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UnitI:

Wateranditsphysicochemicalproperties
Wateristhemostabundantsubstanceinlivingsystems,makingup70%ormore

oftheweightofmostorganisms.Thefirstlivingorganismsdoubtlessaroseinan
aqueousenvironment,andthecourseofevolutionhasbeenshapedbythepropertiesof
the aqueous medium in which life began.The attractive forces between water
moleculesandtheslighttendencyofwatertoionizeareofcrucialimportancetothe
structureandfunctionofbiomolecules.Thewatermoleculeanditsionizationproducts,
H+ andOH-,profoundlyinfluencethestructure,self-assembly,andpropertiesofall
cellularcomponents,including proteins,nucleicacids,and lipids.Thenoncovalent
interactions responsible forthe strength and specificity of“recognition”among
biomoleculesaredecisivelyinfluencedbythesolventpropertiesofwater,includingits
abilitytoform hydrogenbondswithitselfandwithsolutes.

Physicalproperties
HydrogenBonding

Hydrogenbondsbetweenwatermoleculesprovidethecohesiveforcesthat
makewateraliquidatroom temperatureandthatfavortheextremeorderingof
moleculesthatistypicalofcrystallinewater(ice).Polarbiomoleculesdissolvereadilyin
waterbecause theycan replace water-waterinteractions with more energetically
favorablewater-soluteinteractions.Incontrast,nonpolarbiomoleculesinterferewith
water-waterinteractionsbutareunabletoform water-soluteinteractions,consequently,
nonpolarmolecules are poorly soluble in water.In aqueous solutions,nonpolar
moleculestendtoclustertogether.Hydrogenbondsandionic,hydrophobic(Greek,
“water-fearing”),andvanderWaalsinteractionsareindividuallyweak,butcollectively
theyhaveaverysignificantinfluenceonthethree-dimensionalstructuresofproteins,
nucleicacids,polysaccharides,andmembranelipids.

Waterhasahighermeltingpoint,boilingpoint,andheatofvaporizationthan
mostothercommonsolvents(Table1).

TABLE1MeltingPoint,BoilingPoint,andHeatofVaporizationofSomeCommon
Solvents

Meltingpoint(°C) Boilingpoint(°C) Heat of vaporization
(J/g)*

Water 0 100 2,260
Methanol(CH3OH) -98 65 1,100
Ethanol(CH3CH2OH) -117 78 854
Propanol(CH3CH2CH2OH) -127 97 687
Butanol(CH3(CH2)2CH2OH) -90 117 590
Acetone(CH3COCH3) -95 56 523
Hexane(CH3(CH2)4CH3) -98 69 423
Benzene(C6H6) 6 80 394
Butane(CH3(CH2)2CH3) -135 -0.5 381



Chloroform (CHCl3) -63 61 247

Theseunusualpropertiesareaconsequenceofattractionsbetweenadjacent
watermoleculesthatgiveliquidwatergreatinternalcohesion.Alookattheelectron
structureoftheH2O moleculerevealsthecauseoftheseintermolecularattractions.
Eachhydrogenatom ofawatermoleculesharesanelectronpairwiththecentral
oxygenatom.Thegeometryofthemoleculeisdictatedbytheshapesoftheouter
electronorbitalsoftheoxygenatom,whicharesimilartothesp3bondingorbitalsof
carbon(seeFig.1–14).Theseorbitalsdescribearoughtetrahedron,withahydrogen
atom ateachoftwocornersandunsharedelectronpairsattheothertwocorners(Fig.

1a).TheH-O-H bondangleis104.5ͦ,slightlylessthanthe109.5ͦ ofaperfect
tetrahedronbecauseofcrowdingbythenonbondingorbitalsoftheoxygenatom.

Theoxygennucleusattractselectronsmorestronglythandoesthehydrogen
nucleus(aproton);thatis,oxygenismoreelectronegative.Thesharingofelectrons
betweenHandOisthereforeunequal;theelectronsaremoreofteninthevicinityofthe
oxygenatom thanofthehydrogen.Theresultofthisunequalelectronsharingistwo
electricdipolesinthewatermolecule,onealongeachoftheH-Obonds;eachhydrogen
bearsapartialpositivechargeandtheoxygenatom bearsapartialnegativecharge
equaltothesum ofthetwopartialpositives.Asaresult,thereisanelectrostatic
attractionbetweentheoxygenatom ofonewatermoleculeandthehydrogenofanother
(Fig.1c),calledahydrogenbond.Hydrogenbondsarerelativelyweak.Thoseinliquid
waterhaveabonddissociationenergy(theenergyrequiredtobreakabond)ofabout
23kJ/mol,comparedwith470kJ/molforthecovalentO-Hbondinwateror348kJ/mol
foracovalentC-Cbond.

FIGURE1Structureofthewatermolecule.ThedipolarnatureoftheH2Omoleculeisshownby(a)ball-
and-stickand(b)space-fillingmodels.Thedashedlinesin(a)representthenonbondingorbitals.Thereis



anearlytetrahedralarrangementoftheouter-shellelectronpairsaroundtheoxygenatom;thetwo
hydrogenatomshavelocalizedpartialpositivechargesandtheoxygenatom hasapartialnegative
charge.(c)TwoH2O moleculesjoinedbyahydrogenbondbetweentheoxygenatom oftheupper
moleculeandahydrogenatom ofthelowerone.HydrogenbondsarelongerandweakerthancovalentO-
Hbonds.

Chemicalproperties
InteractionofwaterwithPolarSolutes
Hydrogenbondsarenotuniquetowater.Theyreadilyform betweenanelectronegative
atom (thehydrogenacceptor,usuallyoxygenornitrogenwithalonepairofelectrons)
andahydrogenatom covalentlybondedtoanotherelectronegativeatom (thehydrogen
donor)inthesameoranothermolecule(Fig.2).Hydrogenatomscovalentlybondedto
carbonatomsdonotparticipateinhydrogenbonding,becausecarbonisonlyslightly
moreelectronegativethanhydrogenandthustheC-Hbondisonlyveryweaklypolar.
Thedistinctionexplainswhybutanol(CH3(CH2)2CH2OH)hasarelativelyhighboiling

pointof117ͦC,whereasbutane(CH3(CH2)2CH3)hasaboilingpointofonly-0.5ͦC.
Butanolhasapolarhydroxylgroupandthuscanform intermolecularhydrogenbonds.
Unchargedbutpolarbiomoleculessuchassugarsdissolvereadilyinwaterbecauseof
thestabilizingeffectofhydrogenbondsbetweenthehydroxylgroupsorcarbonyl
oxygenofthesugarandthepolarwatermolecules.Alcohols,aldehydes,ketones,and
compoundscontainingNOH bondsallform hydrogenbondswithwatermolecules
(Fig.3)andtendtobesolubleinwater.Hydrogenbondsarestrongestwhenthebonded
moleculesareorientedtomaximizeelectrostaticinteraction,whichoccurswhenthe
hydrogenatom andthetwoatomsthatshareitareinastraightline—thatis,whenthe
acceptoratom isinlinewiththecovalentbondbetweenthedonoratom andH(Fig.5).
Hydrogenbondsarethushighlydirectionalandcapableofholdingtwo hydrogen-
bondedmoleculesorgroupsinaspecificgeometricarrangement.Asweshallseelater,
thispropertyofhydrogenbondsconfersveryprecisethreedimensionalstructureson
proteinandnucleicacidmolecules,whichhavemanyintramolecularhydrogenbonds.

FIGURE2Commonhydrogenbondsinbiologicalsystems.Thehydrogenacceptorisusuallyoxygenor
nitrogen;thehydrogendonorisanotherelectronegativeatom.



FIGURE3Directionalityofthehydrogenbond.Theattractionbetweenthepartialelectriccharges(seeFig.
2–1)isgreatestwhenthethreeatomsinvolved(inthiscaseO,H,andO)lieinastraightline.Whenthe
hydrogen-bondedmoietiesarestructurallyconstrained(aswhentheyarepartsofasingleprotein
molecule,forexample),thisidealgeometrymaynotbepossibleandtheresultinghydrogenbondis
weaker.

InteractionofwaterwithChargedSolutes
Waterisapolarsolvent.Itreadilydissolvesmostbiomolecules,which are

generallychargedorpolarcompoundsthatdissolveeasilyinwaterarehydrophilic
(Greek,“water-loving”).Incontrast,nonpolarsolventssuchaschloroform andbenzene
arepoorsolventsforpolarbiomoleculesbuteasilydissolvethosethatarehydrophobic
nonpolarmoleculessuchaslipidsandwaxes.WaterdissolvessaltssuchasNaClby
hydratingandstabilizingtheNa_andClions,weakeningtheelectrostaticinteractions
betweenthem andthuscounteractingtheirtendencytoassociateinacrystallinelattice.
Thesamefactorsapplytochargedbiomolecules,compoundswithfunctionalgroups
such as ionized carboxylic acids,protonated amines and phosphate esters or
anhydrides.Waterreadily dissolves such compounds by replacing solute-solute
hydrogenbondswithsolute-waterhydrogenbonds,thusscreeningtheelectrostatic
interactionsbetweensolutemolecules.

InteractionofwaterwithnonpolarSolutes
Whenwaterismixedwithbenzeneorhexane,twophasesform;neitherliquidis

soluble in the other.Nonpolar compounds such as benzene and hexane are
hydrophobic—theyareunabletoundergoenergeticallyfavorableinteractionswithwater
molecules,andtheyinterferewiththehydrogenbondingamongwatermolecules.All
moleculesorionsinaqueoussolutioninterferewiththehydrogenbondingofsome
watermoleculesintheirimmediatevicinity,butpolarorchargedsolutes(suchasNaCl)
compensate forlostwater-waterhydrogen bonds by forming new solute-water
interactions.Amphipathiccompoundscontainregionsthatarepolar(orcharged)and
regionsthatarenonpolar.Whenanamphipathiccompoundismixedwithwater,the
polar,hydrophilicregioninteractsfavorablywiththesolventandtendstodissolve,but
thenonpolar,hydrophobicregiontendstoavoidcontactwiththewater(Fig.4a).The
nonpolarregionsofthemoleculesclustertogethertopresentthesmallesthydrophobic
areatotheaqueoussolvent,andthepolarregionsarearrangedtomaximizetheir
interaction with the solvent(Fig.4b).These stable structures of amphipathic
compoundsinwater,calledmicelles,maycontainhundredsorthousandsofmolecules.
The forces thathold the nonpolarregions ofthe molecules togetherare called
hydrophobicinteractions.Thestrengthofhydrophobicinteractionsisnotduetoany



intrinsicattractionbetweennonpolarmoieties.Rather,itresultsfrom thesystem’s
achievinggreatestthermodynamicstabilitybyminimizingthenumberoforderedwater
moleculesrequiredtosurroundhydrophobicportionsofthesolutemolecules.Many
biomoleculesareamphipathic;proteins,pigments,certainvitamins,andthesterolsand
phospholipidsofmembranesallhavepolarandnonpolarsurfaceregions.Structures
composedofthesemoleculesarestabilizedbyhydrophobicinteractionsamongthe
nonpolarregions.Hydrophobic interactions among lipids,and between lipids and
proteins,arethemostimportantdeterminantsofstructureinbiologicalmembranes.
Hydrophobic interactions between nonpolaramino acids also stabilize the three-
dimensionalstructuresofproteins.Hydrogenbondingbetweenwaterandpolarsolutes
alsocausessomeorderingofwatermolecules,buttheeffectislesssignificantthan
withnonpolarsolutes.

FIGURE4Amphipathiccompoundsinaqueoussolution.(a)Longchainfattyacidshaveveryhydrophobic
alkylchains,eachofwhichissurroundedbyalayerofhighlyorderedwatermolecules.(b)Byclustering
togetherinmicelles,thefattyacidmoleculesexposethesmallestpossiblehydrophobicsurfaceareato
thewater,andfewerwatermoleculesarerequiredintheshelloforderedwater.Theenergygainedby
freeingimmobilizedwatermoleculesstabilizesthemicelle.

