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Formationof Proteins

Amino Acid Structure

Proteins

= Proteins are polymers (and macromolecules) made of monomers called amino acids
= Thesequence,type and number of the amino acids withina protein determines its shape and
thereforeits function
= Proteins are extremely important incells because theyformall of the following:
= Enzymes
= Cellmembrane proteins (e.g.carrier)
= Hormones
= |mmunoproteins (e.g.immunoglobulins)
= Transport proteins (e.g.haemoglobin)
= Structuralproteins (e.g.keratin,collagen)
= Contractile proteins (e.g. myosin)
= Because allgenescode forproteins,allof the reactions necessary forlife are dependenton
the functionof proteins

Amino acids

= Amino acids are the monomers of polypeptides
= There are 20 amino acids found in polypeptides commonto allliving organisms
= The generalstructure of allamino acids is acentral carbonatom, the alpha carbon,bonded to:
= Anamine/amino group -NH
= Acarboxylic acid/carboxylgroup -COOH
= Ahydrogenatom
= AnRgroup(whichis howeachamino acid differs and why amino acid properties differe.g.
whethertheyare acidic orbasic orwhethertheyare polarornon-polar)
= The Rgroupcanbe as simple as anotherhydrogenatom (glycine),right throughto
complexaromatic ring structures (e.g.phenylalanine)

Structure of anaminoaciddiagram

The generalised structure of an amino acid
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The Peptide Bond
Peptidebond

Inorderto formapeptidebond,ahydroxylgroup (-OH)is lost from the carboxylic group (-
COOH)ofone amino acid and ahydrogenatomis lost fromthe amine group (-NH2) of another
amino acid
The remaining carbonatom (withthe double-bonded oxygen) fromthe first amino acid bonds to
the nitrogenatomof the second amino acid
Thisis acondensationreactionso wateris released
Dipeptides are formed by the condensationoftwo amino acids

= Theword equationforthis reactionis amino acid + amino acid —»dipeptide
Polypeptides are formed bythe condensation of many (3 ormore) amino acids
Aprotein mayhave onlyone polypeptide chainorit may have multiple chains interactingwith each
other
Duringhydrolysis reactions, the addition of waterbreaks the peptide bonds resultingin
polypeptides beingbrokendowninto amino acids
Molecular modelling kits can be used to build physicalmodels that demonstrate peptide bond
formationbetweendifferent types of amino acids

Peptide bond diagram

Amino acids are bonded together by covalent peptide bonds to form a dipeptide in a condensation
reaction

Drawing a peptide bond diagram
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These steps can be followed to draw a peptide bond and a generalised dipeptide

O Exam Tip

Youwillbe expected to recognise whetheranunfamiliarmolecule is anamino acid or

polypeptide so look forthe functional groups (amine and carboxyl). When asked to identify the
locationofthe peptide bond,look forwhere nitrogenis bonded to acarbonthathas adouble
bond withanoxygenatom,note the Rgroupis notinvolved inthe formationofapeptide bond.

Amino Acids: Dietary Requirements

= There are 20 naturallyoccurringamino acids
= Ourcellscansynthesise Tlofthese fromotheramnio acids
= These are termed non-essentialamino acids
= Theremainingnine we need to consume viaourdiets
= These are called essentialamino acids
= Ahealthy,varied,wellbalanced diet will contain all the nine essentialamino acids required
= Diets thatrestrictcertainfoods mayrequire supplementation
= Meat contains allnine essentialamino acids so avegetarianorvegandiet needs to be well
balanced and varied to ensure all essential amino acids are consumed regularly

Essentialaminoacid sourcesdiagram
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Plant based (vegan) sources of the nine essential amino acids

O Exam Tip

You are notrequired to rememberorgive examples of non-essential and essential amino acids.
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The Variety of Proteins

