
Emidio Capriotti 
http://biofold.org/

Department of Pharmacy and  
Biotechnology (FaBiT) 
University of Bologna

Macromolecules
  

Bioinformatics for Systems and Synthetic Biology

http://bass.uib.es/emidio


The Central Dogma

https://bit.ly/central-dogma-video 

Introduction 

•Grow 
•Sustain 
•Adapt 
•Reproduce 
 
•Genome & 
Components 
•Environment 

http://www.scq.ubc.ca/wp-content/uploads/2006/08/molecular-machine.gif 

Genome

Chromosome

DNA

Proteins

Proteins perform 
functions alone or
in complex

G
en

es

Genes contains
the information for 
making a protein

slide from http://www.scq.ubc.ca

https://www.youtube.com/watch?v=9kOGOY7vthk


The Protein
• A polypeptide chain interacts with the solution adopting a specific three-

dimensional structure with a hydrophobic interior and hydrophilic exterior. 

• The folded protein in the proper conformation can perform a specific 
function. In some cases additional polypeptide chains or cofactors must 
come together before the protein becomes active. 

• The protein structure can be understood in terms of a conceptual hierarchy, 
which is influenced by different interactions.

The polypeptide chain interacts with the surrounding solution and begins
to adopt a folded shape (Figure 13.4). A protein will always adopt a com-
pact structure, forming a specific three-dimensional shape with a hydro-
phobic interior and hydrophilic exterior. After proper folding, the protein
will have an active site that can perform a specific function. For example,
enzymes have binding sites for substrates that are highly selective in, as
well as being extremely efficient in, performing a catalytic reaction. For
some proteins, additional polypeptide chains or cofactors must come
together before the protein becomes active.

Although the structure of a protein cannot be predicted based upon its
sequence, the properties of a protein can be understood once the structure
has been determined, by examining the different interactions that would
stabilize the structure and contribute to its function (Figure 13.5). The
structure of a protein can be understood in terms of a conceptual hierarchy,
which is influenced by different interactions. The sequence of amino acid

Figure 13.4 Proteins are expressed as polypeptide chains that fold into
well-defined structures due to a large number of complex interactions
involving the amino acid residues and the surrounding solvent.
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Figure 13.5 The structure of a protein can be understood in terms of different levels. The primary
structure consists of the sequence of the amino acid residues linked by peptide bonds, the secondary
structure can be organized into α helices and β sheets, the secondary structure folds into the tertiary
structure, and the organization of different peptide chains describes the quaternary structure.
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Amino Acid
The side chain (R) determines the type of the amino acid



Electronegativity
Tendency for an atom to attract shared electrons when forming a chemical bond.



Charged Amino Acid
The side chain end either with amino (-NH2) or carboxylic (-COOH) groups  



Polar Amino Acid
The side chain end with partially charged groups  



Hydrophobic Amino Acids
The side chain (R) are alkyl or aromatic groups



Special Cases
The side chain (R) has particular features



Polypeptide Chain
Amino acids form peptide bonds in which the carboxyl group of one amino 
acid is joined to the amino group of another amino acid. Many amino acids 
joined by peptide bonds form a polypeptide chain. 

The protein chain consists of the regularly repeating main chain or 
backbone and the side chains. 

Many rotation angles are prohibited due to steric hinderence between atoms
in the polypeptide backbone and amino acid side chains. For example,
the conformation in which both angles are zero is not allowed, owing to
a steric overlap between the α-carbonyl oxygen and an α-amino hydrogen
atom. Allowed values for these angles are graphically represented on a
Ramachandran plot, which also identifies regions of secondary structure. 
Since proteins are usually compact structures, steric interactions between
different parts of the protein that are spatially close also play a crucial
role in the folding of the polypeptide.

Hydrogen bonds

Hydrogen bonding is an interaction
between a proton donor and acceptor,
typically involving oxygens and nitrogens
in proteins (Figure 13.8). Hydrogen bonds
arise from the electrostatic interaction
between the partial negative charge of the
acceptor and the partial positive charge of
the donor. The strength of the hydrogen
bond will depend upon the relative angles
and distances. A typical distance between a hydrogen-bond donor and
acceptor is 1.8 Å from the hydrogen to the acceptor, or about 2.8 Å between
the nuclei of the donor and acceptor. In most protein structures the 
presence of hydrogen bonds can only be inferred from the structure.
However, both nuclear magnetic resonance (NMR) and infrared spec-
troscopy provide a means to unambiguously identify hydrogen bonds
(Chapters 15 and 16).

