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Team Moscow

https://2019.igem.org/Team:Moscow

International Genetically Engineered Machine Competition (iGEM)

Randy Rettberg, Tom Knight

https://2019.igem.org/Team:Moscow


Компьютерные технологии и биология

The Ethics of Synthetic Biology and Emerging Technologies
https://bioethicsarchive.georgetown.edu/pcsbi/sites/default/files/news/PCSBI-Synthetic-Biology-Report-12.16.10.pdf 

“Top-down” “Bottom-up”

• Разделение дизайна и 
производства (decoupling)

• Стандартизация
• Абстракция
• Автоматизация/Роботизация 

Инженерные принципы



Живые системы и цифровые технологии
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Аналоговые 
технологии

Цифровые 
технологии

1  0  1  0  1  0  1

ДНК – цифровой код



Аналогии компьютеров и живых клеток

2010 Mycoplasma 
mycoides JCVI-syn1.0

Первый искусственный
геном (~$40 млн)

• Software boots into hardware
• Genetic code boots into cells

6Craig Venter

2016 Syn3.0

Минимальный геном



От программирования компьютеров к 
программированию жизни

????

7

Ядро ОС Linux 
~100 Мб





Bacterial cellEukaryotic cell Virus

DNA

2 
nm

3.6 nm 
per turn

Persistent length
~50 nm, ~147 
bp

Abizar at English Wikipedia, CC BY-SA 3.0

Genome size, bp

Chromatin

Intel Xeon Phi CPU
8*10^9 транзисторов



Хроматин
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
10µm

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



Хроматин
Memory (NV-RAM)

Information 
processing

Memory (RAM)

Genetic circuits



Ncleosome core structure

Luger, K.; Mäder, A. W.; Richmond, R. K.; Sargent, D. F.; Richmond, T. J. Nature 1997, 389 (6648), 251–260. 

Histone H3-H4 
dimer

Histone H2A-
H2B dimer

“Plastic” model of a nucleosome
https://github.com/molsim/nuclLEGO

https://github.com/molsim/nuclLEGO


Nucleosome compositional variability

Armeev, G. A.; Gribkova, A. K.; Pospelova, I.; Komarova, G. A.; Shaytan, A. K. Linking Chromatin Composition and 
Structural Dynamics at the Nucleosome Level. Current Opinion in Structural Biology 2019, 56, 46–55. 



Nucleosome structural variability

Armeev, G. A.; Gribkova, A. K.; Pospelova, I.; Komarova, G. A.; Shaytan, A. K. Linking Chromatin Composition and 
Structural Dynamics at the Nucleosome Level. Current Opinion in Structural Biology 2019, 56, 46–55. 



Виды моделирования

Детальность физической модели вещества
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CHARMM ff)

Integrative modeling





Integrative modeling approaches

X-ray

NMR

cryo-ЭМ

footprinting

H/D
exchange

SAXS,
SANS

FRET, EPR

Cross-linking,
Mutagenesis, etc.

Mass. spec.

Interpreting experimental data with low information content



Integrative models

Gaykalova, D. A. et al.. PNAS 112, E5787–E5795 (2015).

Transcription through nucleosomes

Valieva, M. E. et al.. Nat. Struct. & Mol. Biol. 23,
1111–1116 (2016).

Unwrapping by chaperones Centromeric nucleosomes
Shaytan, A. K. et al. Nucleic Acids Research 45,

9229–9243 (2017)

Hada, A et al. Cell Reports 2019, 28 (1), 282-294.e6. 

Octamer deformation during remodeling



Виды моделирования

Детальность физической модели вещества
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Typical biomolecular force field



Применение термостата



All-atom MD simulations of nucleosomes

• Force field: AMBER12SB + parmbsc1 + CUFIX + TIP3P
• 150 mM NaCl, TIP3P water model
• GROMACS2019 (GPU)
• Truncated octahedron simulation box, 2 nm distance 

to the box walls

Lomonosov-2250-350 thousand of atoms
Box 15x15x(15-20) nm



GROMACS GPU

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

Lomonosov-2

169387 atoms

267450 atoms

45 ns/day 
using 4 nodes

1.36 
microsec/month 
using 4 nodes



All-atom MD simulations scaling

Lomonosov-2

169387 atoms



Equilibrium MD simulations of nucleosomes and 
what we can learn from them



Equilibrium MD simulations of nucleosomes and 
what we can learn from them

Dynamics smoothed with a 100 ns window



Функционально важные динамические моды

Перемещение нуклеосом
(Позиционирование нуклеосом) Отворачивание ДНК

Динамика
хвостов гистонов



Spontaneous DNA unwrapping



Spontaneous DNA unwrapping

Dynamics smoothed with a 100 ns window



DNA rewrapping simulations

Add 20 bp



DNA rewrapping simulations



DNA rewrapping simulations



How do nucleosomes move?

