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Main Aims

• Knowledge of tools for sequence and structure analysis 
and their development

• Protein functional annotation  

• Theoretical background of machine learning approaches 

• Problem solving skills and development of basic tools.



Topics
• Protein Geometrical Features and Protein Structural Alignment

• Multiple Sequence Alignment

• Hidden Markov Models for Sequence Alignment

• Methods for Building Hidden Markov Models for Proteins 

• Protein Structure and Mapping Problems

• Introduction to Statistical Methods and Machine Learning

• Development of Structure Prediction Methods

• Module Project: Model a Protein Domain HMM 



Take Home Message 

• Protein structure is more conserved than sequence. Proteins sharing 
high sequence identity usually share similar structures, as proven by 
pair-wise structural alignment procedures.

• When the identity level is high enough, it is possible to exploit the 
results of pair-wise sequence alignment for transferring structural 
information between proteins.



Structural Alignment 
Given two sets of points A = (a1, a2, …, an) and B = (b1,b2,…bm) in Cartesian 
space, find the optimal subsets A(P) and B(Q) with |A(P)| = |B(Q)|, and find the 
optimal rigid body transformation G between the two subsets A(P) and B(Q) that 
minimizes a given distance metric D over all possible rigid body transformation 
G, i.e.

                                                     

The two subsets A(P) and B(Q) define a “correspondence”, and  
p = |A(P)| = |B(Q)| is called the correspondence length. Naturally, the 
correspondence length is maximal when A(P) and B(Q) are similar.

Therefore there are essentially two problems in structure alignment: 
• Find the correspondence set (which is NP-hard), and 
• Find the alignment transform (which is O(n)).

Bourne P. 2012



The Foundation of 
Structural Bioinformatics

Chotiha and Lesk, (1986) PMID: 3709526

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1166865/pdf/emboj00167-0187.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1166865/pdf/emboj00167-0187.pdf


Why Sequence Alignment?

The measure of sequence similarity allow to make estimation about the 
structural similarity

Comparison of two sequences for measuring their similarity 

• To define a distance between two sequences

• Develop an algorithm for finding the alignment with minimal distance  

• To statistically evaluate the significance of the alignment 



Sequence Distance Score
Which events do we consider? 
Mutation 

It is necessary to define a score for the substitution of residue i with residue j 
Substitution Matrices s(i,j) 

BLOSUM62

A:
B:



Other events
Deletion and Insertion: some residues can be inserted or deleted 
during the evolution

The (negative) score of a gap depends only on the length 

σ(n) = -nd linear 
σ(n) = -d - (n-1) e              (d: opening, e: extension) 

A:
B:



Alignment Algorithms

Algorithms for finding the minimum distance between two sequences

• Global alignment: Needleman-Wunsch: Global alignment-compare 
pairs of sequences on their whole length 

• Local alignment: Smith-Waterman: Local alignment-compare pairs of 
sequences searching the most similar subsequences 



Alignment Significance
Given an alignment with score S, is it significant? 

Significance can be evaluated by comparing with the score distribution of 
random alignments 



 Structural Homology

Sander and Schneider (1991) PMID: 2017436

Based on the database of homology-derived secondary structure of proteins (HSSP).
Define the relation between sequence similarity, structure similarity, and alignment length.

https://orbilu.uni.lu/bitstream/10993/17193/1/hssp.pdf
https://orbilu.uni.lu/bitstream/10993/17193/1/hssp.pdf


Twilight Zone
In the region above 20% of sequence identity, 90% of alignments 
correspond to homologous protein; while below 25% only 10%. 

20% 30% % Identity Rost (1999) PMID: 10195279

https://pdfs.semanticscholar.org/7e17/ffa1c62b418fa066de1b2a923ab80b30f442.pdf?_ga=2.114710087.1716162984.1615483017-1536931595.1615483017
https://pdfs.semanticscholar.org/7e17/ffa1c62b418fa066de1b2a923ab80b30f442.pdf?_ga=2.114710087.1716162984.1615483017-1536931595.1615483017


Comparative Modeling
Flow chart of Comparative Modeling
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Use of Predicted Structures
Depending off the sequence similarity with 
the template the predicted structure can be 
used for different purposes

•Comparative Modeling

•Threading

•Ab initio or De novo predictions
 

Baker and Sali (2001) PMID: 11588250

https://pubmed.ncbi.nlm.nih.gov/11588250/
https://pubmed.ncbi.nlm.nih.gov/11588250/


Remote homologs
Sequences longer than 100 residues and sharing more the 30% of 
residues have similar structures (for shorter sequences the level of 
identity must be higher).

This DO NOT exclude that sequences sharing lower identity have similar 
structures. 

