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2.1.1Molecules K,

Your notes
Molecular Biology

The substances of life

= There are 118 elements in the Periodic Table
= Only the first 92 elements occur in Nature ; the rest are artificially-synthesised in laboratories and are
very unstable
= Onlyaround 21 elements are required for life
= Theresthave norolein sustaining life (some are poisonous eg. arsenic)
= Some elements can be used in medicine eg. titanium for skeletal implants, thanks toitsinertness,
lightness and strength

= There are 4 ubiquitous elements in biological systems (this means they are found everywhere)
= These 4 make up over 96% of living matter

= Oxygen - 65% of body mass (humans)

= Carbon-18%

= Hydrogen-10%

= Nitrogen-3%

= Othertrace elements foundin organic compounds are: bromine, calcium, chlorine, chromium, copper,
iodine, iron, magnesium, manganese, molybdenum, phosphorus, potassium, selenium, silicon, sodium
and sulfur

= There are other trace elements found in certain phyla only e.g. strontiumin certain corals (Cnidaria)
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The elements of the Periodic Table that form parts of biological molecules

Elements in biology exist mainly in compounds

= Such compounds are mainly covalent compounds
= Electrons are shared between atoms to generate strong bonds within compounds
= Forexample, elemental carbon only exists as graphite and diamond, which are of no direct use to
organisms
= Carbon forms millions of different covalently-bonded compounds, mainly with hydrogen and

oxygen
= Oxygenis absorbedin elemental form butis quickly converted to its compounds during
transportation andrespiration

= Some areionic eg. sodium chloride
= Some elements form prosthetic groups with larger organic molecules eg. magnesiumin chlorophyll,
ironinhaemoglobin

All of Biology can be explained at a molecular level

= Themoleculesin cells, and the elements that go to form them, are the basis of all events that occurin
Nature
= Everything thatis observed has a molecular explanation
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Imagine an all-powerful 'zoomlens' that could look into any level of detail of life ,
Such alens could start at its most zoomed-out, looking at our biosphere, the Earth
= \We assume that alienlife does not exist because we haven't found evidence forit yet Your notes

We see habitats, populations, communities and individual organisms coming into view in that order,
aswezoomin

As we zoom in on one organism, we enter its body and see increasing levels of detail, right down to the
molecularlevel

The zoom model helps understand the important interfaces between chemistry, biology and physics
We couldzoomin further, to look at sub-atomic particles, although that begins to enterinto the realms
of physics!

© - -k

BIOSPHERE COUNTRY FOREST

.

CELL ORGAN ORGANISM
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We canzoom into any part of the biosphere to identify all of Biology at a molecular (and atomic) level

O Examiner Tip

Please note that you do not need to know the specific details of the Periodic Table, itis provided here
for context to support your understanding of important biological compounds
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Synthesis of Organic Molecules

NOS: Falsification of theories; the artificial synthesis of urea helped to falsify vitalism

When scientists do not have all the necessary information to understand or explain a biological
process/phenomenon they use their knowledge and expertise to propose a theory
Other scientists orresearchers will often test theories through experiments and gathering data.
Sometimes this canlead to an existing theory being disproved orreplaced
Inthe early 1800s, the theory of vitalism stated that a living force, a mysterious non-molecular entity,
was necessary for the synthesis of all organic molecules
This theory advocated that all biological molecules were exclusive to living beings and could not be
foundin otherbranches of science
Frederick Woéhler, a German physician, was the first to synthesise a biological molecule, urea, from
inorganic compounds

= Ureawasthought to be synthesised only in living organisms

Wohler heated ammonium cyanate and produced urea, a well-known organic constituent of blood and

urine
= Ureahadbeenthoughtto be found onlyin living organisms

The formation of urea from ammonium cyanate helped to disprove the theory of vitalism, which has
been completely falsified by subsequent findings

All of the observations of biology now have a molecular explanation, and thatis now universally
accepted

NH4(OCN) — NH3+HOCN « (NH,),CO

A balanced chemical equation showing the formation of urea

O

C
AN
H,N™ NH,

Chemical Structure of Urea
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Carbon /

