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Today’s Menu
Overview of structural bioinformatics 
• Motivations, goals and challenges 


Representing, interpreting & modeling protein structure 
• Visualizing & interpreting protein structures

• Analyzing protein structures

• Modeling protein structure

• Physics based approaches

• Knowledge based approaches

• Structure prediction and drug discovery

Key concept: 
Potential functions describe a systems 

energy as a function of its structure
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Two main approaches: 
(1). Physics-Based 

(2). Knowledge-Based 

Two main approaches: 
(1). Physics-Based 

(2). Knowledge-Based 

V(R) = Ebonded + Enon.bonded

For physics based potentials 
energy terms come from physical theory

Sum of bonded and non-bonded  
atom-type and position based terms 

V(R) = Ebonded + Enon.bonded
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is a sum of two terms:Enon.bonded

Evan.der.Waals + Eelectrostatic

Stretch 

Angle 

Rotate 

Non-bonded 

Evan.der.Waals + Eelectrostatic

Evan.der.Waals = ∑
pairs.i.j

[ϵij(
ro.ij

rij
)12 − 2ϵij(

ro.ij

rij
)6]

Eelectrostatic = ∑
pairs.i.j

qiqj

ϵr2
ij

Stretch 

Angle 

Rotate 

Non-bonded 

V(R) = Ebond.stretch
+Ebond.angle
+Ebond.rotate
+Evan.der.Waals
+Eelectrostatic

}
}

Ebonded

Enon.bonded

Total potential energy
The potential energy can be given as a sum of 
terms for: Bond stretching, Bond angles, Bond 

rotations, van der Walls and Electrostatic 
interactions between atom pairs

Now we can calculate the potential energy 
surface that fully describes the energy of a 

molecular system as a function of its geometry 
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Now we can calculate the potential energy 
surface that fully describes the energy of a 

molecular system as a function of its geometry 
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Potential energy surface Key concept: 
Now we can calculate the potential energy 
surface that fully describes the energy of a 

molecular system as a function of its geometry 
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the gradients of 
the energy

F(x) = − dV/dx

Moving Over The Energy Surface

•Energy Minimization 
drops into local minimum

•Molecular Dynamics 
uses thermal energy to 
move smoothly over 
surface

•Monte Carlo Moves are 
random. Accept with 
probability:

exp(−ΔV/dx)
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PHYSICS-ORIENTED APPROACHES
Weaknesses 

Fully physical detail becomes computa?onally intractable 
Approxima?ons are unavoidable 

(Quantum effects approximated classically, water may be treated crudely) 
Parameteriza?on s?ll required 

Strengths 
Interpretable, provides guides to design 
Broadly applicable, in principle at least 
Clear pathways to improving accuracy 

Status 
Useful, widely adopted but far from perfect  
Mul?ple groups working on fewer, beQer approxs 

Force fields, quantum 
entropy, water effects 

Moore’s law: hardware improving



–Johnny Appleseed

Put Levit’s Slide here on Computer Power Increases!

SIDE-NOTE: ANTON SUPERCOMPUTER

SIDE-NOTE: GPUS 
(GRAPHICAL PROCESSING UNITS)

SIDE-NOTE:  TPU 
(TENSOR PROCESSING UNITS) FOR AI



Two main approaches: 
(1). Physics-Based 

(2). Knowledge-Based 

POTENTIAL FUNCTIONS DESCRIBE A SYSTEMS 
ENERGY AS A FUNCTION OF ITS STRUCTURE KNOWLEDGE-BASED DOCKING POTENTIALS

His?dine 

Ligand 
carboxylate

Aroma?c 
stacking

Example: ligand carboxylate O to protein his?dine N 

Find all protein-ligand structures in the PDB with a ligand carboxylate O 
1.   For each structure, histogram the distances from O to every his?dine N 
2.   Sum the histograms over all structures to obtain p(rO-N) 
3.   Compute E(rO-N) from p(rO-N)

ENERGY DETERMINES PROBABILITY 
(STABILITY)

Boltzmann distribu?on
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Boltzmann:

Inverse Boltzmann:

Basic idea: Use probability as a proxy for energy

KNOWLEDGE-BASED POTENTIALS
Weaknesses 

Accuracy limited by availability of data 

Strengths 
Rela?vely easy to implement 
Computa?onally fast 

Status 
Useful, far from perfect  
May be at point of diminishing returns 

(not always clear how to make improvements)



- Break -

The future? Combining AI and Physics based approaches 



For a given sequence, find structure with lowest free energy

Protein Folding Problem

StructureSequence

[Video credit: C. Fennell] 
 
Dill, K.A. and MacCallum, J.L., 2012. The protein-folding 
problem, 50 years on. science, 338(6110), pp.1042-1046.

