
Chapter 26: Amino Acids, Peptides, Chapter 26: Amino Acids, Peptides, 
Proteins, and Nucleic AcidsProteins, and Nucleic Acids

Aspartame, a Aspartame, a dipeptidedipeptide

Peptide linkage: Peptide linkage: 
An amideAn amide



Amino AcidsAmino Acids
In nature, the most common representatives In nature, the most common representatives 
are 2are 2--amino acids (amino acids (αα--amino acids) with the amino acids) with the 
general formula general formula RCH(NHRCH(NH22)COOH.)COOH.

R = alkyl, R = alkyl, acylacyl, amino, hydroxy, , amino, hydroxy, mercaptomercapto, sulfide, , sulfide, 
carboxy, carboxy, guanidinoguanidino, or , or imidazolylimidazolyl groupsgroups

H2N C COOH
R

H



Amino acids give rise to polyamides: Amino acids give rise to polyamides: 
Polypeptides (proteins, enzymes)Polypeptides (proteins, enzymes)

Amide linkageAmide linkage

H2N

For proteins, For proteins, nn ≥≥ 8000 and MW > 1,000,000. Proteins are 8000 and MW > 1,000,000. Proteins are 
crucial for transport (Ocrucial for transport (O22, hemoglobin), energy storage, , hemoglobin), energy storage, 
catalysis, control of reactions, template for RNA/DNA catalysis, control of reactions, template for RNA/DNA 
action, antibodies, etc.action, antibodies, etc.
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•• More than 500 natural amino acids knownMore than 500 natural amino acids known
•• Among the 20 main amino acids, 8 cannot be Among the 20 main amino acids, 8 cannot be 
synthesized by the body (synthesized by the body (essential amino acidsessential amino acids))

Names:Names: We uWe use common names. se common names. αα--StereocenterStereocenter
usually usually S S (or, old nomenclature, L, from L(or, old nomenclature, L, from L--
glyceraldehydeglyceraldehyde)  )  







Used in reversible disulfide bridgingUsed in reversible disulfide bridging

Monosodium Monosodium 
glutamateglutamate



Amino acids are acidic and basic: Exist asAmino acids are acidic and basic: Exist as
zwitterionszwitterions

ppKKaa = 9= 9--1010

ppKKaa = 2= 2--33

ZwitterionZwitterion

GlycineGlycine as a as a zwitterionzwitterion
HH33NCHNCH22COOCOO––

++
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Structure depends on pH:Structure depends on pH:

PredominatesPredominates
at pH < 1at pH < 1

PredominatesPredominates
at pH ~ 6at pH ~ 6

PredominatesPredominates
at pH > 13at pH > 13

Compare Compare ppKKaa CHCH33COOH COOH = = 4.744.74; the ; the --NHNH33
++ groupgroup acidifies acidifies 



IsoelectricIsoelectric PointPoint: When solution is charge : When solution is charge neutralneutral

[H[H33NCHCOOH] = [HNCHCOOH] = [H22NCHCOO ]NCHCOO ]
RR RR

--

At this point pH =At this point pH =

Cf. Cf. ppKKaa CHCH3 3 NHNH33
++ = = 10.6210.62; ; --COCO22

-- alsoalso acidifies, by induction acidifies, by induction 

++



Synthesis of Amino AcidsSynthesis of Amino Acids
1.1. HellHell--VolhardVolhard--ZelinskyZelinsky, then , then AminationAmination

((racemicracemic))

Yields not greatYields not great

Better: Better: GabrielGabriel Synthesis ( RSynthesis ( RXX →→ RNHRNH22))



2. Gabriel Synthesis2. Gabriel Synthesis

Made from Made from malonicmalonic
ester by ester by 
brominationbromination, via , via 
enolateenolate

General:General:



3. 3. StreckerStrecker SynthesisSynthesis
Recall:Recall:

WhenWhen HCN is used in the presence of ammonia, e.g. NHHCN is used in the presence of ammonia, e.g. NH44CN orCN or
NHNH44Cl/NaCN, we get the corresponding amino cyanide:Cl/NaCN, we get the corresponding amino cyanide:

