Cellular Functions Carbohydrates 201 5-21 6
Carbohydrates -

De be =R {e ation and e breakage ota g 0sid bond
Carbohydrates: C, (H20)n
Monosaccharides Features
10~ CHy O~ CHa 1. general formula:(CH;O)n
de—o & 2. have a carbonyl (C=0) group
R NS R4 \c?H 3. small size and have multiple hydroxyl (OH) groups
,'“\?n B /CX INS N S forms H bonds with water and hence readily soluble in water and easily transported in animal and
G e c” M C m—C plant transport systems .
L " o 4. ring structures exhibit a- and 8- isomerism (a — if OH grp at C1is below ring and on opposite side of C6
a glucose B glucose and B — if OH grp at C1 is above ring and on same side as C6)
(note: You must know how to draw a and | 5. are all reducing sugars.
B giucose molecules) 6. e.g. glucose, galactose and fructose.
Disaccharides Features

1. are made up of 2 monosaccharides joined by a glycosidic bond formed between two monosaccharides
by a condensation reaction that involves the loss of a water molecule.
2. can be split into their component monosaccharides is via hydrolysis reaction where, with the addition
of one molecule of water, the glycosidic bond can be broken
3. many hydroxyl groups extending out of the ring
- forms H bonds with water and hence readily soluble in water and easily transported in animal and
plant transport systems
4_ all are reducing sugars except sucrose
5. e.g. Sucrose = glucose + fructose
Maltose = glucose + glucose
Lactose = glucose + galactose

Maltose
Polysaccharides Features

1. general formula:(CeHsoOs)n
2. are made up of many monosaccharides joined by glycosidic bonds formed between them by
condensation reactions which involve the loss of water molecules.

Compare the storage and structural forms of starch, glycogen and cellulose and their roles in plants and animals.

Point of Comparison Starch Glycogen Cellulose
Function Plant storage polysaccharide Animal storage polysaccharide Plant structural polysaccharide
Location Stored as granules in chloroplasts Stored in liver and muscie cells Cell walls of plant cells
Monomer Made up of a-glucose monomers Made up of a-glucose monomers | Made up of B-glticose monomers
Bond between | In amylose: of14) glycosidic bond links | a{1-4) glycosidic bond links | B (1-4) giycosidic bond links
monomers monomers; monomers within a branch and | monomers in a molecule
In amylopectin: a(1-4) glycosidic bond links | «(1-6) glycosidic bonds links
monomers within a branch and «(1-6) | monomers at branch points
glycosidic bonds links monomers at branch
points
Orientation of | All glucose units in the chain have the same | All glucose units in the chain have | Alternate glucose units rotated 130°
monomer orientation the same orientation with respect to each other
Structure of each | Amylose is a helical molecule while | Helical and branched molecule, | Long, straight/linear chain
molecule amylopectin is a helical and branched | like ‘amylopectin, but more
molecule extensively branched |-
Bonds between | No interchain hydrogen bonding No interchain hydrogen bonding OH groups projecting outwards in
molecules both directions allow interchain
hydrogen bonding
Sleads {0 microfibril formation
How the structures of starch and glycogen make them good How the structure of cellulose makes it a good
STORAGE molecules STRUCTURAL molecule
1. Large molecule made up of many a-glucose monomers 1. Adjacent glucose units are inverted 180° with respect to each other
Hence it is a huge energy store as it can be hydrolysed to yield and hence form a linear molecule with free OH groups projecting out in both
many glucose molecules that can be used as a respiratory directions which can hydrogen bond with OH groups of other cellulose
substrate to obtain ATP. molecules lying parallel to it and form microfibrils.

Thus the microfibrils have high tensile strength.

2. Comprise of helices
a. can pack many subunits per unit volume 2. As a macromolecule, cellulose has few OH groups available to hydrogen
b. in which most OH groups are invoived in intramolecular H bond with water as most are involved in interchain hydrogen bonding. Thus

bonding, few OH groups available for H bonding with water. only the surface of the microfibrii has OH groups that can hydrogen bond
Hence they are insoluble in water and the Ww of cells are with water. Thus cellulose is insolubie in water and the Ww of cells are

unaffected by their presence. unaffected by its presence.
3. Amylopectin and glycogen are branched 3. The meshwork of microfibrils that form the cell wall have a porous structure
a. they have multiple branch ends which hydrolytic enzymes can and hence makes the cell walt
work on. Thus more glucose molecules can be released and a.freely permeable to water and solutes and allows movement of
more ATP can be generated by respiration per unit time. substances in and out of cells.
b. branching optimizes packing of many subunits per unit volume b. strong and rigid and prevent the plant celis from bursting due to osmotic
and hence more energy can be stored per unit volume stress.

c. branching reduces the accessibility of water and thus
reduces the solubility of the molecule. Thus the Ww of cells | 4. Cellulases that hydrolyse celiulose are found in very few organisms. Thus
are unaffected by their presence. cellulose cannot be hydrolysed and used as a respiratory substrate and is

a good structural molecule.
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hydrochloric acid for about 1 minute to hydrolyse
disaccharide to monosaccharides

cool contents of tube.

neutralise acidic content with sodlum bicarbonate
solution.

carry out Benedict's test for reducing sugar.

Carbohydrates 2015-2016
Test Procedure Observations and Deduction
Benedict’s Test | 1. Place 2 cm® of test solution in a test tube. Presence of reducing sugar is indicated by formation of brick-red
for Reducing 2. Add equal volume of Benedict's reagent. precipitate.
Sugars 3. Shake the mixture. —> colour of final solution depends on amount of reducing sugar
4. Heat it by immersing the tube in boiling water bath for | present (test is semi-quantitative)
3-4 minutes. -> varies from green fo yeliow to bmwn to brick red
Test for Non- If a negative resuit for Benedict’s test is obtained for the | Presence of non-reducing sugar indicated by:
Reducing test solution, then * A blue solution remains when Benedict's test is first carried out.
Sugars 1. boil equal volume of test solution with dilute

« After acid hydrolysis, Benedict's test is canied out again
- colour of final solution depends on amount of sugar present

fodine Test for
Starch

N

Add a few drops of iodine solution to 1 cm® of test
solution (or a piece of test specimen).
Observe any colour change.

Presence of starch is indicated by blue-black coloration.

—
50 ym
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Cellular Functions Lipids ® 2015-2016

Lipids

Analyse the molecular structure of a triglyceride and a phospholipid, and relate these structures to their functions in living organisms . -
« Lipids have a much smaller proportion of oxygen to hydrogen and carbon compared to carbohydrates

e They are insoluble in water

« Can be classified into: triglycerides, phospholipids and steroids

Triglyceride Phospholipid

Structure Consists of three long non-polar, Hydrophobic - Consists of two long non-polar, hydrophobic hydrocarbon tails
hydrocarbon tails associated with a glycerol backbone. attached to a glycerol backbone (not three).
Formed when 2 kinds of smaller molecules join together: -
« glycerol The third hydroxyl group of the glycerol is joined to a negatively
o alcohol with 3 carbons, each bearing a hydroxyl charged (not polart) phosphate group. Additional small molecules,
group usually charged or polar, can be linked to the phosphate group to form a
« fatty acids - variety of phospholipids.
o long hydrocarbon chains with a carboxyl group Phaspnate

(NB: the charged
phosphate head is
not on the same

{(-COOH)
o hydrophobic in nature as they have non-polar C-
H bonds in the hydrocarbon chains :
o may be saturated or unsaturated. Chaline

side as the non-
polar,
hydrophobic
£ P Ao hydrocarbon
1 h A | tails)
Patar Glycarol Falty
head group  backbone acid chains

Condensation reactions take place in the formation of both, though in phospholipids, a phosphate group is added in place of a non-polar,
hydrophobic, hydrocarbon chain of a fatty acid molecule.

in triglycerides: Three non-polar, hydrophobic, hydrocarbon chains are joined to a glycerol backbone by an ester linkage. An ester linkage is
formed between a hydroxy! group (-OH) and a carboxyl group (-COOH) via a condensation reaction. One water molecule is removed for each fatty
acid joined to the glycerol. bty e .
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Properties | Non-polar. Do not form hydrogen bonds with water | Amphipathic as they have both hydrophilic and hydrophobic regions

molecules, ie they are hydrophobic, and therefore are | « hydrophobic hydrocarbon tails are excluded from water while

insoluble in water. hydrophilic charged phosphate head (and its attachments), will
interact with water molecules

« In water, they self-assemble into aggregates such as a phospholipid
bilayer or micelle which has a hydrophobic core that is shielded

from water.
Function 1. Excellent energy store (38 kJg™) 1. Major component of phospholipid bilayer of membranes of cells

(a gram of fat stores more than twice as much energy and organelles which acts

as a gram of glycogen or starch (per unit mass) and

hence is a compact energy store) e as a barrier to polar and charged moleculesfions as its
e as it has a high proportion of C-H bonds in hydrophobic core has a very low permeability to polar and charged

hydrocarbon chains from which energy can be released molecules

during oxidation (main role) « as a boundary between the intracellular & extracellular aqueous
e as it is insoluble, and thus will not affect water environment and allow compartmentalization within a cell.

potential of cell nor be easily transported out of a cell.
2. Major component of liposomes
2. Production of metabolic water Artificial vesicles surrounded by a phospholipid bilayer that can be
+  Oxidation of triglycerides produces metabolic water. used to carry therapeutic DNA into a target cell.

Particularly important for desert animals.

3. Protect internal organs

4. Thermal insulation — by subcutaneous fat (the layer of
fat beneath the skin).

5. Improve buoyancy .

6. Reservoir for storage of fat soluble vitamins
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* Steroids
(a) Properties of steroids e.g. cholesterol
= Insoluble in water and soluble in organic solvents.
¢ Cholesterol has a characteristic four fused ring structure and is largely hydrophobic. Like phos|
a hydrophilic hydroxyl (OH) group and the hydrophobic ring structure.

o The hydroxyt group of cholesterol interacts with phosphate heads of phospholipids while the hydrophobic ring structure interacts with the
hydrocarbon tails of the phospholipids via hydrophobic interactions.
(b) Function of steroids e.g. cholesterof

» Cholesterol regulates‘membrane fluidity ie. it stabilises membrane.

o  The membrane is preventéd from being overly fluid at higher temperatures as cholesterol restricts phospholipid movement
o  The membrane is prevented from being overly firm at lower temperatures as cholesterol prevents close packing of phospholipids

pholipids, it is slightly amphipathic, having

Carry out the emulsion test for fats
Emulsion Test If the test sample is a solution:

Presence of lipids indicated by:
for Lipids 1. Add 2 cm® of ethanol to two drops of test sample in a test tube. Mix well and allow | « A homogeneous (or clear) solution is
to stand for 2 minutes.

formed with ethanol and an emulsion
2. Decant the ethanol into another test tube containing 2 cm® of water. was formed when water was added.
If the test sample is a solid:

If lipids are absent, a clear soiution
1. Add 2 cm® of ethanol to ground test sample in a test tube.

remains.
2. Mix well to dissolve any fipids if it is present and allow it to stand for 2 minutes.
3. Decant the ethanol into another test tube containing 2 cm® of water.

_
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Proteins

Describe the structure of an amino acid and the formation and breakage of a peptide bond

+ Amino Acids - Basic structural unit of proteins
= Structure A
o consists of an carbon atom covalently bonded to 4 groups
1) hydrogen atom, 2) amino group (-NH;), 3) carboxyl group (~COOR), 4) variable R group
= Properties of amino acids
o Classified according to their R groups as polar, charged or non-polar
o  Exist as zwitterions in solution — carry both positive and negative charges
o Act as buffers
>  Can donate or accept H’, therefore able to act as an acid or as a base — amphoteric
>  Essential in biological systems — sudden change in pH could adversely affect performance of
proteins like enzymes .

* Polypeptides
* Amino acids are joined by a peptide bond via a condensation reaction with the removal of one water

molecule. ?' bl* r;
-* Further addition of amino acids results in the formation of a linear polymer called a polypeptide He ff—C -GN G e Ol
o Regularly repeating part, the main chain, is referred to as the backbone. }l‘ :’ 4 I g
o Variable part comprises the distinctive variable R groups 1 R
= polypeptide folds into a specific three-dimensional shape / conformation Pepiide bond

+  The nucleotide sequence in DNA determines aa sequence in polypeptide which determines types and locations of R groups which determines
R _group interactions which determines 3D structure and function of protein.

e Be Oy DONG d aroge QO G ae ana aQropnoo elrd Q 01i1Q e Cle e ape
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4 levels of organization in the structure of proteins (@) Primary structure.
{a) Primary structure m""f“‘ “”';D: '{\{ ’z\a{:° L mf““"‘“‘

» Refers to the number and sequence of amino acids in a single polypeptide chain.
« Linear structure maintained by peptide bonds
« The sequence of amino acids (and their R groups) in a polypeptide chain determines the
type and location of chemical bonds/interactions, and hence the 3D conformation and
characteristics of a particular protein.
{b) Secondary structure
» Refers to the spatial arrangement formed by regular coiling or pleating of a single polypeptide
chain in one direction.
« Maintained by hydrogen bonds at regular intervals
o  Formed between C=0 and N-H groups of the polypeptide backbone.
o R groups are not involved
« Examples of secondary structuses.
o o-helix
*  Made up of a single polypeptide chain which is wound into a coiled/spiral structure.
= A hydrogen bond forms between the C=0 group of one amino acid residue and the
N-H group of another amino acid residue four amino acids away along the
backbone of a single polypeptide
=  There are 3.6 amino acid residues in every tum of the helix B-pleated
o B-pleated sheet sheet
. Two or more regions/segment of a single polypeptide chain lying side by side are
tinked together by hydrogen bonds
*  Ahydrogen bond forms between the C=0 group of an amino acid residue on
one segment and a N-H group of another amino acid residue on an adjacent
segment along the backbone of a single polypeptide
*  Chains may run parallel (same direction) or anti-parallel (opposite directions)
»  Forms flat sheet which becomes folded
{c) Tertiary structure
* Structure formed by further extensive folding and bending of a single polypeptide
chain, giving rise to the specific 3D conformation of a protein
« Maintained by all 4 types of interactions
o hydrogen bonds, ionic bonds, hydrophobic interactions and disulfide bonds
o formed between R groups of amino acid residues
{d) Quaternary structure
» Refers to the association of two or more polypeptide chains into one functional
protein molecule
« Maintained by all 4 types of interactions
o hydrogen bonds, ionic bonds, hydrophobic interactions and disulfide bonds
o formed between R groups of amino acid residues of different polypeptides
¢ Constituent chains of a multimeric protein can be identical or different.

sheet

a-helix
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@ 2015-2016

Analyse the molecular structure of a
an example of a fibrous protein, and relate these structures to their functions.

protein with a quaternary structure e.g.

haemo

globin as an example of a globular protein and collagen as

Example Structure Function
Haemoglobin 1. Haemoglobin has a quaternary structure made up of 4| IFe” of haem group binds temporarily to O;, so 1 Hb
(globular protein) polypeptide subunits: 2 a-globin subunits and 2 B-globin molecule can carry up to 4 O, at a time forming
<>transports subunits. Each subunit is made of globin polypeptide and-a oxyhaemoglobin
oxygen in the prosthetic (non-protein) component called haem group. Each
blood . haem group consists of a porphyrin ring and an iron ion
“(The  binding  of (Fez‘) - .
faciitaes viniing of s | 2. Each subunit is arranged so that most of its hydrophilic | >Thus haemoglobin is soluble in an aqueous
next. Binding of the 1st amino acid side chains are on external surface while its environment, can be transported and carry O, from lungs
g‘z m°'ef$‘ “::‘“eas‘i; hydrophobic amino acid side chains are buried in interior to tissues vice versa
haemoglobin for oxygen ' -
and hence facilitates the | 3. The 4 subunits held together by intermolecular interactions | 9As a result binding of one oxygen molecule to one
binding of the 2nd O, formed between R groups (hydrogen bonds, ionic bonds and haemoglobin subunit induces a conformational change in
rzn:‘;elw%zemd';%gﬂz hydrophobic interactions). No disulphide bridges. remaining 3 subunits so that their affinity for oxygen
facilitates the binding of increases. This is known as the **cooperative binding of
the 3rd O; molecule and oxygen.
SO On.} -
I Collagen “1.- A collagen molecule (aka tropocollagen molecule) consists

(fibrous protein) of three helical polypeptide chains (not a-helices) wound
=> an essential around each other like a rope. (has quaternary structure)
component of 2. Each chain contains about 1000 amino acids and contain a | »Bulky and relatively inflexible proline and hydroxyproline
connective tissue repeating sequence, usually a repeating tripeptide unit: residues confer rigidity on the molecule.
in the human glycine-X-Y, where X is usually proline, Y is usually
body.. hydroxyproline.

The tropocollagen molecule can form a compact

coil as almost every third amino acid in each

polypeptide chain is a glycine, the smallest

amino acid. This allows it to fit into the restricted

space in the center of the triple helix. -

3. Extensive hydrogen bonds form between Dlncreases tensile strength (ability to resist snapping due
residues of the polypeptides, hence interaction to stretching) and increases tensile strength and makes
with water molecules are limited. the molecule insoluble in water

4. Adjacent tropocollagen molecules are arranged in Staggered/overlapping arrangement minimizes points
a staggered manner of weaknesses along fibrils

5. Cross-inking (involving covalent bonds “>Greatly increases tensile strength.
involving  lysine residues) of adjacent ' :
tropocollagen molecules results in the formation of
fibrils.

6. Bundles of fibrils together form large and long ->Large size of collagen makes it insoluble, an important
collagen fibres. property for a structural molecule

Fibrous protein Globular protein
Shape Made up of long polypeptide chains forming long, straight fibres. | Made up of polypeptide chains folded into roughly spherical shape.
Solubility It is large and limited in its ability to form hydrogen bonds with | Polar R groups are exposed to water molecules in the aqueous
in H0 water Dinsoluble in water since extensive hydrogen bonds | environment>Soluble in water since these polar groups can form
already formed between residues in different poiypeptides. hydrogen bonds with water molecules.
aminoacid | Less variety of amino acids are used to construct the protein. More variety of amino acids are used to construct the protein
Sequence i.e. consists of repetitive regular sequence of amino acids. (eg i.e. consists of non-repetitive amino acid sequence
tripeptide, gly-X-Y repeats in collagen)
Length of | Length of polypeptide may vary slightly between two samples | Length of polypeptide is always identical between two samples of
polypeptide | of the same protein, yet protein is still functional, the same protein, or else protein may not be functional.
Example collagen haemoglobin
a 0 B et {e Oor prote
Test Procedure Observations and Deduction
Biuret Test 1. Place 2cm’ of test solution in a test-tube Presence of protein indicated by a
2. Add equal volume of 5% NaOH solution purple colour developing slowly.
(A test for | 3. Shake the mixture well
ptide bonds) 4. Add two drops of 1% copper sulphate solution, shaking well after each drop.

Denaturation of proteins

3D shape of a protein may be changed by:

(a) Heat (affect hydrogen bonds, hydrophobic interactions)

(b) Acids/Alkalis (affect hydrogen and ionic bonds)

(c) Inorganic ions (affect ionic bonds)

(d) Organic solvents (affect hydrophobic interactions)

(e) Mechanical forces (affect hydrogen bonds)

NB: 1. Peptide bonds not affected. 2. Strength of bonds: hydrophobic interaction<H bonds<ionic bonds <disulphide bridges <peptide bonds
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Enzymes

Explain the mode of action of enzymes in terms of enzyme specificity, active site, enzyme-substrate complex and lowering of activation energy .

« Enzymes are biological catalysts — they speed up the rate of reactions and are chemically unaltered at the end of the reaction & thus can be reused,
and are effective in small amounts

« Most enzymes are globular proteins, each with an active site with specific 3D conformation that is complementary in shape and charge to a
specific substrate.

« The globular structure of enzymes contribute towards their solubility.

« 2 models explain why enzymes are highly specific:

1. Lock & key hypothesis
-> the enzyme’s (the lock) active site has a conformation which is /,‘ \*—zgggg‘:le
complementary in shape and charge to a specific substrate (the key) w complex
-> allowing the substrate to bind, hence forming an enzyme-substrate

site, making it available for another substrate to bind

complex H
-> products formed no longer fit the active site and will hence leave the active r H B T

2. Induced fit hypothesis substrate - § product
- binding of the substrate to the enzyme active site induces a conformational molecule - molecules
change in the active site of the enzyme such that it now provides a more enzyme
precise fit for the substrate molecule active
- thus enzyme can perform its catalytic function more effectively site
« In an enzyme-catalysed reaction:
- Effective collisions take place between the enzyme and substrate
-> Resulting in the formation of an enzyme-substrate complex
« Amino acids residues that make up the enzyme have different functions:

1. Contact residues — found in the active site — help to position the substrate in the correct orientation via weak interactions such as

hydrogen bonds, ionic bonds & hydrophobic interactions.

2. Catalytic residues - found in the active site — act on bonds in the substrate and help to catalyse the conversion of substrate to product

3. Structural residues  — interact with each other to maintain the overall 3D conformation of the protein

4. Non-essential residues — found on surface of the protein — no specific function

« Enzymes speed up metabolic reactions/allows metabolic reactions to proceed at
moderate temperatures by lowering activation energy (E,) of the reaction,
through: Activated complex
ortransiion state. —

1. proximity effects — temporary binding of substrates in close proximity in the ! Activation ener -
enzyme aclive site increases chances of a reaction (vs S Kactivation energy immm enzyme
depending only on random collisions between reactants in Reactants [/ ’_—_‘N __qwihenzyme ~ ¢
the absence of enzymes) i 4

2. strain effects — slight distortion of substrates as they bind to enzyme
strains bonds in substrates that need to be broken for
products to form

3. orientation effects — substrates are held by enzymes in their active sites in an

the correct orientation such that the bonds in
substrates will be exposed to chemical attack Products 4
4. microenvironment effects — enzymes create the appropriate @ | f---o7oocctoTTTToTTTOOOT
microenvironment for a reaction to occur e.g.
hydrophobic amino acids in enzymes create a
water-free zone that allows non-polar reactants to
react more easily

5. acid-base catalysis — R groups of acidic and basic amino acids in enzyme

active site facilitate reaction between substrates

Hence there will be a greater proportion of substrate molecules with energy

greater than the activation energy, allowing the reaction to proceed faster than

a uncatalysed reaction.

Energy
/

Reactkon time

+ Enzyme cofactors

1. inorganic ions (e.g. magnesium ions in PCR)
-> mould enzyme or substrate and allows enzyme-substrate complex to form more easily

2. prosthetic group (e.g. haem group of cytochrome oxidase in electron transport chain in inner mitochondrial membrane accepts electrons from
cytochrome C and transfers them to oxygen to form water)
> pemanently bound to enzyme
- transfers atoms/chemical groups between active site of enzyme and another substance

3. coenzymes (e.g. NAD transfers electrons in certain redox reactions in respiration)
-> are organic molecules that are required by certain enzymes to carry out catalysis
> they bind to the active site of the enzyme and participate in catalysis but are not considered substrates of the reaction
-> function as intermediate carriers of electrons or specific atoms that are transferred in the overall reaction
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Qitld O = e CO e Of an e e-Cala =10 ed on g ed € raies o7 1o AliOnN O Proga 20 g gataiaseé); o ailC O
Method Measuring rate of product formation Measuring rate of disappearance of substrate
2H,0————> 2H,0 + 0, Starch ——— Reducing sugars
catalase amylase iodine
Example
1) blue-black in presence of iodine 9 incomplete digestion of starch
2) brown in presence of iodine -> complete digestion of starch
Dependent Vi _— . . - . . -
variable olume of O, evolved per unit time / over a fixed period of time Chang.e in intensity of blue-blqck oo!qurat:or. of starch-iodine complex
per unit time / over a fixed period of time
Fixed Concentration. qf substrate and enzyme kept constant ] Concentration gf substrate and enzyme kept constant
variable All other conditions that affect an enzyme-catalysed reaction, All other conditions that affect an enzyme-catalysed reaction, eg. pH,
eg. pH, temperature kept constant temperature kept constant
Experimental - -
set-up FaoNeNeXe) Dropper
graduated Drops of
ylnder e O O O O
catlseand . ’
hydrogen peraxide o ONONONG!
at20°c ° amylase
White tile —- O O O O and starch
Note: Delivery tube may be attached directly to a gas syringe.
1. Add enzyme (amylase) to starch and start the stopwatch
immediately
1. Add enzyme (catalase) to H,O. ., mix and start the 2. Add fixed time intervals, transferred a drop of the reaction mixture
stopwatch. to a white tile with a drop of iodine
Procedure 2. Ozevolved can be measured by the downward 3. In the presence of starch, iodine turns from yellowish brown to
displacement of water in a graduated cylinder (as shown blue-black
above) or using a frictionless gas syringe. 4. Intensity of the blue-black colouration can be measured using a
3. Record volume of O, evolved at fixed time intervals colorimeter
5. Use a standard curve to convert the colorimeter reading to starch
concentration
804 Starch
7.0 ccncengaﬁonl
mol dm™ 4
60
volumeof 50 :
3 404 f
Graph 3.0 .
20 !
w0/ !
0.0 L3 v M L] 1
0 50 100 150 200 250
times > Time/s
Rate Initial rate of reaction = Gradient of curve at time 0 sec Initial rate of reaction = Gradient of curve at time 0 sec
intensity of blue-black colouration / concentration of starch decreases
Trend Volume of O, evolved increases with time with time

Rate of O, production decreases with time

Rate of change in intensity of biue black colouration / Rate of
decrease of starch decreases with time

*» To investigate how factors like pH, temperature, [enzyme] or [substrate] can affect the rate of reaction:
o  Vary independent variables e.g. pH / temperature / [enzyme} / [substrate]

o  Keep ali other variables constant.

o  For each condition, plot a graph of amount of product formed vs time and obtain the initial rate of reaction.

o Plot a graph of rate of reaction vs the factor investigated (pH / temperature / [enzyme] / [substrate])
Notes:
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Investigate and explain the effects of temperature, pH, [enzyme] and [substrate] on the rate of enzyme-catalysed reactions

Effect of temperature

Michaelis constant (Km): [substrate] at which reaction proceeds at half its max. rate
- Low Km - high affinity between enzyme & substrate
-> High Km — low affinity between enzyme & substrate

As temperature. increases, fmm
- K.E. of enzyme and substrate molecules increases r Jass of caraiysic
-> Frequency of effective collisions between enzyme and substrate molecules increasesses :,/f\\ ability of enzyme,
- Rate of enzyme-substrate complex formation increases i \(‘;'e‘j";z e o
-> Number of substrate molecules with sufficient energy to overcome the activation energy barrierand | _ ;
form products increases and rate of reaction increases. 3 / AN
& increasing / \\
Temperature coefficient, Qq = Rate of reaction at (x+10)°C s e’
Rate of reaction at x°C 2 reacton
When Qq0=2, for every 10°C rise in temperature, the rate of reaction/ product formation doubles 4 §
Beyond the optimum temperature, - i
- K.E. of enzyme and substrate molecules continue to increases | . . i
- Intramolecular vibrations increases L e N S~
- hydrogen bonds, ionic bonds and hydrophobic interactions that maintain the 3D conformation of the Temperatute (°C)
enzyme are disrupted o
(* Covalent disulphide bonds are harder to break and thus can withstand higher temperature.
Hence enzymes with higher optimum temperature tend to have a larger proportion of disulfide bridges
or more intramolecular interactions.)
-> Specific conformation of active site is lost
-> Substrate no longer complementary to the shape and charge of active site and cannot bind to it
-> Rate of enzyme-substrate complex formation decreases and rate of reaction decreases.
Effect of pH optimurp pH
- optimum pH of trypsin
At optimum pH, 2 of pepsin
-> Conformation of enzyme active site is most ideal for substrate binding and rate of reaction is highest 8
As pH deviates from the optimum, 2
-> Excess H" or OH’ ions affects the ionisation of the R-groups of the amino acids residues g
-> lonic charges on the basic (eg. NH;) and acidic (eg. COOH) R-groups of the amino acid residues are =
altered fed
- Where excess H' results in -COO groups becoming -COOH and excess -OH tesults in -NH," becoming
-NH; + + +
- Thus ionic bonds and hydrogen bonds that maintain the conformation of the enzyme active site is 6 2 4 6 8 10 pH
disrupted
-> Thus the interaction between substrate and catalytic residues in the active site of enzyme is disrupted
- Rate of enzyme-substrate complex formation decreases
-> Rate of reaction/product formation decreases
(Note: if the change in pH affects the charges of the R groups of the
(1) catalytic residues in the active site, the catalytic activity of enzyme may be lost
{2y contact residues in the aclive site, this may affect the temporary binding between the
enzyme and substrate and thus no enzyme-substrate complex forms.
(3) structural residues, the tertiary structure of the protein and its active site can be affected and
this would denature the enzyme.)
Effect of [enzyme] T ———
g ;{l high enzeme mnua:imsﬁ
/ actding more enzyme has no effec:
Initially, when {enzyme] is low, as [enzyme] increases, Vd fema::wm“& face ot
-> Frequency of effective collisions between enzyme and substrate molecules increases /s shortage of enzyme but by other
-> Rate of enzyme-substrate complex formation increases and rate of reaction increases £ / o
At linear portion of graph, [enzyme] is limiting :
-> Increasing [enzyme}] will result in a proportional increase in the rate of reaction €
Allow enzyme conzentrations adding mors
At curved portion of graph, {enzyme] is not the only limiting factor. Some other factor is also limiting B e e kel hat
a sudstrate will tind 15 an ompty actlive site on
At the plateau, [enzyme] is no longer the limiting factor (Other factors are limiting) an enzyms
-> Increasing [enzyme] will not affect the rate of reaction Enzyme concentration
Effect of {substrate]
- . .- Maximum veloci
Initially, when [substrate] is low, as [substrate] increases, ch------mee - Y ..
-> Frequency of effective collisions between enzyme and substrate molecules increases '-g
-> Rate of enzyme-substrate complex formation increases and rate of reaction increases as active sites g
of enzymes are readily available and substrate concentration is limiting .‘O:
Beyond a certain {substrate], S / %Maximum velocity
-> All active sites of enzymes are saturated with substrate at any one point in time & !
- [substrate] is no longer limiting and enzyme concentration is limiting, the rate of reaction will remain ! Michaelis constant
constant(graph plateaus) and reaches maximumn velocity (Vimas). ;o vienaelis cons
1