Hydrogen bonds play a critical role in many biological systems.
Hydrogen bonds involving the main-chain atoms establish the stability of
the secondary structures of proteins. In an α helix, the backbone is tightly
wound around a central axis with a full turn for every 3.6 amino acid
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Figure 13.7 The planar peptide groups of a polypeptide chain. Each plane can rotate about the φ
and ψ angles. Many combinations of angles are forbidden, including φ = ψ = 0°.
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Peptide Bond
The peptide unit is always rigid and planar with the hydrogen of the amino group opposite 
to the oxygen of the carbonyl group, except for proline.

© Brooks /Cole, Cengage Learning

The bond between the carbonyl carbon atom and the nitrogen atom is not free to rotate.



Torsion Angles
The protein consists of a series of planes that can rotate relative to each other. 
 

The bond angles centered around at the Cα are identified as φ and ψ

© Brooks /Cole, Cengage Learning

~3.7 Å



Protein Structures
• The sequence of amino acid residues linked together by peptide bonds describes 

the primary structure of the protein. 

• Local regions of the protein fold into stable arrangements of amino acid residues 
that are recurring in proteins (α helices and β sheets) 

• The overall fold of these secondary-structure elements describes the tertiary 
structure of the protein. 

• The quaternary structure is the arrangement of different polypeptides of the 
protein.



Hydrogen Bond
• Hydrogen bond is an electrostatic interaction between the partial negative 

charge (acceptor) and the partial positive charge (donor). 

• The strength of the hydrogen bond will depend upon the relative angles 
and distances. 

• A typical distance is 1.8 Å from the hydrogen to the acceptor, or about 2.8 
Å between the nuclei of the donor and acceptor.

• Hydrogen bonds involving the main-chain atoms establish the stability of 
the secondary structures of proteins.



Electrostatic Interactions
The side chains of the amino acid residues lysine, arginine, glutamate, 
aspartate, and histidine are ionizable. They can form electrostatic 
interactions contribute to protein stability and function.  
 
In a typical electrostatic model, the potential between two charges, q1 and 
q2, that are separated by a distance, r, is given by: 

where ε is the dielectric constant. The dielectric constant of a vacuum is 
defined as 1.0 and its value in different solvents ranges from 80 in a polar 
solvent such as water to 2 for a nonpolar solvent such as benzene.

residues. For each amino acid residue forming the helix, except for the end
residues, the hydrogen attached to the nitrogen of the backbone forms a
hydrogen bond with the carbonyl oxygen of the amino acid residue four
positions along the chain. Likewise, β sheets are stabilized by hydrogen bonds
between the nitrogens and carbonyl oxygens of the backbone, although
there is no specific sequence relationship between the amino acid residues
forming each hydrogen bond. The recognition of hydrogen-bonding patterns
by James Watson and Francis Crick were key to understanding the DNA
structure. The double helix of DNA is stabilized by hydrogen bonds, with
two hydrogen bonds found between every adenine and thymine and three
hydrogen bonds between guanine and cytosine. In addition the model in
which DNA could break the hydrogen bonds between the base pairs, as well
as the more nonspecific base-stacking interactions and subsequent reform,
was key to understanding the replication process.

Electrostatic interactions

The side chains of the amino acid residues lysine, arginine, glutamate,
aspartate, and histidine are ionizable and hence electrostatic interactions
contribute to protein stability and function. In a typical electrostatic model,
the potential between two charges, q1 and q2, that are separated by a distance,
r, is given by:

(13.11)

where ε is the dielectric constant. The dielectric constant of a vacuum is
defined as 1.0 and its value in different solvents ranges from 80 in a 
polar solvent such as water to 2 for a nonpolar solvent such as benzene. 
The large value for water plays a critical role as it results in a decreased
interaction between charges compared to a nonpolar solvent. In a pro-
tein, calculation of the value is made complex by the nonuniformity of
both the composition and distribution of atoms in a protein. In addition,
the surroundings will respond to the presence of a charge, leading to the
reorientation of nearby dipoles and hydration of charges on the surface.

Hydrophobic effects

The distribution of amino acid residues in a protein usually ranges from
very hydrophobic, with residues such as phenylalanine and isoleucine in
the interior, to hydrophilic, with residues such as glutamate and aspartate
on the surface. Hydrophobic factors also play a role in protein folding
and stability. For membrane proteins, not only are the interior amino acid
residues hydrophobic but also those residues are in contact with the lipid
bilayer. The strength of hydrophobic interactions does not arise from direct
forces involving nonpolar molecules but rather from the thermodynamics
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Hydrophobic effect

• Water molecules form a cage-like 
structure around the nonpolar molecule.