Adolf Strecker
(1822–1871)

StreckerStreckerSegoviaSegovia



4. Synthesis of Enantiomerically Pure 
Amino Acids

a. a. ResoReso--
lutionlution



b. Biological methodsb. Biological methods

RCCOOH NH3, enzyme C
H

COOHR
NH2

*
O

Reductive Reductive 
aminationamination

OxidationOxidation



GlutamicGlutamic acid acid aminatesaminates other other αα--oxoacidsoxoacids by by redoxredox exchange:exchange:

RCCOOH

C
H

COOHR
N

*

NH

N

HH

R

CONH2

:

H+

HH

Mechanism:Mechanism:

Hydride transfer Hydride transfer 
from only from only one sideone side of of 
double bond in double bond in chiral chiral 
environmentenvironment of the of the 
enzymeenzyme



c. Using Chiral Auxiliariesc. Using Chiral Auxiliaries

RCCOOH

O
NH3

Chiral, 
enantiopure

 hydride

C

H

COOHR

NH2

*

Or Or enantioenantio--
selective selective 
StreckerStrecker
synthesissynthesis



PeptidesPeptides
Amino acids form peptide bonds

DimerDimer = = dipeptidedipeptide, , trimertrimer = = tripeptidetripeptide, and so on. , and so on. 
The chain is arranged in space by H bonding, The chain is arranged in space by H bonding, 
electrostatic attractions, hydrophobicelectrostatic attractions, hydrophobic--
hydrophilic interactions (with water), and rigidity hydrophilic interactions (with water), and rigidity 
of the amide bond. of the amide bond. 



Rigidity and planarity of the peptide bondRigidity and planarity of the peptide bond

RigidRigid

spsp22

TransTrans



Amino endAmino end
to the leftto the left

Carboxy endCarboxy end
to the rightto the right

Main chainMain chain

RR, , R’R’, , R”R”, etc. are called the , etc. are called the side chainsside chains. . 
All All stereocentersstereocenters are assumed to be are assumed to be S.S.



Names: Names: Line up the amino acid names in sequence, fromLine up the amino acid names in sequence, from left left 
to right, each ending in “to right, each ending in “ylyl”, until reaching the terminus.”, until reaching the terminus.

Examples of peptidesExamples of peptides
Three letter codeThree letter code

NutrasweetNutrasweet
200 times as sweet as table 200 times as sweet as table 
sugar, only 4 cal/g sugar, only 4 cal/g vsvs 4 kcal/g.4 kcal/g.
Compare: Fat 9 kcal/g, Compare: Fat 9 kcal/g, 
chocolate 3 kcal/g.chocolate 3 kcal/g.



Found in all living cells, particularly in the lens of 
the eye. Functions as a biological reducing agent 
by enzymatic oxidation of the cysteine mercapto
unit to the disulfide-bridged dimer.

Not a typical peptide bond: Glutamic acid residue 
makes amide bond with the γ-carboxy group (γ-Glu).

GlutathioneGlutathione



GramicidineGramicidine S: Antibiotic (Eye Infection)S: Antibiotic (Eye Infection)

Two identical pentapeptides
joined head to tail.

!!

Rare, lower Rare, lower 
homolog of lysinehomolog of lysine



InsulinInsulin: For diabetes. Disulfide bonds : For diabetes. Disulfide bonds 

http://images.google.com/imgres?imgurl=http://www.bbc.co.uk/health/images/300/insulin.jpg&imgrefurl=http://www.bbc.co.uk/health/conditions/diabetes/treatmentdiabetes_index.shtml&h=193&w=300&sz=8&tbnid=9nfs-Q_SfGBqPM:&tbnh=71&tbnw=111&hl=en&start=4&prev=/images%3Fq%3Dinsulin%26svnum%3D10%26hl%3Den%26lr%3D%26rls%3DRNWE,RNWE:2004-36,RNWE:en%26sa%3DN


The amino acid sequence is called the The amino acid sequence is called the primary primary 
structurestructure, the three dimensional arrangement is , the three dimensional arrangement is 
the the secondary, secondary, tertarytertary, and , and quaternaryquaternary structure.structure.

