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This talk

• Representations of proteins
• Mapping properties onto proteins
• Accessing protein structures
• Software for viewing protein structures
• Analysing structural similarity
• Inspecting protein interfaces
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Recap of protein structure

• Proteins are polymers of amino acids
• The sequence of a proteins determines 

how it folds
• Proteins adopt regular secondary structure
• The arrangement of secondary structural 

motifs determines protein 3D structure
• Some proteins oligomerise or interact with 

ligands that are integral to their structure

Image: LadyofHats (Wikimedia)



26/03/2023 5

Interactions between amino acids drive protein folding

• Hydrogen bonds
• Hydrogen shared between 

electronegative ‘donor’ and ‘acceptor’ 
atom with lone electron pair

• Salt bridges
• Between side chains with formal 

negative and positive charges

• Hydrophobic interaction
• Van der Waals interactions

• Hiding hydrophobic residues from 
water in protein core drives folding

Image: https://www.chem.ucla.edu/~harding/IGOC/H/hydrogen_bond.html
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Amino acid polymers

• Amino acids are joined by 
peptide bonds

• Planar
• trans (180°) or cis (0°)

• Angle between peptide 
amide nitrogen and side 
chain is phi (φ)

• Angle between side chain 
and peptide carbonyl 
oxygen is psi (ψ)

Image: Stephen Graham (CC BY 4.0)

Cα
Cβ

N(amide)

O(carbonyl)

C(carbonyl)
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• Planar
• trans (180°) or cis (0°)
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(amide nitrogen) and side 
chain is phi (φ)
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Ramachandran plot

• Only certain ψ/φ
combinations are allowed

• Cβ atoms would bump into 
each other

• Different for glycine (no Cβ) and 
proline [Cδ-N(amide) bond]

• Some areas of the 
Ramachandran plot are highly 
populated

Lovell et al (2003) Proteins Struct. Func. Bioinf. 50: 437-50
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Ramachandran plot

• Only certain ψ/φ
combinations are allowed

• Cβ atoms would bump into 
each other

• Different for glycine (no Cβ) and 
proline [Cδ-N(amide) bond]

• Many residues occupy certain 
regions of the Ramachandran 
plot:

• α-helix
• β-sheet

Lovell et al (2003) Proteins Struct. Func. Bioinf. 50: 437-50

α

β
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α-helix

• O(carbonyl) makes hydrogen bond
with N(amide) of i+3 residue

Image: Stephen Graham (CC BY 4.0)

i

i+3
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α-helix

• O(carbonyl) makes hydrogen bond
with N(amide) of i+3 residue

• Helices are right handed

Image: Stephen Graham (CC BY 4.0)
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β-sheet

• Hydrogen bonds between 
adjacent strands

• Parallel: strands in same 
direction

• Anti-parallel strands in 
opposite directions

Image: Stephen Graham (CC BY 4.0)
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Not all amino acids are in helices or sheets

• Loops (between secondary 
structural elements)

• Coil (extended regions with no 
secondary structure)

Image: Stephen Graham (CC BY 4.0)
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Not all amino acids are in helices or sheets

• Loops (between secondary 
structural elements)

• Coil (extended regions with no 
secondary structure)

• Some regions of proteins have 
no intrinsic structure

• Adopt conformation upon binding 
to partner molecules

• Biomolecular condensates 
(membrane-less organelles)

Image: Stephen Graham (CC BY 4.0)
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Displaying secondary structure

• Displaying just the atoms as 
spheres is very hard to interpret

• Showing bonds between the atoms 
as sticks helps

• Easier to follow the trace with a 
cartoon (or ribbon) representation

• Helices as spirals
• Sheets as arrows

• And even better if you colour as a 
rainbow

• Blue at N terminus to red at C 
terminus

Image: Stephen Graham (CC BY 4.0)
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Surfaces

• Cartoons are convenient for 
following peptide direction

• But proteins don’t have big gaps
• The interior of proteins is largely 

hydrophobic and inaccessible to 
water

Image: Stephen Graham (CC BY 4.0)
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Surfaces

• Cartoons are convenient for 
following peptide direction

• But proteins don’t have big gaps
• The interior of proteins is largely 

hydrophobic and inaccessible to 
water

• Can display the surface of proteins
• Most common surface 

representation is the molecular 
surface (aka Connelly surface)

Image: Pengyu Ren lab, UT Austin (https://biomol.bme.utexas.edu/wiki/index.php/ABS)