Substrate concentration
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Explain the effects of competitive and non-competitive inhibitors {including allosteric inhibitors) on the rate of enzyme activity

Competitive Inhibition Non-competitive Inhibition Allosteric Inhibition / Activation
Inhibitor / Activator binds to Active site Site other than active site Allosteric site
Shape and charge of inhibitor / | Similar in conformation and charge | Not similar in conformation and | Not similar in conformation and
activator to substrate charge to substrate charge to substrate
Structue of enzyme *Can consist of 1 subunit with 1 | Usually a 1 subunit with 1 active | « Multimeric enzyme with multiple
active site site active sites
o Presence  of  cooperative
OR ’ binding of substrate to active
site
»Can be a multimeric enzyme with » Has muttiple allosteric sites
multiple subunits, each with an O But, binding of 1 inhibitor
active site Jactivator is sufficient to inhibit
flacitivate the activity of the
enzyme
Effect of inhibitor / activator on | e Inhibitor is structurally similar to | « inhibitor is not structurally e Inhibitor/ Activator is not
enzyme & the rate of the enzyme- substrate & hence binds similar substrate & hence binds structurally similar substrate &
catalysed reaction reversibly to active site of to a site other than the active hence binds to allosteric site
enzyme site - This results in conformational
->Hence inhibitor competes with |-> This results in a conformationat change in enzyme
substrate for active site of change in the enzyme active ->Binding of inhibitor stabilises
enzyme site enzyme in an inactive state
- This reduces the availability of | Thus substrate cannot bind to Thus the rate of reaction\-ses
active sites for substrate active site ->Binding of activator stabilises
binding -> rate of reaction Vses enzyme in an active state
- rate of reaction decreases Thus the rate of reactionf ses
Effect of A [substrate] on the | « At high [substrate], substrate is | « Inhibitor binds to site other than
inhibition more likely to bind active site active site and changes the
than the inhibitor to form enzyme- conformation of the active site
substrate => Hence the inhibitor effectively
->Hence the same Vmax can be decreases the available
reached at high [substrate] [enzyme] as it forms an

> Thus the effects of inhibition enzyme-inhibitor complex
can be overcome at high [ Hence the effects of the

[substrate] inhibition cannot be overcome
by increasing [substrate]
Graph demonstrating effect of -> The enzyme freely oscillates
inhibitor / activator £ f o between the active form and
. Z = the inactive form.
2 £ o = When the activator binds to
g - DR the enzymes, the active form
< 3 < Samek. b, is stabilized.
& =l oo = When the inhibitor binds to
E S wifred . .
£ / the enzyme, the inactive form
is stabilized.
Substrate concentration 1Sl concentration of substrate {moi L)
->Vmax remains the same > Vmax decreases
-> Km increases -> Km remains the same
competire A \../"‘\/\ \ achve sie
Jsubstrie imhibitor '\ ) ic si -~
N/ 7 Encyme:initite .
"\ ‘E‘: ‘." ..// mw::m \subsnuc
::\_‘::V/\\ \
( \ A
A onayme / \\ (L'/v \
N /l
NS
Enzyme-substrate I
compiex allosteric mhibitor
End-product Inhibition e.g. Synthesis of isoleucine from threonine.
- Regulation of a metabolic pathway :
by the end-product of the pathway
-> End-product can function as an . End-product
allosteric inhibitor to an enzyme | Initialsubstrate _____ intermediate A——— Intermediate B ———p ~---=-- (is ol-:ucine)
present early in the pathway by | (Threonine)
Enzyme 1 Enzyme 2 Enzyme 3

binding to its allosteric site and - ]
s (threonine deaminase,
prevent further synthesis of the an allosteric enzyme)

product. A Feedback Inhibition _
Isoleucine binds to allosteric site of enzyme > active site of enzyme changed, no longer binds to threonine

Note: Although enzyme inhibition can both be reversible & irreversible, we are more concemned with reversibie inhibitors in our syllabus.
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Cell Structure

2015-2016

Use a graticule and stage micrometer to measure celis and be familiar with units (millimetre, micrometre, nanometer) used in cell studies

* Interconversion of units (mm, pm, nm)
1mm = 10° micrometers (um)
1 = 10’ nanometers (nm)
grpre Gp oLoqgrap

e pe and dra gs a

oliowing membrane e and organelie

gropia e ace membrane
embrane-bpo

Organelle

nuclear envelope

nuclear pore

nucleolus

chromatin

{NB: Substances pass between nucleus &
cytoplasm via the nuclear pores. They are
1) free nucleotides & enzymes (for DNA
replication & transcription), proteins (to make
up ribosomal subunits) which enter the
nucleus
2) mRNA, tRNA and iarge and small ribosomat
subunits which leave the nucleus]

Tndoplasmic Reticulum {ER)
Rough ER

Smooth ER

1.The RER and SER together act as the
membrane factory of the cell by adding
membrane proteins and phospholipids to its own
membrane. .

2.Protein channels on the RER surface

» Hold the ribosome in position

* Allow the entry of polypeptides synthesised on
the ribosomes on the surface into the lumen

0igI Appara

‘trans’ face

o o= QColgi vesicles
0 r 9

9 R
~1.
§%‘ @g 2 cisternae

‘cis’ face

osome

single membrane

«  Prominent, spherical organelle in
eukaryotic cell

*  Sumounded by a nuclear envelope (a
double membrane) which is perforated
with pores & continuous with RER

e Contains the nucleolus & chromatin

O P < d d Q piad e a e ae e el O . ope 2. OQ ¢ e
oUug O s]e) L2 aopiga e O ajele! O Q a d 4]0 O e SO 2.
overed ge e ge brane e ope e Ole e eo
Description Function
Nucleus ¢  To contain the hereditary material

*  To control cell activities by synthesising
mRNA which will be translated into
proteins which are needed in the cell

Nucleolus

«  Non membranous, sphere/s within

nucleus

¢  Contains large amounts of DNA «\RNA &
protein

Chromatin

« To synthesise rRNA, a component of
ribosomes

e  Assembly of large & small ribosomal

subunits using rRNA synthesised in
nucleolus & proteins exported from
cytoplasm

e  Hereditary material of the cell

*  Are thin, elongated threads of DNA
coiled around histone proteins

*  2types of chromatin are present

1. Euchromatin (lightly stained,
transcriptionally active, exists in a
diffused, extended state)

2. Heterochromatin (darkly stained,
transcriptionally inactive, usually found

along the edge of nucleus).
¢ _ Consists of the RER & SER
Rough ER (RER)

* A network of membranous flattened
sacs called cisternae

e Has ribosomes attached to the outer
surface

*  Continuous with the outer membrane
of the nuclear envelope

+ To transport of proteins which are
synthesised by the ribosomes on its
surface to the Golgi apparatus via
transport vesicles

e To allow proteins to fold into their native
conformation in the cistemnal space &
glycosylate them

Smooth ER (SER)

* A network of membranous tubular sacs
called cisternae
*  Lacks ribosomes on outer surface

(Singular: cisterna, Plural:cistemae)

»  To synthesise lipids and carbohydrates
*  To detoxifiy drugs & poisons (Thus SER
abundant in liver)

e  Membrane-bound flattened sacs called
cisternae & associated Golgi vesicles

e  Consists of a forming’ or ‘cis’ face
where new cisternae are being formed
by fusion of transport vesicles from ER
& a ‘maturing’ or ‘trans’ face from
which Golgi vesicles continuously bud
off.

* Toglycosylate to proteins and lipids to
form glycoproteins and glycolipids
respectively

¢ To modify existing glycoproteins and
glycolipids by modifying/cleaving the
existing sugar chains

. To sort and package proteins into different
vesicles and target the proteins to different
parts of the cell or for secretion
To form lysosomes

* To synthesises polysaccharides such as
pectin which is transported in vesicles to
the cell membrane.

*  Membranous sac containing hydrolytic
enzymes
[NB: The hydrolytic enzymes work best in the
acidic environment of the lysosme. Thus if a
lysosome bursts, the enzymes are not very
active as the cytosol has a neutral pH.
However, if many lysosomes burst, then the
cell will be destroyed.}

e  To digest material engulfed by the cell
(phagocytosis)

*  To release enzymes from cells

* To digest unwanted or worn-out
organelles (autophagy)

o  To self-destruct a cell after its death
(autolysis)
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Description

Function

Organelle
Mitochondrion ]

ara's:/ ﬁ L
ATP synthase complex

(appears as a stalked patticle)

»  Spherical or rod shaped structures
surrounded by a double membrane
1. the outer membrane is smooth
2. the inner membrane is highly
convoluted with infoldings called

enzymes for aerobic respiration
s  ATP synthase complex on inner
membrane projects into matrix

*  Acits as the site for certain stages of
aerobic respiration to generate energy in
the form of ATP
1) Inner mitochondrial membrane is highly

folded & hence increases surface

cristae area for oxidative phosphorylation
= Between the membranes is the 2) Mitochondrial matrix is the site of the
1 . intermembrane space link reaction & the Krebs cycle
\Lmatf}x Cri - i-fluid matri
| linner membrane . ristae .prqect into semi-fluid matrix
) intermembrane space containing circular DNA, 70S
¢ Detai outer membrane ribosomes, phosphate granules &

outer membrane

X ribosomes
inner membrane ; 1

[ t_TP
synthase

lipid starch o

droplet 92311 ombrane

intergranal ==
lamella granum

Non membrane-bound Organelles
Organelie

¢  Lens-shaped structure surrounded by a
double membrane

«  Within the chloroplast is an internal
membrane system which consists of
fiattened sacs called thylakoids (a
stack of thylakoids = granum) &
intergranal lamella

»  Fluid within chloroplast surrounding the
grana is called stroma (contains
circular DNA, 70S ribosomes,
enzymes & starch grains)

»  Chlorophyli molecules are located on
the thylakoid membrane.

*«  ATP synthase complex on thylakoid
membrane project into stroma

Description

e  Chioroplasts contain chlorophyll which
convert solar energy to chemical energy
through photosynthesis via
1) Site of light-dependent reactions
(i.e. cyclic & non-cyclic
photphosphorylation) which occurs in
the thylakoid membrane .

2) Site of light-independent reactions (i.e.
Calvin cycle) which occurs in the stroma

[NB: Like bacteria, both chioroplasts &
mitochondria contain circular DNA, 70S
ribosomes. This led to the endosymbiont
theory which proposed that the ancestors of the
mitochondria and choloplasts were oxygen using
non-photosynthetic prokaryotes and
photosynthetic prokaryotes respectively, that
were enguifed by an ancestral eukaryotic cell.

Function

Ribosome

2_9 nm
small subunit (40S)

large subunit (60S)

*  Consists of a small & a large subunit

*  Acomplex of protein & rRNA

e May be found intact freely fioating in
the cytosol or bound to ER (or outer
membrane of nuclear envelope as the
ER is continuous with the nuclear
envelope) during transiation. The small
& large subunit only come together
during transiation.

e  Act as the site for protein synthesis

[NB: Free ribosomes produce proteins that
function within the cylosol while bound
ribosomes synthesise proteins meant for
insertion into membranes, packaging within
organelies or secretion out of cell.)

angles to each

lateral view other

e A pair of hollow cylinders made up of 9
triplets of microtubules (hollow tubes

¢  To act as microtubule organising centre
(MTOC) during spindie formation in cell

tmni‘::rec:n;.fbules made of the protein tubulin) each division
e +  The two rod-like cylinders are positioned
o X at right angles to each other [NB: 1) During cell cycle, the centrioles
& %A . Found in a region called the replicate & move to opposite ends of the
LR centrosome which is the microtubule cell. They piay a role in nuclear division
. organising centre (MTOC) in animal cells by helping to organise the
cross section  centrioles at right spindle fibres (which are made up of

microtubules)
2) In higher plants, centrioles are absent.}

The endomembrane system consists of the nuclear envelope, rough endoplasmic reticulum (RER), smooth endoplasmic reticulum (SER), Golgi
apparatus (GA), lysosomes and various vesicles and the plasma membrane.

DNA is transcribed in the nucleus to mRNA->mRNA leaves the nucleus via the nuclear pores>mRNA is translated into polypeptides on the ribosomes
of the RER-»polypeptides enter the lumen of the cistema of the RER where it undergoes modification> transport vesicle buds off from the RER and
cany the proteins to the GA dvesicle fuses with the ‘cis’ face of the GA and the proteins undergoes further modification, soiting and packing a
secretory vesicle containing the protein will bud off from the ‘trans’ face of the GA and be transported to and fuse with the cell surface membrane,
releasing the protein content of the vesicle by exocytosis. Microtubules direct the movement of the transport vesicle to the GA and the secretory
vesicle to the cell surface membrane.

Explain and distinguish between resolution and magnification

Resolution: The minimum distance whereby two points can be separated and still be distinguished as two points.

Magnification: The degree to which the viewed image is larger than the specimen.

M: Magnification : Length of drawing = ___ X (NB: 1smallest division of eyepiece graticule under Low Power (X10 objective) = 10uym
Length of specimen 1smaliest division of eyepiece graticule under High Power (X40 objective) = 2.5um)
(Units usually used is micrometers)
Annex: (FYI only)

Draw plan diagrams of tissues and calculate linear magnifications of drawings

* When making drawings remember, STAMP

S: Size of drawing must occupy 2/3 of given space

T: Title must inciude : plane of section, name of specimen, name of tissue / cell, magnification e.g. T.S. of epidermal cell of onion (LP)
A: Annotation e.g. cytoplasm starts to pull away from cell wall (not just cytoplasm)

M: Magnification

P: Proportion: e.g. Cell wall cannot be too thick when drawing a plant cell. it must be proportional to the rest of the cell.
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Cefl Membranes

e e of the roles of phospholip
glycolipids. proteins & glycoproteins -
Plasma membrane or Cell surface membrane
<> about 7.5nm thick
-> said to have a fluid mosaic model structure
- 'Fluid’ because the membrane is a dynamic structure where the phospholipids & proteins are able to move
(lipids can move both laterally & transversely {flip flop) while proteins move laterally due to weak interactions between the biomolecules)
- ‘Mosaic’ because of the random arrangement of proteins which are embedded in the phospholipid bilayer

extracetlular matrix

glycoprotein carbohydrate

glycolipid
(carbohydrate
chain directly
. attached to
_unilateral hydrophobic tails
protein (intrinsic ;i & not phosphate
/ integral protein poph head)
i
transmembrane channel protein
(intrinsic / integral protein) has a cytoplasm
hydrophilic pore for movement of . .
ions and polar molecules ?:;g,::g;{;:e)m cholesterol
Components | Characteristics of components Functions
Phoepholipid | - Each phospholipid molecule is amphipathic -As a major component of cell membranes, it
bilayer i.e. has 1 hydrophilic, negatively charged 1) Acts as a boundary between the intracellular & extracellular environment
phosphate head & 2 hydrophobic, 2) Allows compartmentalisation within cell
non-polar hydrocarbon tails all attached to > hence it regulates the movement of substances into & out of the cell/celt
a glycerol backbone compartments by acting as a barrier to movement of ions, polar and large
-In an aqueous environment, they arrange to molecules
form a phospholipid bilayer where the {NB:The charge, polarity and size of molecule influence their ability to pass
phosphate heads interact with the aqueous through the cell membrane.The presence of unsaturated hydrocarbon tails
medium and the hydrocarbon tails form a with kinks will affect the fluidity of the membrane.)
hydrophobic core in the interior of the bilayer
Cholesterof - Found in between phospholipid mics in - Cholesterol regulates membrane fluidity i.e. it stabilises the membrane,
membranes of eukaryotes = The membrane is prevented from being overly fiuid at warmer temperatures
- Has a characteristic 4 ring structure as cholesterol restricts phospholipid movement through its interactions with
- Slightly amphipathic as it has a the phospholpids.
hydrophilic, polar, hydroxyi group & a = The membrane is prevented from being overly firm at lower temperatures as
hydrophobic 4 ring structure cholesterol prevents the close packing of phospholipids and hence
- The hydroxyl group of cholestero! aligns with prevents solidification/crystallisation.
the charged phosphate heads of the - Cholesterol stabilizes the lipid bilayer due to van der Waals interactions

phospholipids while the rest of it is tucked into between the rigid fused ring structure and the lipid bilayer
the hydrophobic core of the membrane.

Proteins - 3 types : unilateral, transmembrane & - Function as channels/carriers for facilitated diffusion, osmosis, active transport
peripheral 1) Channel Proteins
- Have domains that are hydrophobic(aas with => are transmembrane proteins
non-polar R gps) & hydrophilic (aas with polar > may be gated, which means they can open to allow the diffusion of solutes
or charged R gps) or they can be closed to prohibit diffusion. Thus enables cells to regulate
Thus are said to be amphipathic. the movement of solutes. e.g. voltage gated Na* channel in neurons

= may not be gated i.e. forms an open passageway for the direct diffusion of
ions or molecules across the membrane from a high to a low solute
concentration. e.g. aquaporins

2) Carrier Proteins (have 2 altemative conformations)

[NB: => bind the solute on one side of the membrane and as a result the protein

Transport across membranes is vital to a cell, undergoes a conformational change that allows access of the solute to

N the opposite side of the membrane. e.g. glucose transporter

1) for the wwﬁ 0| 3some are pumps that usually use ATP to move solutes againsta
maintain homeostasis in the cell; concentration gradient (from a low solute concentration to a high solute

2) for the intake of nutrients such as glucose concentration). e.g. Na” - K* pump
which acts as a respiratory substrate to | The above two types of proteins are necessary for the movement of charged
provide energy in the form of ATP for the | Particles (e.g. H) and polar, uncharged molecules (e.g. glucose, water). In
cellular activites; contrast, non-polar mics can penetrate the hydrophobic core of the bilayer.

3) for the maintenance of ionic gradients | - Function as enzymes (e.g. acetylchofinesterase which are found on post-
across nerve cells so that impulses can be | synaptic membrane to hydrolyse neurotransmitter acetylcholine)
transmitted; - Function as receptor proteins (e.g. insulin receptor) to which a specific ligand
. . will bind to. The formation of the figand-receptor complex will initiate an
4) for the secretion of synthesised products intracellular signaling cascade for signal transduction.)
such_as hommones ke insulin to the | p,nowone oopieed membrane structure as they are non-covalently bound
bloodstream to maintain blood glucose |~y cytoskeleton (on cytoplasmic side) & extracellular matrix {on extraceliular

levels ] side)
Glycoproteins | Carbohydrate chains associated with As the sugar component can be very diverse the carbohydrate chains can
membrane proteins - Function as markers/recognition sites in cell-cell recognition and
Glycolipids Carbohydrate chains associated directly with adhesion
hydrophobic tails of membrane (& not the e.g. allows cells to be attached to one another to form tissues and organs;
phosphate head) - Function as receptors

e.g. for specific chemicals like hormones
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Outline the roles & functions of membranes within cells and at the surface of cells

1) Membranes are a partially permeable barrier which actas a boundary a) between inside and outside of cell, (b) between organelle and
cytoplasm (e.g. Golgi apparatus & cytoplasm) & (c) betw. compariments within an organelle (e.g. mitochondrial matrix & intermembrane space).
2) Membranes allows for compartmentalisation which aliow
(i) unique environments to be formed for highly specialised activities
(e.g acidic environment in lysosomes for hydrolytic enzymes to work)
(i) spatial separation of biochemical processes & thus their sequential operation within a cell
(e.g. protein modification in RER and further protein modification, sorting and packaging in the GA)
(i) accumulation of ions to high concentrations -
(e.g.accumulation of a high concentration of H in the intermembrane space of the mitochondria enable a proton gradient to be established for
chemiosmosis)
3) Membranes act as a surface for chemical reactions to occurin a sequential manner
<> membranes may have functionally-related proteins grouped together so that sequential biochemical processes can occur
(e.g. the thylakoid membranes of the chioroplast have electron carriers & ATP synthetase for chemiosmosis to occur.)
4) Membranes increase surface area for chemical reactions
(e.g. inner mitochondrial membrane is highly folded to hold more electron transport chains and ATP synthetase)
5) Membranes surface topography enable communication of cell with surroundings
> the unique combination of proteins/glycoproteins/gtycolipids on surface of different celis enable
(a) celi-cell recognition and adhesion so that tissue formation is possible,
(b) viruses to recognize and infect host cells and
(c} ligands to recognized specific receptors so that signal transduction can occur.

(h) (Knowiedge of diffusion, osmosis. active transport. endocytosis and exocytosis is required)

Trpt Movement
;rr); ':‘i:: rt ::1::“: protein 23:::5 Something to note
reqmt
gradient
Diffusion no no down Definition: Net movement of mics. or ions from a region of high concentration to a region of low
concentration, down a concentration gradient.
e.g. O.diffuses from the lungs to the blood
Facilitated | no yes down - Transport proteins facilitate diffusion of substances that are insoluble in phospholipids bilayer
diffusion e.g. 1) transmembrane hydrophilic channel proteins (e.g. aquaporins)
2) carrier proteins (e.g. glucose transporters)
3) voltage gated protein channels {e.g voltage-gated Na* channels) open & close when an
action potential is generated in nerve cells.
Active yes yes up Definition: Energy (ATP) consuming transport of mics. or ions across a membrane through a
transport transmembrane transport protein against a_concentration gradient.

- Requires ATP & transports mics. across a membrane

- Energy is required because the substance is moving against its natural tendency to diffuse in
the opposite direction

-e.g. Na"K’ pump (e.g. in maintenance of polarised state of nerve cells)

- Mowt. of each mic or ion is in one direction {uniike diffusion which is reversible)

Bulk yes no down/up - Requires ATP but not considered as active transport as it does not transport mics. across a
transport membrane through a transmembrane transport protein. (However, it is an active process.)
2 types:

1)Exocytosis: Secretion of macromolecules (e.g. waste materials) to the exterior of the cell by
fusion of vesicle with the plasma membrane

2)Endocytosis: Infolding or extension of cell surface membrane to form a vesicle or vacuole,
thus allowing cell to aquire macromolecules and particulate matter respectively.

a)Phagocytosis: solids taken into cell via a_vacuole (cell ‘eating’)(e.g. white blood cells engulf

bacteria)

b)Pinocytosis: liguids taken into the cell via vesicles (celt ‘drinking’){e.g. human egg cell takes

up nutrients from surrounding follicles)

Osmosis no no down Definition: Net movement of water from a region of high water potential to a region of low water
potential down a water potential gradient thru’ a partially permeable membrane.

Annex:

Investigate the effects on plant cells of immersion in solutions of different water potentials. (ONLY FOR PRACTICALS)

- Water potential of a solution < tendency for water molecules to leave a solution.
in plant cells, water potential depends on:
1) the extent by which dissolved solutes lowers water potential i.e. the solute potential
2) pressure exerted by the cell wall against the cell surface membrane i.e. pressure potential

Water potential of a plant cell = Solute potential of cell contents + pressure potential of cell wall
w q"s ‘P P
The S! unit is Pascal (Pa).
- Water potential of pure water is zero. This is the maximum for water potential.
When we add solute, (1) . becomes —ve (2) concentration of solute increases
When we add more solute, {1) ¥, becomes more —ve (2) concentration of solute increases more
When we add even more solute, (1) ¥, becomes even more ~ve (2) concentration of solute increases even more

- Atincipient plasmolysis, ¢, = 0. Thus g, -, -> the plasma membrane just starts to pull away from the cell wall.
- Net water movement occurs from a region of high water potential to a region of low water potential down a water potential gradient.
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‘CELL & NUCLEAR DIVISION

Describe, with the aid of diagrams, the behaviour of chromos
envelope, cell membrane & centrioles { Names of the main st

(1) INTERPHASE

1. Organelle synthesis occurs in the G, & G,
Phases

2. DNA replication occurs during S phase
1. Chromatin threads condense. Each
chromosome is visible as two sister
chromatids joined at the centromere
2. Synapsis occurs i.e. homologous
chromosomes pair up to form bivalents
3. Crossing over occurs between non-sister
chromatids of homologous chromosome
pairs, forming chiasmata (sites of
crossing over). Corresponding segments
of non-sister chromatids are exchanged
. Centrioles migrate to opposite poles
and spindle fibres extend from each pole
to kinetochores & metaphase plate
5. Nuclear envelope disintegrates
6. Nucleolus disappears
1. Kinetochore microtubules align homologous
pairs at the equator in two rows with each
chromosome on either side of the equator
* The orientation of chromosomes of each
bivalent is completely independent of the
orientation of the other bivalents,
(4) ANAPHASE |
1. Kinetochore microtubules shorten and
homologues are led by their centromeres
to opposite poles. Non-kinetochore
microtubules elongate causing the 2 poles
fo move further apart. (Centraceces do wet dvsivtey

N

l

(5) TELOPHASE |
1. Each pole has a haploid set of
chromosomes

2. Chromosomes uncoil into chromatin

3. Spindle fibres disintegrate

4. Nuclear envelope reforms around the
chromosomes at each pole & nucleoli
reappear

(6) CYTOKINESIS (See step 6 of mitosis)

HAPLOID daughter cells result

(7) PROPHASE i

1. Chromatin threads condense
Each chromosome is visible as two sister
chromatids joined by a centromere

2. Centrioles duplicate & migrate to opposite
poles. Spindle fibres extend from each pole
to kinetochores & metaphase plate

3. Nuclear envelope disintegrates

4. Nucleolus disappears

(8) METAPHASE I

1. Kinetochore microtubules align chromosomes
at the equator in one row

The orientation of sister chromatids of each

chromosome is completely independent of

the orientation of the others

{9) ANAPHASE i

1. Centromeres of each chromosome divides

2. Kinetochore microtubules shorten & pult the
Sister chromatids (now called chromosomes)
centromeres first to opposite poles. Non-
kinetochore microtubules elongate causing
the 2 poles to move further apart.

(10) TELOPHASE i

1. Chromosomes uncoil into chromatin

2. Spindle fibres disintegrate

3. Nuclear envelope reforms around the
chromosomes at each pole of both celis

4. Nucleoli reappear

{11) CYTOKINESIS (See step 6 of mitosis)

4 HAPLOID daughter cells result
NOTE (i) Some cells skip telophase | and cytokinesis,
entering prophase ! direclly after anaphase I.There is no
interphase H.{ii) Centromeres divide NOT SPLIT

|

|

|

Cell & Nuclear Division

<

MEIOSIS

omes during mitosis & meiosis & the associated behaviour of the nuciear
39€s are expected, but not the sub-divisions of prophase.)

@.’

2015-2016

- TR,

(1) INTERPHASE

1. Organelle synthesis occurs in the G, & G;
phases

2. DNA replication occurs during S phase

1. Chromatin threads condense. Each
chromosome is visible as two sister chromatids
joined at the centromere

2. Centrioles migrate to opposite poles & spindle
fibres extend from each pole to kinetochores &
metaphase plate

3. Nuclear envelope disintegrates

4. Nucleolus disappears

1. Kinetochore microtubules align chromosomes
at the equator in one row.

(4) ANAPHASE “apart”

1. Centromeres of each chromosome divide

2. Kinetochore microtubules shorten and pult
the sister chromatids (now called
chromosomes) centromeres first to opposite
poles. Non-kinetochore microtubules elongate

causing the 2 poles to move further apart
1. Chromosomes uncoil into chromatin
2. Spindle fibres disintegrate
3. Nuclear envelope reforms around the

chromosomes at each pole & nucleoli rea

\

MITOSIS

ar

Animal celis: Cell membrane invaginates
towards the middle, forming a cleavage furrow.
Cell membranes join up and separate the 2
daughter cells

Plant cells: Vacuoles appear in the middle of the
cell. They coalese to form a cell plate, separating
the 2 daughter celis

* : contains one complete set of chromosomes
i.e. it contains half the number of chromosomes as a diploid ceil.
It contains one member of each homologous pair of chromosomes
i.e. one chromosome from either parent)
. * contains two complete sets of chromosomes
i.e. chromosomes exist as homologous pairs
Each set of chromosomes is from one parent.

pia d ed O O 0i0go
=> have same length, centromere position & staining pattern
“»carmry genes controlling the same inherited characteristics at the
corresponding loci on both members of a homologous pair
-» one is of matemnal origin + one is of paternal origin
Hence each member of a pair is genetically different from each othes
=> pair up to form bivalents during prophase | of meiosis
Thus aithough each member of the homelogous pair may have genes coding
for the same characteristics (e.g. eye colour) at corresponding loci, they are
genetically different form each other as they usually have different alleles (e.g.
aliele for blue eyes & for green eyes, each of which have different nuclectide
sequences) for each of the characteristics.
Sister chromatids
=> are the result of DNA replication and thus have the same alleles
> are genetically identical (before crossing over occurs between non-

sister chromatids) /—\\
Biond hair Y

. Homologous
Sister aood pair of
chromatids a3 chromosomes
N st =xz or
on-sister Biack hair Biood homologues
chromatids \ s *

NS

* Q: What is the difference between chromosomes & chromatin?
Chromatin: Complex of DNA & protein

Chromosome:

1) Uncondensed form < a mass of long, thin, thread-like fibres of chromatin.
2) Condensed form <> chromatin that has been condensed by coiling and
folding many times upon itself & appear is short, thick, structures

Prepared by: Mrs. Selvamani Nair

Raffles Institution (Yr 5-6) 1




Cellular Functions Cell & Nuclear Division 2015-2016

Explain the need for the production of genetically identical cells & the fine control of replication.

e During S phase of interphase/before mitosis,

replication of DNA occurs by semi-conservative replication where both parental DNA strands are used as template for complementary
base pairing ‘

This ensures that 2 gentically identical DNA molecules (i.e. sister chromatids) form

»  During anaphase, separation of identical sister chromatids occurs when centromeres separate and the resulting chromosomes are pulled
to opposite poles of the cell

This ensure even distribution of the DNA in the daughter cells which will thus contain the same hereditary material/same alleles/ same
DNA/ same base sequence / same number of chromosomes

»  Thus daughter cells produced during mitosis are genetically identical to the parents i.e. no genetic variation occurs.
These cells will have all the genes necessary for survival of the cell/organism and will be faithfully inherited with every replication
cycle so that the resulting cells can continue to function normally.