Secondary Structure: Secondary Structure: HH--BondingBonding

Pleated Sheet StructurePleated Sheet Structure



Sheets defined Sheets defined 
by shaded by shaded 
areasareas



αα –– HelixHelix
RightRight--handed spiral held by handed spiral held by intramolecularintramolecular H bondsH bonds

3.6 Amino acids per turn; repeat distance 5.4 Å3.6 Amino acids per turn; repeat distance 5.4 Å



Tertiary StructureTertiary Structure: : Further folding, 
coiling, and aggregation. Denaturation is 
the breakdown of this structure.

Example: Example: 
SuperhelixSuperhelix

Typical of fibrous proteins, 
such as myosin (in muscle), 
fibrin (in blood clots), and α-
keratin (in hair, nails, and wool).



Tertiary structure gives rise to pockets: Tertiary structure gives rise to pockets: 
Active sites or binding sites that provide 
perfect fit for substrates, e.g., drugs.

Example: Example: Digestive enzyme Digestive enzyme chymotrypsinchymotrypsin



Protein Protein 
digestion = digestion = 
Amide Amide 
bond bond 
hydrolysis hydrolysis 

Four Four 
cooperative cooperative 
effects to effects to 
facilitate facilitate 
proton proton 
shuttle shuttle 



Quaternary Structure: Quaternary Structure: Aggregation of Aggregation of 
several unitsseveral units

ExampleExample: : 
HemoglobinHemoglobin



Protein (Polypeptide) Primary Protein (Polypeptide) Primary 
Structure DeterminationStructure Determination

Amino Acid SequencingAmino Acid Sequencing

1.1. Break SBreak S--S bridges  by oxidation S bridges  by oxidation 
purify piecespurify pieces

RR11––SS––SS––RR2 2 RR11SOSO33H  + RH  + R22SOSO33HH

Purification is achieved by Purification is achieved by 
various forms of various forms of 
chromatography: Dialysis, chromatography: Dialysis, 
gelgel--filtration, ionfiltration, ion--exchange, exchange, 
electrophoresis, affinity electrophoresis, affinity 
chromatography.chromatography.



ChromatographyChromatography

PaperPaper
AffinityAffinity ColumnColumn



Used after hydrolysis of polypeptides to component Used after hydrolysis of polypeptides to component 
amino acids amino acids (6 N HCl, 110°C, 24 h). Column 
chromatography separates and detects them.

2. Amino Acid Analyzer2. Amino Acid Analyzer

Various amino acidsVarious amino acids

Integration gives relative amount of type of amino acid. Integration gives relative amount of type of amino acid. 
Now we know composition. What about the sequence?Now we know composition. What about the sequence?



3. Amino Acid Sequencing: One by one3. Amino Acid Sequencing: One by one
a. a. SangerSanger: Degrade from amino terminal end: Degrade from amino terminal end

Analyze: All Analyze: All dinitrophenyldinitrophenyl
derivatives of amino acids derivatives of amino acids 
are knownare known

HClHCl, , ΔΔ: : Hydrolyzes everythingHydrolyzes everything

Nucleophilic   substitutionNucleophilic   substitution
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b. b. EdmanEdman degradationdegradation–– leaves rest of leaves rest of 
chain intact, allows iterative procedurechain intact, allows iterative procedure

Phenyl Phenyl 
isothiocyanateisothiocyanate;;
like O=C=Olike O=C=O

TransamidationTransamidation



All All phenylthiohydantoinsphenylthiohydantoins of amino acids are known. of amino acids are known. EdmanEdman
degradation turns unreliable after ~50 amino acids (build up of degradation turns unreliable after ~50 amino acids (build up of 
impurities). Problem solved by chopping up large peptides impurities). Problem solved by chopping up large peptides 
selectively into smaller (< 50 amino acids) pieces using selectively into smaller (< 50 amino acids) pieces using enzymesenzymes..

up to 50 cyclesup to 50 cycles



Enzymatic CleavageEnzymatic Cleavage
TrypsinTrypsin: Hydrolyzes only at carboxy end of : Hydrolyzes only at carboxy end of 
ArgArg and and LysLys, e.g.:, e.g.:

