
Protein Structures



Primary Structure

Image Credit: Khanacademy



Beefy meaty peptide (delicious peptide)
KGDEESLA

K G D E E S L A

Originally isolated from beef soup by Yamasaki and 
Maekawa in 1978, it is recognized for its potential 
as a natural flavor enhancer that mimics or 
improves the savory, "meaty" profile of food.



Skeletal (line-angle) Structure

KGDEESLA

K G D E E S L A

• C atom label is omitted, assume each node is a C atom.
• H atoms often omitted, can be inferred by the valence rule.
• Edges are covalent bonds.
• Solid wedge bonds come out of the plane (pointing towards the viewer).
• Dashed wedge bond point away from the viewer.



Skeletal (line-angle) Structure

KGDEESLA

K G D E E S L A
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• Backbone is 𝑁-𝐶!-𝐶&-𝑁-𝐶!-𝐶&- …
• Side chains attach to 𝐶!
• 𝐶& is also called the carbonyl carbon and

often just referred to as C.



Names of the Side Chain Carbon Atoms



Torsion Angles
• Torsion angles provide the spatial flexibility of the

protein backbone structure.
• Two adjacent 𝐶!, and the C, N in between usually

form a rigit plane, named amide plane.
• The 𝜙 and 𝜓 angles are flexible.
• Length unit is ångström (Å) = 0.1 nm

Amide plane
Amide plane



Forces Stablizing Protein Structure

• Protein structure is stabilized by non-covalent interactions and covalent bonds. 
• Hydrophobic interaction

• Nonpolar side chains avoid water.
• They cluster inside the protein to form a hydrophobic core.

• Hydrogen bonds
• C=O ··· H–N

• Ionic interaction (salt bridges)
• D⁻  ---  K⁺
• E⁻  ---  R⁺

• van der Waals interactions
• Weak attractive forces between atoms that are very close together.

• Disulfide bonds
• Cys–SH + HS–Cys → Cys–S–S–Cys



Gibbs Free Energy

• G (Gibbs free energy) is a thermodynamic state function that 
represents the energy available to do useful work in a system at 
constant temperature and pressure.
• The change from an unfolded structure to the folded structure will

form the aforementioned iteractions, reducing the G.
• Or Δ𝐺 < 0. This will cause the protein to fold.



Forces Stablizing the Structure

• Certain interactions reduces the “free
energy”.



Anfinsen’s Dogma



Secondary Structure

Image credit: OpenStax Biology.

• Secondary structures are local, regular
arrangements of polypeptide backbones.

• Stablized by hydrogen bonds.
• Alpha helix: 30-40%
• Beta sheet: 20-30%
• Loops/turns/irregular regions: 30-50%.



Beta Sheet



Alpha Helix



PDB Database

• https://www.rcsb.org/
• RCSB Protein Data Bank - US data center for the global Protein Data 

Bank (PDB) archive of 3D structure data for large biological molecules 
(proteins, DNA, and RNA).
• RCSB: Research Collaboratory for Structural Bioinformatics
• PDB was established in 1971 at Brookhaven National Laboratory 

under the leadership of Walter Hamilton and originally contained 7 
structures. Today (Mar. 2026) it has over 250K experimentally
determined structures and over 1 million computed structures.
• Critical resource for studying structures and structure prediction.

https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/


Example: Top7 Protein



Example: 1QYS (Top7)

Show/hide/edit components

Add views/representations

Show/hide/delete representations

• Rotate and move the structure.
• Examine the hydrogen bonds stablizing 𝛼 helix and 𝛽 sheet.

toolbar on/off

Try: Cartoon, Ball & Stick,
Non-covalent Interacton,
Molecular surface
(adjust opacity)



Example: 1ERT

• Human Thioredoxin (Trx1) is an antioxidant. It reduces disulphide
bonds, maintaining the balance.
• The CGPC motif is its active site.
• In crystal structure (necessary for X-ray structure determination) it

forms a homodimer. In physiological state it is believed to be
monomer, or both monomer and dimer exist.
• Check its structure.



Example: 1ERT

• Check 1ERT structure.
• Identify the active site

CGPC. Notice it’s buried in
the dimer structure.
• Use select tool to select a

chain and add as a
component.
• Hide a chain so you can

focus on the monomer.
• Now check the CGPC site

again. It is exposed.



Example: 6M0J
• SARS-CoV-2 spike receptor-binding domain (RBD) bound with ACE2.
• Check the interaction between RBD and ACE2.



