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Outline

1) Introduction into DNA simulations

2) DNA model – “MC DNA”

3) Chromatin model – “Chromatin Dynamics”
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Biomolecular simulations: A multi-scale problem
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6

Multiscale simulation of DNA (2016)
PD Dans, J Walther, H Gómez, M Orozco
Current opinion in structural biology 37, 29-45

Molecular Modeling of Nucleic Acids (2017)
H Gómez, J Walther, L.Darré, I Ivani, PD Dans, 

M Orozco. In Computational Tools for
Chemical Biology. RSC, ISBN: 1782627006

https://www.sciencedirect.com/science/article/pii/S0959440X15001761
http://pubs.rsc.org/en/content/ebook/978-1-78262-700-5


Calculation time: coarse-grained DNA (MC) vs atomistic DNA (MD) 
simulations

10K structures in 
10 min 
(1 CPU)

vs

650,000 CPU 
hours in the 

MareNostrum
supercomputer
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DNA model - MC DNA

A fast method to accurately probe DNA properties at 
base-pair level



Free linear

Circular

Protein-coated

https://mmb.irbbarcelona.org/MCDNA/

https://mmb.irbbarcelona.org/MCDNA/


BioExcel Webinar 
Series #23: MC_DNA

145 views of webinar

https://mmb.irbbarcelona.org/MCDNA/

147 users 

engaged in 

1279 sessions

https://www.youtube.com/watch?v=DV3JF-jDZXQ
https://mmb.irbbarcelona.org/MCDNA/


Adopting 
bioactive 

conformation

Accessibility of a protein-coated DNA fiber (MC_DNA + proteins)

DNA-mediated protein-protein communication

Distant contacts in a constrained 
environment (circular MC_DNA)

Dynamics of free linear DNA 
(MC_DNA)





Free linear

Circular

Protein-coated

https://mmb.irbbarcelona.org/MCDNA/

https://mmb.irbbarcelona.org/MCDNA/


Martini

1 bead backbone
2 beads sugar

3 beads Y
4 beads R
(6/7 total). 

SIRAH

2 beads backbone
1 bead sugar
3 beads base

(6 total)

Particle-based Internal space-based

Bases or base pairs are 
rigid objects and 
behave based on 
coordinates in an 

internal 
conformational space





Relative orientation and
position between adjacent
base-pairs

Base-pair step parameters  (6)

ABC
database

Equilibrium values for each of the
136 unique tetranucleotides (taken as 
the average of a given helical parameter
along time).

X

Y

Pasi. NAR 2014

From Cartesian to Helical space

x0



Obtaining the force constants from the covariance matrix in the helical space

Eeli = xi − xi0
TKi xi − xi0

Ki

xi ∈ ℝ6, Ki ∈ ℝ6x6



DNA is a spiral staircase - each step a base-pair

Interaction between 
two adjacent base 
pairs described by 
virtual spring with 
stiffness k

𝐸𝐸 = 𝑘𝑘 𝑥𝑥 − 𝑥𝑥0 2

𝑥𝑥0 𝑥𝑥

𝑥𝑥 − 𝑥𝑥0



All-atom MD
simulations (parmbsc1)*

MC_DNA – The method: next-nearest neighbor model

Sequence-specific effects (NN model) included in elastic force constants K

Elastic force constants 𝐊𝐊𝐢𝐢 of bps i
bps parameters 𝐱𝐱𝐢𝐢
bps equilibrium 𝐱𝐱𝐢𝐢𝟎𝟎

Eeli = xi − xi0
TKi xi − xi0

Equilibrium 
structure built 

with 𝐱𝐱𝟎𝟎

Structure



MC_DNA – The method

r
Cartesian

reconstruction

Rotation + Translation
(based on 6 helical 
parameters)

Metropolis Monte Carlo

Stochastic 
molecular 
simulation

Ensemble of 
DNA 

structures

Trajectory

bioexcel.eu

Randomly change
helical parameters

of random bp-step k
xk -> xk new

Calculate change
in potential energy

∆E = xk newT K xk new − xkT K xk

∆𝐸𝐸 ≥ 0: e−∆E/kT > R ??
∆𝐸𝐸 < 0: accept xk new

accept xk new keep xk

yes no



Validation by comparison with all atom MD 

Shift

Slide

Rise

Tilt

Roll

Twist



Position based on concentration maps
Computed with Curves+/canion

Lavery et al., Nucleic Acids Research, 2014

Base pair (i-1)