Peptide ChainDiversity

= Thereis alarge varietyof proteins available to living organisms
= Thisis because:
= There are 20 naturallyoccurringamino acids that form the basic structure of apolypeptide
chain
= Polypeptides canvaryinlengthfromafew to thousands
= The structure and amino acid sequence canalso vary
= The genetic code,meaning DNAbase sequence,codes forthe numberand orderofamino
acidsinapolypeptide,and thereis ahuge varietyof options forDNAbase sequence
= 20 amino acids cangive analmostinfinite numberof polypeptides
= Polypeptides are assembled at aribosome by condensingindividualamino acids onto a growing
chain,one by one
= This allows achoice of 20 amino acids eachtime one isadded
= The mRNA codondetermines whichamino acid is added
= Forapolypeptide chainof 50 amino acidsinlength(considered averyshort protein), there
would be 2059 possible combinations of amino acids
= This gives 113 x10% combinations
= Giventhatthe average lengthof aproteinis 300 amino acids, the numberof possible
combinationsis so large,we canconsiderit to be infinite

Role of proteins

= Therange of proteins available means that theyare veryversatile so that they have manydifferent

rolesincells,tissues and organs, such as:

= Speedingupcellularreactions,orcatalysis,is performed byenzymes

= Blood clotting, where blood proteins interact withoxygento forma gel-like scabacross a
wound

= Strengthening fibres inskin, hair,tendons,blood vessels e.g.collagen, keratin

= Transport of vitalmetabolites e.g.oxygenwhichis carried byhaemoglobin

= Formationofthe cytoskeleton,anetwork of tubules withinacellthat cause chromosomes
to move duringthe cellcycle

= Celladhesion,where cells inthe same tissue stick together

= Hormones,chemicalmessengers thatare secretedinone part of the bodyto have aneffect
elsewhere

= Compactionof DNAinchromosomes forstorage, caused byhistone proteins

= Theimmune response produces antibodies,the mostdiverse group of proteins

= Membrane transport channeland carrier proteins that determine which substances canpass
across amembrane
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= Cellreceptors,whichare bindingsites forhormones,chemical stimulisuch as tastes,and for
otherstimulisuchas lightand sound

Examples of polypeptides
Rubisco

= Ribulose Bisphosphate Carboxylase

= Anenzyme that catalyses the fixingof CO; fromthe atmosphere during photosynthesis

= Composedoflé polypeptide chains as aglobular protein

= Thisisthe source of allorganic carbon,so Rubisco is arguablythe mostimportantenzymein
nature!

= The most abundant enzyme onEarthasit's presentinallleaves

= Rubiscoisavery slow catalyst, butit's the most effective to have evolved so farto fulfil this vital
function

Insulin

= Ahormone produced and secreted byp-cellsinthe pancreas
= Bindstoinsulinreceptors (onliver,fatand muscle cells) reversibly, causingabsorptionof
glucose fromthe blood
= Composedof2polypeptide chains as ashort, globular protein
Immunoglobulins

= Also known as antibodies

= Theyhave ageneric 'Y'shape,with specific bindingsites at the two tips of the 'Y’

= Theybind to specific antigens

= The bindingareas of immunoglobulins are highly variable, meaning that antibodies canbe
produced against millions of different antigens

= Immunoglobulins (as the name suggests) are globular and are the most diverse range of
proteins

Rhodopsin

= Apigmentintheretinaofthe eye
= Amembrane proteinthatis expressedinrod cells
= Contains alight-sensitive part, retinal, whichis derived from Vitamin A
= Aphotonoflight causes aconformational changeinrhodopsin,whichsends anerve impulse
alongthe optic nerve to the centralnervous system
Collagen

= Afibrousproteinmade of three separate polypeptide chains

= The most abundant proteininthe humanbody - approximately 25%

= Fibres formanetworkinskin,blood vesselwalls and connective tissue that canresist tearing
forces

= Playsaroleinteethand bones, helpingto reduce theirbrittleness
Spider Silk
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The silkused by spiders to suspend themselves and create the spokes of theirwebs is as strong
as steelwire though considerablylighter

