MIY nmenun M.B. JlomoHocoBa
buonorn4yecknn pakyneret
kKadbeapa bMonHxeHepum
rpynna nHTerpaTtueHon buosnorum

http://intbio.org

UHTerpaTMBHoOeE M CynepKoMMnbIlOTEPHOE
MoAeNUpPOBaHUE HYK1eoCoM

Anekcen KoHcTaHTUHOBKY LLanTtaH, K.do.-M.H.
alex@intbio.org

CemuHap "CynepKomMmnbloTePHbIe TEXHO/IOTUM B HayKe, 06pa3oBaHnUM N NpombiwieHHoCcTM" 12 HosbpAa 2019 r.


http://intbio.org

KON\I’IbPOTeprIe TexHonormm n bruonormsa

NaHHble

bnonHpopmaTmka

MopenuposaHue

BblYMcAnTENbHAsA bBuonorus

UH}KeHepHble
NPUHUUNbI

NH>KeHepHaa 6buonormnsa/CnuHteTnyecKasa buonorusa



International Genetically Engineered Machine Competition (iGEM)

Randy Rettberg, Tom Knight

Rewiring Cells

How a handful of MIT electrical engineers pioneered synthetic
biology.

g

MOSCOW
iGEM 2019


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

KOI\/\FIbI-OTeprIe TexHonormm n bruonormsa

“Top-down”  “Bottom-up” NHXKeHepHble NPUHLUMNALI
\ * PaspeneHve gusanHa un
-\l npounssoactea (decoupling)

\ patorma sasly by bactona o CTa lea pTM3aL|IMﬂ

Bacterial DNA is sequenced, synthesized,
and inserted into yeast cells

AbcTpakums
ABTOoMaTu3auua/PoboTtnsaumsa

Yeast (highly productive)

‘ Modified yeast cells perform
new or enhanced chemical

processes an d functions

hqbr My6nvkaumm  HoBocTu Monb3oBatenu Xabbl  KomnaHuu Cratb aBTo| pom

mirko 9 mas 2019 B 16:17
Paspa6oTka 6enkos B o6nake ¢ nomouybto Python n

Transcriptic unu Kak cosgatb nio6on 6enok 3a $360
ADVANCES IN BIOTECH
AND SCIENCE-As-A-SERVICE ABTOp OpuruHana: Brian Naughton

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
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AHanormu ROMTIbHOTEPOB N KNBbBIX KNETOK

 Software boots into hardware
e Genetic code boots into cells

Craig Venter

2010 Mycoplasma
mycoides JCVI-syn1.0

Human

Escherichia coli (K12 strain)
Syn1.0

Mycoplasma genitaliﬁm’

Syn3.0
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OT NporpaMMmMpPOBaHNA KOMMNbIOTEPOB K
NPOrPaMMMUPOBAHUIO }KU3HU

Aapo OC Linux
~100 M6
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CuHTeTHnyeckas omonoruvs:
KOHCTPYMPOBaHUeE XXUBOro

Euie oaHa MHXEHepHas AucuMnaMHa

A.A. TpewHosa,
xanamaar Buonormyeckmx Hayx

Xop Hay4HO- 0 passnTus MOXHO

r.C. nyxos, p «oT —-x H
[ Hayk On " pec x pas-

A.K. Waittan paboTke Ha UX OCHOBE HOBLIX YCTPOMCTB, MaLLWH, TeXHONOTMA.

Tax, oTkpbiTeiA Mancom

MeTannypro v 6. P!

Kapna Liurnepa n [xynuo HaTTel CTaNno BO3IMOXHbIM COBPEMEH-
Mbi Hay! b CC FeHHO! b OrkpoiTHe P
OpPraHuambl, OPraHuambl C OTpPeaaK reHo- U -
mom. Ho W pepax — euwe He Ny s70M 8

KOHCTPYWpPOBaHMe C HyNA, U3 CTaHaapTu3npoBaHHbiX

3HAHWA, KOTOPLIE NPUHATO HA3IBATL TEXHUHECKUMM, NPOTPECC
06bIYHO CBA3AH C NOCTENEHHBIM YCNOXHeHneM. Kaxasii ron

3NIEMEHTOB NO U3BECTHBIM T KUBLIX Gonee 6Gonee
cuctem — uens cos, 6Gronornye-
CKMX HayK. JCVI-syn3.0
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Eukaryotic cell Virus Bacterial cell
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Abizar at English Wikipedia, CC BY-SA 3.0



XPOMATUH

Complex Eukaryotic cell Cell nucleus
organism

Bacteria

'S

Human DNA haploid: 3.23*10° base pairs

Contour length: 2*0.34 nm * 3.23*10° = 2.2 meters
Number of cells in human body: ~ 30 * 10%?

