rinsing water. 

B.3 
Fat fun facts –
biological use 

The following table describes and explains the biological uses of fats: 
 

Use Reason 
Energy 
storage 

Compared to carbohydrates, fats have low proportions of oxygen atoms (compared to other nutrient molecules), high proportions of C–C and C–H 
bonds, and are more reduced. In organic chemistry, reduced compounds contain weaker C–C and C–H bonds and can undergo a more exothermic 
reaction with oxygen, hence release more energy upon oxidation. 
 
Despite containing more than twice as much energy as carbohydrates on a per–mole and also a per–gram basis, fats are much less frequently utilised 
inside the body as an energy source during respiration compared to carbohydrates. This is due to the low aqueous solubility of fats, which is 
associated with difficulty in transport within the predominantly aqueous medium inside the body. 

Insulation A thick layer of fat deposit underneath the skin can provide effective thermal insulation. 
Hormone 
synthesis 

Many sex hormones, including testosterone, estrogen and progesterone, are synthesised naturally inside the body from the cholesterol molecule. 
Synthetic anabolic steroids, commonly used as performance–enhancing drugs by athletes and gym lads, are also based on the cholesterol backbone. 

Cell plasma 
membrane 

Phospholipid is a key component of cell membranes. 
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B.3 
Cholesterol 
and the steroid 
backbone 

The cholesterol molecule is derived from the fused–ring steroid backbone. 
The structural formula of cholesterol and some fatty acids are provided within 
the formula booklet. 

 

B.3 Fat transport 

Fats have low solubility in blood plasma in general, because of their non–polar nature. Humans have evolved the ability to transport fat in the bloodstream using 
lipoproteins – a collection of fat and protein molecules, with polar amino acid R–groups positioned at the exterior of lipoproteins, while the non–polar amino acid R 
groups, cholesterol and fatty acid tails are buried in the interior. There are two major classes of lipoproteins: 
 High–density lipoproteins (HDL) are synthesised and released by the liver. They are used to transport cholesterol and fatty acids from tissues, such as artery walls, 

back to the liver. 
 Low–density lipoproteins (LDL) do the opposite – they are used to transport cholesterol and fatty acids from the liver to other organs. 
High levels of LDL are associated with health issues – LDL often transport cholesterol to arteries, where cholesterol is deposited on the artery walls, leading to 
increased chances of cardiovascular diseases. 

B.3 Fat rancidity 

There are two types of fatty acid rancidities: hydrolytic rancidity and fatty acid oxidative rancidity. 
 
Hydrolytic rancidity involves an ester functional group within a triglyceride undergoing hydrolysis reaction to become glycerol and fatty acids. Fatty acids typically 
have a rancid smell. This process is sped up by moisture, high temperature, presence of bacterial or fungal enzymes, or low pH. 
 
Oxidative rancidity is the result when the C=C bond of an unsaturated fatty acid tail is oxidised by atmospheric oxygen to become a diol. This process is catalyzed by 
microorganism enzymes and is also sped up by light. 
 
Oxidative rancidity can be prevented by the hydrogenation of unsaturated fats during food processing – upon treatment with H2 gas under elevated temperatures and 
pressures in the presence of a nickel catalyst, unsaturated fatty acid tails can be converted into a saturated tail. A drawback of this process is the loss of beneficial health 
effects of cis–unsaturated fatty acids, as well as the formation of trans–fats, which is a side–reaction product during the hydrogenation process. In addition to being 
more prone to accumulation, trans–fats have been shown to increase the formation of LDL cholesterol. 
 
Worked example. Write redox half equations to explain why oleic acid, CH3(CH2)7CH=CH(CH2)7COOH, is prone to oxidative rancidity. Assume the reactions proceed 
under acidic conditions. 
Suggested answer: The oxidised form of oleic acid is CH3(CH2)7CH(OH)CH(OH)(CH2)7COOH: 

 
The oxidation half equation can be deduced using topic–9 method: CH3(CH2)7CH=CH(CH2)7COOH +2H2O  CH3(CH2)7CH(OH)CH(OH)(CH2)7COOH + 2H+ + 2e–. 
The reduction half equation is O2 + 4H+ + 4e–  2H2O. 
The overall reaction is 2CH3(CH2)7CH=CH(CH2)7COOH +O2 +2H2O  2CH3(CH2)7CH(OH)CH(OH)(CH2)7COOH 
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B.3 
Fatty acid 
chemistry – 
iodine number 

Iodine can react with C=C bonds. This is a typical alkene addition reaction: 

 
The iodine number of a fatty acid is the mass of iodine, in grams, that will react with all the unsaturations within 100 grams of a fatty acid. Iodine number problems are 
basically stoichiometry problems. 
 
Worked example. Calculate the iodine number of linolenic acid, whose molecular formula is C18H30O2 and Mr is 278.48. 

Suggested answer. We first use index of hydrogen deficiency idea to determine that the number of unsaturations within linolenic acid is 
18×2+2−30

2
= 4. In the context of 

fatty acid saturation determination, the fact that the carboxyl C=O accounts for one unsaturation means that there are 3 C=C unsaturations present. This means that 
one molecule of linolenic acid will require 3 moles of iodine for a complete reaction. 

The mass of iodine required to completely react with 100 grams of linolenic acid =
100

278.48
× 3 × 253.8 = 273.4 g, hence the iodine number of linolenic acid is 273.4. 

B.3. 
B.10 

Health 
consequences 
of trans fat, 
saturated fat, 
cholesterol and 
steroid–based 
hormones 

Fatty acids can be classified according to their saturation. Unsaturations can be further classified as cis–unsaturations or trans–unsaturations. 
 
Saturated fatty acids have all C–C bonds being single bonds and are solids at room temperature. 

 

Monounsaturated fatty acids have 1 C=C double bond. Natural monounsaturated fats usually exist as the cis–isomer, which are liquids at room temperature. 

Polyunsaturated fatty acids have 2 or more C=C double bonds. 

 

The omega–notation is used to denote the position of the first C=C double bond counting from the CH3 terminal. For example, the polyunsaturated fatty acid in the 

diagram below is a –3 fatty acid, while the last two structures are both –4 monounsaturated fatty acids. 

 

Cis–fatty acids have the big hydrocarbon sections oriented on the same side of the double bond, and trans–fatty acids have the big hydrocarbon tails pointed toward 

opposite sides of the double bond.  

 
As mentioned before, naturally occurring unsaturated fatty acids usually have C=C double bonds in the cis–arrangement. Due to restricted rotation around the C=C 

bond, unsaturated fatty acid tails have rigid geometries, meaning that the cis– and trans– isomers cannot readily interconvert under ordinary conditions. For the cis–

isomer, the tails are rigidly kinked. This prevents them from packing tightly and effectively with saturated fatty acids, which are the more abundant type of fatty acid 

within most living organisms. Ineffective packing of fat molecules is beneficial from a health perspective – ineffective molecular packing means cis–fatty acids and cis–

fats are less likely to accumulate on walls of arteries. 

 

As mentioned in the rancidity entry, food processing often involves high temperatures that convert the cis–fatty acids into trans–fatty acids. Trans–fat and saturated fat 

tails have linear tail shapes, the molecules pack effectively, which means that they are more prone to accumulate at various places within the body e.g. blood vessels. 

Increased consumption of unsaturated, especially polyunsaturated fats, is linked to good health, such as lower risk of heart disease, lower levels of LDL cholesterol and 
higher levels of HDL cholesterol. Increased consumption of trans– fats and saturated fats are linked to obesity and other health risks, such as heart diseases. 
 
