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2.1.1Molecules

Molecular Biology
The substancesoflife

= There are 118 elements in the Periodic Table
= Onlythe first 92 elements occurinNature ;the rest are artificially-synthesised inlaboratories and
are veryunstable
= Onlyaround 21elements arerequired forlife
= Theresthave noroleinsustaininglife (some are poisonous eg.arsenic)
= Some elements canbe used inmedicine eg.titanium forskeletalimplants, thanks to its
inertness, lightness and strength

= There are 4 ubiquitous elements inbiological systems (this means they are found everywhere)
= These 4 make upover?26% of livingmatter

= Oxygen-65% of bodymass (humans)

= Carbon-18%

= Hydrogen-10%

= Nitrogen-3%

= Othertrace elements foundinorganic compounds are:bromine, calcium, chlorine, chromium,
copper,iodine,iron,magnesium, manganese, molybdenum, phosphorus, potassium, selenium,
silicon,sodiumand sulfur

= There are other trace elements found incertainphylaonly e.g. strontiumincertaincorals
(Cnidaria)
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The elements of the Periodic Table that form parts of biological molecules

Elementsin biology exist mainlyin compounds

= Suchcompounds are mainly covalent compounds
= Electrons are shared betweenatoms to generate strongbonds withincompounds
= Forexample,elemental carbononlyexists as graphite and diamond, which are of no direct

use to organisms
= Carbonforms millions of different covalently-bonded compounds, mainlywith hydrogen

and oxygen
= Oxygenis absorbed inelemental formbutis quicklyconverted to its compounds during

transportationandrespiration

= Some areionic eg.sodiumchloride
= Some elements formprosthetic groups withlargerorganic molecules eg.magnesiumin
chlorophyll,ironinhaemoglobin

All of Biology can be explained at a molecularlevel
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The moleculesincells,and the elements that go to form them, are the basis of allevents that
occurinNature
Everythingthatis observed has amolecular explanation
Imagine anall-powerful'zoomlens'that could lookinto anylevel of detail of life
Suchalens could startatits mostzoomed-out,lookingat ourbiosphere, the Earth
= We assume thatalienlife does notexistbecause we haven'tfound evidence forityet

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

Aswezoominonone organism,we enterits body and seeincreasinglevels of detail, right down
to the molecularlevel

Thezoommodelhelps understand the important interfaces between chemistry, biologyand
physics

We could zoominfurther, to look at sub-atomic particles, although that begins to enterinto the
realms of physics!
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We canzoom into any part of the biosphere to identify all of Biology at a molecular (and atomic) level

O Exam Tip

Please note thatyoudo notneed to know the specific details of the Periodic Table, itis
provided here forcontext to supportyourunderstanding ofimportant biologicalcompounds
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Synthesis of Organic Molecules

NOS: Falsification of theories; the artificial synthesisof urea helped tofalsify
vitalism

Whenscientists do not have all the necessaryinformationto understand orexplain abiological
process/phenomenontheyuse theirknowledge and expertise to propose atheory
Otherscientists orresearchers willoften test theories through experiments and gathering data.
Sometimes this canlead to anexisting theorybeingdisproved orreplaced
Inthe early1800s, the theoryof vitalismstated that aliving force,a mysterious non-molecular
entity, was necessaryforthe synthesis of all organic molecules
This theoryadvocated that all biological molecules were exclusive to living beings and could
notbe foundinotherbranches of science
Frederick W& hler,a German physician, was the first to synthesise abiologicalmolecule,urea,
frominorganic compounds

= Ureawas thought to be synthesised only inliving organisms

Wéhlerheated ammonium cyanate and produced urea, awell-known organic constituent of
blood and urine
= Ureahad beenthought to be found onlyinliving organisms

The formation of ureafromammonium cyanate helped to disprove the theory of vitalism, which
has beencompletelyfalsified by subsequent findings

Allofthe observations of biologynow have amolecular explanation, and thatis now universally
accepted

NH4(OCN) — NH3+HOCN « (NH,),CO

A balanced chemical equation showing the formation of urea

Chemical Structure of Urea
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Carbon