ChymotrypsinChymotrypsin: Hydrolyzes only at carboxy      : Hydrolyzes only at carboxy      
end of end of PhePhe, , TrpTrp, , TyrTyr, e.g.:, e.g.:

TrpTrp--GluGlu--ArgArg PhePhe--PhePhe--LysLys AlaAla--ValVal

TrpTrp GluGlu--ArgArg--PhePhe PhePhe LysLys--AlaAla--ValVal

ThermolysinThermolysin: Hydrolyzes amino end of : Hydrolyzes amino end of 
LeuLeu, , IleIle, Val, e.g.:, Val, e.g.:

TrpTrp--GluGlu--ArgArg--PhePhe--PhePhe--LysLys--AlaAla ValVal

Followed by finding Followed by finding overlapoverlap sequences to establish connectivity in originalsequences to establish connectivity in original



Synthesis of PolypeptidesSynthesis of Polypeptides
Protecting groupsProtecting groups: Why? We need selectivity in : Why? We need selectivity in 
building up the peptide sequence. Consider the building up the peptide sequence. Consider the 
synthesis of synthesis of glycylalanineglycylalanine by dehydration of the by dehydration of the 
component amino acids:component amino acids:

Hence, amino end of Hence, amino end of GlyGly and carboxy end of Ala have to be protected.and carboxy end of Ala have to be protected.
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a. Amino end protection witha. Amino end protection with
PhenylmethoxycarbonylPhenylmethoxycarbonyl

((carbobenzoxycarbobenzoxy, , CbzCbz))

CH2

O
O

Like the Like the hydrogenolysishydrogenolysis of of benzylicbenzylic ethersethers UnstableUnstable



b. Amino end protection withb. Amino end protection with

TertTert--butyloxycarbonylbutyloxycarbonyl
((BocBoc))

H3C C
O

O
H3C CH3

(via (via terttert--Bu cation)Bu cation)



c. Carboxy Protection: Esterificationc. Carboxy Protection: Esterification
Simple methyl or ethyl esters. Alternatively, to avoid base (or Simple methyl or ethyl esters. Alternatively, to avoid base (or acid) acid) 
hydrolysis, hydrolysis, benzyl esters.benzyl esters.
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ProtectionProtection

DeprotectionDeprotection

TrpTrp TrpTrp--OBzOBz



Formation of the amide bond for peptides uses a Formation of the amide bond for peptides uses a 
mild coupling reagent: mild coupling reagent: DicycloheylcarbodiimideDicycloheylcarbodiimide
(DCC)(DCC) as a dehydrating speciesas a dehydrating species



Mechanism:Mechanism:
1. 1. ActivationActivation of carboxy group (recall activations to of carboxy group (recall activations to 
alkanoylalkanoyl halides or anhydrides) of halides or anhydrides) of NN--protected amino acidprotected amino acid

H
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Looks like an anhydrideLooks like an anhydride



2. Coupling with amino end of carboxy end protected 2. Coupling with amino end of carboxy end protected 
amino acid to  give amino acid to  give dipeptidedipeptide

Peptide bondPeptide bond

:
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AutomationAutomation: Merrifield solid: Merrifield solid--phase phase 
peptide synthesispeptide synthesis

Robert B. Merrifield
b. 1921 

Advantages: Robotic “custom made” assembly of Advantages: Robotic “custom made” assembly of 
any polypeptide; products on the polymer are any polypeptide; products on the polymer are 
isolated and purified by simple filtration and isolated and purified by simple filtration and 
washing.washing.



Early mile stone: Early mile stone: 
1966; Total 1966; Total 
synthesis of synthesis of 
insulin with 51 insulin with 51 
amino acids; amino acids; 
5000 operations 5000 operations 
carried out in a carried out in a 
few days.few days.
Modern Modern 
extensions: extensions: 
Combinatorial Combinatorial 
chemistry and chemistry and 
total synthesis total synthesis 
of complex of complex 
molecules on molecules on 
solid supports.solid supports.