There are also issues regarding the abuse of steroid–based hormones, which are otherwise used for muscle building and improved athletic performance. General 
hazards include disruption of puberty, increased aggressiveness and increased risk of heart and kidney diseases. Gender–specific hazards include feminization and 
reduction in sperm production of males, while females may suffer from masculinization, decreased fertility, irregular menstrual cycles and fetal development problems. 
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B.4 
Carbohydrates 
– intro 

Carbohydrates are a class of compounds that satisfy the general formula Cx(H2O)y , where x and y are integers. 
 
The general use of carbohydrates inside the body are as follows: 
 To provide energy – glucose and other monosaccharides are readily metabolised during respiration, which release energy for various biological activities. 
 To store energy – animals store glucose as glycogen while plants store glucose as starch – amylose or amylopectin. 
 As precursors – many sugars are part of bigger molecules which have important body functions. 
 As dietary fibres for the prevention of constipation 

B.4, 
B.10 

Mono–
saccharides: 
linear vs. ring 
form 

Monosaccharides can exist as either a linear or ring form. Monosaccharides can reversibly 

interconvert between the ring form and the linear form in aqueous solutions. The cyclization 

reaction involves an internal nucleophilic attack (shown as the big curly arrow) by the OH on 

the 5th carbon on the aldehyde carbon. Immediately after the nucleophilic attack, the H atom 

on the 5th carbon OH is transferred onto the aldehyde O (via a Bronsted–Lowry acid–base 

reaction), resulting in a hydroxyl group on the 1st carbon. Because of bonding reasons, the 

ring forms are by far the favored structures, and because of steric reasons, the –isomer is the 

preferred diastereomer over the –isomer. 

 

During a cyclization reaction involving a 6–carbon monosaccharide (hexose), the substituents 

on the right hand side of C2 to C4 of the Fischer projection will be directed downwards within 

the Haworth projection. For the cyclization of a 5–carbon monosaccharide (pentose), the 

substituents on the right hand side of C2 and C3 of the Fischer projection will become directed 

downwards within the Haworth projection. 

 

B.4 

Mono–
saccharides: 
Fischer vs. 
Haworth 
projections 

A Fischer projection shows the positions of the hydroxyl groups in the linear form. The aldehyde or ketone is near the top. 

A Haworth projection shows the positions of the substituents bonded to the 6–membered ring. For a pyranose such as glucose, the ring oxygen is usually positioned in 

the top right corner. 

It is imperative for students to correctly indicate all positions of H and OH on the various carbons within both types of structures. 

Linear form of glucose Ring forms of glucose (recognizing alpha vs beta not needed for SL) 

Fischer 
projection 
– viewing 
the 
molecule 
from above 
with an 
upward–
arching 
carbon 
backbone 

 

True structure – viewing 
from the right hand side 
of the Fischer projection, 
with stereochemistry as 
shown 
 

 

Haworth projection – pretending 
that the ring atoms form a 
perfectly planar hexagon (or 
pentagon). The ring oxygen is 
placed near the top right, and 
substitituents are directed straight 
up and straight down 
 

 

True structure – the ring is not perfectly planar, and substituents can 
be directed axially upwards and downwards (red), or equatorially 
upwards and downwards (blue). The axial atom groups on each side 
of the ring are physically close to each other and will mutually repel. 
This partially explains why –glucose is more stable than –glucose 
and is more suitable as a monomer for structural sugar, such as 
cellulose. 
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B.4 

Mono–
saccharides: 
aldose vs. 
ketose, 
hemiacetal vs. 
hemiketal 

An aldose has an aldehyde functional group in the linear form, while a ketose has a ketone functional group in the linear form. The linear form of glucose and fructose 
are provided in the formula booklet. 
 

A hemiacetal is obtained when the H and OR of an alcohol is 
added across the C=O bond of an aldehyde, while a 
hemiketal is obtained when the H and OR of an alcohol is 
added across the C=O bond of a ketone. 
 
In sugar chemistry, a hemiacetal is derived from a cyclization 
reaction involving the aldehyde and a hydroxyl of an aldose, 
such as glucose. A hemiketal is derived from a cyclization 
reaction involving the ketone and a hydroxyl of a ketose, 
such as fructose. Note that it is incorrect to refer to the ring 
oxygen as part of an ether function group – the presence of a 
second oxygen atom on the carbon atom significantly 
changes the chemical property of this carbon atom. 

 

B.4 

Mono–
saccharides: 
pentose vs. 

hexose, 

furanose vs 

pyranose 

A pentose has 5 carbon atoms and a hexose has 6 carbon atoms. 

 

A furanose is a monosaccharide in the ring form where there are 5 atoms, including one 

oxygen atom, within the ring. A pyranose is a monosaccharide in the ring form where there 

are 6 atoms, including one oxygen atom, within the ring. 
 

B.4, 
B.10 

Mono–
saccharides: 
alpha vs. beta, 
D vs. L (HL 
only) 

Applied to sugars in ring form, the –isomer has its aldehyde or ketone–derived OH 
below the ring and pointing down, while the –isomer has its aldehyde or ketone–
derived OH above the ring and pointing up. The – or –defining OH are circled in the 
diagrams to the right. 
 
A D (dextrorotary) sugar rotates the plane of plane–polarised light clockwise while 

an L (levorotatory) sugar rotates the plane of plane–polarised light anticlockwise. 

For all monosaccharides, the D–sugar has the OH group of the 2nd–last carbon 
positioned on the right hand side of the Fischer projection. Meanwhile, any ring–
formed sugar on the exam can be taken for granted to be a D–sugar. 

 

B.4 
Common 
monosaccha–
rides 

Common monosaccharides, for both everyday and exam purposes, are described in the table below. All of these structures, except galactose, are available in the formula 
booklet. 
 

Sugar Glucose (C6H12O6) Fructose (C6H12O6) Galactose (C6H12O6) Ribose (C5H10O5) Deoxyribose (C5H10O4) 
Classifi–

cation 
Hexose, aldose, commonly 

exists as a pyranose 
Hexose, ketose, commonly 

exists as a furanose 
Hexose, aldose, commonly 

exists as a pyranose 
Pentose, aldose, commonly 

exists as a furanose 
Pentose, aldose, commonly 

exists as a furanose 

Structural 
formula of 
the –ring 

form of 
the sugar 

 
 

 
  

Major use 

The most common form of 
sugar, and is used for 
respiration as well as 
structures. 

Combined with glucose to 
become sucrose – an 
important plant transport 
sugar. 

Combined with glucose to 
become lactose, which is 
commonly found in milk. 

Key building block for 
nucleotides (monomers) of 
ribonucleic acids, an 
important form of genetic 
material. 

Key building block for 
nucleotides (monomers) of 
deoxyribonucleic acids, an 
important form of genetic 
material. 
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B.4 
Dissaccharide 
structure and 
function 

A glycosidic bond is formed when two monosaccharides undergo a condensation reaction with each other. 
 
Students should be able to recall the specific forms of the monosaccharides and the specific OH groups that are involved during the formation of maltose, sucrose and 
lactose. Students should also be able to condense unfamiliar monosaccharides or hydrolyse disaccharides on paper, when the structural formula are provided. 
 