IonizationofWater,WeakAcids,andWeakBases
Likeallreversiblereactions,theionizationofwatercanbedescribedbyan

equilibrium constant.Whenweakacidsaredissolvedinwater,theycontributeH+ by
ionizing;weakbasesconsumeH+bybecomingprotonated.Theseprocessesarealso
governed byequilibrium constants.Thetotalhydrogen ion concentration from all
sourcesisexperimentallymeasurableandisexpressedasthepHofthesolution.To
predictthestateofionizationofsolutesinwater,wemusttakeintoaccountthe



relevantequilibrium constantsforeachionizationreaction.
Watermoleculeshaveaslighttendencytoundergoreversibleionizationtoyield

ahydrogenion(aproton)andahydroxideion,givingtheequilibrium.

ThedissociationproductofwaterasH+,freeprotonsdonotexistinsolution;hydrogen
ionsformedinwaterareimmediatelyhydratedtohydronium ions(H3O+).Hydrogen
bondingbetweenwatermoleculesmakesthehydrationofdissociatingprotonsvirtually
instantaneous.

Theionizationofwatercanbemeasuredbyitselectricalconductivity;purewater
carrieselectricalcurrentasH+migratestowardthecathodeandOH-towardtheanode.
Themovementofhydronium andhydroxideionsintheelectricfieldisanomalouslyfast
comparedwiththatofotherionssuchasNa+,K+,andCl-.Becausereversibleionization
iscrucialtotheroleofwaterincellularfunction,theextentofionizationofwateris
expressedinquantitativeterms.

Thepositionofequilibrium ofanychemicalreactionisgivenbyitsequilibrium
constant,Keq(sometimesexpressedsimplyasK).Forthegeneralizedreaction

anequilibrium constantcanbedefinedintermsoftheconcentrationsofreactants(A
andB)andproducts(CandD)atequilibrium:

Strictly speaking,the concentration terms should be the activities,oreffective
concentrationsinnonidealsolutions,ofeachspecies.Exceptinveryaccuratework,
however, the equilibrium constant may be approximated by measuring the
concentrations atequilibrium.Forreasons beyond the scope ofthis discussion,
equilibrium constantsaredimensionless.

Theequilibrium constantisfixed and characteristicforanygiven chemical
reactionataspecifiedtemperature.Itdefinesthecompositionofthefinalequilibrium
mixture,regardlessofthestartingamountsofreactantsandproducts.Conversely,we
cancalculatetheequilibrium constantforagivenreactionatagiventemperatureifthe
equilibrium concentrationsofallitsreactantsandproductsareknown.

Equilibrium Constant
Thedegreeofionizationofwateratequilibrium issmall;at25°Conlyabouttwoof
every109moleculesinpurewaterareionizedatanyinstant.Theequilibrium constant
forthereversibleionizationofwateris:

Inpurewaterat25ͦC,theconcentrationofwateris55.5M (gramsofH2Oin1Ldivided
byitsgram molecularweight:(1,000g/L)/(18.015g/mol))andisessentiallyconstantin
relationtotheverylowconcentrationsofH+andOH-,namely,1×10-7M.Accordingly,we



cansubstitute55.5M intheaboveequilibrium constantexpressiontoyield:

Which,onrearranging,becomes:

WhereKwdesignatestheproduct(55.5M)(Keq),theionproductofwaterat25°C.
ThevalueforKeq,determinedbyelectrical-conductivitymeasurementsofpure

water,is1.8×10-16M at25ͦC.SubstitutingthisvalueforKeq intheaboveequation
givesthevalueoftheionproductofwater:

Thustheproduct[H+][OH-
]inaqueoussolutionsat25ͦCalwaysequals1×10-14M2.

WhenthereareexactlyequalconcentrationsofH+andOH-,asinpurewater,thesolution
issaidtobeatneutralpH.AtthispH,theconcentrationofH+andOH-canbecalculated
from theionproductofwaterasfollows:

Solvingfor[H+]gives

Astheionproductofwaterisconstant,whenever[H+]isgreaterthan1×10-7M,[OH-]
mustbecomelessthan1×10-7M ,andviceversa.When[H+]isveryhigh,asinasolution
ofhydrochloricacid,
[OH-]mustbeverylow.From theionproductofwaterwecancalculate[H+]ifweknow
[OH-],andviceversa.

pH
Theionproductofwater,Kw,isthebasisforthepHscale(Table2–6).Itisa

convenientmeansofdesignatingtheconcentrationofH+ (andthusofOH-)inany
aqueoussolutionintherangebetween1.0M H+and1.0M OH-.Theterm pHisdefined
bytheexpression

Thesymbolpdenotes“negativelogarithm of.”Forapreciselyneutralsolutionat25ͦ C,
inwhichtheconcentrationofhydrogenionsis1.0×10-7M,thepHcanbecalculatedas
follows:

TABLE2ThepHScale



[H+](M) pH [OH-](M) pOH*

100(1) 0 10-14 14
10-1 1 10-13 13
10-2 2 10-12 12
10-3 3 10-11 11
10-4 4 10-10 10
10-5 5 10-9 9
10-6 6 10-8 8
10-7 7 10-7 7
10-8 8 10-6 6
10-9 9 10-5 5
10-10 10 10-4 4
10-11 11 10-3 3
10-12 12 10-2 2
10-13 13 10-1 1
10-14 14 100(1) 0
*TheexpressionpOHissometimesusedtodescribethebasicity,orOH_concentration,ofasolution;
pOHisdefinedbytheexpressionpOH=-log[OH-],whichisanalogoustotheexpressionforpH.Notethat
inallcases,pH+pOH=14.

Thevalueof7forthepH ofapreciselyneutralsolutionisnotanarbitrarilychosen
figure;itisderivedfrom theabsolutevalueoftheionproductofwaterat25ͦC,which
byconvenientcoincidenceisaroundnumber.SolutionshavingapHgreaterthan7are
alkalineorbasic;theconcentrationofOH-isgreaterthanthatofH+.Conversely,
solutionshavingapHlessthan7areacidic.NotethatthepHscaleislogarithmic,not
arithmetic.TosaythattwosolutionsdifferinpHby1pHunitmeansthatonesolution
hastentimestheH+ concentrationoftheother,butitdoesnottellustheabsolute
magnitudeofthedifference.Figure5givesthepHofsomecommonaqueousfluids.A
coladrink(pH3.0)orredwine(pH3.7)hasanH+concentrationapproximately10,000
timesthatofblood(pH 7.4).ThepH ofanaqueoussolutioncanbeapproximately
measuredusingvariousindicatordyes,includinglitmus,phenolphthalein,andphenol
red,whichundergocolorchangesasaprotondissociatesfrom thedyemolecule.



Figure5ThepHofso,eaqueousfluids

Dissociationconstantsofweakacidsandbases
Hydrochloric,sulfuric,and nitric acids,commonly called strong acids,are

completelyionizedindiluteaqueoussolutions;thestrongbasesNaOH andKOH are
alsocompletelyionized.Ofmoreinteresttobiochemistsisthebehaviorofweakacids
andbases—thosenotcompletelyionizedwhendissolvedinwater.Thesearecommon
inbiologicalsystemsandplayimportantrolesinmetabolism anditsregulation.

Acidsmaybedefinedasprotondonorsandbasesasprotonacceptors.Aproton
donoranditscorrespondingprotonacceptormakeupaconjugateacid-basepair
(Fig.16).Aceticacid(CH3COOH),aprotondonor,andtheacetateanion(CH3COO-),the
correspondingprotonacceptor,constituteaconjugateacidbasepair,relatedbythe
reversiblereaction

Eachacidhasacharacteristictendencytoloseitsprotoninanaqueoussolution.
Thestrongertheacid,thegreaterisitstendencytoloseitsproton.Thetendencyofany
acid(HA)toloseaprotonandform itsconjugatebase(A-)isdefinedbytheequilibrium
constant(Keq)forthereversiblereaction

whichis



Equilibrium constants for ionization reactions are usually called ionization or
dissociationconstants,oftendesignatedKa.Thedissociationconstantsofsomeacids
aregiveninFigure6.Strongeracids,suchasphosphoricandcarbonicacids,havelarger
dissociationconstants;weakeracids,suchasmonohydrogenphosphate(HPO4

2-),have
smallerdissociationconstants.

AlsoincludedinFigure16arevaluesofpKa,whichisanalogoustopHandis
definedbytheequation

Thestrongerthetendencytodissociateaproton,thestrongeristheacidandthelower
itspKa.Asweshallnowsee,thepKaofanyweakacidcanbedeterminedquiteeasily.

FIGURE6Conjugateacid-basepairsconsistofaprotondonorandaprotonacceptor.Somecompounds,suchasaceticacidand
ammonium ion,aremonoprotic;theycangiveuponlyoneproton.Othersarediprotic(H2CO3(carbonicacid)andglycine)or
triprotic(H3PO4(phosphoricacid)).ThedissociationreactionsforeachpairareshownwheretheyoccuralongapHgradient.The
equilibrium ordissociationconstant(Ka)anditsnegativelogarithm,thepKa,areshownforeachreaction.

Buffers
BuffersareaqueoussystemsthattendtoresistchangesinpH whensmall

amountsofacid(H+)orbase(OH-)areadded.Abuffersystem consistsofaweakacid
(theprotondonor)anditsconjugatebase(theprotonacceptor).

Bufferingresultsfrom tworeversiblereactionequilibriaoccurringinasolutionof
nearlyequalconcentrationsofaprotondonoranditsconjugateprotonacceptor.Figure
7explainshow abuffersystem works.WheneverH+orOH-isaddedtoabuffer,the
resultisasmallchangeintheratiooftherelativeconcentrationsoftheweakacidand



itsanion and thusa smallchange in pH.The decrease in concentration ofone
componentofthesystem isbalancedexactlybyanincreaseintheother.Thesum of
thebuffercomponentsdoesnotchange,onlytheirratio.

FIGURE7Theaceticacid–acetatepairasabuffersystem.The
system iscapableofabsorbingeitherH+ orOH-throughthe
reversibilityofthedissociationofaceticacid.Theprotondonor,
aceticacid(HAc),containsareserveofboundH+,whichcanbe
releasedtoneutralizeanadditionofOH tothesystem,forming
H2O.This happens because the product[H+][OH-]transiently
exceedsKw (1×10-14M2).Theequilibrium quicklyadjustssothat
thisproductequals1×10-14 M2 (at25 ͦC),thustransiently
reducingtheconcentrationofH+.Butnowthequotient[H+][Ac-]/
[HAc]islessthan Ka,so HAcdissociatesfurtherto restore
equilibrium.Similarly,theconjugatebase,Ac_,canreactwithH_
ionsaddedtothesystem;again,thetwoionizationreactions
simultaneouslycometoequilibrium.Thusaconjugateacid-base
pair,suchasaceticacidandacetateion,tendstoresistachange

inpHwhensmallamountsofacidorbaseareadded.Bufferingactionissimplytheconsequenceoftworeversible
reactionstakingplacesimultaneouslyand reachingtheirpointsofequilibrium asgovernedbytheir
equilibrium constants,KW andKa.