Pairs proteins with similar structure and low sequence identity are 
referred as “remote homologs” 

Example: 
Sperm Whale Myoglobin (1JP6:A) 
Bacterial Haemoglobin (1VHB:A)  
RMSD = 0.18 nm, Identity: 12% 

aligned by TM-align



Sequence Identity Inference
Can we use sequence similarity to predict other features of an unknown protein?

Solution: Define a the sequence similarity threshold that allow a reliable transfer of 
annotation features. 

In other words we need to find the problem specific twilight region 

?% % Identity?%



Subcellular Localization
Sequence identity for reliably transferring subcellular localization is higher than 
that required for transferring structure. 

 

Rost and Nair (2002) PMID: 12441382

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2373743/pdf/0112836.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2373743/pdf/0112836.pdf


A false positive
Q9SLK0 (ICDHX_ARATH): 
Peroxisomal isocitrate dehydrogenase 

Q9SRZ6 (ICDHC_ARATH): 
Cytosolic isocitrate dehydrogenase 

84.2% identity (93.3% similar) in 417 
aa overlap 

Lalign at ExPASy



Functional Annotation
Sequence identity for can be used for functional annotation measuring the identity 
and similarity between Gene Ontology terms.

Sangar V et al. (2007) PMID: 17686158

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1976327/pdf/1471-2105-8-294.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1976327/pdf/1471-2105-8-294.pdf


Dissimilar functions
P04385 (GAL1_YEAST) Galactokinase 

Catalytic activity 
ATP + alpha-D-galactose = ADP + alpha-D-
galactose 1-phosphate. 

P13045 (GAL3_YEAST) Protein GAL3 
The GAL3 regulatory function is required 
for rapid induction of the galactose system. 

72.9% identity (90.5% similar) in 528 aa 
overlap 

Lalign at ExPASy



Case Study
Electron carrier protein. The oxidized form of the cytochrome c heme group can 
accept an electron from the heme group of the cytochrome c1 subunit of cytochrome 
reductase. Cytochrome c then transfers this electron to the cytochrome oxidase 
complex, the final protein carrier in the mitochondrial electron-transport chain. 

 

 

 



Homo vs Horse
Human Cytochrome C – Uniprot:P99999. PDB: 3ZCF:A 
Equine Cytochrome C – Uniprot: P00004. PDB 3O20:A

Structural alignment: 
RMSD= 0.035 nm 

88% sequence identity 



Sequence vs Structure 
In this case the sequence alignment is the same of the structural alignment 
and the positions of the binding sites are conserved.

Lalign at ExPASy

Sequence alignment: 
88% sequence identity 
IDENTICAL TO STRUCTURAL ALIGNMENT 



Homo vs Rhodobacter Sph.
Human Cytochrome C — Uniprot:P99999. PDB: 3ZCF:A 
Cytochrome C2 Rhodobacter Sph. – Uniprot: P0C0X8. PDB 1CXC:A 

Structural alignment: 
RMSD= 0,18 nm 

28% sequence identity  



Sequence vs Structure (I)
In this case the sequence alignment can be used for homology modeling after 
a refinement of the alignment because one binding site is not conserved.

Lalign at ExPASy

Structural alignment: 
RMSD= 0,18 nm 

28% sequence identity

 

 

 



Homo vs Rhodobacter Pal.
Human Cytochrome C - Uniprot:P99999. PDB: 3ZCF:A 
Cytochrome C2 Rhodopseudomons pal. – Uniprot: P00091. PDB 1I8O:A 

Structural alignment: 
RMSD= 0,13 nm 

29% sequence identity  



Sequence vs Structure (II)
In this case the sequence alignment needs to be fixed homology to because all 
the binding site shifted.

Lalign at ExPASy

 

Structural alignment: 
RMSD= 0,13 nm 

29% sequence identity 



Homo vs Arabidopsis
Human Cytochrome C - Uniprot:P99999. PDB: 3ZCF:A 
Cytochrome C6A Arabidopsis Thaliana – Uniprot: Q93VA3. PDB 2CE0:A 

Structural alignment: 
RMSD= 0,35 nm 

13% sequence identity 



Sequence vs Structure (III)
In this case the sequence alignment is significantly different form the structural 
alignment.

Lalign at ExPASy

 

Structural alignment: 
RMSD= 0,35 nm 

13% sequence identity



Search for Better Alignment
Why is it not sufficient to align sequences (when identity is low) to recover 
information, not even for “important” residues? 

Sequence alignments are «general» and treat each position in the same way 
There is no knowledge on the «important» sites

 
How can we detect the “important” residues starting from protein structures 
(even when information on catalytic sites is not available)? 

Compare multiple structures and analyze the conservation of residues 

How can we align sequences constraining the alignment of important 
residues? 

Compare multiple sequences and check for the conservation of patterns. Use 
alignment frameworks able to introduce positional dependences. 