> Thus mitosis allows for growth, repair & asexual reproduction which require the production of genetically identical cells. (i.e. cells
are clones of each other) .

Explain the importance of mitosis in growth, repair & asexual reproduction.

*  Mitosis is a form of nuclear division which results in the formation two nuclei/cells that are genetically identical to the parents
i.e. mitosis maintains genetic stability.

*  Mitosis is important in

(1) Growth <> as it aliows for an increase in the number of genetically identical cells in a multicellular organism & contributes to an increase in its
size & mass.

(2) Repair -> as it allows damaged/worn-out cells to be replaced (e.g. skin cells) & lost parts of an organism to be replaced (e.g. lizard’s tail)

(3} Asexual reproduction =¥ as it allows for the production of new individuals from just a single parent (e.g. vegetative propagation of onion bulbs)
(The fusion of egg & sperm from two different parents is not necessary)

where offspring produced are genetically identitcal to the parents and hence are already adapted to the environment
that allowed the palents to thrive

This allows for rapid reproduction for colonisation of the habitat

Explain the need for reduction division (meiosis) prior to fertilisation in sexual reproduction

(i) for maintenance of chromosome number in offspring in every generation

* During reduction division (meiosis), diploid cells (which have 2 complete sets of chromosomes) undergo two nuclear divisions (Meiosis | & Il) to
give rise to haploid gametes (which have only 1 complete set of chromosomes).

« During fertilisation, 2 haploid gametes (one male & one female) fuse to give rise to a diploid zygote. Hence the chromosome number in the
zygote is restored when fertilisation occurs.

» [f meiosis did not occur, the fusion of gametes during sexual reproduction will resutt in the doubling in the number of chromosomes with each
successive generation.

«» Hence reduction division(meiosis) ensures that the maintenance of chromosome number in a sexually reproducing species in every
generation

(ii) for maintenance of genetic variation in offspring in every generation
» During meiosis, independent assortment of chromosomes and crossing over ensures a wide variety of genetically different gametes are

produced
» This leads to a great variation in offspring produced which result from the random fusion of gametes during sexual reproduction.

Explain how meiosis & random fertilisation can lead to variation.

* During meiosis,

(a) Crossing over between non-sister chromatids of homologous chromosomes results in new combinations of alleles on chromatids. (&
eventually a variety of offspring)

(b) Independent assortment of homologous chromosomes at the metaphase plate & their subsequent separation during metaphase | &
anaphase | respectively & ) )
Random orientation of non-identical sister chromatids of each chromosome at the metaphase plate & their subsequent separation
during metaphase Il and anaphase li respectively
¥ results in gametes with different combinations of maternal & paternal chromosomes. (& eventually in a variety of offspring)

* Random fusion of gametes )
= during sexual reproductionffertilisation results in offspring with a variety of genotypes & possibly phenotypes (& hence a variety of
offspring)
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Distinguish Between Mitosis & Meiosis

Feature Mitosis Meiosis
Location & cell | Somatic cells in all parts of the body Precursor sex cells in reproductive organs that give rise to
type metes
No of nuclear | One (Note: DNA replication occurs only once) Two (Note: DNA replication occurs only once)
divisions
Prophase |
Prophase No synapsis/ homologues do not pair up; Synapsis occursfhomologues pair up to form bivalents(tetrads)
No chiasma formation; Chiasma formation &
No crossing over of corresponding segments of-non-sister Crossing over of corresponding segments of non-sister
chromatids; chromatids of homologous chromosomes (results in non-
identical sister chromatids with new combinations of
alleles)
Prophase It > Similar to prophase of mitosis
Metaphase Metaphase {
Chromosomes, each consisting of a pair of sister chromatids, Homologous chromosomes align in pairs at the equator
align individually on equator (i.e form a single row) (ie. form 2 rows)
Each centromere attaches to spindle fibres from both poles Centromeres of each chromosome attaches to spindle fibers
from different poles
Metaphase il < similar to metaphase of mitosis except that
chromosomes consist of non-identical sister chromatids
Anaphase Separation of centromere; Anaphase |
Separation of identical sister chromatids to opposite poles: | NO separation of centromere;
(is the least (NB: 1.0nce centromeres separate, each sister chromatid is Separation of homologous chromosomes
frequently called a chromosome {i.e. pair of sister chromatids move to same pole);
observed phase 2. During anaphase, kinetochore microtubules shorten Anaphase il
as itis the while non-kinetochore microtubules lengthen as they > similar to anaphase except that non-identical sister
shortest phase.) slide pass each other, causing the celi to elongate.) chromatids separate
Telophase 2 daughter nuclei which are genetically identical & have the Telophase |
same chromosome number as parental cells <> 2 daughter nuclei which are genetically different & each
has half the chromosome number as parental cells)
Telophase I
> 4 daughter nuclei which are genetically different & each
has half the chromosome number as parental cells)
Result of 2 genetically idemtical daughter cells form; 4 genetically different daughter cells form;
nuclear No variation occurs(in the absence of mutation); Genetic variation has occurred (in the absence of mutation);
division Daughter cells have the same number of chromosomes as Daughter cells with half the chromosome number as parental
parental cells 2 hence called replicative division cells<» hence called reductive division
a O O oied e a O d edagd O o e & ae d a e ad O e.0 ge e e d d oQe aaia O O
O a ed e e d e O d ero aige O edge d Q eq d O O e PO O e 9. O = e
O O eq e G O < a d e e ed @) aeid Q e e d O eq e
. O O otied e a O d ead O d e

* Regulatory checkpoints in the cell cycle that ensure normal celt division & growth

* Dysregulation of the checkpoints in the cell cycle can result in uncontrolled cell division

» Dysregulation of the checkpoints is due to gain-in-function mutations in proto-oncogenes and loss-of-function mutations in tumour suppressor
Genes. This can result in

1) excessive cell growth and proliferation (due to mutations in proto-oncogenes and/or tumour suppressor genes)

2) loss of contact inhibition (i.e. cells can grow on top of each other and form a tumour)

3) evasion of apoptosis (i.e. cells no longer undergo programmed cell death)

4) angiogenesis (i.e. blood vessels can grow into the tumour)

 If metastasis (i.e. tumour cells may separate from the primary site and migrate to other parts of the body via the bioodstream and proliferate there)
then occurs, the tumour is referred to as being malignant and cancer is said to have occurred.

Gain-of-function mutation < e.g. when a proto-oncogene is mutated to form an oncogene
(dominant mutation) -> mutation in just one copy of the gene results in increased cell
growth and proliferation due to the increased synthesis/activity of a
functional product (which was not produced previously) due to mutation
Thus the mutation is said to be dominant.

Loss-of-function mutation < e.g. mutations in tumour suppressor genes
(recessive mutations) => mutations in both copies of the gene necessary for loss of tumour
suppression
=> even when one copy is mutated, the non-mutant copy still produces a
functional gene product which will resutt in tumour suppression.
Thus the non-mutant copy will mask the effect of the mutant copy
and hence the mutation is said to be recessive.

Not all cells need to be replaced at the

Causative factors which increase the chances of cancerous growth same rate or at the same time. There are
built-in controls in the cell cycle, (i.e.

A. Environmental factors =» exposure to carcinogens (eg. uv light, tar in cigarette smoke, ethidi checkpoints), that determines how fast a
P ogens (eg brorgide etc.) 9 €. ethidium cell divides and how many cycles it will
B. Infection with certain viruses (e.g. human papilloma virus) or bacteria (e.g. Helicobacter pylori) | undergo.
C. Genetic predisposition <> due to family history
D. Age > chances of getting cancer increases with age due to accumulation of mutations over a
lifetime.
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A

* After the centromeres divide at anaphase, the
number of chromosomes per cell doubles until
cytokinesis is over.

H
3
l

**Since the number of chromosomes halve once the
cell has completely divided, the number of
chromosomes per cell dropped from 4n to 2n only
at the end of cytokinesis.

|

Number of chromosomes per cell
=}

] | | ! | l ! l I | | i l I L

Sequence of Events

* During S phase of interphase, DNA replicates and
so the amount of DNA increases gradually.

** The amount of DNA per celi halves when the cell
undergoes cytokinesis.

x

Amount of DNA per cell (pg)
N
b3
[

I I ! l | l l I I | I l l I L,

Sequence of Events

* The number of chromosomes per cell halve at the end of
the 1% cytokinesis and haploid cells resutt.

**After the centromeres divide at anaphase I, the number
of chromosomes per cell doubles until 2™ C
(cytokinesis) is over.

-
=3
l

!

l I I ] I I l l l I I l I ! |

Sequence of Events

Number of chromosomes per cell
=2

G1 S G2 P M Al Ti 1"C PI MH Al TH 2¥C

* After the 1% C (cytokinesis), the amount of DNA per
cell is restored to x (same as the original cell) and
the daughter cells are haploid.

* = After the 2™ C (cytokinesis), the amount of DNA
per cell is x/2 and the daughter cells are haploid.

=

L
L1 N I I SN N N [ 1 1 | |

Sequence of Events

Amount of DNA per cell (pg)
x N
Ed
l

S
[

G1 S G2 PI M Al T i“c PH ML Al TH  2¥C

Do note that the amount of DNA per nucleus (not shown in the above graphs) doubles during S phase of interphase. Then, during mitosis it halves at
telophase when the nuclear envelope reforms. During meiosis, the amount of DNA per nucieus halves during telophase | and halves again during
telophase 1.
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DNA replication, transcription, translation & mutations

2015-2016

Nucleic acid

RNA (mRNA, tRNA & rRNA) DNA
Pentose (five carbon) sugar Ribose Deoxyribose
Nitrogenous Purines (2 rings) Adenine & Guanine Adenine & Guanine
bases Pyrimidines (1 ring) Cytosine & Uracil Cytosine & Thymine

Complementary base pairing occurs between

Adenine & Uracil ( 2 H bonds)
Cytosine & Guanine ( 3 H bonds)

Adenine & Thymine ( 2 H bonds)
Cytosine & Guanine ( 3 H bonds)

Notethat
theres noT
in RNA

Proesshodiestet ! ()
bonds H

Structure Single Stranded Double Stranded
Found in (location) Cytoplasm, Nucleus Nucleus
e 01 d el e (d gside pnospngie g &) el ae onopnospnaie
®\ Nitrogenous base: attached to C1
SCH, Phosphate group: attached to C5
O OH group attached to C3: involved in phosphodiester bond formation
(2)Phosphate group ;4 , - {3) Nirogenous If His attached to C2 <> deoxyribose sugar
base If OH is attached to C2 <> ribose sugar
3 H
i " Nudleoside
(1) Sugar
Structure of RNA and DNA
RNA DNA in DNA
Sugar Sugsr Bass Sugar *AT=11and C:G=1:1
phosphate phosphate pars phosphate * (A-l-G) = (C+T)
backtone Backbone backbane i.e. no.of purines = no.of pyrimidines
m 5 end of DNA Fend of DNA * Purines: 2 rings (baby's are pure & go googooGAGA)

Hydrogen bonds are
formed tetween
complementary bases of
The 2 complementary
DHA strands.

Phosphodiester inksges
are formed between
socent nuckeotides of
the same DNA srand.

H
3end of RNA Z'end of DNA
S— N——
Polynucioiide of an RNA molecule ::%m:
ysualy exists as single strand.
~ N —

RI®

] DN double heli { DHA mekcule ‘

|

-{c} Grbw for second “Lig

generation in 1N

2 b Ta s

v

|mm|

(a) A stock of parental E. coli were grown for
many generations in *N medium as the
only source of nitrogen until "N was
incorporated into the nitrogenous bases of
all bacterial DNA.

(b) The E.coli containing *N-"N were then
transferred into a medium containing
only “N. The transferred E. coli were
allowed to divide once and were then
collected. The DNA extracted and
centrifuged in CsCl were all hybrid (*N-
N) DNA. This excluded conservative
replication in which no hybrids form.

(c) Some of these cells were then allowed to

divide once more. The DNA extracted

and centrifuged in CsCI were half hybrid

(“N-""N) DNA and half “light” (**N-"*N)

DNA. This excluded dispersive replication

in which no pure "*N-"*N can be obtained.

* Pyrimidines: 1 ring (CUT food on dinner plate)
* Constant width between sugar phosphate
backbone = 2nm
* 2 strands are anti-parallel: one strand runs
in the 5' to 3’ direction, while the other
strand runs in the ¥ to 5 direction> DNA
is said to have directionality
* 1complete turn of the double helix has 10
base pairs and spans a distance of 3.4nm
* 1 DNA molecule is made up of 2 strands of DNA

3 hypotheses for DNA replication mechanism:

1) Semi-conservative replication

=>both strands separate by the breaking of
hydrogen bonds and each strand acts as a
template for the synthesis of a new strand
through complementary base pairing.

Thus each DNA molecule formed is a hybrid
consisting of 1 original strand and 1 newly
synthesized strand.

2) Conservative replication

=>2 parental strands re-associate after acting as
templates, thus restoring the original double helix.
The other DNA molecule consists of 2 newly
synthesized strands.

3) Dispersive replication

-»Parental DNA molecule is fragmented and
dispersed. Daughter molecules are madeup of a
mixture of old and newly synthesized parts.
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Mutations
A gene mutation is an alteration in the sequence of nucleotides which may change the sequence of amino acids in a polypeptide chain. This may

change the 3D shape of the protein, affecting the protein function and subsequentl affect the characteristics (phenotype) of the organism.
Type of mutation Substitution Inversion Insertion Deletion

Description Replacement of | Two or more nucleotides One or several One or several nucleotides are removed
one nucleotide are in the wrong sequence | nucleotides are inserted from a sequence
into a sequence j
Result of mutation 1 codon 1 or more codons changed | Shifts reading frame from Shifts reading frame from point of
changed point of mutation mutation
Effect on protein Minor/Major Minor / Major, depending Usually Major Usually Major
on whether a frameshift If the number of nucleotides inserted or deleted are a multiple of
occurs three, there will change the primary sequence but a frame shift will
not result.
Examples of diseases due to gene mutation:
Name of disease Sickle-cell anaemia Cystic Fibrosis

Protein affected

Beta-globin chain of haemoglobin
From HbA to HbS

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

Description of change

Change in DNA : CTC to CAC {substitution)
Change in mRNA : GAG to GUG
Change in amino acid : glutamate to valine

Change in DNA: Deletion of 3 nucleotides on exon 10 of
chromosome 7 (deletion).
Loss of amino acid phenylalanine

Effect of the change

Charged and hydrophilic glutamate changed to non-
polar and hydrophobic valine in HbS.

At low oxygen concentrations, HbS undergoes an
conformation change which will cause the
hydrophobic patches on different HbS to stick
together. This polymerization of HbS results in the
formation of abnommal, rigid, rod-like fibres.

Shape of red blood cell distorted — sickle shaped.

especially lungs.

Missing or defective CFTR (a channel protein).
CI not transported out of the epithelial cells of the tissues,

Na* and CT retained within the cells cause the water potential
within the cell to become more negative.

Water retained within epithelial cells as a result.

Mucus in the lumen becomes thick and undiluted.

Bacterial infection may occur.

Effects of disease

Process
Location

Sickle red blood cells are more fragile and break easily.
This resuits in shortage of red blood cells and poor
oxygen transport. This leads to anaemia, lack of
energy and heart failure.
Sickle red blood cells may also lodge in small blood
vessels and interfere with blood circulation. This will
lead to organ damage.

Replication

chloroplasts)

Nucleus (also in mitochondria and

indigestion.

Transcription
Nucleus

In the lungs, thick mucus may cause lunvg infections and
difficuity in breathing.
In the pancreas, thick mucus may block the pancreatic duct >

In the sweat glands, it will prevent reabsorption of NaCl resulting
in very salty and copious sweat production.
Death occurs by age 30.

Translation
Cytoplasm

Begins at Origin of replication Promoter Start codon (AUG)
(AUG: Are U Good?)
Ends at Where 2 adjacent replication Termination sequence %%P:Od%f;ogUAGvUAA,UGA)
bubbles meet / Telomeres (u AA U ;ﬁ Awiul
UGA:U are Good & Awful)
Template DNA (both strands) DNA (template / non-coding strand) mRNA
Monomers Deoxyribonucleotides Ribonucleotides Amino acids
Complementary base- | Adenine & Thymine Adenine & Uracil Complementary pairing between codon
pairing Cytosine & Guanine Thymine & Adenine and anti-codon
Cytosine & Guanine
Guanine & Cytosine
Enzymes Involved DNA polymerase, Helicase, RNA polymerase Aminoacy! - tRNA synthetase
Primase, DNA Ligase, (Poly A polymerase & endonuciease in eukaryotes) | Peptidyl transferase (a ribozyme)
Topoisomerase
Bonds _ within _molecule | Phosphodiester bonds, Phosphodiester bonds Peptide bonds
formed Hydrogen bonds
Ribosomes involvement No No Yes
Template strand isread in_| 3't0 &' direction 3’ to &' direction 5' to 3’ direction
Molecule is synthesized in _| 5 to 3’ direction 5’ to 3' direction from the amino end to the carboxyl end

Proof reading Yes - -
Product (s) 2 DNA molecules mRNA tRNA rRNA,snRNA etc. Polypeptide chain
Product destination Nucleus Cytoplasm Cytoplasm/ Cell membrane/Outside cell
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Role of DNA

The main role of DNA is to store information and pass it on from one generation to the next.

It is a suitable store of information as:

a) It can be replicated accurately -> daughter celis have identical copies of DNA as the parent cell

Weak hydrogen bonding between the two strands allow them to separate and act as a template for new strand synthesis

{Adenine forms 2 hydrogen bonds with thymine and cytosine forms 3 hydrogen bonds with guanine through complementary base pairing)

b) Itis a stable molecule > can be passed on to the next generation without loss of the coded information (Why DNA needs to be stable?)
Collectively, numerous hydrogen bonds hold the two strands of DNA together and adjacent nucleotides in each strand are joined by strong covalent
phosphodiester bonds

c)There is a backup of code
DNA is double stranded and one strand to serve as a template for the repair of the other if a mutation occurred

d) Coded information can be readily utilised/accessed
Weak hydrogen bonding allows the template strand to separate from the non-template strand allowing transcription to take place
Complementary base pairing allows the faithful transfer of info from DNA to RNA in transcription, which will be transiated to protein subsequently

Role of mRNA:

1) Messenger RNA (mRNA) serves as a ‘messenger’ that, in eukaryotes, takes the information out of the nucleus via the nuclear pore to the
cytoplasm where translation takes place.

2) mRNA acts as a template for transfation, as each codon within the coding region of the mRNA represents an amino acid in a polypeptide.

Role of tRNA:

They bring in specific amino acids in a sequence corresponding to the sequence of codon in mRNA to the growing polypeptide.
it can facilitate translation due to:

(1)its ability to bind to a specific single amino acid

(2)the abiiity of the anticodon to base-pair with the mRNA codon

Role of rRNA:
(1) rRNA associates with a set of proteins to form ribosomes.

(2) rRNA is the main constituent of the interface between the large and small subunits of the ribosome
Thus the small ribosomal subunit can bind to the mRNA as complementary base pairing can occur between the rRNA in the mRNA binding site
of the small ribosomal subunit and the mRNA.

(3) rRNA is the main constituent of the P site (peptidyl-tRNA binding site) and A site (amino-acyl tRNA binding site) on the large ribosomal subunit
Hence rRNA enables the binding of aminoacyl-tRNAs to the P site and A site

(4)An rRNA molecule (peptidyl transferase) on the large ribosomal subunit also catalyses the formation of the peptide bond between the amino group
of the new amino acid in the A site and the carboxy! end of the growing polypeptide in the P site.
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IDNA REPLICATION

1. Before DNA replication, free deoxyribonucleoside
triphosphates are manufactured in the cytoplasm and
transported into the nucleoplasm via nuclear pores.

2. DNA replication occurs at S phase of interphase.

UNZIPPING OF PARENTAL STRAND

3. Replication begins at specific points of the DNA molecule
each of which is known as an origin of replication (o).

4. Helicase binds to origin of replication. it disrupts

hydrogen bonds between complementary base pairs,

causing parental strands to unzip and separate.

Single-strand binding proteins keep the strands apart so

that they can serve as templates for the synthesis of new

strands.

6. Topoisomerase relieves “overwinding” strain ahead of
replication forks by breaking, swiveling and rejoining DNA
strands.

ADDITION OF PRIMER

7. RNA primer is added to each template (parental) strand by
the enzyme primase.

8. RNA primer provides a free 3' OH end for DNA
polymerase to recognise and start DNA synthesis of the
complementary daughter strand.

9. DNA polymerase can only add deoxyribonucleotides
(DNA nucleotides) to a pre-existing 3'0OH end of a
nucleotide. -

o

SYNTHESIS OF DAUGHTER STRANDS

10. DNA polymerase uses the parental strand as a template
and aligns the free activated deoxyribonucleoside
triphosphates (dNTPs) in a sequence complementary to
that of the parental strand. o

11. Adenine base pairs with Thymine and vice versa.
Guanine base pairs with Cytosine and vice versa.

12. DNA polymerase catalyses  the formation  of
phosphodiester bonds between adjacent daughter DNA
nucleotides of the newly synthesised strand.

13. Removal of the pyrophosphate (PPi) from the
deoxyribonucleoside  triphosphate (dNTP) and the
subsequent hydrolysis of PPi provides the energy to drive
the polymerization reaction.

14. As DNA polymerase moves along the template, it proof
reads the previous region for proper base pairing. Any
incorrect deoxyribonucleotide is removed and replaced
by the correct one.

15. The leading strand is synthesized continuously in the §'
to 3’ direction.

16. The lagging strand is synthesized discontinuously.

Its synthesis is similar to leading strand, except that the
lagging strand is synthesised in fragments known as
Okazaki fragments. Each fragment is initiated by an RNA
primer before the addition of DNA nucleotides.

47. A different DNA polymerase then excises the RNA
primer and replaces it with deoxyribonucleotides.

18. DNA ligase seals the nicks by forming phosphodiester
bonds between adjacent nucleotides of the each of the
DNA fragments on the new strand.

END OF REPLICATION

19. Complementary parental and daughter strands rewind into
a double helix.

20. Each resultant helix consists of one parental strand and
one daughter strand. Hence this is calied semi-
conservative DNA replication.

origin of replication (ori)

—*

O

485 g

Qo

=

helicase - o single strand binding proteins

replication bubble

L

5'
788 3 5 3 RNA primer.
RNA primers are added by prima , 3" end
P yprimase 8 e 5 of RNA

primer primer

DNA polymerase ¥

5 5

a . —
T 5
10-13 I s

-

Together the Okazaki
fragments form the
lagging strand

nick

B nucleotide

&

a different DNA polymerase
replaces the RNA nucleotides with
DNA nucleotides

17 & 18 P -
i__ T s A L ST "_:

deoxyribonucleoside s
triphosphate/ DNA

complementary base pairing

parental
strand

parental
strand

DNA figase seals the nicks by forming a
phosphodiester bond between adjacent
nucleotides of the 2 DNA fragments of

. he new strand
oo lllllllllllllll(llllIIIll’illllllIlllHI“IIIIIIIIIHl!ll“ll|ll“lll|l|lll ‘;
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DNA & Genomics Translation 2015-2016

# VAW IR (0] R:the synthesis of a polpeptide using genetic information encoded in an mRNA molecule. There is a change in “language’ from nucleotides to amino acids

Amino acid activation: amino acid + tRNA ma_soww\._ﬁ.wxz> synthetase, \, aminoacyl tRNA
Each amino acid is covalently attached to the 3' CCA stem of a specific tRNA by a specific aminoacyl-tRNA synthetase.

There are 20 different aminoacyl tRNA synthetases. Each enzyme recognizes a specific amino acld & the unique identity sites at the 3'CCA stem & the anticodon loop of a specific tRNA.
Thus. 20 different aminoacvl tRNAs can be formed.

Amino acid activation is NOT part of transiation
but essential for translation to occur.

Large

INITIATION ol sinoni
(in both EUKARYOTES & PROKARYOTES) ( wmmm is required) bl d

1. Initiation factors facilitate the binding of the small ribosomal subunit to both mRNA and initiator tRNA.

2. The large ribosomal subunit binds, completing the ribosome, resulting in the formation of the translation initiation complex.
3. The initiator tRNA will be positioned at the P site (peptidyl-tRNA binding site).

4. The A site (aminoacyl-tRNA binding site) will be vacant for the addition of the next aminoacy! {RNA molecule.

5. GTP is required for the initiation stage.

mRNA binding slte

subunit

IN EUKARYOTES IN PROKARYOTES
« Initiation factors and initiator tRNA Awmi_sm methionine) bind to small ribosomal subunit. o Initiation factors bind to the small ribosomal subunit and facilitate
« Small ribosomal subunit then recognizes & binds to the §' 7 methylguanosine cap of the mRNA.& moves in the the binding of the small ribosomal subunit to Shine-Dalgarno
5' to 3’ direction along the mRNA In search of the start codon, AUG. sequence so that the start codon can be correctly positioned before
« The initiator tRNA associates with the start codon by complementary base pairing the initator tRNA and large ribosomal subunit bind.
(This is followed by points 2-5 under initiation.) (This is followed by points 2-5 under initiation.)
ELONGATION . ) Aminaend

(in both EUKARYOTES & PROKARYOTES) A% is required) of polypaptice

3. Translocation o % Anticodon of incoming aminoacyl tRNA base pairs
“ Ribosome shifts one codon down mRNA in § Ribosome ready for s AN with complementary mRNA codon in A site
ﬁou.a:.mnco:.. ..::a__s.a:ni \ 4 cio:a:m:vaaom:co:am.

< The tRNA from the A'site is shifted to the E site (exit site)
and released into cytosol.

2. Peptide bond formation

% Peptidyl transferase in large ribosomal subunit
catalyses peptide bond formation between amino
acid in A site and methionine/ amino acid at carboxyl
end of growing polypeptide chain in the P site.

* The aminoacyl-tRNA with growing polypeptide is
translocated from A site to P site.

“ Empty A site is ready to receive the next incoming
aminoacyl tRNA, with anticodon complementary to mRNA L . . . .
codon exposed at A site. % The methionine/amino acid dissociates from the initiator

tRNA it was bound to.

« The process is repeated until a stop codon is reached.

Release

e
factor Fre

TERMINATION polypeptide

(in both EUKARYOTES & PROKARYOTES) A%mrm required)

1. When the stop codon (UAG, UAA, UGA) reaches the A site, release factors enter the A site. ) @ 3>

2. Binding of the release factors causes the hydrolysis of the bond between the polypeptide chain & the tRNA at the P site. 9 l 2
3. The polypeptide is released from the ribosome as it completes its folding into it secondary & tertiary structure. Stop codon

4. The ribosome disassembles into its subunits. (UAG, UAA, or UGA)

% Post-translational modification of proteins occurs in eukaryotes (i.e. cleaving of proteins into smaller functional peptides or modification of proteins) and prokaryotes.
% In eukaryotes, mRNA undergoes post-transcriptional modification within nucleus before being transported to the cytoplasm for translation.
In prokaryotes, mRNA can be translated while it is being transcribed.
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Raffles Institution Viruses 2015-2016
+ Are viruses are considered fiving of non-living? Living as they contain genetic material. However, non-living because they have no cellular organization and only show characteristics of living
things when in host cell, .
Characteristics of living things include1) metabofic activity 2) cellular organization 3) ability to reproduce and grow in numbers 4) ability to respond to stimuli and adapt to environment
* _Why are viruses obligate parasites? This is because viruses, like obligate parasites, depend on host cells to complete their life cycle.

Structure of Viruses

Bacteriophages Animal Viruses
Size: 10-300nm Enveloped
T4 Lambda Influenza Human Immunodeficiency Virus
phage | phage (HIV)
Genome ‘ * Double- s () strand RNA « (+) strand RNA
* Nucleic acid that codes for synthesis of viral components and stranded DNA -viral genome is complementary to viral mRNA -viral genome has the same
enzymes for viral replication & assembly » 8 different segments of single stranded RNA associated with sequence as viral mRNA
» Can be either DNA/RNA, single/double-stranded nucleoproteins = 2 jdentical coples of single
» Each RNA segment Is packed with 3 polymerase proteins stranded RNA bound to
which come together to form an RNA-dependent RNA nucleocapsid proteins
polymerase enzyme complex which replicates and transcribes
the viral genome in the host cell
Capsid ' » |cosahedral s  Present. » Present, conical shaped
*  Protein coat that surrounds and protects viral genome capsid head Enzymes reverse transcriptase,
« Comprise subunits called capsomeres integrase and protease found in
capsid
Envelope s  Absent = Glycoproteins embedded in envelope: haemagglutinin (80%) & | * Glycoprotein embedded in
» Phospholipid bilayer surrounding the nucleocapsid neuraminidase (20%) envelope: gp41
«  Derived from host cell membrane gp120 is attached to gp41
v Embedded with viral glycoproteins involved in host cell recognition
Icosahedral capsid head
containing double _ 2 copies of single

stranded DNA genome , Reverse transcriptase | & stranded RNA genome,

each associated with
nucleocapsid proteins

Envelope

Collar Tail surrounded Capsi

by Mﬂwﬁhw:a e — 8 RNA segments,
each associated with
1) an RNA dependent

Base plate ) mz> uthwwmmmm n Integrase
2) nucleoproteins
. Protease
/ —————Tail ibre Capsid Envelope
Tail pin :
gp41
gp120
T4 phage Lambda phage Influenza Virus Human Immunodeficiency Virus

Antigenic Drift and Antigenic Shift G :
Antigenic Drift : When the influenza virus replicates in its host cell, mutations frequently occur due to the poor proofreading mechanism of the viral RNA-dependent DNA polymerase. Over time,
there is an accumutation of mutations in the viral genome. Sometimes, these mutations produce viruses with modified antigens (e.g. glycoproteins such as haemagglutinin or neuraminidase). If these

viruses infect a host that does not have the antibodies that recognise these modified antigens, the host becomes susceptibleto the virus.