Disaccharide 
Monomers, and OHs 

involved 
Diagram 

Maltose 
(sugar found 
in 
germinating 
grains) 

–glucose (OH on C1) 
glucose (OH on C4) 

 

Sucrose 
(sugar found 
in plant 
transport 
systems) 

–fructose (OH on C2) 
–glucose (OH on C1) 

The structures shown on the left hand side of the equation are taken from the formula booklet. Students should recall the 
need to unconventionally position the fructose, as well as to unconventionally name the glycosidic bond as ,–1,2–
glycosidic bond. There are two common ways to draw sucrose – the rings on top of each other, or the rings connected by a 
“horizontally oriented” glycosidic bond. Both representations are acceptable. 

 

Lactose 
(sugar found 
in milk) 

–galactose (OH on C1) 
glucose (OH on C4) 
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B.4 
Polysaccharide 
structure and 
function 

The important information regarding the structure and function of polysaccharides are presented in the table below: 

 

Polysaccharide Function, and structure–function relationship 

Starch – 
amylose 

 

Amylose is an unbranched polymer of –glucose, found 
in plants only. The –glucose monomers are joined via 
–1,4–glycosidic bonds. Because the position–1 and 
position–4 OH are both angled downwards with respect 
to the 6–membered ring, the polymer is not linear, and 
instead coils into a helix as the polymer is extended. The 
helix is stabilised by intramolecular hydrogen bonds 
and is very compact, making it an excellent molecule for 
storage purpose. 
 

Cellulose (HL 
only) 

 

Cellulose is an unbranched polymer of –glucose found 
in plants only. The –glucose monomers are joined via 
–1,4–glycosidic bonds. The equatorially–up and down 
orientations of the 1st and 4th–position OH groups allow 
the polymer chain to extend linearly. The linear chains 
of cellulose molecules pack effectively and are able to 
form many inter–strand hydrogen bonds that “cross–
links” the cellulose molecules, resulting in cellulose 
being a strong material that is suitable for the synthesis 
of plant structures, such as cell walls. 

Glycogen, 
starch – 
amylopectin 

 
 

 

Amylopectin is a branched polymer of –glucose, found 
only in plants. Much like amylose, the unbranched 
sections consist of –glucose monomers, joined via –
1,4–glycosidic bonds, and has a helical structure. The 
branches are in the form –1,6–glycosidic bonds. 
 
Glycogen is structurally very similar to amylopectin, but 
glycogen is found in animals and fungi, instead of plants. 
Also, glycogen is larger and has more frequent branches 
than amylopectin does. 
 
Because of branching, glycogen and amylopectin have a 
less regular structure than amylose, but they are still 
efficient molecules for sugar storage purposes. 
Furthermore, having branches means there are more 
sites for amylase enzymes to hydrolyse maltose or 
glucose off the polysaccharide, meaning that maltose 
and glucose can be released more rapidly during times 
of need. 
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B.5 
Vitamins – a 
summary 

Vitamins are organic molecules – nutrients that cannot be synthesised by the body, and hence must be obtained from the diet. 

Vitamin Structure (provided in the formula booklet) Polarity and solubility 
Major use within body, and diseases that 
can arise due to deficiency in this vitamin 

Possible solutions 

A 

 

Non–polar, fat–soluble, can form 
London dispersion force with 
non–polar medium (i.e. fat), 
cannot disrupt hydrogen bonding 
in water hence water–insoluble. 

Helps promotion vision / synthesise 
rhodopsin. Vitamin A deficiency often 
leads to night blindness. 

 Take nutritional 
supplements 

 Grow 
genetically–
modified crops 
that are fortified 
with vitamins 

 Eat fresh food 
 Add vitamins 

during food 
processing 

C 

 

Polar, water soluble, can form 
hydrogen bonds with water 

Promote collagen synthesis and formation 
of connective tissues. Vitamin C deficiency 
often leads to scurvy. 

D 

 

Non–polar, fat–soluble, can form 
London dispersion force with 
non–polar medium (i.e. fat), 
cannot disrupt hydrogen bonding 
in water hence water–insoluble. 

Promotes absorption and transport of 
calcium, leading to bone mineralization. A 
diet deficient in vitamin D can lead to 
osteoporosis or rickets. 

 
Worked example. A worldwide survey was conducted by the UN, asking "would you please give your honest opinion about solutions to vitamin supplement shortage 
problems in the rest of the world." Explain why the survey was a huge failure. 
Suggested answers: 
In Africa they didn't know what "supplement" meant. 
In Eastern Europe they didn't know what "honest" meant. 
In Western Europe they didn't know what "shortage" meant. 
In China they didn't know what "opinion" meant. 
In the Middle East they didn't know what "solution" meant. 
In South America they didn't know what "please" meant. 
And in the USA they didn't know what "the rest of the world" meant. 

B.6 
Xenobiotics, 
bio–
accumulation 

Xenobiotics are chemicals that are not normally found or produced inside the body of organisms. Important xenobiotics for exam purposes include…… 
 Drugs, which may be totally synthetic, or derived from other organisms 
 Pollutants from the disposal of manufactured items, such as polychlorobenzenes, which are commonly used as electronic insulators 
 Pollutants formed as an incineration product, such as dioxins 
 Heavy metal ions 
 
All xenobiotics are harmful to certain extents. For example, xenobiotics may disrupt the normal functioning of enzymes. Many xenobiotics are fat–soluble and are stored 
in fatty tissues. Inexcretable toxins will lead to biomagnification along a food chain in the natural environment, and bioaccumulation inside the body of an organism – 
toxins reaching a high–enough concentration for the organism to show negative health symptoms. Chelation therapy can be used to treat heavy–metal poisoning – 
chelation therapy involves the administration of a “chelate drug”, which selectively bonds to heavy–metal ions inside body, resulting in the formation of a “complex ion” 
which is water–soluble, transportable and excretable. 

B.6 
Biodegradable 
plastics 

Biodegradable plastics (or bioplastic) are plastic–like materials made primarily from starch and poly(lactic acid) (PLA). 
 
Bioplastics can be made to have different desirable physical properties via the addition of various amounts of additives, which may serve as colorings and plasticizers. A 
major environmental advantage of using bioplastics is its ability to biodegrade – be decomposed into smaller molecules, usually through microorganism metabolism, in 
a short amount of time. Biodegradable plastics also make use of less fossil fuel resources, or can be mixed with synthetic polymers in various proportions in achieving 
desirable physical properties. 
 
A major drawback of using bioplastics is the tendency of the bioplastic items to disintegrate or dissolve in water as biopolymers undergo hydrolysis. Also, arable land 
will be required to grow crop plants which are the source of starch. 
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B.6 
Other methods 
in green 
chemistry 

The table below summarises other methods practised in modern green chemistry. 

 

Method Description 

Green solvents 
Green solvents are solvents that do not require the use of crude–oil resources. Examples of green solvents include water, and “supercritical carbon 
dioxide”, formed by the warming of dry ice in a sealed container, with high pressure allowing CO2 to (temporarily) exist in the liquid state. 

Atom economy 
consideration 

Industrual processes are developed with atom economy kept in mind. Reactions are designed in order to minimise the amount of waste products, 
or to make use of byproducts. Examples have been covered in topic 1. 

Biological 
enzymes  

Biological enzymes have been developed to break down oil spill, or become biological detergents, which can exhibit high washing efficiency, 
thereby preventing the need to use high temperatures, which require energy. 