RelationbetweenpH,pKa,andbufferconcentration

The relation between pH,pKa,and bufferconcentration is given by Henderson-
Hasselbalchequation,whichisimportantforunderstandingbufferactionandacid-base
balanceinthebloodandtissuesofvertebrates.Thisequationissimplyausefulwayof
restatingtheexpressionforthedissociationconstantofanacid.Forthedissociationof
aweakacidHAintoH+andA-,theHenderson-Hasselbalchequationcanbederivedas
follows:

Nowinvert-log[HA]/[A-],whichinvolveschangingitssign,toobtaintheHenderson-
Hasselbalchequation:

Thisequationfitsthetitrationcurveofallweakacidsandenablesustodeducea
numberofimportantquantitativerelationships.Forexample,itshowswhythepKaofa
weakacidisequaltothepHofthesolutionatthemidpointofitstitration.Atthatpoint,
[HA]equals[A-],and



theHenderson-Hasselbalchequationalsoallowsusto(1)calculatepKa,givenpHand
themolarratioofprotondonorandacceptor;(2)calculatepH,givenpKaandthemolar
ratioofprotondonorandacceptor;and(3)calculatethemolarratioofprotondonorand
acceptor,givenpHandpKa.

Aminoacids
Proteinsarepolymersofaminoacids,witheachaminoacidresiduejoinedtoits

neighborbyaspecifictypeofcovalentbond.(Theterm “residue”reflectsthelossofthe
elementsofwaterwhenoneaminoacidisjoinedtoanother.)Proteinscanbebroken
down(hydrolyzed)totheirconstituentaminoacidsbyavarietyofmethods,andthe
earlieststudiesofproteinsnaturallyfocusedonthefreeaminoacidsderivedfrom them.
Twenty differentamino acids are commonly found in proteins.The firstto be
discoveredwasasparagine,in1806.

All20ofthecommonaminoacidsareα-aminoacids.Theyhaveacarboxylgroup
andanaminogroupbondedtothesamecarbonatom (theα-carbon)(Fig.1).They
differfrom eachotherintheirsidechains,orRgroups,whichvaryinstructure,size,and
electriccharge,andwhichinfluencethesolubilityoftheaminoacidsinwater.

FIGURE1Generalstructureofanaminoacid.Thisstructureiscommontoallbutoneoftheα-aminoacids.(Proline,
acyclicaminoacid,istheexception.)TheRgrouporsidechain(red)attachedtotheα-carbon(blue)isdifferentin
eachaminoacid.

Classificationofaminoacids

AminoacidsareclassifiedintofivemainclassesbasedonthepropertiesoftheirR
groups,inparticular,theirpolarity,ortendencytointeractwithwateratbiologicalpH
(nearpH7.0).ThepolarityoftheRgroupsvarieswidely,from nonpolarandhydrophobic
(water-insoluble)tohighlypolarandhydrophilic(water-soluble).

Thestructuresofthe20commonaminoacidsareshowninFigure2.Withineach
classtherearegradationsofpolarity,size,andshapeoftheRgroups.
1. Nonpolar,AliphaticRGroups:TheRgroupsinthisclassofaminoacidsare

nonpolarandhydrophobic.Thesidechainsofalanine,valine,leucine,andisoleucine

tend to clustertogetherwithin proteins,stabilizing protein structurebymeansof

hydrophobicinteractions.Glycinehasthesimpleststructure.Althoughitisformally

nonpolar,its very smallside chain makes no realcontribution to hydrophobic

interactions.Methionine,oneofthetwosulfur-containingaminoacids,hasanonpolar

thioethergroupinitssidechain.Prolinehasanaliphaticsidechainwithadistinctive

cyclicstructure.Thesecondaryamino(imino)groupofprolineresiduesisheldinarigid

conformationthatreducesthestructuralflexibilityofpolypeptideregionscontaining



proline.

FIGURE2The20commonaminoacidsofproteins.Thestructuralformulasshowthestateofionization
thatwouldpredominateatpH7.0.Theunshadedportionsarethosecommontoalltheaminoacids;the
portionsshadedinredaretheRgroups.AlthoughtheRgroupofhistidineisshownuncharged,itspKais
suchthatasmallbutsignificantfractionofthesegroupsarepositivelychargedatpH7.0.

2. AromaticRGroups:Phenylalanine,tyrosine,andtryptophan,withtheiraromatic
sidechains,arerelativelynonpolar(hydrophobic).Allcanparticipateinhydrophobic
interactions.Thehydroxylgroupoftyrosinecanform hydrogenbonds,anditisan
importantfunctionalgroupinsomeenzymes.Tyrosineandtryptophanaresignificantly
morepolarthanphenylalanine,becauseofthetyrosinehydroxylgroupandthenitrogen



ofthetryptophanindolering.Tryptophanandtyrosine,andtoamuchlesserextent
phenylalanine,absorbultravioletlight.
3. Polar,UnchargedRGroups:TheRgroupsoftheseaminoacidsaremoresoluble
inwater,ormorehydrophilic,thanthoseofthenonpolaraminoacids,becausethey
containfunctionalgroupsthatform hydrogenbondswithwater.Thisclassofamino
acidsincludesserine,threonine,cysteine,asparagine,andglutamine.Thepolarityof
serineandthreonineiscontributedbytheirhydroxylgroups;thatofcysteinebyits
sulfhydrylgroup;andthatofasparagineandglutaminebytheiramidegroups.

Asparagineandglutaminearetheamidesoftwootheraminoacidsalsofoundin
proteins,aspartateandglutamate,respectively,towhichasparagineandglutamineare
easilyhydrolyzedbyacidorbase.Cysteineisreadilyoxidizedtoform acovalentlylinked
dimericaminoacidcalledcystine,inwhichtwocysteinemoleculesorresiduesare
joinedbyadisulfidebond(Fig.2).Thedisulfide-linkedresiduesarestronglyhydrophobic
(nonpolar).Disulfidebondsplayaspecialroleinthestructuresofmanyproteinsby
formingcovalentlinksbetweenpartsofaproteinmoleculeorbetweentwodifferent
polypeptidechains.
4. PositivelyCharged(Basic)RGroups:ThemosthydrophilicRgroupsarethose
thatareeitherpositivelyornegativelycharged.TheaminoacidsinwhichtheRgroups
havesignificantpositivechargeatpH7.0arelysine,whichhasasecondprimaryamino
groupattheε-positiononitsaliphaticchain;arginine,whichhasapositivelycharged
guanidinogroup;andhistidine,whichhasanimidazolegroup.Histidineistheonly
commonaminoacidhavinganionizablesidechain.
5. NegativelyCharged(Acidic)RGroups:ThetwoaminoacidshavingRgroupswith
anetnegativechargeatpH 7.0areaspartateandglutamate,eachofwhichhasa
secondcarboxylgroup.

Zwitterion

Whenanaminoacidisdissolvedinwater,itexistsinsolutionasthedipolarion,
orzwitterions(Germanfor“hybridion”).Azwitterioncanactaseitheranacid(proton
donor):

orabase(protonacceptor):

Substanceshavingthisdualnatureareamphotericandareoftencalledampholytes
(from “amphotericelectrolytes”).Asimplemonoaminomonocarboxylicα-aminoacid,



suchasalanine,isadiproticacidwhenfullyprotonated,ithastwogroups,theOCOOH
groupandthe-NH3

+group,thatcanyieldprotons:

Isoelectricpoint(pI):

ThecharacteristicpHatwhichthenetelectricchargeiszeroiscalledtheisoelectric
pointorisoelectricpH,designatedpI.Forglycine,whichhasnoionizablegroupinits
sidechain,theisoelectricpointissimplythearithmeticmeanofthetwopKavalues:

GlycinehasanetnegativechargeatanypH aboveitspIandwillthusmove
towardthepositiveelectrode(theanode)whenplacedinanelectricfield.AtanypH
below itspI,glycinehasanetpositivechargeandwillmovetowardthenegative
electrode(thecathode).ThefartherthepHofaglycinesolutionisfrom itsisoelectric
point,thegreaterthenetelectricchargeofthepopulationofglycinemolecules.AtpH
1.0,forexample,glycineexistsalmostentirelyastheform
+H3N-CH2-COOH,withanetpositivechargeof1.0.AtpH2.34,wherethereisanequal
mixtureof+H3N-CH2-COOHand+H3N-CH2-COOH-,theaverageornetpositivechargeis
0.5.ThesignandthemagnitudeofthenetchargeofanyaminoacidatanypHcanbe
predictedinthesameway.

Peptidebond:

Twoaminoacidmoleculescanbecovalentlyjoinedthroughasubstitutedamide
linkage,termedapeptidebond,toyieldadipeptide.Suchalinkageisformedbyremoval
oftheelementsofwater(dehydration)from theα-carboxylgroupofoneaminoacidand
theα-aminogroupofanother(Fig.3).Peptidebondformationisanexampleofa
condensationreaction,acommonclassofreactionsinlivingcells.

Threeaminoacidscanbejoinedbytwopeptidebondstoform atripeptide;
similarly,aminoacidscanbelinkedtoform tetrapeptides,pentapeptides,andsoforth.
When a few amino acids are joined in this fashion,the structure is called an
oligopeptide.Whenmanyaminoacidsarejoined,theproductiscalledapolypeptide.
Proteinsmayhavethousandsofaminoacidresidues.Althoughtheterms“protein”and
“polypeptide” are sometimes used interchangeably, molecules referred to as
polypeptidesgenerallyhavemolecularweightsbelow10,000,andthosecalledproteins
havehighermolecularweights.



FIGURE3Formationofapeptidebondbycondensation.Theα-aminogroupofoneaminoacid(withR2
group)actsasanucleophiletodisplacethehydroxylgroupofanotheraminoacid(withR1group),
formingapeptidebond(shadedinyellow).Aminogroupsaregoodnucleophiles,butthehydroxylgroupis
apoorleavinggroupandisnotreadilydisplaced.AtphysiologicalpH,thereactionshowndoesnotoccur
toanyappreciableextent.

Structureofproteins:
Fourlevelsofproteinstructurearecommonlydefined(Fig.3–16).Adescription

ofallcovalentbonds(mainlypeptidebondsanddisulfidebonds)linkingaminoacid
residuesinapolypeptidechainisitsprimarystructure.Themostimportantelementof
primarystructureisthesequenceofaminoacidresidues.Secondarystructurerefersto
particularly stable arrangements ofamino acid residues giving rise to recurring
structuralpatterns.Tertiarystructuredescribesallaspectsofthethree-dimensional
foldingofapolypeptide.Whenaproteinhastwoormorepolypeptidesubunits,their
arrangementinspaceisreferredtoasquaternarystructure.

Primarystructure
Theprimarystructureofapolypeptideisitsaminoacidsequence.Theamino

acidsareconnectedbypeptidebonds.Thestructureofpolypeptidedeterminesthe
higherlevelsofstructuralorganization.

Theα-carbonsofadjacentaminoacidresiduesareseparatedbythreecovalent
bonds,arrangedasCα-C-N-Cα.X-raydiffractionstudiesofcrystalsofaminoacidsandof
simpledipeptidesandtripeptidesdemonstratedthatthepeptideC-Nbondissomewhat
shorterthantheC-Nbondinasimpleamineandthattheatomsassociatedwiththe
peptidebondarecoplanar.Thisindicatedaresonanceorpartialsharingoftwopairsof
electronsbetweenthecarbonyloxygenandtheamidenitrogen(Fig.1a).Theoxygen
hasapartialnegativechargeandthenitrogenapartialpositivecharge,settingupa
smallelectricdipole.Thesixatomsofthepeptidegrouplieinasingleplane,withthe
oxygenatom ofthecarbonylgroupandthehydrogenatom oftheamidenitrogentrans
toeachother.From thesefindingsPaulingandCoreyconcludedthatthepeptideC-N
bondsareunabletorotatefreelybecauseoftheirpartialdouble-bondcharacter.
RotationispermittedabouttheN-CαandtheCα-Cbonds.Thebackboneofapolypeptide
chaincanthusbepicturedasaseriesofrigidplaneswithconsecutiveplanessharinga
commonpointofrotationatCα(Fig.1b).Therigidpeptidebondslimittherangeof
conformationsthatcanbeassumedbyapolypeptidechain.Byconvention,thebond



anglesresultingfrom rotationsatCαarelabeledϕ(phi)fortheN-Cαbondandψ(psi)for

theCα-Cbond.Againbyconvention,bothϕandψaredefinedas180
ͦ

whenthe
polypeptideisinitsfullyextendedconformationandallpeptidegroupsareinthesame

plane(Fig.4–2b).Inprinciple,ϕandψcanhaveanyvaluebetween-180
ͦ

and+180
ͦ

,
butmanyvaluesareprohibitedbystericinterferencebetweenatomsinthepolypeptide
backboneandaminoacidsidechains.Theconformationinwhichbothϕandψare0ͦ

(Fig.2c)isprohibitedforthisreason;thisconformationisusedmerelyasareference
pointfordescribingtheanglesofrotation.Allowedvaluesforϕandψaregraphically
revealedwhenψisplottedversusϕinaRamachandranplot(Fig.3),introducedbyG.
N.Ramachandran.