Loop propagation
hypothesis

Twist-defect
propagation
hypothesis

Spontaneous 
diffusion
ATP-dependent nucleosome remodeling

What perturbations in nucleosome structure are 
needed for them to move?



ATP-dependent nucleosome remodeling by SNF2

(1) 
Li, M.; Xia, X.; Tian, Y.; Jia, Q.; Liu, X.; Lu, Y.; Li, M.; Li, X.; Chen, Z. Mechanism of DNA Translocation 
Underlying Chromatin Remodelling by Snf2. Nature 2019, 567 (7748), 409–413. 
https://doi.org/10.1038/s41586-019-1029-2.

https://doi.org/10.1038/s41586-019-1029-2


Is internal dynamics of the histone octamer important?

1. Bilokapic, S.; Strauss, M.; Halic, M. Structural Rearrangements of the Histone Octamer Translocate DNA. 
Nature Communications 2018, 9 (1)
2. Sinha, K. K.; Gross, J. D.; Narlikar, G. J. Distortion of Histone Octamer Core Promotes Nucleosome 
Mobilization by a Chromatin Remodeler. Science 2017, 355 (6322), eaaa3761.
3. Hada, A.; Hota, S. K.; Luo, J.; Lin, Y.; Kale, S.; Shaytan, A. K.; Bhardwaj, S. K.;  et al. Histone Octamer 
Structure Is Altered Early in ISW2 ATP-Dependent Nucleosome Remodeling. Cell Reports 2019, 28 (1), 
282-294.e6

Concept of nucleosome plasticity



Octamer plasticity
PDB 6ESI vs 6ESF

1. Bilokapic, S.; Strauss, M.; Halic, M. Histone Octamer Rearranges to Adapt to DNA 
Unwrapping. Nature Structural & Molecular Biology 2018, 25 (1), 101–108



Octamer plasticity



Octamer plasticity

Shaytan, A. K.; Xiao, H.; Armeev, G. A.; Wu, C.; Landsman, D.; Panchenko, A. R. Hydroxyl-Radical Footprinting
Combined with Molecular Modeling Identifies Unique Features of DNA Conformation and Nucleosome Positioning. 
Nucleic Acids Research 2017, 45 (16), 9229–9243. https://doi.org/10.1093/nar/gkx616.

NCP145 NCP147

https://doi.org/10.1093/nar/gkx616


Enhancing sampling: biased dynamics 

d

Define a collective variable (CV)

Biasing potentials

Harmonic restraint and constant force

Moving restraint

Adiabatic-bias MD



Tetramer under stress 



Metadynamics

Laio A, Parrinello M. Escaping free-energy minima. Proc 
Natl Acad Sci U S A. 2002 Oct 1;99(20):12562-6. 

Reaction coordinate 
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M. Bonomi, D. Branduardi, G. Bussi, C. Camilloni, D. Provasi, P. Raiteri, D. Donadio, F. Marinelli, F. 
Pietrucci, R.A. Broglia and M. Parrinello. PLUMED: a portable plugin for free energy calculations with 
molecular dynamics, Comp. Phys. Comm. 180, 1961 (2009),

Estimated energy profile

Well-tempered metadynamics



Metadynamics simulations with multiple walkers

d1



Metadynamics simulations

d1= 6.0 nm
Convergence of WT MetaD Potential

RNA polymerase (RNAP) 
is a processive molecular 
motor capable of 
generating forces of 25–
30 pN, 

d1= 9.0 nm



Bancaud, A.; Wagner, G.; Silva, N. C. e; Lavelle, C.; Wong, H.; Mozziconacci, J.; Barbi, M.; Sivolob, A.; 
Cam, E. L.; Mouawad, L.; et al. Nucleosome Chiral Transition under Positive Torsional Stress in Single 
Chromatin Fibers. Molecular Cell 2007, 27 (1), 135–147
Sivolob, A.; De Lucia, F.; Alilat, M.; Prunell, A. Nucleosome Dynamics. VI. Histone Tail Regulation of 
Tetrasome Chiral Transition. A Relaxation Study of Tetrasomes on DNA Minicircles. J. Mol. Biol. 2000, 
295 (1), 55–69.

RNA polymerases exert a positive torque 
>1.25 kT/rad and hence can generate an 
energy >8 kT over one turn (Harada et al., 
2001), sufficient in principle to trigger the 
transition (~6 kT per turn in 50 mM salt). 

~ 2kT



Tetramer under torsional stress 

“Reversosome”



Metadynamics
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