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MM

The golden standard for 3D structure determination

X-ray cristallography

480 different crystallization conditions



Representing molecules with a ball-and-spring approximation

Molecular mechanics: the foundation
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Classical
Force field
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Integrating the Newton’s equation of movement: the machinery

Biomolecular simulations: the foundation

Final configuration
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Biomolecular Simulations: A matter of size… (1/2)

Models, sampling, time vs cost

Small peptides
~ 1.000 atoms

Macromolecular complexes
~ 50.000 to ~ 1.000.000 atoms

Virus
several millions of atoms

Bacteria/cells?
7e+9 carbon atoms
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Small molecules
~ 1.000 atoms

Macromolecular complexes
~ 50.000 to ~ 1.000.000 atoms

Virus
several millions of atoms

Bacteria/cells?
7e+9 carbon atoms

Electronic exitations Vibrations Rotations Conformational Transitions
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Peptide folding Protein folding
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ms - s

Biomolecular Simulations: And a matter of time! (2/2)

Models, sampling, time vs cost
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Molecular Dynamics: limitations

Models, sampling, time vs cost

How much should I wait if I expect
to see:

• A rainy day in March? One week
• A hurricane? One year
• A glaciation? Hundreds of years

In the atomic world:

Werner et al. Adv Drug Deliv Rev. 2012, 64: 323.

How long should I simulate? = What do I want to see?
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Molecular Dynamics: limitations

Models, sampling, time vs cost
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Catching up with experiments is a matter of “time”…

Computational power and time vs cost
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State-of-the-art simulations of B-DNA in solution

2014
39 sequences of 18 bp
Multi-microsecond timescale

~50 µs / ~50K atoms

2016
1 sequence of 12 bp in 15 

different conditions
Multi-microsecond timescale

~100 µs / ~30K atoms

2016
1 seq. of 12 bp

100 x 10 µs /
~30K atoms
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The latest and more complete study of DNA crystal simulations

1D23 (10 bp)
2 µs / 
192K atoms
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From BSC0 (2007) to BSC1 (2016)

Refining the classical force field for DNA

Ivani, Dans, et al. Nature Methods 2016

A new state-of-the-art
force field for DNA simulations PARMBSC1 1D23

AVG/
X-ray



Three different space groups of the same sequence: CGCGAATTCGCG

The paradigmatic Drew Dickerson Dodecamer
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135 structures containing the DDD sequence in the PDB

P212121: 1FQ2 | P3221: 1EHV | H3: 463D



Extensive unbiased molecular dynamics simulations in the millisecond timescale

Crystal simulation of DNA
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81 copies of DDD 
+ water + ions ~ 
1 million atoms

28 different
systems

+ 40 µs
Milisecond duplex

dynamics



Molecular Dynamics: limitations

Models, sampling, time vs cost
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MareNostrum

1EHV (81 copies of 
DDD): 512 cores, 7 
runs, 72 h each 
= 260,000 hs for 1 µs

1FQ2 (24 copies of 
DDD): 480 cores, 9 
runs, 72 h each
= 300,000 hs for 4 µs



Results: Center of mass displacement

Biomolecular simulation of DNA crystals
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Results: Center of mass displacement along time

Biomolecular simulation of DNA crystals
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Results: Helical parameters of failed systems 1FQ2

Biomolecular simulation of DNA crystals
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Learning from failure

Biomolecular simulation of DNA crystals
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I. Is this due to a specific space group not properly handled by MD 
simulations?

II. Is this due to the size (number of DNA copies) of the unit cell?
III. Is this due to internal pressure issues?
IV. Is this due to equilibration issues?
V. Is this due to the salt concentration?
VI. Is this an effect of the type of salt used?
VII. Is this due to distortions in the internal structure of the DNA molecules?
VIII. Is this due to ends artifacts (fraying, opening, stacking between DNA 

molecules)?
IX. Is this an effect of specific 3D orientations between DNA copies (packing, 

effect of unbalanced DNA-DNA interactions, etc)?
X. Is this fixed by adding small organic compounds present in the 

experimental buffer to the crystal simulations?



Results: Center of mass displacement using SPM for 1EHV

Biomolecular simulation of DNA crystals
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Results: Center of mass displacement using SPM for 1FQ2

Biomolecular simulation of DNA crystals
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Biomolecular simulation of DNA crystals
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1FQ2
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Average helical parameters along the sequence of 1FQ2

Biomolecular simulation of DNA crystals



Average helical parameters along the sequence of 1FQ2

Biomolecular simulation of DNA crystals
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Global and local descriptors

Biomolecular simulation of DNA crystals
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• Backbone 
torsional space
• Global and local 
Flexibility
• WC hbonds
• Diffusion
• Effective Temp.
• Fraying
• Essential dynamics
• Groove dimensions



Conclusions

Biomolecular simulation of DNA crystals
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 For the first time, we obtained stable simulations of DNA crystals in 
various symmetry groups and under different solvent environments 
allowing us to understand with unprecedented level of detail the nature 
of the intermolecular interactions that guarantee the stability of crystals. 

 Our results are a proof of concept that expand the actual limits of the 
field, opening the door to anticipate the specific need or effect of an 
additive prior to the wet lab, and enabling, with a high probability of 
success, the all-atom simulation of crowded cellular environments, where 
one-meter-long DNA has to pack into a nucleus of 5 μm in diameter.

 Through extensive unbiased MD simulations on the millisecond 
timescale, here we demonstrate how the stability of DNA crystals depends 
on subtle interactions between the packed DNA molecules and the 
components of the buffer used to reach crystallization conditions.

Submitted to Nature Chemistry, in revision
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