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Proteins are chains of amino acids and are the 
workehorses of living organisms

Proteins provide structure to cells, move and carry
molecules, catalyse reactions, etc. 

Protein functions are mediated by their structure

• Uniqueness: Sequences (not always!) map 1:1 to a single 3D structure

• Function and disease: the correct structure mediates the function. If a protein misfolds disease

Protein folding



Experimental methods for protein structure determination

X-ray chrystallography Cryo-EM NMR spectroscopy

• Most accurate
• Needs crystals
• 100K– 200K per structure
• Time consuming
• Expensive

• Fairly accurate
• No need for crystals
• Structures pbserved in solution

(«in vivo»)
• Limited to small proteins
• Time consuming
• Needs large amount of sample

• No need for crystals
• Closer to native state
• Lower resolution

Available datasets: around 200 million sequences (UniProt) but only 18’000 structures (PDB)

Computational methods to predict protein structure



Anfinsen, Nobel Prize lecture (1972)

Anfinsen's experiment on ribonuclease A 
demonstrated that all the information required to fold a 
protein into its native, lowest-energy conformation
is entirely contained within its sequence of amino 
acids

Protein prediction problem



Every 2 years, structural and computational biology reserach groups
meet and take part to the CASP competition

The aim of the competition is to evaluate the state of the art in protein
structure prediction

Each group tests its algorithm on protein sequences
whose structure has not been published yet

The predictions are based only on the primary sequence
of the proteins

Critical Assessment of Protein Structure
Prediction (CASP)





AlphaFold 2 is the new version of an 
existing AI system (AlphaFold) created by 
the British company DeepMind, in 
collaboration with Google and EMBL

The first version of the system already won
CASP13 competition, but was not yet
reaching excellent evaluation criteria

And the winner is… AlphaFold 2





 How does AlphaFold 2 work?

Architecture of the deep neural network

 Applications of AlphaFold 2

Applying structure predictions to complement experimental data

 Limitations of AlphaFold 2

Outlook



Jumper et al., 2021. Nature.

Pre-processing module Evoformer
module

Structure
module

Structure of AlphaFold 2



Multiple Sequence Alignment uses the target 
sequence to extract similar sequences from 
databases like UniRef.

The idea is that if two amino acids are close in 
the structure, mutations in one amino acid will
be closely followed by mutations in the other
amino acids, in order to preserve the structure

Pre-processing module



AlphaFold2 also looks for templates that belong
to the same family of proteins and might have a 
similar structure, despite differences in the 
primary sequences

Then it creates a distogram, which is a 
representation of the distances between each
pair of amino acids.

AF2 reports a distribution over 64 distances, 
giving an idea of how accurate the model will be

Pre-processing module



The Evoformer is composed of 48 non-iterative modules that continuously exchange information 
between the MSA representation and pair representation. 

The information extracted from the MSA is used to adjust the pair representation, which in turn 
improves the information extracted from the MSA. This process is repeated until the system has a solid
inference on the target

EVOFORMER: The EVOlutionary transFORMER



The MSA finds a 
correlation
between amino 
acids A and B

This information is
included in the pair
representation and 
updates the structure

The update shows that
if A and B are close, 
then probably also C 
and D are related

This hypothesis can be 
confirmed by looking for 
evolutionary correlations
between C and D in the 
MSA

Repeat for 48 modules!



Structure module

The protein is considered as a "residue gas" and each
amino acid is represented as a triangle.

At the beginning all the residues are placed in the same
place and then they are moved freely in space without
considering physical constraints

The structure module focuses more on obtaining a correct local geometry for each residue 
rather than having a globally correct folding.








Final predictions

The overall quality of the final output is
strongly dependent on the abundance of 
related PDB structures on which the AI has
been trained

Thornton et al., 2021



Not on a standard laptop!

Free notebook environment that runs entirely
on the cloud

Everybody can run Python codes through the 
browser

Can I run AlphaFold 2?



PRNP homo sapiens





Structure-based drug discovery De novo protein design and protein engineering

Treatments 
and drugs

Pesticides

Supplements

Biomaterials

Accelerate structural studies

Complement X-ray 
and cryoEM data

Applications of AlphaFold 2





Glycoprotein 2 (GP2) and uromodulin protect gastrointestinal and urinary
tracts from infection by acting as decoys for the bacterial fimbrial lectin
FimH

The C-terminal region of uromodulin mediates
its polimerization after being secreted from the 
cells of the urinary epithelium

The N-terminal region interacts with FimH, but
there are no structural information on the 
binding site

Kipp et al., 2021

• What is the structure of the decoy module of GP2 and UMOD?
• Which region of the N-terminal domain is recognized by FimH, and what is the architecture

of the sub-domain?