FIGURE2Theplanarpeptidegroup.(a)Eachpeptidebondhassomedouble-bondcharacterdueto
resonanceandcannotrotate.(b)Threebondsseparatesequentialα-carbonsinapolypeptidechain.The
N-CαandCα-Cbondscanrotate,withbondanglesdesignatedϕandψ,respectively.ThepeptideCON
bondisnotfreetorotate.Othersinglebondsinthebackbonemayalsoberotationallyhindered,
dependingonthesizeandchargeoftheRgroups.Intheconformationshown,ψandϕare180ͦ (or-180
ͦ).Asonelooksoutfrom theα-carbon,theϕandψanglesincreaseasthecarbonyloramidenitrogens
(respectively)rotateclockwise.(c)Byconvention,bothϕandψaredefinedas0ͦ whenthetwopeptide
bonds flanking thatα-carbon are in the same plane and positioned as shown.In a protein,this
conformationisprohibitedbystericoverlapbetweenanα-carbonyloxygenandanα-aminohydrogen
atom.Toillustratethebondsbetweenatoms,theballsrepresentingeachatom aresmallerthanthevan
derWaalsradiiforthisscale.1Å=0.1nm.



FIGURE3RamachandranplotforL-Alaresidues.Theconformationsofpeptidesaredefinedbythevalues
ofϕandψ.Conformationsdeemedpossiblearethosethatinvolvelittleornostericinterference,based
oncalculationsusingknownvanderWaalsradiiandbondangles.Theareasshadeddarkbluereflect
conformations thatinvolve no steric overlap and thus are fully allowed;medium blue indicates
conformationsallowedattheextremelimitsforunfavorableatomiccontacts;thelightestbluearea
reflectsconformationsthatarepermissibleifalittleflexibilityisallowedinthebondangles.The
asymmetryoftheplotresultsfrom theLstereochemistryoftheaminoacidresidues.Theplotsforother
L-aminoacidresidueswithunbranchedsidechainsarenearlyidentical.Theallowedrangesforbranched
aminoacidresiduessuchasVal,Ile,andThraresomewhatsmallerthanforAla.TheGlyresidue,whichis
lessstericallyhindered,exhibitsamuchbroaderrangeofallowedconformations.TherangeforPro
residuesisgreatlyrestrictedbecauseϕislimitedbythecyclicsidechaintotherangeof-35ͦ to-85ͦ.

Secondarystructure:
Themostcommontypeofsecondarystructure(2ͦ structure)aretheα-helixandβ-
pleatedsheet.Bothα-helixandβ-pleatedsheetpatternsarestabilizedbyhydrogen
bondsbetweenthecarbonylandN-Hgroupinthepolypeptide’sbackbone.

α-helix:Theα-helixisarigid,rodlikestructurethatformswhenapolypeptidechain
twistsinahelicalconformation.Thescrewsenseofα-helixcanberighthandedofleft
handed.Howeverright-handedhelicesareenergeticallymorefavorable.Inalmostall
proteins,thehelicaltwistoftheα-helixisright-handed.Thereare3.6aminoacid
residuesperturnofthehelixandthepitchis0.4nm.Eachresidueisrelatedtothenext
onebyariseof1.5Åalongthehelixaxis.Asingleturnofα-helixinvolves13atoms
from OtotheHoftheHbond.Forthisreason,theα-helixisreferredas3.613 helix.
Lengthofα-helixisusually10-15aminoacidresidues.Intrachainhydrogenbonds
betweentheN-Hgroupofeachaminoacidandcarbonylgroupoftheaminoacidfour
residuesaway.



Figure:Thehydrogenbondingarrangementintheα-helix

Exceptfortheaminoacidsneartheendsofanα-helix,allthemainchainCOandNH
groupsarehydrogenbonded.Thesidechainsofaminoacidsextendedoutwardfrom
thehelix.AllHbondslieparalleltothehelixaxisandpointinthesamedirection.

Helicescanbeformedfrom eitherD-orL-aminoacids,butagivenhelixmustbe
composedentirelyofaminoacidscanform eitherrightorlefthandedα-helices.

Aminoacidshavedifferentpropertiesforformingα-helices.Aminoacidresidues
such as alanine,glutamine,glutamate,leucine,methionine,arginine show higher
tendencytoform α-helices.Prolinetendstodisruptα-helicesbecauseitlacksan–NH
groupandbecauseitsringstructurerestrictsitsϕvaluetonear-60.

Figurea)describingthegeometryofα-helix,b)therighthandedα-helix

β-pleatedsheets:
β-pleatedsheetsform whentwoormorepolypeptidechainsegmentlineupside

byside.Eachindividualsegmentisreferredasaβ-strand.Ratherthanbeingcoiled,
eachβ-strandisfullyextended.Thedistancebetweenadjacentaminoacidsalongaβ-
strandisapproximately3.5Åalongwithadistanceof1.5Åalonganα-helix.β-pleated
sheetsarestabilizedbyinterchainhydrogenbondsthatform betweenthepolypeptide
backboneN-Handcarbonylgroupsofadjacentstrands.Adjacentstrandcanbeeither
parallelorantiparallel.Inparallelβ-pleatedsheetstructures,thepolypeptidechainsare
arrangedinthesamedirection.Howeverinantiparallelβ-pleatedsheetchainsrunin
opposite directions.Antiparallelβ-sheets are more stable than parallelβ-sheets
becausefullycollinearhydrogenbondsform.



Figure:Inanantiparallelsheet,adjacentsheetsruninoppositedirection.Hydrogenbonds
betweenNHandCOgroupsconnecteachaminoacidtoasingleaminoacidonanadjacent
strand.Inparallelsheet,adjacentstrandsruninthesamedirection.Hydrogenbondsconnect
eachaminoacidononestrandwithtwodifferentaminoacidsontheadjacentstrand.Foreach
aminoacid,theNHgrouposhydtogenbondedtotheCOgroupofoneaminoacidonadjacent
strand,wheretheCOgrouposhydrogenbondedtoNHgroupontheaminoacidtworesidues
fartheralongthechain.

Tertiarystructure
The term tertiary structure (3ͦ) refers to the unique three dimensional

conformationsthatglobularproteinsassumesasaconsequenceoftheinteractions
betweenthesidechainsintheirprimarystructure.Allinformationneededtofoldthe
proteinintoitsnativestructureiscontainedwithintheprimarystructureofthepeptide
chainitself.

Thefollowingtypesofcovalentandnoncovalentinteractionsstabilizetertiary
structure:

1.Hydrobhobicinteractions
2.Electrostaticinteractions
3.Hydrogenbonds
4.VanderWaalsforcesofinteraction
5.Covalentbond:Themostprominentcovalentbondsintertiarystructurearethe

disulphidebridgesfoundinmanyextracellularproteins.Cysteinehasathiol
groupthatisuniqueamong20aminoacidsinthatitoftenformsadisulfidebond
toanothercysteineresiduethroughtheoxidationoftheirthiolgroups.This
dimericcompoundisreferredtoastheaminoacidcysteine.



Figure:Structureofcysteine

Thefundamentalunitoftertiarystructureisthedomain.Itisapolypeptdechain
thatcanfoldindependentlyintoastablethreedimensionaltertiarystructure.Itis
alsofunctionalunitofprotein.Proteinsmaycompriseasingledomainormorethan
onedomain.Asmallproeinoftenconsistsofonlyonedomain.

Bioenergeticsandthermodynamics

Bioenergeticsisthequantitativestudyoftheenergytransductionsthatoccurinliving
cellsandofthenatureandfunctionofthechemicalprocessesunderlyingthese
transductions.

Thermodynamicprinciples:

Firstlawofthermodynamics:Thefirstlawofthermodynamicsdescribestheprincipleof
theconservationofenergy:inanyphysicalorchemicalchange,thetotalamountof
energyintheuniverseremainsconstant,i.ethetotalofenergyofasystem,including
surroundings,remainconstant,althoughtheform oftheenergymaychange.
Mathematicallyitcanbeexpressedas:

∆U=∆q-∆w
∆Uisthechangeininternalenergy,
∆qtheheatexchangedfrom thesurroundings,
∆wtheworkdonebythesystem

If∆qispositive,heathasbeentransferredtothesystem,givinganincreaseininternal
energy.When∆qisnegative,heathasbeentransferredtothesurroundings,givinga
decreaseininternalenergy.When∆w ispositive,workhasbeendonebythesystem,
givingadecreaseininternalenergy.When∆w isnegative,workhasbeendoneby
surroundings,givinganincreaseininternalenergy.
Secondlaw ofthermodynamics:Thesecondlaw ofthermodynamicsstatesthatthe
totalentropyofasystem mustincreaseifaprocessistooccurspontaneously.

Mathematicallyitcanbeexpressedas:
∆S≤∆q/T

Where∆Sisthechangeintheentropyofthesystem

Open,closedandisolatedsystem

Living organisms consistofcollections ofmolecules much more highly



organized than the surrounding materials from which they are constructed,and
organismsmaintainand produceorder,seeminglyobliviousto thesecond law of
thermodynamics.Butlivingorganismsdonotviolatethesecondlaw;theyoperate
strictlywithinit.Thereactingsystem isthecollectionofmatterthatisundergoinga
particularchemicalorphysicalprocess;itmaybeanorganism,acell,ortworeacting
compounds.Thereactingsystem anditssurroundingstogetherconstitutetheuniverse.
Somechemicalorphysicalprocessescanbecarriedoutinisolatedorclosedsystems,
inwhichnomaterialorenergyisexchangedwiththesurroundings.Livingcellsand
organisms,however,areopensystems,exchangingbothmaterialandenergywiththeir
surroundings;livingsystemsareneveratequilibrium withtheirsurroundings,andthe
constanttransactionsbetweensystem andsurroundingsexplainhow organismscan
create order within themselves while operating within the second law of
thermodynamics.

Forchemicalreactionsoccurringinsolution,asystem isdefinedasallthe
reactantsandproductspresent,thesolventthatcontainsthem,andtheimmediate
atmosphere.Inshort,asystem iseverythingwithinadefinedregionofspace.The
system anditssurroundingstogetherconstitutetheuniverse.Therearethreetypesof
system as:

Isolatedsystem:Ifthesystem exchangesneither
matternorenergywithitssurroundings,itissaidto
beisolatedsystem.
Closedsystem:Ifthesystem exchangesenergy
butnotmatterwithitssurroundings,itissaidtobe
closedsystem.
Open system: ifthe system exchanges both
energyandmatterwithitssurroundings,itisan
opensystem.Alivingorganism isanopensystem;
itexchanges both matterand energy with its
surroundings.Livingorganismsderiveenergyfrom
theirsurroundingsintwoways:(1)theytakeup
chemical fuels (such as glucose) from the
environmentandextractenergybyoxidizingthem
or(2)theyabsorbenergyfrom sunlight.

Thefirstlawofthermodynamics,developed
from physics and chemistry butfully valid for
biologicalsystemsaswell,describestheprinciple
oftheconservationofenergy:inanyphysicalor
chemicalchange,thetotalamountofenergyinthe
universeremainsconstant,althoughtheform of
the energymaychange.Cells are consummate
transducersofenergy,capableofinterconverting
chemical, electromagnetic, mechanical, and
osmoticenergywithgreatefficiency(Fig.1).