= Carbon'sunique chemistry makes it the ideal basis of living systems Your notes
= The structure and bonding possibilities of carbon can be detailed as follows:
= Fourelectronsinits outer(second) shell
= Eachatom canformfour strong covalent bonds using these 4 electrons and therefore forms
very stable, large molecules
= Bonds to other carbon atoms, or other atoms such as hydrogen, nitrogen, oxygen, sulfurand the
halogens
= Formslong-chain and cyclic compounds that are stable, this allows a very high number of possible
organic compounds to exist
= Produce atetrahedral structure, due to the four bonds, which allows the formation of varied carbon
compounds which have different 3-D shapes and hence, different biological properties
= Double and triple bonds can form with an adjacent carbon atom, allowing unsaturated compounds to
form
= Canform part of (andjoin onto) many different functional groups that give organic compounds their
individual properties
= Alcohol groups
= Hydroxyl groups
= Ketone groups
= Aldehyde groups
= Carbonylgroups
= Amino groups
= Sulfhydryl groups
= Phosphate groups
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Carbon Compounds

= The key molecules that are required to build structures that enable organisms to function are:
= Carbohydrates
= Proteins
= Lipids
= Nucleic Acids
= Water

= All of these except water contain carbon

LIPID (C,H,0O) NUCLEIC ACID

NOTE: LIPIDS e.g. TRIGLYCERIDE
ARE NOT

POLYMERS I&\J
_ FATTY
GLYCEROL. + ACIDS

I POV NUCLEOTIDE
e N N
Ny > PHOSPHATE
KEY:
MACROMOLECULE
NITROGENOUS
POLYMER PENTOSE
MONOMER SUGAR B
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The key biological molecules for living organisms

Carbohydrates, proteins, lipids and nucleic acids contain the elements carbon (C) and hydrogen (H)

making them organic compounds

= Carbonatoms are key to organic compounds because:

= Each carbonatom canform four covalent bonds - this makes the compounds very stable (as
covalent bonds are so strong they require alarge input of energy to break them)

= Carbonatoms can form covalent bonds with oxygen, hydrogen, nitrogen and sulfur
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= Carbonatoms canbond to form straight chains, branched chains orrings ,
= Carboncompounds can form small single subunits (monomers) that bond with many repeating
subunits to form large molecules (polymers) by a process called polymerisation Your notes

= Macromolecules are very large molecules that contain 1000 or more atoms therefore having a high
molecular mass
= Polymers canbe macromolecules, however not allmacromolecules are polymers as the subunits
of polymers have to be the same repeating units

O Examiner Tip

When discussing monomers and polymers, you should be able to give the definition and also name
specific examples eg. nucleic acids - the monomer is a nucleotide.
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2.1.2 Metabolism V4

Your notes

Metabolism

= Metabolismis a catch-all term used to describe all the chemical reactions that take place within cells
and organisms
= Metabolism can be thought of as the chemical reactions of life
= The moleculesinvolved are metabolites

= Manyreactions of metabolism take place in multiple stages
= Eachstageis catalysed by a separate enzyme

= Aseries of interlinked metabolic reactions is called a metabolic pathway
= Metabolicreactions can be classified broadly as anabolic or catabolic

Anabolism

= Anabolic reactions are involved with the building of large molecules from smaller ones
= Examplesinclude;

= Photosynthesis, where CO, and water are built up into complex sugars

= Protein synthesis, where amino acids are joined togetherin sequence

= The buildup of fat stores ahead of animal hibernation

= Anabolic reactions ofteninclude condensationreactions
= Anabolic reactions are endergonic (they require aninput of energy to take place)
= Energy-storing products are the end result
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Catabolism

= Catabolic reactions are involved with breaking down large molecules into smaller ones
= Thesereactions are often carried out to release energy for cellular processes and for the excretion of
waste
= Examplesinclude:
= Respiration, where CO7 and water are produced from the breakdown of sugars
= Deamination of proteins torelease urea
= The depletion of fat stores during animal hibernation

= Catabolicreactions ofteninclude hydrolysis reactions
= Catabolicreactions are exergonic (free energy is released for cellular processes or as excess heat)

Comparison of Anabolism and Catabolism Table

Anabolism Catabolism

Requires an input of energy (endergonic) Releases energy (exergonic)

Builds Large molecules from small ones Breaks down large molecules into smaller ones
Used to store energy in chemical form Used to release chemical energy as heat and

for movement, active transport etc

Involves condensation reactions Involves hydrolysis reactions
Used for growth, repair, and energy Performs several activities, eg. energy supply,
storage digestion, excretion

Both are made up of enzyme —catalysed reactions

Both are coupled to ATP, the principal energy carrier in cells

O Examiner Tip

You may be familiar with the concept of anabolic steroid drugs used by bodybuilders. This is to build
muscle mass and sois a good example toremember when trying to remember the difference between
anabolic and catabolic reactions.
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2.1.3 Hydrogen Bonds V4