The untagged lectin domain of FimH was
expressed in E.coli

The bacterial crude extract was incubated
with the purified branch domain of GP2 and 
UMOD

SEC chromatography shows co-elution of 
each decoy molecule with FimH

FimH is detected also in SDS-PAGE gels of 
the SEC fractions



Adachi et al., 2003

The his-tagged branched portion of GP2 was subjected to 
cristallization trials using the «sitting drop vapour diffusion» 
method and analysed at the synchrotron

However, the crystal displayed high diffraction disorder and low symmetry. 

A correct interpretation of diffracted data is not possible.



Molecular replacement is a method used in X-rays chrystallography to try to solve the phase problem
and obtain the electron density map from the diffraction pattern

Basically, you look for homologous proteins whose structure is known and you use their structure as
«template» to build the model of your target protein. Template models are rotated and translated until
they fit the experimental data 

http://www.xray.bioc.cam.ac.uk/xray_resources/whitepapers/mr-in-action/

Which models can we use?

• Structures of known homologous
proteins (at least 40% homology)

• Low-quality NMR structures of the 
same protein

• Predicted models

Molecular replacement using AlphaFold 2 models



AlphaFold 2 predicted the structure of the decoy portion of GP2

The models were then used to phase the crystals of GP2 
previously obtained, and produced an atomic model 

The final atomic module of GP2 (in grey) shows very high 
similarity to its predicted model (in colours)



Structural data revealed that the 
interacting domain had 10 cysteine
residues and not 8, as it was suggested
previously.

Given the high sequence homology ( >60%) between
GP2 and UMOD, the branch region structure of GP2 
was used to model the effect of pathogenic mutations of 
UMOD affecting invariant amino acids 



Next, they investigated the structure of the full-lenght UMOD protein arranged into fibers to identify
the binding site of FimH

Cryo-EM analysis of UMOD fibers yielded a composite 
map of the full-lenght protein; however, only the filaments
core could be interpreted with high confidence.

Previously obtained GP2 
structure of the branch region
was combined with 
AlphaFold predictions to 
generate a model that helped
in the interpretation of the 
cryoEM map



The map revealed the 
presence of a high-mannose
glycan (N275) hidden in the 
structure and therefore
protected from cleaving
enzymes.

This specific glycan is
essential to bind FimH

Finally, they derived a single 
cryoEM map for the UMOD-
FimH complex

Conclusions

 AlphaFold models allowed the interpretation of diffraction
data and the elaboration of the atomic model of the 
branched domain of GP2

 The model was used to infer the effect of pathogenic
mutations on invariant regions of UMOD

 AlphaFold predictions and cryoEM data were used to 
obtain the final structure of full-lenght UMOD when
assembled in filaments and of the UMOD-FimH complex



Is this the end for 
experimental structural

biology?



No prediction of protein complexes

A new version of the code is being released now

Cofactors and prosthetic groups are still not included

Limitations of AlphaFold 2

AlphaFold 2 principles

• Anfinsen’s dogma: one sequence – one structure
• Principle of co-evolution
• AlphaFold 2 does not follow folding pathways



No prediction of protein dynamics

Cytochrome C adopts 17 different
conformations in solution (NMR data)

AlphaFold 2 only predicts one conformation

No prediction of the impact of 
missense mutations



Ruff et al., 2021

Intrinsically disordered regions (IDRs) are modeled as ribbon-like structures and are 
considered as low-confidence prediction regions

However, the prediction makes no statement
about the likelihood of different «transient» 
conformations

Hyashi et al., 2022

No prediction of intrinsically disordered regions



No prediction of amyloid fibrils

Raskatov et al., 2017

Aggregation-prone proteins have a multi-
funneled energetic lansdcape

Oligomers and aggregation intermediates
might not occupy energetic minima in the 
aggregation landscape

Aberrant aggregation is extrinsic to 
evolutionary selection, which is one of the 
working principles of AlphaFold 2



Conclusions

AlphaFold 2 generates high-confidence structural predictions for almost all globular
proteins starting only from the amino acid sequence

Thanks to AlphaFold 2, the predicted structures of all human proteins (and many
more!) can be easily accessed by researchers through a dedicated database

AlphaFold 2 can be used to complement experimental data, to design drugs based
on their target’s structure, and to compute the folding of engineered and completely
new proteins

The code and the training database are publicly available, meaning that everybody
can use it to predict the structure of a protein of interest

«AlphaFold will provide new insights and understanding of fundamental
processes related to health and disease, with applications in biotechnology, 
medicine, agriculture, food science and bioengineering. It will probably take 
one or two decades until the full impact of this development can be properly
assessed»

EMBL
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