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Proteins

Proteins are biological macromolecules and are 
fundamental constituents of the cell. 

Chemically, they are polymers (linear chains) of amino 
acids residues connected via a peptide bond.

Proteins can be found associated with other proteins 
(complexes), metallic ions and other molecules.



Amino Acids
Amino acids are composed by an amine  group, a carboxylic acid 
group and a side-chain that varies between different amino acids:

 

The carbon atom bound to the side chain (R) is called Cα.

Twenty standard amino acids are naturally incorporated into 
proteins and are encoded by the universal genetic code. 

Cα



Amino Acids



The Peptide Bond
Formation

A peptide bond is a covalent bond formed between 
two molecules when the carboxyl group of one 
molecule reacts with the amino group of the other 
molecule, causing the release of a molecule of water 
(H2O).

Polypeptides and proteins are chains of amino acids 
held together by peptide bonds.



The Peptide Bond
Properties

The peptide bond is planar:

Only 2 bonds can freely rotate, Cα–N bond and CC(O) 
bond.

Image credits: http://www.imb-jena.de/~rake
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The Peptide Bond
Properties

Limited amount of allowed rotation defined by the Φ  and Ψ 
torsion angles, which are constrained by the structure of 
adjacent amino acid residues.

Image credits: http://www.imb-jena.de/~rake

Φ Ψ

http://www.imb-jena.de/~rake
http://www.imb-jena.de/~rake


The Peptide Bond
Properties

The carbonyl oxygen and and the amide hydrogen are in a 
trans configuration (energetically more favorable), 
because of the steric hindrance (steric clashes) between the 
functional groups attached to the Cα atom. 

As a consequence, almost all peptide bonds in proteins are in 
trans configuration.

Image credits: http://www.imb-jena.de/~rake
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Ramachandran Plots
Protein structures Φ and Ψ angles fall within allowed 
regions (displayed in green and red).

Secondary structure elements are defined by specific 
pairs of Φ and Ψ angles:

Image credits: http://www.imb-jena.de/~rake
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Summary

Proteins are biological macromolecules and are 
fundamental constituents of the cell. 

Polypeptides and proteins are chains of amino 
acids held together by peptide bonds.

Protein configurations are defined by specific (and 
limited) pairs of Φ and Ψ angles.
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Protein Structure
Protein structural levels

Primary structure

Secondary structure

Tertiary structure

Quaternary structure



Primary Structure
In biochemistry, the primary structure of a molecule is 
the exact description of its atomic composition and 
bounds. 

The primary structure of a protein is the ordered 
sequence of its constituents building block (amino 
acids).

Image credits: Wikipedia



Secondary Structure

The secondary structure of a protein is the ability of a 
protein of assuming a regular and repetitive spatial 
arrangement.

There are three types of secondary structure: helices, 
β-sheets and turns.

The secondary structure is formally stabilized by the 
hydrogen bonds.



Secondary Structure
α-helix and 310-helix

α-helices form when consecutive residues 
adopt specific values of the (Φ, Ψ) angles.

The structure is  stabilized  by hydrogen 
bonds between the C=O of  residue i and 
the N-H of residue (i+4).

The side chains (-R) point outwards  
minimizing steric interference.

α-helix: 3.6 residues/turn, 12 backbone 
atoms/turn and a distance of 5.4 Å.

310 helix: 3 residues/turn, 10 backbone 
atoms/turn and a distance of 6 Å. H-bonds 
between residue i and (i+3).



α-helix Example
Human serum albumin (PDB: 1ao6)

Ideal α-helix Real α-helices



Secondary Structure
β-sheets

β-sheets consist of β-strands connected 
laterally by at least two or three 
backbone hydrogen bonds in a anti-
parallel or parallel orientation.

In an antiparallel arrangement, the 
successive β-strands alternate directions 
of the N and C-terminus. This is the 
most stable β-sheet arrangement.

In a parallel arrangement, the N-termini 
of successive strands are oriented in the 
same direction, generating a less stable 
β-sheet due to the non-planarity of the 
inter-strand H-bonds.

