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We all need models…

AIC2022 School, Trieste 7-10 Sett 2022
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Welcome to the AIC2022 School!

Organising Committee

§ Maria Letizia Barreca
§ Rocco Caliandro
§ Menica Di Benedetto
§ Federico Forneris
§ Alessandra Magistrato
§ Anna Marabotti
§ Adriana Pietropaolo
§ Roberto Steiner

Local Committee

§ Silvano Geremia
§ Rita De Zorzi
§ Barbara Medagli
§ Neal Hickey
§ Demi Vattovaz
§ Federico Nolasco

Steering Committee

§ Paolo Pio Mazzeo
§ Michele Cianci
§ Danilo Belviso
§ Elisa Boanini
§ Sabrina Mazzareni

Protein structure models, biophysical data and high-performance 
computing for drug design
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Structural biology: a personal journey

PhD with D.M. Blow (end ‘80s/early ‘90s)

The explosion of Structural Biology in the early ‘90s 
was mostly driven by technical advance in 
Molecular Biology and Macromolecular 
Crystallography: 

From ”crystallographer” to “structural biologist” 

• emphasis shifted from technique to 
biological problem

• tackling larger and more complex 
structures

• beside MX we started to do 
biochemistry

• easier tools for cloning and purification
• from photographic films to electronic detectors
• more intense synchrotron beamlines with bandwidth 

suitable for MAD
• freezing crystals
• advances in computational power
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Structural biology: a personal journey

Late ‘90s/Early 00s

Development of Single Particle CryoElectron Microscopy to visualise large 
macromolecular assemblies at low resolution – computational.

2020: AlphaFold2
• provides structural prediction with 

unprecedented accuracy – very good for single 
domain/single proteins

• do we still need experimental structures?

Marin van Heel

2010-2020: the CryoEM “revolution”
• direct electron detectors
• better microscopes 
• development of more sophisticated algorithms

Atomic models!
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“Seeing is believing”

- 50 percent of our brain is involved in visual processing

- although we have five senses, 70% (90%?) of all sensory feedbacks are visual. Our eyes are 
so good (and so much better than the rest of our senses) that we can grasp a visual scene 
in less than 1/10 of a second.

- we recall what ‘we see’ much better than what we read

Humans are highly visual creatures. 

We use our eyes to make sense of the world.
We rely heavily on visual cues to find food, mates, shelter, requiring a highly sophisticated 
processing of visual information. Consequently, the number, size, and complexity of brain 
structures involved in visual processing has expanded dramatically and our brains have evolved 
to absorb, manipulate, and react to visual information in increasingly effective ways.

We “understand” something when we “see” it!
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“Just look at the thing!”

transcript of a talk presented by Richard P. 
Feynman to the American Physical Society 
in Pasadena on Dec 1959

The central idea behind structural biology 
is that once we are able to “look” at 
“things” in great enough detail to discern 
the atomic structures, we will be able to 
understand the components of complex 
biological processes and their mechanism 
of action. 
Indeed, structural biology has contributed 
substantially to major biological 
discoveries, over the last 70 years. 
Moreover it has facilitated developments 
of therapeutic agents to cure diseases. 
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“Just look at the thing!”

[…]
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Structure-based drug design

Structural biology can have a major role in characterizing small-
molecule binding sites and their interactions with proteins.

Tom Blundell (Celebrating Structural Biology, Nature 2011 – for 
the 40th anniversary of PDB) reminds us of how Dorothy 
Hodgkins would already visit Novo Nordisk, Eli Lilly, Wellcome, 
etc. to discuss collaboration on vitamin B12, penicillin, insulin.

Atomic resolution 3D models are important tools to find and optimize novel inhibitors, 
refine ligands to increase affinity, doing virtual screenings or fragment-based drug design. 

Since the early days, the pharamaceutical industry has been 
immediately keen to exploit structural results. 

In the 90s most pharma industries set up structural biology group (then crystallography –
now they have expanded into electron microscopists). 
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What do we really “see”?

An atomic structure is “A MODEL” : i.e. someone’s interpretation of primary data 

"All crystallographic models are not equal. ... 
The brightly coloured stereo views of a protein model, which are in fact more akin to cartoons than 
to molecules, endow the model with a concreteness that exceeds the intentions of the thoughtful 
crystallographer. 
It is impossible for the crystallographer, with vivid recall of the massive labour that produced the 
model, to forget its shortcomings. 
It is all too easy for users of the model to be unaware of them.
It is also all too easy for the user to be unaware that, through temperature factors, occupancies, 
undetected parts of the protein, and unexplained density, crystallography reveals more than a 
single molecular model shows."

Crystallography Made Crystal Clear, 
by Gale Rhodes (Portland) 
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What do we really “see”?

Our model, weather obtained by crystallography, electron microscopy or NMR, results from the 
averaging of many many molecules.

§ Crystallography: average over millions of proteins in unit cells and over time
§ CryoEM: average over millions of particles and over various orientations
§ NMR:  average over millions of molecules in solution
§ CryoET: to reach higher resolution we do subtomogram averaging

Single molecules with X-FELs?

At the moment serial crystallography with microcrystals.. 
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How good are our models?

It depends:
- on the technique 
- on the resolution
- on the quality of the data 

A warning: in crystallography there is a large discrepancy 
between the measured X-ray diffraction data and the 
molecular models we employ to interpret these data. 
This discrepancy is measured as a “fractional error” - the R 
(or residual) factor. Whereas for small molecule structures 
one routinely reaches R-factors of 5%, macromolecular 
structures typically are about 20-25%. 
What is this telling us??? 