= Carbon's unique chemistry makes itthe ideal basis of living systems
= The structure and bonding possibilities of carboncanbe detailed as follows:
= Fourelectronsinits outer(second)shell
= EFachatomcanformfourstrongcovalentbonds usingthese 4 electrons and therefore
forms very stable,large molecules
= Bondsto othercarbonatoms,orotheratoms suchas hydrogen, nitrogen, oxygen, sulfurand
the halogens
= Formslong-chainand cyclic compounds that are stable, this allows a very highnumber of
possible organic compounds to exist
= Produce atetrahedralstructure,due to the fourbonds,whichallows the formation of varied
carboncompounds which have different 3-D shapes and hence, different biological properties
= Double and triple bonds canformwith anadjacent carbon atom, allowingunsaturated
compounds to form
= Canformpartof(andjoinonto) manydifferent functional groups that give organic compounds
theirindividual properties
= Alcoholgroups
= Hydroxyl groups
= Ketone groups
= Aldehyde groups
= Carbonylgroups
= Amino groups
= Sulfhydryl groups
= Phosphate groups
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Carbon Compounds

= The keymolecules that are required to build structures that enable organisms to functionare:
= Carbohydrates
= Proteins
= Lipids
= Nucleic Acids
= Water

= Allofthese exceptwatercontaincarbon
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The key biological molecules forliving organisms

= Carbohydrates, proteins,lipids and nucleic acids containthe elements carbon(C) and hydrogen
(H) making them organic compounds
= Carbonatoms are keyto organic compounds because:
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= Fachcarbonatomcanformfourcovalentbonds - this makes the compounds verystable (as
covalentbonds are so strong theyrequire alarge input of energyto break them)

= Carbonatoms canformcovalentbonds with oxygen, hydrogen, nitrogenand sulfur

= Carbonatoms canbond to formstraight chains, branched chains orrings

= Carboncompounds canformsmall single subunits (monomers)that bond with manyrepeating
subunits to formlarge molecules (polymers)byaprocess called polymerisation
= Macromolecules are verylarge molecules that contain 1000 ormore atoms therefore having a
highmolecular mass
= Polymers canbe macromolecules,howevernot allmacromolecules are polymers as the
subunits of polymers have to be the same repeating units

O Exam Tip

Whendiscussingmonomers and polymers,youshould be able to give the definitionand also
name specific examples eg.nucleic acids - the monomeris anucleotide.

2.1.2Metabolism

Metabolism

= Metabolismis acatch-alltermused to describe allthe chemicalreactions that take place within
cells and organisms
= Metabolismcanbe thought of as the chemicalreactions of life
= Themoleculesinvolved are metabolites

= Manyreactions of metabolismtake place in multiple stages
= Fachstageis catalysed byaseparate enzyme

= Aseries of interlinked metabolic reactionsis called ametabolic pathway
= Metabolicreactions canbe classified broadlyas anabolic orcatabolic

Anabolism

Anabolic reactions are involved with the building of large molecules from smallerones
Examplesinclude;

= Photosynthesis,where CO, and waterare built upinto complexsugars

= Proteinsynthesis,where amino acids are joined togetherinsequence

= The buildup of fat stores ahead of animal hibernation

Anabolic reactions ofteninclude condensationreactions
Anabolic reactions are endergonic (theyrequire aninput of energyto take place)
= Energy-storingproducts are the end result

Page 9 of 21
For more help visit our website www.exampaperspractice.co.uk



=

Exam Papers Practice

Catabolism

= Catabolicreactions areinvolved with breaking downlarge molecules into smallerones
= Thesereactions are oftencarried outto release energy forcellularprocesses and forthe
excretionofwaste
= Examplesinclude:
= Respiration,where COj and waterare produced from the breakdown of sugars
= Deaminationof proteins torelease urea
= Thedepletionof fat stores during animal hibernation

= Catabolicreactions ofteninclude hydrolysis reactions
= Catabolicreactions are exergonic (free energyis released forcellularprocesses oras excess
heat)