Antigenic Shift: When a bird strain of influenza A and human strain of influenza A infect a single cell of an intermediate host (e.g.a pig), genetic reassortment can occur. Thus when new viruses
are assembled in the host cell they can have new comblnations of RNA segments. Sometimes, genetic reassortment produces viruses with new antigens (.9 glycoproteins such as haemagglutinin or

neuraminidase). If these viruses infect a human host that does not have the antibodizs thal recognise these modified antigens, the host becomes susceptibleto the virus.
, : | fe :

B S

Comnld g Sadoe
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Raffles Institution

influenza Life Cycle
(5) Newly formed viruses bud off by gvagination,
acquiring host cell membrane with embedded
viral glycoproteins. Neuraminidase facilitates

(1) Hemagglutinin
recognizes & binds to
sialic acid receptor on

(2a) Virus enters host
cell by endocytosis

host membrane (which involves the release of the new virions from the host cell .
invagination of membrane. Host cell may or may not be lysed.
(1) ., 8, membrane)
e 1S

7] 0y

(4) Nucleoproteins
associate with the RNA
genome and then
interact with capsid
proteins that have
associated with the
glycoproteins
embedded on the

(2b) Endocytic
vesicle fuses with
lysosome > which
lowers the pH =
icauses viral envelope
to fuse with lipid
bilayer of vesicle 2>
nucleocapsid is
released into cytosol

\

{ plasma membrane. This
(20) \ © Lysosome e onene, Ninitiates the budding
Pl >- © Tprocess.

2 /oo | (3bi) <=M/
— 4 MRNAZY mmp T RNA J

(2c) Capsid degraded by ™ A

cellular enzymes and viral [N N (3a) (3bi) mRNA can used

RNA enters nucleus \ — as a template for

synthesis of new viral
RNA genome in the
nucleus

(3a) Viral genome used as a
template for mRNA synthesis
by RNA-dependent RNA
polymerase.

(3bliimRNA then gnters
cytosol -> translated into viral
structural components
(Capsid proteins are made in
the cytosol. Envelope
glycoproteins are made in the
RER & are eventually
embedded in host cell
membrane)

Viruses

2015-2016

HIV Life Cycle

(2a) With the help of
gp41, the viral
envelope fuses
with host cell
membrane >
nucleocapsid is
released into cytosol

%7, (2b) Capsid
Viral RNA (2b) Cap

RNA-DNA
hybrid

(1) gp120 binds to
CD4 receptors on T
lymphocytes (or
macrophages) with the
help of a co-receptor. (2a & b)

(1

(3a) Reverse transcriptase
makes DNA strand using vira
RNA as template > RNA
degraded > 2" DNA strand
made - double-stranded
DNA molecule (ds DNA)
produced

ds DNA
(3b) Viral DNA gnters
nucleus - inserted into host
cell genome by integrase ->
Viral DNA known as provirus
-can remain latent for a long
time

(3¢) Upon activation, viral
DNA is transcribed to viral
RNA which enters cytosol
Viral RNA can sither act as
mRNA and be translated into
proteins or become part of the
genome of the new virions,

(3d) mRNA is translated to

1. viral polyproteins which
are cleaved into functional
proteins by protease

2. envelope glycoproteins
gp120 and gp 41 in
the RER which
eventually are embedded
in the host cell surface

——
-~ ~

\Smmmammm integrates
DNA into genome

o

« activation \
FAVAVAS /" Viral RNA

3b
(3b) \

\

he viral RNA
and
are

translation \
1 polyproteins
¥ protease yf
proteins

Viral genome
encapsulated by
protein coat to
form a capsid.
The mature HIV
virus (virion) is

(4) Viral RNA genome and m_..:wun.mc_m to
polyprotein assemble at the cell neighbouring
surface membrane where viral cells,

glycoproteins have been inserted.

Pathogenecity of Influenza

ey e b
IR

Pathogenecity of HIV , vctioned v gyent

When influenza will bind to sialic acid EomwSE on epithelial cells of respiratory tract
Influenza replicates within it and then ccamv off. Infected epithelial cells eventually lyse
The build up of dead epithelial cells results in inflammation and symptoms of influenza appear
runny nose m\ scratchy throat
The epithelial layer weakens and the individual is more susceptible to bacterial infections fike

pneumonia
1) antibiotics for bacterial infections
2) antiviral drugs which target viral enzymes i.e enzyme inhibitors
e.g:Tamiflu for some strains of influenza

* Treatment:

When HIV binds to CD4 receptor on M T helper cell, a type of T lymphocyte
HIV replicates within it and then buds o,.ﬂ_m Infected T helper cells eventually lyse.
With fewer T helper cells, the immune system is depressed & individuals are more susceptible to
opportunistic infections. When infections become unmanageable->AIDS -> death

aVirus able 1o avoid detection by Immune system as it mutates at a high rate during replication
- surface proteins altered ->prevent recognition & elimination by immune system
*Treatment: drug cocktait that targets (1) enzymes(RIP) i.e. enzyme inhibitors

(2) glycoproteins (gp120) i.e. entry inhibitors

Prepared by: Mrs Selvamani Nair, Mdm Sharon Cross and Mrs Wong Seok Hul
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Organisation and Control of Prokaryotic and Eukaryotic Genomes .

General structure of a eukaryotic and prokaryotic 8éii:

201

Feature Eukaryotic cell Prokaryotic cell {bacteria)
Cell size Larger: 10-100um in diameter Smaller: 0.5 - 5um in diameter v
Nucleus Nucleus with nuclear envelope present; No true nucleus / No nuclear envelope

Genetic material

Linear DNA associated with many proteins;
Plasmids absent

Circular DNA associated with few histone-like proteins;
Plasmids present

Ribosome 80S;Ribosomes may be attached to ER or free in cytoplasm | 70S;No ER present. Ribosomes free in cytoplasm.
Organelles Many membrane bound organelles present; No membrane bound organelles;

Cell walls Composed of celiulose in plants & chitin in fungi Composed of peptidoglycan or murein
Photosynthesis in chioroplast At plasma membrane

Respiration In mitochondrion and cytoplasm At plasma membrane

s

Structure and organization of the

me of a prokaryotic and eukaryotic cell:

Feature Eukaryotic Genome Prokaryotic Genome
Size Larger Smaller
Appearance Muttiple, linear molecules Generally a single, circular molecule
Molecule Double helix DNA Double helix DNA
Association with proteins | Yes — large amounts of it €.g. histones, scaffold proteins Yes — relatively less histone-like proteins
Level of DNA High: DNA double helix > 10nm fibre or nucleosomes (DNA+many | Relatively low: DNA double helix > domains
packing/coiling histones) > 30nm fibre or solenoid (present at interphase)-> looped | (DNA+few proteins) -> supercoiling
domain (300nm fibre) > chromosome (at metaphase) (See * below) | (See * below)
Location Nucleus Nucleoid region — not membrane-bound
Extrachromosomal DNA Yes — if you consider mitochondria and chloroplast circular DNA Yes — plasmids (much smaller rings of DNA)
Number of genes 25,000 4,500
Non-coding regions Common — about 98% Not common ~ typically less than 15%
i. _presence of introns many None (rare)
ii._presence of promoters yes yes
iii. presence of repeated many few
sequences
iv. presence of enhancers/ many None (rare)
silencers
Presence of operons very few many

™ viow telomerase works

Taons

1A short 3-nuclectide segment of RNA within telomerase
binds to part of a DNA repeat in the 3’overhang.

1
A

ot 3 ~ane

¥ s

2. The adjacent part of the RNA within telomerase is used as a
template to synthesise a short 6-nucleotide repeat.

3. After the repeat is made, telomerase translocates 6

nucleotides to the right in the 5’ to 3'direction of the template

strand and begins to make another repeat.

AT A A

4. Then primase makes an RNA primer near the end of the telomere.
DNA polymerase adds nucleotides to the 3'OH end of the primer and
hence synthesizes a complementary strand . The nick is then sealed

by DNA ligase. The RNA primer is eventually removed.

g

e

TAes M I T T ey
ATCCCAATCCCAATCCEAAUGETAAULET
21 Jitiitz % ,5,9” ' b.(

Newly synthesized RNA primer

strand

NB: Germ cells (cells that give rise to
have telomerase activity
divide continuously.

to be removed

gametes), cancer cells and embryonic stem cells
which will ensure that vital coding DNA is not lost as they

Cleosome
bead”)  Circutar

chromosomal
DNA

Nucleosomes (10-nm fiber)

Do ———Nucleosome ¢
30-nm fiber or solenoid

ey

§ , Protein scaffold

Kol

3 i i %
NG

'—Looped domains (300-nm fiber)
T

L =

¢ Supercoiling

Prokaryotic
chromosome

Méﬁphase eukaryotic chromosome )
Packing of DNA in eukaryotic and prokaryotic DNA

NB:

1) DNA + histones = chromatin

2) Euchromatin: transcriptionally active

3) Heterochromatin: transcriptionally inactive

4) During differentiation of any one celt type, non-coding
regions and genes that are not expressed in the
differentiated cell form part of the tightly packed
heterochromatin.

Prepared by: Mrs J Wan, Mrs Selvi Nair, Mrs Wong SH

Raffles Institution (Yr 5-6)
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Photosynthesis { 6CO, + 6H.0 <> CsH1,0: + 60-

Light Dependent Reactions {on thylakoid membrane)

* Primary pigment :special cht a mlc (P680 in PSli and P700 in PS i)
Accesso igments -other chi a & chl b mics & carotencids (fd in LHC
. . Non-cyclic photophosphaorylation :
Y {primary | chain of *When a photon of light is absorbed by an accessory pigment molecule in
.1~ electron elec!rqn the LHC of PS Hi, one of its electrons is excited to a higher energy level. As the
X (primary ’/' acceptor) camers excited electron drops to its ground state, the energy released is passed on to
electron & 4 e i the next pigment molecule. This resonance transfer of energy continues until
acceptor) * : 2% | % the special chlorophyll a mic in the RC is reached.
)
- h NADP - "-‘PPH “When the special chlorophyll a molecule absorbs the energy, an electron is
2e : 2Hhis displaced, Cht achl a” +e’, leaving an e hole in PS ll. The displaced € is
N 4 om;ﬁ?;' accepted by a primary e acceptor (X} & then passed down a series of
elecm_m “ the increasingly electronegative eleciron carriers (of the ETC) losing energy during
camiers stroma the transfer. The energy lost during this e flow is used to actively pump
Poo H' from the stoma to the thylakoid space. (See #¢ below)
## Energy . Reaction *The e’ lost from PSil is replaced by an e released from the splitting of water
rc_aleased d_unng Cenlre (which is an enzyme-catalyzed reaction) which occurs in the thylakoid space.
Pggo e transfer is (RO) During the splitting of water, the H” released, contributes to the high [H']in the
Reaction fieff to {’:mp Light thylakoid space, while the O atom combines with another O atom resulting in
Centre stro‘:nn; toethe Harvesting the release of molecular oxygen as a by-product.
®S thylakoid Complex * Meanwhile, PSiloses an e’ in a manner similar to PSli leaving an e hole
Light in PS L The displaced € is accepted by a primary € acceptor (Y } & then
Harvesting passed down a series of eleclgon carriers of a 2™ ETC. (Energy is not released
Comnlex during e transfer down this 2" ETC.). The & is finally accepteq by'NADP (the
(LHO) final electron acceptor) which is reduced to NADPH (NADP+e +H">NADPH)
Photosystern T by NADP reductase which is found on the thylakoid membrane.
* When the e from PSli reaches the end of the 1% ETC, it will then fill the e” hole
Splitting of in PSI.
water (by * The ATP & NADPH produced will be used in the Calvin cycle.(The high energy
E:;,Zé,r:;f %0, K gyéi':;b::;if high [Hin €'s stored in NADPH provide the reducing power for the synthesis of sugar)
membrane) 2) H also leaves thylakoid space via clic photophosphoryliation
ATP synthetase * In cyclic photophosphorylation, electrons raised to a higher energy
level from RC of PSi are recyded back to PS! through the electron
—‘ non -~ cyclic photophosphorylation transport cham. Only PS is involved and only ATP is produced. (NADPH
----¥»  cyclic photophosphorylation is not produced during cyclic photophospharylation.)

Structure of a Chioroplast

## Energy released as e’ s move down the electron caniers of the ETC is used to actively
pump H’ from the stroma into the thylakoid space - this creates a H' gradient across
thylakoid membrane (proton-motive force) = Since the membrane is impermeable to ions,
H’ diffuses down the H™ gradient, back into stroma via ATP synthase, driving ATP
synthesis.

Photosystems 1 & I, &
lipid droplet ribosomes (70S) the electron transport
starch grain chains are found on the

thylakoid membrane

—-——rctivel

pumped into thylakoid space from sttoma |

High [H}
n ATP Since phosphorylation of ADP
b to ATP uses light energy, it is
ADP + Pi called photophosphorylation.

H back into stroma down their concentration gradient via
Stroma ATP synthase as the thylakoid membrane is impermeable to ions
intergranal (ATP and NADPH are formed in the stroma, so

‘rarmetta that they can be used in the |
Light independent Reactions / Calvin Cycle {in stroma)

s:?m * Substances required from light reaction: NADPH & ATP

Sugar (6C)

Giyceraldehyde-3-phosphiate (3C)
troe (2 molecules)

chioroplast DNA

envelope

* Carbon fixation : CO, combines with RuBP (5C) in the presence of the enzyme ribulose bisphosphate
carboxylase (Rubisco) to fonm an unstable 6C compound which breaks down into 2
molecules of GP/PGA (3C).

Glyceraidetyde-3-
12ADP + 127, phosphata (3C) . . . .
t (12 J Reduction and sugar formation : GP is reduced fo G3P/TP/IPGAL(3C). ATP and NADPH szt needed

AT tyceraldehyde-3 phosphate for the reaction.
1ZNADP @ {10 molecules) * &
* Regeration of RUBP: G3P molecules can either be converted to sugars and then polymerized to
Ny starch or enter a series of reactions driven by ATP to regenerate RuBP 1o allow
Giyoscats 3 phosphate (3C) ey Inemediate CO:; fixation to continue.
(12 molecules) products
{ * C & O atoms of sugar (CsH1,0¢) come from CO; & H atoms come from NADPH (ar indirectly from H;0)
Ungtable compound {6C} ATP .
(8 molecules) 8 * Products of light independent reaction : 1) G3P (a triose sugar)
[ _Ag; 2) NADP & ADP (which are recycled to the fight reactions)
1

(Note: GP: Glycerate-3-phosphate/ Glycerate phosphate; PGA: Phosphoglyceric acid

- _ Ribulose
ks B v Ao G3P: Glyceraldehyde-3-phosphate; TP: Triose phosphate; PGAL: Phosphogiyceraldehyde)

Prepared by: Mrs. S. Nair (2015) Raffles Institution (Yr 5-6} ] 1




Phosphorylation = addition of a phosphate group to a malecule [eg: ADP + P; (inorganic phosphate)> ATF}

Photophosphorylation = formation of ATP from ADP + P, using light energy in photosynthesis

Non-cyclic photophosphorylation = Electrons obtained from PS Il - Primary electron acceptor (X)=> electron transport chain 2 PS{ >
Primary electron acceptor (Y) <» eleciron transport chain 3NADP.
Electron from the photolysis of water replaces the electron lost form PSIi.

Cyclic photophosphoryiation = Electrons that are raised to a higher eneigy level are lost from PSI, but are recycled back to PSi
through the 1* electron transport chain.

Together cyclic & non-cyclic photophosphorylation produce sufficient ATP & NADPH to drive the Calvin cycle.

Chemiosmosis: an energy coupling mechanism that uses energy stored in the form of hydrogen ion gradient across a membrane to synthesise
ATP.

Photoactivation: When a chlorophyll molecule absorbs light, the energy from this light raises one of its electrons to a higher energy level. That
chlorophyll molecule is said to be photoactivated.

Resonance transfer: When a chiorophyll molecule absorbs light, the energy from this light raises one of its electrons to a higher energy level.

When the excited electron retums to its ground state, the energy released is transferred to another pigment molecule.
This is calied resonance transfer.

Limiting factor: Any environmental factor that - by its decrease or S: Light saturation point Light intensity beyond which an
increase, absence or presence - alters the growth, increase in light intensity will not increase the rate of
metabolic processes or distribution of organisms and photosynthesis
populations most significantly. 4

if you increase a particular variable and there continues to be a proportional

relationship between the values on the x & y axes, it is referred to as the

only limiting factor.

At P: light intensity is a limiting factor (note finear relationship between x and
y values)

At Q. lightintensity is not the only limiting factor. Some other factor is also
limiting. (eg: CO; concentration}

At R: light intensity is no longer limiting. (How do you know this? Even when
light intensity is increased, there is no increase in the rate of reaction.)
Some other factor is limiting.

) ey
T Q

Rate of photosynthesis

S
Light intensity

Compensation point: is the fight intensity at which the rate of Oxygen output
photosynthesis is equal to the rate of respiration. (arbitrary units)

) ) . . R 10 Compensation point
At compensation point, ali the CO, produced during respiration is used in 0.03%C0
photosynthesis and all the oxygen produced in photosynthesis is used in 2

5
respiration. Hence there is no net gain / loss of CO.,. /—‘
1]

57015 20 25 30 35 40 45 50 56 60
5 Light intensity {arbitrary units)

Absorption spectrum: a record of the amount of light absorbed at each Action spectrum: a record of the amount of photosynthesis

wavelength. occuning at each wavelength of light
% s
g o chicrophyll b T; Absorption spectrum
i:x 80 duonif;hyn 8 {3 g ~ Action spectrum
20 H 2
£ 0l m ‘ S e :‘~—- ) “‘
600 700
Wavelength of light (nm) 0 V\Zﬁilengthsfo:m) i

NB:

Q: What contributes to high H® concentration in the thylakoid space? (in order of importance)

1} proton pump (which actively pumps H' into the thylakoid space)

2) photolysis of water (catalysed by enzymes on inner thylakoid membrane)

3} lack of permeabifity of thylakoid membrane to H'. (due to its hydrophabic core)

4) reduction of NADP to NADPH occurs in the stroma & hence reduces the H' concentration in the stroma therby ensuring the steepness of
the H" gradient across the membrane

Q: Describe the function of the thylakoid membrane in photophosphorylation.

1) Provides a large surface area to embed many photosynthetic pigments / chlorophyll molecules for light absorption

2) Maintains the sequential amangement of the photosystems and electron carmmiers of electron transport chain for the flow of electrons

3) Maintains proton gradient for ATP synthesis since the hydrophabic core of the membrane is impermeable to protons and this is essential
for chemiosmosis

4) Allows of many ATP synthase to be embedded so ATP can be produced as protons flow down their gradient via chemiosmosis from
thylakoid space to stroma
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]Two photosystems {PSit and PSI) and two electron transport chains (ETC) }

STROMA -~ H' from stroma is S
{low H* concentration) actively pumped
Photosystem {1 |into the thylakoid Photosystem |
4 space using energy § ; y .
\ &M |released during L‘gm'\-‘?’}_ﬂ \ . ’:’ADP
’ electron transfer R i 5 L u?tase
£ _— NADP* + H*

INADPH|

splitting of water
occurs in the
thylakoid space

THYLAKOID SPACE
{high H* concentration)

20 I
v T S
tsrxasnnna)lanssannnnanonnany,

»
2R 3 ) To
ROERTE Sk 5_ Calvin
As protons (H') diffuse down t : Cycle
proton gradient through ATP synthase,
1 the energy released is used to
i hy late ADP to form ATP ATP and NADPH
Thylakoid produced during the
membrane ATP light dependent
: synthase K reactions are used in
STROMA ADP Tw the Calvin
. cycle
(low H* concentration) + . %,ﬂTP which occurs in the
@ 3 stroma
i H+

3 KEY Factors Affecting The Rate Of Photosynthesis

1) light intensity 2) CO; concentration 3) temperature
{other factors which may limit rate of photosynthesis include chlorophylf or oxygen concentration, specific inhibitors like herbicides, water, pollution etc.)
Below is the setup to measure rate of oxygen evolution by a water plant during photosynthesis. Only 1 limiting factor should be tested at a time.

Rate of Photosynthesis is proportional to the volume of gas evolved. Since bubbles of evoived gas are callected over a fixed duration of time,
Rate of Photosynthesis = collected volume (mm®) =___mm’ of evolved O./min (at a known temperature, 1°C)
time (minutes)

Synngeto
bubbles of evoived g2
the tite scthatthe de
be meatures 33205

e svgtar Seth

[ TORPSRPS—

Fuanaito Capillary tube Bliea
s2ich subbles with water

Braduated scaie. zan caloulzte the

votume of air avolved.

Vel = int. cross-sectionat area x lengih |
- i

\ | Waler plant {elodea) reieases oxygen rom the cut
end of the siem when photesynthesizing. Aay
diust of the maniguisted variabie {eg A
change of lich! intensily}, shouid be fotlaweg Py a
skt period (3 min) to allow the piant to re-adjusi

| IO

Bicarbonate solution is & source of CO: éf known H
€snceniration. The concerdration may be varned if [CO3is ;
to be the manipulated variable, or should be fixed at H
about Sx optimum {COJ if 15 16 be g cont-clind variabie H
:
13
T
.
L

1 Light seurce: I light H
| intensity is to be !
1 manipulated variable then :
¢ telightmay bemovestoa |
¢

: ;
1

4

but not a limiting factor. The 20, should nat be lac

1
rnown distance from the ciant N y
s high to 2ller pH significantly
H
i

lhight intensity < 1/d”
ghtintensity < d) 2HC
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Respiration: CgH1205 + 602 =& 6CO; + 6H.0

Aerobic respiration: (1) involves oxidation of glucose (2) produces 38 ATP mics per glucose mic oxidised, CO. & water (3) requires oxygen

a Glucose (6C) 4
Phosphorylation J  Phosphofructokinase ATP
of sugars (PFK) C’ADP
21 Fructose 1, 6-bisphosphate (6C)
Lysis
Gt C < Dihydroxyacetone
a yceraldehyde-3-phosphate (3C) — . y hxty
- osphate
Oxidation by (G3P) Pi~—y NAD phosp
dehydrogenation P NADH
1, 3-bispho\phoglycerate (3C)
a — ADP
Substrate level ATP
phosphorylation
Glycerate-3-phosphate (3C)
8 (GP) ADP
Substrate level ATP
phosphorylation
Pyruvate (3C)
a CoA NAD " -
Oxidative > Link Reaction
decarboxylation CO ¢ NADH
Acetyl CoA (2C)
__y CoA
Oxaloacetate (4C) Citrate (6C)
a NADH NAD
NAD
NADH
FADH, Krebs Cycle
a FAD a
ATP
n ADP ~»CO,
co, <
NADH ketoglutarate (5C
NAD - ketog (5C)

Oxidative Phosphorylation

* 1 glucose mic - 2 pyruvate mics

- PRTREREIR are prosuced

* O, is not required for this step.

1 {Phosphorylation of suga

<> addition of phosphate group from ATP activates the
sugars & commits it to the glycolytic pathway

=>»1 milc of fructose-1,6- bisphosphate {6C) lyses to form
2 mics of glyceraldehyde-3-phosphate (G3P/TP}3C)

> Hence the number of products formed (eg: ATP,
NADH, FADH;, CO, etc.) in all subsequent rxns

{i.e. Link, Krebs, OP.) including glycolysis is doubled.
=>» glyceraldehyde-3-phosphate (G3P/TP) undergoes
oxidation/dehydrogenation and phosphorylation
2>NAD is reduced to NADH
a
=> enzyme-mediated ATP synthesis
=>» involves transfer of a phosphate group (P;) from a
substrate mlc in a metabolic pathway to ADP.
«» occurs during glycolysis and Krebs cycle

LINK REACTION (in mitochondrial matrix)

* if O, is present, pyruvate is actively transported
into the mitochondrial matrix viga transport protein
* 2 pyruvate mics (3C) undergo ER oxidative

decarboxylation to form 2 acetyl CoA mics (2C)
- PETOTERPIR are produced

KREBS CYCLE (in mitochondrial matrix)

*When 1 glucose molecuie is oxidised, 2 Acetyl CoA
mics form and enter the Krebs cycle. Thus 2 turns of
the Krebs cycle is necessary to oxidise 1 mic of glucose.

* Acetyl CoA (2C) combines with oxaloacetate (4C) to
form citrate (6C)

* Citrate (6C) is converted to a-ketoglutarate (5C) by
5 Joxidative decarboxylation

* a-ketoglutarate (5C) then goes through a series of
enzymatic reactions (i.c [ I L.
4 Jsubstrate level phosphorylationfs Joxidation}]

and is converted te oxaloacetate (4C).
* When oxaloacetate (4C) is regenerated ATP, NADH &

FADH, are also produced.
M6 NADH + 2 FADH, + 2 ATP + 4 COEICRIGL T

TIVE PHOSPHORYLATION
er mitochondrial membrane)

OX

{on

* When molecular oxygen (O.) is available, NADH from
glycalysis, the link reaction & the Krebs cycle, donates
high energy e*s) to the first electron carrier of the
electron transport chain (ETC) on the inner
mitochondrial membrane.

* The e first carrier is thus reduced & the NAD which is
regenerated can pick up e(s) and protons from
glycolysis, the link reaction or the Krebs cycle.
The first reduced e carrier then transfers the e’ to the
next e carrier & reduces it while the first carrier itself
becomes reoxidised.

* The transfer of electrons continues in this manner until
they combine with H* & O (the final e acceptor), to
form metabolic H,O in the matrix. This reaction is
catalysed by cytochrome oxidase.

(2e"+ 2H + %0, & H0)

e

actively pump H' from the mitochondrial matrix to intermembrane space.
membrane is known as a proton-motive force.

ATP synthase is activated and it phosphorylates ADP to ATP in the matrix.

* As e’ are transferred down the increasingly electronegative electron carriers in the ETC, energy is released. This energy is used to
* This creates a proton gradient across the inner mitochondrial membrane. The energy stored in the form of a H® gradient across a

* As protons diffuse through ATP synthase (which projectsinto the matrix) down the H' concentration gradient into the mitochondrial matrix,
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ATP NADH FADH;
2 {net) 2 -
Link reaction 2 - 1x2=2 -
Krebs cycle 4 2 3x2=6 2
Sub-total | 6C0O2 4ATP 10 NADH 2 FADH;

Oxidative phosphorylation
« From 1NADH >3 ATP (or 2.5 ATP) form
« From 1FADH; >2ATP (or 1.5 ATP) form
Thus from 10 NADH and 2 FADH, > (10X3)+(2X2)= 34 ATP form

se molecule: 34 +4=38 ATP

Total ATP from the oxidation of 1 gluco

*The e (s)from FADH; are also transferred down the ETC. However, F
Less energy is released from FADH, during e transfer. The regenera

ADH; releases the e'(s) lower in the ETC compared to NADH. Hence,
ted FAD then can pick up e(s) and protons from the Krebs cycle.

Protons are pumped across this
membrane as electrons flow through

the electron transport chain. K omq;g::hondrial .
membrane NAD
70S ribosomes \\ i
inner .
- - mitochondrial
High[H' ] \ { Ht membrane
pumping of
protons

3 ’ ‘ Low[H"]

circ/ular DNA Emi -

intermembrane
1 space

ATP synthase

* NAD : nicotinamide adenine dinucleotide (a coenzyme)
« FAD - flavine adenine dinucleotide (a coenzyme)

3 a coenzyme and a mobile electron carrier
> carries electrons & protons (in its reduced form, NADH) from
organic molecules to electron carriers in ETC & reduces them

while, NADH itself is reoxidised to NAD"

. * The number of ATP molecules produced per glucose molecule
matrix can vary between 36 to 38. This is because the mitochondrial
membrane is impermeable to the NADH generated by glycolysis.
The H' and electrons of the NADH are passed to either NAD or
FAD inside the mitochondrion via a shuttle system, and if
passed to FAD, only 2 ATP will be produced instead of 3.

* Chemiosmosis: an energy coupling mechanism that uses
energy stored in the form of hydrogen ion gradient across a
membrane to synthesise ATP.

2)

involves oxidation of glucose in absence of oxygen (

Anaerobic respiration: (1)

Glucose (6C)
Phosphofructokinase ATP
PFK) ADP

Fructose 1, 6-bisphosphate (6C)

Glyceraldehyde3-phosphate (30 ‘:‘;Dihydroxyaeetone
{G3P) P~y NAD ‘\phosphate
A H srane ’..‘
=4 3hisphopfloglycerate (3C);
ADP
ATP H
e Glycerate-3-phosphate (3C) }
(GP) ADP 14
@ NAD NADH ATP NADH NAD
Ethanol Ethanal «—— Pyruvate (3C) Lactate
+ -
A CO; >
- A J
alcoholic fermentation tactic acid fermentation
(in yeast) (in humans)

Lactate is transported in the blood
to the liver where itis converted
back to pyruvate which can then
enter the link reaction again during
aerobic respiration.

produces 2 ATP mics per glucose molecule

* In the absence of oxygen {0O»), there is no
final @ acceptor to accept electrons from the

electron transport chain (ETC).

* Electron carriers remain reduced and so NADH
and FADH; can no longer donate electrons to
the ETC. Hence oxidative phosphorylation
(OP) cannot occur .

* in absence of oxidative phosphorylation, there
there is no regeneration of NAD & FAD and

thus the link reaction & Krebs cycle cannot
occur_(because there are no e acceptors i.e.

NAD & FAD).

* In the absence of oxygen, glycolysis can still
occur as the NAD needed for glycolysis is
regenerated from fermentation reactions.

M Icoholic fermentationfleeliRuR T s while
iactate fermentation[lEeVERl] muscles of
animals.

* Both fermentation reactions regenerate
NAD from NADH in order to keep glycolysis
going. ATP is only produced from glycolysis.

* In animals < pyruvate is reduced by € (s)
from NADH in the presence of lactate
dehydrogenase to lactate.

Inyeasts 2 pyruvate converted to ethanal
and CO, . Ethanal is then reduced by € (s)
from NADH in the presence of alcohol
dehydrogenase to ethanol.

* Thus pyruvate or ethanal are the final e
acceptors during anaerobic respiration.

* Only 2 ATP mics. are produced per glucose
mic. during anaerobic respiration. This is 19
times lower compared to aerobic respiration
which produces 38 ATP mics. per glucose mic.

