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Metabolism: Enzymes & Reactions

Increasing ReactionRatesinCells

Enzymes as catalysts

Mostchemicalreactions eitherdo not occurspontaneously oroccurvery slowly
Inlaboratoryorindustrial settings, some chemicalreactions require some sort of catalystin
orderto formasufficientconcentrationof product molecules
= QOtherconditions that mayspeed up thereactionrateinclude:
= Hightemperatures orpressures
= Extremes ofpH
= Highconcentrations of the reactants
Cells are very sensitive to extreme temperatures, pressures and pH-levels, so the chemical
reactions occurringinthemcannot be sped up by these means
Enzymes are proteins thatact as biological catalystsincells and allow chemicalreactions to
occuratasuitable rateinthe conditions found in living organisms
= Theyarereusable,so onlyasmallnumberis needed to catalyse reactions
= Theyremainunchanged by the reactions that theycatalyse
Without the presence of enzymes, the rate of chemicalreactions inorganisms would be too low
to supportlife
To formproduct molecules, the reactants would need to collide at the correct angle and speed
inorderforareactionto occur
= The chances of this occurringundernormal conditions would be so low, that this would be an
insignificant event
Enzymes ensure that molecules (called substrate molecules) are orientated correctlyand close
enoughforareactiontooccur
The cellhas controloverthe enzymes being produced, whichinturn gives the cellcontrolover
the chemicalreactions occurringinthe cytoplasm
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Metabolism: Role of Enzymes

What is metabolism?

= Metabolismis acatch-alltermused to describe allthe chemicalreactions that take place within
cells and organisms
= Metabolismcanbe thought of as the chemicalreactions of life
= The moleculesinvolved are metabolites
= Manyreactions of metabolismtake place inmultiple stages
= Fachstageis catalysed byaseparate enzyme
= Aseries ofinterlinked metabolic reactionsis called ametabolic pathway
= Metabolic reactions canbe classified broadlyas anabolic orcatabolic

Role of enzymes in metabolism

= Enzymes are globularproteins
= Criticalto the enzyme's functionis the active site where the substrate binds
= Enzymes are specific to the substrate
= The shapes of the enzyme and substrate and theirchemical properties are complementary,
to allow the substrate to fitinto the active site, like two jigsaw pieces fittingtogether
= Thisis called enzyme-substrate specificity
= Due to this specificity,thousands of enzymes are needed throughout an organism, to carry
outindividual chemicalreactions
= This means thatcontrolover metabolismcanbe exerted throughthese enzymes

O ExamTip

Avoid the common mistake inan examto saythat the shapes of the enzyme active site and
substrate molecule are the same, theyare not. Complementary means that theyfittogether
because of the specific differencesintheirshapes.

Anabolism & Catabolism

Anabolic reactions

= Anabolic reactions are involved with the building of large molecules fromsmaller ones
= Examplesinclude;
= Photosynthesis, where CO3 and waterare built upinto complex sugars
= Proteinsynthesis,where amino acids are joined togetherinsequence
= The formationof glycogenbylinking glucose molecules together
= Anabolicreactions ofteninclude condensationreactions
= Anabolic reactions are endergonic (theyrequire aninput of energyto take place)
= Energy-storingproducts are the end result

Enzyme-catalysed anabolicreactionsdiagram
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Anabolic reactions involve the linking of more than one substrate molecule to form a more complex
product molecule

Catabolic reactions

= Catabolicreactions are involved with breaking downlarge molecules into smaller,simplerones

= Thesereactions are oftencarried out to release energy forcellularprocesses and for
the excretionofwaste
= Examplesinclude:
= Respiration,where CO; and waterare produced from the oxidation of sugars
= Deaminationof proteins torelease urea
= Breakdownof macromoleculesinto monomers duringdigestion
= Catabolicreactions ofteninclude hydrolysis reactions
= Catabolic reactions are exergonic (free energyis released forcellularprocesses oras excess
heat)
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Enzyme-catalysed catabolicreactionsdiagram