Contains rope-like, fibrous parts but also coiled parts that stretchwhenundertension, helping
to cause extensionand resist breaking

Does notdenature easilyat extremes of temperature

Has manyattractive aspects forengineering and textile product design thanks to

its strengthand low weight

Canbe genetically engineered to be expressedingoats' milk as spiders can'tbe farmed ona
large enoughscale

Otherkinds of spidersilk protein are tougher thoughlack the tensile strength, e.g. the silk they
use to encase theirpreyaftercapture
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Protein Structure: Effect of pH & Temperature

Protein Structure: Effect of pH & Temperature

Proteins structure is sensitive to changes in the environment, particularlytemperature and pH
changes
The precise structure of aproteinis dependentontheionic interactions,hydrogenbonds and
otherintermolecularforces between polypeptide chains beingintact
Denaturationmayoccurbytemperature and pH extremes thatinterfere with these bonds
= Denaturationis theirreversible change of proteinconformation
The bonds that formbetweendifferent Rgroups are relatively weak (compared to the peptide
bonds that hold the amino acids insequence)
These bonds canbe brokeneasily, whichcancause the conformationof the proteinto change
and denaturation
The altered proteinshape mayaffectits function, physical state and generalusefulness inits
originalrole
AcertainpHis considered as anoptimum fora particularprotein,because at that pH, the protein's
3Dstructureis notdenatured
Denaturationis almost always irreversible
= The proteincannotbere-formed inits original conformation byreversingthe changein
conditions
= However,smalldenaturations and renaturations are possible incertainproteins to respond
to smallfluctuations in pH e.g.haemoglobin

Denaturation of a proteindiagram

The effect of heat and pH on the shape and function of a globular protein
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Denaturationinaction

= Denaturationcanbe seenmosteasilybylooking at the changes inanegg white as the eggis fried
orpoached
= Eggwhite is mainlythe proteinalbumin
= The hydrophobic amino acids in albumin are at the centre of the molecule inits normal state,so
albuminis soluble
= Heatingcauses the hydrophobic amino acids to appearat the edges, where theycause the
proteinto becomeinsoluble
= Aharder,solid layerforms,whichis the cooked white
= Similarevents occurinthe proteins of the eggyolkasitcooks
= Denaturationalso occurs inthe stomach, where the low pH (pH2) causes proteins inthe diet to
become denatured ontheirwayto beingfullyhydrolysed furtherdown the digestive system
= The stomachenzyme pepsin, aprotein-digestingenzyme has anoptimum pH of 2forthis reason
= Certainextremophiles have evolved to have proteins that are stable evenat extreme pHor
temperature
= Eg. Thermus aquaticus,abacteriathat livesinhot springs at 80°C
= This temperature would denature most otherproteins
= Denaturationof enzymes canbe used as part of experiments to measure enzyme activity
= Forexample,anexperiment to establishthe optimumpHortemperature of anenzyme e.g.
pepsinorlipase
= Manydrugs are proteins that cannot be takenby mouth, because the proteinwillbe denatured
by stomachacid
= These drugs should be delivered inanother way e.g.bydirect injectioninto the blood

O Exam Tip

Rememberto avoid confusingthe bonds thathold aprotein's shape togetherwith the peptide
bonds thatattacheachamino acid insequence.Picture the peptide bonds holding the amino
acids inastraight chain,thenthe otherbonds and forces holding the chaininits folded, 3D
structure.

Amino Acid Diversity (HL)

Amino Acid Diversity

= The same 20 amino acids make up most of the proteins found on Earth
= Around 500 amino acids have beenfound innature,but only20 are commonly found inproteins
= Elevenofthese canbe naturally synthesised within cells by humans
= The othernine amino acids are essential (have to be inthe humandiet)
= Youdon't needtorememberthe names of the amino acids, butit's usefulto see theirnames,
which are usuallyabbreviated to threeletters
= Ala,Arg,Asn,Asp, Cys, GIn, Glu, Gly, His*, lle*, Leu*, Lys*, Met* Phe* Pro, Ser, Thr*, Trp*, Tyr, Val*
= *indicates the essentialamino acids
= Because the Rgroups varyso muchbetweenthe 20 amino acids, thereis alot of chemical
diversity betweenthe amino acids

Aminoaciddiversitydiagram
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Anamino acid sequence of a short polypeptide. The three-letterabbreviations indicate the specific
amino acid (there are 20 commonly found in cells of living organisms).