Base pair (i)

x
yP P

Inferring phosphate position from helical parameters



Major and minor groove width

Minor groove Major groove

CGCCGGCAGTAGCCGAAAAAATAGGCGCGCGCTCAAAAAAATGCCCCATGCCGCGC CGCCGGCAGTAGCCGAAAAAATAGGCGCGCGCTCAAAAAAATGCCCCATGCCGCGC



Creating kinetic series of the simulation



Workflow

Input: DNA sequence in txt file (f.ex: ACGTGCTAATCGCGCGCGTATCTAGCTA)

Create Structure: Creates a single structure of DNA in a relaxed state

Create Trajectory: Creates a certain number of DNA structures



Genomic region

chrII:489181..491246 (Gene TPS1 with its promoter region)

- Visualize genomic region with outputs from Nucleosome Dynamics in Jbrowse

- Select sequence to simulate

User case



User case

MC-DNA_noNucl
MC-DNA_nucl

seq_nucl.txt seq_no_nucl.txt

chrII:489181..491246



Combining results for trajectory for seq_nucl.txt and seq_no_nucl.txt
(not part of the VRE)



Show how to run Naflex with the pdb

Workflow
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Chromatin Dynamics

Implementing nucleosomes into MC DNA



Chromatin – a 30nm fiber?



Does the 30-nm fibre exist in vivo?

T. Schalch et al. Nature (2005)

X-ray structure of tetra-
nucleosome

Song et al. Science (2014)

Cryo-EM of reconstituted 
chromatin fibers with different NRL

P.J. Robinson et al. PNAS (2006)

Cryo-EM of regular artificial 
chromatin fibers

In-vitro

In-vivo

J. Dubochet, N. Sartori Blanc. Micron (2001) cryo-EM
C. Bouchet-Marquis et al. Histochem Cell Biol (2006) cryo-EM
J. Dekker. J Biol Chem (2008) 3C in yeast
TH. Hsieh et al. Cell (2015) micro-C in yeast
Ricci et al. Cell (2015) STORM

“The precise spontaneous secondary structure of chromatin depends on the cell type 
and other internal and external factors, and is still under debate.” (Özer et al. Curr Opin
Struct Biol (2015))

No regular 30nm 
fiber visible



Bottom-up

Top-down

Bruce Alberts, Molecular Biology of the cell



Bottom-up models

Top-down models

Collepardo-Guevara R, Schlick T , PNAS. 2014 Kimura et al.  J Biochem. 2013

Barbieri et al., PNAS. 2012Jost et al., NAR. 2014

10bp / bead

6bp / bead

10kbp / bead

20kbp / bead





From DNA to chromatin

INPUT

ACGTACTGACGTTACTAACCTGCGC     TGCACTAGCAAACGGTTGACCACCGTGAGATCTCCTAACG     CGGATTCGGATCCGACTACGATCAACC     GATAGCAGCGCGCGCGCGAA

Nucleosome 2Nucleosome 1 Nucleosome 3

OUTPUT

Linker sequence
Nucleosome positions

Coarse-grained 3D structure



Linker DNA at bp-level with helical coordinates

Nucleosome rigid; spatial pathway of 1kx5

Exclude nucleosomal DNA from sampling



+
Positive charge in the geometric 

center of the nucleosome to 

represent the histone core

Negative charges in 
phosphates of nucleosomal
DNA



Random move on 
helical parameters of 

a bp step r

Cartesian
reconstruction

Rotation + Translation
(based on 6 helical 
parameters)
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Excluded Volume

Long range electrostatic and excluded volume potential for linker 
DNA, nucleosomal DNA and nucleosome cores

P P

Nucleosome as a rigid body 

(spatial pathway according to 

X-ray structure of nucleosome)

Positive charge in geometric 

center of the nucleosome

Base pair (i-1)

Base pair (i)

x
yP P

Determine position of 

phosphates in the 

backbone

Random move on helical parameters gets 
accepted if the total energy

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸𝐷𝐷𝐷𝐷 + 𝐸𝐸𝐿𝐿𝐿𝐿

satisfies the Metropolis criterion. 

