Amino Acids,
Peptides &
Proteins

Modules
06740/ 06741 /06742

Course Content

1. Introduction to amino acids and peptides

2. Separation and purification of amino acids and proteins

3. Chemical and enzymatic reactions of amino acids and peptides
4. Polypeptide sequencing

5. Peptide synthesis

6. Protein structure

General Books

Most general “Organic Chemistry” text books have chapters
covering many aspects of the course. Similar biochemistry texts
have similar sections / chapters.

Specialist texts (include):
“An introduction to peptide chemistry” by P.D. Bailey
“Amino acid and peptide synthesis” by J. Jones.




Peptides and Proteins

monomers dimers to oligomers polymers

amino acids — (poly)peptides — proteins

function function

function
the building blocks hormones T——=>, enzymes (catalysis)
neurotransmitters C receptors (binding)
(etc) switching
structural

Peptides and Proteins

amino acids — (poly)peptides — proteins

MW = 75~204 g/mol 2 to ~50 amino acids ~50 amino acids+
(for common examples) 2 to ~10 = peptide

11 to ~50 polypeptide

polypeptides may Proteins almost always
have longer range have well defined
structure or order structures with higher
order (2,3 and 4
structure)

The MW of proteins are often expressed in Daltons (D) or kiloDaltons (kD)




Primary Structure

The sequence of amino acids that makes up the chain
of a peptide or protein is called the primary structure of
that peptide.

AAL-AA2-AA3S-AA4-AAS-AAS-AAT....

There are 20 amino acids encoded in our DNA, but
many more less common ones.

..... so 2068 (= 64 million) possible hexapeptides could
be made from these 20 amino acids.

Amino Acids

NH,
5 e
HN Y
@, U '
a
HoN COzH o CO,H HoN™ @ “CO,H
o-amino acid -amino acid o,e-diamino acid

R is known as “the side chain”, which often contains a functional
group.

‘@’ is often used to denote a functional group at the end of a (side)
chain (of unspecified length)

There are twenty common variants for R “encoded” in our DNA (22
actually) all of which are a-amino acids




DNA-encoded Amino Acids
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Some amino acids and dipeptides

> y-Ami [ i PN
y.Ang/zg/:)utyrlc acid HoN CO,H
« heurotransmitter
NH,
> Monosodium glutamate /\)\
« “Meaty” flavouring additive (umami) HO,C CO,Na
« Also a neurotransmitter!
CH2COZH ()
> Aspartame H
. Artificial sweetener N
« Simple dipeptide based on aspartic HoN OMe
acid and phenylalanine o CH,Ph
» Penicillin G BPh H
. Antibiotic 7/"1 s
« Dipeptide-based with further _'/
modification o N
Cysteine Q/ Valine

O3H




Peptides

> Enkephalins are a family of peptides

« They are present in the brain and are involved in the control of
pain sensation.

OH peptide
> E.g. (amide) bond
residue
o ——— (6]
H H
N N OH
H,N N
N terminus . H C terminus
O residue o]

> Convention dictates that the amino (N) terminus is always drawn on

the left and the carboxy (C) terminus on the right. .

Conventions

Short hand notation is used to describe peptide and
polypeptide / protein primary structure.

> With short peptides and amino acids /g‘/
the three- letter code often used.
Defined sequences are separated by
either a dot or a dash. Asp-Phe or Asplphe
« Asthere is a strict convention that

oligo- and polypeptides are always
written with their N-terminus on the —C

left and C-terminus on the right

Asp.Phe, for example, is not the

same as Phe.Asp /Y i OH
eu

> For polypeptides and proteins the
one-letter code is most often used, Tyr.Gly.Gly.Phe.L
without any dots or dashes. or

YGGFL
10




Conventions

o NHAC
. J = Ac
We use an extended notation to HsC
indicate if the termini are modified. com
« Aspartame, a methyl ester, L ’
would be H-As;_).Phg-OMe Ao NcoH HN™  CO,E
« N-acetyl aspartic acid would be: H
Ac-Asp-OH H-Lys(Ac)-OEt
»>Side-chain functionalisation is denoted
in brackets.
coH Ph o
Amino acid abbreviations are separated H );‘/H
by commas and given in brackets HoN OH  HN OH
indicate the peptide composition, not © Ph © COH
necessarily the sequence.
Asp.Ph Phe.A
« Thus (Asp,Phe) could refer to either sp-rhe eAsp
dipeptide Phe.Asp or Asp.Phe (Asp,Phe)
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Most amino acids are chiral

Many amino acids possess (at least) R
one chiral centre. -
« All 20 DNA-encoded a-amino acids HN™"COH
are laevorotatory (L), except glycine laevorotatory (L)  dextrotatory (D)
which is achiral (R = H). (S) (R)

H

N

HO,C~ “NH,

C.I.P. rules reveal that all such

(L) amino acids are (S) except

cysteine which is (R). Here the
side chain is CH,SH and S takes

D-amino acids are also
precedence over CO,H.

very common in nature

L-Cysteine
R H H
\/7/ s sugar-peptide-(D)-Ala-(D)-Ala
(o]
N
penicillins  © o D-Valine in bacterial peptidoglycan

12




Acid-base properties

Amino acids possess both acidic and basic functional groups

e @
H o H RCO,H RCO, H pKa, ~ 2.2
HZN)\COZH at high pHa neg_ativ_ely cha_rged
carboxylate anion is obtained

® K ®
pH ~6-7 RNH, H 2 RNH;

at low pH a positively charged
ammonium cation is obtained

pKa, ~ 9.0

R H N .
3 at about neutral pHs a zwitterion exists

H3®N co, (German: zwitter = hybrid)

The pH at which the amino acid‘s net charge is zero is called the isoelectric
point (IEP, sometimes IP) 13

Isoelectric Point

The acid-base titration curve pH
for glycine (IEP=6.0) shows
two ionisations: one for the
acid and one for the amine.

9.0
The isoelectric point will vary
depending on the inductive g'g

effect of the side chain R.

In phenylalanine (IEP=5.5) the ,

-1 side chain will lower the pKa /
of both acid and amine group

very slightly compared to
glycine (R=H) 0.5 1.0 15
equivalents of NaOH added

14




Amino acid solubility

Due to their zwitterionic nature amino acids are more readily soluble in
polar solvents than non polar solvents, but side chain groups will affect

relative solubility.

Amino acid | Serine Glycine Phenylalanine
Side chain R =| CH,OH H CH,Ph
polar non polar
Solvent
H,0 Ser > Gly > Phe
CHCl,4 Ser ~ Gly ~ Phe
Benzene Ser < Gly < Phe
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Amino acids grouped by side chain

A R N D
Ala Arg Asn Asp
CHg (13H2 (I:H2 (I:H2
CH, C=0 C=0
POLAR ‘CHZ NH, OH
ACIDIC ’TIH
BASIC G=NH
NON-POLAR NH;
L K M F
Leu Lys Met Phe
(1:H2 (13H2 (IZHZ ‘CHz
CHCH3CH,  CH,
CHs (:;H2 ‘s
CH, CHs3
NH,

HN

C
Cys

o
SH

Pro

C—OH

E Q
Glu GIn
ik
CH, CH,
po o=
OH  NH,
S T

Ser Thr
(‘ZHZ (‘:HOH
OH CHy

G H |
Gly His lle
,L CHz  CHCHg
CH
Y b
o ©Te
W Y \%
Trp Tyr Val
(‘2H2 CH, (‘:H—CH3
CH
N 3
NH
OH
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Basic and Acidic Side Chain
Functional Groups

> Aspartic and glutamic acid
have acid side chain functional
groups (carboxylic acids).
« Aspartic acid IEP =2.98
o Glutamic acid IEP = 3.22

> Lysine and arginine have basic
side groups (amine and
guanidine respectively).
o Lysine IEP =9.76
« Arginine IEP =10.76
« The imidazole ring found in
histidine is only weakly basic
(IEP = 7.59)

€]
co,
H

B e
HsN co, : °
® co,
Overall - 1 charge at pH 7

HaN @

\\H

X e}
HsN~ ~CO,
®

Overall +1 charge at pH 7
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Titration curves for lysine and
glutamic acid

» The acid-base titration curve
for lysine shows three
ionisations: one for the acid
and two for the amines.

