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AMINO ACIDS, PEPTIDES AND PROTEINS



AMINO ACIDS, PEPTIDES AND PROTEINS I:
Amino acids
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×Proteinsmediate virtually every processthat takesplacein a
cell,exhibitinganalmostendlessdiversityof functions.

×Toexplorethe molecularmechanismof a biologicalprocess,a
biochemistalmostinevitablystudiesoneor moreproteins.

×Proteins are the most abundant biological macromolecules,
occurringin all cellsandall partsof cells.
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×Proteins also occur in great variety; thousandsof different
kinds, ranging in size from relatively small peptides to huge
polymerswith molecularweights in the millions,may be found
in a singlecell.

×Moreover, proteins exhibit enormous diversity of biological
function.

×All proteins,whether from the most ancient lines of bacteria
or from the mostcomplexformsof life, areconstructedfrom the
same ubiquitous set of 20 amino acids, covalently linked in
characteristiclinearsequences.

×Becauseeach of these amino acids has a side chain with
distinctive chemical properties, this group of 20 precursor
molecules may be regarded as the alphabet in which the
languageof protein structureiswritten.
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×What is most remarkableis that cells can produce proteins
with strikingly different properties and activities by joining the
same 20 amino acids in many different combinations and
sequences.

×Fromthesebuildingblocksdifferent organismscanmakesuch
widely diverse products as enzymes, hormones, antibodies,
transporters,musclefibers,the lensprotein of the eye,feathers,
spider webs, rhinoceros horn, milk proteins, antibiotics,
mushroompoisons,andmyriadother substanceshavingdistinct
biologicalactivities.

×Among these protein products, the enzymesare the most
variedandspecialized.

×Virtuallyall cellularreactionsarecatalyzedby enzymes.
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×Proteins are polymers of amino acids, with each amino acid
residuejoinedto its neighborby a specifictype of covalentbond.

×Proteinscan be broken down (hydrolyzed)to their constituent
amino acidsby a variety of methods,and the earliest studiesof
proteins naturally focusedon the free amino acidsderived from
them.

×Twentydifferent aminoacidsarecommonlyfound in proteins.

×All the aminoacidshavetrivial or commonnames,in somecases
derivedfrom the sourcefrom whichthey were first isolated.

×Asparaginewasfirst found in asparagus,and glutamatein wheat
gluten; tyrosinewasfirst isolatedfrom cheese(its nameis derived
from the Greek tyros, άŎƘŜŜǎŜέύ; and glycine (Greek glykos,
άǎǿŜŜǘέύwassonamedbecauseof its sweettaste.

Amino Acids
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×All 20of the commonaminoacidsare -haminoacids.

×They have a carboxylgroup and an amino group bonded to the same
carbonatom.

×Theydiffer from eachother in their sidechains,or Rgroups,which vary
in structure,size,and electriccharge,and which influencethe solubilityof
the aminoacidsin water.

×In additionto these20aminoacidsthere aremanylesscommonones.

×Someare residuesmodifiedafter a protein hasbeensynthesized; others
are amino acids present in living organismsbut not as constituents of
proteins. 8



×For all the common amino acids except glycine, the -hcarbon is
bondedto four different groups: a carboxylgroup, an aminogroup,an
Rgroup,anda hydrogenatom.

×The -hcarbonatom is thusa chiralcenter. Becauseof the tetrahedral
arrangementof the bondingorbitals around the -hcarbonatom, the
four different groupscanoccupytwo uniquespatialarrangements,and
thusaminoacidshavetwo possiblestereoisomers.

×Sincethey arenon-superimposablemirror imagesof eachother, the
two formsrepresenta classof stereoisomerscalledenantiomers
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×With the exceptionof glycine,all the amino acidsrecoveredfrom
polypeptides are optically active; that is, they rotate the plane of
polarizedlight.

×The direction and angle of rotation can be measured using an
instrumentknownasa polarimeter.

×Optically active moleculesare asymmetric; that is, they are not
superimposableon their mirror image.
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×The absoluteconfigurationsof simple sugarsand amino acidsare
specifiedby the D, L system, basedon the absoluteconfigurationof
the three-carbonsugarglyceraldehyde,a conventionproposedby Emil
Fischerin 1891.

×For all chiral compounds, stereoisomershaving a configuration
relatedto that of L-glyceraldehydearedesignatedL,andstereoisomers
relatedto D-glyceraldehydearedesignatedD.

×Historically, the similar L and D designations were used for
levorotatory (rotating plane-polarized light to the left) and
dextrorotatory(rotating light to the right).

×However,not all L-aminoacidsarelevorotatoryandviceversa.
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×Theimportanceof stereochemistryin living systemsis alsoa concernof
the pharmaceuticalindustry. Many drugs are chemically synthesizedas
racemicmixtures,althoughonlyoneenantiomerhasbiologicalactivity.

×In most cases, the opposite enantiomer is biologically inert and is
therefore packagedalong with its active counterpart. This is true, for
example,of the anti-inflammatoryagentibuprofen,only one enantiomerof
whichisphysiologicallyactive.

×Occasionally, the inactiveenantiomerof a useful drug producesharmful
effectsandmust thereforebe eliminatedfrom the racemicmixture.

×Themost strikingexampleof this is the drug thalidomide,a mild sedative
whoseinactiveenantiomercausesseverebirth defects.
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×Twoconventionsareusedto identify the carbonsin anaminoacidτ
a practicethat canbe confusing.

×Theadditionalcarbonsin an Rgroupare commonlydesignated̡ , ,ɹ
,ɻ aʁndsoforth, proceedingout from the charbon.

×For most other organic molecules, carbon atoms are simply
numbered from one end, giving highest priority (C-1) to the carbon
with the substituentcontainingthe atom of highestatomicnumber.
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×Nearly all biological compoundswith a chiral center occur
naturallyin onlyonestereoisomericform, either Dor L.

×Theaminoacidresiduesin protein moleculesare exclusivelyL
stereoisomers.

×D-Amino acid residues have been found only in a few,
generallysmall peptides, including some peptides of bacterial
cellwallsandcertainpeptideantibiotics.

×Aminoacidscanbe classifiedbasedon the propertiesof their
Rgroups,particularlytheir polarity, or tendencyto interact with
water at biologicalpH(nearpH7.0).

×Amino acids which contain nonpolar, aliphatic R groups are
glycine, alanine, proline, valine, leucine, isoleucine and
methionine.
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×Thesidechainsof alanine, valine, leucine, and isoleucinetend
to cluster together within proteins,stabilizingprotein structure by
meansof hydrophobicinteractions.

×Glycine has the simplest structure. Although it is formally
nonpolar, its very small side chain makesno real contribution to
hydrophobicinteractions.

×Methionine, one of the two sulfur-containingaminoacids,hasa
nonpolarthioether groupin its sidechain.