Host–guest 
chemistry 

Host–guest chemistry relies on non–covalent interactions, such as ionic bonding, hydrogen bonding and London dispersion force, between a host 
molecule and a guest molecule to form a soluble supramolecular complex. Research mostly revolves around the development of an effective host 
molecule that can target specific problem–substances i.e. “guests”. Host–guest chemistry has been successfully used in xenobiotic and pollutant 
removal, such as radioactive caesium, other heavy metals such as lead, and carcinogenic polyaromatic amines. 
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B.7 

Buffer 
calculations – 
biological 
applications 

The pH of a buffer can be calculated using the Henderson–Hasselbalch equation: pH = pKa + log
[A−]

[HA]
. This has been discussed under topic 8. Examples in this section 

will revolve around biological applications, the most important of which being the maintenance of constant blood pH within the human body.  
 

Situation Questions, and suggested answers 
The human blood 
contains carbonic 
and hydrocarbonate 
ions, which undergo 
the acid–base 
dissociation 
equilibrium: 
H2CO3 ⇌ HCO3– + H+ 
 

Explain why an excessive change of blood pH can be lethal. 
Suggested answer:  Human blood contains a natural buffer that allows the pH of blood to be maintained at an optimal level for the 
functioning of various proteins. Deviation from the optimal pH can lead to the disruption of weak ionic and hydrogen bonds that are 
required for maintaining the tertiary structure of proteins, in the process causing them to lose function. 
The pKa of carbonic acid is 6.31 and the pH of blood is 7.35. Determine the ratio of [HCO3–] : [H2CO3]. 

Suggested answer: using the Henderson–Hasselbalch equation, we have pH = pKa + log
[A−]

[HA]
 or Ka = 

[𝐻+][A−]

[HA]
; 10−6.31 =

10−7.35[HCO3
−]

[H2CO3]
 

7.35 = 6.31 + log
[HCO3

−] 

[H2CO3]
, log

[HCO3
−] 

[H2CO3]
 = 1.04, resulting in [HCO3–] : [H2CO3] = 10.965. 

A student tries to make a 1.00–dm3 pH 7.35 buffer solution that contains 0.100 mol of NaHCO3. Determine the volume of CO2 (measured at 
RTP where the molar volume of CO2 is 24.8 dm3) that needs to be dissolved in order to achieve this. Assume all dissolved CO2 becomes 
H2CO3. 

Suggested answer: the concentration of HCO3– = 
0.100

1.00
= 0.100 mol dm−3. Using the Henderson–Hasselbalch equation again (or using the 

result from the previous question – [H2CO3] : [HCO3–] = 10.965), we have 7.35 = 6.31 + log
0.100

[H2CO3]
 which can be solved to give [H2CO3] =

0.00912 mol dm−3. As one CO2 gives rise to 1 mole of H2CO3 according to the equation CO2 + H2O  H2CO3, the volume of CO2 needed 
= 0.00912 × 1 × 24.8 = 0.226 dm3. 
Determine the final pH if 0.0020 mol of HCl is added to the mixture above. 
Suggested answer: HCl will react with base component of the buffer: HCl + HCO3–  Cl– + H2CO3. The addition of 0.0020 mol of HCl will 
cause the number of moles of HCO3– to decrease by 0.0020 mol and the number of moles of H2CO3 to increase by the same amount, as 
illustrated by the “RICE table of moles” below: 
R HCl  +  HCO3–    Cl–  +  H2CO3 

I 0.002  0.100  0  0.00912 
C –0.002  –0.002  +0.002 +0.002 
E 0  0.098  0.002  0.01112 
Recall that the final volume of the reaction mixture is irrelevant. We can use the Henderson–Hasselbalch equation again: Final  pH = 6.31 +

log
0.098

0.01112
= 7.26 which is fairly close to the original value. (Note: if this pH change occurs inside the body, the person will most likely suffer 

from symptoms of acidosis, but then the neutralised 0.00200 mol HCO3– represent 2 % of the base of the buffer – a significant proportion 
within a living organism.) 
Determine the final pH of a 1.00 dm3 unbuffered solution, originally at pH = 7.35, if 0.00200 mol of HCl is added to it. 
Suggested answer: The starting [H+] is 10–7.35 mol dm–3, which will be insignificant compared to what the HCl will contribute. The final H+ 
concentration of the mixture will be approximately 2.00 × 10−3mol dm−3 and the corresponding pH value is 2.70. 

A student 
investigates the 
digestion of 
triglycerides using 
lipase enzymes. The 
reaction mixture is 
prepared in a beaker. 
The student would 
like to maintain the 
pH of the reaction 
mixture to be at 8.10. 

Suggest what will happen to the reaction if the reaction mixture is not buffered. 
Suggested answer: digestion of triglycerides produces fatty acids, which will cause the pH of the mixture to drop. As digestion is catalyzed 
by lipase enzymes, a fall in pH can result in the disruption of tertiary structures and hence the functioning of lipase. This will cause the 
digestion of triglycerides to decrease in rate, or maybe even come to a halt as lipase is denatured. 
The student wishes to prepare a phosphate buffer involving the following two amphiprotic species: 
H2PO4– ⇌ HPO42– + H+  pKa = 7.21 
Determine the mass of K2HPO4 (Mr = 174.18) that the student should add if 10.0 grams of KH2PO4 (Mr = 136.09) is also used to make the 
buffer solution. 
Suggested answer: 

Using Henderson–Hasselbalch equation pH = pKa + log
[A−]

[HA]
, we have 8.10 = 7.21 + log

[HPO4
2−] 

[H2PO4
−]

. 

Recall that we can use moles instead of concentration for the conjugate acid–base pair, we have 8.10 = 7.21 + log (
x

174.18
 

10.0

136.09
 
) leading to 

x = 99.4 g. The large mass should not come as a surprise – to prepare a buffer whose pH is higher than the pKa of the acid by almost 1 pH 
unit, we need to use a somewhat larger proportion of the base compared to the acid. 
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B.7 

UV–Visible 
analysis of 
protein 
concentration 

Colorimetry is a commonly–used technique to determine the concentration of biological compounds in a sample. It has been found that the absorbance of a sample at 
specific wavelengths is often directly proportional to the concentration of the light–absorbing chemical within the sample.  
 
Experimentally, a beam of UV or visible light of intensity Io is shone through a solution of the sample, and the transmitted intensity, I, is recorded instrumentally by a 
colorimeter, or a spectrophotometer (which is more powerful than a colorimeter as it is able to automatically scan through a range of wavelengths). 
 

The mathematic relations that describe the absorptive property of a solution are A = − log(T) = − log
I

Io
= log

Io

I
 and A = ϵbc. The letter “A” represents absorbance, 

which is a unit–less quantity. T represents transmittance, which is defined to be the ratio between the transmitted intensity (I) to the incident intensity (Io), ϵ 
represents the extinction coefficient (sometimes called molar absorptivity constant (mol–1 dm3 cm–1)), which depends on the chemical property of the sample and the 
wavelength of interest, b is the length of the path of light with the solution (usually 1 cm), and c is the concentration of the sample in mol dm–3. The equation A = ϵbc is 
also referred to as the Beer–Lambert law. 
 
One limitation of A = ϵbc is that the direct–proportional relationship between A and c is usually valid only for low concentrations, typically up to 10–2 to 10–1 mol dm–3. 
 
UV–visible spectroscopy is commonly employed during quantitative analysis of proteins. Common protocols (such as “Bradford protein assay”) often involve the 
addition of a reagent that will develop a specific color upon reactions with protein. The intensity of the target color, which can be measured spectroscopically, is 
indicative of the protein concentration of the original sample. The analysis begins with the construction of a calibration curve – the absorbances of samples of known 
protein concentrations are first measured and plotted in a graph. The concentration of protein of an unknown sample can then be determined via interpolation using 
the calibration curve. 
 
