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Overview
Earlier…
• Protein Structure Review

– Amino acids, polypeptides, secondary structure elements, visualization, 
structure determination by X-ray crystallography and NMR methods, PDB

Now
• Structure comparison and classification (CASP & SCOP)
• Predictors
• 3D structure modeling

– Ab initio
– Threading/fold recognition
– Homology modeling

• Practical exercises
– PyMOL & visualization

• Practical Exercises
– Homology modeling of influenza neuraminidase (Tamiflu resistance?)
– Other homology modeling
– Threading
– Your own project?
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Stop me and ask questions!!



Structural bioinformatics

ACACACTGGGACTTGGACTCAACCTGATGGGCTTCTGGGCCCAGCCCCAGACAAACCCCCGGCAAACGTC
CCATTCCGAGGAAAGCATGAGCAGATGGAGTATGGAAGAAATGCCCAAGACGGCAGGCAGCAGCTGTGGC
GGCCGGCGGGACGACAATCCGAGGAGAGGCCTCTGATGTCCTGAGGTCTCAGAGGACGCCTAAAGGCCTT
GAATGGGACAAGCTTAGCGGGCGGGCGCAGAAGAGAATAATACTCTGGAGACACTTCCCGAGGGCTCTGG
GGCCGGAGCTGTGTTCGCTCCGGTTCTTGGTGAAGACAGGGTTCGTGGGAGGCGGCCCAAGGAGGGCGAA
CGCCTAAGACTGCAAAGGCTCGGGGGAGAACGGCTCTCGGAGAACGGGCTGGGGAAGGACGTGGCTCTGA
AGACGGACAGCCCTGAGGAACCGCGGGGCGCCCAGATGGAACTCGTTAGCGCCCCGAGTGCAGACAATCC 
CGGAGGGGGAAAGGCGAGCAGCTGGCAGAGAGCCCAGTGCCGGCCAACCGCGCGAGCGCCTCAGAACGGCNeuraminidase is a 

glycoside hydrolase 
enzyme found on the 
surface of the 
influenza virus
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To understand what is really 
going on in biology you 
need the 3D structure of 

the macromolecules, i.e. the 
proteins 

in particular!



Experimental methods for determining 
protein 3D structure are very expensive in 
terms of money and time

Alternative: Use computational methods to 
determine protein structure

• Determine 3D structure with computers
• Determine secondary structure, structural 
disorder, domain boundaries, sites of post-
translational modifications (PTMs), etc.
• Understand structure through 
computations
• Work with 3D structures, compare, 
classify, etc. 

• Goal is to get biological insight!

Structural bioinformatics
Jon K. Lærdahl,
Structural Bioinformatics



Protein domains

N-terminal 
domain 
(catalytic 
domain)

3rd domain

2nd domain

Domain: Compact part of a 
protein that represents a 
structurally independent region

Domains are often separate 
functional units that may be 
studied separately

Domains fold independently?
Not always…

C-terminal 
domain

N-terminal 
domain

Human 
OGG1

Human PCSK9
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Protein domains Jon K. Lærdahl,
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Dividing a protein structure into domains: no 
“right way to do it” or “correct algorithm”, i.e. a lot 
of subjectivity involved

Most people would agree there 
are two domains here Three domains?

One domain?
Two?

Very often we model, compare, classify domains – not full-length proteins

SCOP vs. 
CATH?



Comparing structures Jon K. Lærdahl,
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Superimposition/Alignment of 3D 
structures in space

The structures are superimposed 
in order to get corresponding 
main chain atoms as closely 
together as possible

If identical sequences – align all 
atoms

Non-identical sequences – align 
back-bone atoms only (usually 
only aligning Cα atoms!)

Structure is more conserved than 
sequence. A structural 
alignment can therefore be 
used to define the ”correct” 
sequence alignment

OGG1 (1KO9) & NTH (1P59)

In many cases we align domains, not full 
length proteins

Above, the two domains of NTH (blue) aligns 
nicely with the two C-terminal domains of 
OGG1 (green). The remaining domain  of 
OGG1 is missing in NTH



Comparing structures
Comparison of protein structures

Human NEIL1

E. coli endonuclease VIII

Aligned with RMSD = 1.41 Å
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Root mean square deviation (RMSD) = square root of 
averaged sum of the squared differences of atomic 
(usually Cα) distances

Brief demo in PyMOL!

>align molecule1, molecule2, object=matches



Comparing structures
Root mean square deviation (RMSD) = square root of averaged sum of the 
squared differences of atomic (usually Cα) distances

1

2

3

4

i

Calculate RMSD by:
Loop over equivalent positions i

Get coordinates for both Cαs
Calculate distance beetween Cαs, δi
Square δi and add to sum

End loop
Divide sum by number of pairs, N, and take square root
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RMSD tells you how similar two 
structures are

RMSD of ~0.5 Å or less for 
”identical” structures



Comparing structures - Intermolecular method

• Two fairly similar structures
• Align sequences to find equivalent positions
• Do translation of one structure onto other structure
• Rotate one structure in space in order to minimize 
RMSD for aligned residues (Usually Cα atoms only)

Translation

Rotation
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Comparing structures - Intermolecular method

Problems with Intermolecular method:
• RMSD depends on protein size
• Tricky to identify “equivalent residues” in the beginning
• Usually means that a sequence alignment is done first

• Aligned residues are considered “equivalent”
• Means the method is only useful for sequences 
that can be aligned by sequence comparison

• Several solutions suggested, but may give strange 
and non-optimal solutions

• Important to check alignments visually!
• Iterative optimization:

• First detect (often small) segments that can be 
aligned based on sequence
• Do 3D superimposition based on residues in 
these segments
• Based on 3D alignment, identify more residues 
that are close together and that are at “equivalent 
positions”. Use this larger set of pairs to do a new 
3D superimposition.
• Repeat until RMSD is converged 
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Comparing structures - Intramolecular method

• May be used for any two or more structures
• Does not depend on sequence similarity
• Does not necessarily generate physical superimposition
• Instead structural similarity measure based on internal 
structural statistic for each protein chain
• Based on building and comparing distance matrices for the 
structures

• For example matrix A of all Cα distances in protein A 
and matrix B for protein B
• ”Align” matrices to get best overlap

• Used in the most popular structure comparison tools, for 
example DALI
• Used for example to find which protein in the PDB is most 
similar to a new structure

• Intermolecular method:
• Similar structures
• Gives physical superimposition

• Intramolecular method:
• Can be used for any two or more 
structures
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Combined methods



Comparing structures – Some tools: Jon K. Lærdahl,
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STAMP (http://www.compbio.dundee.ac.uk/downloads/stamp): Unix program for 
iterative intermolecular alignment

Similar algorithms are often included in Viewers (e.g. DeepView & PyMOL)

DALI 

Intramolecular 
method

Liisa Holm 
(Finland)

http://ekhidna.biocenter.helsinki.fi/dali_server



Comparing structures – Some tools: Jon K. Lærdahl,
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Dali

(http://ekhidna.biocenter.helsinki.fi/dali_server)

• Compare 2 structures
• Compare multiple 
structures
• Search a database of 
structures for the most 
similar structures with a 
pdb-file query
• Search database with PDB 
id query
• Z-score > 4 usually 
indicates significant level of 
similarity

Alternatives:
VAST+ (at NCBI)
CE
SSAP
More… CEAlign

demo



Protein structure evolution
• The origin of this gene/protein is (very likely) before the last common 
ancestor of S. cerevisiae (yeast), human, mouse, rat, and fruit fly
• Some of the amino acids have not mutated in >1 billion years
• Neutral mutation rate in mammals is ~0.01 base pair/5 million yr

Jon K. Lærdahl,
Structural Bioinformatics



Protein structure evolution

Common ancestor

Ancestor B

Ancestor C

Ancestor D The overall structure 
of this protein is the 
same in all these 
organisms – i.e. 
many mutations does 
not change the 
structure and/or 
function 
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Proteins that fold in the same way, i.e. ”have the same 
fold” are often homologs.
Structure evolves slower than sequence
Sequence is less conserved than structure 

EndoIII (2ABK): OGG1 (1EBM):

Protein structure evolution
Jon K. Lærdahl,
Structural Bioinformatics



Protein structure evolution
Jon K. Lærdahl,
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Pyrobaculum aerophilum AGOG

Hardly any detectable sequence similarity to human 
OGG1, and E. coli EndoIII and MutY

Still clearly the same protein fold (overall structure)

Evolution has “eroded away” sequence similarity but 
left the structure intact

G.M. Lingaraju et al. Structure
13, 87 (2005)



Protein structure 
evolution
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Last common 
ancestor (2 Gyrs?)

AlkA Human Ogg1 Mouse Ogg1Yeast Ogg1

Very similar structure
Significant sequence similarity

Fairly similar structure
Some sequence similarity

Fairly similar structure
Some sequence similarity

Similar structure
No sequence similarity



Protein structure evolution
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Hardly any detectable sequence similarity to human OGG1, 
E. coli EndoIII and MutY, and other homologs

Evolution has “eroded away” sequence similarity but left the 
structure intact

G.M. Lingaraju et al. Structure
13, 87 (2005)

Structure based sequence alignment:



Proteins that fold in the same way, i.e. ”have the same 
fold” are often homologs.
Structure evolves slower than sequence
Sequence is less conserved than structure 

Protein structure alignments
Jon K. Lærdahl,
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If BLAST gives no homologs (i.e. sequence based)

Instead: Search with protein structure (pdb-file) in structure database (e.g. PDB) 
to find more remote homologs
• For example using DALI
• Much more sensitive than sequence search
• Problems

• Much smaller database (PDB vs. Genbank)
• Need 3D structure of protein

Use structure comparisons to classify, group and cluster proteins. Build protein 
structure families and hierarchies



Protein structure classification
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• Based on taking all structures of PDB
• Remove redundancy (i.e. keep only one copy of “identical” structures)
• Split structures into domains
• Group domains/proteins based on similarity
• Two main classification schemes: SCOP & CATH

Structural Classification 
of Proteins

• Almost 100% 
manually generated
• Proteins grouped 
into hierarchy of 
classes, folds, 
superfamilies and 
families

http://scop.mrc-lmb.cam.ac.uk/scop



SCOP
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• Families
• Sequence identity ~30% or higher
• Very similar structures
• Clearly homologous proteins

• Superfamilies
• Contains families
• May have no or little sequence 
similarity
• Common fold
• Are probably evolutionary related

• Folds
• Contains superfamilies
• Difficult level of classification
• Same major secondary structure 
elements (α-helices and β-sheets) 
with same connections
• Not always homologs

• Classes
• Upper level of classification (4 major, 
3 minor)
• Contains folds
• Based on secondary structure 
composition and “general features”
• e.g. all-α, all-β, ”membrane and cell 
surface” and ”small proteins”
• α/β: One β-sheet with strands 
connected by single α-helices
• α+β: α-helical and β-sheet part 
separated in sequence 

http://scop.mrc-lmb.cam.ac.uk/scop