FIGURE1;Someenergyinterconversioninlivingorganisms.
Duringmetabolicenergytransductions,therandomnessof



thesystem plussurroundings(expressedquantitativelyasentropy)increasesasthepotentialenergyof
complexnutrientmoleculesdecreases.(a)Livingorganismsextractenergyfrom theirsurroundings;(b)
convertsomeofitinto usefulformsofenergyto producework;(c)return someenergyto the
surroundingsasheat;and(d)releaseend-productmoleculesthatarelesswellorganizedthanthe
startingfuel,increasingtheentropyoftheuniverse.Oneeffectofallthesetransformationsis(e)
increasedorder(decreasedrandomness)inthesystem intheform ofcomplexmacromolecules.

Gibb’sfreeenergy:
FreeenergyorGibb’sfreeenergyindicatestheportionofthetotalenergyofa

system thatisavailableforusefulwork(alsoknownaschemicalpotential).Thechange
in freeenergyisdenoted as∆G. Underconstanttemperatureand pressure,the
relationshipbetweenfreeenergychange(∆G)ofareactingsystem andthechangein
entropy(∆S)isexpressedbyfollowingequation:

∆G=∆H-T∆S
Where∆HisthechangeinenthalpyandTisabsolutetemperature.∆Histhemeasure
ofchangeinheatcontentofreactantsandproducts.Thechangeinthefreeenergy,∆G,
canbeusedtopredictthedirectionofareactionatconstanttemperatureandpressure.

If∆G isnegative,thereactionproceedsspontaneouslywiththelossoffree
energy(exergonic).
∆Gispositive,thereactionproceedsonlywhenfreeenergycanbegained(endergonic),
∆Gis0,thesystem isatequilibrium,bothforwardandreversereactionsoccuratequal
rates,
∆G ofthereactionA Bdependsontheconcentrationofreactantandproduct.At
constanttemperatureandpressure,thefollowingequationcanbederived:

∆G = 1+RTIn∆G0 [B]

[A]
Where isthestandardfreeenergychange,∆G0

Risthegasconstant
Tistheabsolutetemperature,
[A]and[B]aretheactualconcentrationsofreactantandproduct

Enthalpy,H,istheheatcontentofthereactingsystem.Itreflectsthenumberandkinds
ofchemicalbondsinthereactantsandproducts.Whenachemicalreactionreleases
heat,itissaidtobeexothermic;theheatcontentoftheproductsislessthanthatofthe
reactantsand∆Hhas,byconvention,anegativevalue.Reactingsystemsthattakeup
heatfrom theirsurroundingsareendothermicandhavepositivevaluesof∆H.
Entropy,S,isaquantitativeexpressionfortherandomnessordisorderinasystem.
Whentheproductsofareactionarelesscomplexandmoredisorderedthanthe
reactants,thereactionissaidtoproceedwithagaininentropy.

Theunitsof∆G and∆H arejoules/moleorcalories/mole(recallthat1cal=
4.184J);unitsofentropyarejoules/mole.Kelvin(J/mol.K).
Undertheconditionsexistinginbiologicalsystems(includingconstanttemperatureand
pressure),changesinfreeenergy,enthalpy,andentropyarerelatedtoeachother
quantitativelybytheequation

∆G=∆H-T∆S
inwhich∆GisthechangeinGibbsfreeenergyofthereactingsystem,∆Histhechange
inenthalpyofthesystem,Tistheabsolutetemperature,and_Sisthechangeinentropy
ofthesystem.Byconvention,∆Shasapositivesignwhenentropyincreasesand∆H,as



noted above,has a negative sign when heatis released by the system to its
surroundings.Eitheroftheseconditions,whicharetypicaloffavorableprocesses,tends
tomake∆Gnegative.Infact,∆Gofaspontaneouslyreactingsystem isalwaysnegative.
Thesecondlaw ofthermodynamicsstatesthattheentropyoftheuniverseincreases
duringallchemicalandphysicalprocesses,butitdoesnotrequirethattheentropy
increasetakeplaceinthereactingsystem itself.Theorderproducedwithincellsasthey
grow anddivideismorethancompensatedforbythedisordertheycreateintheir
surroundingsinthecourseofgrowthanddivision.Inshort,livingorganismspreserve
theirinternalorderbytakingfrom thesurroundingsfreeenergyintheform ofnutrients
orsunlight,andreturningtotheirsurroundingsanequalamountofenergyasheatand
entropy.



Carbohydrates

Thecarbohydrates,oftentermedassugars,arethe‘staffoflife’formostorganisms.
Onthebasisofmass,theyarethemostabundantclassofbiomoleculesinnature.
Carbohydratesarealsoknownassaccharides(sakcharonG=sugarorsweetness)
since manyofthose ofrelativelysmallmolecularweighthave a sweettaste,
althoughthisisnottrueofthosewithlargemolecules.Theyarewidelydistributed
molecules (moles L = mass) in both plant and animaltissues.They are
indispensableforlivingorganisms,servingasskeletalstructuresinplantsandalso
in insects and crustaceans.Plants are considerablyricherin carbohydrates in
comparisontotheanimals.

Theterm ‘carbohydrate’wasoriginallycoinedforthisclassofcompoundsas
mostofthem were‘hydratesofcarbon’orcouldberepresentedbythegeneral
formula,Cx(H2O)y.Later,itwasfoundthatsomeofthem,suchasdeoxyribose
(C5H10O4)andrhamnose(C6H12O5)donothavetherequiredratioofhydrogento
oxygen.Inaddition,certainothercarbohydratesarenowknowntopossessnitrogen
(e.g.,glucosamine,C6H13O5N),phosphorusorsulfuralso and obviouslydo not
coincidewiththeabovegeneralformula.Furthermore,formaldehyde(H.CHO or
CH2O),aceticacid (CH3.COOH orC2H4O2)and lacticacid (CH3.CHOH.COOH or
C3H6O3)whichhaveC,HandOandtheratioofH:Oisalsothesameasinwater,but
arenotacarbohydrates.Hence,thecontinuedusageoftheterm ‘carbohydrate’isfor
convenienceratherthanexactness.Toaccommodateawidevarietyofcompounds,
the carbohydrates are nowadays broadlydefined as polyhydroxyaldehydes or
ketonesandtheirderivativesorassubstancesthatyieldoneofthesecompoundson
hydrolysis.

NOMENCLATUREANDDEFINITION
Theterm ‘carbohydrate’wasoriginallycoinedforthisclassofcompoundsasmost
ofthem were‘hydratesofcarbon’orcouldberepresentedbythegeneralformula,
Cx(H2O)y.Later,itwasfoundthatsomeofthem,suchasdeoxyribose(C5H10O4)and
rhamnose(C6H12O5)donothavetherequiredratioofhydrogentooxygen.Inaddition,
certainothercarbohydratesarenowknowntopossessnitrogen(e.g.,glucosamine,
C6H13O5N),phosphorusorsulfuralsoandobviouslydonotcoincidewiththeabove
general formula. Furthermore,formaldehyde (H.CHO or CH2O),acetic acid
(CH3.COOHorC2H4O2)andlacticacid(CH3.CHOH.COOHorC3H6O3)whichhaveC,H
andOandtheratioofH:Oisalsothesameasinwater,butarenotacarbohydrates.
Hence,thecontinuedusageoftheterm ‘carbohydrate’isforconvenienceratherthan
exactness.

To accommodate a wide variety ofcompounds,the carbohydrates are
nowadaysbroadlydefinedaspolyhydroxyaldehydesorketonesandtheirderivatives
orassubstancesthatyieldoneofthesecompoundsonhydrolysis.

CLASSIFICATION
Carbohydratesareusuallyclassifiedin3groups:
A.MonosaccharidesorMonosaccharoses(monoG =one;sakcharonG =sugar).

The monosaccharides,often called simple sugars,are compounds which
possessafreealdehyde(—CHO)orketone(=CO)groupand2ormorehydroxyl
(—OH)groups.Theyare,infact,thesimplestsugarsandcannotbehydrolyzed
into smaller units. Their generalformula is Cn(H2O)n or CnH2nOn. The
monosaccharidesmaybesubdividedintotrioses,tetroses,pentoses,hexoses,



heptosesetc.,dependinguponthenumberofcarbonatomstheypossess;and
asaldosesorketoses,dependinguponwhethertheycontainaldehydeorketone
group.Someimportantexamplesare:

Name Formula Aldoses

(Aldosugars)

Ketoses

(Ketosugars)

Trioses C3H6O3 Glycerose Dihydroxyacetone

Tetroses C4H8O4 Erythrose Erythrulose

Pentoses C5H10O5 Ribose Ribulose

Hexoses C6H12O6 Glucose Fructose

Heptoses C7H14O7 Glucoheptose Sodoheptulose

Figure 1 Representative
monosaccharides.(a)Twotrioses,an
aldoseand aketose.Thecarbonyl
group in each is shaded.(b)Two
common hexoses.(c)Thepentose
components of nucleic acids. D-
Riboseisacomponentofribonucleic
acid(RNA),and2-deoxy-Driboseisa



Isomerism incarbohydrates

MonosaccharidesHaveAsymmetricCenters:
Allthe monosaccharides exceptdihydroxyacetone contain one ormore

asymmetric(chiral)carbonatomsandthusoccurinopticallyactiveisomericforms
(pp.17–19).Thesimplestaldose,glyceraldehyde,containsonechiralcenter(the
middlecarbonatom)andthereforehastwodifferentopticalisomers,orenantiomers
(Fig.3).
Byconvention,oneofthesetwoformsisdesignatedtheDisomer,theothertheL
isomer.Asforotherbiomoleculeswithchiralcenters,theabsoluteconfigurationsof
sugarsareknownfrom x-raycrystallography.Torepresentthree-dimensionalsugar
structuresonpaper,weoftenuseFischerprojectionformulas(Fig.3).Ingeneral,a
moleculewithnchiralcenterscanhave2nstereoisomers.Glyceraldehydehas21=2;
the aldohexoses,with fourchiralcenters,have 24 = 16 stereoisomers.The
stereoisomersofmonosaccharidesofeachcarbon-chainlengthcanbedividedinto

FIGURE2Aldosesandketoses.

Theseriesof(a)D-aldosesand

(b)D-ketoseshavingfrom three

tosixcarbonatoms,shownas

projection formulas. The

carbonatomsinredarechiral

centers.InalltheseDisomers,

thechiralcarbonmostdistant

from thecarbonylcarbonhas

thesameconfigurationasthe

chiral carbon in D-

glyceraldehyde. The sugars

namedinboxesarethemost

commoninnature.



twogroupsthatdifferintheconfigurationaboutthechiralcentermostdistantfrom
thecarbonylcarbon.Thoseinwhichtheconfigurationatthisreferencecarbonisthe
sameasthatofD-glyceraldehydearedesignatedD isomers,andthosewiththe
sameconfigurationasL-glyceraldehydeareLisomers.Whenthehydroxylgroupon
thereferencecarbonisontherightintheprojectionformula,thesugaristheD
isomer;whenontheleft,itistheLisomer.Ofthe16possiblealdohexoses,eightare
DformsandeightareL.MostofthehexosesoflivingorganismsareDisomers.

Figure2showsthestructuresoftheDstereoisomersofallthealdosesand
ketoseshaving threeto sixcarbon atoms.Two sugarsthatdifferonlyin the
configurationaroundonecarbonatom arecalledepimers;D-glucoseandD-mannose,
whichdifferonlyinthestereochemistryatC-2,areepimers,asareD-glucoseandD-
galactose(whichdifferatC-4)(Fig.4).