Your notes

Hydrogen Bonds

Hydrogen bonding plays animportant role between many biological molecules
Some key functionsinclude:
= Dissolving of solutesin water
= The cohesion and adhesion of water molecules
= These properties allow water to move up the trunks of really tall trees

= Base-pairing between the two strands of DNA
= Structure:
= Hydrogenbonds help to form part of the secondary and tertiary levels of structure in proteins
= The hydrogen bonds found between strands of cellulose and collagen give those molecules
their tensile strength

= [nteractions between mRNA and tRNA during protein synthesis
= Surface effects on membranes between polar phosphate groups and water

Hydrogen bonding in water

Hydrogenbondingis a fundamental property of water
Wateris of the utmost biological importance
= |tisthe mediuminwhich allmetabolic reactions take placein cells
= Between70% to 95% of the mass of a cellis water
= Wateris so fundamental to life that astronomers look for signs of water on other planets and
moons, as indicators of possible extra-terrestrial life
= As71% of the Earth’s surface is coveredin wateritis a major habitat for organisms

Wateris composed of atoms of hydrogen and oxygen
= One atom of oxygen combines with two atoms of hydrogen by sharing electrons (covalent
bonding)

Although water as awhole is electrically neutral, the sharing of the electrons is uneven between the
oxygen and hydrogen atoms
= The oxygen atom attracts the electrons more strongly than the hydrogen atoms, resultingina
weak negatively charged region on the oxygen atom (6°) and a weak positively charged region
on the hydrogen atoms(&*), this also results in the molecule's asymmetrical shape

This separation of charge due to the electronsin the covalent bonds being unevenly sharedis called a
dipole

When a molecule has one end that is negatively charged and one end that is positively chargeditis also
apolar molecule

Wateris therefore a polar molecule
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The covalent bonds of water make it a polar molecule

Hydrogen bonds form between water molecules
= Asaresult of the polarity of water, hydrogen bonds form between the positive and negatively
chargedregions of adjacent water molecules

Hydrogen bonds are weak, when there are few, so they are constantly breaking and reforming
However, when there are large numbers present they form a strong structure
Hydrogen bonds cause many of the properties of water molecules, that make them soimportant to
living organisms:

= Excellent solvent - many polar substances can dissolve in water

= Arelatively high specific heat capacity

= Arelatively high latent heat of vaporisation

= Waterisless dense when a solid (ice floats, allowing aquatic life to flourish beneath)

= Waterhas high surface tension and cohesion

= |tactsasareagent
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The polarity of water molecules allows hydrogen bonds to form between adjacent water molecules
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Comparison: Water & Methane

= Both methane (CH,4) and water (H,0) are small, covalently-bonded molecules
= Methaneis the simplest organic compound
= They have similar molecular weights, 16 and 18 respectively
= Butwateris polarand so forms hydrogenbonds, whereas methane is not polar and so does not form
hydrogenbonds
= Waterisliquid at room temperature, whereas methane is a gas
= Othercompounds, with a small molecular weight, such as ammonia (NHz) and carbon dioxide
(COy) are gases atroom temperature
= These compounds also do not form hydrogen bonds

= This shows how water molecules are held together by hydrogen bonds, whereas the other gas
molecules are free to move around in the gaseous state

= Methaneis a fuel with a high energy content inits bonds, whereas water is a final product of
combustion andrespiration

= Understanding the molecular properties of methane underlines the significance of hydrogen bonding
in water

METHANE FORMS A TETRAHEDRAL STRUCTURE (A TRIANGULAR-BASED
PYRAMID). IT HAS A H ATOM AT EACH CORNER AND THE C ATOM

IN THE CENTRE.

THE BONDS ARE COMPLETELY NON-POLAR BECAUSE THE ELECTRONS
ARE SPREAD EVENLY ALONG THE C-H COVALENT BONDS. THIS EXPLAINS
WHY THERE IS NO COHESION BETWEEN METHANE MOLECULES AND WHY
METHANE HAS A VERY LOW BOILING POINT (-162C).

THIS IS IN DIRECT CONTRAST TO WATER, WHICH HAS A HIGH BOILING
POINT (100 “C).