Worked example. Standard solutions of proteins are treated with a dye to produce blue solutions, whose absorbances are measured. Analyse the information and 
address the questions. 

Information Questions and suggested answers 
Raw data 

Volume of 20.0 g dm–3 stock 
protein solution (cm3) 

Volume of 
water (cm3) 

Effective 
concentration of 

protein (g dm–3) 

Absor–
bance 

10.0 0.0 20.0 1.268 
8.0 2.0 16.0 1.115 
6.0 4.0 12.0 0.904 
4.0 6.0 8.0 0.601 
2.0 8.0 4.0 0.311 
0 10.0 0.0 0 
Unknown sample ??? 0.851 

 

Explain how the effective concentrations of proteins are calculated. 
Suggested answer: the effective concentrations are determined using dilution 
calculations outlined under topic 6. For example, the concentration of the 8:2 

protein stock : water standard solution = 20.0 ×
8.0

8.0+2.0
= 16.0 μg dm−3. 

Suggest a suitable wavelength to be used. 
Suggested answer: a blue solution likely absorbs orange strongly, hence a 
suitable wavelength to use would be somewhere between 585 – 647 nm 
according to the IB color wheel.  

Determine the approximate concentration range within which the Beer–Lambert 
law is obeyed. 
Suggested answer: The graph starts to exhibit a downward curvature at an 
approximate concentration of 10.0 μg dm−3, hence the concentration range 
within which the Beer Lambert law is obeyed is from 0.0 to 10.0 μg dm−3.  

Calibration curve 

 

Determine the absorptivity constant in the Beer–Lambert law–obeying range. 
The path length of the beam through all samples is 1.0 cm. 
Suggested answer: According to the Beer Lambert law A = ϵbc, a plot of A vs. c 
should yield a straight line whose gradient corresponds to ϵb. Using the entire 
line section from concentration = 0 to 10.0  μg dm−3, we have gradient 

=
0.75

10
= 0.075 μg−1 dm3 hence the absorptivity constant of the protein–dye 

complex is 
0.075 μg−1dm3

1.0 cm
= 0.075 μg−1 dm3cm−1. 

Determine the concentration of the unknown protein sample. 
Suggested answer: interpolation using A = 0.851 shows that the protein 
concentration in the unknown sample is about 11.4  μg dm−3. 
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B.7 
Enzyme 
kinetics – 
inhibition 

Below are graphs that show how the concentration of substrates affects the rate of an enzyme–catalyzed reaction.  
 

Graph Mathematical constants 

 

 Vmax represents the maximum reaction rate (velocity) of the 
enzyme. 

 KM is called the Michaelis–Menten constant, named after the 
scientists who developed this famous branch of enzyme kinetic 
mathematics. The value of KM is defined to be the substrate 
concentration which allows half of the enzyme active sites to 

be occupied, and hence a reaction rate of  
1

2
𝑉𝑚𝑎𝑥  is achieved. A 

large value of KM corresponds to a low affinity between enzyme 
and substrate – it takes a higher substrate concentrate to half–
saturate the enzyme active sites. 

 
An inhibitor is a substance that reduces the rate of reaction by interfering with the functioning of the enzyme. There are two common modes of inhibition: a competitive 
inhibitor usually has similar molecular shape as the target substrate – the competitive inhibitor will compete with the target substrate in binding to the active site. This 
will reduce the ability of the desired substrate to bind. A non–competitive inhibitor will bind elsewhere on the enzyme. This binding will cause a change in the active 
site 3D–shape, and this prevents the desired substrates from binding as effectively as before. Students should know that many drugs and poisons behave as enzyme 
inhibitors inside the body. Students should also be aware of the effect of the introduction of an inhibitor on the Vmax and KM values of an enzyme–catalysed reaction. 
 

 Competitive inhibition, reversible binding Non–competitive 

Graph 

  

Explana–
tion 

The same old Vmax can be more–or–less achieved using higher substrate 
concentrations, which allows the substrate molecules to out–compete the inhibitors 
for binding with the enzyme active site. This corresponds to Vmax being unchanged. 
 
It takes a higher substrate concentration to half–saturate the active sites. This 
corresponds to an increased value of KM. 

Because of bonding reasons, the active site has lower affinity 
for the target substrates. This corresponds to a decrease in 
Vmax. 
 
The non–competitive inhibitor does not directly bind to the 
active site. Hence the value of KM is unaffected. 

 

B.7 
End–product 
inhibition 

Many metabolic pathways inside our body are controlled by negative 
feedback – a beneficial mechanism that prevents the excessive production of 
biochemicals inside the body. The end product of a pathway reversibly binds 
to a site, known as the allosteric site, of an enzyme involved in an upstream 
process. This is a type of non–competitive inhibition – it causes a temporary 
change in the enzyme active site 3D shape, and prevents the binding of the 
targeted substrate hence the continued production of an excess of the end 
product. Upon consumption or removal of the end product inside the cell, the 
decreased cytoplasmic end–product concentration allows the inhibiting end–
product molecule to dissociate from the upstream enzyme, allowing the 
upstream enzyme to regain activity hence resuming the production of the end 
product. 
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B.8 DNA structure 

DNA stands for deoxyribonucleic acid. Its structure consists of two strands, each strand being a polymer of nucleotides, which comprise of deoxyribose (a type of 
pentose), phosphate and a nitrogenous base. The nucleotides are joined by phosphodiester bonds as the pentose–phosphate backbone is built. The two strands run 
antiparallel to each other and are held together via hydrogen bonding within base pairs. The 4 types of nucleotides that are used in building DNA are adenine, thymine, 
cytosine and guanine. Their structures are provided in the formula booklet and will be used in the entry that discusses complementary base pairing. 
 

Full chemical structure of nucleotide 
Hydrogen bonding between antiparallel strands 

(chemical details shown in the next entry) 
Double–helical representation 

of DNA 

   

 
RNA is another type of molecule that can carry genetic information – DNA is exclusively for permanent storage of genetic information, where RNA can exist in a few 
different forms and has more uses within the cell. 
 
The following table summarises the differences between DNA and RNA: 

 DNA RNA 
Sugar utilised 2–Deoxyribose Ribose (structure shown in topic B.4) 
Bases utilised Adenine (A), thymine (T), cytosine (C), guanine (G) Adenine (A), uracil (U), cytosine (C), guanine (G)  
Helical nature Usually exists as a double helix Usually exists as single strands 
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B.8 

DNA 
properties – 
histones, gel 
electrophoresis 

The phosphate groups of DNA are partially ionised and are negatively–charged under typical physiological pH. They can form ion–dipole attractions with water in the 
surrounding aqueous environments. Meanwhile, the less hydrophilic nitrogenous bases are found in the interior of the double helix, away from the surrounding 
aqueous medium. The base pairs undergo stacking, with the base pairs experiencing London dispersion forces and dipole–dipole forces. 
 
Human DNA is associated with proteins called histones. Histone proteins contain many lysine residues, with the amino group on the R–group of lysine being protonated 
and hence positively charged under typical physiological pH. As a result, phosphates form ionic bonds with histones. The interaction between histones and DNA is 
extremely important in regulating the level of gene expression, and is an elegant way for the body to suppress gene expression – the interaction prevents uncoiling of 
the DNA, which otherwise initiates the synthesis of protein coded for by the specific section of DNA base sequence. Histone association also allows replicated DNA to 
supercoil into a compact structure, which allows accurate DNA separation into two equal portions during cell division. 
 