« Fermentation reactions occur in the cytosol.
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ATP : adenosine triphosphate

* ATP: universal energy cumrency
* Energy released from glucose oxidation during respiration is used to make ATP from ADP + P;.
* ATP made can then be hydrolysed to ADP + P, releasing energy in the process.
* Removal of terminal phosphate group from ATP yields 30.6 kJ/mol of free energy.
3 This energy is useful for cellular work such as muscle contraction, maintenance of constant body temperature and active transport.
* When ATP is hydrolysed, it is incorrect to say that a “high energy bond™ is broken. Instead modification occurs to the moiecule as a whole and
there is a net release of energy when the phosphate group is removed.
« ATP is actually carrier of energy, does not store energy (compare: fats and glycogen which store energy).
* ATP is the same nucleoside triphosphate used to form RNA.

Differences between Photos

Features

nthesis and Aerobic Respiration
Photosynthesis

Aerobic Respiration . .
A catabolic process which results in the breakdown of

Anabolic / Catabolic An anabolic process which results in the synthesis of

processes carbohydrate molecules from simple inorganic carbohydrate molecules to simple inorganic molecules.
molecules and light energy.
6C0O,+ 6 H.0C > CeHi206 + 602 CeHi20s + 6 0O, =2 6C0O,+6 H,0

Storage of energy Energy from light is accumulated and stared int Energy is incorporated into ATP for use in energy
carbohydrates. (Making food using energy from light.) requiring processes. (Using food to make energy/ATP)

Oxygen Oxygen is released. Oxygen is used.

Carbon dioxide and water

Carbon dioxide and water are used.

Carbon dioxide and water are produced.

Change in dry mass

Process results in an increase in dry mass.

Process results in a decrease in dry mass.

Organelle invoived Chioroplast Mitochondrion (and cytosol)
Occurence Process occurs only in cells possessing chiorophyll and | Process occurs in all fiving cells throughout their

only in the presence of light.

fifetime.

Electron carrier

NADP

NAD, FAD

Major reactions

Light dependent (cyclic and non-cyclic
photophosphoryiation) and light independent (Calvin
cycle) reactions

Glycolysis, link reaction, Krebs cycle and oxidative
phosphorylation

High H concentration in

Thylakoid space

intermembrane space

[CEMN
Location

Differences between Photophospho

lation and Oxidative Phosphorylation
Photophosphorylation

Thylakoid membrane of chloroplast

Oxidative Phosphorylation
Inner membrane of mitochondrion

involvement of light energy

Light energy is required for splitting of water.

Light energy is not required.

Source of energy for
synthesis of ATP

Energy for synthesis of ATP comes uitimately from
light.

Energy for the synthesis of ATP comes from the
oxidation of glucose which stores chemical energy.

Electron donors

Water is the electron donor in the non-cyclic pathway
while Photosystem | is the electron donor in the cyclic
pathway.

NADH and FADH;

Electron acceptors

NADRP is the final electron acceptor in the non-cyclic
pathway while Photosystem i is the final electron
acceptor in the cyclic pathway.

Oxygen is the final electron acceptor (and it combines
with H') and is reduced to water.

Establishing proton gradient
for ATP synthesis

Protons are pumped inwards, from stroma, across the
thylakoid membrane, into the thylakoid space. ~ ~

Protons are pumped outwards, from the matrix, across
the inner membrane, into the intermembrane space.

Distinguish between Calvin and Krebs cycle
Features Calvin cycle Krebs Cycle

Site Stroma of chioroplast Matrix of mitochondria
Electron or hydrogen
carriers involved NADP NAD, FAD

Carbon dioxide

Fixed by ribuiose bisphosphate carboxylase (Rubisco)

Released by oxidative decarboxyiation

ATP

Used in reduction of GP to G3P and regeneration of
RuBP

Synthesised by substrate level phosphorylation

Features

Distinguish between Non-cyclic and

clic Photophosphorylation
Non-cyclic Photophosphorylation

Cyclic Photophosphorylation

electrons)

Conditions under which process When plants require ATP and NADPH When plants require ATP only
occurs

Pathway of electron Non-cyclic (Z-scheme) Cyclic

Photosystems involved 1and il 1 only

First electron donor (source of Water Photosystem |

electron)

Last electron acceptor (destination of | NADP Photosystem |

Establishing proton gradient for the

High H' concentration in the thylakoid space is

High H” concentration in the thylakoid space is

synthesis of ATP due to the photolysis of water and active transport | due to the active transport of H* from the stroma,
of H' from stroma, across the thylakoid across the thylakoid membrane, into the thylakoid
membrane, into the thylakoid space. space.

Products ATP, NADPH and oxygen Only ATP
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Cellular Physiology And Biochemistry Homeostasis & Celf Signalling 2016

Hemeostasis and Cell Signailing

*= Homeostasis refers to the maintenance of a stable internal environment independent of fluctuations in the external environment by self-
regulating & negative feedback mechanisms so that the organism can function optimally.
Self-regulation: where a corrective mechanism is triggered Dy the very entity which is to be regulated
(e.g. control of blood glucose levels is triggered by changes in blood glucose levels) .
Negative feedback: a mechanism which brings about increasing stability of a system i.e. it removes any deviations from the set point
i.e. a change in a variable triggers a response that counteracts the initial change.
{e.g. when blood glucose level goes higher than set point, insulin is secreted to retum glucose levels to set point).
*+ Hormones:
- secreted by endocrine glands (ductless glands) directly into the bloodstream !
- effective in smalt quantities (as signal amplification, that occurs during signal transduction, will lead to the production of a strong cellular response)
- act on specific target cells which have specific cell surface receptors
- each type elicits different cellular responses & after having served their function, are rapidly broken down
-> can be classified into 3 main classes: 1) proteins / peptides (insulin & glucagon), 2) amines {adrenakine & thyroxine), 3) steroids (oestrogen) .
- may be hydrophobic (e.g. oestrogen) & hence readily transverse the hydrophobic core of the phospholipid bilayer of cell membrane and bind
to specific receptors within the cell -
- may be polar/charged & hydrophilic {e.g. insulin & glucagon) & hence bind to the specific receptors on the cell membrane (e.g. RTK & GPCR)

+ Pancreas:
- is an organ that is both an endocrine (islets of Langerhans) gland & an exocrine {acinar cells) gland
- the islets of Langerhans contain alpha cells which secrete glucagon; and beta cells which secrete insulin into the bloodstream
(insulin and glucagon are secreted constantly and work in an antagonistic fashion; it is their relative concentrations and not their actual levels that
are critical to maintain normal blood glucose levels at the set point which is 90mg/dL)

* Glucose: *= Glycogen:
-> key respiratory substrate - stored in liver and muscles
- only energy source that the brain can utiilse

+ Insulin triggers the conversion of glucose to glycogen .

*

Glucagon triggers the conversion of glycogen to glucose
(It is incomrect to say that insulin converts glucose to glycogen as insulin binds to the insulin receptor which triggers a signal transduction pathway that
eventually leads to the conversion of glucose to glycogen in the cell. Likewise, it is incorrect to say that glucagon converts glycogen to glucose.)

= A deviation from the set point i.e. stimulus (e.g. high blood glucose levels)
- is detected by detectors (e.g. beta celis in isiets of Langerhans) (N.B. Sometimes detectors are referred to as receptors)
-> which secretes an appropriate signal (e.g. insulin)
- which binds to the cell surface receptors™ of the cell (e.g. cell surface insulin receptor, RTK) of the effector (e.g. liver/muscle cells)
- which brings about an appropriate response that restores the condition to the set point (e.g. blood sugar levels return to set point)
- this serves as negative feedback to detectors (e.g. beta cells) to decrease secretion of signal (e.g. insulin)

= Cell signaling (3 stages):

1) Ligand-receptor interaction:
> ligand/signal binds to a specific, ligand-binding site (which is complementary in shape and charge to the figand) on the extraceliular domain
of the cell-surface receptor to form a ligand-receptor complex.
2) Signal transduction & amplification:
- where binding of the signal to the protein receptor causes a conformational change in the intracellular domain of the protein receptor which
initiates the signal transduction. i.e. the signal is converted to a form that can bring about a spedific cellular response.
= ftransduction usually occurs in a series of multiple steps in a signal transduction pathway.
- the signal transduction pathway is mediated by intraceltular signaling proteins (e.g. kinases™*) or small molecules(e.g. cAMP) or ions.
- the presence of multiple catalytic steps in a signal transduction pathway allows amplification of the signal, where the number of activated
molecules increases with each subsequent step.(Hence signal ampiification occurs during signal transduction.)
3) Cellular response:
> where the transduced signal triggers specific changes in cellular function, metabolism, or development (e.g. gene expression) by targeting
proteins such as gene regulatory proteins, ion channels, components of a metabolic pathway etc.
{** kinases phosphorylate proteins while phosphatases dephosphorylate proteins)

* Advantages of a cell signaling pathway:

*1) Facilitates amplification of signal
-> small number of signal molecules binding to the receptors can produce a large cellular response as the number of activated molecules
increases with each catalytic step in the pathway
2) One signal molecule may elicit many cellular responses via many pathways in a cell
> 2" messengers or relay proteins may activate muttiple proteins involved in different signal fransduction pathways to produce multiple cellular
responses
$3) Provides many checkpoints for regulation as cellular responses can be terminated/regulated at
(i) At Reception:
- extracellular first messenger can be degraded by enzymes in the extracellular space
- endocytosis of celi surface receptors to prevent ligand-receptor interaction can prevent signal transduction
- endocytosis of the entire ligand-receptor complex can prevent signal transduction
(i) During Signal Transduction Pathway
- eg. phosphatases dephosphorylate & inactive the relay proteins - inhibit further signal transduction
-> production of inhibitors that bind to the intracellular domain of the ligand-receptor complex and /or any of the intracellular signal proteins in the
N signal transduction pathway to prevent fransduction of the signal.
““4) One signal can allow the coordinated activation of many cells simultaneously
“5) Ensures specific reactions are triggered as a specific signal will bind to a specific receptor and will elicit specific reactions in specific cell types.
6) A signal molecule can activate genes in nucleus upon binding to cell surface receptor without the need to move into nucleus.
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Cellular Physiology And Biochemistry

ontroi of Blccd ose Leve A

A stimulus

¥

is detected by a detector/receptor (whichis a cet
that detects the change)

4
which releases a ligand/signal (e.g insuiin/giucagon)
N

which recognises and binds to cell surface
receptors (e.g. RTK / GPCR)

+
on the effector (which is a cell where the celutar response
0CcCurs).
¥
Ligand-binding causes a conformational
change in the intracellular,cytoplasmic
domain of the receptor, activating it
This initiates sigi\al transduction.

The signal is further transduced and
amplified.

A 4

which resuits in the following celfular
responses

A\
which eliminates the stimulus,
¥

resulting in a diminished response.

Homeostasis & Cell Signalling

An increase in blood sugar level above 90
mg/dL
¥
is detected by the beta cells of islets of
Langerhans‘bof pancreas

which secretes insulin (1** messenger)
2

which recognises and binds to cell surface
receptors known as insulin receptors (a
receptor tyrosine kinase, RTK) which exist as
linked fimers

on the liver (or muscle) cell

¥
Ligand-binding causes RTK to undergo
changes in conformation in its intracellular,
cytoplasmic domain

N2
This conformational change exposes the active
sites of the kinases in each of the subunits of the
receptor and triggers autophosphorylation
i.e. where kinases on 1 subunit cross-
phosphorylates tyrosine residues on the
other subunit

¥

Phosphorylated tyrosine residues serve as
docking sites for other relay proteins

¥
Relay proteins activated by binding or via
phosphorylition by RTK

Relay proteins may be kinases which can go on
to phosphorylate other proteins when activated
¥

2016

AGO
A decrease in blood sugar level below 80
mg/dL
+
is detected by the alpha cells of islets of
Langerhans‘»of pancreas

which secretes glucagon (1% messenger)
4

which recognises and binds to cell surface
receptors known as glucagon receptors (a G-
protein coupled receptor, GPCR)

N2
on the liver cell

¥
Ligand-binding causes GPCR to undergo
changes in conformation in its intraceHular,
cytoplasmic domain

R
This conformational change causes an inactive
G protein to bind to the GPCR, and release its
bound GDP and aliow GTP to bind in its place.
GTP binding causes a conformational change
in the G protein, activating it.

¥
Activated G protein dissociates from the
receptor and translocates along the
cytoplasmic side of the cell membrane to bind
to and activate an enzime, adenylyl cyclase

Adenylyl cyclase converts ATP to cAMP (2™
messenger) which activates Protein Kinase A
4

Activated Protein Kinase A can phosphorylate
other proteins
N

a phosphorylation cascade

2
Phosphorylation activates protein kinases in a
cascade which eventually activates glycogen
synthase which catalyses glycogen synthesis
from glucose. (i.e. increase glycogenesis in
liver & muscle)
Other celiular responses:

e.g. 1) Translocation of glucose transporters
from the membrane of cytoplasmic
vesicles to the cell membrane.

This increases glucose intake into cells
eg. 2) Increased rate of glycolysis

e.g. 3) Increased lipid & frotein synthesis

Blood glucose levels decreases
2
This is detected by the receptor (detector, i.e.

beta cells) which then decreases insulin
production

+
Protein kinase A activates phosphorylase kinase
which activates glycogen phosphorylase
which catalyses the breakdown of glycogen to
glucose (i.e. glycogenolysis in fiver & muscle
celis)
Other cellular responses:

e.g. 1) Increased gluconeogenesis (synthesis

of glucose from non-carbohydrate

Sources)

¥
Blood glucose level increases
2

This is detected by the receptor (detector, i.e.
alpha celis) which then decreases glucagon
production

Note:
* First messenger:

- extracellular ligand/signal molecule that binds to membrane receptor e.g. insulin, glucagon etc.

= Second messenger:

- small, non-protein, water-soluble molecules or ions.
- can readily spread throughout the cell by diffusion
- can participate in pathways initiated by both GPCR and RTK.
e.g. cAMP -> synthesised from ATP by adenyiyl cyclase
—>activates kinases which phosphorylate other proteins

* G protein has intrinsic GTPase activity which can hydrolyse GTP to GDP and inactivate the G protein.
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Cellular Physiology And Biochemistry Nervous System

:Nervous system: G
“Function of communication systems in our.body 2 SR e el T
Transmit information between different body parts so that bodily functions can be well-coordinated and carried out efficiently

Point of compariso Endocrine system - fnme v § Nervous system:- -

Type of stimulus internal stimulus External and internal stimulus

Nature of information Chemical signals ie, hormones FElectrical signals within neuron and chemical signals

across synapses ie, neurotransmitters

Mode of transmission Endocrine gland secretes hormones directly into the Via a system of neurons that branch throughout the
bloodstream where they are carried to target organ body

Speed Slow Fast

Duration of response Meant for long term effects eg. growth Meant for short term effects

Nature of response Widespread Localized

Specificity of pathway General (entire bloodstream) BUT target is specific Specific pathway of neurons

e |

dendroa dondrites Sﬂé\:‘alm 2‘,’,’:;‘,’}, pext mevren
Numerous dendrites Communicate with many other neurons When neuron is not stimulated, the resting membrane
Axon is fong Transmission of impulse over long distances potential is -70mv (intracellular environment relative to
Axon has wide diameter Increase speed of conduction extracellular environment)
Permeability of plasma Voltage gated Na* channels open > depolarization
membrane can be altered | Voltage gated K* channels open -> repolarization Why the resting membrane potential is negative:
by a stimulus As a result, action potential is produced e )
Myelin sheath along axon | Saltatory conduction increases speed 1) [Na" ]is higher outside the neuron than inside
Mombranes at nodes of | 1) Regeneration & transmission of action potential [K']is higher inside the neuron than outside
Ranvier have numerous  |2) Actively pump Na® & K’ against concentration Since there are more K' leak channels than Na~ leak
1)voltage gated ion gradient to restore unequal ion concentration channels, more K" leave the neuron than Na" enter it.
channels 2) Na'/K" - so another action potential can be generated Hence there is a net loss of positive ions.
pumps 3) Leak channels . . ..
Synaptic vesicles Contain neurotransmitters for synaptic transmission 2) Na'- K" pump uses ATP to pump 3Na™ out and 2K"in
Numerous mitochondria | Produce ATP needed for 1) exocytosis of acetylcholine Hence there is a net loss of positive ions.

- i b at pre-synaptic knob 2) active transport of i

t presynaplic ne intg preysynpaptic knob)aﬂe:' :cet;:ct‘:ol'itngstcc:rgg‘;ei: ack 3) P resence of large, negatively charged organic anions

synaptic cleft degrades acetylcholine into acetic acid & inthe intracellutar environment

choline 3) actively pump Ca” out of pre-synaptic knob

on potential

How it is generated Rc!i&? poteniial

&

&+
H
(=]

Resting state (-70mv): all voltage-gated Na™ & K’ channels are closed

2. Depolarization (+40mv): Stimulus results in opening of some voltage-gated Na” channels =
influx of Na™. If depolarization reaches threshold potential of -55mv, action potential will
be generated. More voltage-gated Na” channels open - further influx of Na" - further
depolarization to +40mv. Voltage-gated K" channels remain closed.

3. Repolarization: At +40mV, all voltage-gated Na® channels close, influx of Na’ stops; All

g
B
voliage-gated K’ channels open, efftux of K’ ; Retirg
4. Hyperpolarization (-90mv): Although resting membrane potential (-70mv) is reached, K' 70 -

continues to leave as voltage-gated K” channels are slow to close potential

Restoration of membrane potential: All voltage-gated K* channels close. Membrane returns H 2 é 4 H &
to resting potential.

oy
%
A
]

AR

Membrane
potaniial imV}

o

How it is propagated

6. influx of Na* can create a local current which diffuses sideways

7. Although it can diffuse back to the previous node, the previous node will
still be in refractory period and will not generate another action potential

8. Therefore impulse is only propagated in one direction down the axon

9 When Na* diffuses downstream to the next node, it causes membrane to
depolarize to threshold potential so another action potential is generated

(Pts 10-12 for myelinated neurons only)

10. Action potential is only generated when it reaches the next node of Ranvier

11. As myelin sheath is an electrical insulator due to its high lipid content , it prevents
leakage of Na* and K*. Hence action potentials appear to “jump” from node to node

12. This is known as saltatory propagation which results in faster transmission of impuise
compared to non-myelinated neurons.
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Characteristics of action potentials

° identical in magnitude & duration, independent of strength of stimulus
Reason: magnitude of action potential determined by [Na']. Greater the [Na'] difference, higher the

*NOTE: stronger stimuli = higher FREQUENCY of s
action potentials generated fe‘?f:é‘t’;fy

period

Relative refractoryperiod

e  Are propagated in 1 direction
Reason (along axon): Refractory period (time during
an action potential where a normal stimulation will not
generate another action potential as voltage-gated
Na' channels need time to reset.)

depolarization peak. Since ion concentration remain constant due to homeostasis, peak size is the same.

Reason (across synapse): Only axon terminals have

Membrane potential, V,, (mV)

synaptic vesicles and only post-synaptic membranes
have neurotransmitter receptor

2 3 4
Time {ms}
« Only generated at nodes of Ranvier of myelinated neurons

« Are an all-or-none event —only when threshold potential is reached is an action potential generated

Transmission

1. Arrival of action potential and depolarization of

pre-synaptic knob

causes opening of voitage-gated Ca’ channels

Influx of Ca’ due to lower [Ca’] inside relative to outside

Stimulates migration of vesicles containing

acetylcholine to fuse with the presynaptic membrane

5. releasing acetylcholine into the synaptic cleft via
exocytosis :

6. Acetyicholine diffuses across synaptic cleft

7. And binds reversibly to specific receptor site on
ligand-gated Na* channel on post-synaptic membrane

8. Causes conformational change in ligand-gated
Na’ channel causing it to open .

9. Inftux of Na' resuits in depolarization of postsynaptic
membrane

10. If threshold potential is reached, action potential will
be generated.

i1. Acetylchcline is degraded by enzyme acetyicholinesterase
into acetic acid and choiine. Choline is actively transported back
into pre-synaptic knob where it combines with acetyl-CoA to
reform acetyicholine

12. Ca® rapidly removed by active transport out of pre- synaptic
knob via Ca * pump.

end of axon of

ron

recepior
site

ak

Speed at which axons transmit
action potential depends on:

e Diameter of axon
Larger diameter - reduced
resistance - faster

s Presence/absence of
myelin sheath

Myelinated = faster

- action potential generated
over smaller area of plasma
membrane

- insulation causes local
current to spread further
along axon interior

nerve impulse

synaptic vesicle

mitochondrion

neurofransmitter
\/ molecules

___—-synaptic gap

dendrite of
postsynaptic neuron

Synaptic Delay

Reasons for synaptic delay

1. Calcium influx into pre-synaptic knob

- delay in the depolarization of the post-synaptic membrane after the arrival of the impulse at the presynaptic membrane

2. Movement of synaptic vesicles towards pre-synaptic membrane to release neurotransmitters by exocytosis
3. Diffusion of neurotransmitter across synaptic cleft form pre-synaptic membrane to post-synaptic membrane.
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‘Diversity & Evolution Summa H2 Biology Core Syliabus
(a) Explain the binomial nomenclature of a species and hierarchical classification.

<+ The binomial system of nomenclature classifies every organism with a genus name & a species namefspecific epithet (in modern Latin).

4,
o

The genus name always begins with a capital letter & the species name always begins with a lower case fetter.

Both names must be italicised when typed and underlined separately when written.
e.g. Homo sapiens OR Homo sapiens . ] B
[NB: Nomenclature: the giving of names to biological groups; Binomial: consisting of two parts.]

When asked for the species/ scientific name/binomial name of man, we use “Homo sapiens” and not “sapiens” alone.

Hierarchical classification involves the grouping of organisms into increasingly inclusive groups.

Thus related species are grouped into the same genus, related genera are grouped into the same families, related families are grouped into the same
order, related orders are grouped into the same class, related classes are grouped into the same phyia, related phyla are grouped into the same
kingdom & related kingdoms are grouped into the same domain.

Describe the classification of species into taxonomic groups {genus, family, order, class, phylum, kingdom) and explain the various
concepts of the species. Knowledge of biological, ecoiogical,

morphological, phylogenetic concepts of species is required.)

Taxon: a recognisable group of organisms at any particular level of classification. For e.g., Homo sapiens and Chordata are both taxa.
Organisms are broadly categorised into a series of eight nested groups referred to as a taxonomic hierarchy. They are

Domain, Kingdom, Phylum, Class, Order, Family, Genus, Speqies
(Eukarya) (Animalia) (Chordata) (Mammalia) (Primates) (Hominidae) (Homo) (;apl_ens)
{Dumb King Phillip Came Over From Greece Singing)

Explain the various concepts of the term species (see table).

Species Definitions Appreciating The Significance Of The Various Concepts

concepts

Biological (™) | A species is group of | According to this concept, members of the same species are reproductively isolated from other
organisms  capable of | species and thus they share a common gene pool and have the same chromosome number.
interbreeding and | Advantage:
producing fertile, viable | Organisms being studied can be interbred to see if they produce fertile, viable offspring.
offspring. Limitation:

This definition cannot be applied to asexually reproducing organisms and extinct species whose

breeding behavior cannot be observed.

Ecological A species is a group of According to this concept, the differences between species are due to the differences in the ecological
organisms sharing the same | resources that they depend on. This means that if a species can no longer occupy a particular niche,
ecological niche™. it would be considered a new species.

Advantage:

This definition applies to organisms that reproduce both sexually and asexually.

Limitation:

This definition cannot be applied to unrelated species that occupy similar niche. e.g. the striped

possum, a marsupial mammal from Australia, and the aye-aye, a placental mammal from

Madagascar, are not related but occupy a similar niche in different paris of the world. They both eat

warms/insects in the bark of trees.

Niche - both the place where an organism lives and its interactions with the environment [i.e. the roles that

an organism plays in its habitat (predator, prey, primary producer or consumer, decomposer etc)].

Morphological | A species is a group of When using this concept, researchers may disagree on which structural features distinguish a species
organisms sharing similar as this definition relies on superficial & subjective criteria, & it is known from genetic data that
body shape, size and other | genetically distinct populations may look very similar, & contrarily, farge morphological differences can
structural features. exist between closely related species.

Advantage:

This definition can be applied to all organisms (i.e. sexually and asexually.reproducing organisms)

Limitations:

1) This definition makes it difficult to determine the degree of difference that is required to indicate
separate species as well as what structural features should be used to distinguish the
differences.

2) Some organisms may be superficially similar but have different evolutionary origins e.g. the

marsupial mole from Australia and the golden placental mole from South Africa.

Phylogenetic A species is the smallest The phylogenetic history of a species can be obtained by comparing homologous morphological
group of organisms that structures and/or homologous molecular sequences, with those of other organisms. Thus this
share a most recent concept takes into account anatomical, molecular & embryological homologies to recreate an
common ancestor and can | evolutionary history to connect a common ancestor to a group of organisms.

.be distinguished from other Advantage: .

such groups. Using this definition to classify species will avoid mistakenly classifying organisms based on
superficial morphological similarities as the characteristics that are compared are based on
common ancestry/lhomology

Limitations:

it is difficult to determine the most recent common ancestor of a species.

Diversity & Evolution (2016) Raffles Institution 1
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Explain how species are formed with

reference to geographical isolation, physiological isolation and behavioural isolation
Gene flow is the transfer of alleles from one population to another, due to the movement of fertile individuals or their gametes. If members of a

population migrate and interbreed with members of another population, gene flow has occurred. Speciation occurs when gene flow is disrupted.

mechanisms is called sympatric speciation

Speciation is a process by which one or more new species arise from a previously existing species.
Speciation that occurs when geographical isolation occurs as a result of the presence of a physical barrier is called allopatric speciation

Speciation that occurs when populations are not separated geographically but gene flow is disrupted by physiological or_behavioural isolating

For speciation to occur, gene flow must be disrupted between two populations of the existing species. Then evolutionary changes (e.g. mutations,

natural selection, genetic drift) could occur independently in each sub population. if this continues over a long period of time, then new species

can form.

Gene flow may be disrupted in three ways:
Geographical isolation ~ is due to a physical barrier (e.g. a body of water) between two sub- populations which blocks migration of individuals and

disrupts gene fiow
Physiological isolation - is due to the unique physiology (e.g. difference in flowering time due to physiological response to different soil conditions)
of different individuals in the same area which disrupts gene flow
Behavioural isolation — is due to the unique mating rituals (e.g. different bird song) and preferences of individuals in the same area such that a

group of mating individuals

isolate themseives from the main population, disrupting gene flow

Geographical isolation

Physiological isolation

Behavioural isolation

e.g.:Caribbean porkfish in the

Caribbean sea, and the Panamic

porkfish in the Pacific ocean

An ancestral fish population

was split into two by the

formation of the Isthmus of

Panama about 3.5 million years

ago.

= This geographic isolation
disrupted gene flow between

*

* The divided populations were
exposed to different
environments and thus
different selection pressures.

* Since there was variation within
the populations, favourabie
characteristics were selected for

and unfavourable
characteristics were selected
against

= Thus evolutionary changes
occured independently in each
subpopulation ie. different
genetic changes occurred in
each sub-population (due to
mutations, natural selection and

e.g.: Darwin’s finches on the
Galapagos Islands

* An ancestral population of
Darwin’s finches strayed from
the South American mainland
of Ecuador to one of the
Galapagos Islands. They then
colonized other islands/parts
of the islands.

* The sub-populations were
geographically isolated in the
various islands/parts of the
islands and so did not
interbreed. Hence gene flow
was disrupted.

e.g.: two species of palms in Lord
Howe island, Howea forsteriana
and Howea belmoreana.

e.g.: eastern meadowlark and the
western meadowlark

How the 2 species are now:

How the 2 species are now:

= The divided popuiations were
exposed to different
environments in the different
islands and thus were under
different selection pressures.
Since there was variation
within the populations,
favourable characteristics were
selected for and unfavourable
characteristics were selected
against.

*= There are also two soil types on
the island - the older volcanic soil
and the younger calcareous
soils.

* The two species of palms have
different soil preferences. One
paim species  grows in
calcareous soil while the other
grows in volcanic soil. Since
these soil types are in close
proximity to each other in many
areas, the two species of palm
can coexist in close proximity.

* However, the two species flower
at different times due to the
difference in soil conditions
and hence cannot interbreed
ie. the two species are
reproductively isolated.

= When the palms that normally
grew on volcanic soil started to
grow on calcareous soil, a

= Both species are nearly
identical in shape, colouration
and habitat and their ranges
overfap in the central United
States.

* Mating does not take place
between the eastern and westem
meadowlarks, largely due to the
difference in their songs.

* These differences in songs
enable meadowlarks to recognize
potential mates as members of
their own species.

* Thus the eastern and westemn
meadowlark are reproductively
isolated.

How speciation occurred How speciation occurred

* in a population of a particular bird
species some members of the
population developed a new
call.

= Over many generations, the new
bird call became more distinct.

*= Birds began to distinguish
between the two calls and tended
to mate preferentially with the

= This disruption of gene flow
resulted in evolutionary changes
occurring independently in each
sub- population. Since there was
variation within the population,
favourable charact eristics were
selected for and unfavourable
characteristics were selected
against

* Thus evolutionary changes
occured independently in each
subpopulation ie. different
genetic .changes occurred in
each sub-population (due to
mutations, natural selection and
genetic drift).

* Over hundreds and thousands
of successive generations
each subpopulation became
reproductively isolated
genetically distinct species.

genetic drift). = Thus evolutionary changes : - f
*= Over hundreds and thousands occured independently in each gt;;:f;u‘;u?nayﬂt;vzzr;?igsen ta"Sn:
of successive generations subpopulation i.e. different physiological response to a
each subpopulation became genetic changes occurred in new substrate.
reproductively isolated each sub-population (due 1o}l , This prevented the
__genetically distinct species. mutations, natural selection and interbreeding between the two
genetic drift). alms growing in the two types of
* Over hundreds and goil altgoughgthey were itr):pclose
thousar!ds of successive proximity.
generations, each I This  disruption of gene Fiow.
subpopulation [became resulted in evolutionary changes
reproductively  isolated i 500,ming independently in each
_genetically distinct species. it sub- population. Since there was
* There are now at least 13 variation within the population,
species of finches on the favourable characteristics were
Galapagos Islands, each filling selected for .and unfavourable
a different niche on different characteristics were selected
islands/parts of the islands. against.
*  This kind of evolutiqnary pattem { , Thys evolutionary chan
in which there is a rapid occured independently in eﬁ
increase in the number of subpopulation ie. different
species produced from a genetic changes occurred in
common  ancestor  upon each sub-population (due to
introduction  into new mutations, natural selection and
envuro_nments. is known as genetic drift).
adaptive radiation. + Over hundreds and thousands
of successive generations
each subpopulation became
reproductively isolated
Diversity & Evolution (2016) Raffles Institution
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td) Explain the refationship between classification and phylogeny.