Comparisonof Anabolismand CatabolismTable

O ExamTip

You may be familiarwith the concept of anabolic steroid drugs used bybodybuilders.This is to
build muscle mass and so is agood example to rememberwhen trying to rememberthe
difference betweenanabolic and catabolic reactions.
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2.1.3HydrogenBonds

HydrogenBonds

= Hydrogenbondingplays animportantrole betweenmanybiological molecules
= Some keyfunctionsinclude:
= Dissolvingof solutesinwater
The cohesionand adhesionof watermolecules
= These properties allow waterto move up the trunks of reallytall trees

= Base-pairingbetweenthe two strands of DNA
= Structure:
= Hydrogenbonds helpto formpart of the secondary and tertiary levels of structurein
proteins
= The hydrogenbonds found betweenstrands of cellulose and collagen give those
molecules theirtensile strength

Interactions between mRNA and tRNA during proteinsynthesis
= Surface effects onmembranes betweenpolarphosphate groups and water

Hydrogenbonding inwater

= Hydrogenbondingis afundamental propertyof water
= Wateris of the utmost biologicalimportance
= |tisthe mediuminwhichallmetabolic reactions take place incells
= Between70% to 95% of the mass ofacellis water
= Wateris so fundamentalto life that astronomers look forsigns of wateronotherplanets
and moons,as indicators of possible extra-terrestrial life
= As71% of the Earth’s surface is covered inwateritis amajor habitat fororganisms

= Wateriscomposed ofatoms of hydrogenand oxygen
= One atomofoxygencombines withtwo atoms of hydrogen bysharing electrons (covalent
bonding)

= Althoughwateras awholeis electricallyneutral,the sharing of the electrons is unevenbetween
the oxygenand hydrogenatoms
= The oxygenatomattracts the electrons more strongly than the hydrogenatoms,resultingina
weak negatively charged regiononthe oxygenatom(5-) and aweak positively charged
regiononthe hydrogenatoms(8+), this also results inthe molecule's asymmetrical shape

= This separationof charge due to the electrons inthe covalent bonds beingunevenly shared is
called adipole
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= Whenamolecule has one end thatis negativelycharged and one end thatis positivelycharged it
is also apolarmolecule
= Wateris therefore apolarmolecule

The covalent bonds of water make it a polar molecule

= Hydrogenbonds formbetweenwatermolecules
= Asaresultofthe polarityofwater,hydrogenbonds formbetween the positive and
negativelycharged regions of adjacent watermolecules

= Hydrogenbonds are weak,whenthere are few, so theyare constantly breaking and reforming
= However,whenthere are large numbers present theyformastrong structure
= Hydrogenbonds cause many of the properties of water molecules, that make themso
important to living organisms:

= Excellentsolvent - manypolarsubstances candissolve inwater

= Arelatively highspecific heat capacity

= Arelativelyhighlatent heat of vaporisation

= Waterisless dense whenasolid (ice floats, allowing aquatic life to flourish beneath)

= Waterhas highsurface tensionand cohesion

= |tactsas areagent
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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

= Bothmethane (CH,) and water (H,O) are small, covalently-bonded molecules
= Methaneis the simplest organic compound
= Theyhave similarmolecularweights, 16 and 18 respectively
= Butwateris polarand so forms hydrogenbonds, whereas methaneis not polarand so does not
formhydrogenbonds

= Waterisliquid atroomtemperature, whereas methane is agas

= Othercompounds,withasmallmolecularweight,suchas ammonia(NHz) and carbondioxide

(COy) are gases atroom temperature
= These compounds also donotformhydrogenbonds

= This shows how water molecules are held togetherby hydrogenbonds, whereas the other
gas molecules are free to move around in the gaseous state

= Methaneis afuelwith ahighenergy contentinits bonds,whereas wateris a finalproduct of
combustionand respiration

= Understandingthe molecularproperties of methane underlines the significance of hydrogen
bondinginwater
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Methane’s structure determines its properties

Comparisonof the Properties of Water and Methane Table

Q ExamTip

Itisimportant to know where the hydrogenbonds formbetweenwatermolecules (oxygenof
one watermolecule to the hydrogenatomofanother).
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Properties of Water