The interaction between histones and DNA is an example of application of bonding theories (delocalization of electrons) and acid–base chemistry in biochemistry. 
 

Worked example Suggested answer 
DNA activation is often achieved via the 
acetylation of histone lysine residues. 
Explain, in terms of electron 
delocalization, how acetylation results 
in decreased ionic bonding between 
histone and DNA. 

Acetylation results in the conversion of an amine into an amide. The amine nitrogen lone pair does not exhibit 
delocalization, while the amide nitrogen lone pair can participate in delocalization involving the neighboring C=O group. 
Delocalization results in the amide nitrogen lone pair spread over several atoms. Without a localised lone pair, the 
nitrogen atom is now less available in attracting a proton – this corresponds to decreased basicity of the nitrogen atom 
hence lower tendency of the nitrogen being protonated. The deprotonated form is electrically netural and cannot 
undergo ionic bonding. The lower tendency of the nitrogen atom to stay protonated results in weaker interaction 
between the histone nitrogen and the negatively–charged phosphate groups on DNA. 

 
 

 
Gel electrophoresis of DNA fragments is an experiment to solve crime scene suspect cases or paternity cases. DNA samples are treated with specific DNA–cutting 
enzymes (restriction enzymes) which cut at specific sequences. Different individuals have different DNA sequences and will produce DNA fragments of different 
lengths. These fragments, which are all negatively charged, are allowed to migrate down a gel, from the negative terminal to the positive terminal, with the larger 
fragments typically migrating more slowly. A high degree of fragmentation pattern match indicates higher probability of the individuals being biologically related to 
each other during a paternity case, while an exact match between the crime–scene DNA and suspect DNA is often needed to convict a suspect. 

  



 

Copyright ©  Dr. Jenkins Tsang, Akademia Tuition Ltd. 2019        156 
 

B.8 

Nucleotide – 
structures, 
hydrogen 
bonding, 
complemen–
tary base 
pairing 

Specific pairs of bases have complementary shapes that allow them to effectively form two or more hydrogen bonds with each other. Nitrogenous bases that can 
effectively pair with each other are adenine–thymine (A–T), adenine–uracil (A–U) and cytosine–guanine (C–G). 
 
There are a few important implications of complementary base pairing: 
 Stability of DNA: complementary base pairing occurs at every single nucleotide along each of two strands of DNA, resulting in the formation of many hydrogen 

bonds, which allow the two DNA strands to exist as a stable double–stranded helical “molecule”. 
 Accurate transfer of genetic information to new cells: during DNA replication, the DNA double helix unwinds, and free nucleotides within the nucleus are allowed to 

interact with the exposed bases on both strands. The tendency for A–T and C–G to undergo complementary base pairing allows living things to accurately construct 
the base sequences of the newly–synthesised DNA strands. 

 Protein synthesis: The synthesis of messenger–RNA (mRNA) during transcription, and the transfer–RNA anticodon recognition of mRNA triplet codons during 
translation (as different tRNA molecules bring along the correct amino acids) both rely on accurate complementary base pairing. 

 
Exams will require students to draw how suitable nitrogenous base pairs or nucleotide pairs undergo complementary pairing. The data booklet provides the structures 
of all nitrogenous bases. However, not all bases are given in the correct orientation that allows immediate hydrogen bonding. Generally, one of the bases needs to be 
flipped, and one of the bases needs to be slightly rotated before the correct orientations are achieved.  
 
Worked example. Use the structural formulas of the DNA nitrogenous bases to illustrate the two types of complementary base pairing. 
Suggested answer: 

Base pair Structural formula as shown in the data booklet 
Reflecting the left–hand–side base horizontally 

+ rotating the right–hand–side base 60o 
anticlockwise 

Hydrogen bonding between the 
paired bases 

Adenine–thymine 
(or adenine–uracil; 
uracil differs from 
thymine by only a 
CH3 group which 
has no influence on 
hydrogen bonding) 

   

Cytosine–guanine 

 
  

 
Worked example. Deduce the complementary RNA sequence for the DNA sequence –––CATGTGGAGAGATTA–––. 
Suggested answer: Using the complementary base–pairing rules: DNA–adenine⋯RNA–uracil, DNA–thymine⋯RNA–adenine and C⋯G allows you to deduce that the 
complementary RNA sequence is –––GUACACCUCUCUAAU–––. 
 
Worked example. In a chromosome, 22% of the DNA nucleotides contain cytosine. Address the following questions. 

Question Suggested answer 
Deduce the approximate percentage of all 
4 types of DNA nucleotides. 

As cytosine undergoes complementary base pairing with guanine, we expect the % of DNA nucleotides that contain 
guanine to be also 22%. This leaves behind 100 – 22 – 22 = 56% of the nucleotides, which can be evenly attributed to 

adenine and thymine. Thus we expect the percentage of A and T to be both approximately 
56

2
= 28%. 

Explain why this analysis cannot be 
applied to RNA nucleotides. 

RNA exists (mostly) as a single–stranded molecule, and RNA also has many other non–genetic uses inside the body. 
Therefore, a determination of all RNA base percentages based solely on complementary base pairing is invalid. 
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B.8 Genetic code 

All living things utilise the genetic code – the base sequence of protein–coding sections of chromosomes, called genes, are interpreted as triplets by the protein–
synthesis mechanism. Each triplet of base is called a codon. The sequence of codons is instruction for the protein–synthesis mechanism to bring along and incorporate a 
specific amino acid in the construction of the primary structure i.e. amino acid sequence of the polypeptide. 
 
The universal nature of genetic code allows different organisms to transcribe and translate the same base sequence into the same amino acid sequence. This makes the 
production of genetic modified organisms a viable technology in improving human lives. 

B.8 
Genetic 
modifications – 
pros and cons. 

Genetic modification involves the insertion of a gene that originates from a different species, or the removal of genes within cells of an organism using biotechnology. 
Genetic modification techniques have been employed in food production – food is derived from a genetically–modified organism. Below is a table that summarises the 
benefits and disadvantages of genetic modification. 

Advantages Disadvantages 

 Crops have enhanced taste, quality or appearance 
 Crops can have reduced maturation time 
 Crops can have increased nutrition content and yield e.g. enrichment of rice with vitamin A 
 Crops can receive resistance to disease, pests and herbicides e.g. GM corn–borer–resistant corn 
 Animals can have increased disease resistance 
 Animals can have increased feed efficiency and productivity 
 Animals can provide better yields of milk and egg 
 Animals can experience improved health 
 Environmental friendly bio–herbicides or bio–pesticides can be developed 
 Improved waste management 

 Increased allergies for people involved in food 
processing 

 Altered composition of balanced diet and nutritional 
quality 

 Passing of resistant genes to wild species, which cause 
harm to pest in a non–agricultural ecosystem, where the 
pest species could be a key species within food chain 

 Development of pesticide and herbicide–resistance 
species 

 Unknown effects on ecosystems 
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B.9 

Biological 
pigments – 
introduction to 
chromophores 

A pigment is a colored organic compound. A chromophore is a structure within a molecule that is responsible for the molecule absorbing electromagnetic waves, 
typically within the UV or visible light region, with electrons temporarily excited to a higher energy state as a result. 
 
Students have previously come across transition metal ion chromophores in topic 13. For organic compounds, organic pigments often possess conjugated systems 
which act as chromophores – an organic conjugated system is a region within a molecule where there are alternating single and double bonds. Examples of organic 
compounds that contain conjugated systems are shown below.  