>sequence
MRIILLGAPGAGKGTQAQFIM
EKYGIPQISTGDMLR

>sequence
MRIILLGAPGAGKGTQAQFIM
EKYGIPQISTGDMLR

Rosetta - Protein "folding" with Energy 
function + fragments recombination

David 
Baker

Results from CASP14 
(Critical Assessment of protein Structure Prediction)
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Alphafold2 from DEEPMIND



Multiple Sequence Alignments (MSAs)
are key inputs to these winning methods

(alphafold2 and RoseTTAFold)

Start with a single sequence

Se
ar

ch

Database of 
sequences

Search against a database of sequences Generate a multiple sequence alignment
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ar

ch

Database of 
sequences



Analyze the MSA for coevolution

Coevolution

Use coevolution as restraints in folding simulations!
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Structure

Use coevolution as restraints in folding simulations!

Coevolution

Structure

Coevolution is 
predictive of contacts 

(i.e. distance restraints)

By measuring coevolution, we can infer contacts!

Coevolution

Structure

Coevolution is 
predictive of contacts 

(i.e. distance restraints)

Contacts in proteins are 
evolutionarily conserved and 

encoded in a MSA due to 
coevolution



Review - How to read a contact/distance matrix?
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How to read a contact map
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50S ribosomal protein L6

XRAY Contacts 

Predicted 
Contacts

Overlay of predicted contacts on real contacts The origin of contacts

Monomer

Mediated

Homo-dimer

Conformational Change

Anishchenko, I., Ovchinnikov, S., Kamisetty, H. and Baker, D., 2017.  
Origins of coevolution between residues distant in protein 3D structures.  
PNAS, 114(34), pp.9122-9127.

Slide Credit: Sergey Ovchinnikov (@sokrypton)

Folding

How to solve this problem?
● Enumerate folds and see which matches contacts best 
● Try different number (or combination) of restraints 
● Lots of sampling with ambiguous restraints

NN

● Use NN to filter/enhance contacts before trying to fold

citations: bit.ly/3Mr8351

Alphafold2

Sequence
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Alphafold2 - New Critical detail Recycling
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Generating iteratively 

better models…

Structure Module 
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Hypothesis: 
AlphaFold uses input MSA/Templates to "solve" the global search 
problem. The rest of the model refines the structure using the learned 
energy potential.



Seach UniProt with AlphaFold
https://www.uniprot.org/blast

Seach UniProt with AlphaFold
https://www.uniprot.org/blast

Search for your “find-a-gene” project sequence

Do it Yourself!

https://www.ebi.ac.uk/Tools/sss/fasta/

Search for your Find-a-gene project 
sequence in AlphaFold DB

Do it Yourself!

https://www.ebi.ac.uk/Tools/sss/fasta/

Search for your Find-a-gene project 
sequence in alpha fold DB

Or :   “KIN-14Q”

Or:   Q8W3K0



Download the alphafold PDB 
model and open in Mol* or VMD!

• AlphaFold produces a per-residue confidence score 
(pLDDT) between 0 and 100 that is written to the B-
factor column.  

• To remove low confidence regions (with low pLDDT 
scores)

AlphaFold low confidence regions

https://github.com/sokrypton/ColabFold 

For short monomeric proteins (< 400 amino 
acids) consider using the new ESMFold

https://esmatlas.com/

[No need for GPU & comparatively fast]

Evolutionary scale modeling (ESM) 
• AlphaFold (and related methods) need to search 

through large protein databases to identify related 
sequences.  

• They require a large group of evolutionarily related 
sequences as input so that they can extract the 
patterns that are linked to structure.  

• ESM-fold uses a language model that learns these 
evolutionary patterns during its training on protein 
sequences, enabling faster structure prediction from a 
single sequence.

Alternative: Language Models



Brand new!

https://esmatlas.com/

ColabFold 
Making Protein folding accessible via Google Colab

github.com/sokrypton/ColabFold

https://github.com/sokrypton/ColabFold