×Proline has an aliphatic side chain with a distinctive cyclic
structure.

×Thesecondaryamino(imino) groupof proline residuesis held in
a rigid conformation that reduces the structural flexibility of
polypeptideregionscontainingproline. 16

Amino acids with nonpolar, aliphatic R Groups
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×Phenylalanine, tyrosine, and tryptophan, with their aromatic side
chains, are relatively nonpolar (hydrophobic). All can participate in
hydrophobicinteractions.

×The hydroxyl group of tyrosine can form hydrogenbonds,and it is an
important functionalgroupin someenzymes.

×Tyrosineandtryptophanaresignificantlymorepolar than phenylalanine,
becauseof the tyrosinehydroxylgroupandthe nitrogenof the tryptophan
indolering.

18

Amino acids with aromatic R Groups

×Tryptophan and tyrosine, and to a much
lesserextent phenylalanine,absorbultraviolet
light.

×This accounts for the characteristicstrong
absorbanceof light by most proteins at a
wavelengthof 280nm, a property exploitedby
researchersin the characterizationof proteins.
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×TheRgroupsof theseamino acidsare more solublein water,
or more hydrophilic, than those of the nonpolar amino acids,
because they contain functional groups that form hydrogen
bondswith water.

×Thisclassof aminoacidsincludesserine, threonine, cysteine,
asparagine, andglutamine.

×The polarity of serine and threonine is contributed by their
hydroxylgroups; that of cysteineby its sulfhydrylgroup; andthat
of asparagineandglutamineby their amidegroups.

×Asparagineand glutamineare the amidesof two other amino
acids also found in proteins, aspartate and glutamate,
respectively, to which asparagineand glutamine are easily
hydrolyzedby acidor base.

20

Amino acids with polar, uncharged R Groups
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×Cysteineis readilyoxidizedto form a covalentlylinkeddimeric
amino acid called cystine, in which two cysteinemoleculesor
residuesare joinedby a disulfidebond.

×The disulfide-linked residues are strongly hydrophobic
(nonpolar). Disulfidebondsplaya specialrole in the structuresof
many proteins by forming covalent links between parts of a
protein moleculeor betweentwo different polypeptidechains
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×ThemosthydrophilicRgroupsare thosethat areeither positively
or negativelycharged.

×Theamino acidsin which the R groupshavesignificantpositive
chargeat pH 7.0 are lysine, which has a secondprimary amino
group at the position on its aliphaticchain; arginine, which hasa
positivelychargedguanidiniumgroup; and histidine,which hasan
imidazolegroup.

×Histidine is the only commonaminoacidhavingan ionizableside
chain with a pKa near neutrality. In many enzyme-catalyzed
reactions, a His residue facilitates the reaction by serving as a
proton donor/acceptor.

×Negatively Charged(Acidic) R Groups: The two amino acids
havingRgroupswith a net negativechargeat pH 7.0 are aspartate
andglutamate, eachof whichhasa secondcarboxylgroup.

23

Amino acids with polar, charged R Groups
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×Therearealternativewaysto classifythe 20commonaminoacids.

×Forexample,it would be reasonableto imaginethat the aminoacids
couldbe describedashydrophobic,hydrophilic,or amphipathic:,

×Methionineis the leastpolarof the amphipathicaminoacids,but its
thioether sulfurcanbeaneffectivemetal ligandin proteins.

×Cysteinecan deprotonate at pH values greater than 7, and the
thiolate anion is the most potent nucleophilethat can be generated
amongthe 20commonacids.
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×In addition to the 20 commonaminoacids,proteinsmaycontain
residues created by modification of common residues already
incorporatedinto a polypeptide.

×Among these uncommon amino acids are 4-hydroxyproline, a
derivativeof proline,and5-hydroxylysine, derivedfrom lysine.

×The former is found in plant cell wall proteins, and both are
found in collagen, a fibrousprotein of connectivetissues.

×6-N-Methyllysine is a constituentof myosin,a contractileprotein
of muscle.

×Some300 additionalaminoacidshavebeen found in cells. They
havea varietyof functionsbut arenot constituentsof proteins.

×Ornithine and citrulline deservespecialnote becausethey are
key intermediates(metabolites)in the biosynthesisof arginineand
in the ureacycle. 26
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×Amino acids and their derivatives often function as chemical
messengersfor communicationbetweencells.

×For example,glycine, -ɹaminobutyricacid (GABA),and dopamine(a
tyrosinederivative)are neurotransmitters,substancesreleasedby nerve
cellsto alter the behaviorof their neighbors.

×Histamine(the decarboxylationproduct of histidine) is a potent local
mediatorof allergicreactions.

×Thyroxine(anothertyrosinederivative)is an iodine-containingthyroid
hormonethat generallystimulatesvertebratemetabolism.
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×Whenan aminoacid is dissolvedin water, it existsin solution as
the dipolar ion, or zwitterion (German for άƘȅōǊƛŘionέύ. A
zwitterion can act as either an acid (proton donor) or a base
(proton acceptor).

×Substanceshavingthis dualnatureare amphotericandare often
calledampholytes(fromάŀƳǇƘƻǘŜǊƛŎŜƭŜŎǘǊƻƭȅǘŜǎέύ.

×A simple monoamino monocarboxylic -hamino acid, such as
alanine, is a diprotic acidwhen fully protonated; it hastwo groups,
theτCOOHgroupandtheτNH3

+ group,that canyieldprotons:
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×Acid-basetitration involvesthe gradualadditionor removalof protons.

×Theplot of titration of glycinehas two distinct stages,correspondingto
deprotonation of two different groupson glycine. Eachof the two stages
resemblesin shapethe titration curveof a monoproticacid,suchasacetic
acid.

30

×At very low pH, the predominant ionic species
of glycineis the fully protonatedform.

×In the first stageof the titration, the τCOOH
groupof glycinelosesits proton.

×At the midpoint of this stage, equimolar
concentrationsof the proton-donor and proton-
acceptorspeciesarepresent.

×As in the titration of any weak acid,a point of
inflection is reachedat this midpoint where the
pH is equal to the pKaof the protonated group
beingtitrated.
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×For glycine,the pH at the midpoint is
2.34, thus its τCOOHgrouphasa pKaof
2.34.

×The pKais a measureof the tendency
of a groupto giveup a proton.

×As the titration of glycine proceeds,
another important point is reachedat pH
5.97.

×Here there is another point of
inflection, at which removal of the first
proton is essentially complete and
removalof the secondhasjust begun.

×At this pH glycineis present largelyas
the dipolarion (zwitterion).
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×The second stage of the titration
correspondsto the removal of a proton
from theτNH3

+ groupof glycine.

×ThepH at the midpoint of this stageis
9.60, equal to the pKa for the τNH3

+

group.