Conformational variability among unit cells?
Twinning?
Intrinsic disorder within each molecule?

Ensemble refinement? the application of molecular dynamics to crystallographic refinement 
to explicitly models the disorder inherent in macromolecular structures and produce more 
accurate model than traditional structures
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The AI revolution

Availability of a large number of predicted models can help the biological/medical and 
structural/computational biology communities in various ways:

§ Identify functional domains/domain boundaries for construct design where 
expression of the full-length protein is problematic. 

§ Provide models to obtain phases by molecular replacement in MX
§ Provide models to fit medium/low resolution CryoEM/CryoET maps
§ Provide models for computational biology/molecular dynamics
§ Design de novo proteins (i.e. therapeutics antibodies)
§ Design more stable mutants (i.e to increase the half-life of an antigen for vaccine 

development)
§ Study the effect of gene variations in diseases
§ Accelerate evolutionary analysis using genomic data
§ Annotate/shed light on the function of thousands of proteins in the human genome 

whose structure are currently unsolved
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AI predictions: (current?) limitations 

§ AI works well with single proteins or domains – a lot of biology involves homomeric or 
multimeric complexes

Trick: add a disordered linker between chains (first used in RoseTTAFold)
AlphaFoldMultimer – a new extension of AlphaFold2 trained on multimers is being developed

§ AI does nor provide proteins/nucleic acid complexes

§ AI models do not include ligands or co-factors (often a “hole” where ligand/co-factor-metal 
should be) and post-translational modifications?

§ AI networks require continuous training on existing protein structures: more difficult to 
predict the structures of proteins with folds that are not well represented in the PDB (“the 
dark proteome”– predominantly intrinsically disordered proteins.
Predicted accuracy (pLDDT) provides a good estimate of where disorder occurs – at least in 
the monomer.
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AI predictions: (current?) limitations 

§ Proteins are not a static or rigid assemblies: many macromolecules exist in multiple 
conformations and they change shape according to the ligands, substrates, partners they bind. 
The PDB (used by AI for training) arguably mostly stable conformations. 
Structural predictions could therefore be a good starting point to understand a protein and to 
get the first structural snapshot but, most likely, not the ‘end of the story’.
Using AF by bypassing the native source and providing a template in one/other conformation?
Need experimental structures under different conditions.

§ Drug design requires better precision than it can be now achieved with AI (RMSD of 1.6 Å, 
more for side chians) - good enough for an accurate picture of the overall fold of the protein, 
not for a drug discovery effort (requires a confidence in atomic positions within a margin of 
<0.3Å). 
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A bit of "philosophy"

At the molecular level biology is intrinsically noisy. 

While most physical processes are predominantly driven by free-energy minimization (i.e
competition between energy and entropy), living matter seems governed by a more complex 
scenario, with energy, entropy and information as the driving forces, with information flows 
across all organizational and stratification levels (from molecules to cells, tissues, organs, 
organisms).

The forces that regulate the myriad of molecular reactions in the cell are tiny, on the order 
of pico-Newton; yet a very large number of such tiny forces proceed in a concerted actions 
making life (just) possible.

Understanding non-equilibrium phenomena in biological systems are crucial steps towards 
further advance our understanding of biological complexity. 
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A bit of "philosophy"

Two main features of biological systems make them difficult to study from a chemical-physical 
point of view:
• plasticity – two apparently conflicting aspects: biological structures must be stable enough 

to maintain their structural integrity (resilience/stability) and, at the same time, malleable 
enough to adapt to important environmental changes (adaptability/flexibility). 
At the molecular level, the forces that hold biological matter must be strong enough for the 
molecules to be stable and functional and, at the same time, weak enough to allow for 
remodelling and adaptation.

• heterogeneity – at all levels: phenotypic and genotypic variations across individuals within a 
population; heterogeneity within a cell population (e.g. cancer); polymorphism within 
macromolecules (conformational heterogeneity)

➤ living matter is subject to strong fluctuations due to the comparable magnitude of weak 
interacting forces and the Brownian forces present in cellular environments (nonequilibrium 
phenomena). Life thrives at the edge of chaos!
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A lesson from Paul Sigler

Conformational changes in the trp repressor upon Trp binding: found that 
in the presence of the ligand (Trp), in the same conditions (same buffer, 
same pH, same T, etc.), he could get two crystal forms with different 
conformation of the “reading head”. Flexibility is key!

(1+5)

(2+4)

(3+3)

Microstates:

Macrostate=6

S=kBlnW

Structure of the trp repressor/operator complex:
- only one direct contact between the protein and the DNA
- most interactions mediated by water molecules
- no direct HB to the bases that can explain the sequence specificity

Structure of the trp repressor with Trp/DNA

Paul Sigler, Yale (1934-2000)

An intriguing observation during a talk: statistical thermodynamics 
teaches us that a macrostate is more probable and has a lower energy 
the more microstates we can envisage, structural biologists seem to be 
stuck on the idea that a structure is truly believable if it is “unique”… 
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Integrative modelling? 

§ Traditional structural biology methods 
usually produce a single atomic coordinate 
set 
(“a” model). But we have experimental 
information that cannot be accounted for by 
a single representative structure 

§ We will need to move to more complex 
representations, that can integrate different 
levels of information: conformational states, 
ensemble of models, an estimate of the 
uncertainty, time/trajectories, 

Expanded molecular representation to allow 
to encode an ensemble of multiscale, 
multistate, and ordered models – being 
implemented in the PDB (Andrej Sali)
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