Waterasthe mediumforlife

The first cells evolved inawatery environment

This is believed to have beeninthe deep oceans,close to hydrothermal vents inthe Earth's crust
Some waterand solutes got trapped withinamembrane

Chemicalreactions began occurring withinthe membrane-bound structure

Thisled to the evolutionofcells

Waterinits liquid state allows dissolved molecules to move around, so theyare easilyable to
collide and reactwitheachother

Most life processes occurinwater

The link betweenwaterand life is so strong that scientists looking forlife on otherplanets and
moonslookforevidence of waterto suggestthatlife could have occurred there

The propertiesof water

Solvent

As wateris apolarmolecule manyions (e.g.sodium chloride) and covalentlybonded polar
substances (e.g.glucose)willdissolveinit
= This allows chemicalreactions to occurwithinthe cytoplasmof cells (as the dissolved
solutes are more chemicallyreactive when theirindividual molecules are free to move about)
= Metabolites canbe transported efficiently (except non-polarmolecules which are
hydrophobic)

Watermolecules 'surround'individual solute particles to ensure each solute particleisisolated
fromothers
= This explains why solutions are clear - we can't see individual molecules that are separated
fromtheircrystal structures

Thisis also whyconcentrated solutions have alower water potential orahigherosmolarity
= Because manywaterparticles are 'occupied'inkeepingasolute molecule insolution, fewer
water molecules are free to diffuse across partially permeable membranes

Water hasahigh specific heat capacity

Specific heat capacityis ameasure of the energy required to raise the temperature of Tkgof a
substanceby1°C

Water has a highspecific heat capacityof 4200 J/kg/°C meaning arelativelylarge amount of
energyis required to raise its temperature

The high specific heat capacityis due to the many hydrogenbonds presentinwater
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= |ttakes alotof thermalenergy to breakthese bonds and alotof energyto build them, thus
the temperature of waterdoes not fluctuate greatly

= The advantage forlivingorganisms is thatit:

= Provides suitable,stable habitats
= [sable to maintainaconstant temperature as wateris able to absorbalotofheat without
wide temperature fluctuations
= Thisisvitalin maintaining temperatures that are optimal forenzyme activity

= Waterinblood plasmais also essentialin transferring heat around the body, helpingto
maintainafairly constant temperature, especiallyat bodyextremities eg. fingertips
= Asblood passes throughmore metabolicallyactive (‘warmer’) regions of the body, heat
energyis absorbed but the temperature remains fairly constant
= Waterintissue fluid also plays animportantregulatoryrole in maintaininga constantbody
temperature

Waterhasahighlatent heat of vaporisation

Inorderto change state (fromliquid to gas) alarge amount of thermal energy must be absorbed
bywaterto break the hydrogenbonds and allow individual gas particles to escape (evaporate)
This explains water's highboiling point (100°C)
Wateris presenton Earthinallthree physical states (solid, liquid and gas) thanks to this
characteristic
= |ce,liquid water and water vapour all playavitalrole inthe biosphere
= Thisis anadvantage forlivingorganisms as only alittle wateris required to evaporate forthe
organismto dissipate agreat amount of heat
= This provides acooling effect forlivingorganisms,forexample, the transpirationfromleaves
orevaporationof waterin sweat from the skin

Properties of Water & its Role inLiving Organisms Table
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Cohesionand adhesion

= Hydrogenbonds betweenwatermolecules allows forstrongcohesionbetweenwater
molecules

= Allowing columns of waterto move (called mass transport) through the xylem of plants and
throughblood vesselsinanimals

= Enablingsurface tensionwhere abodyof watermeets the air,these hydrogenbonds occur
betweenthe toplayerof watermolecules to create asortof filmonthe bodyofwater

= Thislayeris what allows insects such as pond skaters to move across the surface of
water

= Wateris also able to hydrogenbond to other molecules, suchas cellulose, whichis knownas
adhesion
= This also enables waterto move up the xylemduring transpiration
= Cohesionand adhesionboth contribute to waterformingameniscus in glassware,where
watermolecules adhere to polarmoleculesinthe glass
= Wateradheres to the xylem walls (made of lignin) by capillary action