×Thetitration isessentiallycompleteat a
pH of about 12, at which point the
predominantform of glycineis negatively
chargedform.

×From the titration curve of glycinewe
can derive several important pieces of
information.

×First, it givesa quantitative measureof
the pKa of each of the two ionizing
groups
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×The second piece of information
providedby the titration curveof glycine
is that this aminoacidhastwo regionsof
bufferingpower.

×One of these is the relatively flat
portion of the curve, extending for
approximately1 pH unit on either sideof
the first pKa of 2.34, indicating that
glycineisa goodbuffer nearthis pH.

×The other buffering zone is centered
aroundpH9.60.

×Within the buffering rangesof glycine,
the Henderson-Hasselbalchequation can
be used to calculate the proportions of
proton-donor and proton-acceptor
species of glycine required to make a
buffer at a givenpH.



×Another important piece of
information derived from the titration
curve of an amino acid is the
relationshipbetweenits net chargeand
the pHof the solution.

×At pH 5.97, the point of inflection
between the two stagesin its titration
curve,glycineis presentpredominantly
as its dipolar form, fully ionized but
with no net electriccharge.

×ThecharacteristicpHat whichthe net
electric charge is zero is called the
isoelectric point or isoelectric pH,
designatedpI.
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×All amino acidswith a single -hamino group, a single -hcarboxylgroup,
andan Rgroupthat doesnot ionizehavetitration curvesresemblingthat of
glycine. Theseamino acidshave very similar, although not identical, pKa
values.

×Amino acids with an ionizable R group have more complex titration
curves,with three stagescorrespondingto the three possible ionization
steps

35



AMINO ACIDS, PEPTIDES AND PROTEINS II:
Peptides and Proteins
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×Peptidesare chainsof aminoacids.

×Twoaminoacidmoleculescanbe covalentlyjoined through a
substituted amide linkage, termed a peptide bond, to yield a
dipeptide.

×Sucha linkageis formed by removalof the elementsof water
(dehydration)from the -hcarboxylgroup of one amino acidand
the -haminogroupof another.
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×Peptide bond formation is an example of a condensation
reaction.

×Under standard biochemicalconditions, the equilibrium for
the reactionfavorsthe aminoacidsover the dipeptide.

×To makethe reaction thermodynamicallymore favorable,the
carboxylgroupmust be chemicallymodifiedor activatedso that
the hydroxylgroupcanbemorereadilyeliminated.

×Threeaminoacidscanbe joinedby two peptidebondsto form
a tripeptide; similarly, amino acids can be linked to form
tetrapeptides, pentapeptides, andsoforth.

×When a few amino acids are joined in this fashion, the
structureiscalledanoligopeptide.
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×When many amino acidsare joined, the product is called a
polypeptide.

×Molecules referred to asproteins generallyconsist of 100
or more amino acids.

×However, polypeptide chains which have lower than 100
aminoacidscanalsobe termed asproteinsaslongasthey have
definite three dimensionalconformationsandfunctions.

×Although the terms άǇǊƻǘŜƛƴέand άǇƻƭȅǇŜǇǘƛŘŜέare
sometimes used interchangeably, molecules referred to as
polypeptidesgenerallyhave molecular weights below 10,000,
andthosecalledproteinshavehighermolecularweights.
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×An aminoacidunit in a peptideisoften calleda residue(the part left
over after losing a hydrogen atom from its amino group and the
hydroxylmoiety from its carboxylgroup).

×In a peptide, the amino acid residueat the end with a free -amino
groupis the amino-terminal (or N-terminal)residue; the residueat the
other end,whichhasa free carboxylgroup,is the carboxyl-terminal (C-
terminal)residue.
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×Peptides contain only one free -h
amino group and one free -hcarboxyl
group,at oppositeendsof the chain.

×Thesegroups ionize as they do in
free aminoacids.

×The R groups of some amino acids
canalsoionize.

×The -haminoand -hcarboxylgroupsof all nonterminalaminoacidsare
covalentlyjoined in the peptide bonds, which do not ionizeand thus do
not contribute to the total acid-basebehaviorof peptides.

×Likefree aminoacids,peptideshavecharacteristictitration curvesanda
characteristicisoelectricpH (pI) at which they do not move in an electric
field.
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×No generalizationscan be made about the molecular weights of
biologicallyactivepeptidesandproteinsin relation to their functions.

×Many smallpeptidesexert their effectsat very low concentrations.
Forexample,a numberof vertebratehormones aresmallpeptides.

×Theseincludeoxytocin(nineaminoacidresidues),which is secreted
by the posterior pituitary and stimulates uterine contractions;
bradykinin(nineresidues),whichinhibits inflammationof tissues.

×Someextremelytoxicmushroompoisons,suchasamanitin, arealso
smallpeptides,asaremanyantibiotics.

×Slightlylargerare smallpolypeptidesand oligopeptidessuchasthe
pancreatichormoneinsulinandglucagon.

×Molecularweightsof proteinsalsoverydiverse.
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×Someproteins consistof a singlepolypeptidechain, but others, called
multisubunit proteins, have two or more polypeptides associated
noncovalently.

×The individual polypeptide chains in a multisubunit protein may be
identicalor different.

×If at least two are identical the protein is saidto be oligomeric, and the
identicalunits (consistingof one or more polypeptidechains) are referred
to asprotomers.

×Hemoglobin,for example,hasfour polypeptidesubunits: two identicalʰ
chainsand two identical ʲchains,all four held together by noncovalent
interactions. So, hemoglobincan be consideredeither a tetramer of four
polypeptidesubunitsor a dimerof ʰ p̡rotomers

×A few proteinscontaintwo or more polypeptidechainslinkedcovalently.
For example,the two polypeptidechainsof insulin are linked by disulfide
bonds. In such cases, the individual polypeptides are not considered
subunitsbut arecommonlyreferredto simplyaschains.
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×Theaminoacidcompositionof proteinsisalsohighlyvariable.

×The 20 common amino acids almost never occur in equal
amounts in a protein. Someamino acidsmay occur only once or
not at all in a giventype of protein

×Hydrolysisof peptidesor proteins with acid yieldsa mixture of
free -hamino acids. When completely hydrolyzed,each type of
protein yieldsa characteristicproportion or mixtureof the different
aminoacids.

×Completehydrolysisaloneisnot sufficientfor anexactanalysisof
amino acid composition, however, becausesome side reactions
occurduringthe procedure.

×For example,the amide bonds in the side chainsof asparagine
and glutamine are cleavedby acid treatment, yielding aspartate
andglutamate,respectively. Thesidechainof tryptophan is almost
completelydegradedby acidhydrolysis
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×Someproteins contain only amino acids, these are considered
simpleproteins.