 

 
Conjugated system chromophores are associated with molecular energy levels. The larger the size of the chromophore (with size depending on actual length of the 
molecule and number of atoms involved), the smaller the energy gaps between electron energy levels, and longer the wavelength of photons involved. Small conjugated 
systems absorb short wavelengths high–energy photons while larger chromophores absorb longer wavelengths. Students should be aware of single benzene rings 
absorbing in the UV regions, but conjugated systems that are somewhat larger will start to be able to exhibit absorptions in the longer wavelength, visible light region. 
Also, much like in the case of transition metal compounds, the complementary color is the observed color. 
 
The absorption characteristic of a compound is sometimes provided as a UV–Visible spectrum. 
 
Worked example. Below are the two forms of the pH indicator bromocresol green, and the UV–visible spectrum of the form X and form Y. Address the questions. 

Information Question Suggested answer 
Acid–base equilibrium 

 
UV–Visible absorption spectra 

 

Determine the 
colours of form X 
and form Y from 
the UV–Visible 
spectrum. 

Form X has an absorbance maximum at 450 nm, which is 
violet. Hence we expect form X to appear yellow, which is the 
complementary color of violet. Form Y absorbs strongly at 
580–590 nm, which is red–orange. Hence we expect form Y 
to be blue–green. 

Without referring 
to the formula 
booklet, 
determine which 
form is the acidic 
form. 

Recall that more extensive –systems absorb at longer 
wavelengths. According to the structural formula for 
bromocresol green, the basic form has a slightly more 
extensive conjugated –system due to resonance, and should 
absorb longer wavelengths as a result. Since Y absorbs at a 
longer wavelength than X does, we would expect form Y to be 
the basic form and form X to be the acidic form. 

Explain the 
action of bleach 
on organic dyes. 

Oxidizing agents, such as bleach, act on unsaturations by 
adding electronegative atom groups (such as OH and Cl) onto 
C=C double bonds. Such reactions disrupt and shorten the 
conjugated –systems, causing the oxidised dye molecules to 
be no longer able to absorb relatively long, visible–light 
wavelengths. 
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B.9 Hemoglobin  

Hemoglobin is a protein with a quaternary structure. Hemoglobin is formed by the association of 2 –globin and 2 –globin polypeptide chains, which are held together 
by non–covalent interactions, such as hydrogen bonds and ionic bonds. Each globin chain is further bonded to a prosthetic group called the heme group (whose 
structure is available in the data booklet), via dative covalent bonding between the iron(II) atom and a nitrogen atom (on a histidine residue somewhere within each 
polypeptide). The iron atom remains in the oxidation state of Fe(II) throughout the process. 
 
The binding of oxygen to heme is illustrated below, and the ability of heme to reversibly bind oxygen is crucial to heme’s role as blood oxygen carrier. Oxygen serves as 
a ligand – at locations inside the body, such as the lungs, where the surrounding oxygen partial pressure (which can be interpreted as “concentration” for dissolved gas) 
is high, the binding of O2 to heme (the forward direction) is favored. At respiring body tissues where the surrounding oxygen partial pressure is low (due to respiration 
using up oxygen) and the pH is low (due to the relatively high partial pressure of CO2), O2 can be released from the oxygenated heme. This ensures that hemoglobin can 
effectively carry oxygen from the gas–change interface (lungs) to body tissues in need of oxygen. 
 
The binding of oxygen to hemoglobin is cooperative. Recall that hemoglobin consists of 4 polypeptide chains and 4 hemes. The binding of oxygen to the first heme (Hb 
+ O2 ⇌ HbO2) causes a slight conformation (shape) change of the remaining polypeptide chains, which causes the remaining heme binding sites to be more exposed. 
This corresponds to the remaining heme binding sites having increased affinity for oxygen.  
 
Shown below to the right is the called the oxygen dissociation curve of hemoglobin – the horizontal axis denotes the surrounding oxygen partial pressure, while the 
vertical axis shows the percentage saturation of all heme oxygen binding sites, collectively, on the hemoglobin molecule. Note the S–shaped (sigmoidal shape) curve – 
an increasing gradient at low partial pressures is consistent with cooperative binding. The curve levels off as the surrounding O2 partial pressure further increases – 
despite the increased affinity for oxygen, the binding sites are gradually getting completely filled. At around 150 mm Hg (corresponding to 20 kPa), the binding sites are 
essentially 100% occupied, and the hemoglobin molecule is often referred to as oxyhemoglobin. 
 

Reversible binding of oxygen Hemoglobin oxygen dissociation curve 

 
 

 
Students need to be aware of the decreased affinity of heme towards oxygen in the presence of inhibitors. For example, carbon monoxide is a much more effective 
ligand than O2 and acts as a competitive inhibitor against oxygen binding. This leads to the formation of carboxyhemoglobin, which further leads to hypoxia and death. 
Meanwhile, natural metabolites such as 2,3–bisphosphoglycerate (2,3–BPG), a respiratory intermediate , can act as a non–competitive inhibitor of O2 binding. 2,3–BPG 
binds to an “allosteric site”, causing a change in hemoglobin shape, which results in lower oxygen affinity. This is a natural and elegant way for the body to stimulate the 
release of O2 from hemoglobin, so that the O2 becomes accessible to cells in need, such as respiring muscle tissues. 
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B.9 

Factor that 
affects the 
oxygen–
carrying 
capacity of 
hemoglobin 
and related 
molecules 

Students should be aware of how the affinity of oxygen by heme–related molecules depends on biological factors as well as physiological conditions. 
 

Change in physiological conditions, and cause 
Beneficial consequences, and how the shape of the hemoglobin oxygen dissociation curve changes, as needed 

for exam purposes 

Increased temperature – the binding of oxygen is 
to heme is slightly exothermic, hence an increase 
in temperature will favor the dissociation 
(backward) direction. 

Respiration releases heat. Respiration also releases CO2 or lactic acid, both of which are acidic. Increased 
temperature, increased CO2 concentration and decreased pH are physiological cues produced by respiring cells 
that are in need of oxygen. Decreased affinity of O2 by heme means more O2 available for respiring cells. 

 

Increased CO2 partial pressure or decreased pH – 
Deoxyhemoglobin has a higher affinity for H+ 
than oxyhemoglobin does. Increased surrounding 
H+ concentration favors the dissociation of O2 
which forms deoxyhemoglobin. This is known as 
the Bohr shift. 

Adult hemoglobin vs fetal hemoglobin – fetal 
hemoglobin has 2 –chains in place of the 2 –
chains found in adult hemoglobin. The –chains 
have a tertiary structure that is less sensitive to 
the presence of respiratory metabolites, and have 
higher affinity for O2 than the –chains do under 
the same oxygen partial pressure. 

At the placenta material exchange interface, O2 that 
dissocates from maternal (adult) hemoglobin will 
preferentially bind to fetal hemoglobin after 
diffusing across the placenta epithelium. This allows 
the fetus to effectively obtain O2 from maternal 
blood. 

 

Hemoglobin vs myoglobin – myoglobin only has 
one polypeptide, one heme and has higher 
affinity for oxygen than hemoglobin due to 
bonding reasons. 

The higher O2 affinity of myoglobin allows it to serve 
as an oxygen store in muscle cells. 

 
Presence of inhibitors such as carbon monoxide, 
or organophosphates such as 2,3–
bisphosphoglycerate (2,3–BPG) – CO and 2,3–
bisphosphoglycerate are inhibitors of O2 binding. 