» The acid-base titration curve
for glutamic acid shows three
ionisations: two for the acids
and one for the amine.

> The isoelectric point will
correspondingly be high for
lysine and low for glutamic
acid.

pH

10.5
9.0

4.5

2.0

1 1

05 10 15 20 25 3.0
equivalents of NaOH added
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Separation and

Purification of

Amino Acids &
Proteins

19

Paper Chromatography - analysis

> Like conventional TLC using silica coated plates, the cellulose in
paper can be used as a stationary phase for the chromatography of
polar molecules such as amino acids.

> Eluants, the composition of which is crucial to separation, often
contain:

« Water polar solvent which binds strongly to the
polysaccharide in cellulose

« Butanol solvent miscible with water but which decreases the
overall dielectric constant

« ag. Ammonia to increase pH

« Acetic acid to decrease pH

> 2-Dimensionsional chromatography is often used for tricky
separations by utilising different eluants for each direction.

20
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Paper chromatograms

first elution
[ J o ([ J
8 e o © 2D chromatogram

eluting with a different
_ solvent mixture in
o ‘ 89 o each direction
8 8 o ©
) )
@ @
= second elution
od® ©® e e

21

Ninhydrin — detection of amino acids

> Amino acids can be detected on the chromatogram by using ninhydrin. A
solution of ninhydrin is sprayed onto the paper and heated. The amino acids

show up as purple spots (proline appears ).
X ;%
OH HZO HN™ "COzH o]
© _— =N "H
¢
ninhydrin 0
coz/ H+
OH o) OH
nlnhydrln H O/ H+
s N{;Q ‘* ‘*J
0 o
Amax 570nm

22
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Gas Chromatography — analysis

Amino acids can be analysed by standard GC methods, but due to
their zwitterionic nature they must be derivatized to increase their
volatility.

Typical derivatization includes esterification of acid groups and
trifluoroacetylation of amines (on side chains too if necessary).
Silylation can be used for both groups.

R R

OFEt Me3Si OSiMe,
N N
H H

o} O

- An increasing temperature gradient is used to make sure elution
times are reasonable.

GC machines can be calibrated to give quantification and linked to a
mass spectrometer to help in identification.

23

Separation of proteins: dialysis

Proteins can be separated using dialysis. Using semi-permeable
membranes, which only allow molecules up to a certain size to pass
through the them, complete partition of proteins with a similar MWs
is not possible.

Jas | — ﬂ@ﬂﬂ“

ALY A

As the overall range of protein MWs is large this technique is a very
useful, if crude, method to separate higher and lower MW materials

as a first stage in purification.

24
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lon-Exchange Chromatography —
preparative separation

As amino acids have a net charge which varies with the pH, this property
can be used to separate amino acids using ion-exchange resins

© o o ©®
X MesN SO; Na

® —_ . . — S]
functionalized

polymer bead

/

columns packed
with polymer
(resin) beads

Anion exchange resin Cation exchange resin

. . 25
Anchored group is +ve Anchored group is -ve

lon-Exchange Chromatography

> Peptides and amino acids with net negative charges bind
to anion exchange resins, but those with positive
charges are repelled by the resin and are eluted quickly.
« The reverse is found for cation exchange resins

> Amino acids and peptides have different net charges at
different pHs.

« Side chain functional groups are a big factor in determining the
net charge and therefore the IEP; this is true for peptides and
proteins as well as their individual amino acids constituents.

> The pH of the eluant can be changed with time. This will
change the overall net charge of the peptide and
therefore its “stickiness” to the resin.

26
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Separation of proteins: gel filtration or size
exclusion chromatography

Proteins come in a wide variety of shapes and sizes. Gel filtration chromatography
uses porous resins to separate proteins on the basis of these differences. It is
sometimes know as size exclusion chromatography.

m.

| M
00,

‘ o -
o’!’

Residency times in the pores of the
resin is greatest for the smallest
proteins. Larger proteins elute more
quickly.

Column with
macroporous

) 27
resin beads

Gel filtration chromatography -
problems and solutions

> If the resin has pores of one size only, then separation of a
complex mixture of proteins will be inefficient.
o . either the proteins enter the pores or they do not, resulting in
two elution peaks only.
> If a complex mixture or proteins are to be separated then
the macroporous resin will need to have a range of pore
sizes.

« ....butif the range of pore size is too great then the resolution is lost
and the elution bands are broadened resulting in overlap.

> The compromise is to have a narrower range of pore sizes,
approximating to the size of the protein of interest. Like with
dialysis other techniques are needed to isolate the peptide
in a really pure state.
28
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Affinity chromatography

Affinity chromatography uses porous resins beads covalently attached to which is
the natural ligand of the protein of interest. Elution of the protein mixture results in
binding and retention of the single protein whilst the others elute normally.

Add D to
eluant here
- 0 A
Natural ligand (A) Addition of excess,
covalently bound to resin unbound natural ligand to
) bead traps complementary the eluant displaces
Protein protein as it passes over the  protein from resin and
mixture bead. allows elution.
Affinity
column 29

Electrophoresis

> Electrophoresis is a technique that uses the net charge of peptides (amino
acids) as a basis for separation.

> A potential difference is applied across a solid material (e.g. paper for amino
acid analysis) permeated by an electrolyte.

Lys.Lys Phe.Lys ) Phe.Asp Asp.Asp Support
mixture material
applied here impregnated
ﬂ with electrolyte
Cathode Anode
cations anions

> Anions migrate to the anode and cations to the cathode. The rate of
diffusion is related to the size and net charge. Small highly charged proteins
migrate more quickly.

30
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Isoelectric focusing (IEF)

It is difficult to separate two peptides or proteins of similar MW if they differ
only slightly in their net charge at a given pH.
> This problem can be overcome by performing the electrophoresis across a
pH gradient — known as isoelectric focusing.

pH 3

anode

> As soon as the IEP is reached the proteins carry zero net charge and so
stop migrating.

31

Electrophoresis equipment

typical IEF equipment

electrophoresis
‘support’ material

ceramic cooling plate

32
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SDS-PAGE

NH
PAGE is polyacrylamide gel electrophoresis /\"/ ? acrylamide
SDS is sodium docdecyl sulphate - a surfactant o)

/\/\/\/\/\/\SOSNa SDS

> The support material for SDS-PAG electrophoresis is a cross-linked
gel formed by the polymerisation of acrylamide and a cross-linking
agent.
« Adding the surfactant SDS causes proteins to unfold (denature).
« The surface of the protein is “coated” with negatively charged SDS
molecules in (approx. one SDS per two amino acid residues).
> All proteins are given an overall negative charge and so migrate to
the anode.
« Adding the surfactant means that proteins migrate as a function of their

MW. Larger proteins migrate more slowly due to their bulk (despite their
high net negative charge) whereas small proteins migrate more quickly.

33

2-Dimensional gel electrophoresis

> Proteomics is the name given to the recent scientific discipline which
is based around the study of the entire set of proteins produced by a
cell (known as the proteome, c.f. genetics and genome).