Structure Prediction



Levinhal’s Paradox

• Levinhal’s paradox is a thought experiment proposed by Cyrus
Levinthal in 1969.

• Each additional amino acid gives two additional torsion angles.
• If each torsion angle has c configurations, protein has length L, then

degree of freedom: 𝑐! "#$ .
• This is an astronomical number of possible combinations.
• Yet biology can find the right folding in microseconds to seconds.



Counter Argument
• This paper argues that if Gibbs free energy can be

accuately computed, then random search bias against
the locally unfavorable configurations will find the
right structure quickly.



Protein Structure Prediction

• Energy fuction + search algorithm.
• Energy function can be approximate or scoring function.
• Search algorithm can be monte carlo or heuristics.





Secondary Structure Prediction
• Historically, the secondary structure is predicted first before

predicting the tertiary structure.
• Jpred is one of the existing tools for secondary structure prediction

from sequence
• https://www.compbio.dundee.ac.uk/jpred/

Red: 𝛼-helix.
Blue: 𝛽-sheet.
Gray: coil.

https://www.compbio.dundee.ac.uk/jpred/
https://www.compbio.dundee.ac.uk/jpred/
https://www.compbio.dundee.ac.uk/jpred/
https://www.compbio.dundee.ac.uk/jpred/


Secondary Structure Prediction

• Possible ways for secondary structure prediction include:
• Hidden Markov Model
• Neural network, e.g. sliding window, RNN, LSTM, GRN, transformer.
• Homology based.
• Multiple sequence alignment first – structure is more conserved than

sequence.
• Today, very often the tertiary structure is predicted first, and then

secondary structure is recognized afterward.



Protein Structure Prediction Methods

• Method 1. Homology modelling
• Find an existing structure with a simliar sequence
• Align the sequence with the template
• Refine the structure
• Typical tool: MODELLER

• Method 2. Threading
• Regardless of the sequence similarity, just align the sequence with each template
• Find the best fit
• Refine the structure
• Typical tool: RaptorX

• These two can all be regarded as template based.



Protein Structure Prediction Methods

• Method 3. Ab initio (de novo) prediction
• Explore many possible conformation
• Evaluate using an energy function
• Choose the structure with the lowest energy
• Typical tool: Rosetta

• Method 4. AI-based prediction
• Typical tools: AlphaFold, OpenFold, RoseTTAFold
• Belongs to the Ab initio category.

• These two can all be regarded as ab initio.



Overall Workflow of Traditional Ab initio
Method
1. Secondary structure prediction
2. Backbone construction / fold assembly
3. Loop modeling
4. Side-chain packing

Loop modeling



Rosetta

• Software developed by David Baker (U. Washington) and 
collaborators (since late 1990s)
• Software at: https://www.rosettacommons.org/software
• Structure prediction server: http://robetta.bakerlab.org/

• Why use Rosetta as an example?
• Among the better ab initio modeling packages (for some years it was the best)
• Approach is similar to that of many ab initio modeling packages
• Rosetta provides a common framework that has become very popular for a 

wide range of molecular prediction and design tasks.

• Knowledge based energy function + Knowledge based search



Rosetta Energy Function

• No need to remember.
• A lot of the values are

based on statistics (e.g.
log likelihood) instead of
physical measurements.



Updated Rosetta Energy Function

No need to
remember.

Alford et al., Journal of Chemical Theory and Computation, 2017



Rosetta’s Search Stategy

• Step 1: Coarse search many times.
• Step 2: Refinement on each corse search result.



Coarse Search: Fragment Assembly

• Uses a large database of 3-residue and 9-residue fragments, taken from 
structures in the PDB
• Monte Carlo sampling algorithm proceeds as follows:

1. Start with the protein in an extended conformation
2. Randomly select a 3-residue or 9-residue section
3. Find a fragment in the library whose sequence resembles it
4. Consider a move in which the torsion angles of the selected section are replaced 

by those of the fragment
5. Calculate the effect on the entire protein structure
6. Evaluate the Rosetta energy function before and after the move
7. Use the Metropolis criterion to accept or reject the move
8. Return to step 2



Refinement

• Refinement is performed using the Rosetta all-atom energy function, 
after building in side chains
• Refinement involves a combination of Monte Carlo moves and energy 

minimization
• The Monte Carlo moves are designed to perturb the structure much 

more gently than those used in the coarse search
• May still involve the use of fragments



Multiple Alignment Commonly Used in Prediction

Image credit: DOI:10.1038/s41598-019-55047-4

• Coevolution often suggests contact
pairs.