Methane’s structure determines its properties
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Comparison of the Properties of Water and Methane Table

Water Methane
Formula H,O CH,
Molecular Weight 18 16
Polarity High Low
Latent Heat of Vaporisation /kJ kg™ 2260 510
Specific Heat Capacity /kJ kg“"’C_‘I 4.2 2.2
Melting Point 7/ °C 0 -182
Boiling Point 7/ °C 100 -162

* Water has the highest Specific Heat Capacity

of any known substance

O Examiner Tip

Itisimportant to know where the hydrogen bonds form between water molecules (oxygen of one

water molecule to the hydrogen atom of another).
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2.1.4 Water

Properties of Water

Water as the medium for life

The first cells evolved in a watery environment

Thisis believed to have beenin the deep oceans, close to hydrothermal vents in the Earth's crust
Some water and solutes got trapped withina membrane

Chemicalreactions began occurring within the membrane-bound structure

This led to the evolution of cells

Waterinitsliquid state allows dissolved molecules to move around, so they are easily able to collide
andreact with each other

Most life processes occurin water

The link between water and life is so strong that scientists looking for life on other planets and moons
look forevidence of water to suggest that life could have occurred there

The properties of water

Solvent

As water is a polar molecule many ions (e.g. sodium chloride) and covalently bonded polar substances
(e.g. glucose) willdissolveinit
= This allows chemical reactions to occur within the cytoplasm of cells (as the dissolved solutes are
more chemically reactive when theirindividual molecules are free to move about)
= Metabolites can be transported efficiently (except non-polar molecules which are hydrophobic)

Water molecules 'surround' individual solute particles to ensure each solute particle isisolated from
others
= This explains why solutions are clear - we can't see individual molecules that are separated from
their crystal structures

Thisis also why concentrated solutions have alower water potential or a higher osmolarity

= Because many water particles are 'occupied'in keeping a solute molecule in solution, fewer water

molecules are free to diffuse across partially permeable membranes

Water has a high specific heat capacity

Specific heat capacity is a measure of the energy required to raise the temperature of 1kg of a
substance by 1°C
Water has a high specific heat capacity of 4200 J/kg/°C meaning a relatively large amount of energy is
required toraise its temperature
The high specific heat capacity is due to the many hydrogen bonds present in water
= |ttakes alot of thermal energy to break these bonds and alot of energy to build them, thus the
temperature of water does not fluctuate greatly

The advantage forliving organismsis that it:
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Provides suitable, stable habitats /
Is able to maintain a constant temperature as wateris able to absorb alot of heat without wide

temperature fluctuations
= Thisisvitalin maintaining temperatures that are optimal for enzyme activity

Your notes

Waterin blood plasmaiis also essential in transferring heat around the body, helping to maintain a
fairly constant temperature, especially at body extremities eg. fingertips
= Asblood passes through more metabolically active (‘warmer’) regions of the body, heat
energy is absorbed but the temperature remains fairly constant
= Waterin tissue fluid also plays animportant regulatory role in maintaining a constant body
temperature

Water has a high latent heat of vaporisation

In order to change state (from liquid to gas) a large amount of thermal energy must be absorbed by
water to break the hydrogen bonds and allow individual gas particles to escape (evaporate)

This explains water's high boiling point (100°C)

Wateris present on Earthin all three physical states (solid, liquid and gas) thanks to this characteristic

Ice, liquid water and water vapour all play a vital role in the biosphere

Thisis an advantage for living organisms as only alittle water is required to evaporate for the
organism to dissipate a great amount of heat

This provides a cooling effect for living organisms, for example, the transpiration from leaves or
evaporation of waterin sweat from the skin

Properties of Water & its Role in Living Organisms Table
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Role in living

Property organisms Reason

Solvent ° Allows chemical Polarity of water
redactions to occur
°© Transport medium

High specific heat | © Allows water tobea Presence of many

capacity suitable habitat hydrogen bonds

o Optimal temperature
maintained within cells
and bodies

High latent heat o Coolant Presence of many
of vaporisation hydrogen bonds

Cohesion and adhesion

= Hydrogenbonds between water molecules allows for strong cohesion between water molecules
= Allowing columns of water to move (called mass transport) through the xylem of plants and
through blood vessels in animals
= Enabling surface tension where a body of water meets the air, these hydrogen bonds occur
between the top layer of water molecules to create a sort of film on the body of water
= Thislayeris what allows insects such as pond skaters to move across the surface of water

= Wateris also able to hydrogen bond to other molecules, such as cellulose, which is known as adhesion
= Thisalso enables waterto move up the xylem during transpiration
= Cohesionand adhesion both contribute to water forming a meniscus in glassware, where water
molecules adhere to polarmoleculesin the glass
= Wateradheres to the xylem walls (made of lignin) by capillary action