« The aim is to study the overall effect on protein expression in a cell by,
for example, the action of a drug or other bioactive compound.

> 2D-electrophoresis (c.f. 2D amino acid chromatography) is needed
in an attempt to separate the many hundreds or perhaps even
thousands of proteins that may be present in a cell.
« The two techniques most commonly used are |.E.F. followed by SDS-
PAG electrophoresis.

« Analysis of proteins is performed using MALDI - a new(-ish) mass
spectrometry ionisation technique which uses lasers (Matrix Assisted
Laser Desorption lonization).

34
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Example of a 2D gel

SDS

35

Chemical and
Enzymatic Reactions
of Amino Acids &
Peptides

36
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Acid and alkaline hydrolysis

» Peptides can be cleaved into their constituent amino
acids by acid or alkaline hydrolysis of the peptide
(amide) bond.

> This reaction follows the same standard mechanism of
hydrolysis of a simple amide bond using either acid or
alkali.

» Acid conditions: 6M HCI, 110 C, 24 h, sealed and
evacuated tube.

« Methionine (Met) and cysteine (Cys) are easily oxidised. The
reaction tube must therefore be degassed and flushed with
nitrogen (to remove any dissolved oxygen) before evacuation
and sealing.

« Tryptophan (Trp) is totally destroyed under these conditions.

37

Acid and alkaline hydrolysis

» Acid: (cont.)
« Serine (Ser) and threonine (Thr) are slowly dehydrated to alkenes
but losses are not usually serious.

« The side-chain amides of glutamine (GIn) and asparagine (Asn)
are hydrolysed. Analysis of constituent amino acids will therefore
indicate higher levels of glutamic (Glu) and aspartic (Asp) acids.

> Alkali conditions: 2M NaOH, 100 C.

« Arginine (Arg), cysteine (Cys), serine (Ser) and threonine (Thr) are
totally destroyed but tryptophan (Trp) survives: use alkali if
presence of tryptophan is suspected.

Acidic conditions generally destroy fewer amino acids
totally and so is preferred to alkaline hydrolysis.

38
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Mild acid hydrolysis

> Conditions: 6M HCI, RT, several days.

« The amide bond between certain residues hydrolyse faster than
others resulting in partial hydrolysis and the formation of peptide
fragments.

« E.g. the side-chain functional group of aspartic acid (Asp) can be
involved in hydrolysis (neighbouring group participation).

« This can also happen with glutamic acid (Glu), via a 6-ring
anhydride, but to a lesser extent.

DG g o X 5
)k ( N\)k OH HsC HzN
He” N N
5 N N N
o
o OH
)I\ OH \)k
HaC N
® H
o

More reactions of peptides

If a peptide ester is reduced with LiBH, then hydrolysed with 6M acid,
the C-terminus residue can be identified as an amino alcohol

Ph
o o i, LiBH,
HQK s ii, M HCl
HoN N OMe ST
o ) I\

If a peptide is reacted with hydrazine then all the amino acids except
the C-terminus residue will be isolated as the acid hydrazide

HoN

Ph NHNH,
NHNH, o N NHNH,
H2N HoN
o)
5 OH
40
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End group analysis

> Sanger’s reagent
« Sanger’s reagent is fluoro-2,4-dinitrobenzene (FDNB)

« FDNB reacts with primary amine atoms to give acid-stable
dinitrophenyl (DNP) derivatives

> It was developed to assist in the sequencing of peptides
(determination of the primary structure)

« After total acid hydrolysis the DNP derivatized amino acid can be
identified by comparison with standards. The a-DNP derivatized
amino acid must correspond to the N-terminus of the peptide

« However the side-chain amine groups in lysine (Lys) and
ornithine (Orn, whose side chain is one methylene shorter than
lysine) react as well, but these can also be identified using
chromatographic separation and by reference to standards

> An alternative to Sanger’s reagent is dansyl chloride
which produces acid-stable sulfonamides

41

Sanger’s reagent and dansyl chloride

nucleophilic

aromatic
sanger,s F substitution H DNP
reagent /@ + HN—R  — /@ R derllvat|vde
coloure
OzN NO, O,N NO,
yellow
o]
I H
S0,Cl 0=S—N-R
+ HN—R Absorbs
strongly in
dansyl the UV-Vis
chloride NMe, NMe, region

Can detect pg

guantities (10 mol) a2
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Mixture of amino acids
for analysis (including
those tagged by FDNB)

P o o i, FDNB
" K ii, HCI, 6M, heat
HoN N\)k” N OH
(6] (o]

Cannot be N-
NO, terminus as
only e-NH, DNP
tagged
NO,
OH
HN ) H,N
4 o]
OH
HyN
Must be o

N-terminus as a-NH,
is DNP tagged

DNP-Phe a-tagged
Lys(DNP) side chain tagg‘gd

Edman degradation

> The Sanger method is destructive and only determines the N-
terminus residue of a peptide.

> Edman’s reagent (Ph-N=C=S) can be used to cleave sequentially the
N-terminal residue of a peptide without the need for total hydrolysis.

Ry o s Ry o
H H
M N Ph._ J\ N
Ph—N=C=S H,N Nonnanane —_— N N N
N H H H H
o) R, o Ry

6M HCI, rt l
Thiohydantoin

R, _H+* o
Ry H
Ry o N
HN e
HN o
QO . o, HN DR My )\(O r
N /)\s H 'i‘ S
S \ph Ph— Rz H

The thiohydantoin can be isolated and compared to reference samples in
order to identify the amino acid from the N terminus of the peptide. 44
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Automated Peptide Sequencer

The Edman process can be
automated and used to
determine the sequence of
long peptides with 10s of
amino acids.

45

Cyanogen bromide (CNBr)

Cyanogen bromide selectively cleaves peptides on the C-side of
methionine (Met) residues. This chemoselective reaction uses the
nucleophilic sulfur atom and fast 5-exo cyclisation forming the five-
membered ring (cf. faster hydrolysis at the C-side of Asp residues).

R3 R3

H
R, ™~
)\”/ \(\K N cBr )ﬁ(“ o
~ N (¢]
H )
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Enzymic cleavage of peptides

Enzymes are protein catalysts used in a very wide range of biological
reactions.

Enzyme action may be mediated in a variety of ways:

« catalysis of phosphorylation of hydroxyl groups in serine (Ser) or
tyrosine (Tyr) residues of other proteins

« cleavage of peptide (amide) bonds in other peptides or proteins.

Some biological reactions may be very simple, for example digestion
of proteins and carbohydrates (i.e. food) in the stomach. In this case,
the hydrolysis of bonds is indiscriminate.

> Inmany cases, however, the action of an enzyme is highly selective,
for example in the activation and deactivation of biologically active
molecules such as hormones and neurotransmitters etc.

47

Renin-Angiotensin System
and Hypertension

Angiotensinogen
Asp.Arg.VaI.Tyr.IIe.His.Pro.Phe.His.LeulLeu.VaI.Tyr.Ser...(protein)

\ Renin
Angiotensin | Asp.Arg.VaI.Tyr.IIe.His.Pro.Phel—(is.Leu

Angiotensin converting enzyme

Angiotensin Il Asp.Arg.Val.Tyr.lle.His.Pro.Phe + His.Leu

l Angiotensinase

degradation products
48
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The Renin-Angiotensin Pathway

> The protein angiotensinogen, produced in the liver, is cleaved by the
action of the enzyme renin to give angiotensin |, a decapeptide.

> Angiotensin | is converted to angiotensin Il, an octapeptide, by the
action of angiotensin converting enzyme or ACE.