• Contact map limits the possible
structure configurations, serving as
a constraint for search algorithm.

• Very helpful for determining the
structure (e.g. fold assembly after
secondary structure prediction).

https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4
https://www.nature.com/articles/s41598-019-55047-4


Raptor X Contact Map

• Use ResNet to predict the
contact map.
• Use some traditional approach

to predict structure assisted
by contact map.
• Wang S, Sun S, Li Z, Zhang R, 

Xu J (2017) Accurate De Novo 
Prediction of Protein Contact 
Map by Ultra-Deep Learning 
Model. PLoS Comput Biol 
13(1): e1005324. 
doi:10.1371/journal. 
pcbi.1005324



AlphaFold

• Contact mapping is
used to calculate a
“potential
function”, where
variables are
torsion angles.

• Gradient descient
used for the search.

• Senior et al. Nature 
577. 2020.



AlphaFold
Example

(b) Real pair distance
(c) Predicted pair distance



CASP: Critical Assessment of Protein Structure Prediction



AlphaFold 2

• Jumper et al. Highly accurate protein structure prediction with 
AlphaFold. Nature 596. 2021.
• New transformer-based prediction of pair contact features.
• New NN based prediction of torsion angel and structure.



AlphaFold 2 Prediction Examples



AlphaFold 2 Overall Architecture



MSA and Pair Representations

• Dimension (s, r, c).
• s is the number of seqeucnes.
• r is the number of residues in input sequence.
• c is the model’s dimension.
• Represent each residue position in MSA.

MSA representation

Pair representation

• Dimension (r, r, c).
• r is the number of residues in input sequence.
• c is the model’s dimension.
• Represent the residue to residue relation.



Evoformer



Update MSA

• Row-wise gated attention: for each seqeunce,
self-attention between its residues. Add a bias
computed from pair(i,j) to attention weight
between j and j.

• Column-wise attention: for each column of
MSA, self-attention between residues at this
column.

• Transition: same role as the FFN in transformer.
• Outer product mean:



Evoformer

• The triangle update reflects the triangular inequality constraint among there residues.
• Triangule self-attention is similar to row and col wise self attentions.
• Triangle multiplicative update uses values computed from two edges of a triangle to update the third edge.



Evoformer

• Each block is called an evoformer block, it updates MSA and pair representations.
• AlphaFold 2 stacks 48 blocks together. The output is then sent to the structure module.



Residue Gas
residue

• Each residue’s N-𝐶!-C determines a local frame,
which is represented by a rotation (3x3 matrix) and a
translation (length-3 vector).

• The structural module tries to predict the local
frame for each residue, and a representation for
each residue (named single representation).

• The representation is supposed to encode structural
information relative to the local frame.



Invariant Point Attention

• Single representation is initialized to be the row of the input sequence of MSA representation. Backbone frames are
initialized to be at the origin.

• Self attention on single representation is invariant to global rotations and translations (IPA).
• Backbone frames are updated in each block as well.
• 8 weight-sharing blocks are used. The final output of single representations is used to predict side chain.



AlphaFold 2 Overall Architecture



Summary

• Raptor X (Jingbo Xu)
• Use CNN to predict contact map. Then uses traditional algorithms to find

structure to fit the contact map.

• AlphaFold
• Use CNN to predict contact map. Define an energy function with contact map.

Then use gradient descent search strategy to minimize the energy.

• AlphaFold2
• Predict the contact map (2D representation) with transformer.
• Predict residue gas with invariant point attention.



Structure Prediction Software

• Rosetta: David Baker, University of Washington
• RaptorX: Jinbo Xu, Toyota Technological Institute at Chicago
• Alpha Fold: DeepMind
• Many others..



Protein Structure Prediction & Overlay (Class 
Activity)
• 1. Get sequences from UniProt: Myoglobin (P02144) and Neuroglobin 

(Q9NPG2). http://uniprot.org
• 2. Run AlphaFold prediction for each protein: 

https://alphafoldserver.com/
• 3. Download results
• 4. View the structures by drag and drop to Mol*: 

https://molstar.org/viewer/
• 5. Overlay structures: Select two chains and then click superpose.



Myoglobin vs Nuroglobin