×However, some proteins contain permanently associated
chemicalcomponentsin addition to amino acids; these are called
conjugatedproteins.

×Thenonςaminoacidpart of a conjugatedprotein is usuallycalled
its prostheticgroup.

×Conjugatedproteins are classifiedon the basisof the chemical
nature of their prostheticgroups; for example,lipoproteins contain
lipids and glycoproteinscontainsugargroups,and metalloproteins
containa specificmetal.

×Some proteins contain more than one prosthetic group and
usuallythe prostheticgroupplaysan important role in theǇǊƻǘŜƛƴΩǎ
biologicalfunction.
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×Proteinshaveto fold three dimensionalstructuresto makeits function.
Fourlevelsof protein structurearecommonlydefined

×A descriptionof all covalentbonds(mainlypeptidebondsanddisulfide
bonds)linking amino acid residuesin a polypeptidechain is its primary
structure.

×The most important element of primary structure is the sequenceof
aminoacidresidues.

×Secondary structure refers to particularly stable arrangements of
aminoacidresiduesgivingriseto recurringstructuralpatterns.
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×Tertiary structure describes all aspects of the three-
dimensionalfoldingof a polypeptide.

×When a protein has two or more polypeptidesubunits,their
arrangementin spaceis referredto asquaternarystructure.

×Differencesin primarystructurecanbeespeciallyinformative.

×Eachprotein hasa distinctivenumberand sequenceof amino
acidresidues.

×Theprimary structureof a protein determineshow it folds up
into its unique three-dimensional structure, and this in turn
determinesthe functionof the protein.

×Proteins with different functionsalwayshavedifferent amino
acidsequences.
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×Thousands of human genetic diseaseshave been traced to the
productionof defectiveproteins. Perhapsone-third of theseproteinsare
defectivebecauseof a singlechangein their aminoacidsequence.

×Thedefect canrangefrom a singlechangein the aminoacidsequence
(asin sicklecellanemia)to deletionof a largerportion of the polypeptide
chain(asin mostcasesof Duchennemusculardystrophy).
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×On comparingfunctionallysimilar proteins from different species,we
find that theseproteinsoften havesimilaraminoacidsequences.

×Theaminoacidsequenceisnot absolutelyfixedfor a particularprotein.

×An estimated20%to 30%of the proteins in humansare polymorphic,
havingaminoacidsequencevariantsin the humanpopulation.

×Many of these variationsin sequencehave little or no effect on the
functionof the protein.

×Furthermore, proteins that carry out a broadly similar function in
distantly related speciescandiffer greatly in overall sizeand amino acid
sequence.

×Although the amino acid sequencein some regions of the primary
structure might vary considerablywithout affecting biological function,
most proteinscontaincrucialregionsthat are essentialto their function
andwhosesequenceis thereforeconserved.
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×Theamino acidsequencesof thousandsof different proteins from many
specieshavebeendeterminedusingprinciplesfirst developedby Sanger.

×Sangerdevelopedthe reagent1-fluoro-2,4-dinitrobenzene(FDNB)for this
purpose; other reagentsused to label the amino-terminal residue,dansyl
chloride and dabsyl chloride, yield derivatives that are more easily
detectablethan the dinitrophenylderivatives.

×After the amino-terminal residueis labeledwith one of these reagents,
the polypeptideis hydrolyzedto its constituentaminoacidsandthe labeled
aminoacidis identified.

×Becausethe hydrolysisstage destroys the polypeptide, this procedure
cannot be used to sequencea polypeptide beyond its amino-terminal
residue.
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×The chemicalsequencingprocessitself is basedon a two-step process
developedby PehrEdman.

×The Edmandegradationprocedurelabelsand removesonly the amino-
terminal residuefrom a peptide, leavingall other peptidebondsintact. The
peptide is reacted with phenylisothiocyanate under mildly alkaline
conditions, which converts the amino-terminal amino acid to a
phenylthiocarbamoyl(PTC) adduct.

×Thepeptidebond next to the PTCadductis then cleavedin a stepcarried
out in anhydroustrifluoroacetic acid, with removal of the aminoterminal
aminoacidasananilinothiazolinonederivative.

×Thederivatizedamino acid is extractedwith organicsolvents,converted
to the more stable phenylthiohydantoin derivative by treatment with
aqueousacid,andthen identified.

×The use of sequential reactionscarried out under first basicand then
acidicconditionsprovidesa meansof controllingthe entire process.
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×To determine the sequence of large proteins, early developers of
sequencingprotocols had to devisemethods to eliminate disulfide bonds
andto cleaveproteinspreciselyinto smallerpolypeptides.
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×Enzymes called proteases
catalyze the hydrolytic
cleavageof peptidebonds.

×Someproteasescleaveonly
the peptide bond adjacent to
particular amino acid residues
and thus fragment a
polypeptide chain in a
predictable and reproducible
way.

×A few chemicalreagentsalso
cleave the peptide bond
adjacentto specificresidues.
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×Amongproteases,the digestiveenzymetrypsin catalyzesthe
hydrolysisof only those peptide bonds in which the carbonyl
groupis contributedby either a Lysor an Argresidue,regardless
of the lengthor aminoacidsequenceof the chain.

×Thenumberof smallerpeptidesproducedby trypsin cleavage
can thus be predicted from the total number of Lys or Arg
residuesin the originalpolypeptide,asdeterminedby hydrolysis
of an intact sample.

×The fragments produced by trypsin (or other enzyme or
chemical) action are then separated by chromatographicor
electrophoreticmethods.

×In classicalsequencing,a largeprotein would be cleavedinto
fragmentstwice, usinga different proteaseor cleavagereagent
eachtime sothat the fragmentendpointswouldbedifferent.
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×Aminoacidsequencescanalsobe deducedby other methods.

×New methods based on mass spectrometry permit the
sequencingof short polypeptides(20 to 30 aminoacidresidues)
in just a few minutes.

×In matrix-assisted laser desorption/ ionization mass
spectrometry, or MALDI MS, proteins are placed in a light-
absorbingmatrix.

×With a short pulseof laserlight, the proteinsare ionizedand
then desorbedfrom the matrix into the vacuumsystem

×MALDIMShasbeensuccessfullyusedto measurethe massof
a wide rangeof macromolecules.
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×In a secondandequallysuccessfulmethod, macromoleculesin
solutionareforceddirectlyfrom the liquid to gasphase.

×A solutionof analytesis passedthrougha chargedneedlethat
iskept at a highelectricalpotential,dispersingthe solutioninto a
fine mist of chargedmicrodroplets.

×The solvent surrounding the macromolecules rapidly
evaporates,leavingmultiply chargedmacromolecularionsin the
gasphase.