> ACE cleaves a specific bond between the Phe-His residue so
removing a dipeptide unit from the C-terminus of angiotensin |I.

> Angiotensin Il interacts with receptors on the surface of blood vessel
cells. This mediates vasoconstriction to increase the blood flow when
needed, but also causes fluid retention which together can result in
high blood pressure (hypertension). The action of angiotensin Il is
moderated by angiotensinase an enzyme that degrades angiotensin |l
in to smaller inactive fragments.

49

Useful Enzymes

Carboxypeptidase

« This (type of) enzyme sequentially cleaves amino acids from the
C-terminus of a peptide chain as long as the «-CO,H group is
underivatized (unblocked).

« The rate of reaction for each residue is different, but is
sufficiently slow that quenching the reaction after fixed times and
quantifying the liberated amino acids allows the first two or three
residues of the peptide to be determined.

Aminopeptidase
« This (type of) enzyme sequentially cleaves amino acids from the
N-terminus of a peptide chain as long as the a-NH, group is
underivatized. The rate is very rapid and cannot be used in
partial sequencing as with carboxypeptidase.

50

25



Enzymes (cont.)
> Chymotrypsin

« Chymotrypsin recognizes residues with aromatic side chains. It

cleaves on the carboxyl side of phenylalanine (Phe), tyrosine
(Tyr) and tryptophan (Trp) residues

JAALPhelAA ... . AALTYHAA ... ... AA,.TrplAA, ., ..

> Trypsin
« Trypsin recognizes residues with basic side chains. It cleaves on

the carboxyl side of arginine (Arg) and lysine (Lys) residues
(but not histidine which is insufficiently basic)

51

Enzymes (cont.)

> Thermolysin

« Thermolysin recognizes residues with hydrophobic side chains.
It cleaves on the amino side of phenylalanine (Phe), tryptophan
and also leucine (Leu) residues.

.. AAIPhe AA ., .... .. AALTI.AA ...

.LAALLeuAA, ...

> These enzymes will normally not ‘work’ where D-amino acids are
involved, as will also happen, in many cases, when proline (Pro) is
present at AA, or AA, ...

52
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Polypeptide
Sequencing

53

Introduction

> How do you determine the primary sequence of amino
acids in a biologically interesting polypeptide?

> We need to use a combination of experiments and some
logic!

> Luteinizing hormone-releasing hormone (LH-RH) was
isolated in a few tens of ug from 1,000s of pig brains, yet
was still successfully sequenced.

What follows is a summary of the chemical and enzymatic
reactions encountered previously in this course.

54
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>

Total acid hydrolysis

Heating a peptide with 6M HCI hydrolyses the peptide into its
constituent amino acids.

Amino acids can then be separated using various chromatographic
techniques.

The total number and distribution of amino acids can be determined.

HOWEVER:

« Tryptophan (Trp) is destroyed by strong acid.

« Asparagine (Asn) and Glutamine (GIn) have amidated w-
carboxylic acid groups, which are hydrolysed by strong acid.
Thus Asn and GIn residues appear as Asp and Glu residues
after total acid hydrolysis.

55

Partial Hydrolysis

Partial hydrolysis can be achieved with non-selective enzymes, e.g.
papain.

Peptide fragments are formed at random, producing for example di-,
tri- and tetrapeptides.

Weaker acid or 6M at lower temperatures does the same job.

These fragments can be extremely useful in “filling in the gaps” with
partially sequenced peptides (see later).

56
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Chemical Techniques

» Cyanogen Bromide (CNBr)
« Cleaves on the C-side of methionine residues, Metl Xaa

> Sanger’s reagent (fluorodinitrobenzene, FDNB)

« ‘Tags’ free NH, groups before total acid hydrolysis. Dinitrophenyl
(DNP) tagged residues can be compared with reference samples
(e.g. DNP-Gly)

» Edman degradation (phenyl isothiocyanate)

« Cleaves N-terminus as thiohydantoin derivative which can be
compared with reference samples.

57

Enzymes

Enzymes digest (cleave) peptides with a high degree of specificity.

> Trypsin
« Cleaves on the C-side of basic residues - Arginine and Lysine:
Xaa.ArglYaa Xaa.LyslYaa

> Chymotrypsin
« Cleaves on the C-side of aromatic residues - Phenylalanine,
Tyrosine and Tryptophan
Xaa.PhelYaa  Xaa.TyrlYaa Xaa.TrplYaa

> Carboxypeptidase
« Sequentially cleaves the C-terminus residue from a peptide as
long as it is the free a-acid (e.g. not an amide or ester). Reaction
rates vary for different amino acids so the enzyme can only be
used to determine a few residues before things get confusing.

58

29



Example 1

Consider the heptapeptide Val.Leu.Lys.Phe.Ala.Glu.Ala

What would you expect to get if you treated the peptide with
chymotrypsin?

ANSWER: Val.Leu.Lys.Phe and Ala.Glu.Ala

What we in fact get in reality is (Leu, Lys, Phe, Val) and (Ala,,Glu) after acid
hydrolysis of each fragment. However we can ‘place’ the Phe-containing
fragment at the N-terminus and the Phe at position 4 because of the known
enz_)éme specificity. Chymotrypsin cleaves on the C-side of aromatic
residues.

What would you expect to get if you treated the peptide with trypsin?

ANSWER: Val.Leu.Lys and Phe.Ala.Glu.Ala

What we get are (Leu, Lys, Val) and (Ala,,Glu, Phe) but we can place the
Lys-containing fragment at the N-terminus and the Lys at position 3. Trypsin
cleaves on the C-side of basic residues
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Example 1 cont)

so far we have: (Leu,Val).Lys.Phe.(Ala,,Glu)

Treatment of the heptapeptide with Sanger’s reagent, followed by
total acid hydrolysis gives DNP-Val. So Val is at position 1 and
therefore by deduction Leu must be at position 2.

Action of carboxypeptidase releases Ala first, thus giving the C-
terminus residue.

Treatment of the tripeptide produced by the action of chymotrypsin
with Sanger’s reagent with gives DNP-Ala, thus placing Ala at
position 5 and therefore Glu must be at 6.

Sequence is: Val.Leu.Lys.Phe.Ala.Glu.Ala

Five experiments used to sequence the heptapeptide
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The Principle of Overlap

> A peptide containing (Ala,Gly,Pro,Ser) gives three dipeptides upon
partial acid hydrolysis. After sequencing the dipeptides we get:

Ser.Ala Ala.Gly Pro.Ser
> Whatis the sequence of the original peptide?
Pro.Ser
Ser.Ala
Ala.Gly

> ANSWER: Pro.Ser.Ala.Gly
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Example 2

> A peptide containing (Ala,Arg,Cys,Leu,Val) gives four dipeptides
upon partial acid hydrolysis. After sequencing the dipeptides we get:

Cys.Arg Ala.Cys Leu.Ala Arg.Val
> What is the sequence of the peptide?
Leu.Ala
Ala.Cys
Cys.Arg
Arg.Val
> ANSWER: Leu.Ala.Cys.Arg.Val

‘Lone’ amino acids are extremely useful marker residues.
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Deductions

> Partial acid or non-specific enzymic hydrolysis results in random
production of smaller peptide fragments. This can be useful towards
the end of sequencing particularly if the fragments contain unique or
infrequently occurring amino acids.