R-groups

= AnR-group,orvariable group,is how eachamino acid differs and why amino acid properties
differe.g.whethertheyare acidic orbasic,orwhethertheyare polarornon-polar
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The R-group canbe as simple as anotherhydrogen atom (forming the amino acid glycine), right
throughto complexaromatic ring structures (whichforms phenylalanine)
Itis the R-group that gives the basis of diversityinproteinfunctionand form
This occurs because:
= Allamino acids have athe same carboxyland amine group,bonded bya centralcarbon
atom,whichionise whenin aneutral environment
= The carboxyl groupdonates ahydrogenionwhilst the amine group acceptsitso thatthe
carboxyl groupis left with a negative charge and the amine group left with a positive
charge
= The R-groupis eitherhydrophobic orhydrophilic
= Hydrophilic R-groups are polarand canbe eitheracidic orbasic
= Hydrophobic R-groups are non-polar

R-Group Diagram

The variety of R-groups of the amino acids determine the properties of polypeptide chains and therefore

overall protein

Levels of Protein Structure (HL)

Primary Structure

Levels of Protein Structure

Proteins are relativelylarge,complex molecules that containone or more chains of amino acids
known as polypeptides

The three-dimensional arrangement of polypeptide chains dictates aprotein's structure and
function

There are fourlevels of structureinproteins
= Threelevels are structuralaspects of asingle polypeptide chain
= Thefourthlevelrelates to aproteinthathas more thanone polypeptide chain

Primary structure

The sequence of amino acids bonded bycovalent peptide bonds is the primary structure of a
protein

The DNA of acelldetermines the primary structure of aproteinbyinstructingthe cellto add
certainamino acids inspecific quantities inaspecific,ordered sequence

This affects the shape, and therefore the function, of the protein

The primary structure is specific foreach protein

Some mutations canlead to theincorrectamino acid beingincorporated into the polypeptide
chainwhichcanaffectthe functionof the protein
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Primarystructurediagram

The primary structure of a protein. The three-letter abbreviations indicate the specific amino acid (there
are 20 commonly found in cells of living organisms).

Secondary Structure

= Secondarystructureis the formationof complexshapes withinthe polypeptide chain
= Secondarystructure of aproteinoccurs due to weakhydrogenbonds
= Hydrogenbonds formbetweencarboxyl(C=0)groups and amino (N-H) groups
» Thebondsusuallyformbetweennon-adjacent amino acids resultinginachangeinshape of
the linearpolypeptide chain
= There are two shapes that canformwithin proteins due to the hydrogenbonds:
= Alpha-helix (or a-helix)
s Beta-pleated sheet(orp-pleated sheet)

Protein secondarystructure diagram
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The secondary structure of a protein with the a-helix and B-pleated sheets.
The magnified regions illustrate how the hydrogen bonds form between peptide bonds.

Tertiary Structure: Chemical Bonds

Polar and non-polar amino acids are relevant to the bonds formed between R
groups

Tertiary structure refers to how the polypeptide chainfolds to formacomplex, three-
dimensional shape
Tertiary structure gives proteins avery specific shape thatis important forfunction
= Suchasreceptorsites oncellmembranes and active sitesinenzymes
Foldingresults frominteractions betweenRgroups (side chains) of the amino acids and the
surrounding environment
Anumberof differentinteractions betweenR-groups contribute to the tertiary structure
= Hydrogenbonds formbetween polarR-groups
= Hydrophobicinteractions formbetweenthe R-groups of non-polaramino acids withinthe
interiorof proteins to avoid contact withwater
= Covalentbondsformbetweenthe R-groups of cysteine amino acids to formdisulfide
bridges
= lonicbonds formbetweenpositivelyand negativelycharged R-groups
= R-groups canbecome positivelyornegatively charged by the dissociationorbinding of
hydrogenions
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Proteintertiarystructurediagram