• The positive ΔH is due to the fact that the 
cage has to be broken to transfer the 
nonpolar molecule.

• The positive ΔS is due to the fact that the 
water molecules are less ordered (an 
increase in the degree of disorder) when 
the cage is broken.

involved in the introduction of a nonpolar molecule in a polar solvent.
The Gibbs energy change has contributions from changes in both the
enthalpy and entropy:

∆G = ∆H − T∆S (13.12)

The introduction of an ion into water will disrupt the hydrogen-bonding
interactions of the water molecules in the vicinity of the ion (Figure 13.9).
The loss of bonds will be compensated for by interactions between the ion
and water, making the change in the Gibbs energy small. The introduction
of a nonpolar molecule, such as a lipid, will also disrupt the hydrogen
bonds but there will be no compensation for the loss of bonds. In addi-
tion, water molecules near the lipid will be constrained by the presence
of the lipid and will form a highly ordered cage. For hydrocarbons in water,
the change in enthalpy may be positive or negative depending upon how
the newly formed hydrogen bonding compensates for the loss of bond-
ing. However, the entropy is always more negative due to the ordering.
The large decrease in the entropy dominates, and the change in the Gibbs
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Figure 13.9 Highly ordered water molecules will form around a hydrophobic molecule such as a
lipid.
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Folding interactions
Several types of electrostatic interactions are contributing to the stability of the 
native state but they are not the driving forces in the folding process

Type Examples

Binding
energy

(kcal/mol)

Change of free
energy water to

ethanol
(kcal/mol)

Electrostatic
interaction

Salt bridge -5 -1

Dipole-dipole +0.3

Hydrogen
bond

Water -4

Protein backbone -3

Dispersion
forces

Aliphatic hydrogen -0.03

Hydrophobic
forces

Side chain of Phe -2.4

C H CH

O H
H

O
H

H

COO - N+H3

C O O C
δ+ δ- δ+ δ- 

N H O C



Secondary structure (I)

• Helices observed in proteins are mostly right-
handed.

• Typical φ, ψ values for residues in α-helix are 
around -60°; -50°

• Side chains project backward and outward.

• The core of α-helix is tightly packed.

5.4 Å



Secondary structure (II)
• Typical φ, ψ values for residues in  
β-sheet are around 140°, -130°

• Side chains of neighboring residues  
project in opposite directions.

• The polypeptide is in a more extended  
conformation.

• Parallel β-sheets are less stable than  
anti-parallel β-sheets.

7.0 Å



Quaternary structure
The arrangements of secondary structural elements form the Tertiary Structure of the 
protein.

The complex of two or more protein domains defines the Quaternary Structure.  
In the example Four-helix-bundle, EF-hand and SH2 domains together form an 
integrated phosphoprotein that functions as a negative regulator of many signaling 
pathways from receptors at the cell surface.

Four-helix-bundle

Meng et al. (1999) Nature, 398, 84-90.

SH2 domain

EF-hand

Four-helix-bundle



The Protein Data Bank
The largest repository of macromolecular structures obtained mainly by X-ray 
crystallography and NMR

 http://rcsb.org http://ftp.rcsb.org/pub/pdb/

http://rcsb.org
http://ftp.rcsb.org/pub/pdb/


The Bovine Ribonuclease A 

Wlodawer, A. et al. (1988) Biochemistry 27: 2705-2717

Ribonuclease A (RNase A) is a pancreatic ribonuclease which belongs to a class of 
Lyases. This enzyme cleaves at the 3'-side of pyrimidine (uracil or cytosine) phosphate 
bonds in RNA.

PDB:7RSA

http://en.wikipedia.org/wiki/Pancreatic_ribonuclease
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Protein Binding
Protein binding can be formalized with the following reaction:

R + L ↔ RL

where R is the receptor L the ligand and RL receptor-ligand complex. This formalism 
can apply both to the study of drug-target and protein-protein interactions.  In the first 
case the ligand will be a small molecule while in the second case the ligand with be a 
protein. In general the formation constant (Kf) is:

Kf =
[RL]

[R][L]

To quantify the affinity of the receptor for ligand, the dissociation constant (KD) is 
indicated: 

KD =
1
Kf

=
[R][L]
[RL]

• A small value for KD ⟹ the equilibrium favors the complex (high affinity)
• A large value for KD ⟹ the equilibrium favors the separation (low affinity)



The Molecular Viewpoint
• The affinity of PPI varies from millimolar to picomolar, depending on the type 

of interaction and signaling needed (Chen et al. Protein Sci. 2013)

• Despite affinity varies over a wide range, proteins maintain a high degree of 
specificity for their partners

• Many proteins exhibit specificity for multiple partners (Reichmann et al. Curr. 
Opin. Struct. Biol. 2007).