& Classification uses a binomial naming system. It groups of organisms in a hierarchical manner into increasingly inclusive categories such as
order, class, phylum, kingdom and domain based mainly on their morphological characteristics. (not evolutionary history)

species, genus, family,

< Phylogeny is the grouping of organ
These evolutionary relationships are

isms based on their evolutionary history (i.e. ancestor-descendent relationships)
based on homologous characters which are passed down from ancestor to descendants

their evolutionary history

. Classification Phylogeny
basis of grouping organisms grouped based on overall | organisms grouped based on their evolutionary history of
organisms morphological similarities and without considering | organisms

(i.e. based on ancestor-descendent relationships)

system of organizing

is a naming system where each organism is given a

is a system which assigns_each organism a position on a
phylogenetic tree based on its evolutionary relationship with other

2may wrongly classify organisms that are not
related but look similar due to convergent
evolution®

organisms binomial name and grouped into a domain, kingdom,

phylum, class, order, family, genus and species organisms on the tree

using a hierarchical classification system
how species are uses bionomial nomenclature uses a phylogenetic tree where more closely related organisms are
presented grouped closer together in the different branches of the tree
nature of organisms are grouped using only morphological organisms are grouped using homologous characteristics that are
characteristics characteristics and does not distinguish between | derived from a common ancestor

: analogous and homologous characteristics
types characteristics uses morphological characteristics only uses (1)morphological, (2)anatomical, (3)embryological as well as
used {4)molecular characteristics (such as DNA, RNA, amino acid
sequences) and (5)fossil record

strengths and can easily place an organism into its well defined | cannot immediately place an organism into the phylogenetic tree as
weaknesses group evolutionary history need to be established from muitiple sources

Srarely classifies wrongly as convergent evolution will be placed in
separate branches

inference of speciation
events

does not_allow _inference of historical speciation
events

indicates speciation events as the node of the phylogenetic tree;

inference of common
ancestors

does not allow inference of common ancestors

allows inference of common ancestors. Descendants of a common
ancestor are represented in the same branch

inference of
relationships

cannot infer of how closely related 2 species are
especially since they are grouped together in the
same hierarchy, “species”

allows accurate inference of how closely related 2 species are by
looking at how recently they diverged from their common ancestor

application of
molecular clock

not possible to use molecular clock to date
speciation events

using molecular evidence, can apply the molecular clock to infer
time of speciation

NB: Systematics is phylogenetic classification. It uses evolutionary relationships to organize classification systems

Explain why variation is important in selection.

< Variation:» phenotypic differences between individuals in a population due to genotypic differences.
<> is the raw material for natural selection to act on.

< When environmental changes occur, the variation amongst individuals results in some individuals surviving better & reproducing more successfully
than others. (i.e. organisms that are best adapted to the particular environmental condition will have a selective advantage and will be selected for
through natural selection).

< If not for variation, selection would either favour all organisms or select against them. (i.e. there will be no differential selection).

{f)

s Example 1:

Explain, with examples, how environmentai factors act as forces of natural selection.

Before 1848 i.e. before the industrial revolution

=> there were 2 forms of peppered moths (Biston betularia}, the lighter form and the melanic form

= there was a greater proportion of the lighter form than the melanic form
= the melanic form arose by spontaneous mutation

By 1895

= 98% of all peppered moths in industrial areas were the melanic form
Variation (black and white peppered moths) exists naturally
Lighter form of moths were well-camouflaged from predators on light coloured, lichen-covered tree barks.

Selection pressure

NB: It is incorrect to imply that industrialisation
used the melanic form of peppered moth to

ppear. The melanic form arose by spontaneous
utations which existed before the industrial
volution ]

Lighter form of moths had a selective advantage in non-polluted areas and in these areas, their frequency became higher.

With industrialisation, fichens on bark of trees were killed. The darker coloured barks which were once covered with white lichen were

now exposed.

Thus lighter forms of moth became easy prey to birds & their numbers declined.

The melanic form of moth were camouflaged & thus proliferated.
Differential reproductive success

Thus the melanic form of moths had a selective advantage in poliuted areas & increased in frequency there.

and the lighter form of moths had a selective advantage in non-poliuted areas & increased in frequency there.
':~ Example 2:

1940s: antibiotics first used to kill bacteria:
Variation (resistant and non-resistant bacterial strains) exists naturally
Resistant strains arose by spontaneous mutations or by gaining a plasmid with an antibiotic resistance gene through conjugation

Selection pressure

Antibiotics consumed

Differential reproductive success
Antibiotics kill most of non-resistant bacteria
Selection pressure now favours resistant mutant strains which have a selective advantage.
These survive and pass on the allele for antibiotic resistance to offspring. Antibiotic-resistant allele frequency increases.

Diversity & Evolution (2016)

HNB: It is incorrect to imply that the antibiotics cause the
pacteria to mutate into resistant strains. The resistant
trains arose by spontaneous mutations. The antibiofics
erely provided the selection pressure that increased the
equency of the resistance allele. ]
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(g) Explain how natural selection may bring about evolution.

< Natural selection is a process in which individuals that have certain inherited traits tend to survive and reproduce at higher rates than other individuals,

because of those traits. The theory of natural selection was put forward by Charles Darwin.

{1} Overproduction of offspring: All organisms produce a large number of offspring. This can lead to an exponential increase in population size if all

of the offspring survive.

{2) Constancy of numbers: However the size of most populations stay relatively constant as many offspring die before they reach reproductive age

{3) Struggle for existence : This is because individuals of a species are constantly competing with each other for limited resources (eg:food, mates &

shelter). Other factors such as disease and predators also impose a limit on the numbers.

(4} Variation within a poputation : Individuals in a population differ from each other genetically(due to the presence of different alleles) and hence

phenotypically. These variations, are a pre-requisite for evolution by natural selection.

(5) Survival of the fittest by natural selection : Among the variety of individuals, some individuals will have characteristics/phenotypes that are
better adapted to the environment & hence are able to survive to reproductive age & produce viable,
fertile offspring. These individuals (with favourable characteristics, due to favourable alleles) are
selected for by the environment while those that are less well adapted (with unfavorable

characteristics) will be eliminated (i.e. selected against).
(6) Like produces like : Individuals with advantageous characteristics are likely to breed successfully and produce offspring similar to themselves.
Thus advantageous characteristics (and hence alleles) are passed on to the offspring and will increase in frequency in the

population.

(7) Formation of a new species: Over hundreds and thousands of generations, with genetic isolation (i.e. no gene flow), reproductive isolation will
occur and a new species can form.

{h) Explain why the population is the smallest unit that can evolve.

< A population is a group of interbreeding individuals of the same species.

< Variation exists in a population. Natural selection acts on the individuals in a population & results in the perpetuation of favourable
characteristics (determined by favourable alleles) in successive generations. Thus, over many generations, a higher proportion of the
population will bear the favourable characteristics/alleles.
% Since evolution is a measure of changes in allele frequencies in a population over time, only a population can evolve, not individuals.

Explain how homology (anatomical, embryological and molecular) supports Darwin’s theory of natural selection (with emphasis on descent

with modification).

< Homology:

=>refers to similar anatomical, molecular & embryological characteristics found in different species due to common ancestry.

These characteristics present in an ancestral organism developed into different forms as the result of

environmental conditions {descent with modification)

%
Qe

natural selection, as they faced different

Homologies suggest common ancestry: e.g. The pentadactyl limb is a homologous feature of all tetrapods, with different forms in different species.

This suggests that they descended from a common ancestor which had a basic form of the pentadactyl limb.

Hence, homologies show “descent with modification”: Comparisons of homologies (anatomical, embryological and molecular) between species
show how an ancestral homology in a population may have been modified in descendent species through natural selection.

Homologies provide the basis of comparison; hence homologous traits are what are compared between populations or species as they are derived
from a common ancestor which shows the modification process from a basic ancestral form.
[NB: Non-homologous (analogous) structures, (such as the wing of a bird & the wing of insects) are a result of convergent evolution. Such structures
are absent in the common ancestral species as they are derived from different ancestors, although they may have a similar function.]

2,
<

How homolegies support Darwin's theory of natural selection:

Anatomical Homology Embryological Homology Molecular Homology
Definition Organisms with anatomical homology | Organisms with embryological homology | Organisms with molecular homology
have morphological structures such as | share similar structures during | have similar DNA, RNA & amino acid
bones, organs and gross structural | embryonic development as they shared | sequences as they share a common
features that they share with a common | a common ancestor with the same | ancestor that had these molecules.
ancestor. developmental stages.
Named e.g. Pentadactyl limb structure in forelimbs | Gill slits in the embryo of fish and man Cytochrome C and p53 are homologous
of all tetrapods. e.g. humans, cats and genes
whales.
How they | The forelimbs have the same | All vertebrates, including fish and man, | Homologous genes share significant
are arrangement of bones but have | have gill slits during early | sequence homology and when
homologous | different functions and superficially | embryological development which later | expressed produce proteins that have
look different. develop into gills in fish and part of the | the same function in all organisms that
(e.g. walking in cats and swimming in | ear and throat in humans. possess them.
whales)
Descent The 5 digit pentadactyl limb structure | The basic embryological body plan in | Nucleotide sequences in the ancestral
with in the common ancestor was altered by | the ancestral species was altered by | genes were modified due to
modification | natural selection in the different | natural selection in the different | accumulation of mutations that
organisms to suit their specialised | descendant species due to different | occured over many generations and
functions/environments, resulting in | selection pressures in the different | selection pressures that favoured some
variations of the pentadactyl limb | environments. mutations over others.
structure
Degree  of | Relying on anatomical appearance is not | The longer the embryological | The greater the sequence similarity
relatedness | a reliable indicator of relatedness development remains similar, the more | between homologous genes, the more
closely related the 2 species are. closely related the 2 species are.

[NB: Anatomically homologous structures that are greatly reduced in size or have little to no function are called vestigial structures.
Organisms with vestigial structures share common ancestry with organisms in which the structure is still functional.
e.g.1: The hind limbs in whales are reduced to small bones (i.e. vestigial structures) as they are no longer beneficial to whales which swim.
However, their presence in whales suggest common ancestry with tetrapods. )
e.g.2. The appendix in humans is also a vestigial structure as it is reduced from the cecum of its primate ancestors which was involved in
digestion of plant material. Thus, the presence of the appendix in humans, suggests common ancestry with primates ]

Diversity & Evolution (2016)
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(i} Explain how biogeography and the fossil record support the evolutionary deductions based on homologies.

- Biogeography > is the study of the past and present geographical distribution of organisms.

e

If Darwin’s theory of descent from a common ancestor were o be supported, then biogeographical evidence should indicate that closely related
species and their common ancestors should be present in the same geographical region. This was indeed the case. Typically, the common
ancestor establishes itself in one location and as speciation occurs, the new species disperse out of the center of origin. The pattem of species
distribution across space (biogeography) points towards Darwin’s concept of descent with modification from a common ancestor.

Example:

The great Apes (e.g. Gorillas, Orang utans, Bonobos & Chimpanzees) are closely related to one another.

They can only be found in the forests of Africa and Asia.

The fossils of common ancestor of the great apes are also found in the Africa and Eurasia.

This indicates that both the extant ape species and common ancestral apes, from which they descended from, share the same biogeographic
regions. This lends support to Darwin’s theory of new species descending with modification from ancestral ones (homology).

If species were to appear spontaneously (against the idea of homology), we should see great apes being present in similar ecological habitats in
other parts of the world where the ancestral species were not present (e.g. forests in Australia, N. & S. America etc.). However, this is not the case.

.

Continental Drift

0,
o

<> When related species are not distributed in the same geographical region (when it should), continental drift can explain this discrepancy.

= Drawing on the concept of plate tectonics, we observe that the continents on Earth drift.

3So fossilized remains that once might have been found on a supercontinent may have split up into a multitude of smaller continents
distributed over a wide area after millions of years.

Example: L —————— T

« In the case of the extinct mesosaurs, their fossils are distributed across Africa and South America which are separated by the vast Atiantic ocean.
Based on continental drift, the 2 continents were once joined together and that was the time when the ancestor of mesosaur originated.

« This ancestral species gave rise to a variety of mesosaur species that radiated out in this ancient supercontinent.

« When the continent broke up and separated, their fossilized remains were transported to where they are today.

« The concept of descent with modification from a common ancestor still holds true but time and continental drift has separated the descendants.

« The living equivalent used to explain the same concept is the lungfish — a living fossil which is found today only in Africa, Australia and South
America. -

0
o

island Biogeography

(Exampte: |
The Galapagos islands are a group of small islands that are found off the coast of Ecuador, South America.

Finches in the on the Galapagos islands bear similarity to the finches found on the coast of the South American mainland.

This suggests that they share a common ancestry.

However, there are now 13 different island species.

This is because the finches from the mainland migrated to the islands and those that were best adapted to a variety of different niches in the
different islands survived, reproduced there.

Since the finches were geographically isolated (which disrupted gene flow) from the mainland & each other, evolutionary changes (e.g. natural
selection, genetic drift, mutations) occurred independently in each sub-population and over time they evolved into different species.

« Thus, the biogeographic distribution of the finches supports the evolutionary deduction of descent with modification from a common ancestor

because the finch species didn't emerge from the Galapagos islands but came from an ancestral species from the mainland, which then evolved
into different species through adaptive radiation.

¢ o 0 & o

Thus, the study of biogeography allows us to see how the distribution pattern of species suggests the existence of a common ancestor, whose
descendants dispersed out from the center of origin and were distributed within a restricted geographical region and not throughout the whole world.
The differences/modification amongst species was shaped by natural selection due to differences in the local environment.

K3

> Fossils

Srelics or impressions of organisms that lived in the past that are preserved in rock.
(The deeper the strata the organism is found in, the earlier it existed.)
=>We can tell how old they a fossil is by radioactive /carbon dating techniques.

=>When compared across strata, they show an ordered sequence of succession of organisms & how homologous structures have been modified
through time (descent with modification).

« When horse fossils are studied we see an ordered sequence of progression in terms of iengthening of limbs, toe reduction and increase in
tooth size over time that coincided with the change in environment from dense forest to open grasslands.

» Through natural selection, these adaptations transformed the ancestral horse into the horses we see today that is best suited for open grasslands.
(descent with modification)

Example: . .

« Transitional fossils are often referred to as the ‘missing fink’ as they share characters of their modemn descendants and a prehistoric ancestor &
hence support evolutionary deductions best as they illustrate an evolutionary transition between the two forms.

o Tiktaalik is an example of a transitional fossil animal between fishes & tetrapods.

« |t provides strong evidence that fish are the ancestors to modem tetrapods.

« [t was similar to its fish ancestors as it had fish gills & scales, & was similar to its tetrapod descendants as it had tefrapod leg bones, lungs, upward
positioned eyes & a mobile neck.

Thus, the study of fossils allows us to see the evolution of species through the modification of homologous structures from a common
ancestor to the present descendant through a series of transitional forms.
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(k) Explain the importance of the use of genome sequences in reconstructing phylogenetic relationships and state the advantages of

molecular (nucleotide and amino acid sequences) methods in classi

Importance of using genome sequences in reconstructing phylogenetic relationships. [This part is about how important molecular phylogenies are].

< Al living organisms contain nucleic acids in which evolutionary changes are captured. Thus more closely related species will have a
greater number of simifar nucleotides sequences in their nucleic acids and a greater number of similar amino acid sequences in their proteins
than less closely related species.

< Comparison of nucleotide and amino acid sequences has revolutionized our understanding of the evolutionary relationships for many groups of

organisms and has led to extensive revisions of the classification of all life-forms.

Advantages of molecular (nucleotide and amino acid sequences) methods in classifying organisms. [This part focuses on the advantages of methods].

1. They can be used to compare all organisms which share common genes.

2. They can be used to compare organisms that are morphologically indistinguishable due to convergent evolution or because they are closely
related.

3. Molecular methods are objective as molecular character states are unambiguous (e.g. A, C, G & T) whereas some morphological characters, such as
those based on the shape of a structure or colour, can be less easy to distinguish objectively.

4. They are quantitative as molecular data can be converted into numerical form and statistical analysis performed to determine degree of
relatedness by calculating nucleotide differences between organisms.

5. Changes in nucleotide sequences accumulate over time with clockwork regularity and this forms the basis of the molecular clock. We can thus
estimate the time of speciation of modem to ancient species.

6. Some molecular differences may not be reflected as a morphological difference while small genetic differences may not result in a major phenotypic
difference. This means that molecular data does not underestimate nor exaggerate differences unlike morphological analysis.

7. Molecular methods offer a large set of characters to be studied quickly. Each nucleotide position can be considered a character to distinguish
between species.

8. Nucleotide sequences for a rapidly increasing number of genomes & amino acid sequences for many proteins can be accessed from electronic
databases for comparative study & classification of all life.

9. Specimens need not be complete or alive for comparative analysis so long as the molecules survive degradation.

Explain how genetic variation (

including recessive alleles) may be preserved in a natural population.

How genetic variation arises in natural populations

(1) Mutations (Gene mutations, chromosomal mutations)
{a) Gene mutations
These include substitution, deletion or insertion of a nucleotide that changes the triplet code & hence the amino acid. Mutations in non-coding
regions such as the promoter & enhancer can result in phenotypic variation as well.
{b) Chromosomal mutations (may involve changes in chromosome structure and number)
Number:
Polyploidy - when more than 2 homologous sets of chromosomes are present e.g., triploids: 3n, tetraploid: 4n.
Aneuploidy - when one or more chromosomes are over-represented or under-representated e.g Trisomy 21
Structure:
Deletion - when a segment of a chromosome is missing e.g. cri-du-chat disease where there is a deletion of chromosome
Duplication - when an extra segment of a chromosome is present.
Inversion - when a chromosome segment is detached, flipped around 180 degrees & reattached to the rest of the chromosome
Translocation - when a segment from one chromosome is detached & reattached to a different chromosome.

{2) Meiosis
(a) Independent assortment & segregation of homologous chromosomes during metaphase | & anaphase | respectively
Independent arrangement & separation of sister chromatids during metaphase Il and anaphase il respectively
<> results in gametes with numerous combinations of maternal & paternal chromosomes.
(b) Crossing over between non-sister chromatids of homologous chromosomes results in more allelic combinations.

{3) Sexual Reproduction
Random fusion of gametes add to the variety of genotypes. Different genotypes will result in different phenotypes and these will act as raw materials
for natural selection.

How recessive alleles are preserved in a natural population

(1) Diploidy/Heterozygote protection
A gene can be dominant/recessive. Dominant alleles mask the effect of recessive alleles. Thus even if recessive alleles may be less favorable in the
current environment, they persist because they are propagated in heterozygous individuals where the disadvantageous trait does not manifest and
hence is not selected against.

*,
oo

(2} Heterozygote advantage
This occurs when heterozygotes have greater fitness than both kinds of homozygotes..
e.g. In a region where malaria is prevalent, heterozygous individuals with the HbAHbS genotype do not develop sickle cell anaemia and at the same
time have less chance of contracting malaria. They are able to survive and reproduce in malaria-infected regions. Therefore, BOTH the HbA and
HbS alleles of these people remain in the population. Thus, the HbS allele confers a survival advantage on people who have one copy of the allele,
and is therefore maintained in the population at a relatively high frequency.

{3) Frequency-dependent selection
In frequency dependent selection, selective advantage of the phenotype depends on how common it is. The more common phenotype is selected
against and the less common phenotype is selected for. :
e.g. Scale eating fish in Lake Taganyika are either “left-mouthed” or “right-mouthed”. The “left-mouthed” fish attacks its prey’s right while the “right-
mouthed” fish attacks its prey’s left. The prey guards itself against attack from whatever phenotype of scale-eating fish is most common in the lake. So
from year to year, selection favours whichever mouth phenotype is least common. As a result the frequency of “left-mouthed” fish and “right-mouthed”
fish oscillates over time and frequency-dependent selection keeps the frequency of each phenotype close to 50%.
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{m) Briefly describe the neutral theory of melecuiar evolution.

(1) The neutral theory states that most of the mutations/variations at the molecular level that exist in populations are selectively neutral.
Examples of selectively neutral mutations are silent mutations (mutation may still result in the same amino acid), conservative mutations (mutation
results in a chemically similar amino acid), mutations in non-regulatory sequences in non-coding regions (hence have no effect on the fitness of the
organism)

(2) Ortgher mutations which are in lesser proportions are those that that are disadvantageous which are quickly removed by natural selection anyway; and
advantageous mutations that are quickly brought to fixation (i.e. don’t mutate anymore) and remain in the population.

(4) Since most mutations are selectively neutral, most evolutionary change we see in populations at the molecular level is driven by genetic drift
(random change in allele frequencies in a population due to chance events) rather than natural selection.

(5) Mutations will accumulate at a constant rate since they are selectively neutral & this forms the basis for the molecular clock.

et

; e
< Unrelated species which occupy simifar ecological niches may look simitar. Why?

{e.g.1) dophins and sharks (e.g.2) sugar gliders (marsupials) in Australia are not related to the flying squirrels (mammais) in North America but look alike
3 evolved independently from different ancestors (i.e.have different evolutionary fineages) in different parts of the world
2> look similar (i.e. have analogous structures) as they have adapted to the same way of life as they live in similar environments with similar selection
pressures.
Thus convergent evolution has occurred. They have similarities that are shaped by the environment rather that through shared ancestry]

+ There are 5 agents that can cause evolutionary change (i.e. cause change in allele frequency):

(a) natural selection
(b} disruption of gene flow
(c) mutation = source of new alleles due to random changes in genes and chromosomes
(d) nonrandom mating = individuals choose mates on basis of favourable phenotypes. Favourable genotypes thus propagated at higher allelic frequency.
also called sexual selection
(e} genetic drift = random change in allele frequencies due to chance events
i. Founder effect — A small group of individuals separate from a larger population and establish a colony in a new location. Because the founder
individuals of the new colony are just a few, certain alleles are overrepresented or underrepresented. Thus, genetic variation is usually reduced.

i. Bottieneck effect — A population size is dramatically reduced due to catastrophe and then rebounds (in size after a few generations). The initial
reduction leads to certain alleles being overrepresented or underrepresented among the survivors and even though the population numbers may
rebound to the original, genetic variation is usually reduced.

ii. Neutral mutations, that do not manifest in the phenotype and thus selectively neutral, experience genetic diift. Their allele frequencies change
due to chance and not natural selection. ’

< Mitochondrial DNA

2 does not undergo recombination thus any changes to DNA is solely due to the accumulation of neutral mutations over time making it the ideal
candidate for a molecular clock as these neutral mutations occur at a constant rate.
(mt DNA may be damaged by the reactive oxygen radicals generated in the mitochondrion)

< undergoes a high rate of mutation (relative to nuclear DNA) as it has no proof reading mechanism. As a result the differences in mt DNA are
sufficient to distinguish between different species and individuals of the same species as well.

= contains many different genes e.g. cytochrome B
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Isolating, cloning & sequencing DNA (Part 1)

How to clone human growth hormone (HGH) gene

c¢DNA preparation

* |solate total mRNA from cells of the anterior pituitary gland where the
HGH gene is expressed (i.e. transcribed & translated)

_—}_mRNAs

= Use reverse transcriptase to synthesise cDNA (complementary DNA) usmg the RNA.
mRNA molecules as templates to form RNA-DNA hybrids }DNA
hybnds

* Treat double stranded RNA-DNA hybrids with RNase to break down the mRNAs

ss
cDNAs
ds

cDNAs

* DNA polymerase the cDNA strands as templates to synthesize
the 2™ cDNA strand. Thus double stranded cDNA
molecules are produced.

[Do note that many different CONAs (e.g. HGH cONA, PFK cDNA, RNA polymerase cDNA etc,) are produced from the
total mRNA)]

Digestion, Recombination & Ligation

* Add dCTPS & terminal transferase Add dGTPS & terminal transferase to plasmids
to cDNA mixture (from above) Snckyends tinearised with a

35 \ Tu'gene restriction enzyme which
- \

leaves blunt ends.
A
* cDNA fragments with sticky ends that

(The blunt cut is within
the multiple cloning site
that do not self-anneal from
2

of the tetracycline
resistance gene.)

Mix & incubate to allow

annealing of complementary

sticky ends

0
¢

Lmneansed
plasmid

Vectors with sticky ends that do not
self-anneal but can anneal with sticky
ends of the cDNA fragments

Add ligase to allow covalent
phosphodiester bonds to form between
adjacent nucleotides of both DNA strands

4 possible products in ligation mixture

Why are there 4 possible products? This is because not all of the cDNA & plasmid
molecules will have the sticky ends created with the help of teminal transferases.

recombinant vector

vector

concatamer circularized insert

Transformation

* Addition of Ca** (in the form of CaCl,) to bacterial cells and brief heat shock
makes them competent i.e. capable of taking up DNA from solution

* The ligation mixture is mixed with the bacterial cells and CaCl,.

* This mixture is given a brief heat shock to create transient pores on the bacterial cell
membranes. This allows the above DNA molecules to enter the bacterial cells.

* Only about 1% of the above bacterial cells would be transformed.

Screening

* After transformation, there is a need to screen for bacterial cells containing, the
recombinant plasmids. Recombinant plasmids would each contain a cDNA fragment
which has disrupted the tetracycline resistance gene. i.e. the tetracycline resistance
gene would have undergone insertional inactivation.

* The bacterial cells are grown on ampicillin medium & then replica plated on tetracyclin
medium.
Purpose of ampicillin plate: to select for transformed cells
Purpose of tetracycline plate: to select for transformed cells with recombinant plasmid

* Bacterial celis with
1) cDNA alone (D) : susceptible to ampicillin & tetracycline <¥» die in both media
2) vector alone (B & C): resistant to both ampicillin & tetracycline <»survive in both media
(as amp’ and tet’ genes arce intact)
3) recombinant : resistant to ampiciliin & susceptible to tetracycline-» survive in ampicillin
plasmid (A) (as amp’ gene is intact) (as tet’ gene is disrupted) medium but die in
tetracycline medium
* Compare the tetracycline plate with ampicillin plate
= colonies that survive in ampicillin medium & die in tetracycline medium
are the colonies that contain the recombinant plasmid.

* Restriction enzymes (molecular scissors)

1) are isolated from bacterial cells

2) recognize & bind to specific palindromic base
sequences (restriction sites) on DNA.

3) create either sticky ends/blunt ends by cleaving of
phophodiester bonds between nucleotides in
both strands of DNA

e.g. Smal e.g. EcoRi
CCCGGG GAATTC
GGGCCC CTTAAG
CCC+ GGG G v AATTC
GGG CCC CTTAA G
blunt ends sticky ends

4) protect bacterial cells from invading viruses by
degrading the foreign DNA that enter them

5) do not cleave the bacterial DNA in the bacteria they
are found in as the restriction sites in the bacterial
DNA are methylated. Methylation protects bacterial
DNA from degradation.

* DNA ligase (molecular glue)

-» catalyses the formation of phosphodiester bonds
between adjacent nucleotides in both DNA
strands

* Plasmid (molecular carrier) e.g.: pBR322
<> can function as a vector and introduce a gene of
interest (which has been inserted into it) into a host
cell
1) single, circular, self-replicating piece of double-
stranded DNA derived from bacteria
2) contains at least 2 selectable markers
<> eg: antibiotic resistance genes, lac Z gene
=> one to allow for selection of transformed celis
-> the other to distinguish between transformed
cells with and without recombinant plasmid

3) contains an origin of replication {ori)

-> to allow replication of plasmid independent of
host chromosome

-> this creates muitiple copies of the plasmid and
gene of interest within one bacterium.

4) contain multiple cioning site

=> has several different restriction sites

-> is found within a selectable marker which can
be disrupted to allow insertion of a range of
different genes (which are flanked by different
restriction sites). Insertional inactivation of this
selectable marker will aliow for selection
of transformed celis with recombinant
plasmids.

5) contains a bacterial promoter so that the bacterial
transcriptional machinery can transcribe the cDNA
insert.

* Transformation: process of introducing foreign
DNA into host cells resulting in a
change in genotype & phenotype

* Host cells: where the replication & expression of

genes in recombinant plasmid occurs

* Replica plating: bacterial colonies from one plate are
picked up (by the sterile velvet
surface of the block) & an imprint of
those colonies is made on another
plate.

After the imprint is
made on the
tetracycline
plate  the plate must
be incubated at 37°C
ovemight to allow the
bactenal colonies to
grow.

Prepared by: Mrs Selvi Nair Raffles Institution (2016)




. " . - - . N R ., 1" Linkers
Next probing needs to be done to identify bacterial colonies with recombinant plasmid = synthetic double stranded ofigonucleotides with 1

containing the HGH cDNA. v - or more restriction sites

=> can be added to ends of cDNA & linearised
plasmids by DNA ligase. Then they can both be cut
by the same restriction enzyme so as to produce
complementary sticky ends. This way the cDNA and
plasmid can anneal. DNA ligase can be added seal
the nicks and thus a recombinant plasmid is created.

* A repilica of the colonies on the ampicillin master plate is made on a
nitrocellulose filter. This is done by placing the filter on the master plate over
1-2 days to aliow the bacteria to grow on it.

* The nitrocellulose filter with bacterial colonies is treated with NaOH to
1) lyse the bacterial celis &

2) denature the DNA (i.e. 1 doubie stranded DNA molecule < 2 single strands of DNA) | LacZ

-> is a selectable marker. It is a gene that codes
for the enzyme B-galactosidase which breaks down
colourless X-gal into a blue compound. Bacterial
colonies containing intact fac Z gene (in their
plasmids) appear biue while bacterial colonies with
disrupted /ac Z gene appear white (not colourless)
-when grown in X-gal.

* Wash the filter with saline to remove cell debris.
* Bake the filter for few minutes at 80°C <> This will fix DNA to the filter.