O Examiner Tip

COhesion = water particles sticking to each other. ADhesion = water particles sticking to other
materials
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Hydrophilic & Hydrophobic

= Biological molecules can be hydrophilic orhydrophobic (and sometimes both)
= Hydrophilic = "water-loving"
= Hydrophobic = "water-hating"

= Polar molecules and molecules with positive or negative charges can form hydrogen bonds with
water (and dissolve) so are generally hydrophilic
= Non-polar molecules with no positive or negative charge, cannot form hydrogen bonds with water so
are generally hydrophobic
= These molecules tend tojoin togetherin groups due to hydrophobic interactions where hydrogen
bonds form between water particles but not with the non-polar molecule

= Because most biological molecules are hydrophilic and can be dissolved, waterisregarded as the
universal solvent
= Some large molecules have different groups with different characteristics
= Phospholipids have hydrophilic (phosphate group) heads and hydrophobic (hydrocarbon chain)
tails. This dual characteris a key feature in the structure and function of cell membranes
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Due to its polarity water is considered a universal solvent
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Focus on Water as a Coolant

Water's high latent heat of vaporisation makes it an excellent coolant

Animals have evolved sweating (perspiration) as a way of disposing of excess heat generated through
physical activity

The hypothalamus detects changes to blood temperature and when temperaturesrise, it stimulates
the secretion of sweat

Small droplets of water are secreted from sweat glands onto the skin's surface

Vasodilation of arterioles just beneath the skin carries more blood close to the surface

Sweat (mainly water, also contains salts and other solutes) evaporates, carrying the excess heat away
into the surrounding air and reducing the temperature of the organism

Water's high latent heat of vaporisation allows only small volumes of water to be needed to carry away

alot of heat
/-E EVAPORATION OF WATER

QA QA 98 q L p P p P P CAPILLARY
NETWORK
CARRYING
HEAT IN
BLOOD

< —F SWEAT GLAND

VASODILATION
OF ARTERIOLES

The excess heat carried in blood causes the evaporation of sweat from the skin surface

Water as a coolantin plants

Plants transpire

= Alarge tree will standin direct sunlight all day, so will absorb a huge amount of heat (as infra-red

radiation from the Sun) on a hot day
= Atree cannot seek shade, because it requires light energy for photosynthesis
= Atreeis alsoimmobile and provide shade for other organisms
= Atranspiration stream of water flows up the tree, fromroots to xylem to leaves, throughout the
day
= Water evaporates inside the spongy mesophyll layer of leaves, so water vapour can diffuse out
via the stomata
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= Forexample, alarge oak tree can absorb around 500 litres of water per day from the soil, around
90% of which is evaporated in transpiration to dissipate heat
= Theremainderis usedto keep cells turgid and as a raw material for photosynthesis

© ExaminerTip

Sweat and transpiration have a lot of parallels in keeping animals and plants cool. This is why the
French use the same word for both; the French word for "sweating" is "transpiration"!

Focus on Water as a Solvent

= Different solutes behave differently with water as a solvent

= Eventhoughwateris auniversal solvent, different metabolites have different solubilities in water

= Different solutes have different hydrophobic and hydrophilic properties which affect their solubility in
water

Highly soluble metabolites

= Some are highly soluble (eg. sodium chloride, urea), some are insoluble (eg. fats) and some have
intermediate solubility (eg. oxygen and certain amino acids with alarge R group)
= Highly soluble metabolites simply travel dissolved in the blood plasma
= eg.salts, glucose, amino acids
= Eventhe amino acids with hydrophobic R groups are soluble enough to be freely transported
inwater

= Different transport mechanisms have evolved to assist in the transportation of the less soluble
metabolites

Less soluble metabolites

= Alow solubility metabolite such as oxygen requires assistance through combining with haemoglobin,
to allow more oxygen to be carried than directly in blood plasma
= Oxygenisless soluble at body temperature (37°C) than at 20°C
= Oxygenis sparingly soluble but soluble enough to allow enough to dissolve in oceans, rivers and
lakes for aquatic animals to breathe
= Haemoglobin canbind oxygen to allow sufficient oxygen to be transported to all body cells

= Insoluble metabolites like fats require emulsification, and transportin lacteals, or by being converted
to soluble phospholipids
= Cholesterol, whichisinsoluble, is converted to lipoproteins by combining with proteins
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