DNA and RNA: Natural DNA and RNA: Natural 
Polymers Containing the Polymers Containing the 

Blueprint of LifeBlueprint of Life
Life (in this context) is the Life (in this context) is the 
synthesis of synthesis of proteinsproteins, which run , which run 
our (any) body. The information our (any) body. The information 
is stored in DNA: is stored in DNA: DeoxyriboseDeoxyribose
nucleic acidnucleic acid

The information is “read” The information is “read” 
(expressed) with the help of (expressed) with the help of 
RNA: RNA: Ribonucleic acidRibonucleic acid



Example: DNA chain.Example: DNA chain.
Backbone is a polymer Backbone is a polymer 
of the sugar linked by of the sugar linked by 
phosphate groups as a phosphate groups as a 
diesterdiester..

““Monomer” Monomer” 
is called a is called a 
nucleotidenucleotide

Structure of Nucleic AcidsStructure of Nucleic Acids

P

OH

HO OH

O

PhosphoricPhosphoric
acidacid

The information The information 
lies in the lies in the 
sequence of the sequence of the 
bases attached bases attached 
to the to the anomericanomeric
carbon: carbon: There There 
are four bases.are four bases.



Bases: All aromatic heterocyclesBases: All aromatic heterocycles
For For 
DNA:DNA:

For RNA: C, A, G andFor RNA: C, A, G and

Instead of Instead of 
thyminethymine

To visualize the To visualize the 
aromaticityaromaticity in the cyclic in the cyclic 
amides, formulate the amides, formulate the 
dipolar resonance form, dipolar resonance form, 
e.g. cytosine:e.g. cytosine:

N
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NH2

O

H



Naming Naming the pieces:the pieces:

SugarSugar--base compound:base compound:
A A nucleosidenucleoside

SugarSugar--basebase--phosphate phosphate 
monomer piece of monomer piece of 
polymer:polymer:
A A nucleotidenucleotide



Primary structurePrimary structure

DNA forms extraordinarily long chains 
(up to several centimeters) with 
molecular weights of as high as 150 
billion. Like proteins, they adopt
secondary and tertiary structures: 
Double helix!

Human chromosomesHuman chromosomes



WatsonWatson--Crick: Hydrogen bonding through Crick: Hydrogen bonding through 
complementary pairs: In DNA Acomplementary pairs: In DNA A--T, GT, G--C (1:1 ratio)C (1:1 ratio)

AA TT

CCGG

Gives rise to double helix.......Gives rise to double helix.......

27.7 kcal mol-1

15.1 kcal mol-1





View down the helical axisView down the helical axis

ComplementarityComplementarity::



Replication of DNAReplication of DNA

In humans 2.9 billion base pairs; error rate 1 in 10 billion!In humans 2.9 billion base pairs; error rate 1 in 10 billion!



Information storage: Peptides versus Information storage: Peptides versus 
nucleic acidsnucleic acids

Four letters: The four bases

R = 20 letters: The 20 natural amino acids



Base sequence contains information forBase sequence contains information for
protein synthesisprotein synthesis

DNA DNA mRNA mRNA polypeptidepolypeptide
Messenger RNAMessenger RNA

mRNA copies a piece of DNA to be used to construct a particular mRNA copies a piece of DNA to be used to construct a particular peptide; peptide; 
transfer RNA (transfer RNA (tRNAtRNA) delivers the amino acids, and a catalyst (ribosome) ) delivers the amino acids, and a catalyst (ribosome) 
puts the peptide together, following the blueprint: Three base sputs the peptide together, following the blueprint: Three base sequences equences 
((codonscodons) that translate into a specific amino acid. ) that translate into a specific amino acid. 



Three base code (Three base code (codoncodon): # of combinations ): # of combinations 
4433 = 64 = 64 more than enough for 20 amino acidsmore than enough for 20 amino acids





GenetechnologyGenetechnology: A Revolution: A Revolution



Deciphering the Deciphering the 
sequence of sequence of 2.9 2.9 
billionbillion base pairsbase pairs

The Human The Human 
GenomeGenome



The Future ?The Future ?

http://funnyjunk.com/pages/world.htm/http://funnyjunk.com/pages/world.htm/

http://funnyjunk.com/pages/world.htm/
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