Anti-parallel
β-sheets

Parallel
β-sheets



β-sheets Example
Tumor necrosis factor (TNF) from Mouse (PDB: 2tnf)

Ideal β-sheets Real β-sheets 
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two residues of the other strand. Note also that the hydrogen bonds are somewhat 
distorted (this distortion is somewhat exaggerated in the diagram). Parallel β-
sheets tend to be less stable than their antiparallel counterparts, and are less 
commonly observed. Most parallel β-sheets are formed from multiple strands. 
 

  
 
 

Note also that forming a parallel β-sheet requires strands from different parts of the 
protein (an antiparallel sheet can form from a single sequence assuming a turn in 
the middle (as shown in the diagram below).  
 

 
 
The Φ and Ψ angles required to form a β-sheet are quite different from those used 
for forming an α-helix. These bond angles result in a much more extended structure 
(the rise/residue for a β-sheet is about 3.5Å). 
 

Angle Antiparallel Parallel 

Φ –139° –119° 

Ψ 135° 113° 
 
Both parallel and antiparallel β-sheets put the residue side-chains on alternating 
sides of H-bond/backbone plane. Generating a β-sheet with specific properties 
requires taking this alternating side-chain pattern into account. 
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Secondary Structure
Turns

A turn is non-regular structure that connects secondary 
structure elements and reverses the overall chain direction.

A turn is a structural motif where the Cα atoms of two 
residues (anchor points) separated by few others (usually 1 to 
5) are close in space (< 7 Å).

Turns are classified depending on the number of peptide bonds 
between the anchor points.

Loops defines longer, extended or disordered turns without 
fixed internal hydrogen bonding.



Secondary Structure
Turns

Loop example Loop in a protein

Image credits: Liebau et al, FALC loop server 
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Super Secondary Structure
Structural motifs

A super secondary structure is a compact three-dimensional 
structure composed of several adjacent elements of secondary 
structure.

Super secondary structures are smaller than protein domains 
or subunits .

Examples: β (a) and α-helix (b) hairpins, and β-α-β motifs (c).

a b c
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Tertiary Structure
The tertiary structure is the overall three-dimensional 
structure of a single protein.

The alpha-helices and beta-sheets are folded into a compact 
globule.

The folding is driven by the non-specific hydrophobic 
interactions (the burial of hydrophobic residues from water).

The structure is stabilized by nonlocal interactions (salt 
bridges, hydrogen bonds, and disulfide bonds).
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Quaternary Structure
The quaternary structure is an assembly of several protein 
molecules which form a multimer.

The quaternary structure is stabilized by the same non-
covalent interactions and disulfide bonds as the tertiary 
structure.

Multimer can be made up of identical subunits ("homo-
mer" (e.g. a homotetramer) or of different subunits 
"hetero-" (e.g. a heterotetramer).

Many proteins do not have the quaternary structure and 
function as monomers.

http://en.wikipedia.org/wiki/Disulfide_bond
http://en.wikipedia.org/wiki/Disulfide_bond


Quaternary Structure Example
The two α (blue) and two β (red) chains of hemoglobin

Side view Front view

http://en.wikipedia.org/wiki/Hemoglobin
http://en.wikipedia.org/wiki/Hemoglobin


Summary
Protein structural levels

Image credits: http://iitb.vlab.co.in/

Primary Secondary Tertiary Quaternary

http://iitb.vlab.co.in/?sub=41&brch=118&sim=412&cnt=1
http://iitb.vlab.co.in/?sub=41&brch=118&sim=412&cnt=1


Domains
A protein domain is a part of protein that exist 
independently of the rest of the protein chain.

Each domain forms a compact three-dimensional structure and 
can be independently stable and folded (~25 up to 500 AA).

Many proteins consist of several structural domains.

One domain may appear in a variety of different proteins.

Domains often form functional units.

http://en.wikipedia.org/wiki/Protein_folding
http://en.wikipedia.org/wiki/Protein_folding


Protein types
Fibrous, membrane, and globular

Fibrous proteins are long narrow molecules, mostly involved 
in forming macroscopic structural elements (e.g.  keratin or 
collagen).

Membrane proteins typically have a hydrophobic region 
(frequently α-helical) that interacts with the non-polar interior 
of membranes.

Globular proteins are a diverse class of soluble proteins. 
Many of the most heavily studied proteins are members of this 
class of proteins.



Protein Structure Relevance
The biochemical function (activity) of a protein is defined by its 
interactions with other molecules.

The biological function is in large part a consequence of these 
interactions.