• The nature of the interaction surface determines how proteins interact

• A detailed knowledge of the interaction surfaces of proteins and their 
energetics is necessary to understand the regulatory mechanisms of 
biochemical pathways (especially to modulate or block these pathways for 
therapeutic purposes)

Allegra Via - Systems Biology Course 2015



Protein-Protein Interactions

Perkins et al, Structure, 2010

Strong transient: This category includes interactions that are triggered/stabilised by an effector 
molecule or conformational change. An example is given by the Ras proteins, which form tight 
complexes with their partners when GTP-bound and only weak complexes when GDP-bound.



Surface of Interaction (I)

• The area of PPI interfaces is large (1000 to 4000 Å2) 

• Standard-sized interfaces are 1200 to 2000 Å2

• Short-lived and low-stability complexes ⟹ smaller interfaces (1150–1200 Å2) 

• large surfaces (2000 to 4600 Å2) ⟹
-proteases and particular inhibitors
-G-proteins and other components of the signal transduction system 

• Protein-small molecule interaction surfaces have an area of 300 to 1000 Å2. 

Allegra Via - Systems Biology Course 2015



Surface of Interaction (II)

• Surfaces of PPIs are generally flat and lack the grooves and pockets 
that are present at the surfaces of proteins that bind to small 
molecules.

• PPI surfaces are generally hydrophobic in nature.

• Only certain hydrophobic spots contribute to the free energy of 
binding and help to hold the two proteins together. 

• Such regions are called hot spots.

Allegra Via - Systems Biology Course 2015



Hot Spots

• Hot spots account for less than 50% of the contact area of PPI

• A region of protein surface is called a hot spot when replacement of an 
amino acid residue by alanine in that spot lowers the free energy of 
binding by at least 2 kcal/mol 

• Analysis of the amino acid composition of hot spots shows that some 
residues are found more frequently in hot spots (Tyr, Trp, and Arg)

• The hot spots are surrounded by energetically less important residues 
that separate/prevent bulk water from hot spots

Allegra Via - Systems Biology Course 2015



Analysis of Protein Complex

• identification of interface residues/hot spots

• details about the interface  
solvent accessible surface area, shape, complementarity between 
surfaces, residue interface propensities, hydrophobicity, segmentation 
and secondary structure, and conformational changes on complex 
formation 

• assignment of protein function

• recognition of specific residue motifs

Allegra Via - Systems Biology Course 2015



Structure PPI Data

• The most significant contribution to understanding the PPI surface 
comes from structural biology via X-ray crystallography or NMR as 
well as mutational studies

• Prediction of interaction/binding sites

• Prediction of protein-protein complexes

Allegra Via - Systems Biology Course 2015



Interacting surface

Interacting Surface

Bacterial luciferase  

Difference in Accessible Surface Area (ASA) between monomers and complex 
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Exercise 1
Given the structure of the Bovine Ribonuclease A (PDB: 7RSA) 
download the structure and measure the distances between the atoms 
involved in the following interactions:

• LYS37 - ASP38 (salt bridge)                   d=3.7
• CYS40 - CYS95 (disulphide bond)         d=2.0 
• MET29 - ARG33 (hydrogen bond)          d=3.0 (MET-O ARG-N)
• ILE81 - ALA102 (hydrogen bond)           d=2.9 (ILE-O ALA-N)  
 

Suggestion: select the coordinate of the atom involved in the 
interactions reported above.



Exercise 2
Consider the structure of the Bacterial luciferase  (PDB: 1BRL) and 
determine the size of the surface of interaction between the two monomers A 
and B. The surface of interaction can be obtained comparing the accessible 
surface of the complex and the single chains.

S(A) S(B)

A B

S(AB)

Suggestion: Use the stride server to download the DSSP files of the  
complex and the monomers. Each file includes the accessible surface of all 
the residues.

https://webclu.bio.wzw.tum.de/cgi-bin/stride/stridecgi.py