> For example, if a peptide only contains two Gly residues and only
one type of tripeptide with Gly, is isolated upon partial hydrolysis
then the only scenarios that can give rise to this are:

> ....Gly.Xaa.Gly..... in the middle of a peptide
> Gly.Gly.Xaa..... or Gly.Xaa.Gly..... at N-terminus
> ....Xaa.Gly.Gly or .....Gly.Xaa.Gly at C-terminus
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Problem 1

A polypeptide is subjected to the following digestion procedures and
the fragments were sequenced. What is the sequence of the original
peptide?

Cyanogen bromide Trypsin digestion

A Asp.lle.Lys.GIn.Met D GIn.Met.Lys

B Lys.Phe.Ala.Met E Gly.Met.Asp.lle.Lys

C Tyr.Arg.Gly.Met F Phe.Ala.Met.Lys
and Lys G Tyr.Arg

> Lys must be at C-terminus from CNBr experiment, but overlap could
be with fragment D or F.

> Look for alternating overlap of fragments from each experiment.
How about C and G ? These both start with the same residues.
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Problem 1 cont)

C Tyr.Arg.Gly.Met
G Tyr.Arg
E Gly.Met.Asp.lle.Lys
A Asp.lle.Lys.GIn.Met
D GIn.Met.Lys

B Lys.Phe.Ala.Met
F Phe.Ala.Met.Lys

Lys
Sequence is:
G E D F

Tyr.Arg.Gly.Met.Asp.lle.Lys.GIn.Met.Lys.Phe.Ala.Met.Lys

C A B
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Problem 2

A peptide was digested with enzymes and
gave the following fragments.

Trypsin digestion
A Ser.GIn.Met.Thr.Glu.Arg
B Asn.Ala.Trp.Leu.Lys
C Ala.Pro.Asp

Chymoptrypsin digestion
D Leu.Lys.Ser.GIn.Met.Thr.Glu.Arg.Ala.Pro.Asp
E Asn.Ala.Trp
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Problem 2 cont)

C must be the C-terminus as it has no basic residue, so (A,B)—C

C Ala.Pro.Asp

D Leu.Lys.Ser.GIn.Met.Thr.Glu.Arg.Ala.Pro.Asp
A Ser.GIn.Met.Thr.Glu.Arg
B Asn.Ala.Trp.Leu.Lys
E Asn.Ala.Trp

Sequence is:
Asn.Ala.Trp.Leu.Lys.Ser.GIn.Met.Thr.Glu.Arg.Ala.Pro.Asp
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Bradykinin

Bradykinin, A, is a nonapeptide released by blood plasma globulins
in response to a wasp sting. It is a potent pain-causing agent.

Total acid hydrolysis of A gives (Arg,, Gly, Phe,, Pro,, Ser)

Chymotrypsin digestion gives: Partial acid hydrolysis gives:

peptide B (Arg,Gly,Phe,Pro,) Phe.Ser

peptide C (Phe,Pro,Ser) Pro.Gly.Phe

and free Arg Pro.Pro
Ser.Pro.Phe

Trypsin digestion gives: Phe.Arg

peptide D (Arg,Pro,,Gly,Phe,,Ser) Arg.Pro

and free Arg
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Bradykinin cont)

(Arg, Arg, Gly, Phe, Phe, Pro, Pro, Pro, Ser)
From the chymotrypsin digestion Arg must be at the C-terminus

Phe must be at positions 5 and 8 or 3 and 8 (depending on B/C
order) due to enzyme specificity.

From the trypsin digestion Arg is at the N-terminus too.

From the dipeptides Arg.Pro and Phe.Arg we must conclude Pro is
at position 2 and Phe is at position 8
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Bradykinin ont)

Di- and tri-peptides from partial hydrolysis:
Phe.Ser ; Pro.Gly.Phe ; Pro.Pro ; Ser.Pro.Phe ; Phe.Arg ; Arg.Pro

There is only one Ser residue so we must have Phe.Ser.Pro.Phe from
overlapping fragments.

The Pro.Pro dipeptide must overlap with the Pro.Gly.Phe tripeptide as the
other Pro wedged between Ser and Phe so we are left with:

Phe.Ser.Pro.Phe and Pro.Pro.Gly.Phe

1 2 34567 8 9

Bradykinin must be:  Arg.Pro.Pro.Gly.Phe.Ser.Pro.Phe.Arg
1 2 3 4 5 6 7 89
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Phylloxin @une 2001

Phylloxin, A, is a peptide isolated from the skin of the hylid frogs
belonging to the genus Phyllomedusinae. Total acid hydrolysis results
in the isolation of the following amino acids:

A (Ala, Cys, Gly,, Glu,, lle,, Leu, Lys, Met, Phe, Ser,, Tyr,)

Use the information to establish the sequence of amino acids in
phylloxin.

Trypsin cleaves on the C-side of basic residue, Arg|Xaa and Lys|Xaa

CNBr cleaves on the C-side of methionine, Met| Xaa

Chymotrypsin cleaves on the C-side of aromatic residues Tyr|Xaa and Phe|Xaa
Fluorodinitobenzene and acid hydrolysis gives N-terminus DNP-Xaa derivative
Edman degradation sequentially cleaves N-terminus residues.

Note well the single (‘marker’) residues
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Phy”OXin (cont.)

Trypsin cleaves A to give two peptides.

>  Only one Lys and no Arg, so C must be at the N-terminus.
FDNP gives DNP-lle at N-terminus of B

C B
(Gly,Met,Ser,Tyr).Lys|lle(Ala,Cys,Gly,,Glu,,lle,Leu,Phe,Ser,,Tyr)
5 6

> CNBr gives two peptides; only one Met present so tripeptide E
must be at the N-terminus with Met at position 3.

E F

(Xaa,Yaa)Met|(Zaa).Lys.lle(Ala,Cys,Gly,,Glu,,lle,Leu,Phe,Ser,,Tyr)
3 5 6
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Phy”OXin (cont.)

Chymotrypsin cleaves A to give three peptides and free Phe.
> G must be at the C-terminus as it contains no aromatic residue.

> F contains the only Met and Lys so must be in the middle and must
end in Tyr.

> H must be at the N-terminus: it contains Tyr and Gly [c.f. fragments
C and E] therefore (Gly,Tyr) becomes Gly.Tyr, and with Ser fall into
positions 1,2 and 4 respectively.

> Phe must therefore fall into position 13.
H F G

Gly.Tyr|Met.Ser.Lys.lle(Ala,Gly,,lle,Ser).Tyr|Phe|(Cys,Glu,,Leu,Ser)
1 2 3 4 5 6 12 13
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Phy”OXin (cont.)

Tackling the C-terminus we note:
>  There is a dipeptide Ser.Cys from the partial hydrolysis;
>  The Edman degradation gives Cys three residues into G;

Tyr.Phe(Xaa)Ser.Cys(Yaa,Zaa)
12 13 15 16

>  Thereis only one tripeptide containing Glu, which must place
Glu.Glu at the C-terminus (17 and 18) and Leu at 14.

The sequence so far is:
Gly.Tyr.Met.Ser.Lys.lle(Ala,Gly,,lle,Ser).Tyr.Phe.Leu.Ser.Cys.Glu.Glu
1 2 3 4 5 6 12 13 14 15 16 17 18
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Phy”OXin (cont.)

Gly. Tyr.Met.Ser.Lys.lle(Ala,Gly,,lle,Ser).Tyr.Phe.Leu.Ser.Cys.Glu.Glu
1 2 3 4 5 6 12 13 14 15 16 17 18

We have left two dipeptides from partial hydrolysis: Ser.Gly and Ala.Ser

>  The Ser must be the same as we have only one in F (allowing for
the one already placed at position 4) thus giving Ala.Ser.Gly.