If accepted, repeat all steps with new linker 
configuration. If rejected repeat all steps with 

previous linker configuration



Generate chromatin structure (0 – many kb)

• Variable linker length

• Variable linker sequence



Experimental structure: 12 nucleosomes with 62 bp of linker DNA

𝑆𝑆 = 𝑆𝑆1 (1 +
2R
N �

𝑖𝑖

𝑁𝑁

�
𝑗𝑗>𝑖𝑖

𝑁𝑁
1
𝑅𝑅𝑖𝑖𝑖𝑖

)Sedimentation coefficient of nucleosomes
𝑅𝑅𝑖𝑖𝑖𝑖

Validation: Salt-dependence of chromatin compaction



3D structure Distance matrix Internucleosomal distance

Analysis of chromatin fiber



Possible applications

… average properties of an organism

… individual user input of a specific genomic region

… outputs of NucleR of a specific genomic region

Nucleosome positions and linker DNA are based on …



• Self-associating domains 1-5 genes (ca. 2-10kb)

• Boundaries of self-associating domains enriched 
in nucleosome-depleted regions

• Support for a common local motif of zig-zag 
arrangement of nucleosomes



Creating yeast-like nucleosome arrangements

Average linker length between nucleosomes: 20bp

Average length of nucleosome free region (NFR): 100bp

Average size self-associating domains (SAD): ≈ 5kb (= 30n)



Creating yeast-like nucleosome arrangements



Workflow (1)

Input: - DNA linker sequence in txt file (f.ex: ACGTGCTAATCGCGCGCGTATCTAGCTA)
- Positions of nucleosomes along linker sequence in txt file  (f.ex. 5 15 23)

Create Structure: Creates a single structure of chromatin with straight linker DNA

Create Trajectory: Creates a certain number of simulated chromatin structures 
(only if the 3D structure with straight linker DNA is not overlapping)

ACGTGCTAATCGCGCGCGTATCTAGCTA



Fiber axis
Nucleosome

Workflow (1)

Contour length: length of the fiber axis 

End-to-end distance: distance between first and last nucleosome of the fiber 

Packing ratio: number of nucleosomes per 11nm of fiber length (relative to the fiber axis) 

Fiber diameter: thickness of the fiber (average distance of a nucleosome to the fiber axis) 

Radius of gyration: Volume occupancy of the fiber calculated with the positions of the 
geometric center of the nucleosomes 



Workflow (1)

Determine nucleosome positions according to NucleR results manually (non-overlapping in 3D space)
-> G2 like
-> M like

chrII:489181..491246

chromDyn_40m_12N
chromDyn_50m_12N



M
like

G2
like

3D structure Distance matrix Internucleosomal distance

Contour length (in nm) End-to-end distance (in 
nm)

Packing ratio Fiber diameter (in nm) Radius of gyration 
(in nm)

G2 225.866 49.086 0.58 1.472 26.315

M 234.415 43.614 0.56 1.285 29.932



M like

G2 like

Ensemble averaged results: Distance matrix Internucleosomal distance

Contour length (in nm) End-to-end distance (in 
nm)

Packing ratio Fiber diameter (in nm) Radius of gyration 
(in nm)

G2 162.661 51.183 0.82 1.383 22.467

M 162.831 56.52 0.82 1.47 23.31



Workflow (2)

Input: - Nucleosome positions computed by NucleR (in the workspace: NR_xxx.gff)

- Genomic region (chrII:489181..491246)

Create Structure: Creates a single structure of chromatin with straight linker DNA

NR_xxx.gff







chrII:489181..491246

chromDyn_G2
chromDyn_M



M

G2

3D structure Distance matrix Internucleosomal distance
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@MuG_genomics

irbinfo.mug@irbbarcelona.org

www.multiscalegenomics.eu

Thank you
juergen.walther@irbbarcelona.org
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