Catabolic reactions happens when a single substrate molecule is drawn into the active site and broken
apartinto two ormore product molecules

Comparison of anabolismand catabolismtable

Anabolism Catabolism
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Requires aninput of energy(endergonic)

Releases energy(exergonic)

Builds large molecules fromsmallones

Breaks downlarge molecules into smaller
ones

Used to store energyinchemicalform

Used torelease chemical energyas heat
and forotheractivities suchas movement
and active transport

Involves condensationreactions

Involves hydrolysis reactions

Used forgrowth, repairand energy
storage

Performs several activities such as
digestion, excretionand energy supply

Bothare made up of enzyme-catalysed reactions

Bothare coupled to ATP, the principle energycarrierincells
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Enzyme Action

Structure of Enzymes

The structure of enzymes

= Enzyme catalysis involves molecularmotionand the collision of substrates with the active site
= Foranenzyme-catalysedreactionto take place,substrates collide at randomwith the enzyme's
active site
= This musthappenatthe correct orientationand speedinorderforareactionto occur
= Unsuccessfulcollisions canoccurwhenthe molecules are notcorrectlyaligned witheach
otheratthe momentofcollision
= The molecules'bounce' off eachotherand no reactiontakes place
= Some enzymes have two substrates thatmust each collide with aseparate active site at the
same time
= Substrates bind to enzymes, forming atemporaryenzyme-substrate complex
= The active site of anenzyme has a specific shape and chemical properties to bind witha
specific substrate
= Thereactionoccurs withinthe enzyme-substrate complexwhichleads to changesinthe
chemicalstructure of the substrate
= Products are formed,whichdetachand move away from the active site, whichcanbere-used

Enzyme actiondiagram

The active site of an enzyme has a specific shape to fit a specific substrate (when the substrate binds an
enzyme-substrate complex is formed)
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= The specificity of anenzymeis aresult of the complementary nature between the shape of the
active site onthe enzyme and its substrate(s)
= The shape of the active site (and therefore the specificityof the enzyme)is determined by the
complex3Dshape of the proteinthat makes up the enzyme
= The active siteis made of onlyafew amino acids but the interactionof these amino acids
withinthe 3D shape of the enzyme ensures that catalysis canoccur
= Thisis achieved by:
= Bindingto the substrate molecule
= Holdingitinpositionforachemicalreactionto occur
= Loweringthe energy needed forthereactionto occur

Enzyme specificitydiagram

An example of enzyme specificity - the enzyme catalase can bind to its substrate hydrogen peroxide as
they are complementary in shape, whereas DNA polymerase is not

Formation of enzyme-substrate complexdiagram

The temporary formation of an enzyme-substrate complex
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Q Exam Tip

Don'tforget that bothenzymes and theirsubstrates are highly specific to each other - this is
known as enzyme-substrate specificity.

Induced-fit Binding
Theinduced-fit hypothesis

= The originalmodel explaininginteractions betweenenzymes and theirsubstrate molecules was
called the lock-and-key model
= Thismodelproposed thatthe enzyme active site is precisely complementary to the shape
of the substrate molecule
= The substrate molecule therefore fits into the active site like akeyinalock
= The modified modelof enzyme activityis known as the ‘induced-fit hypothesis’
= Althoughitis verysimilarto the lock and keyhypothesis,inthis modelthe enzyme and substrate
interact witheachother:
= The enzyme and its active site (and sometimes the substrate) can change shape slightly as
the substrate molecule enters the enzyme
= Thesechangesinshape are known as conformational changes
= This ensures anideal binding arrangement between the enzyme and substrate is achieved
= This maximises the ability of the enzyme to catalyse the reaction

Induced-fit modeldiagram
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The induced-fit hypothesis of enzyme action

O Exam Tip

Don'tforget-ourcurrentunderstanding of enzyme-substrate interactions is based onthe
induced-fithypothesis.
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Enzyme Catalysis