×This technique is called electrospray ionization mass
spectrometry,or ESIMS. Protonsaddedduringpassagethrough
the needle give additional charge to the macromolecule. The
m/z of the moleculecanbeanalyzedin the vacuumchamber.

×Tandem MS, or MS/MS can also be used to sequenceshort
stretchesof polypeptide.
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×In addition, with the development of rapid DNA sequencing
methods,researcherscan deducethe sequenceof a polypeptideby
determiningthe sequenceof nucleotidesin the genethat codesfor it.

×Most proteins are now sequencedin this indirect way, however if
the gene has not been isolated, direct sequencingof peptides is
necessary

×Thecompletesequenceof anƻǊƎŀƴƛǎƳΩǎDNA,its genome,is now
available for organisms ranging from viruses to bacteria to
multicellulareukaryotes.

×Genesare being discoveredby the millions, including many that
encodeproteinswith no knownfunction.
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×Manypeptidesarepotentiallyusefulaspharmacologicagents,
andtheir productionisof considerablecommercialimportance.

×Therearethree waysto obtaina peptide:

×(1) purification from tissue,a taskoften madedifficult by the
vanishinglylow concentrationsof somepeptides;

×(2) geneticengineering; or

×(3) direct chemicalsynthesis.

×Powerful techniquesnow make direct chemicalsynthesisan
attractiveoption in manycases.

×In addition to commercial applications, the synthesis of
specific peptide portions of larger proteins is an increasingly
important tool for the studyof protein structureandfunction
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×Knowledgeof the sequenceof amino acidsin a protein can
offer insights into its three-dimensional structure and its
function,cellularlocation,andevolution.

×Most of theseinsightsare derivedby searchingfor similarities
betweena protein of interestandpreviouslystudiedproteins.

×Thousandsof sequencesareknownandavailablein databases
accessiblethroughthe Internet.

×A comparisonof a newly obtained sequencewith this large
bank of stored sequencesoften reveals relationships both
surprisingandenlightening.
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×Exactlyhow the aminoacidsequencedeterminesthree-dimensional
structure is not understood in detail, nor can we always predict
functionfrom sequence.

×However, protein families that have some shared structural or
functionalfeaturescanbe readilyidentified on the basisof aminoacid
sequencesimilarities.

×Individualproteins are assignedto families basedon the degreeof
similarityin aminoacidsequence.

×Members of a family are usually identical across25% or more of
their sequences, andproteinsin thesefamiliesgenerallyshareat least
somestructuralandfunctionalcharacteristics.

×A number of similar substructures,or άŘƻƳŀƛƴǎέoccur in many
functionallyunrelatedproteins.

×Evolutionaryrelationshipscan also be inferred from the structural
andfunctionalsimilaritieswithin protein families.
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×EachǇǊƻǘŜƛƴΩǎfunction relies on its three-dimensionalstructure,
whichin turn isdeterminedlargelyby its primarystructure.

×Protein sequencesare beginningto tell ushow the proteinsevolved
and,ultimately,how life evolvedon this planet.

×If two organismsare closelyrelated, the sequencesof their genes
andproteinsshouldbe similar.

×The sequencesincreasinglydiverge as the evolutionary distance
betweentwo organismsincreases.

×Themembersof protein familiesarecalledhomologousproteins, or
homologs.

×Theconceptof a homologcanbe further refined. If two proteinsin a
family (that is, two homologs)are present in the samespecies,they
arereferredto asparalogs. Homologsfrom different speciesarecalled
×orthologs.
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×EachǇǊƻǘŜƛƴΩǎfunction relies on its three-dimensionalstructure,
whichin turn isdeterminedlargelyby its primarystructure.

×Protein sequencesare beginningto tell ushow the proteinsevolved
and,ultimately,how life evolvedon this planet.

×If two organismsare closelyrelated, the sequencesof their genes
andproteinsshouldbe similar.

×The sequencesincreasinglydiverge as the evolutionary distance
betweentwo organismsincreases.

×Themembersof protein familiesarecalledhomologousproteins, or
homologs.

×Theconceptof a homologcanbe further refined. If two proteinsin a
family (that is, two homologs)are present in the samespecies,they
arereferredto asparalogs. Homologsfrom different speciesarecalled
×orthologs.
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×Thecovalentbackboneof a typicalprotein containshundreds
of individualbonds.

×Becausefree rotation is possiblearoundmanyof thesebonds,
the protein canassumeanunlimitednumberof conformations.

×However,each protein has a specificchemicalor structural
function, strongly suggestingthat each has a unique three-
dimensionalstructure.

×Thesethemesshouldnot be takento imply that proteinshave
static,unchangingthree-dimensionalstructures.

×Proteinfunction often entailsan interconversionbetweentwo
or morestructuralforms.
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×The spatial arrangement of atoms in a protein is called its
conformation.

×Thepossibleconformationsof a protein or protein segmentinclude
anystructuralstateit canachievewithout breakingcovalentbonds.

×A changein conformationcouldoccur,for example,by rotation about
singlebonds.

×Of the many conformations that are theoretically possible in a
protein, one or (more commonly)a few generallypredominateunder
biologicalconditions.

×Theconformationsexistingundera givensetof conditionsareusually
the onesthat are thermodynamicallythe moststable,havingthe lowest
Gibbsfree energy(G).

×Proteinsin any of their functional, folded conformationsare called
native proteins.
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×A description of all covalent bonds
linking amino acid residues in a
polypeptide chain is its primary
structure. Primarystructure of a protein
definesits three dimensionalstructure.

×Secondary structure refers to
particularly stable arrangements of
amino acid residues giving rise to
recurringstructuralpatterns.

×Tertiary structure describesall aspects
of the three-dimensional folding of a
polypeptide.

×When a protein has two or more
polypeptidesubunits,their arrangement
in space is referred to as quaternary
structure.
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×In the context of protein structure, the term stability can be
definedasthe tendencyto maintaina nativeconformation.

×A givenpolypeptidechaincan theoreticallyassumecountless
conformations,and asa result the unfoldedstate of a protein is
characterizedby a highdegreeof conformationalentropy.

×Thisentropy, and the hydrogen-bondinginteractionsof many
groupsin the polypeptidechainwith the solvent(water),tend to
maintainthe unfoldedstate.

×The chemical interactions that counteract these effects and
stabilize the native conformation include disulfide (covalent)
bondsandthe weak(noncovalent) interactions: hydrogenbonds,
hydrophobicinteractionsandVander Waalsinteractions.
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×Manyproteinsdo not havedisulfidebonds.

×In eukaryotes,disulfidebondsare found primarily in secreted,
extracellularproteins.

×Disulfidebondsarealsouncommonin bacterialproteins.

×However, thermophilic bacteria, as well as the archaea,
typicallyhavemanyproteinswith disulfidebonds,whichstabilize
proteins; this is presumably an adaptation to life at high
temperatures.