The interactions that occurbetween the R groups of amino acids determine the tertiary structure and
function of a protein

Summary of bondsin proteinstable
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Primary Secondary Tertiary
Peptide v v v
v (onlybetween v/ (Rgroups +
Hydrogen the amino and amino and
carboxyl groups) | carboxyl groups)
Disulfide 4
lonic 4
Hydrophobic v
interactions

Tertiary Structure: Amino Acids

= Amino acids are eitherpolarornon-polar depending ontheirR-groups
= Proteins composed of non-polar amino acids are less soluble inaqueous solutions such as the
cytoplasm
= Therefore these proteins are generallyused forstructural purposes and are stationaryso are not
required to be soluble
= Theyarefoundinthe centre of aproteinhelpingto stabilise the structure
= Theycanhelpformthe active site of lipase enzymes to allow interactionwith lipid substrates
= Theytendto belocalised onthe surface ofacellso areincontactwiththe membrane, such
as glycoproteins
= Proteins with polar amino acids are soluble and are found inavariety of places within the cell
= Theycanbe found onthe surface of amembrane as theyare capable of interactingwithwater
molecules
= Theycanlineinteriorpores withinthe membrane, which creates hydrophilic channels for
transport of polarmoleculesinto and outof acell
= Theyare found onthe outside of enzymes so that enzymes are soluble inaqueous
environments
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Quaternary Structure

Quaternary structure

Large proteins oftenconsist of multiple polypeptide chains functioningtogetheras alarger
biologicallyactive macromolecule

= Eachpolypeptide chainis referred to as asubunit of the protein
Many proteins also containnon-polypeptide components (prosthetic groups) and are classed
as conjugated proteins
Quaternary structure refers to how polypeptides and othercomponents are arranged

= Thisrelates closelyto function

= Proteins withonlyone polypeptide chaindo nothave aquaternarystructure
Haemoglobinis aconjugated protein, having quaternarystructure, as it consists of multiple
polypeptide chains (making four subunits) each with a prosthetic group

= There are two pairs of identical polypeptide chains (a-globins and B-globins)

= Eachsubunit has a prosthetic haem group which contains anironion (Fe2+)

Haemoglobin structure diagram

The quaternary structure of haemoglobin.
Foursubunits (polypeptide chains) and prosthetic haem groups work together to carry oxygen.
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= Insulinand collagenare non-conjugated proteins meaning theyhave no othernon-protein

components

= |nsulin:

= Consists of two chains of amino acids,one being 21amino acids long, the other30 amino
acids inlength;the chains are joined by disulfide bridges

= |tforms two quaternarydifferent structures called dimers and hexamers whichact as storage
molecules of insulin

= Collagen:

= |tisafibrous proteinconsistingofthree polypeptide chains wound togetherinahelixshape
= |tis the arrangement of the helix shape that gives collagenits quaternary structure

O Exam Tip

Familiarise yourself with the difference between the fourstructurallevels found inproteins,
notingwhichbonds are found at whichlevel. Rememberthat the hydrogenbonds in tertiary
structures are betweenthe Rgroups whereas insecondarystructures the hydrogenbonds form
between the amino and carboxyl groups.