> However we also are told that only one tripeptide containing two
glycines is obtained so we must have an Gly.Xaa.Gly unit, leaving
the only possible combination: Ala.Ser.Gly.lle.Gly

Phylloxin therefore is:

Gly.Tyr.Met.Ser.Lys.lle.Ala.Ser.Gly.lle.Gly.Tyr.Phe.Leu.Ser.Cys.Glu.Glu
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Peptide Synthesis
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Peptide Synthesis

> If we want to make a dipeptide we usually start with the
individual component amino acids

Ry 0] Ry (e}
N OH H,N
2
HoN OH ——  un + oH
o] Ro o Rz

> We need to make an amide by reaction of an amine with an acid.

R, o) R " 1% R, ’ o
HZN)ﬁKOH HZNﬁ)J\OH > HzN)\”/Nﬁ)J\OH HZNA\H/NW)}\OH
o Ry o R 0 R
Ry o} Rz Q
HoN OH HoN OH
o} Ry o} Ro

> e but it is possible to make four dipeptides with two amino acids. .

General Considerations

> We therefore need to be able to control which amine reacts with
which acid. This can be achieved through the use of protecting
groups to “mask” the amine on one amino acid and the acid group
on the other.

R o R (e}
1 1 ) ®
OH  HN o HsN
e 1 e ey o
o] Ry o Ry

> Suitable protecting groups will also be needed for any functional
groups on side chains R; and R,.

> The acid must be converted into a functional group that will react
with an amine (“activate the acid”) to form an amide otherwise a salt
will simply form.
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Protecting Groups

> A suitable protecting group must:
« be easily introduced in high yield
« be stable under the conditions of the coupling reaction [amide (or
peptide) formation].
« be easily and selectively removed in high yield without affecting
the newly formed amide bond.

> In the synthesis of longer peptides the side-chain protecting group(s)
must remain in place throughout the manipulation of the a-amino
and a- carboxyl groups, but must also be easily removed at the end.

« We therefore must have a set of orthogonal protecting groups.

79

o.-Carboxyl protection

The simplest form of protection for the carboxylic
O

acid is the ester. Three types of esters are
commonly used in peptide synthesis: HZN\H‘\OR

R
« The (m)ethyl ester (R = Et or Me)

...can be introduced using (m)ethanol and acid catalysis.
It can be removed using aq. NaOH
« The benzyl ester (R = CH,Ph)
...can be introduced using benzyl alcohol and acid catalysis.
It can be removed using aq. NaOH or under neutral conditions
using catalytic hydrogenation (Pd-C / H,)
« The tert-butyl ester (R = 'Bu)
...can be introduced using isobutene and acid catalysis.
It can be removed using trifluoroacetic acid
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o-Amino protection

o-Amine groups cannot be protected as amides, H i
e.g. acetamide. Although easy to put on, and stable Me\"/N\HJ\OEt
the coupling conditions, it is not easily removed without 5 R
breaking the amide bonds holding the peptide together.

» Common protecting groups for amines are based on the carbamate
functional group. Carbamates are stable to nucleophiles such as
hydroxide used for deprotecting ethyl esters.

o o o
H O H
o N o N HoN
R \"/ w)}\oa —_— e \"/k)ﬁ)}\oa e W)J\OEt
o R 0 R R

> However if R can be removed then they easily decarboxylate to
afford the amine. Nowadays there are three main carbamates used

for amine protection.
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o-Amino protection

Common carbamates for amino protection:

The tert-butyloxycarbonyl or BOC group " o H i
...can be introduced using the BOC anhydride e>r \"/ ﬁ)J\oEt
[(BOC),0] and removed using neat trifluoroacetic Mo e & R

acid (TFA) or TFA diluted with DCM.

The benzyloxycarbonyl or Z group

o

...can be introduced using benzyl chloroformate (Z- e __o N

Cl) and removed using using catalytic hydrogenation, T OFt
o R

and will survive neat TFA at O C for several hours.

...can be introduced using fluorenylmethyl-
chloroformate (FMOC-CI) and removed using an

o
organic base such as piperidine. O, O\II/HW)J\
OEt
(o] R
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The fluorenylmethoxycarbonyl or FMOC group Q
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Side chain protection

> Side chain groups such as acids and amines can be protected using
esters and carbamates as long as they are orthogonal to those used
for the a-functionalities.

« A common combination is FMOC and ethyl esters for a-groups and
BOC and t-butyl esters for those on the side chains. Both BOC and
t-butyl esters can be deprotected at the same time using TFA.

> Other residue specific side chain protecting groups include:

« Cysteine (Cys): the thiol is often protected as the base stable, acid-
cleaved trityl thioether (trityl, or Trt = triphenylmethyl)

« Arginine (Arg): the guanidine is protected as the nitro derivative,
which also aids solubility by suppressing the basicity of the group.

« Tyrosine (Tyr), Serine (Ser), Threonine (Thr): The OH groups are
often protected as tbutyl or benzyl ethers.

« Histidine (His): the least hindered (1) imidazole nitrogen is
protected by the trityl group (triphenylmethyl) in preference to the

more hindered (x) imidazole nitrogen.
83

Protecting Groups: summary

Group TFA piperidine HF HBr/AcOH H,/Pd-C
N-BOC C S C C S
N-Z (S) S C C C
N-FMOC S C S S C

TFA NaOH HF HBr/AcOH H,/Pd-C

OFEt S C S S S
OBn (S) C C C C
O'Bu C (S) C C S

S = stable C = cleaved 84




Making the peptide bond

An “activated” acid derivative is needed for coupling to the amine.
Amino acid chlorides are very sensitive to racemization and cannot be
made very easily in the presence of multifunctional protected amino
acids. Racemization can occur via simple enolate formation, but is
more likely to happen through the formation of oxazalones.

Rl fN\
o H o oxazalone \( Py
H 1
RY N _R?  HN-R? RY N . RL /N R o—X
5 HR ) o
)
o
H HoN-R? R/ =z °
N A= \gp\ °
T . N
% H o)
o R H H,N-R2

Formation of oxazalones is suppressed with N-carbamate protection
and oxazalone formation is not possible with proline (Pro) derivatives
as this forms a secondary amide.

R
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Making the peptide bond (cont.

Other “reactive” acid derivatives for coupling to the amine include:

> Symmetrical amino acid anhydrides o o
This approach is clean but wasteful as only H H
half the anhydride is coupled to the amine. Boc” \Hlﬁ\o)ﬁk( “BoC
Protected amino acids are also expensive. R R

»>Mixed anhydrides

With pivaloyl chloride attack of the amine is w1 T
directed away from the steric bulk of the BOC/N\H{]\O&W?
Me
R Me

RNH,

tert-butyl group. However minor amounts of
the pivoylated amine may be formed. HANR

With ethyl chloroformate the ester C=0 is

o (@]
more reactive than the carbonate C=0 and BOC/H\HKOJ\O/B
reaction with an amine normally gives the : ﬂ

desired product exclusively. HNR
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Making the peptide bond (cont.

The so-called active esters are esters with particularly stable leaving
groups. Common examples of active esters can be prepared using
pentafluorophenol N-hydroxybenzotriazole, or N-hydroxysuccinimide
(OPfp, OBt and OSu esters respectively).

] o)
F. F 0 N=N o
o) N A H
H e e N N
_N BOC (¢} BOC” o~
BOC O F
R R o)
R F

Pfp esters were traditionally prepared in advance, but more recent
developments, particularly with hydoxybenzotriazole and hydroxy-
succinimide have used in situ activation using carbodiimide reagents
(R-N=C=N-R).
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Carbodiimides

> Common examples of dimiimides are dicyclohexylcarbodiimide [DCC
(or DCCD)] and di-isopropylcarbodiimide [DIC].