Therole of molecular motion and substrate-active site collisions

= [norderforthe substrate molecule to collide with and ultimatelybind to the enzyme active site,
movement is required
= This movementis the result of the kinetic energy that molecules have
= The greaterthe kinetic energyof the molecules, the faster the movement and the higherthe
probability of enzyme and substrate colliding
= Thisleads to more enzyme-substrate complexes formingand the productionof more
product molecules
= |Insome cases,large substrate molecules are immobilised, while inothercases itis possible to
immobilise enzymes by embedding theminmembranes
= Theseimmobilised enzymes canbe used inarange of industries suchas food processing,
environmental management, pharmaceuticals and manufacturingprocesses
= There are different methods bywhichenzymes canbe immobilised including:
= Attachmentto aninert substance e.g.glass
= Entrapment withinamatrix e.g.alginate gel
= Entrapment within a partially permeable membrane

Examples of immobilised enzymesdiagram
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There are many different ways in which enzymes can be immobilised

Advantages of immobilised enzymes

There is no enzyme inthe product (the productis uncontaminated) and therefore there is no
need to furtherprocess orfilterthe end product
Theimmobilised enzyme canbe reused multiple times whichis both efficientand cost-
effective (manyenzymes are expensive)

= Reusingthe enzyme also avoids the need to separate the enzyme from the productin

downstreamprocessing

Immobilised enzymes have agreatertolerance of temperature and pH changes (immobilisation
oftenmakes enzymes more stable)
Substrates canbe exposed to higher enzyme concentrations thanwhenusingenzymesin
solution,increasing the rate of throughput
Conditions canbe controlled carefully, allowingimmobilised enzymes to functionclose to
their optimumconditions and be more stable

Denaturation: Enzymes

Enzymes canbe denatured whenitis exposed to hightemperatures orextremes of pH
Bonds (e.g.hydrogenbonds) holding the enzyme molecule inits precise 3D shape start to break
= Take note thatthe peptide bonds holdingthe amino acids togetherare notbroken
This causes the 3-dimensional shape of the protein(i.e.the enzyme) to change
This permanentlychanges the shape of the active site, preventing the substrate frombinding
Denaturationhas occurred if the substrate canno longer bind
The reactionthatwas previously catalysed now no longer takes place
Denaturationoftencauses the enzyme to become insoluble and form a precipitate
Veryfew humanenzymes canfunctionattemperatures above 50°C
= Thisis because humans maintainabodytemperature of about 37°C, therefore even
temperatures exceeding 40°C will cause the denaturationof enzymes
= Hightemperatures cause increased vibrationsinthe bonds betweenthe R-groups of amino
acids so theystart to break, changingthe conformationof the enzyme

O Exam Tip

Don'tforgetthat enzymes are always proteins and so anything that could denature a protein,
renderingit non-operational (extremes of heat, temperature, pHetc.) would also denature an

enzyme.Avoid using the term 'destroyed’' orsaying that the enzyme is 'killed' when describing the
disruptionto enzyme structure.
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Enzyme Activity: Skills

Effects of Temperature, pH & Substrate Concentration

NOS: Describing patterns and trends in graphs

= Youarerequired to describe the relationship betweenvariables shownin graphs
= Generalised sketches of these relationships are examples of modelsinBiology
= Enzyme experiments canbe conducted to investigate the effects of the followingfactors on
therate of enzyme activity:
= Temperature
= pH
= Substrate concentration
= Sketchgraphs canbe drawn and evaluated using the results from these experiments

Designing experiments to test the effect of temperature, pH and substrate
concentration on the activity of enzymes

= Three differentindependent variables canbe tested
= Temperature
= pH
= Substrate concentration
= Youshould planhow the dependent variable is going to be measured
= With appropriate units
= Also,whatintervals of the independent variable are goingto be chosen
= Thesefactors dictate the choice of apparatus and otherequipmentrequired forthe experiment
= The controlvariables need to be identified and monitored e.g. temperature when measuring the
effectofpH