* Incubate the fillter in a solution of specific radioactive probe whose sequences are
complementary to part of the HGH ¢cDNA.
=> Thus the probe can anneal to complementary DNA sequences of the HGH cDNA.
This specific binding of the probe is called hybridisation.
(Radioactive probe:a short radioactively labelled single stranded DNA which consists of
sequence that is complementary to part of the fragment of interest)

Probing

* Insuiin )

=> When synthesising insulin, a cDNA copy of the
functional mRNA is used. The cDNA is inserted into
a plasmid. This recombinant plasmid is introduced’
into bacterial cells. The bacteria with the
recombinant plasmid will produce pro-insulin
(which is made up of the A, B and C chains). The
pro-insulin is extracted and the C chain is
enzymatically cleaved. The A and B chains are
then chemically combined to form functional

~ Wash the membrane to remove any unhybridised probes.

* Place nitrocellulose membrane to photographic film. Radioactive areas (i.e. where
gene probe binds) will expose the film.
(Autoradiography is a technique used to detect radioactivity.)

* By comparing the exposed photographic film with the ampicillin master plate, colonies

which carry the HGH cDNA can be identified & picked off from the master plate. insufin.
nitrocellulose filter 1 Human insulin is synthesised artificially
1) to meet the demands of an increasing number of
incubate with gene probe diabetic patients
and wash to . ; ic to insuli ;
prhidhat gene’;"w‘f"!e recombinan plasmid 2) some patients are allergic to insulin from animal
ot interest sources
add 0 ar to photographic * s P
mm@ . Bacteria do not have the enzymes for splicing out the

5 ) introns. By using cDNA for cloning, the eventual
y g{‘&'?ﬂ‘mdsg’ © transcription of the gene will produce mRNA without
’ the intron sequences. This will ensure that the

/filter
position of DNA gene probe polypeptide produced contains the correct amino acids
detected by autoradiography, sequence that gives rise to the functional protein.

petri dish with colonies
of bacteria containi
fecombinant plasmit

peel nitroceliulose filter sodium hydroxide solution o i
from patri dish to lyses bactedal cells and * Yeast can be used in place of bacteria when usin
produce raplica of colonies genamres DNA P g

genomic DNA for cloning. It is a eukaryote and thus

: x - -
S| ~ With proper nutrients & optimum conditions, colonies containing the HGH cDNA can be Qal?cirth eof ;‘nezyrrr:;Rr;leAetti: crienf]zze;;g:ti‘t]r:gz:nptmnal
81 grown in large quantities in bioreactors. plicing P i
]
g * The bacteria can be induced to produce large amounts of HGH.
[
‘S| * The HGH can then be extracted, purified & packaged for use.
(7]
@
2
«
i
How to make a genomic library How to make a cDNA library
Extract genomic DNA from any somatic cell Extract total mRNA from a specific cell type
Digest the DNA using restriction enzymes Use reverse transcriptase to synthesise a DNA strand complementary to the

mRNA template -» RNA-DNA hybrid results

Treat RNA-DNA hybrids with RNase to break down mRNA
DNA polymerase synthesize{complementary DNA strand
Double stranded cDNA molecules are produced

Incorporate DNA fragments ints vector e.g. plasmid pBR322

v
Incorporate DNA fragments into vector e.g. plasmid pBR322
n;

Transform host cell with recombinant vector

Select for recombinant host cells by carrying out replica plating on
Transform host cell w:tx recombinant vector antibiotic media

Select for recombinant host cells by carrying out replica plating
on antibiotic media
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Comparison between genomic and cDNA tibrary

Point of comparison

Genomic library

cDNA library

1. Content

It contains entire DNA content of an organism
including all coding & non-coding sequences.

It contains entire protein-encoding DNA content of the source
tissue.

2. Starting genetic
material to be isolated

It requires chromosomal DNA isolation.

It requires total mRNA isolation.

3. Starting material

The starting material can be from any celiitissue.

(Total) mRNA should be isolated from a single cell/tissue where
the particular protein is likely to be produced in large quantities.

4. Key enzyme(s)
involved before
cloning into vector

Genomic DNA is cleaved with restriction
enzymes before inserting into a vector.

Reverse transcriptase catalyzes the reverse-transcription of
mRNA into cDNA before inserting into a vector (Restriction
enzyme needed for cleaving vector).

5. Size of library

There are larger numbers of different types of
clones in the library (fragments represent the whole
genome).

There are smaller numbers of different types of clones in the
library ( =1% of genome).

6. Intactness of genes

A gene may be cut in between when there is a
restriction site within the sequence.

intact genes are obtained as cDNAs are derived from mRNAs.

7. Functionat use of

it is used for studying introns or regulatory

Cannot be used for studying introns or regulatory sequences

library (which sequences associated with a gene. associated with a gene. It is used for studying the exact coding
sequences may be sequence of the gene.
studied)

8. Functional use of 1t cannot be used for studying it is used for tracing changes in patterns of gene expression
fibrary (to study physiologicat/developmental-based changes in gene | under different developmental/physiological conditions.
patterns of gene expression.
expression)

9. Functional use of
library (screening of a
gene)

it can be used for the screening, isolation and
characterisation of a gene, when the cell type in
which it is expressed is currently unknown.

it is used only when the cell type in which the gene is expressed in
is known

10. Frequency of
fragment inserted into
vector /

e of clones

Generally, there is equal representation of
fragments.

It shows unequal proportions of different fragments because
different genes are represented in different amounts as there were
unequal levels of different mRNAs isolated.

of using a
cDNA library

Advantages

Advantages | contains only coding sequences
of usinga <> cDNA library has_a smaller number of clones compared to genomic library and thus is easier to screen for desired gene
cDNA tibrary | lack introns in mRNA (unlike genomic DNA that contains introns)
-» eukaryotic genes can be expressed in prokaryotes that lack enzymes for splicing _
cDNA obtained from reverse transcription of mRNA
=> coding regions of gene is intact (unlike genomic DNA which may be fragmented)
Limitations only genes that are expressed in a particular tissue at a particular developmental stage can be hamessed. The other genes

cannot be harnessed. Thus the cDNA library does not represent the entire genome. (unlike the genomic fibrary)

contains all the genes of an organism

;fexzﬁigca allows for the study of introns or regulatory sequences associated with a gene

DNA library | differences In nucieotide sequences in diseased and healthy people can be compared by studying the genomic libraries ot
healthy and diseased individuais

Limitations eukaryotic genomes are very large

of using a <> the library wilt contain many fragments and so it will take a long time to screen the library

genomic use of restriction enzymes to cut the DNA

library => the gene of interest may be cut intemally by the restriction enzyme. Hence the gene of interest will not be intact.

eukaryotic genome contains introns
> DNA fragments will contain introns and the correct polypeptide cannot be expressed in bacteria as they lack splicing
mechanisms

What are the advantages of using bacteria for large scale production of the protein?

Avaids risks
Qvercome e

OGBS

Prepared by: Mrs Selvi Nair

Bacteria have small genomes and are relatively easy to manipulate geneticaily.

Bacteria have high replication/growth rate, thus giving rise to comparatively higher productivity.
Production using bacteria takes up relatively small space.

Bacteria can be cultured easily and in any part of the world

of infection or disease and problems of allergic effects that proteins (e.g. insulin) extracted from pigs can cause
thical or religious objections
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Isolating, cloning & sequencing DNA (Part 2)

Describe the polymerase chain reaction (PCR) and explain the advantages and limitations of this procedure

Polymerase Chain Reaction ]
< Amplifies DNA from a limited source of DNA so that there is sufficient amount for analysis.

WProcess: (3 steps

1. Denaturation: Double stranded DNA denatures into single stranded DNA by heating to 95°C

as weak hydrogen bonds between bases of each strand is broken due to
increased molecular vibrations

2. Primer annealing: Each primer anneals specifically to the end of a single stranded target

DNA sequence via complementary base pairing when the temperature is providing a free 3'OH group for Taq

lowered fo 64°C

3. Extension: Taq polymerase synthesizes the complementary DNA strand from the free 30H’
end of the DNA primer when the temperature is increased to 72°C

.

1. Only a minute amount of DNA is required to camry out PCR as with each round of PCR, the
number. of copies of target DNA is doubled. Thus the number of desired sequence increases
exponentially.

2. Use of thermostable (i.e. resistant to denaturation at high temperatures) Taq polymerase
allows PCR to be automated so DNA can be amplified very quickly.

.

1. Taq polymerase lacks 3’ to §’ proofreading ability. Hence errors occurring early in the PCR
reaction will get compounded with each subsequent replication cycle.

2. Knowledge of sequences flanking {i.e. at the 3’ ends of) the target sequence is required in
order to design appropriate primers.

3. Taq polymerase tends to ‘fall off the DNA template before chain extension is complete if the
strand is too long. Hence there is a limit to the size of DNA fragment (~3kb) to be ampilified.

4. Minute amounts of contaminant DNA can be exponentially amplified along with target DNA
and affect the reliability of the results.

~DONAstand __,_<=—T<E * Number of copies of double stranded
A — DNA=2"

p == PR —— (where n is the number of cycles)
R G * Number of (single) strands of DNA = 2™'

o e (where n is the number of cycles)
S _<=<§ End of n cycle 1 2 3 4
I ova o | 2| 4 |8 |t
=== Shrands of s 4 8 6 | =

End of: 1* cycle 2™ cycle 3" cycle 4™ cycle

PCR Componenis

i Template DNA :
<>»DNA containing the target sequence to
be amplified

.

=>synthetic single-stranded DNA
fragment (20-30 nucleotides long)

=>needed to initiate DNA synthesis by

polymerase to bind to and extend
=>» 2 different primers are required.
Each is complementary to the

sequence at 3’end of each
single stranded target DNA
sequence.

s >

faTe TAA |

A
Ere—1
frac ATT |

3 5
«> are required in large excess to
increase the likelihood of them
binding to target DNA sequences
(relative to template strands binding
each other)

y

=> thermostable DNA polymerase
which is resistant to denaturation at
high temperature

Wl Deoxyribonucleotides (dNTPs)

=>» substrates for DNA replication made
up of dATP, dTTP, dCTP and dGTP

-
<> contains cofactor, Mg™*, for proper
polymerase function

Explain how gel electrophoresis is used to analyse DNA

Agarose ge! electrophoresis
> separates DNA based on fragment size

.

1. Aslab of agarose gel is placed in a buffer solution contains ions which allows the
conduction of electricity when the current is tumed on.

2. The DNA sample is mixed with a loading dye containing glycerol & 2 coloured dyes.

3. Glycerol makes the DNA sample denser than the buffer so that the DNA sample can
sink to the bottom of the well.

4. Since DNA is invisible, the dyes colour the DNA sample and will indicate if the DNA
s been toaded correctly into the wetll. (NB: Loading dyes do not bind 1o the DNA)

5. One dye (corresponds to a smaller fragment and) runs ahead of the DNA sample and
gives an indication of when electrophoresis must be stopped so that the samples
do not run out of the gel. The other dye moves at a speed that cotresponds to a
larger fragment and gives an indication of the position of the larger fragments on the
gel. .

6. The 2 coloured dyes thus act as visual markers which show the progress of the
migration of the DNA fragments in the gel during electrophoresis. .

7. DNA samples are pipetted into the wells in the gel near the negative electrode.

8. A DNA ladder (i.e. DNA molecular weight markers) which contains DNA fragments ot

known sizes, is run in one of the lanes and acts as a standard for which to compare =TT p——— = DNA
fragments of unknown size in the sample. _ 77_.«__ molecular
9. Negatively charged DNA is attracted towards the positive eiectrode (anode) when T i welghtmarke
subjected to an electric current. —> - o e
10. The agarose gel matrix made of 2 meshwork of polymer fibres which impedes N = compare to
movement of longer fragments more than shorter fragments. The longer fragments N "‘*&"f"‘s of
thus migrate more slowly compared to shorter fragments, leading to a banding hriitii
pattern observed on the gel. Tretopt o o
11. Before the loading dye reaches the end of the gel, the current is turned off. ne : Bands are orlly
12. To visualize the bands, the gel can be treated with a staining dye that binds DNA e St are repirleiralyrma
(e.g. ethidium bromide, a carcinogen) and fluoresces under uv light. ;lm :::: the m :’se e(t:iﬁ?;xm
13. Thus a) the fragment size can be estimated (based on position of the band relative to fisioie
bands in the molecular weight marker) and s to 1000p udor UV fight).
b) the amount of DNA can possibly be estimated (based on intensity & NB: The higher the ion of agarose, the finer the
thickness of the band). pores in the meshwork. )
=»Thus smaller fragments can be effectively separated,
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Outline the process of nucleic acid hybridisation and explain how it can be used to detect and analyse restriction fragment length

polymorphisms.

Southern blotting: a nucleic acid hybridisation technique used in RFLP analysis DNA cut with restriction

enzymesandseparated . .

Tool to detect specific nucleotide sequences within a sample of DNA by gel electrophoresis Ty d
Steps:
(Continued from Gel electrophoresis)
1. Gel slab is placed under nitrocellulose membrane. A stack of paper towels placed on ONA molecular

top of nitrocellulose membrane. These are placed in a tray of alkaline solution. weight marker
2. Absorbent paper towels draw the solution towards themselves and the alkaline solution Stack of pape:

denatures double-stranded DNA into single-stranded DNA. ack of paper

3. Single stranded DNA on the gel is then drawn upwards onto the nitrocellulose towels

membrane and binds to the membrane (in exactly the same position as they were in
the gel).
4. Nitrocellulose membrane is removed and incubated with single-stranded radioactive Agarosegel /]
DNA probe which hybridises via complementary base pairing to the target sequence. A
5. The excess unhybridised probes are washed off.
6. Autoradiography is performed placing X-ray film over membrane. Radioactive regions Spongebelow gel

exposes the film forming an image that correspond to the bands that have base-paired
with probe. Alkaline solution to
denature DNA

[{Note: RFLP analysis is a principle/ way of analyzing data. PCR, gel electrophoresis and nucleic acid

hybridization are tools used in RFLP analysis.} Removenitrocellulose

Explain how RFLP analysis facilitated the process of i) disease detection e.g. membrane

sickle cell anaemia, ii) DNA fingerprinting and iii) genomic mapping in terms of _ v

linkage mapping. Add unique complementary

single-strinded radioactive

What are RFLPs? probe

e  RFLP = Restriction Fragment Length Polymorphisms v

*  RFLPs are restriction patterns that arise from restriction digestion using a specific Exiose to Xray film (autoradiography)
restriction enzyme. 4,

e  RFLPs arise due to DNA polymorphisms which are small nucleotide differences in
different individuals at specific locus.
¢ Thus due to the polymorphic nature of DNA in different individuals, there will be

Autoradiogram

dite to unique radivactive

variations in the number/location of restriction sites or number of tandemly <. probe bindingto sin gie- ;
repeated nucleotide sequences. This will result in a unique banding pattern stianded DNA fragrent of
amongst individuals. iarest ’

*  The DNA polymorphism in sickle cell anaemia is a single nucleotide polymorphism (SNP). There is a difference in a single base pairdue to a

point mutation.
¢ Insickle cell anaemia this SNP is within the coding region. However the majority of SNPs used for RFLP analysis are found in non-coding
regions.

i) Use of RFLP analysis in disease detection (direct method) e.q. sickle cell anaemia
e Adifference in single nucleotide can result in a gain OR loss of a restriction site of an enzyme. Thus when a particular section of DNA in
individuals with the mutation and without the mutation is digested with the same restriction enzyme, DNA fragments of different lengths will
result. Analysis of the banding pattern that arises, will allow determination of the presence of disease-causing allele or the normal allele.
» e.g.in sickle-cell anaemia, the disease-causing mutation occurs at restriction site for Mst Il within the B-globin gene.
1. Inthe disease causing allele, nucieotide is thymine, thus Mst Il restriction site is eliminated.
2. Inthe nommal allele, nucleotide is adenine, thus Mst Il restriction site is retained.

£

Normatgiobingene  CCTNAGG Sicklecelimualion  CoTNTGG
Mo DNA - geaNTRC (S4peDNA  GeaNAGe
At} cuts here Mlll no longer cuts here

¢ How to determine the genotype of a person for B-globin gene?
1. Digest genomic DNA with Mstil to obtain different restriction fragments will arise.

Atypo DNA with normal st Ty S-type DNA with mutation at
s Aom B ﬂmmw
S————— B-gichin gehe
DHNA next fo §-giobin gene
Normat . RN Sickle cellmutaSon * i
globin ox 5 s g E e B S — - 552
{A-type DNA)

2. Perform gel electrophoresis following by southern blotting (use of nitrocellulose membrane, radioactive probes and autoradiography).
The same single-stranded radioactive probe (which is complementary to part of the target sequence) will be used to detect both the
presence of A-type and S-type DNA. Hence the site that the probe binds on the DNA fragments should give different banding pattems on
the autoradiogram.

Atype  Siype
s ) &
£}
L3
g,
" Southem hlotautoeadiogram
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i} Use of RFLP analysis in disease detection (direct method) e.g. sickle cell anaemia{ cont'd)

SS AS

A type DNA will indicate presence of normal f globin.
S type DNA will indicate presence of abnomal B globin (sickle cell).
Note that normal B globin is dominant over abnormal B globin (sickie celi).

AA indicates that individual is homozygous dominant who is phenotypically normal.
SS indicates that individual is homozygous recessive who is suffering from sickle cell anaemia.
AS indicates that individual is heterozygous and is phenotypically normal.

i) Use of RFLP analysis in detection of other diseases (indirect
method)

Using Single Nucleotide Polymorphisms (SNPs)

e In sickle cell anaemia the SNP is within the coding region. (see
above). However the majority of SNPs used for RFLP analysis are
found in non-coding regions. Hence the SNP can be found at
regions flanking the gene responsible for the disease. The SNP
is tightly linked to the disease-causing gene thus inheritance of a
particular SNP will indicate the inheritance of a corresponding
allele of the disease-causing gene.

Using Short Tandem Repeats (STRs)

e STRs are repeating sequences of 2 to 6 base pairs of DNA.

« Thenumber of repeats can differ in different individuals.

« In some cases, the STR locus can be tightly linked with a disease-
causing gene locus. Hence, a particular number of repeats at the
STR locus (hence the length of the fragment) could be finked with the
presence of the disease-causing mutation.

Restriction sites
recognised by Bamtl
t.ocation of T~
disease-causing RFLP allele type 1

normal allele ndividual B also has the
repeated sequence ATTAC, but repeated
four times.

+ Perform a restriction digest followed by gel electrophoresis and
southern blotting (use of nitrocellulose membrane, radioactive probes
and autoradiography)

» | RFLP allele type 1 is tightly linked to the disease-causing allele and
RFLP allele type 2 is tightly linked to the nomal allele, then

Individual (1): is homozygous (2
copies) for disease
causing allele

RFLP allele type 2 [ndividual (2): is homozygous (2
copies) for nommal allele

Individual (3): has one normal allele
and one disease
causing allele

Thus in order to find out if person X has

the disease causing allele or not,

person X's RFLP analysis needs to be
compared with that on the left.

(1 @ @

ARFLP sllete type

Southem blot resufts

iii) Use of RFLP analysis in DNA fingerprinting

¢  As no individuals (exception of twins) have the same genome,
therefore they will not have the same DNA profile.
e The DNA profile is the restriction banding pattern that identifies
individuals.
e  How to carry out DNA fingerprinting:
1. Restriction digestion of genomic DNA followed by gel
electrophoresis
2. Southern blotting (use of nitrocelluiose membrane, radioactive
probes and autoradiography). Probes for STRs are usually
used.
e  Ata particular RFLP locus, different individuals will have different
number of STR repeats, hence different length of fragment.
»  RFLP aileles of each locus can inherited from parents. Therefore
individuals with similar banding patterns should be closely related.

Number of tandom repeats

Fragments with different number of repesats,
separated by size on a gel, give the DNA fingermprint

These RFLP alleles are all from the same RFLP locus.

DNA from the crime scene (C) has 2 RFLP alleles, one with 11
repeats and the other with 9 repeats. Individual (A) has two RFLP
alleles, one with 3 repeats and the other with 4 repeats. Hence

Individual {(A)’'s DNA fingerprint is different from the DNA at the
crime scene.

e  The greater the number of RFLP loci used in the DNA fingerprint of

an individual, the more unigue the fimgeprint. Inthe CODIS
(combined DNA index system) used by the FBI, 13 different STR
loci are used to distinguish between different individuals.

v} Use of RFLP analysis in genomic mapping

e Genomic mapping is: arangement of genes and genetic markers (are DNA sequences on known locations that can be used to identify individuals or

species) relative to each other in genome.

*  RFLPs at particular chromosomal locus have alternative forms (i.e. alleles) since they differ in nucleotide sequence (due to presence of SNPs or
1 different number of STRs). Therefore RFLPs serve as genetic markers for a particular locus in genome.

How to calculate genetic distance between two loci on the same chromosomie:

»  Calculate the recombination frequency between two RFLP loci on the same chromosome (a.k.a linkage mapping) using:

No. of recombinant progeny

= Total no. of progeny X 100%

Recombination
frequency

¢  The further 2 RFLP loci are from each other, the higher the probability that a cross over will occur between 2 RFLP loci, the higher the

recombination frequency.
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iv) Use of RFLP analysis in genomic mapping {cont’d)

e It is possible to measure the genetic distance between two loci by studying their RFLP pattemns
¢  Example:
- 2 RFLP loci, A and B, on the chromosome 1
RFLP locus A has 2 RFLP alleles #1 and #3
RFLP locus B has 2 RFLP alleles #2 and #4

- In the southern blot pattern, the male is homozygous for band #1 at Locus A and homozygous for band #2 at the Locus B. The female is

heterozygous at both loci.

Chromosome 1

-ve
;RFLP #1 #1 e
g #3 ey
= %RFLP #2
#2  fune
Homologous Homologous
chromosomes of female chromosomes of male #4  p—
fruit fly fruit fly
- The male can only produce one type of gamete (containing RFLPs #1
and #2) but the female can produce a total of four different gametes (*) if
crossing over takes place at a point between the 2 loci during meiosis. —
+ve
- Possible ‘parental’ gametes produced by female (no crossover between female fruit fly

the 2 loci) *

No crossing over

v

Homologous chromosomes of Parental gametes and the RFLPs
female fruit fy they contain

- Possible ‘recombinant’ gametes produced by female (crossover between the 2 loci)
*

Homologous chromosomes of .
female fruit fiy Recombinant gametes and the RFLPs

they contain

Southem biot for RFLPs on chromosome 1

-ve

#1 o

+ve
male fruit fly

- When the male and female flies mate, the frequency of the four possible progenies can be measured. (Refer to southern blotting pattern

halnwr Y

Make - > . No. of recombinant progeny
Fuil Fy ,@I l _ l _ l @ Recombination = E— X 100%
P 1: 2 frequency
Female @i D ; l ’ 175+ 185
tFy I A b 1200 X 100%
— 1 3 2 4
7427 ® I D ' l 175+ 185
offspring; ¥ | ! . = o X 100%
M3 ' . l
offspring = 30%
F1< ' T '
178 , . L
: offspring @_! D l This transiates to the two RFLP foci being 30
centiMorgans (cM) apart from each other.
185 oy ¥
Sl | |
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" Applications of Molecular & Cell Biology Stem Cells & Gene Therapy 2016

a) are unspecialized/undifferentiated i.e. they do not have any tissue-specific structure for it to perform a particular function
b) are able to differentiate to produce specialised cells upon receiving appropriate molecular signals (eg. hormones, growth factors)
¢) undergo extensive proliferation and self-renewal i.e. they can divide many times by mitosis, with the daughter celis possessing the same
developmental and replicative potential as the parent cell
d) can undergo ‘
1) symmetrical division = produces 2 identical daughter stem cells -»to ensure a constant pool of stem cells
2) asymmetrical division-»produces a) 1 daughter stem cell - to ensure a constant pool of stem celis
& b) 1 progenitor cell <o renewlreplace a population of specialised cells in a specific tissue
<> occurs in the presence of appropriate molecular signals

e) can be
1) totipotent <> can differentiate into ail of the cell types that make up an entire organism including the extraembryonic tissue e.g. the placenta

> eg. fertilised eqq to 8 celi stage (These cells are zygotic stem cells.)
2) pluripotent <> can differentiate into all of the cell types that make up an organism except the exiraembryonic tissue such as the placenta

3 e.g. inner cell mass of blastocyst (The celis in the inner cell mass are embryonic stem cells.) (Draw & label a blastocyst here please.)
3) multipotent < can develop into only a limited and related range of celf types and tissues i1 an organism

< e.g. haematopoietic stem cells, which are found in the bone marrow & give rise to all of the cells found in the blood, including

red blood cells, white biood cells, and platelets. Haematopoietic stem cells are adult stem cells. They are aiso found in babies.)
Note: 1) Stem cells can differentiate into different cell types due to the presence of molecular signals that cause differential switching on of genes.
2) A progenitor cell is an early descendent of a stem cell that can only differentiate. It cannot renew itself.

Gene Therapy

a) involves the introduction of a normal, functional aliele into cells with defective mutant alleles so that the cells can produce a functional protein
b) treats single gene recessive'disorders (e.g.cystic fibrosis,SCID) where affected individuals have two copies of the recessive allele in their genome
¢) can target 1) somatic (non-gametic) cells & thus treatment is effective for patient but effect is not heritable
2) germliine celis> gamete or fertilized egg is treated > allele present in all cells from modified embryo
> treatment is only effective for individual that arose from modified embryo and all subsequent generations
d)treatment can be 1) ex vivo : cells are removed from the body, modified outside the body and then transplanted back in again depending on
OR 2) in vivo : cells are modified while still in the body accessibility of cells

@) involves a few steps: (1) Normal, functional allele isolated & linked to appropriate promoter (to ensure expression in host celf)

(2) inserted into vector (e.q. viruszlliposome) (NB: Direct gene transfer into cell by microinjection, electroporation also possible)

(3) which is then introduced into target3 cells that need correcting.

(4) The introduced allele expresses the protein that is lacking.

' When treating dominant disorders, dominant, disease -causing allele/s must be inactivated before introducing normal, functional allele. This is because the dominant allele/s
will mask the effect of the functional recessive allele.

When using viral vectors, disease causing genes (i.e. genes that code for components of the virus that are needed for the assembly of the virus/ genes that allow the virus to
replicate) of viral genome must be removed so that virus does not cause disease in host. This will also allow for larger DNA fragments to be inserted into the genome.)
3 When stem cels are used for gene therapy, treatment is long lasting/ not transient.

Severe Combined Immunodeficiency Syndrome (SCID)

* An inherited disorder where affected individuals T- and B- lymphocytes are reduced in numbers or malfunctioning.
* Two types of SCID

name of disorder | Xlinked SCW Adenosine deaminase {ADA) deficient SCID

type of disorder X-linked recessive disorder autosomal recessive disorder

location of due to mutations in gene coding for common gamma chain | due to mutations in the gene responsible for the enzyme

mutation (a cell receptor for interleukins ) in X chromosome adenosine deaminase on chromosome 20

effect Without functional receptors for interleukins (proteins that | ADA, in normal individuals breaks down adenosine. Without
stimutate our T & B lymphocytes) on the T & B lymphocytes ADA, deoxyadenosine which is toxic to cells will accumulate.
9T & B lymphocytes fail to proliferate & differentiate. 3T & B lymphocytes die

* inherited autosomal recessive disorder
* due to a deletion mutation (3 nucleotides on chromosome 7), resulting in the loss of phenylalanine in the protein
* cystic fibrosis transmembrane conductance regulator (CFTR), an ATP- gated channel protein, is either not produced or defective
(NB: ATP binding to CFTR causes a conformations change that allows the channel to open. CI" move across by facilitated diffusion not active
transport.)
* Effects in various parts of body
a) With functional CFTR in the fungs: CI' transported out of lung epithelial celis < Na” transported out subsequently to maintain electrical
neutrality->thus ¥, in the lumen of the alveoli more negative < water transported out of epithelial cells
=>watery mucus (which can be coughed out)
When CFTR missing/defective in lung epithelial cells 9 CI™not transported out of epithelial cells = Na* retained too
= ¥, more —ve in cell » water retained in cell 2 mucus lining in lumen undiluted < thick & cannot flow <> congestion

< reduced gaseous exchange=» mucus remains too long in respiratory tract making it conducive for bacteria growth < lung infection
-3 severe breathing difficulty

b) When CFTR missing/defective in the pancreas: pancreatic duct is choked by thick mucus preventing release of enzymes =» indigestion (can
be treated with pancreatic extract); also, thick mucus layer in intestines reduces absorption of digested food

¢) With functional CFTR In sweat glands - as the salty sweat rises up the duct towards the pore, upper duct reabsorbs CI” while Na” enters the
duct celis via Na* channels. Pexcessive water loss is minimised.

With defective CFTR, no reabsorption of NaCl takes place -» copious salty sweat is exuded from the sweat glands
> basis of diagnosis measure [CI"] in sweat

(NB: The orientation of CFTR is reversed in the sweat duct as compared to the lung epithelium & pancreas.)
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Applications of Molecular & Cell Biology

Stem Cells & Gene Therapy

2016

name of disorder

SCID

CF

treatments not
involving gene therapy

1)stem cell transplant from normal individual to affected
individual - new cells can rebuild immune system
BUT patient immune system may reject introduced cells
2)weekly ADA replacement therapy to hinder dATP build
up so that B & T lymphocytes can mature
BUT constant treatment necessary & efficacy of treatment
varies in different patients

1) daily physiotherapy to remove mucus
2) daily medication including antibiofics, mucolytics,
pancreatic enzymes etc.
> above not a cure but improves the quality of life of patient

pe of gene therapy

ex vivo approach

in vivo approach

vector

virus: retrovirus

liposome: spherical str. enclosed by a phospholipid bilayer

steps in approach

1)remove T cells from child with SCID

2)insert normal, functional gene into T lymphocytes using
retroviral vector

3)transplant cells back into patient

4)recombinant T lymphocyles will produce ADA

(NB: In the case of X-linked SCID, the functional interfeukin

receptor will be produced)

1)insert normal, functional CFTR allele into plasmid vector

2)package vector into liposome and deliver liposomes into
lungs using aerosol spray (fipofection)

3)liposome fuses with cell membrane and releases DNA into
cell. Plasmid with functional CFTR aliele may enter
nucleus.