SAS: Solvent-accessible surface
SES: Molecular surface (solvent-excluded surface)

VWS: Van der Waals surface 
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Surface representations
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Surface representations – Electrostatic potential

Gao et al. (2022) Journal of General Virology, 103: 001716

• Can map the electrostatic 
potential of a protein onto 
its molecular surface

• Blue = basic = positive charge
• Red = acidic = negative charge

• Understanding protein 
electrostatic charge can 
inform biology

• Long-range interactions 
between macromolecules

• Interaction patches for 
charged small molecules
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Surface representations – Hydrophobicity

Neidel et al. (2015) Journal of Biological Chemistry, 290: 5991–6002

• Surface-exposed 
hydrophobic patches are 
energetically unfavourable

• Can colour surfaces of 
proteins to show the 
hydrophobicity of each 
residue at the surface
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Surface representations – Hydrophobicity

Image: Stephen Graham (CC BY 4.0)

• Surface-exposed 
hydrophobic patches are 
energetically unfavourable

• Can colour surfaces of 
proteins to show the 
hydrophobicity of each 
residue at the surface

• Can also show molecular 
lipophilicity potential

• Slightly more sophisticated, 
per-atom potential
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Protein Data Bank (PDB)

• Worldwide repository of biomolecular 
structural data

• Established in 1971
• Hold both the atomic models plus the 

experimental data (maps) used to 
generate these models

• Hosted by three different institutions:
• RCSB: https://www.rcsb.org/
• EBI: https://www.ebi.ac.uk/pdbe/
• PDBj: https://pdbj.org/
• Each site has different tools and search, 

but the underlying data is the same

https://www.rcsb.org/

https://www.rcsb.org/
https://www.ebi.ac.uk/pdbe/
https://pdbj.org/
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Protein Data Bank (PDB)

Image: RCSB PDB
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Accessing a protein structure

https://www.rcsb.org/
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Accessing a protein structure
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Accessing a protein structure
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Accessing a protein structure

• FASTA sequence
• mmCIF format
• PDB format
• Structure factors 

(experimental 
data)

• Validation report
• Assembly
• Maps

https://www.rcsb.org/
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Accessing a protein structure
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Accessing protein structural models

https://www.uniprot.org/
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Accessing protein structural models

https://www.uniprot.org/
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

Vim

Notepad++
https://notepad-
plus-plus.org/

https://notepad-plus-plus.org/
https://notepad-plus-plus.org/
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https://www.cgl.ucsf.edu/chimerax/
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://github.com/schrodinger/pymol-open-source

• There are open source and paid-for 
versions of PyMOL. It’s easy to install 
the free open source version:

https://pymolwiki.org/index.php/Windows_Install
https://pymolwiki.org/index.php/MAC_Install

https://github.com/schrodinger/pymol-open-source
https://pymolwiki.org/index.php/Windows_Install
https://pymolwiki.org/index.php/MAC_Install
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://www.ccp4.ac.uk/MG/

https://www.ccp4.ac.uk/MG/
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://molstar.org/

https://molstar.org/
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• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://3dproteinimaging.com/protein-imager/

https://3dproteinimaging.com/protein-imager/
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Software for viewing protein structures

• Many, many different programs 
for viewing proteins structures 
for analysis and illustration:

• Text editors (notepad!)
• ChimeraX
• PyMOL
• COOT
• CCP4mg
• Mol*
• Protein Imager
• Blender (with Molecular Nodes)

https://bradyajohnston.github.io/MolecularNodes/

https://bradyajohnston.github.io/MolecularNodes/
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Measures of protein structural similarity

• Sequence identity is a 
measure of amino acid 
sequence similarity

• High identity suggests 
evolutionary similarity

• Proteins can have similar 
structures in absence of 
similar sequences

• How do we measure protein 
structure similarity?