Investigating the effects of temperature or pH on catalase activity

= The progress of enzyme-catalysedreactions canbe investigated by:
= Measuringtherate of formationof aproduct
= Measuringtherate of disappearance of asubstrate
= Inthisinvestigation,therate of product formationis used to measure therate of anenzyme-
controlled reaction:
= Hydrogenperoxideis acommonbuttoxic by-product of metabolism
= This means it mustbe brokendown quickly
= Catalaseis anenzyme found inthe cells of most organisms that breaks downhydrogen
peroxide into waterand oxygen
= Hydrogenperoxide and catalase are combined and the volume of oxygengenerated is
measured inasettime
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= Therate ofreactioncanthenbe calculated

Investigating catalase diagram

Experimental set-up forinvestigating the rate of formation of a product using catalase

= |f measuringthe effect of temperature onenzyme activity, the conical flask containing potato
pieces canbe held inawaterbath at the required temperature
= The waterlevelinthe waterbath must be higherthanthe levelof H,Oz inthe conical flask, to
ensure evenheating
= Theconicalflask canalso be swirled gentlyto mixthe contents and maintainaneven
temperature

Investigating the effect of substrate concentration on amylase activity

= |nthisinvestigation,therate of substrate disappearanceis used to comparerates ofreaction
underdifferentconditions
= Amylaseis adigestive enzyme thathydrolyses starchinto maltose and glucose
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Amylase functions bestatpH7 and 37°C (allenzymes operate bestunderspecific conditions)
Amylase and starchare combined and this reaction mixture is thentested for starchatregular
time intervals
This canbe done by taking samples from the reaction mixture ateach time intervaland adding
eachsample to someiodineinpotassiumiodide solution

= Starchforms ablue-black colourwiththis solution

= |fnostarchis present,theiodine solutionremains yellow-brown
In this way, the time takenforstarch to be brokendown canbe measured
The investigationcanberepeated under different starchconcentrations and the reaction
rates canthenbe compared

= This experimentalso canbe adapted to measure the effects of altering pH, temperature or

enzyme concentration

Investigating amylase diagram

Experimental set-up forinvestigating the rate of disappearance of a substrate using amylase

Investigating the effect of starch concentration on amylase using colorimetry

Acolorimeteris able to measure light absorbance (how muchlightis absorbed) orlight
transmission(how muchlight passes through) a substance
Colorimetrycanbe usedinanyenzyme-catalysed reactionthatinvolves acolour change
As the colourbreaks down the transmissionincreases orlight absorptiondecreases and this
canbe used to measure therate of thereaction
Forexample,acolorimetercanbe used to follow the progress of astarch-amylase catalysed
reactionas the amylase breaks the starchdowninto maltose
This canbe carried out as follows:

= Colorimetercalibration:thisis animportantstepinacolorimetric investigationand in this

case,aweakiodine solutioncanbe used to calibrate the colorimeteras the endpoint (or
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100% transmission)

Preparationofastarchsolutionofknownconcentration(stock solution), fromwhicharange
of concentrations are made using serialdilutions (method outlined indiagram below)
Following calibration and switchingonthe red filter(to maximise the percentage
transmissionorabsorbance),the colorimeteris used to measure the percentage
absorbance or percentage transmissionvalues

Sometimes areagentorindicatoris used to produce the colours detected bythe
colorimeterand sometimes the solutions themselves absorb light waves
Acalibrationgraphis thenplotted of starchconcentration (x-axis) vs percentage
absorbance orpercentage transmission (y-axis)

Serialstarchdilutionsdiagram

Serial dilution of starch to make a range of concentrations

Interpreting graphs on the effects of temperature, pH and substrate
concentrationon therate of enzyme activity

Temperature, pH and substrate concentration affect the rate of activityof enzymes
Enzymes have a specific optimumtemperature - the temperature at whichtheycatalyse a
reactionat the maximumrate