The 3D structure is more informative than sequence because 
interactions are determined by residues that are close in space but 
are frequently distant in sequence.



Relation Structure-Function

Evolution tends to conserve function.

Function depends directly on structure rather then on 
sequence.

Consequently, structure is more conserved in evolution than 
sequence.

Patterns in space are more recognizable than patterns in 
sequence.



Sequence-Structure Conservation

Highly conserved proteins are often 
required for basic cellular function, 
stability or reproduction.

Conservation of protein sequences is 
indicated by the presence of identical 
amino acid residues at analogous parts of 
proteins.

Conservation of protein structures is 
indicated by the presence of functionally 
equivalent, though not necessarily 
identical, amino acid residues and 
structures between analogous parts of 
proteins.

The EMBO Journal vol.5 no.4 pp.823-826, 1986

The relation between the divergence of sequence and structure in
proteins

Cyrus Chothial and Arthur M.Lesk2
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH,
and 'Christopher Ingold Laboratory, University College London, 20 Gordon
Street, London WC1H OAJ, UK

2Permanent address: Fairleigh Dickinson University, Teaneck-Hackensack
Campus, Teaneck, NJ 07666, USA

Communicated by M.F.Perutz

Homologous proteins have regions which retain the same gen-
eral fold and regions where the folds differ. For pairs of
distantly related proteins (residue identity --20%), the regions
with the same fold may comprise less than half of each mol-
ecule. The regions with the same general fold differ in struc-
ture by amounts that increase as the amino acid sequences
diverge. The root mean square deviation in the positions of
the main chain atoms, A, is related to the fraction of mutated
residues, H, by the expression: A(A) = 0.40 el87H.
Key words: evolution/protein homology/model building

Introduction
The comparative analysis of the structures of related proteins can
reveal the effects of the amino acid sequence changes that have
occurred during evolution (Perutz et al., 1965). Previous work
on individual protein families has shown that mutations, insertions
and deletions produce changes in three-dimensional structure
(Almassy and Dickerson, 1978; Lesk and Chothia, 1980, 1982,
1986; Greer, 1981; Chothia and Lesk, 1982, 1984; Read et al.,
1984). Here we report a systematic comparison of structures from
eight different protein families. This shows that the extent of the
structural changes is directly related to the extent of the sequence
changes.

In the work reported here we used the atomic coordinates of
25 proteins (Table I). All these structures have been determined
at high resolution (1.4-2.OA) and refined. The errors in their
co-ordinates are 0.15-0.20A (see references given in Table I).
The 25 proteins represent eight different protein families and pro-
vide 32 pairs of homologous structures.

Methods and Results
The conserved structural cores and the variable regions ofhom-
ologous proteins
The structures of homologous proteins can be divided into those
regions in which the general fold of the polypeptide chains is
very similar and those where it is quite different. In comparing
protein structures it is useful to separate the parts that have similar
folds from those where the folds differ. We did this using the
following quantitative procedure: (i) the main-chain atoms of
major elements of secondary structure - helices or two adjacent
strands of 3-sheet - were individually superposed; and (ii) each
superposition was then extended to include additional atoms at
both ends. The extension was continued as long as the deviations
in the positions of the atoms in the last residue included were
no greater than 3 A. This procedure defined the segments that

© IRL Press Limited, Oxford, England
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Fig. 1. Size of common cores as a function of protein homology. If two
proteins of length n1 and n2 have c residues in the common core, the
fractions of each sequence in the common core are c/n1 and c/n2. We plot
these values, connected by a bar,- against the residue identity of the core
(see Table II).
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Fig. 2. The relation of residue identity and the r.m.s. deviation of the
backbone atoms of the common cores of 32 pairs of homologous proteins
(see Table I).

823

l I J| II |

K,I I I

IF

0.

^

Percent residue identity

R
M

SD
 (

Å
)

Chothia C, Lesk AM. The relation between the divergence of 
sequence and structure in proteins. EMBO J. 1986 Apr;5(4):
823-6.
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Summary

There are three main types of proteins: Fibrous, 
Membrane and Globular.

The biochemical function (activity) of a protein depends on its 
three-dimensional structure.

Since evolution tends to conserve function, structure is more 
conserved in evolution than sequence.



Questions? 
(and coffee break!)