FIGURE 3.Three ways to representthe two stereoisomers ofglyceraldehyde.The
stereoisomersaremirrorimagesofeachother.Ball-and-stickmodelsshowtheactual
configurationofmolecules.Byconvention,inFischerprojectionformulas,horizontal
bondsprojectoutoftheplaneofthepaper,towardthereader;verticalbondsproject
behindtheplaneofthepaper,awayfrom thereader.



Fig.4Epimers.D-Glucoseandtwoofitsepimersareshownasprojectionformulas.
Eachepimerdiffersfrom D-glucoseintheconfigurationatonechiralcenter(shaded
).

TheCommonMonosaccharidesHaveCyclicStructures
Inaqueoussolution,aldotetrosesandallmonosaccharideswithfive

ormorecarbonatomsinthebackboneoccurpredominantlyascyclic
(ring)structuresinwhichthecarbonylgrouphasformedacovalentbond
withtheoxygenofahydroxylgroupalongthechain.Theformationof
theseringstructuresistheresultofageneralreactionbetweenalcohols
andaldehydesorketonesto form derivativescalledhemiacetalsor
hemiketals(Fig.5),whichcontainanadditionalasymmetriccarbonatom
andthuscanexistintwostereoisomericforms.Forexample,D-glucose
existsinsolutionasanintramolecularhemiacetalinwhichthefree
hydroxylgroupatC-5hasreactedwiththealdehydicC-1,renderingthe
lattercarbonasymmetricandproducingtwostereoisomers,designated
and(Fig.6).Thesesix-memberedringcompoundsarecalledpyranoses
becausetheyresemblethesixmemberedringcompoundpyran(Fig.
7–7).ThesystematicnamesforthetworingformsofD-glucoseare-D-
glucopyranoseand-D-glucopyranose.

Fig.5Formationofhemiacetalsandhemiketals.Analdehydeorketonecanreact
withanalcoholina1:1ratiotoyieldahemiacetalorhemiketal,respectively,creating
a new chiralcenteratthe carbonylcarbon.Substitution ofa second alcohol
moleculeproducesanacetalorketal.Whenthesecondalcoholispartofanother



sugarmolecule,thebondproducedisaglycosidicbond.

Aldohexosesalsoexistincyclicformshavingfivememberedrings,
which,becausetheyresemblethefivememberedringcompoundfuran,
arecalledfuranoses.Isomericformsofmonosaccharidesthatdiffer
onlyintheirconfigurationaboutthehemiacetalorhemiketalcarbon
atom arecalledanomers.Thehemiacetal(orcarbonyl)carbonatom is
called the anomeric carbon.The α and β anomers ofD-glucose
interconvertinaqueoussolutionbyaprocesscalledmutarotation.Thus,
asolutionofα-D-glucoseandasolutionofβ-D-glucoseeventuallyform
identicalequilibrium mixtureshavingidenticalopticalproperties.This
mixtureconsistsofaboutone-thirdα-D-glucose,two-thirdsβ-D-glucose,
and very smallamounts of the linear and five-membered ring
(glucofuranose)forms.Ketohexosesalsooccurinαandβanomeric
forms.InthesecompoundsthehydroxylgroupatC-5(orC-6)reacts
with the keto group atC-2,forming a furanose (orpyranose)ring
containingahemiketallinkage(Fig.5).D-Fructosereadilyformsthe
furanose ring (Fig.7);the more common anomerofthis sugarin
combinedformsorinderivativesisβ-D-fructofuranose.

HaworthperspectiveformulaslikethoseinFig.7arecommonlyused
to show the stereochemistry ofring forms ofmonosaccharides.
However,thesix-memberedpyranoseringisnotplanar,asHaworth
perspectives suggest,buttends to assume eitheroftwo “chair”
conformations(Fig.8).

Fig.6. Formation ofthetwo cyclicformsofD-glucose.Reaction between the
aldehydegroupatC-1andthehydroxylgroupatC-5formsahemiacetallinkage,
producingeitheroftwostereoisomers,the and anomers,whichdifferonlyinthe
stereochemistry around the hemiacetalcarbon.The interconversion of and



anomersiscalledmutarotation.

Fig.7.Pyranosesandfuranoses.ThepyranoseformsofD-glucoseandthe
furanoseformsofD-fructoseareshownhereasHaworthperspectiveformulas.The
edgesoftheringnearestthereaderarerepresentedbyboldlines.Hydroxylgroups
belowtheplaneoftheringintheseHaworthperspectiveswouldappearattheright
sideofaFischerprojection(comparewithFig.6).Pyranandfuranareshownfor
comparison.

Fig.8.Conformationalformulas ofpyranoses.(a)Two chairforms ofthe
pyranose ring.Substituentsontheringcarbonsmaybeeitheraxial(ax),projecting
paralleltotheverticalaxisthroughthering,orequatorial(eq),projectingroughly
perpendicularto this axis.Two conformers such are these are notreadily
interconvertiblewithoutbreakingthering.However,whenthemoleculeis“stretched”
(byatomicforcemicroscopy),aninputofabout46kJofenergypermoleofsugar
canforcetheinterconversionofchairforms.Generally,substituentsintheequatorial
positionsarelessstericallyhinderedbyneighboringsubstituents,andconformers
withbulkysubstituentsinequatorialpositionsarefavored.Anotherconformation,



the“boat”(notshown),isseenonlyinderivativeswithverybulkysubstituents.(b)A
chairconformationof-D-glucopyranose.

B.OligosaccharidesorOligosaccharoses(oligo=few).
Thesearecompound sugarsthatyield 2 to 10 moleculesofthesameor

differentmonosaccharidesonhydrolysis.Accordingly,anoligosaccharideyielding2
moleculesofmonosaccharideonhydrolysisisdesignatedasadissaccharide,and
theoneyielding3moleculesofmonosaccharideasatrisaccharideandsoon.The
generalformulaofdisaccharidesisCn(H2O)n – 1 and thatoftrisaccharidesis
Cn(H2O)n–2andsoon.Afewexamplesare:
Disaccharides – Sucrose,Lactose,Maltose,Cellobiose,Trehalose,Gentiobiose,
Melibiose
Trisaccharides – Rhamninose,Gentianose,Raffinose (= Melitose),Rabinose,
Melezitose
Tetrasaccharides–Stachyose,Scorodose
Pentasaccharide–Verbascose

DisaccharidesContainaGlycosidicBond
Disaccharides (such as maltose,lactose,and sucrose) consist of two

monosaccharidesjoinedcovalentlybyandO-glycosidicbond,whichisformedwhen
ahydroxylgroupofonesugarreactswiththeanomericcarbonoftheother(Fig.
7–11).Thisreactionrepresentstheformationofanacetalfrom ahemiacetal(such
asglucopyranose)andanalcohol(ahydroxylgroupofthesecondsugarmolecule)
(Fig.7–5).Glycosidicbondsarereadilyhydrolyzedbyacidbutresistcleavageby
base.Thusdisaccharidescanbehydrolyzedtoyieldtheirfreemonosaccharide
componentsbyboilingwithdiluteacid.N-glycosylbondsjointheanomericcarbonof
asugartoanitrogenatom inglycoproteins(seeFig.7–31)andnucleotides(seeFig.
8–1).

Fig.11Formationofmaltose.Adisaccharideisformedfrom twomonosaccharides(here,



two molecules ofD-glucose)when an -OH (alcohol)ofone glucose molecule (right)
condenseswiththeintramolecularhemiacetaloftheotherglucosemolecule(left),with
eliminationofH2OandformationofanO-glycosidicbond.Thereversalofthisreactionis
hydrolysis—attackbyH2Oontheglycosidicbond.

C.PolysaccharidesorPolysaccharoses(poly=many).
These are also compound sugars and yield more than 10 molecules of

monosaccharideson hydrolysis.Thesemaybefurtherclassified depending on
whetherthemonosaccharidemoleculesproducedasaresultofthehydrolysisof
polysaccharidesareofthesametype(homopolysaccharides)orofdifferenttypes
(heteropolysaccharides).Their generalformula is (C6H10O5)x.Some common
examplesare:
Homopolysaccharides:–Starch,Glycogen,Inulin,Cellulose,Pectin,andChitin.
Heteropolysaccharides:– “Specific soluble sugar”ofpneumococcus type III,
Hyaluronicacid,Chondrotin.

Starchcontainstwotypesofglucosepolymer,amyloseandamylopectin(Fig.
15).The formerconsists oflong,unbranched chains ofD-glucose residues
connectedby(α1→4)linkages.Suchchainsvaryinmolecularweightfrom afew
thousandtomorethanamillion.Amylopectinalsohasahighmolecularweight(up
to100million)butunlikeamyloseishighlybranched.Theglycosidiclinkagesjoining
successiveglucoseresiduesinamylopectinchainsare(α1→4);thebranchpoints
(occurringevery24to30residues)are(α1→6)linkages.

Glycogenisthemainstoragepolysaccharideofanimalcells.Likeamylopectin,
glycogenisapolymerof(α1→4)-linkedsubunitsofglucose,with(α1→6)-linked
branches,butglycogenismoreextensivelybranched(onaverage,every8to12
residues)andmorecompactthanstarch.Glycogenisespeciallyabundantintheliver,
whereitmayconstituteasmuchas7% ofthewetweight;itisalsopresentin
skeletalmuscle.Inhepatocytesglycogenisfoundinlargegranules.



Fig.15Amyloseandamylopectin,thepolysaccharidesofstarch.(a)A shortsegmentof
amylose,alinearpolymerofD-glucoseresiduesin(α1→4)linkage.A singlechaincan
containseveralthousandglucoseresidues.Amylopectinhasstretchesofsimilarlylinked
residuesbetweenbranchpoints.(b)An(α1→6)branchpointofamylopectin.(c)Aclusterof
amylose and amylopectin like thatbelieved to occurin starch granules.Strands of
amylopectin form double helicalstructures with each otherorwith amylose strands.
Glucoseresiduesatthenon-reducingendsoftheouterbranchesareremovedenzymatically
duringthemobilizationofstarchforenergyproduction.Glycogenhasasimilarstructurebut
ismorehighlybranchedandmorecompact.

Cellulose

Cellulose Fig.16.isnotonlythe mostabundantextracellular
structuralpolysaccharideoftheplantworldbutisalsoundoubtedlythe
mostabundantofallbiomoleculesinthebiosphere.Itispresentinall
landplants,butiscompletelylackinginmeat,egg,fishandmilk.Itis,
however,notmetabolizedbythehumansystem.Celluloseoccursinthe
cellwallsofplantswhereitcontributesinamajorwaytothestructureof
theorganism.Celluloseisoftenfoundassociatedwithotherstructural
substancessuchaslignin.Plantresiduesinsoilconsistof40-70%
cellulose.Itoccursinnearlypureform incotton(94%),flax(90%)andin
thewoodofmanyplants(60%).Itisnotusuallyfoundinbacterialcell
walls,butitisthesubstancewhichkeepsthecellsofSarcinaventriculi



togetherinlargepacketsorbunches.
Themolecularweightofcelluloserangesbetween200,000and

2,000,000,thuscorrespondingto1,250–12,500glucoseresiduesper
molecule.Itmaybeformedbytakingoutamoleculeofwaterfrom the
glycosidicOHgrouponcarbonatom 1ofoneβ-D-glucosemoleculeand
thealcoholicOHgrouponcarbonatom 4oftheadjacentβ-D-glucose
molecule.It,thus,resemblesinstructurewithamyloseexceptthatthe
glucoseunitsarelinkedtogetherbyβ-1,4-glucosidelinkages.Cellulose
may,henceforth,beregardedasananhydrideofβ-D-glucoseunits.

Itisafibrous,tough,whitesolid,insolubleinwaterbutsolublein
ammoniacalcuprichydroxidesolution(Schweitzer’sreagent).Itgivesno
colourwithiodineandlackssweetness.Althoughinsolubleinwater,
celluloseabsorbswaterandaddstothebulkofthefecalmatterand
acilitatesitsremoval.