×For all proteins of all organisms, weak interactions are
especiallyimportant in the folding of polypeptide chains into
their secondaryandtertiary structures.

×The associationof multiple polypeptidesto form quaternary
structuresalsorelieson theseweakinteractions.
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×On carefully examiningthe contribution of weak interactions to
protein stability, we find that hydrophobic interactions generally
predominate.

×When water surrounds a hydrophobic molecule, the optimal
arrangementof hydrogenbondsresultsin a highlystructuredshell,or
solvationlayer.

×The increasedorder of the water moleculesin the solvationlayer
correlateswith anunfavorabledecreasein the entropyof the water.

×However, when nonpolargroupsclustertogether, the extent of the
solvationlayer decreases,becauseeachgroup no longerpresentsits
entire surfaceto the solution. The result is a favorable increasein
entropy.

×Hydrophobicamino acid side chainstherefore tend to cluster in a
ǇǊƻǘŜƛƴΩǎinterior, awayfrom water
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×Most of the structural patterns outlined here reflect two simple
rules:

ü (1) hydrophobic residues are largely buried in the protein
interior, awayfrom water,and

ü (2) the numberof hydrogenbondsandionic interactionswithin
the protein is maximized, thus reducing the number of
hydrogen-bondingand ionic groupsthat are not paired with a
suitablepartner.

×Proteins within membranes and proteins that are intrinsically
disorderedfollow different rules.
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×Theʰcarbonsof adjacentamino acid residuesare separatedby
three covalentbonds,arrangedasChτCτNτChΩ.

×X-ray diffraction studies showed that the peptide CτN bond is
somewhatshorterthan the CτN bondin a simpleamine.

×This indicated a resonanceor partial sharing of two pairs of
electronsbetweenthe carbonyloxygenandthe amidenitrogen

PeptideBond
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×Thesixatomsof the peptide group lie in a singleplane,with the oxygen
atom of the carbonyl group trans to the hydrogen atom of the amide
nitrogen.

×The peptide CτN bonds,becauseof their partial double-bond character,
cannotrotate freely.

×Rotation is permitted about the NτCh and the ChτC bonds. The rigid
peptide bondslimit the rangeof conformationspossiblefor a polypeptide
chain.
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×Peptideconformationis defined by three dihedralangles(alsoknown
as torsion angles) called ˒ (phi), ˕ (psi), and ˖ (omega), reflecting
rotation about each of the three repeating bonds in the peptide
backbone. A dihedralangleis the angleat the intersectionof two planes.

×In principle, a˒nd˕canhaveanyvaluebetweenς180ϲand+180ϲ, but
manyvaluesare prohibited by steric interferencebetweenatoms in the
polypeptidebackboneandaminoacidsidechains.

×Allowedvaluesfor a˒nd˕becomeevidentwhen i˒splotted versus̞
in a Ramachandranplot.
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×The term secondarystructure refers to any chosensegmentof a
polypeptide chain and describesthe local spatial arrangementof its
main-chainatoms.

×Thereare a few types of secondarystructure that are particularly
stableandoccurwidely in proteins.

×The most prominent are the hhelix and c̡onformations; another
commontype is the t̡urn. Wherea regularpattern is not found, the
secondarystructure is sometimesreferred to as undefined or as a
randomcoil.

Protein Secondary Structure
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×The hhelixisa commonprotein secondarystructure.

×In this structure, the polypeptide backboneis tightly wound around an
imaginary axis, and the R groups of the amino acid residues protrude
outwardfrom the helicalbackbone.
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×Thebackboneatomsof the aminoacidresiduesin the prototypical hhelix
have a characteristic set of dihedral angles that define the ʰ -helix
conformation,andeachhelicalturn includes3.6 aminoacidresidues.

×Right-handed hhelix is the commonform. Extendedleft-handed hhelices
aretheoreticallylessstableandhavenot beenobservedin proteins.

×Thestructureis stabilizedby a hydrogenbondbetweenthe hydrogenatom
attachedto the electronegativenitrogen atom of a peptide linkageand the
electronegativecarbonyloxygenatom of the fourth aminoacidon the amino-
terminalsideof that peptidebond.
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×Further experimentshave shown that an ʰhelix can form in
polypeptidesconsistingof either L- or D-aminoacids. However,all
residuesmust be of one stereoisomericseries; a D-aminoacidwill
disrupt a regular structure consistingof L-amino acids,and vice
versa.

×Thepositionof an aminoacidresiduerelative to its neighborsis
alsoimportant.

×For example, if a polypeptide chain has a long block of Glu
residues,this segmentof the chainwill not form an hhelix at pH
7.0.

×Glu residues repel each other so strongly that they prevent
formationof the hhelix.

×The bulk and shapeof Asn, Ser, Thr, and Cysresiduescan also
destabilizean hhelixif they areclosetogetherin the chain.



90

×The twist of an ʰhelix ensuresthat critical interactions occur
between an amino acid side chain and the side chain three
residuesawayon either sideof it.

×Positivelychargedamino acidsare often found three residues
away from negatively charged amino acids, permitting the
formationof an ion pair.

×Two aromatic amino acid residuesare often similarly spaced,
resultingin a hydrophobicinteraction.

×A constrainton the formation of the ʰhelix is the presenceof
Proor Glyresidues.

×In proline, the nitrogen atom is part of a rigid ring, and rotation
about the NτCh bond is not possible. Thus, a Pro residue
introducesa destabilizingkink in an hhelix.
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×Glycineoccursinfrequently in hhelicesfor a different reason: it
has more conformational flexibility than the other amino acid
residues.

×Polymers of glycine tend to take up coiled structures quite
different from an hhelix.

×A final factor affectingthe stabilityof an hhelix is the identity of
the aminoacidresiduesnear the endsof the -hhelicalsegmentof
the polypeptide.

×A smallelectricdipoleexistsin eachpeptidebond. Thesedipoles
are alignedthrough the hydrogenbondsof the helix, resultingin a
net dipolealongthe helicalaxisthat increaseswith helixlength.

×For this reason,negativelychargedamino acidsare often found
nearthe aminoterminusof the helicalsegment.
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×In summary,five typesof constraintsaffect the stabilityof anʰ
helix:

×(1) the intrinsicpropensityof anaminoacidresidueto form an
hhelix;

×(2) the interactions between R groups, particularly those
spacedthree (or four) residuesapart;

×(3) the bulkinessof adjacentRgroups;

×(4) the occurrenceof ProandGlyresidues; and

×(5) interactionsbetween amino acid residuesat the ends of
the helical segmentand the electric dipole inherent to the ʰ
helix.
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×The c̡onformationorganizespolypeptidechainsinto sheets.

×In the c̡onformation, the backboneof the polypeptide chain is
extendedinto a zigzagrather thanhelicalstructure.