DIC

DCCD
Qx“(j A

> A more recent example is 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide which is often referred to as a water soluble carbodiimide (or
WSCDI). It produces a urea by-product that can be extracted with a
water (or very mild acid) wash due to the presence of a tertiary amine

group.

WSCDI
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Coupling using carbodiimides
The coupling mechanism proceeds via the O-acylisourea.

N/,N HOBt
o O- acyhsourea 0 N

R1—< N=N O
) / H.N—R? o,
—_— _N —
R ( =N < Rl NR
=
\Néc k' H

HOBt active ester
* e )k

N-acylurea Rl/”\gJ\N/R urea
H

Polar solvents can promote intramolecular acyl transfer from the O-
acylisourea leading to the unreactive N-acylurea. This produces by-
products and can cause purification problems. This difficulty is greatly
reduced by in situ capture with hydroxybenzotriazole (HOBt) to form an
active ester, which also suppresses racemization via the oxazalone. 89

Strategy

> A strategy for linking amino acids must take into account that
carboxyl activated peptides are susceptible to racemization (via an
oxazolone).

« Peptides are therefore commonly made by starting at the C
terminus and addition of carbamate-protected, DCC-activated
acid amino acids to the growing peptide chain (C—N direction
for peptide chain growth).

> However convergent syntheses are more efficient than linear
syntheses.

« Coupling of peptide fragments in a convergent synthesis is
ideally undertaken at the C side of either achiral glycine or
proline to avoid racemization.

« If this is not possible then a carbodiimide-hydroxybenzotriazole
combination should be used to give minimal racemization.
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Example synthesis

Target
H-Gly-OEt Asp-Phe-Gly-Lys-Pro
i Fmoc-Phe-OH, DCC, HOBt
ii, piperidine (- Fmoc)
H-Pro-O'Bu
H-Phe-Gly-OEt i
i Fmoc-Lys(BOC)-OH,
i BOC-Asp(O'Bu)-OH, DCC, HOBt DCC, HOBt
ii, NaOH (- OEt) ii, piperidine (- Fmoc)
BOC-Asp(O'Bu)-Phe-Gly-OH H-Lys(BOC)-Pro-O'Bu
l |
i DCC, HOBt
If 90% per coupling / deprotection: ii, TFA (- BOC and O'Bu)

yield 65% linear, 73% convergent

Asp-Phe-Gly-Lys-Pro
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Solid-phase peptide synthesis

Developed by R. Merrifield (1963), the growing peptide chain is attached
to a “solid” support (a macroporous polystyrene particle). This approach
greatly assists handling and purification of the intermediate peptides by
simple washing and filtering. Amino acids with main chain FMOC and
side chain N-BOC and 'Bu ester protection are normally used.

(AA 1)< FMOC-Xaa (BOC/'Bu)-OH

* by-products WORK AAMfz" FILTER THEN
Y . AR -AA
COUPLE AAqii-AA,— 0 UpP ™AA.-AA —@ | WASHINSOLUBLE
or AA-AA, AA M-AT—." BEADS
n n
DEPROTECT ARn-AR,—E
AR, -AA,—@
AR, @ REPEAT CYCLE excess reagents
f . polystyrene bead by-products
link through carboxyl group
reagent to cleave
AA,...AR;-AA, @) — > H-AAL.AA-AA-OH + @
peptide from bead free peptide 92
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Protein Structure

93

The structure of proteins

There are four levels of protein structure
>Primary
« the particular sequence of amino acids in a peptide chain
makes up the primary structure.
»>Secondary

« stretches of polypeptide chains may be organized into larger
backbone hydrogen-bonded structures that make up secondary
structures. Various combinations of secondary structures form
domains or motifs.

>Tertiary
« Combinations of secondary structures / motifs, along with
random chain segments, make up the tertiary structure of a
polypeptide
»Quaternary

« the relative arrangement of two or more separate polypeptide
chains is called the quaternary structure.
94
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Inter-residue forces

The stability of a protein secondary and / or tertiary structures is highly
dependent on non-covalent bonding interactions between amino acid
residues.

« Hydrogen bonding - i H
Can range from 2-20 kJ/mol (typically 3.0 N ~
A), depending on environment, and Q
whether either donor or acceptor is R

b
|
charged. \N)\H/N\
H

« Salt bridges

At physiological pH carboxylates (from
Asp and Glu) and cationic groups

(ammonium and guanidinium ions from Q P
Lys and Arg) can form strong interactions )I\@ g ®
corresponding to H-bonding between Ry o’ H

groups which are both charged (typically
2.8 A, and worth12-18 kJ/mol).
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Inter-residue forces con)

The stability of a protein tertiary structure is highly dependent on non-
covalent bonding interactions between amino acid residues.

« Long-range electrostatic interactions

These interactions, between oppositely o) o
charged groups, may be of variable R14<® HaN—R;
distance and strength, but can be very 5

strong in non-polar regions of proteins.

« van der Waals interactions

Under physiological (agueous) conditions

hydrophobic side chains may aggregate Vi A
and form hydrophobic “pockets”. T
Individual contributions may be weak, but

collectively these can be significant in

stabilizing proteins o
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Disulfide bridges
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Figure taken from GM Loudon, Organic Chemistry, 4th Ed, OUP

Inter-strand covalent bonds
Thiol (SH) groups can be
easily oxidised (in air) to form
disulfides C-S-S-C. The
dimer of cysteine (Cys, R =
CH,SH) is called cystine.
The thiol groups in Cys
residues, even if they are far
apart in the primary
sequence, can form a so-
called disulfide bridge when
their side chains are come
into close proximity.

The S-S bond is typically 2.2
A and 167 kJ/mol (cf. 356
kJ/mol and 610 kJ/mol for C-
C and C=C respectively)
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Disulfide bridges

disulfide bonds

AN

e
%D

native conformation

8 M urea
HSCH,CH,0H

remove urea
and HSCH,CH,0H

peptide chain

random coil
(denatured, reduced protein)

Figure taken from GM Loudon, Organic Chemistry, 4th Ed, OUP

Disulfide bridges can be reduced to give thiol side chains on cysteine
(Cys). In air these readily re-oxidise to give back the disulfide, but if the
protein is further denatured by addition of a surfactant, such as SDS,
then the denatured protein can be analysed using polyacrylamide gel
electrophoresis (SDS-PAGE)
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The amide bond

The rotation around the O=C—N bond
is restricted due to delocalisation of the

N lone pair onto the carbonyl group.
The N-C-O atoms are therefore co-
planar. (C=0, 1.23 A; OC-N, 1.33 A;
N—Ca, 1.45 A and Co—CO, 1.52 A)

Secondary structures

of peptides and

Ry H proteins are largely

defined by the torsion

~
I ||/ angles about the N—

Ca and Ca—CO
bonds, referred to as ¢

(phi) and v (psi).

o
)I\ /RZ P
Ry

©o0
® R
\N/ 2

|
\

Ry

o R H o R
'i‘/ N ’i‘/
H (¢] R H

¢ = 180

H

NP

Q/R ﬁg

O

v =180
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Ramachandran plot

A Ramachandran plot is a one of 180 [}

torsional angles ¢ vs. y and
shows combinations which

correspond to stable 120 |i
conformations. :
The shows where 60

combinations of ¢

and y where no adverse steric
interactions result. y 0

The dotted areas correspond to

minor steric interactions. -60 i

The white area is where major 120
steric interactions are found.

These are in effect “disallowed”
combinations of ¢ and .

