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Computing and biology
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Erwin SchrodingerRonald Fisher Claude Shannon



Computing and biology
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DNA is a digital code which can be read 
and written.



Computers vs biosystems
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Human genome (2001)
3 billion nucleotides

262K pages

E. coli bacteria
Genome: ~ 5M bases

Contains 3-4 millions
of proteins

~ 1 Tb Intel Xeon Phi CPU
8*10^9 transistors



First «artificial life»
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2010 Mycoplasma 
mycoides JCVI-syn1.0

First artificial genome (~$40 M)

• Software boots into hardware
• Genetic code boots into cells

Craig Venter

2016 Syn3.0

Minimal genome
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????

Tom	Knight,
Software	engineer	from	MIT,
“father	of	synthetic	biology”

Genetic CAD?
Genome compiler?

~1950s



DNA inside cell nucleus
Memory (NV-RAM)

Information 
processing

Memory (RAM)

Genetic circuits



Chromatin
Bacteria Eukaryotic cellComplex

organism

vs

Human DNA haploid: 3.23*109 base pairs
Contour length: 2*0.34 nm * 3.23*109 = 2.2 meters
Number of cells in human body: ~ 30 * 1012

Total DNA length: 2.2* 30 * 1012 = 66 billion km

Cell nucleus
10

µm

Sun to Earth: 150 million km

• The human DNA would form a random coil with gyration radius:

= 135 µm

• The human DNA could be densely packed into a cube of size:

(2 nm * 2 nm* 2*0.34 nm * 3.23 *109)1/3= 2 
µm



The complexity of chromatin structure and dynamics
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Supercomputer molecular dynamics (MD) simulations

Accurate Approximate



Typical biomolecular force field



All-atom MD simulations of nucleosomes

• Force field: 
AMBER14SB + parmbsc1 + CUFIX + TIP3P
• 150 mM NaCl
• GROMACS2019 (GPU)

Lomonosov-2 
supercomputer 12

Armeev, G. A.; Kniazeva, A. S.; Komarova, G. A.; Kirpichnikov, 
M. P.; Shaytan, A. K. Nature Commun. 2021, 12.

Ions: Na+ Cl-

• Simulations up to 15 microseconds long.

~270 K atoms

~15 nm



Parallel simulations, domain decomposition (GROMACS)

http://www.gromacs.org/GPU_acceleration
Kutzner, C.; Páll, S.; Fechner, M.; Esztermann, A.; Groot, B. L. de; Grubmüller, H.
More Bang for Your Buck: Improved Use of GPU Nodes for GROMACS 2018. Journal of Computational Chemistry 2019, 40 (27), 
2418–2431. https://doi.org/10.1002/jcc.26011.

Domain decomposition

http://www.gromacs.org/GPU_acceleration
https://doi.org/10.1002/jcc.26011


All-atom MD simulations scaling

~300K atoms
using GROMACS 
2018 and 2020

~ 50 ns/day using 4 nodes

Intel Haswell-EP E5-
2697v3, 2.6 GHz, 14 
cores + NVIDIA  Tesla 
K40M

Intel Xeon Gold 6240, 18 cores, 
2.60GHz - 1497.6 GFlop/s + Nvidia 
Tesla V100

~ 70 ns/day on 1 node

~ 110 ns/day  using 4 GPU NVIDIA DGX2



15



Dynamics overview at 15 microsecond scale

16

Nucleosome core particles 
without histone tails

Nucleosome core particles with 
full length histone tails

https://intbio.org/Armeev_et_al_2021/ - interactive trajecotry viewer

https://intbio.org/Armeev_et_al_2021/
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Relaxation of DNA twist-defects in nucleosome
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DNA sliding in nucleosomes

19

Twist-defect
propagation

Worm-drive 
mechanism

Inchworm 
mechanism



Steered MD simulations: unpeeling DNA from histones



Steered MD simulations: DNA supercoiling simulations

Positive supercoiling 
stress (“Reversosome”) Negative supercoiling stress
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