Image: Stephen Graham (CC BY 4.0)

Vaccinia virus proteins A49 (left) and A52 (right)
Very similar structures but no sequence identity 

was unidentifiable
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Root mean squared deviation (RMSD)

• Where δ is the distance between two equivalent atoms
• Generally measured between Cα atoms
• When quoting, need to specify both RMSD and number of matched atoms
• Exist several more advanced measures (normalised RMSD, GDT_TS, …)
• Can calculate in ChimeraX, PyMOL, COOT, …



26/03/2023 60

How can you find other structures similar to 
your protein of interest?
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Structure-based searches: DALI

http://ekhidna2.biocenter.helsinki
.fi/dali/
• Can search databases of 

experimental structures and 
AlphaFold2 models

http://ekhidna2.biocenter.helsinki.fi/dali/
http://ekhidna2.biocenter.helsinki.fi/dali/
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Structure-based searches: DALI

http://ekhidna2.biocenter.helsinki
.fi/dali/
• Can search databases of 

experimental structures and 
AlphaFold2 models

• Search results order by Z score 
(statistical significance)

• Uses all residue pairwise 
distance matrices, not RMSD

• Z scores above 7 or so are likely 
to be meaningful

http://ekhidna2.biocenter.helsinki.fi/dali/
http://ekhidna2.biocenter.helsinki.fi/dali/
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Structure-based searches: PDBeFold

https://www.ebi.ac.uk/
msd-srv/ssm/
• Searches against PDB 

or a list of structures 
you supply

• Can do all-vs-all 
pairwise superposition

• Uses RMSD
• Reports Q score (1 is 

perfect) an Z score 
(higher is better)

https://www.ebi.ac.uk/msd-srv/ssm/
https://www.ebi.ac.uk/msd-srv/ssm/
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Sequence/Structure based search: Foldseek

https://search.foldseek.com/
search
• Combines sequence analysis 

and structure analysis using 
deep learning

• Much faster than other 
techniques, so can search 
larger databases (database 
with AlphaFold2 models of all 
proteins)

• Scored by E-value (probability 
of significance, lower is better)

https://search.foldseek.com/search
https://search.foldseek.com/search
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Analysing protein complexes
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Inspecting protein interaction interfaces

• Many (most) proteins function as part 
of macromolecular assemblies

• Crystals are large arrays of protein 
molecules

• Some interactions between adjacent 
molecules will be biologically meaningful

• Other interactions will be crystallisation 
artefacts (don’t occur in nature)

• How can we identify and characterise 
biologically meaningful protein 
interactions?

Image: Reproduced with permission from Biomolecular Crystallography by Bernhard Rupp, © 2009-2014 Garland Science/Taylor & Francis LLC.
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Inspecting protein interaction interfaces – PDBePISA

• PDBePISA server
https://www.ebi.ac.uk/pdbe/
pisa/pistart.html
• Analyses the Gibbs free 

energy (ΔG) gained or lost 
by complex formation, plus 
the size and shape of the 
interaction

https://www.ebi.ac.uk/pdbe/pisa/pistart.html
https://www.ebi.ac.uk/pdbe/pisa/pistart.html
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Inspecting protein interaction interfaces – PDBePISA

• Analyse any structure from 
PDB

• Analysing interfaces
• Extent of interaction (Å2)
• Number of hydrogen bonds, 

salt bridges and disulfide
bonds

• Amount of energy gained/lost 
by burying interface

• Hiding residues from solvent
• Suggests which interactions 

are biologically meaningful 
CSS score (not always correct)
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Inspecting protein interaction interfaces – PDBePISA

• Can view the interaction 
interface interactively
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Inspecting protein interaction interfaces – PDBePISA

• Can view the interaction 
interface interactively

• Can view the details of the 
interaction

• Handy list of hydrogen bonds
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Inspecting protein interaction interfaces – PDBePISA

• Can view the interaction 
interface interactively

• Can view the details of the 
interaction

• Handy list of hydrogen bonds
• And list of which residues are 

buried (hidden from solvent) 
by the interaction interface
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Inspecting protein interaction interfaces – PDBePISA

• Can view the interaction 
interface interactively

• Can view the details of the 
interaction

• Handy list of hydrogen bonds
• And list of which residues are 

buried (hidden from solvent) 
by the interaction interface

• And can download the PDB 
file (structure) of the 
complex
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Inspecting protein interaction interfaces – PDBePISA

• The Monomers page also 
has a handy tool to highlight 
differences between 
different copies of the same 
protein in the crystal 
structure
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Inspecting protein interaction interfaces – PDBePISA

• The Monomers page also 
has a handy tool to highlight 
differences between 
different copies of the same 
protein in the crystal 
structure

• Also works for cryoEM 
structures

• To analyse interfaces
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This talk - Recap

• Representations of proteins
• Mapping properties onto proteins
• Accessing protein structures
• Software for viewing protein structures
• Analysing structural similarity
• Inspecting protein interfaces

Tomorrow: How do we determine protein structures?
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