Lowertemperatures eitherprevent reactions fromproceedingorslow themdown:

Molecules move relatively slowly due to having less kinetic energy

Lower frequency of successfulcollisions betweenasubstrate molecule and the active
site of enzyme

Less frequentenzyme-substrate complex formation

Substrate and enzyme collide withless energy, makingitless likelyforbonds to be formed
orbroken(stoppingthereactionfromoccurring)

Highertemperatures speed up reactions:
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= Molecules move more quickly due to havingmore kinetic energy

= Higherfrequency of successfulcollisions betweenasubstrate molecule and the active
site of enzyme

= More frequentenzyme-substrate complexformation

= Substrate and enzyme collide withmore energy, makingit more likelyforbonds to be
formed orbroken (allowingthe reactionto occur)

= However, as temperatures continue to increase, the rate at whichanenzyme catalyses areaction
drops sharply, as the enzyme begins to denature

The effect of temperature onenzyme actiondiagram

The effect of temperature on the rate of an enzyme-catalysed reaction

ChangesinpH

= pHisaresultofthe hydrogenionconcentrationinasolution
= AlowpHisacid and has ahighhydrogenionconcentration
= AhighpHis alkaline and has alow hydrogenionconcentration
= AlOxincreaseinhydrogenionconcentrationlowers the pHby1unit
= pHistherefore measured onalogarithmic scale of hydrogenionconcentration,not alinear
scale
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Waterhas apHof7,regarded as neutral
Extremes of pHcanalso alterhydrogenbondingwithinanenzyme's structure and cause
irreversible denaturation
Eachenzyme has anoptimumpH
Notallenzymes have an optimum pH nearto neutral. Forexample
= The stomachenzyme pepsinis adapted to workbestatpH2
= Certainbacterialenzymes work atpH9-10,inline with the pH of the bacteria's main habitat

The effect of pHonenzyme actiondiagram

The effect of pH on three enzymes'rates of reaction

Changes in substrate concentration

= The more substrate molecules are presentinasolution, thisincreases the frequency of
collisions withthe enzyme's active site
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= Active sites are occupied or'blocked'bysubstrates whilst the reactionis taking place

= The more active sites are occupied, the fewer are available to catalyse other substrate
molecules

= Assubstrate concentrationrises,the slowertheriseinthe rate of the enzyme-catalysed reaction

= The active sites have become saturated

= Atthe point of active site saturation,increasing the substrate concentrationwill cause no
furtherincrease intherate ofreaction

= Atthe pointofactive site saturation,amethod ofincreasingthe rate ofreactionwould be to
make more active sites available byincreasing the enzyme concentration

The effect of substrate concentrationonenzyme actiondiagram

The effect of substrate concentration on enzyme activity

O Exam Tip

When answering questions aboutreactionrates forenzyme-catalysed reactions, make sure to
explainhow the temperature affects the speed at which the molecules (enzymes and
substrates) are moving and how this, in turn, affects the numberof successful collisions.You
should memorise the sketch graphs of temperature, pH and substrate concentrationand be able
to sketchnew curves forchanged conditions.
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Enzyme Reaction Rates: Skills

etermining Enzyme Reaction Rates

Enzyme catalysed reactions canbe affected bychangesinpH,temperature or substrate
concentration

Therate of reactioncanbe determined bymeasuringthe rate of disappearance of asubstrate
ortherate of product accumulated inagiventime period

This maybe shown as achange in quantity (usuallyvolume ormass) of substrate orproductovera
measured time period:

Or,if we cannot collect quantitative dataonthe amount of substrate orproduct,we can
calculate therate of reactionbased onthe time measured using the followingequation:

= 1=timetaken(seconds)and should include the units s
Ahighrate ofreactionis whenthe reactionhappensinless timei.e.itis faster
Alowrate ofreactionis whenthe reactionhappensinmore timei.e.itis slower
Therate of areactionis likelyto change throughout areaction as the substrate concentration
willdecrease as thereactionproceeds
= Thisleads to agraphthatstarts outas adirectly proportional straightline (the value onthe X
increases at the same rate as the value onthe Y) but then plateaus as the reactionslows
down
The steepertheline the fastertherate of reaction
Therate of reactioncanbe calculated froma graph plotted where the reactiontime is shownon
the X-axis and the quantity of product orsubstrate is shownonthe Y-axis

Volume of a product produced against time graph
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Graph produced when plotting the volume of a product produced against time

The gradientis calculated fromapoint onthe graphand used as ameasure of therate ofreaction
atthat pointintime

Atangent must be drawnto calculate the change inxand yso therate ofreactioncanbe
calculated

= E.g.if calculatingtheinitial rate of reaction

= Placearuleronthe pointoforiginand draw aline that corresponds to the curve during
the earlypart of the reaction

= Extend theline as farasis convenient to performthe calculations e.g.to 60 seconds
Drawing atangenttocalculateinitialrate of reactiondiagram
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Drawing a tangent against the line through the origin to calculate the initial rate of reaction

Calculating therate of reaction

= Oncethetangentis drawnyoucancalculate the gradient of the line whichis equal to the rate of
thereaction
= |nitialrate=a+b
= Where
= a=changeinvolume and
= b=changeintime
= The units willbe cm3 sec(this means volume persec)
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Activation Energy: Skills

ActivationEnergy

= Metabolic pathways are controlled byenzymes inabiochemical cascade ofreactions
= Virtuallyeverymetabolic reactionwithinliving organisms is catalysed byanenzyme
= Enzymes are therefore essential forlife to exist
= Enzymes are biological catalysts
= ‘Biological’because theyfunctioninlivingsystems
= ‘Catalysts’because theyspeedup therate of chemicalreactions without beingused upor
undergoing permanent change

The Enzyme-Substrate Complex

= The startingpointofametabolic pathwayis asubstrate whichis converted to anend product
= The enzyme works bybindingto the substrate at aspecial site onthe enzyme called the active
site
= The active site of anenzyme has a specific shape to fitaspecific substrate
= Substrates collide withthe enzyme's active site and this must happenat the correct orientation
and speedinorderforareactionto occur
= Anenzyme-substrate complexis formed,temporarily, when the substrate binds to the active
site
= Thesubstrateis said to be inatransitional state at this moment
= Theproductis formed and enzymeisreleased to take partinanotherreaction
= Thereactioncanbe shortened to asimple equation

Processof enzyme-catalysedreactionsdiagram

The simple equation can show how an enzyme reaction proceeds

Formation of enzyme-substrate complexdiagram
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The formation of the enzyme-substrate complex where the substrate is said to be in a transitional state,
before forming the product(s)

Enzymes and the lowering of activation energy

= Allchemicalreactions,including metabolic pathways, are associated with energy changes
Energymayeitherbe released orabsorbed duringareaction
= |fenergyisreleased to the surroundings itis an exergonic reaction
= |fenergyis absorbed fromthe surroundings itis anendergonic reaction
= Forareactionto proceed there mustbe enoughactivationenergy
= Activationenergyis the amount of energy needed bythe substrate to become unstable enough
forareactionto occurand fornew products to be formed
= Enzymes speed up chemicalreactions because theyreduce the stability of bonds inthe
substrate
= Enzymeslowerthe activationenergy needed to catalyse areaction
= Theenergyreleased is unchanged but the activationenergyrequiredis lowered
= Therate ofreactionis therefore quicker

The effect of enzyme actionon activationenergydiagram
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The graph shows how an enzyme lowers the activation energy required for a reaction

O Exam Tip

Endergonic and exergonic reactions are defined by the net the intake oroutput of energy

(respectively) this differs from endothermic and exothermic reactions which are defined by the
intake oroutput of thermal energy only.
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