<= polyproline Relix

colfagen helix

parallel B-sheet

——anti pFraIIeI B-sheet

left handed
n-helix
right handed
a-helx
extended chajn
120 60 0 60 120 180
¢ 100
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Secondary structure of proteins

> Apart from regions of the peptide chain where no recognizable
pattern is observed (“random coil”), the main secondary structures
contributing to the overall structure of proteins are:

« The hairpin or B-turn.

« The a-helix — both ‘right handed’ and the less common ‘left-
handed’.

« The B-sheet — comprising ‘parallel’ and ‘anti-parallel’ versions.

» These structural features are found in sections of a chain as a result
of particular conformations of the peptide backbone (as shown with
characteristic combinations of ¢ and v in the Ramachandran plot).

> The structures are stabilised by hydrogen bonding mainly involving
the peptide backbone (a-) functional groups.

101

B-Turns

The simplest element of protein secondary
structure is the pB-turn, sometimes known
as the reverse turn or hairpin turn.
Hydrogen bonding interactions occur
between residue n and n+3 and a second
hydrogen bond can stabilize further the
turn. Sometimes the interaction can involve
n and n+2 but such a turn is strained.

Most of the amino acids in the turn do not get involved in hydrogen bonds
and so such turns are often found on the surface of folded proteins where
the solvent water can donate and accept H-bonds to these groups.

Angles of ¢ and y are such that steric crowding occurs between side
chains of residues R, and R;. This steric hindrance is reduced when the
residues R, and/or R are: i, glycine (R = H); ii, proline (where the side

chain is linked back to the N); or iii, by incorporating a D-amino acid. 102
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a-Helices

In a right handed a-helix
every C=0 is H-bonded to
the fourth NH group forming
a so-called 3.6, helix. Its
stability is due to the fact that

/\ the bulky side chains are

:14 keptapart and relatively

unstrained H-bonds are
formed.

-

Satisfactory repeated H-
Jigiresidues bonding cannot be formed in
a left handed a-helix. These
helices are therefore found
rarely in proteins, and only in
short helical segments (~1
turn).

]

Left figure from the website of the Natural Toxins Research Center at Texas A&M University.
Right figure from GM Loudon, Organic Chemistry, 4" Ed, OUP 103

a-Helices

Hydrophobic
groups situated on

[RPPS An alpha helix one side of helix
; i with side chains
4 %\9} coloured by
¥
A type.

The same alpha
helix viewed down

-~
* the helical axis
~ 1:/” , Hydrophilic / polar

ol groups situated on the

4 . .
other side of helix 104
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a-Helices cont)

> The a-helix has 3.6 residues per turn (¢ and y are approx. -60 and -
50 respectively) and the NH---O=C hydrogen bonding groups are
13 atoms apart.

> When viewed down the helical axis the side chains of neighbouring
residues in an a-helix are seen to protrude at an angle of 100
relative to one another.

> Broadly speaking this means that the side chains of every third to
fourth residue will be pointing in roughly the same direction.

> In many cases lipophilic and hydrophilic residues are distributed
every 3" or 4 residue so producing an amphipathic helix in which
each side of the helix is of opposing “philicity”.

> Such helices are important in interacting with other parts of the
proteins (or inter protein) and can stabilize helix-helix packing.

> If amphipathic patterns slowly coil about the helical axis so two long
helices with similar patterns will interact by forming a coiled coil.

> In the protein keratin, helices hundreds of A long have been
observed.

105

B-Sheets

> The B-sheet is formed by two stretches of peptide chain, both in
approximately the ‘all staggered’ conformation, running along side
one another. The B-sheet comes in two variants: parallel and anti-
parallel, depending on the relative N—C direction of the two chains.
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B'S heets (cont.)

The parallel and anti-parallel 3-sheets are stabilised by inter-strand H-
bonding. In the case of the antiparallel sheet the donor and acceptor
groups are better placed for ‘linear’ H-bonding than in parallel sheets.
Side views of these sheets reveal the ‘corrugated’ appearance of the
sheets so these are often known as pleated sheets.

/
Chains making up a B-sheet may come from quite separate sections of the
primary sequence, but very often the two lengths of chain are simply

separated by a hairpin turn, such as the and type Il turns shown
above, or a longer peptide loop comprising of more amino acid residuegy

Packing Motifs
(or super secondary structures)

> “Motifs” are composed of 2 or more secondary structural elements.

> Individual secondary structures are important in ‘presenting’ side
chain groups in particular orientations which stabilise the overall
tertiary structure.

> In water soluble proteins the secondary structures pack together (for
example making packing motifs using amphipathic helices) such
that hydrophobic side chains are buried inwards, and hydrophilic
side chains are presented outwards.

> The reverse is true for membrane proteins and ion channels in
which the exterior of the protein is hydrophobic to ensure stable
association with the interior of the non-polar membrane.

108
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Supersecondary structures

S
=

orthogonal views
of Rop

helix-turn-helix a four helix bundle The right-handed beta-
alpha-beta unit

http://swissmodel.expasy.org/course/course-index.htm
109

Tertiary structure

The tertiary structure is the overall structure of a single polypeptide
chain produced by the packing of the collection of secondary
structures.

Proteins are often to introduce co-
factors, such as haems, flavin nucleotides and metal ions associated
with the particular function of the protein, and / or other functional
group modifications such as hydroxyl group phosphorylation.

Many proteins are roughly globular and found in the cytoplasm. In
such “soluble proteins™ the water molecules bound at the surface are
an important part of the structure and stability of the protein.

Another class of protein are the transmembrane proteins. These
involve several B-sheets which loop back and forth spanning the cell
membrane. They have hydrophobic exteriors to stabilise their
interaction with non-polar lipids which make up the cell membrane

110
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Quaternary Structure

Proteins may assemble to form multi-
protein complexes involving two to six,
or even more, individual tertiary
structures. The simplest quaternary
structure is a homodimer, where the
two component proteins are identical.

Heterodimers and many other such
combinations of (different) proteins
may form assemblies. The two units
may be structurally similar even
though the primary sequence of the
polypeptide chains are quite divergent.

@ homodimer, a2

heterodimer heterotetramer
ab a2b?2

Protein surfaces are irregular, but the surfaces between to units are highly
complementary allowing for selective “dimerization” or “oligomerization”
through forces such as H-bonding, ionic and hydrophobic interactions.

111

256b

Cytochrome B562

»,

o

Protein made predominantly
from a-helical structures. Note
the interdigitation of the side
chains of neighbouring helices
in the middle of each cluster.

Protein data files are freely available for download from http://www.pdb.org. Rasmol
was used to create these pictures (515k) and DeepView (known previously as
Swiss-PdbViewer) used in the lectures to show details of helical and sheet

structures (both freeware software).
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http://www.pdb.org/

1by3
ligand-gated FhuA receptor From E. coli

A trans-membrane protein made
predominantly from B-sheet structures.
The strands form a barrel that serves
as a pore in the lipid membrane with
hydrophobic side chains on the
outside of the barrel and polar-
hydrophilic side chains lining the pore.
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3daa
D-Amino Acid Aminotransferase

a homodimer
the image on left shows the two (blue) subunits. the image on
the right shows B-sheet (yellow) and a-helical (pink) sub-structures
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1bl8
Potassium Channel (Kcsa) From
Streptomyces lividans

A homotetramer. Each identical
subunit is coloured differently in
this image.

A single ion channel is formed at
the interface of four subunits.
Although mainly helical in
structure it is the inwardly
extended stands from each
subunit that actually forms the
pores.
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1931
Gp31 Co-Chaperonin From Bacteriophage T4

a homoheptameric structure 16
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Epoxomicin:20S Proteasome
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