×Thearrangementof severalsegmentssideby side,all of which are
in the conformation,iscalleda sheet.

×The zigzagstructure of the individual polypeptidesegmentsgives
riseto a pleatedappearanceof the overallsheet.

×Hydrogenbondsform between adjacentsegmentsof polypeptide
chainwithin the sheet.

×The R groups of adjacent amino acids protrude from the zigzag
structurein oppositedirections,creatingthe alternatingpattern
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×The adjacentpolypeptide chainsin a ʲsheet can be either parallel or
antiparallel (having the same or opposite amino-to-carboxylorientations,
respectively).

×The structures are somewhat similar, although the repeat period is
shorter for the parallel conformation and the hydrogen-bonding patterns
aredifferent.
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×In globular proteins, which have a compact folded structure,
some amino acid residues are in turns or loops where the
polypeptidechainreversesdirection.

×Theseare the connectingelementsthat link successiverunsof ʰ
helixor c̡onformation.

×Particularlycommon are t̡urns that connect the ends of two
adjacentsegmentsof anantiparallel s̡heet.
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×Everytype of secondarystructure can be completelydescribed
by the dihedralangles˒ and˕associatedwith eachresidue.
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×The overall three-dimensionalarrangementof all atoms in a protein is
referredto astheǇǊƻǘŜƛƴΩǎtertiary structure.

×Whereasthe term άǎŜŎƻƴŘŀǊȅǎǘǊǳŎǘǳǊŜέrefers to the spatialarrangement
of amino acid residuesthat are adjacent in a segmentof a polypeptide,
tertiary structureincludeslonger-rangeaspectsof aminoacidsequence.

×Amino acids that are far apart in the polypeptide sequenceand are in
different types of secondarystructure may interact within the completely
foldedstructureof a protein.

×Interactingsegmentsof polypeptidechainsare held in their characteristic
tertiary positionsby severalkinds of weak interactions(and sometimesby
covalentbondssuchasdisulfidecross-links)betweenthe segments.

×Some proteins contain two or more separate polypeptide chains, or
subunits, which may be identical or different. The arrangementof these
protein subunits in three-dimensional complexes constitutes quaternary
structure.

Protein TertiaryandQuaternaryStructure
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×In consideringthese higher levels of structure, it is useful to
designate two major groups into which many proteins can be
classified:

×fibrous proteins, with polypeptide chainsarrangedin long
strandsor sheets,and

×globular proteins, with polypeptide chains folded into a
sphericalor globularshape.
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×Thetwo groupsarestructurallydistinct.

×Fibrousproteins usuallyconsistlargelyof a singletype of
secondarystructure,and their tertiary structure is relatively
simple.

×Globularproteinsoften containseveraltypesof secondary
structure.

×Thetwo groupsalsodiffer functionally:

×the structures that provide support, shape,and external
protectionto vertebratesaremadeof fibrousproteins,

×whereas most enzymes and regulatory proteins are
globularproteins.
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×Fibrousproteinsareadaptedfor a structuralfunction

× -hKeratin, collagen, and silk fibroin nicely illustrate the
relationshipbetweenprotein structureandbiologicalfunction.

×Fibrousproteins share properties that give strength and/or
flexibility to the structuresin whichthey occur.

×In each case, the fundamental structural unit is a simple
repeatingelementof secondarystructure.

×All fibrousproteinsare insolublein water,a propertyconferred
by a highconcentrationof hydrophobicaminoacidresiduesboth
in the interior of the protein andon its surface.

×Thesehydrophobicsurfacesare largelyburied asmanysimilar
polypeptide chains are packed together to form elaborate
supramolecularcomplexes.
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×Fibrousproteinsareadaptedfor a structuralfunction

× -hKeratin, collagen, and silk fibroin nicely illustrate the
relationshipbetweenprotein structureandbiologicalfunction.

×Fibrousproteins share properties that give strength and/or
flexibility to the structuresin whichthey occur.

×In each case, the fundamental structural unit is a simple
repeatingelementof secondarystructure.

×All fibrousproteinsare insolublein water,a propertyconferred
by a highconcentrationof hydrophobicaminoacidresiduesboth
in the interior of the protein andon its surface.

×Thesehydrophobicsurfacesare largelyburied asmanysimilar
polypeptide chains are packed together to form elaborate
supramolecularcomplexes.
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×The -hkeratins have evolved for
strength.

×Found only in mammals, these
proteins constitute almost the entire
dry weight of hair, wool, nails, claws,
quills, horns,hooves,andmuchof the
outer layerof skin.

×The -hkeratinhelix is a right-handed
hhelix and were arrangedasa coiled

coil.

The helical path of the supertwistsis
lefthanded, and not surprisingly, -h
keratin is rich in the hydrophobic
residuesAla, Val, Leu, Ile, Met, and
Phe.
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×When hair is exposed to moist heat, it can be stretched by
stretchingof the hhelicesin the -hkeratinof hair to fully extendedʲ
conformation. Oncoolingthey spontaneouslyrevert to originalform.

×When a solution of a reducing agent, usually a compound
containinga thiol or sulfhydrylgroup (τSH),is applied with heat a
permanentwave(or hair straightening)isachieved.
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×Likethe -hkeratins, collagenhasevolvedto providestrength.

×It is found in connectivetissuesuchas tendons,cartilage,the organic
matrixof bone,andthe corneaof the eye.

×Thecollagenhelix is a unique secondarystructure, quite distinct from
the hhelix. It is left-handedandhasthree aminoacidresiduesper turn.

×There are many types of vertebrate collagen. Typicallythey contain
about35%Gly, 11%Ala,and21%Proand4-Hyp(4-hydroxyproline).
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×Scurvyis causedby lack of vitamin C, or ascorbicacid (ascorbate).
VitaminCis requiredfor, amongother things,the hydroxylationof proline
and lysine in collagen; scurvy is a deficiencydiseasecharacterizedby
generaldegenerationof connectivetissue.

×Manifestations of advanced scurvy include numerous small
hemorrhagescausedby fragile blood vessels,tooth loss, poor wound
healingand the reopeningof old wounds,bone pain and degeneration,
andeventuallyheart failure.

×Collagenis constructedof the repeatingtripeptide unit GlyςXςY,where
X and Y are generallyPro or 4-Hyp, which playsan essentialrole in the
foldingof collagenandin maintainingits structure.
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×Fibroin,the protein of silk, is producedby insectsandspiders. Its
polypeptidechainsarepredominantlyin the c̡onformation.

×Fibroinis rich in Alaand Glyresidues,permitting a closepacking
of s̡heetsandan interlockingarrangementof Rgroups.

×Theoverallstructure is stabilizedby extensivehydrogenbonding
between all peptide linkagesin the polypeptidesof each s̡heet
and by the optimization of van der Waals interactions between
sheets.