Fig.16.StructureofCellulose

Glycoproteins

Glycoproteinshaveoneorseveraloligosaccharidesofvaryingcomplexity
joinedcovalentlytoaprotein.Theyarefoundontheouterfaceoftheplasma
membrane,intheextracellularmatrix,andintheblood.Insidecellstheyarefoundin
specificorganellessuchasGolgicomplexes,secretorygranules,andlysosomes.
The oligosaccharide portions ofglycoproteins are less monotonous than the
glycosaminoglycanchainsofproteoglycans;theyarerichininformation,forming
highlyspecificsitesforrecognitionandhigh-affinitybindingbyotherproteins.

Glycoproteinsarecarbohydrate-proteinconjugatesinwhichthecarbohydrate
moietiesaresmallerandmorestructurallydiversethantheglycosaminoglycansof
proteoglycans.Thecarbohydrateisattached atitsanomericcarbon through a
glycosidiclinktothe-OHofaSerorThrresidue(O-linked),orthroughanN-glycosyl
linktotheamidenitrogenofanAsnresidue(N-linked)(Fig.17).Someglycoproteins
haveasingleoligosaccharidechain,butmanyhavemorethanone;thecarbohydrate
mayconstitutefrom 1%to70%ormoreoftheglycoproteinbymass.Thestructures
ofalargenumberofO-andN-linkedoligosaccharidesfrom avarietyofglycoproteins
areknown.

Manyoftheproteinssecretedbyeukaryoticcellsareglycoproteins,including
mostoftheproteinsofblood.Forexample,immunoglobulins(antibodies)and
certainhormones,suchasfollicle-stimulatinghormone,luteinizinghormone,and



thyroid-stimulating hormone,are glycoproteins.Many milk proteins,including
lactalbumin,and some ofthe proteins secreted by the pancreas (such as
ribonuclease)areglycosylated,asaremostoftheproteinscontainedinlysosomes.

Fig.17.Oligosaccharidelinkagesinglycoproteins.(a)O-linkedoligosaccharideshave
aglycosidicbondtothehydroxylgroupofSerorThrresidues(shadedpink),illustratedhere
withGalNAcasthesugaratthereducingendoftheoligosaccharide.Onesimplechainand
onecomplexchainareshown.(b)N-linkedoligosaccharideshaveanN-glycosylbondtothe
amidenitrogenofanAsnresidue(shadedgreen),illustratedherewithGlcNAcasthe
terminalsugar.Three common types ofoligosaccharide chains thatare N-linked in
glycoproteinsareshown.

Peptidoglycan

Peptidoglycan,Fig.18ormurein,isanenormousmeshlikepolymer
composedofmanyidenticalsubunits.Therigidcomponentofbacterial
cell walls is a heteropolymer of alternating (β1→4)-linked N-
acetylglucosamineandN-acetylmuramicacidresiduesaspeptidechain
offouralternatingD-andL-aminoacidsisconnectedtothecarboxyl
group of Nacetylmuramic acid. Many bacteria replace meso-
diaminopimelic acidwithanotherdiaminoacid,usuallyL-lysine.The
linearpolymersliesidebysideinthecellwall,crosslinkedbyshort
peptides,theexactstructureofwhichdependsonthebacterialspecies.
Thepeptidecross-linksweldthepolysaccharidechainsintoastrong
sheaththatenvelopstheentirecellandpreventscellularswellingand
lysisduetotheosmoticentryofwater.Theenzymelysozymekills
bacteria by hydrolyzing the (β1→4) glycosidic bond between N-
acetylglucosamineandNacetylmuramicacid(seeFig.6–24).Lysozyme
isnotablypresentintears,presumablyasadefenseagainstbacterial



infectionsoftheeye.Itisalsoproducedbycertainbacterialvirusesto
ensuretheirreleasefrom thehostbacterialcell,anessentialstepofthe
viralinfectioncycle.Penicillinandrelatedantibioticskillbacteriaby
preventingsynthesisofthecross-links,leavingthecellwalltooweakto
resistosmoticlysis.

Fig.18PeptidoglycanSubunitComposition.ThepeptidoglycansubunitofE.coli,

mostothergram-negative bacteria,and many gram-positive bacteria.NAG is

N-acetylglucosamine.NAM isN-acetylmuramicacid(NAGwithlacticacidattached

byanetherlinkage).ThetetrapeptidesidechainiscomposedofalternatingD-andL-

aminoacidssincemeso-diaminopimelicacidisconnectedthroughitsL-carbon.NAM

andthetetrapeptidechainattachedtoitareshownindifferent.



Lipopolysaccharides

Lipopolysaccharides(LPSs)arethemostunusualconstituentsof

theoutermembrane.Theselarge,complexmoleculescontainbothlipid

andcarbohydrate,andconsistofthreeparts:(1)lipidA,(2)thecore

polysaccharide,and(3)theOsidechain.TheLPSfrom Salmonellahas

beenstudiedmost,anditsgeneralstructureisdescribedhere(fig.19).

ThelipidAregioncontainstwoglucosaminesugarderivatives,eachwith

threefattyacidsandphosphateorpyrophosphateattached.Thefatty

acidsattachthelipidAtotheoutermembrane,whiletheremainderof

theLPSmoleculeprojectsfrom thesurface.Thecorepolysaccharideis

joinedtolipidA.InSalmonellaitisconstructedof10sugars,manyof

them unusualin structure.The O side chain orO antigen is a

polysaccharidechainextendingoutwardfrom thecore.Ithasseveral

peculiarsugarsandvariesincompositionbetweenbacterialstrains.

LPS has many important functions. Because the core

polysaccharideusuallycontainschargedsugarsandphosphate(fig.19),

LPScontributestothenegativechargeonthebacterialsurface.Asa

majorconstituentoftheexteriorleafletoftheoutermembrane,lipidA

alsohelpsstabilizeoutermembranestructure.LPSmaycontributeto

bacterialattachmenttosurfacesandbiofilm formation.Amajorfunction

ofLPSisthatitaidsincreatingapermeabilitybarrier.Thegeometryof

LPS(figure19b)andinteractionsbetweenneighboringLPSmolecules

arethoughttorestricttheentryofbilesalts,antibiotics,andothertoxic

substancesthatmightkillorinjurethebacterium.LPSalsoplaysarole

inprotectingpathogenicgram-negativebacteriafrom hostdefenses.

TheOsidechainofLPSisalsocalledtheOantigenbecauseitelicitsan

immuneresponse.Thisresponseinvolvestheproductionofantibodies

thatbindthestrain-specificform ofLPS thatelicitedtheresponse.

However,manygram negativebacteriaareabletorapidlychangethe

antigenicnatureoftheirO sidechains,thusthwartinghostdefences.

Importantly,thelipidAportionofLPSoftenistoxic;asaresult,theLPS

canactasanendotoxinandcausesomeofthesymptomsthatarisein

gram-negative bacterial infections. If the bacterium enters the

bloodstream,LPSendotoxincancauseaform ofsepticshockforwhich

thereisnodirecttreatment.

DespitetheroleofLPSincreatingapermeabilitybarrier,theouter



membraneismorepermeablethantheplasmamembraneandpermits

the passage of small molecules like glucose and other

monosaccharides.Thisisduetothepresenceofporinproteins.

Fig.19.LipopolysaccharideStructure.(a)Thelipopolysaccharidefrom Salmonella.

Thisslightlysimplifieddiagram illustratesoneform oftheLPS.Abbreviations:Abe,

abequose;Gal,galactose;Glc,glucose;GlcN,glucosamine;Hep,heptulose;KDO,2-

keto-3-deoxyoctonate;Man,mannose;NAG,N-acetylglucosamine;P,phosphate;Rha,

L-rhamnose.LipidAisburiedintheoutermembrane.(b)Molecularmodelofan

Escherichiacolilipopolysaccharide.ThelipidAandcorepolysaccharidearestraight;

theOsidechainisbentatanangleinthismodel.



Lipids

Biologicallipidsareachemicallydiversegroupofcompounds,the

commonanddefiningfeatureofwhichistheirinsolubilityinwater.The

biologicalfunctionsofthelipidsareasdiverseastheirchemistry.Fats

andoilsaretheprincipalstoredformsofenergyinmanyorganisms.

Phospholipidsandsterolsaremajorstructuralelementsofbiological

membranes.Otherlipids,althoughpresentinrelativelysmallquantities,

playcrucialroles as enzyme cofactors,electron carriers,and light

absorbingpigments,hydrophobicanchorsforproteins,“chaperones”to

helpmembraneproteinsfold,andemulsifyingagentsinthedigestive

tract,hormones,andintracellularmessengers.

StorageLipids

Thefatsand oilsused almostuniversallyasstored formsof

energyinlivingorganismsarederivativesoffattyacids.Thefattyacids

arehydrocarbonderivatives,ataboutthesamelowoxidationstate(that

is,ashighlyreduced)asthehydrocarbonsinfossilfuels.Thecellular

oxidationoffattyacids(toCO2andH2O),likethecontrolled,rapid

burningoffossilfuelsininternalcombustionengines,ishighlyexergonic.

Weintroduceherethestructuresandnomenclatureofthefattyacids

most commonly found in living organisms.Two types of fatty

acid–containingcompounds,triacylglycerolsandwaxes,aredescribed

toillustratethediversityofstructureandphysicalpropertiesinthis

familyofcompounds.

FattyAcids

Fattyacidsarecarboxylicacidswithhydrocarbonchainsranging

from 4to36carbonslong(C4toC36).Insomefattyacids,thischainis

unbranchedandfullysaturated(containsnodoublebonds);inothersthe



chaincontainsoneormoredoublebonds(Table10–1).Afew contain

three-carbon rings,hydroxylgroups,ormethylgroup branches.A

simplifiednomenclatureforthesecompoundsspecifiesthechainlength

andnumberofdoublebonds,separatedbyacolon;forexample,the16-

carbonsaturatedpalmiticacidisabbreviated16:0,andthe18-carbon

oleicacid,withonedoublebond,is18:1.Thepositionsofanydouble

bondsarespecifiedbysuperscriptnumbersfollowingΔ (delta);a20-

carbonfattyacidwithonedoublebondbetweenC-9andC-10(C-1being

thecarboxylcarbon)andanotherbetweenC-12andC-13isdesignated

20:2 (Δ9,12).The mostcommonly occurring fatty acids have even

numbersofcarbonatomsinanunbranchedchainof12to24carbons

(Table10–1).

Thereisalsoacommonpatterninthelocationofdoublebonds;in

mostmonounsaturatedfattyacidsthedoublebondisbetweenC-9and

C-10(9),andtheotherdoublebondsofpolyunsaturatedfattyacidsare

generally 12 and 15.(Arachidonic acid is an exception to this

generalization.)Thedoublebondsofpolyunsaturatedfattyacidsare

almostneverconjugated(alternatingsingleanddoublebonds,asin

OCHUCHOCHUCHO), but are separated by a methylene group:

OCHUCHOCH2OCHUCHO.Innearlyallnaturallyoccurringunsaturated

fattyacids,thedoublebondsareinthecis-configuration.Trans fatty

acidsareproducedbyfermentationintherumenofdairyanimalsand

areobtainedfrom dairyproductsandmeat.



Thephysicalpropertiesofthefattyacids,andofcompoundsthat

contain them,are largelydetermined bythe length and degree of

unsaturationofthehydrocarbonchain.Thenonpolarhydrocarbonchain

accountsforthepoorsolubilityoffattyacidsinwater.Lauricacid(12:0,

Mr200),forexample,hasasolubilityinwaterof0.063mg/g—muchless

thanthatofglucose(Mr180),whichis1,100mg/g.Thelongerthefatty

acylchainandthefewerthedoublebonds,theloweristhesolubilityin

water.Thecarboxylicacidgroupispolar(andionizedatneutralpH)and

accountsfortheslightsolubilityofshort-chainfattyacidsinwater.