O Exam Tip

COhesion=waterparticles stickingto eachother. ADhesion =waterparticles stickingto other
materials
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Hydrophilic & Hydrophobic

= Biologicalmolecules canbe hydrophilic orhydrophobic (and sometimes both)
= Hydrophilic ="water-loving"
= Hydrophobic ="water-hating"

= Polar molecules and molecules with positive or negative charges canformhydrogenbonds
withwater(and dissolve) so are generallyhydrophilic
= Non-polarmolecules withno positive or negative charge,cannotformhydrogenbonds with
waterso are generallyhydrophobic
= Thesemoleculestendtojointogetheringroups due to hydrophobic interactions where
hydrogenbonds formbetweenwaterparticles but not with the non-polarmolecule

= Because mostbiologicalmolecules are hydrophilic and canbe dissolved, wateris regarded 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 keyfeature inthe structure and functionofcell
membranes

Due to its polarity wateris considered a universal solvent
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FocusonWater as a Coolant

= Water's highlatentheat of vaporisationmakes itanexcellentcoolant

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

= The hypothalamus detects changes to blood temperature and whentemperaturesrise, it
stimulates the secretionof sweat

= Smalldroplets of waterare secreted fromsweat glands onto the skin's surface

= Vasodilationof arterioles just beneath the skincarries more blood close to the surface

= Sweat(mainlywater, also contains salts and othersolutes) evaporates, carrying the excess heat
awayinto the surrounding airand reducing the temperature of the organism

= Water's highlatentheat of vaporisation allows only smallvolumes of waterto be needed to
carryawayalotofheat

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

Waterasacoolantinplants

= Plants transpire
= Alarge tree willstand indirect sunlight allday, so willabsorb ahuge amount of heat (as infra-red
radiationfromthe Sun)onahotday
= Atreecannotseekshade,becauseitrequireslight energy forphotosynthesis
= Atreeis alsoimmobile and provide shade forotherorganisms
= Atranspirationstreamofwaterflows upthe tree,fromroots to xylemto leaves, throughout
the day
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= \Waterevaporatesinside the spongy mesophylllayerofleaves,so watervapourcandiffuse
outviathe stomata
= Forexample,alarge oaktree canabsorbaround 500 litres of waterperdayfromthe soil,
around 90% of whichis evaporated intranspirationto dissipate heat
= Theremainderis usedto keep cells turgid and as araw material forphotosynthesis

O ExamTip

Sweat and transpirationhave alot of parallels inkeeping animals and plants cool.This is why the
Frenchuse the same word forboth;the Frenchword for"sweating" is "transpiration"!

Focus onWater as a Solvent

= Differentsolutes behave differentlywithwateras asolvent

= Eventhoughwateris auniversal solvent, different metabolites have different solubilities inwater

= Different solutes have different hydrophobic and hydrophilic properties which affect their
solubilityinwater

Highly soluble metabolites

= Some are highly soluble (eg.sodiumchloride, urea), some are insoluble (eg.fats) and some have
intermediate solubility (eg.oxygenand certainamino acids with alarge R group)
= Highlysoluble metabolites simplytraveldissolved inthe 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 assistinthe transportationof the less soluble
metabolites

Lesssoluble metabolites

= Alowsolubilitymetabolite such as oxygenrequires assistance through combining with
haemoglobin, to allow more oxygento be carried thandirectlyinblood plasma
= Oxygenislesssoluble atbodytemperature (37°C)thanat 20°C
= Oxygenis sparingly soluble but soluble enoughto allow enoughto dissolveinoceans,
rivers and lakes foraquatic animals to breathe
= Haemoglobincanbind oxygento allow sufficient oxygento be transported to allbodycells

= [nsoluble metabolites like fats require emulsification, and transportinlacteals, orbybeing
converted to soluble phospholipids
= Cholesterol,whichisinsoluble,is converted to lipoproteins by combining with proteins
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