CO binds to heme irreversibly to form carboxyhemoglobin, which can be lethal to the individual. The non–
competitive inhibition of 2,3–BPG, meanwhile, is a clever natural adaptation that results in more O2 made 
available to respiring cells. 

 

  



 

Copyright ©  Dr. Jenkins Tsang, Akademia Tuition Ltd. 2019        161 
 

B.9 Cytochromes 

Cytochromes, much like hemoglobin, are heme–based molecules. A heme molecule serves as a tetradendate ligand to a central iron atom, which can be in the form of 
Fe(II) or Fe(III). 
 
In the case of cytochromes, the chelation by the heme ligand changes the redox properties of the central atom, allowing the iron atom to play crucial roles during 
respiration and photosynthesis, where the iron centre serves as a temporary electron carrier. 
 
Worked example. Write equations to show how the heme–Fe2+ complex can reduce molecular oxygen under acidic condition. Assume heme is a dianionic ligand, L2–. 
Suggested answer: When Fe2+ binds to a 2– ligand, the resulting complex is electrically neutral. Hence the oxidation of iron from iron(II) to iron(III) can be represented 
by FeL  FeL+ + e–. 
The reduction of O2 can be represented by O2 + 4H+ + 4e–  2H2O. 
The overall redox ionic equation is 4FeL + O2 + 4H+  4FeL+ + 2H2O. 

B.9 Anthocyanins 

Anthocyanins are pigments found 
in berries. Anthocyanin can exist 
as a quinoidal (basic) form or the 
flavylium ion (acidic) form, and 
are commonly used as pH 
indicators. The colors of 
anthocyanins can be explained by 
their molecular structural 
formulas, and is consistent with 
the theory that a more extensive  
–conjugated system absorbs at 
longer wavelengths. 
 

 Quinoidal base Flavylium cation 

General structure 
(provided in the 
formula book) 

  
Color (provided in 
the data booklet) 

Blue Red 

Solubility in water 
Both are soluble – because of the presence of many OH on the glucoses, as well as the oxygen atoms on 
the chromophores, both anthocyanin forms can form hydrogen bonds with water upon dissolving. 

Extent of 
conjuation 

The far–left oxygen on the quinoidal base form is part of the extensive –conjugated system, while the 
same oxygen is protonated in the flavylium cation form, making it less able to participate in conjugation. 

Wavelength 
absorbed 

We expect the quinoidal base form to absorb longer wavelengths than the flavylium cation form. 
 

B.9 

Chlorophyll, 
carotenoids 
and other 
photosynthetic 
pigments 

Photosynthetic pigments are involved in the absorption of light during photosynthesis.  
 
Chlorophyll and carotenoids are very common photosynthetic pigments. Chlorophyll–based pigments have the characteristic heme ring, while carotenoids are large, 
fat–soluble, hydrocarbon–based molecules that contain a long linear section of conjugated –bonds. The chemical structures of chlorophyll–a, –carotene and –
carotene are provided within the formula booklet. 
 
During photosynthesis, a photosynthetic pigment molecule loses electrons to mobile electron carriers through a complex series of redox reaction. The loss of electrons 
is driven by the absorption of light energy. 
 
The electrons that the pigments lost are quickly replenished by electrons released during the oxidation of water, as water becomes O2, The electrons lost by the 
pigments are used in later steps to reduce carbon dioxide, which become parts of organic compounds such as glucose. 
 
The electron–transfer processes above can be summarised via redox ionic equations: 
 

Loss of pigment electrons 

Oxidation: “pigment”  “pigment2+” + 2e– 

Reduction of mobile electron carrier (Represented by C6R4O2): C6R4O2 + 2H+ + 2e–  C6R4(OH)2 

Overall: “pigment” + C6R4O2 + 2H+ + 2e–  “pigment2+” + C6R4(OH)2 

Regaining the lost electrons i.e. 
“photolysis of water” #IBBiology 

Oxidation of water: 2H2O  O2 + 4H+ + 4e– 

Reduction: “pigment2+” + 2e–  “pigment” 

Overall: 2“pigment2+” + 2H2O  2“pigment” + O2 + 4H+ 
 
Compared to chlorophyll, carotenoids do not have aromatic cyclic conjugated systems, and are more susceptible to atmospheric oxidation, which will cause carotene to 
lose its conjugation and become colorless. The oxidation of carotenoids is sped up by light, high temperatures, optimal pH values (which depend on the exact chemical 
structure of the carotenoid), certain metal ions and peroxides. 
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B.10 
D vs L 
configurations 

The D–L notation is used to indicate how enantiomers interact with plane–polarised light. The D(dextrorotatory)–isomer rotates the plane of plane–polarised light 
clockwise, while the L(levorotatory)–isomer rotates the plane of plane–polarised light anticlockwise. 
 
It has been found that all biologically–important carbohydrates are of the D–enantiomer. Meanwhile, for amino acids, 19 out of the 20 amino acids are chiral. The only 
exception is glycine, whose R group is just a hydrogen atom. The 19 chiral biologically–important amino acids all exist naturally as the L–enantiomer. 
 
Students should memorise that all D–sugars have the OH group on the 2nd–last carbon within the Fischer projection pointed to the right. Meanwhile, distinguishing 
between L–amino acids and D–amino acids is not part of the syllabus. Interested students may look up the “CORN” acronym as well as the R–S notation, and appreciate 
how different naming or identification systems serve different purposes in organic chemistry: 
https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Online_(Jakubowski)/02%3A_PROTEIN_STRUCTURE/2A%3A_Amino_Acids/A02._Amin
o_Acid_Stereochemistry 

Biochemical examples 
Non–biochemical example 

(https://pics.me.me/samuel-l-jackson-samuel-d-jackson-%F0%9F%98%82-4693834.png) 

 
 

 

B.10 Visual cycle 

The visual cycle is a series of chemical events that lead to the initial of a nerve signal in the eyes. 
 
11–cis–retinal is a molecule synthesised from the oxidation of vitamin A (retinol) and related compounds. 
 
The resting state of the photosensitive cells in the retina contains 11–
cis–retinal, which bonds to a membrane protein called opsin through a 
reversible reaction (shown below but not needed for exam purposes). 
The name of the complex between opsin and 11–cis–retinal is called 
rhodopsin. 
 
The resulting chromophore of rhodopsin is capable of absorbing at 
around 500 nm, which correspondsing to blue–green visible light. 
Absorption of visible light leads to 11–cis–retinal undergoing 
isomerization and becoming 11–trans–retinal. The two 11–retinal 
isomers have different shapes – the trans–isomer is geometrically 
unable to fit within the tertiary structure of opsin and hence 
dissociates from the binding site within opsin. 
 
The presence of free opsin triggers a series of chemical reactions inside 
the cell, which eventually leads to the generation of a nerve impulse 
along the optic nerve. 
 
11–trans–retinal is converted back to 11–cis–retinal via enzyme 
activity, after which 11–cis–retinal re–associates with opsin to form 
rhodopsin. The cycle can be repeated.  

 

 

https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Online_(Jakubowski)/02%3A_PROTEIN_STRUCTURE/2A%3A_Amino_Acids/A02._Amino_Acid_Stereochemistry
https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Online_(Jakubowski)/02%3A_PROTEIN_STRUCTURE/2A%3A_Amino_Acids/A02._Amino_Acid_Stereochemistry
https://pics.me.me/samuel-l-jackson-samuel-d-jackson-%F0%9F%98%82-4693834.png