NOS: Technology allows imaging of structures that would be impossible to
observe with the unaided senses. For example, cryogenic electron microscopy

has allowed imaging of single-protein molecules and their interactions with
other molecules

The technique of cryogenic electronmicroscopy(cryo-EM)involves rapid freezing of protein
solutions and thenexposing themto manyelectrons to produce amicroscopic image
The images canbe used torecreate 3D shape orstructure of proteins allowingus to
visualise how theyinteract with othermolecules withina cellularenvironment
Cryo-EMhas different applications dependingonthe type of proteinormolecule being studied
so observations canbe extremely purposeful and exact
Untilrecently, proteins had to be crystallised to reconstruct and visualize them with X-ray
crystallography which posed manyproblems such as:

= Crystallisationis time consumingand canonlywork on single purified protein

= Some proteinsdo notcrystallise

= The structure has to be visualised outside of the cellularenvironment whichremoves

contextualinformationand interactions withothermolecules
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Globular & Fibrous Proteins (HL)

Globular & Fibrous Proteins
Globular

= Globularproteins are compact,roughlyspherical(circular) in shape and soluble inwater
= Globularproteins formaspherical shape whenfoldinginto theirtertiary structure because:
= Theirnon-polarhydrophobic R-groups are orientated towards the centre of the protein
away from the aqueous surroundings and
= Theirpolarhydrophilic R-groups orientate themselves onthe outside of the protein
= This orientationenables globularproteins to be (generally) soluble inwateras the water
molecules cansurround the polar hydrophilic R-groups
= The solubility of globularproteins inwatermeans theyplayimportant physiologicalroles as they
canbe easilytransported around organisms and be involved in metabolic reactions
= Thefoldingofthe proteindue to the interactions between the R-groups results in globular
proteins having specific shapes. This also enables globularproteins to play physiologicalroles,
forexample,enzymes cancatalyse specific reactions and immunoglobulins canrespond to
specific antigens
= Some globularproteins are conjugated proteins that containa prosthetic group eg.
haemoglobinwhich contains the prosthetic group called haem

Insulin

= Thefirstproteinto haveits sequence determined byscientists was the hormone insulin
= |nsulinis aglobularproteinproduced inthe pancreas. It plays animportantrole inthe controlof
blood glucose concentration
= |tconsists of two polypeptide chains
= Polypeptide Ahas 21amino acid residues
= Polypeptide Bhas 30 amino acid residues
= The two polypeptide chains are held togetherbythree disulfide bridges

Fibrous

= Fibrous proteins are longstrands of polypeptide chains that have cross-linkages due to
hydrogenbonds

= Theyhave little orno tertiary structure

= Due to thelarge numberofhydrophobic R-groups fibrous proteins are insoluble inwater

= Fibrous proteins have alimited numberofamino acids withthe sequence usuallybeing highly
repetitive

= The highlyrepetitive sequence creates veryorganised structures that are strong and this along
with theirinsolubility property, makes fibrous proteins very suitable forstructuralroles, for
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example, keratin that makes up hair, nails, horns and feathers and collagen whichis aconnective
tissue found in skin,tendons and ligaments

Collagen

= Collagenis the mostcommonstructuralproteinfound invertebrates
= |thas aflexible structure,forming connective tissues:
= Tendons
= Cartilage
= Ligaments
= Bones
= Teeth
= Skin
= Walls of blood vessels
= Corneaoftheeye
= Collagenis aninsoluble fibrous protein
= Collagenis formed fromthree polypeptide chains closelyheld togetherbyhydrogenbonds to
form atriple helix; the hydrogenbonds give great tensile strength
= Eachpolypeptide chainis ahelixshape and contains about 1000 amino acids with glycine, proline
and hydroxyproline being the mostcommon
= Alongwithhydrogenbonds forming between the three chains there are also covalentbonds
present
= Covalentbonds also formcross-links betweenR-groups of amino acids ininteracting triple
helices whentheyare arranged parallel to each other.The cross-links hold the collagen
molecules togetherto form fibrils
= The collagenmolecules are positioned inthe fibrils so that there are staggered ends
which provide strength
= Whenmany fibrils are arranged togethertheyformcollagen fibres
= Collagenfibres are positioned so that theyare lined up with the forces theyare withstanding

Globular and fibrous proteinsdiagram

Globularand fibrous protein models illustrating the roughly spherical shape of globular proteins and the
long, stranded shape of fibrous proteins
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