Melting pointsare also stronglyinfluenced bythe length and

degreeofunsaturationofthehydrocarbonchain.Atroom temperature

(25 C),the saturated fatty acids from 12:0 to 24:0 have a waxy

consistency,whereasunsaturatedfattyacidsoftheselengthsareoily

liquids.Thisdifferenceinmeltingpointsisduetodifferentdegreesof



packingofthefattyacidmolecules(Fig.10–1).Inthefullysaturated

compounds,freerotationaroundeachcarbon–carbonbondgivesthe

hydrocarbonchaingreatflexibility;themoststableconformationisthe

fullyextendedform,inwhichthesterichindranceofneighboringatoms

is minimized.These molecules can pack togethertightlyin nearly

crystallinearrays,withatomsallalongtheirlengthsinvanderWaals

contactwiththeatomsofneighboringmolecules.Inunsaturatedfatty

acids,acis-doublebondforcesakinkinthehydrocarbonchain.

Fig.10–1.Thepackingoffattyacidsintostableaggregates.Theextentof

packingdependsonthedegreeofsaturation.(a)Tworepresentationsofthefully

saturatedacidstearicacid(stearateatpH 7)initsusualextendedconformation.

Eachlinesegmentofthezigzagrepresentsasinglebondbetweenadjacentcarbons.

(b)Thecisdoublebond(shaded)inoleicacid(oleate)doesnotpermitrotationand

introducesarigidbendinthehydrocarbontail.Allotherbondsinthechainarefree

to rotate.(c)Fullysaturatedfattyacidsintheextendedform packinto nearly

crystallinearrays,stabilizedbymanyhydrophobicinteractions.(d)Thepresenceof

oneormorecis-doublebondsinterfereswiththistightpackingandresultsinless

stableaggregates.

Triacylglycerols

Triacylglycerolsarefattyacid estersofglycerol.Thesimplest

lipidsconstructedfrom fattyacidsarethetriacylglycerols,alsoreferred

toastriglycerides,fats,orneutralfats.Triacylglycerolsarecomposedof

threefattyacidseachinesterlinkagewithasingleglycerol(Fig.10–2).

Thosecontainingthesamekindoffattyacidinallthreepositionsare



calledsimpletriacylglycerolsandarenamedafterthefattyacidthey

contain.Simpletriacylglycerolsof16:0,18:0,and18:1,forexample,are

tristearin,tripalmitin,andtriolein,respectively.Mostnaturallyoccurring

triacylglycerolsaremixed;theycontaintwoormoredifferentfattyacids.

Tonamethesecompoundsunambiguously,thenameandpositionof

eachfattyacidmustbespecified.

Becausethepolarhydroxylsofglycerolandthepolarcarboxylates

ofthe fattyacids are bound in esterlinkages,triacylglycerols are

nonpolar,hydrophobicmolecules,essentiallyinsolubleinwater.Lipids

havelowerspecificgravitiesthanwater,whichexplainswhymixturesof

oilandwater(oil-and-vinegarsaladdressing,forexample)havetwo

phases:oil,withthelowerspecificgravity,floatsontheaqueousphase.

FIGURE10–2Glycerolandatriacylglycerol.Themixedtriacylglycerolshownherehasthree
differentfattyacidsattachedtotheglycerolbackbone.Whenglycerolhastwodifferentfatty
acidsatC-1andC-3,theC-2isachiralcenter.

Inmosteukaryoticcells,triacylglycerolsform aseparatephaseof
microscopic,oilydropletsintheaqueouscytosol,servingasdepotsof
metabolicfuel.Invertebrates,specializedcellscalledadipocytes,orfat
cells,storelargeamountsoftriacylglycerolsasfatdropletsthatnearly
fillthecell.Triacylglycerolsarealsostoredasoilsintheseedsofmany
typesofplants,providingenergyandbiosyntheticprecursorsduring
seedgermination.Adipocytesandgerminatingseedscontainlipases,
enzymesthatcatalyzethehydrolysisofstoredtriacylglycerols,releasing
fattyacidsforexporttositeswheretheyarerequiredasfuel.Thereare
two significantadvantagesto using triacylglycerolsasstored fuels,
ratherthanpolysaccharidessuchasglycogenandstarch.First,because



thecarbonatomsoffattyacidsaremorereducedthanthoseofsugars
oxidationoftriacylglycerolsyieldsmorethantwiceasmuchenergy,
gram forgram,astheoxidationofcarbohydrates.Second,because
triacylglycerolsarehydrophobicandthereforeunhydrated,theorganism
thatcarriesfatasfueldoesnothavetocarrytheextraweightofwater
ofhydrationthatisassociatedwithstoredpolysaccharides(2gper
gram ofpolysaccharide).Humanshavefattissue(composedprimarily
ofadipocytes)underthe skin,in the abdominalcavity,and in the
mammary glands.Moderately obese people with 15 to 20 kg of
triacylglycerolsdepositedintheiradipocytescouldmeettheirenergy
needsformonthsbydrawingontheirfatstores.Incontrast,thehuman
bodycanstorelessthanaday’senergysupplyintheform ofglycogen.
Carbohydrates such as glucose and glycogen do offer certain
advantagesasquicksourcesofmetabolicenergy,oneofwhichistheir
readysolubilityinwater.

TypesofLipids
There are five general types of membrane lipids:

glycerophospholipids,in which the hydrophobic regions are
composedoftwofattyacidsjoinedtoglycerol;galactolipids
andsulfolipids,whichalsocontaintwofattyacidsesterifiedto
glycerol,butlackthecharacteristicphosphateofphospholipids;
archaebacterialtetraetherlipids,inwhichtwoverylongalkyl
chainsareether-linkedtoglycerolatbothends;sphingolipids,
in which a single fatty acid is joined to a fatty amine,
sphingosine;andsterols,compoundscharacterizedbyarigid
system offourfusedhydrocarbonrings.

Thehydrophilicmoietiesintheseamphipathiccompounds
maybeassimpleasasingleOOH groupatoneendofthe
sterolringsystem,ortheymaybemuchmorecomplex.In
glycerophospholipidsand some sphingolipids,a polarhead
groupisjoinedtothehydrophobicmoietybyaphosphodiester
linkage;thesearethephospholipids.Othersphingolipidslack
phosphatebuthaveasimplesugarorcomplexoligosaccharide
attheirpolarends;thesearetheglycolipids(Fig.10–6).Within
thesegroupsofmembranelipids,enormousdiversityresults
from various combinations offatty acid “tails”and polar
“heads.”



FIGURE10–6Somecommontypesofstorageandmembranelipids.Allthelipid
typesshownherehaveeitherglycerolorsphingosineasthebackbone(pinkscreen),
towhichareattachedoneormorelongchainalkylgroups(yellow)andapolarhead
group(blue).Intriacylglycerols,glycerophospholipids,galactolipids,andsulfolipids,
thealkylgroupsarefattyacidsinesterlinkage.Sphingolipidscontainasinglefatty
acid,in amide linkage to the sphingosine backbone.The membrane lipids of
archaebacteriaarevariable;thatshownherehastwo verylong,branchedalkyl
chains,eachendinetherlinkagewithaglycerolmoiety.Inphospholipidsthepolar
headgroupisjoinedthroughaphosphodiester,whereasglycolipidshaveadirect
glycosidiclinkagebetweenthehead-groupsugarandthebackboneglycerol.

Glycerophospholipids:

Glycerophospholipids, also called phosphoglycerides, are
membranelipidsinwhichtwofattyacidsareattachedinesterlinkageto
thefirstandsecondcarbonsofglycerol,andahighlypolarorcharged
group is attached through a phosphodiesterlinkage to the third
carbon.Glycerolis prochiral;it has no asymmetric carbons,but
attachmentofphosphateatoneendconvertsitintoachiralcompound,
whichcanbecorrectlynamedeitherL-glycerol3-phosphate,D-glycerol1
-phosphate, or sn glycerol 3-phosphate (Fig. 10–7).
Glycerophospholipidsarenamedasderivativesoftheparentcompound,
phosphatidicacid(Fig.10–8),accordingtothepolaralcoholinthehead
group.Phosphatidylcholineandphosphatidylethanolaminehavecholine
andethanolamineintheirpolarheadgroups,forexample.Inallthese
compounds, the head group is joined to glycerol through a



phosphodiesterbond,inwhichthephosphategroupbearsanegative
chargeatneutralpH.Thepolaralcoholmaybenegativelycharged(asin
phosphatidylinositol4,5-bisphosphate),neutral(phosphatidylserine),or
positivelycharged(phosphatidylcholine,phosphatidylethanolamine).As
weshallseeinChapter11,thesechargescontributegreatlytothe
surface properties of membranes. The fatty acids in
glycerophospholipids can be any of a wide variety,so a given
phospholipid (phosphatidylcholine,forexample)may consistofa
numberofmolecularspecies,eachwithitsuniquecomplementoffatty
acids.Thedistributionofmolecularspeciesisspecificfordifferent
organisms,differenttissues ofthe same organism,and different
glycerophospholipids in the same cell or tissue. In general,
glycerophospholipidscontainaC16orC18saturatedfattyacidatC-1
andaC18toC20unsaturatedfattyacidatC-2.Withfewexceptions,the
biologicalsignificanceofthevariationinfattyacidsandheadgroupsis
notyetunderstood.

FIGURE10–7L-Glycerol3-phosphate,thebackboneofphospholipids.Glycerolitselfisnot
chiral,asithasaplaneofsymmetrythroughC-2.However,glycerolcanbeconvertedtoa
chiralcompoundbyaddingasubstituentsuchasphosphatetoeitheroftheOCH2OH
groups;thatis,glycerolisprochiral.Oneunambiguousnomenclatureforglycerolphosphate
istheDLsystem (describedonp.77),inwhichtheisomersarenamedaccordingtotheir
stereochemicalrelationshipstoglyceraldehydeisomers.Bythissystem,thestereoisomerof
glycerolphosphatefoundinmostlipidsiscorrectlynamedeitherL-glycerol3-phosphateor
D-glycerol1-phosphate.Anotherway to specify stereoisomers is the stereospecific
numbering(sn)system,inwhichC-1is,bydefinition,thatgroupoftheprochiralcompound
thatoccupiesthepro-Sposition.Thecommonform ofglycerolphosphateinphospholipids
is,bythissystem,sn-glycerol3-phosphate.

Someanimaltissuesandsomeunicellularorganismsarerichin
etherlipids,inwhichoneofthetwoacylchainsisattachedtoglycerolin
ether,ratherthanester,linkage.Theether-linkedchainmaybesaturated,
asinthealkyletherlipids,ormaycontainadoublebondbetweenC-1
and C-2,asinplasmalogens(Fig.10–9).Vertebratehearttissueis
uniquelyenrichedinetherlipids;abouthalfoftheheartphospholipids



areplasmalogens.

FIGURE10–8Glycerophospholipids.Thecommonglycerophospholipidsarediacylglycerolslinkedto
head-groupalcoholsthroughaphosphodiesterbond.Phosphatidicacid,aphosphomonoester,isthe
parentcompound.Each derivative is named forthe head-group alcohol(X),with the prefix
“phosphatidyl-.”Incardiolipin,twophosphatidicacidsshareasingleglycerol.



FIGURE10–9Etherlipids.Plasmalogenshaveanether-linkedalkenylchainwheremost

glycerophospholipidshaveanester-linkedfattyacid(compareFig.10–8).Platelet-activating

factorhasalongether-linkedalkylchainatC-1ofglycerol,butC-2isester-linkedtoacetic

acid,whichmakesthecompoundmuchmorewater-solublethanmostglycerophospholipids

andplasmalogens.Thehead-groupalcoholischolineinplasmalogensandinplatelet-

activatingfactor
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