×Silk does not stretch, becausethe ʲconformation is already
highlyextended.

×However, the structure is flexible, becausethe sheetsare held
together by numerousweak interactions rather than by covalent
bondssuchasthe disulfidebondsin -hkeratins.
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×In a globular protein, different segmentsof the polypeptide
chain (or multiple polypeptide chains) fold back on each other,
generating a more compact shape than is seen in the fibrous
proteins.

×The folding also provides the structural diversity necessaryfor
proteinsto carryout a wide arrayof biologicalfunctions.

×Globular proteins include enzymes,transport proteins, motor
proteins, regulatoryproteins, immunoglobulins,and proteins with
manyother functions.

×The first breakthroughin understandingthe three-dimensional
structure of a globularprotein camefrom x-ray diffraction studies
of myoglobin.

×Myoglobincontainsa singlepolypeptidechainof 153aminoacid
residuesof known sequenceand a singleiron protoporphyrin, or
heme, group.
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×The same heme group that is found in myoglobin is found in
hemoglobin, the oxygen-binding protein of erythrocytes, and is
responsiblefor the deep red-brown color of both myoglobinand
hemoglobin.

×Myoglobin is particularly abundant in the muscles of diving
mammalssuchasthe whale, seal,andporpoiseτsoabundantthat
the musclesof theseanimalsarebrown.

×Storageand distribution of oxygenby musclemyoglobinpermits
divingmammalsto remainsubmergedfor longperiods.



111

×Thered groupsurroundedby protein isheme.

×The backboneof the myoglobin molecule consistsof eight
relatively straight segmentsof ʰhelix interrupted by bends,
someof whichare t̡urns.

×Most of the hydrophobicRgroups(blue) are in the interior of
the molecule, hiddenfrom exposureto water.
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×The flat heme group rests in a crevice, or pocket, in the
myoglobinmolecule.

×The iron atom in the center of the heme group has two
bonding (coordination)positionsperpendicularto the plane of
the heme.

×One of these is bound to the R group of the His residueat
position93; the other is the siteat whichanO2 moleculebinds.
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×From what we now know about the tertiary structures of
hundreds of globular proteins, it is clear that myoglobin
illustrates just one of many ways in which a polypeptidechain
canfold.

×Forthe beginningstudent,the verycomplextertiary structures
of globular proteinsτsome much larger than myoglobinτare
best approachedby focusingon common structural patterns,
recurringin different andoften unrelatedproteins.

×To understand a complete three-dimensionalstructure, we
needto analyzeits foldingpatterns.
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×Thefirst term ismotif , alsocalleda fold.

×A motif or fold is a recognizablefolding pattern involvingtwo
or more elementsof secondarystructure and the connection(s)
betweenthem.

×A motif canbe verysimple,suchastwo elementsof secondary
structure folded againsteachother, and representonly a small
part of a protein. Anexampleisa -̡ -h l̡oop.

×A motif canalsobe a veryelaboratestructure involvingscores
of protein segmentsfoldedtogether,suchasthe b̡arrel
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×Thesecondterm for describingstructuralpatternsisdomain.

×A domain,as defined as a part of a polypeptidechain that is
independentlystable or could undergomovementsas a single
entity with respectto the entire protein.

×Polypeptideswith more than a few hundred amino acid
residuesoften fold into two or more domains,sometimeswith
different functions.
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×Folding of polypeptides is subject to an array of physical and
chemicalconstraints,andseveralruleshaveemergedfrom studiesof
commonprotein foldingpatterns.

×1. Hydrophobic interactions make a large contribution to the
stability of protein structures. Burial of hydrophobicamino acid R
groups so as to exclude water requires at least two layers of
secondarystructure.

×2. Where they occur together in a protein, hhelicesandɼsheets
generallyarefound in different structurallayers.

×3. Segmentsadjacentto eachother in the aminoacidsequenceare
usuallystackedadjacentto eachother in the foldedstructure.

×4. Theɼconformationismoststablewhenthe individualsegments
aretwistedslightlyin a righthandedsense.
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×Proteinswith significantsimilarity in primarystructureand/or with
similar tertiary structure and function are said to be in the same
protein family.

×A strong evolutionary relationship is usually evident within a
protein family.

×Two or more familieswith little similarity in amino acid sequence
sometimesmake use of the samemajor structural motif and have
functionalsimilarities; thesefamiliesaregroupedassuperfamilies.
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×The continual maintenance
of the active set of cellular
proteins required under a
givenset of conditionsis called
proteostasis.

×Cellularproteostasisrequires
the coordinated function of
pathwaysfor protein synthesis
and folding, the refolding of
proteins that are partially
unfolded, and the
sequestrationand degradation
of proteins that have been
irreversibly unfolded. In all
cells, these networks involve
hundreds of enzymes and
specializedproteins.

Protein denaturation and folding
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×A loss of three-dimensionalstructure sufficient to causeloss of
function iscalleddenaturation.

×The denatured state does not necessarilyequate with complete
unfoldingof the protein andrandomizationof conformation.

×Most proteins can be denatured by heat, which has complex
effects on many weak interactions in a protein (primarily on the
hydrogenbonds).

×If the temperature is increasedslowly, a ǇǊƻǘŜƛƴΩǎconformation
generally remains intact until an abrupt loss of structure (and
function) occursovera narrowtemperaturerange.

×Theeffectsof heaton proteinsarenot readilypredictable.
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×Proteins can also be denatured by extremes of pH, by certain
miscible organic solvents such as alcohol or acetone, by certain
solutessuchasureaandguanidinehydrochloride, or by detergents.

×Each of these denaturing agents represents a relatively mild
treatment in the sensethat no covalent bonds in the polypeptide
chainarebroken.

×Organicsolvents,urea, and detergentsact primarily by disrupting
the hydrophobicinteractionsthat makeup the stablecoreof globular
proteins; urea also disrupts hydrogenbonds; extremesof pH alter
the net chargeon the protein, causingelectrostaticrepulsionandthe
disruptionof somehydrogenbonding.

×Denaturationoften leadsto protein precipitation, a consequence
of protein aggregateformation as exposedhydrophobic surfaces
associate.
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×Certain globular proteins denatured by
heat, extremesof pH, or denaturingreagents
will regain their native structure and their
biologicalactivity if returned to conditionsin
which the native conformationis stable. This
processiscalledrenaturation.

×Thefolding pathwayof a largepolypeptide
chainisunquestionablycomplicated.

×Not all proteins fold spontaneouslyas they
aresynthesizedin the cell.

×Folding for many proteins requires
chaperones, proteins that interact with
partially folded or improperly folded
polypeptides, facilitating correct folding
pathwaysor providing microenvironmentsin
whichfoldingcanoccur.
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