4)normal CFTR protein inserts into plasma membrane

disadvantages 1)production of ADA (or in the case of X-linked SCID, | treatment is transient as lung epithelial cells are
production of functional receptor for interleukins) is constantly shed
transient despite intergration of allele into the genome “>regular treatment with aerosol spray necessary
due to short life span of T cells. 2)liposomes have low transfection efficiency
=>regular infusion of recombinant T lymphocytes 3)liposomes have low rate of stable integration
necessary 4)liposomes have low gene expression
advantages 1) virus can target specific cells (T lymphocytes) 1)non-pathogenic

2)target cells are easily removed

3)high transduction/transfection efficiency

4)virus uses integrase to integrate the normal functional
allele into host cell genome, providing stable gene
expression

5)can monitor expression of normal functional allele
before transfer

6)no introduction of retrovirus into patient (as the
treatment in ex vivo) which can randomly insert normal
functional allele into host cell genomes & cause insertional
inactivation of tumour suppressor genes or activation of
proto-oncogenes

2)no immunity problems,
3)no limit to size of allele to be inserted

altemative methods

insert the normal, functional allele into haematopoietic stem
cells for long lasting results. This is because stem cells can
proliferate and self-renew, ensuring a constant supply of
new replacement celis with the ability to produce ADA.

use a modified adenovirus as vector

* it will not cause cancer as it can allow the expression of
the normal functional allele in the cell even though it is not
integrated into the genome

* but remove disease causing genes (i.e. genes that code
for components of the virus that are needed for assembly of
the virus [e.g. viral capsid genes}/genes that aliow the virus
to replicate fe.g. viral polymerases})

Factors that keep gene therap
[NB: Gene therapy is successful

does not have any ill effects on the patient.]

y from becoming an effective treatment for genetic diseases
when the normal, functional allele is stably integrated into to nucleus and is expressed to give a functional protein and it

1. Short-lived nature of gene therapy (and hence the need for multiple rounds of gene therapy to have long term benefits.)
due to death of cells containing normal functional allele.(This can be overcome by transforming stem celis. However, this is not always possible.)
“>due to inability to stably integrate normal, functional allele into genome

2. Multigene disorders (e.g. diabetes, heart disease)
Dare difficult to treat as they are caused by the combined effects of several genes
<> disorders that arise from mutations in a single gene are the best candidates for gene therapy

3. Precise level of gene regulation required for some diseases (e.g. thalassemia)
Poverexpression of a transferred gene can be problematic while low levels of expression will be ineffective

4. Viral vectors

a) can trigger an immune response

-> use of viral vectors can elicit an immune response which can destroy
cells. Subsequent treatment with the same virus will elicit a faste
<> immune responses can also include allergic, inflammatory or tox

> can be minimized with use of non-viral gene delivery systems.

b) can target only specific celis
<> thus different delivery systems need to be developed for targeting different cells.

c) can possibly recover its ability to cause disease once in the host.

d) can induce tumour formation by insertional mutagenesis.

> when retroviruses are used for delivery,
1) inactivate tumour suppressor genes 2

the vector before it can deliver the normal functional allele to target
r & stronger immune response making repeated treatment difficult.
icity responses to the viral vectors resulting in tissue damage & discomfort.

random integration of the viral genome into the target celi genome (i.e insertional mutagenesis) may
increased chance of getting cancer { by disruption of tumour suppressor genes)

2) activate proto-oncogenes < increased chance of getting cancer (as strong regulatory sequence in the vector can upregulate proto-oncogenes)
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Applications of Molecular & Cell Biology Stem Cells & Gene Therapy 2016

Social and ethical considerations for the use of gene therapy

For Against

Somatic gene therapy corrects or alleviates the genetic defect |

present in the individual alone, without impacting the genetic
information transmitted to the next generation.

Arguments specifically for the development of germiine gene
therapy include:

1. It offers a true cure, and not simply palliative or symptomatic
treatment.

2. It may be the only effective way of addressing some genetic
diseases. e.g. for diseases that affect an extensive or
inaccessible area of the body like the nervous system such as
neurodegenerative diseases. At least the next generation need
not suffer the same fate as the parent.

3. By preventing the transmission of disease genes, the expense
and risk of somatic-cell therapy for multiple generations are
avoided.

4. Prospective parents at risk for transmitting serious genetic
diseases have an option of having normal children where
previously they would simply refrain from having children for fear
of passing on the disease.

The scientific community has a right to free inquiry, within the
bounds of acceptable human research. Techniques in gene therapy
help us to study gene function.

Potential for treating desperately ill patients or preventing the
onset of terrible illnesses. Where conventional treatment has
failed, gene therapy may offer the only effective way to treat such
patients. Compared to the hardship and death faced by these
patients, the risks and uncertainties of gene therapy are acceptable.
Civic, religious, scientific, and medical groups have all agreed
in principle that somatic-cell gene therapy is appropriate for
humans.

Germ line gene therapy involves alteration to the genes of germ-line
cells affect offspring and successive generations.

Arguments specifically against the development of germline gene
therapy include:

it is difficult to follow patients in long-term clinical research. Gene
therapy patients would need to be under surveillance for decades
to monitor the long-term effects of the therapy on future
generations.

It would open the door to attempis at altering human traits not
associated with disease, which could exacerbate problems of social
discrimination. There are many ethical dangers in pursuing genetic
enhancement, including increased social inequality and a lowered
tolerance for human diversity.

Because germ-line gene therapy involves research on early embryos
and affects the offspring, it essentially creates generations of
unconsenting research subjects.

Technique is new and unreliable and there needs to be a good
enough justification for its use when there are other tried and tested
modes of treatment. e.g. Enzyme replacement therapy in ADA
deficiency.

There is concern that many gene therapy candidates are children
who are too young to understand the ramifications of gene therapy
treatment and can become unwitting participants.

There are issues of justice and resource allocation. Gene therapy
is very expensive. There are concerns that this treatment is being
made available only to those who can afford it. Also, there are those
who argue that research funding could be better spent on improving
existing proven therapies than on such a high risk, costly
‘experiment’.

Such experiments would involve too much scientific uncertainty and
clinical risk, and the long term effects of such therapy are
unknown.

Summary of different gene delivery systems

Gene delivery system | Advantages Disadvantages
Retrovirus « high transfection efficiency « random integration may cause insertional
« integrates (as it contains intergrase) into host cell genome mutagenesis
providing stable gene expression e can trigger an immune response

» limit to size of insert
» safety concerns as virus is dangerous
* _infects dividing cells only (see A helow Lentivirus)

Adenovicus « high ransfection efficiency « w0 integration nto the genome~d wansient gene

nucleus

infects dividing and non-dividing cells

can inject DNA through the nuclear pore and deliver into

no integration into the genome=>» no insertional mutagenesis

expression -» DNA not passed on to daughter celis
can trigger an immune response
limit to size of insert

Adenoc-associated
virus

high transfection efficiency
non-pathogenic

does not trigger immune response

insert into specific site in chromosome 19
< no random integration into genome
=» no insertional mutagenesis

infects dividing and non-dividing celis

o 6 & 0|0 o

« [imit to size of insert (smaller than other viruses)

Liposomes

non-pathogenic
does not trigger an immune response
no limit to size of insert

can be targeted for specific cells or tissues by modification of
fiposome membrane by the addition of specific glycoproteins

« low transfection efficiency
« low rate of stable integration
* low levels of expression of normal functional allele

AAA | entivirus is a retrovirus which can infect both dividing and differentiated non-dividing cells, shows long term stable expression of the intergrated

allele and causes only low immune response

* Transduction: introduction of foreign DNA by a viral vector
Transfection: introduction of foreign DNA into eukaryotic cells using non-viral methods e.g. fipososmes
Transformation: direct uptake of foreign DNA from the surrounding
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Application Syliabus: Applications of Molecular and Cell Biolog

: Plant Cicning

Plant tissue culture=> used to clonally produce thousands of plantlets ie_ used for mncropropagatlon .

bined with g Qi

{Micropropagation can be c«

ring to give rise to new types of plants)

Caltus Culture (e.g. carrot, tobacco )

A cse e expia
* Explant
=> portion of plant tissue excised from donor plant used to initiate a culture
<> preferably taken from apical meristems* (e.g. root or shoot tip) which
are1) actively dividing, 2) disease free 3) responsive to callus formation
* Donor piant must 1) have desirable characteristics (e.g.high yielding)
2) disease free

STAGE 2 — Establish aseptic callus cultures
*Surface sterilize* explant using sodium hypochiorite to kill surface
pathogens (bacteria, fungi)
<> Bacterial/fungal pathogens can gutarow the plant cells & use up
nutrients in the growth medium.
* Explant cut into smaller pieces
~Aseptic transfer” of explant to sterile nutrient agar*
= Nutrient egs.: Sucrose/giucose as carbon source for energy production
via respiration as photosynthesis cannot occur, Mg for chlorophyll
synthesis, nitrates and sulphur for protein synthesis, nitrates, sulphur
and phosphorus for nucleic acid synthesis, Ca for cell wall synthesis
{must remember egs. + purpose)
“intermediate auxin®: cytokinin* ratio stimulates callus* formation
(auxins & cytokinins are plant growth regulators})

Protoplast Culture (e.g. strawbemnies, potato)

*Callus

= amorphous mass of undifferentiated™ tissues

< totipotent* cells which can be induced to develop roots and shoots /

embryoids to form plants.

Uses of calli:

< cells can be easily subcultured for mass propagation of a plant ie.
micropropagation”
Effective for plants that (1) have been genetically modified, (2) have
desirable characteristics, (3) do not produce seeds or do not respond
to other vegetative propagation methods.

“» thinner cell wall can be digested to provide a source of protoplasts®
{link to protoplast culture}

<>can be subjected to genetic modification and screening for
successfully transformed celis

* Protoplasts < plant cells with celi walls removed
Method: .
1) Obtain callys™ (similar to stages1 & 2 of cailus culture)
2) Plasmolyse* cells in sucrose solution (which will cause the cell
membrane to pull away from the cell wali)
3) Remove cell wall by mechanical disruption and enzymatic treatment
with pectinases, hemicellulases & cellulases
4) Protoplasts cultured in isotonic medium (same Ww as cell sap)
5) Polyethylene glycol (PEG) is added to makes protoplasts ‘sticky’ &
induces them to fuse
6) Fused protoplasts (now called somatic hybrids) are cultured in
medium where they resynthesise cell walls & start to divide
7) Celis induced with plant growth regulators form callus which is then
used to generate new plants (similar to stages 3-4 of callus culture)
Purpose:
* Removal of cell wall:
1) enables easier introduction of genetic material into cells
-> This can give rise to transformed protoplasts & hence
transformed plants
2) enables the fusion of 2 or more protoplasts resulting in somatic
hybrids
=» This enables breeders to:
a) overcomne reproductive barriers (e.g. habital/ temporal/
mechanical) & combine good traits of two plant species
e.g. Solanum brevidens (wild potato variety) has been used to
transfer genes that confer resistance to potato leaf curl virus |
to Solanum tuberosum {commercial potato variety)
b) generate polyploids*® with increased vigour (i.e. grow faster &
more resistant to disease)

Anther Culture (e.g. tobacco, rice)

STAGE 3 - Plantlet establishment (i.e. crganogenesis)

* Callus can be induced to form plantiets by using different concentration
ratios of plant growth regulators
1) high auxin:cytokinin ratio < stimulates root development
2) high cytokinin:auxin ratio - stimulates shoot development

STAGE 4 - Acclimatisation

* Healthy plantlet is removed from culture vessel, soaked in fungicide &
first grown in sterile soil

* Initial conditions (in the greenhouse are similar to the culture vessel)
< low-light, high temperatures, high humidity conditions

* Humidity is gradually decreased and after about 4-8 weeks, the plants
can be grown in the field.

Method:
* Sterilised anthers™ are used as explants
* Pollen grains (hapioid celis) develop inlo haploid* callus
<> callus cells are not genetically identical as pollen grains are a
product of meiosis*.
* Mutations can be induced by exposure to UV rays
<> this allow for generation of new alleles
* Celis can be made diploid by addition of *colchicine* which disrupts
spindie formation & separation of chromatids
Purpose:
* Callus celis are *hapfoid
-» phenotypic effect of all genes can be seen (no masking of
phenotype since every cell only has 1 copy of each gene)
This allows lethal alleles to be eliminated & plants with desired
characteristics can be selected for.
* Diploid callus cells that are generated are homozygous at all loci

=>diploid plants homozyqgous for desired allele.

Pollen Cuiture (e.g. tobacco, rice )

Meristem Culture {(e.g. soyabean, potato )

Method:

* Apical meristems are used as explants. All other steps are similar to
calius culture.

Purpose:

* Meristem culture allows the propagation of disease-free plants as
apical meristems
1) produce inhibitors which prevent viral infection
2) are fast growing & hence do not have established vascular

bundles through which viruses/bacteria can spread .

* An isolated pollen grain is used as the explant
(all other steps are similar to anther cuiture)

Somatic Embryogenesis {(e.g. carrot, asparagus )

Embryo Culture (e.g. peach, grapes )

Method:

* A whole immature embryo is excised from a seed and used as the
explant.

* It is induced fo develop shoots & roots by growing it appropriate media..

Purpose:

1) allows the propagation of hybrids where embryos fail to develop

2) rescues embryos from dormancy as the endosperm may produce

compounds that encourage dormancy
NB: Embrvo culture can also be used to rescue diseased plants.1

Method:

* Somatic celis used as the explants

* Callus induced to form genetically identical embryoids which can be
encapsulated in a protective, hydrated gel containing nutrients,
growth regulators, fungicides, etc to form artificial seeds.
(Hence the process does not involved fusion of gametes

Purpose:

*Artificial seeds produced can be transported easily & sown in soil

directly.
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Protoplast Pollen Culture Anther culture
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e.g. strawberries.

Somatic ; :

¥
3
|
i

Embryogenesis | §
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€.0. tobaceo,
rice
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tobacco

asparagus |

Explant:

somatic cell
e.g. meristem

PGR l

Callus

PGRto
stimulate
embryo-

genesis

Somatic embryos
(embryoids)

Encapsulate
somatic embryos
in hydrated gel
e.g. alginate

Plantlets
}A*

Plants

~ Genetically |

identical plants
produced

Mass clonal
production of
artificial seeds
which are easily

Explant: Explant: Explant: Explant:
apical meristem embryo meristemn somatic cell or
eg.shoottip * | takenfrom a seed e.g. shoot tip meristem

e.g. shoot tip
PGRl PGR l PGR l PGRl
Calius Callus Callus Callus
l > . ’
v A enzymes
PGR
1 plantiet Plantiets Remove celi wall
& A *
Acclimatisation(*A} Protoplasts
1 plant v
- Plants
Genetic
manipulation
“‘ PGR to stimulate
callus formation
Genetically 1 plant produced Genetically Genetically
identical plants (However, if callus identical plants identical plants
produced formation is produced produced
induced from one
embryo, many
genetically
identical plants
can be
produced.See 2™
pathwa
Advantages
Production of 1) Embryo 1) Mass clonal 1) Genetic
disease free rescue production of manipulation
plants from of hybrids plants 2) Overcome
diseased plants as where reproductive
the apical immature 2) Genetic barriers betw.
meristems are embryo fails to { manipulation - different species
normally disease develop e.g. inserting of 3) Formation of
free as 2) Overcoming desirable genes polyploids with
1) they produce seed using gene gun increased
inhibitors dormancy due vigour
which prevent to compounds
viral infections produced by
2) their vascular endosperm

bundles via
which viruses
spread are not
established

Explant:

an isolated polien
grain

lpea l

1 Haploid Haploid

Explant:

anther
(many pollen
grains)

PGR l

Haploid callus

induced from one
polien grain, many
genetically
identical plants
can be produced.
See 2™ pathway)

all loci

plantiet callus | row ll"mm'e
*Ay mutants
1 haploid Many
plant geneticaily PGR ‘i PGR
identical v
haploid : Many genetically
plantlets : different haploid
i plantlets
Many Select for desired
genetically phenotype
identical plants
produced Coichicine
Homozygous
diploid plantiets
*A
Homozygous
: diploid plants
1 plant produced Genetically
(However, if callus different plants
formation is produced

Select for desirable characteristics
in plants without having to
crossbreed two different plants that
are true breeding i.e. homozygous at

NB: 1) Genetic manipulation can be carried out at callus stage. Callus can be repealedly subcultured to produce more callus.

2) Sometimes in embryo culture, callus formation is induced. This can then be used to produce many
3) Sometimes, many different polien grains are used in pollen culture. In that case, many

genetically identical plants.
genetically different plants will result.

4) Embryos develop from the fusion of male and female gametes. The term embryoids or somatic embryos are used to describe “embryos” that are
derived from somatic cells. The term embryoid can also be used to describe “embryos” that develop from haploid pollen.
5) Tissue culture media contain nutrients for protein synthesis (N & S), nucleic acid synthesis (N, P & S), cell wall synthesis (Ca), chiorophyli
synthesis (Mg) and to activate varicus enzymes (K).
6) * A represents the acclimatisation step, PGR represents plant growth regulators.e.g. auxins and cytokinins
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Application

{labus: Applicaticns of Molecular and Cell Biclcg

Advantages of Micropropagation

1) High multiplication rate results in high reproductive rate (fercundity)
2) Produces genetically uniform plants (unlike conventional breeding)
3) Produces disease-free plants
4) Produces rooted plantlets ready for growth {& not seeds or cuttings)
5) Good way of muttiplying plants that are sterile,with seeds that are difficult to germinate, etc.
6) Independent of climatic changes (i.e. not affected by seasonal changes)
7) Takes up less place as they are grown close together in small sterile containers on racks
8) Can be send via air-freight quickly as they are in sterile boxes & can pass quarantine rules
9) Useful tool used in genetic engineering.as it can be used to multiply transgenic plants
10) Secondary metabolites can be extracted from cell cultures or plants

: Plant Cloning & GViOs

technology & facilities

progeny

Disadvantages of Micropropagation
1) Expensive due to skilled labour cost & expensive

2) Aninfected plant sample will produce infected

3) Losses occur during the acclimatization stage
4) Somaclonal variation is possible

quality and yield of ANIMALS iri Solving the demand for food in the world * |
Ca YIELD YIELD & QUALITY YIELD QUALITY
Example Atla almo 2. Porcine 3. Bovine 4. Heart-healthy
Somatotropin (PST) Somatotropin {(BST) meat
Type of * Promoter from ocean pout anti- | * PST gene is ligated to a vector * BST gene is ligated to a vector | = fat-1 gene from
Genetic freeze gene spliced with Chinook and this recombinant vector is and this recombinant vector is roundworm,
Engineering salmon growth hormone cDNA used to transform E. coli used to transform E. coli Caenorhabditis
elegans transferred
* This construct was microinjected | * Successfully transformed E. coli | * Successfully transformed E. into pigs
into fertilised eggs of Atlantic which express the PST gene are | coff which express the BST
salmon used to produce large gene are used to produce large
commercial quantities of PST commercial quantities of BST
* The transgene gets incorporated
into the genome and is expressed *PST is extracted, purified and ~ BST is exiracted, purified and
only in 2-3% of the resulting fry then injected into pigs then injected into factating cows
N.B: The resulting salmon are N.B: The resulting pig is not N.B: The resuiting cow is not N.B: The resulting
transgenic transgenic; however, the transgenic; however, the pigs are transgenic.
transformed E.coli are referred to | transformed E coli are referred
as recombinant bacteria to as recombinant bacteria
Effect 1. Growth rate : 1. Feed efficiency: 1. Milk-to-feed ratio: Transgenic pork
<> GH causes transgenic Atfantic -> PST increases feed efficiency | =» BST increases contains 3% omega-3
salmon to grow 3-6x faster than by 15-20% milk to feed ratio by 5-15% fatty acids compared
their wild counterparts and hence 2. Fat content 2. Mitk yield to typical pork that
reach maximum size faster. (NB: > PST reduces fatdepositionin | <» BST increase milkk yield up to | contains only 1%
They do not grow bigger than non- pigs, producing leaner meat 25%
transgenic salmon.) 3. Weight of cattle
The higher growth rate is due to: -> BST increase cattle weight
2. Feed efficiency: by 10-15%
=> higher feed conversion efficiency
3. Environmental
Tolerance
> GH expressed continuously
throughout the year (not just during
warmer months as in normal
Atlantic saimon)
Positive 1. Salmon meat is made more 1. Increases growth rate 1. Increase milk yield in cows 1. Higher level of
Significance readily available and cheaper to 2. Improves nutritional qualities | 2. Increase profits for farmers omega-3 fatty acids
consumer of pork — less fat, more lean meat { over same period of time protect against heart
2. Increased profits for saimon 3. Increase profits for farmers disease
breeders over same period of time
Negative 1. Escape of fransgenic salmon 1. Pigs have increased joint and | 1. Increased incidence of
Significance into the wild may outcompete the | skeletal problems mastitis (infection of the udder)
(food safety, wild fish and affect ecological 2. PST may incur more costs 2. BST may incur more costs
environmental | balance due to constant injections due to constant injections
protection, 2. Making only sterile, triploid 3. Critics say we show no respect | 3. Critics say we show no
animal female fish could solve the above for animals respect for animals
welfare) problem; however, screening

procedure to identify failed cases
must be stringent
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Application Syllabus: Applications of Molecular and Cell Biciog

: Plant Cloning

More details on:

Category R A PRO R A HERBICIDE- IMPROVED SHELF-LIFE
QUA RESISTANCE
Example Bt-Co o of Cotto olden R 3. Glyphosate-resistant 4. Flavr Savr™ Tomatoes
Soybean (Roundup
Ready™)

Type of * Gene coding for Bt-toxin from * Genes coding for enzymes that | * EPSP gene coding for * Polygalacturonase (PG} is

Genetic Bacillus thuringiensis is convert a natural compound in resistance to herbicide an enzyme responsiblie for

Engineering | transferred into corn/cotton/tomato | rice to beta-carotene transferred | Roundup™ ( a glyphosate- | ripening; it hydrolyses
plants by a Ti plasmid by into rice embryos in tissue culture | based herbicide), from pectins in plant celi walls >
1. Agrobacterium-mediated via Agrobacterium-mediated Agrobacterium strain CP4, flaccid cells 9 softer fruits
gene transfer into protoplasts gene transfer was introduced into
2. bombardment of callus using soybeans. * Antisense gene coding for
a gene gun * This plant is crossed with local PG is transferred into tomato
3. electroporation of protoplasts | rice varieties plants via Agrobacteriurm-

mediated gene transfer
*The Bt gene has been expressed | “Construct details: Endosperm
in all /some parts of the plant specific promoter +phytoene
depending on the promoteritis synthase gene from daffodil or
coupled to. maize +carotene desaturase
gene from soil dwelling
bacterium, Erwinia uredovora

Effect 1. Transgenic plant produces the 1. Transgenic rice produces 1. Transgenic crop plants 1. Transgenic plant produces
Bt-toxin due to presence of beta-carotene which is a express enzymes that antisense PG mRNA which
recombinant plasmid precursor of Vitamin A in degrade glyphosate binds to the mRNA transcript
2. Affects only specific pests e.g. | endosperm. 2. Weeds (which do not for PG, hence
caterpillars die when they eat the have the gene for the (a) ribosome cannot gain
plant as they have specific glyphosate-degrading access {o mRNA,

‘ enzymes in their gut that that enzyme) are affected by (b} duplex RNA quickly
activate the Bt-toxin causing the the herbicide degraded by ribonucleases in
gut wall to breakdown the cell

2. Prevents translation of
PG mRNA into PG protein

Paositive 1. Higher yield & quality of crop 1. The poor in developing 1. Higher yield and quality | 1. Delays ripening so that

Significance | plants (less leaf damage) countries who can't afford of crop plants they can ripen on the vine for
2. Negative effects of pesticides supplements in form of pills can 2. Herbicides can be freely | alonger time < fuller flavour
are avoided e.g. high cost, obtain Vitamin A, which prevents | applied to kill weeds 2. Fruits still quite firm after
laborious application, night blindness, from Golden without danger of harming transportation < reduce
indiscriminate killing (including Rice crop plants loss and increase profits of

beneficial organisms)
3. Does not harm humans (who
do not have the enzyme)

2. Rice well-adapted to local
conditions (as they were
crossed with local varieties)

farmer
3. Increases shelf-life -
increase profits of retailer

GENERAL TECHNIQUE FOR GENETICALLY ENGINEERING PLANTS:
* Genetic engineering releases constraints associated with interspecific barriers (i.e. traits from plants of different species cannot be transferred through
normal means) and improves efficiency of expression of the desired trait

* Common vector; Agrobacterium tumefaciens

1) Soil-dwelling bacterium which contains Ti (fumour-inducing) plasmid that has a special region known as T-DNA which it can insert into the
genome of an infected plant cell; this causes the piant to
a) secrete special amino acids (opines) which A. tumefaciens feeds on
b) synthesis of plant hormone which disrupts the hormone balance in the cell 9 causes the formation of crown gall (fumours)

2) Thus suitable for transferring foreign genes (after removing tumour-inducing properties) into the genome of piant cells

* Common technigue used in Genetic Engineering

1) Ti plasmid isolated from A. tumefaciens
2) Tumour-inducing genes are removed from the Ti plasmid
3) Gene of interest and Ti plasmid cut with the same restriction enzyme 9 complementary sticky ends < gene anneals with Ti plasmid via H-bonds
4) DNA ligase < form phosphodiester bonds between gene and plasmid
5) The gene of interest is linked to a plant promoter so that the gene can be expressed in the plant cell.
6) Recombinant plasmids introduced into plant genome directly via protoplast culture
7) Ti plasmid integrates T-DNA region (containing gene of interest) into plant chromosomal DNA
8) Only some cells are transformed, hence selection is needed.

9) Selectable marker genes used are usually herbicide- or antibiotic-resistance genes

e.g. The kanamycin resistance gene is usually used as a selectable marker.
It is usually coupled to the gene of interest in the Ti plasmid. )
Most antibiotics only kill bacteria. However, kanamycin can also kill plant cells. Hence plant cells that are transformed will grow in selection medium
containing kanamycin while cells that are not transformed will die in kanamycin containing media.
10) Transformed cells can then be induced to form calli which are used fo generate whole plants.
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More details on:

Application Syllabus: Applications of Molecufar and Cell Biolog
TECHNIQUE FOR ANTISENSE TECHNOLOGY [using example o

Gene 1 {

Gene 2
(has the same

5 XYZ ATTACG 3’
3'PromFAATGC 5' 9 template strand of PG gene

5' AUUACG 3' > PG mRNA

3 UAAUGC 5' <> antisense PG mRNA

{

3 TAATGC ZYX &

sequence as gene 1
but the promoter is
on the end)

: Plant Cloning & GMOs
f Elaur Savr inhibition of production of the enzyme polygalacturonase (PG)}:

delaying ripening.

PG mRNA and antisense PG mRNA can anneal,
preventing the translation of the PG mRNA, thus

Translation is prevented

in MRNA

1. as duplex is degraded by ribonucleases
b_as ribosomes cannot gain access to nucleotides

5' ATTACG[prom | 3" template strand of PG gene

Examples

Concerns Implications Possible Solutions/Measures
« | Exploitation of | - Animals may not be biologically capable of 1. Bovirie Somatotrophin (BST): T
% animals for withstanding addition stress inT growth rate & risk of mastitis (disease of udder)
wi | genetic yield 2. Oncomouse” (fransgenic mouse
g engineering - Medical experiments may/will cause suffering in | with ancogene introduced)
o] animals develops tumours more frequently
3 Cloning - Cloning techniques used in Dolly the sheep can No evidence to support the claims
< be applied to humans that humans have been cloned.
% Religious - Some religious & ethnic groups avoid eating 1. Vegetarians: GM vegetables L abel GM food
i= | Implications in | certain food < GM food may have genes from the | with animal gene
W food choices prohibited type of food 2. Muslims: Genes from pig in GM
foodstuff
Concerns Implications * Examples Possible Solutions/Measures
o | Pest - T Exposure to BT plants has conferred Bt-resistant pink boliworms, major | Changed a small part of the toxin
Z | Resistance resistance in target pests cotton pests -> resulting in toxins that the pests
E (Process will take a very long time though) are now susceptible to
g Effects on _ Accumulation of toxins in predators of BT plant's | Death of monarch butterflies after
O | Mon Target pests feeding on milkweed leaves with
S Organisms - Loss of food source of predators due to death of | transgenic maize pollen
< pests (prey) from BT toxin (however, there is no conclusive
e - BT Pollen might be transferred to other plants, evidence)
g killing insects that feed on the plants
Z | Gene Flow - New genes may be passed from transgenic 1. Having greater isolation dist
8 and plants to related weeds via pollen transfer & (planting of unrelated planis)
S | Superweeds superweeds 2. Buffer zones around GM crops
5 Biodiversity - GM crops may have selective advantage < to reduce gene flow
cuigrow native species =P disrupt aatural
ecosystem
Concerns implications Potential Examples Possible Solutions/Measures
Toxicity of - GM ptlants may produce high quantities of 2° Safety assessments and
food stuff metabolites that may be toxic to humansflivestock regulations
g - Toxins not normally harmful to human might tum
ﬁ harmful after reacting with body chemicals
O | Allergies - Allergenic properties of food proteins from a Nuts e.g. peanuts etc =» reactions:
5 source with known allergic effect might be mild (rash) to severe (anaphylactic
o conferred on the hast plant shack}
;(' Nutritional - Nutritional qualities of GM food could change Set standard for food safety 9
© | qualities into form that cannot be metabolised/ absorbed equivalent to conventional food in
8 <> disruption in balance of nutrients nutrition, composition
= | Antibiotic - Antibiotic resistant genes used as markers in From GM plant to E.coli found in 1. Removal of marker genes
Resistance GM food might be passed to bacteria the gut before commercialisation
Markers 2. Use other markers e.g. X-gal,
fluorescent tags

Overall Measures: 1. Educate consumers; 2. Develop international and national regulatory frameworks -> Responsibility of international bodies e.g. Food and
Agricultural Organisation (FAO), World Health Organisation (FAQ)
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