Total DNA length: 2.2* 30 * 10%? = 66 billion km

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

(2 nm * 2 nm* 2*0.34 nm * 3.23 *10°)/3= 2

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

Our Solar System

=135 um

Sun to Earth: 150 million km



XPOMaATUH

Memory (NV-RAM)

' Memory (RAM)

Information
processing

*‘é&
g‘f,r

A

IPTG

Genetic circuits



Ncleosome core structure

[

-

3
Histone H2A- Histone H3-H4
H2B dimer dimer

Histones H4

Histones H2A

DNA

‘:Plastic” model of a nucleosomeg
https://github.com/molsim/nuclLEGO

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


https://github.com/molsim/nuclLEGO

Nucleosome compositional variability

(c)

(a)

Histone H3
Histone H4
Histone H2A
Histone H2B

DNA Narrow DNA
GE&?GZCCA@[ATGZT mt?thylat\i‘on minor groove

Transcription factor poly(A)-tracts YR-sites
binding sites (rigid DNA) (flexible DNA)

Histone tails

\
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Optional Histone fold Optional

Histone tails of variable length helix helix

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




Nucleosome structural variability

g plasticity

(a)
Gaping "Butterfly" Hexasome
— —
c D v D
O Histone Q
M octamer ¥—> Linker DNA

mobility

7 o

Unwrappi Hemisome

&
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Superhelical
transition

Tetrasome
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H>

Nucleosome
interactors

Histone
PTMs

(b)

H2BK34succ

succinyl ’
DNA Histone
sequence sequence
variation

variation
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©
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Armeey, 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.




Ab initio

Mcnonb3oBaHue
3KCNepUMeHTaNbHbIX
AaHHbIX

Empirical

Buobl MmogenmpoBaHus

—

HY=FE¥ F =ma

Quantum Molecular Coarse grain Continuum
chemistry mechanics models models

[eTanbHocTb GU3MYECKOM MOAENMN BELLECTBA




2013 Chemistry Prize

Taking the
Experiment to
Cyberspace

The Nobel Prize in Chemistry 2013
was awarded jointly to Martin
Karplus, Michael Levitt and Arieh

Warshel "for the deve/ogment of

multiscale models for complex

chemical szstems "

P Press release
» Popular information
> Advanced information

Photo © Harvard University

Martin Karplus

Martin Karplus, U.S. and Austrian

citizen. Born 1930 in Vienna, Austria.

Ph.D. 1953 from California Institute
of Technology, CA, USA. Professeur
Conventionnég, Université de
Strasbourg, France and Theodore
William Richards Professor of
Chemistry, Emeritus, Harvard
University, Cambridge, MA, USA.

» More on Martin Karplus

ViR

Photo: S. Fisch

Michael Levitt

Michael Levitt, U.S., British and
Israeli citizen. Born 1947 in Pretoria,
South Africa. Ph.D. 1971 from
University of Cambridge, UK. Robert
W. and Vivian K. Cahill Professor in
Cancer Research, Stanford
University School of Medicine,
Stanford, CA, USA.

» Have a look at Michael Levitt's
photo gallery

Photo: Wikimedia Commons

Arieh Warshel

Arieh Warshel, U.S. and Israeli
citizen. Born 1940 in Kibbutz Sde-
Nahum, Israel. Ph.D. 1969 from
Weizmann Institute of Science,
Rehovot, Israel. Distinguished
Professor, University of Southern
California, Los Angeles, CA, USA.

» Interviews with Chemistry
Laureate Arieh Warshel



Integrative modeling approaches

. N
® fet
e ] » . @ <— Radioactive
‘OH=ZZ <—'OH
NMR -
0o ‘ v g =
R e L A H=§ =
m/z
: footprintin
Mass. spec. P g
FRET
f‘\

H/D FRET, EPR
cryo-3M exchange

A B
0“
SN"1(28)

% o . 4
sample “
!
'
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SAXS,
SANS

Cross-linking,
Mutagenesis, etc.

Interpreting experimental data with low information content



Integrative models

CEN3—-CSE4—nucleosome model

Key H3/CSE4 differences:
R42/T132 T4S/E135
R49/Y139 RB3/5153
QB8/A158 FB4/W177
L1-loop extension (KDQ)

Adenine
Thymine

&
2B FAE & - Dol hypereenciive it Unwrapping by chaperones  Centromeric nucleosomes
Valieva, M. E. et al.. Nat. Struct. & Mol. Biol. 23, Shaytan, A. K. et al. Nucleic Acids Research 45,
+42 complex forrg:hon Polymerase moves forward 1111-1116 (2016)
H‘i;‘o‘;w"e:%/\ ?H ase Polymerase position: +32

9229-9243 (2017)

Animation of the conformational transition (control). Bottom view.

Histones H3
Histones H4

Histones H2B
Min groove ARGs

Transcription through nucleosomes

Octamer deformation during remodeling
Gaykalova, D. A. et al.. PNAS 112, E5787-E5795 (2015).

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



Ab initio

Mcnonb3oBaHue
3KCNepUMeHTaNbHbIX
AaHHbIX

Empirical

Buobl MmogenmpoBaHus

—

HY=FE¥ F =ma

Quantum Molecular Coarse grain Continuum
chemistry mechanics models models

[eTanbHocTb GU3MYECKOM MOAENMN BELLECTBA




Typical biomolecular force field

Bond Angle

%

Torsion Improper

Q/%JA

Non-bonded

UG = 3 k(=17 + 3 26,06+ 3, V. [1+cosnp—g,)

nds torsions

1 ul o\ o, ) 94,
P CTC
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Oxygen molecule
NVE simulation
Leap-frog integrator
Integration step 1 fs

Energy, kJ/mol

Energy, kJ/mol
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Oxygen molecule
Stochastic dynamics simulation
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All-atom MD simulations of nucleosomes

Force field: AMBER12SB + parmbscl + CUFIX + TIP3P
150 mM NaCl, TIP3P water model

GROMACS2019 (GPU)

Truncated octahedron simulation box, 2 nm distance

to the box walls

250-350 thousand of atoms
Box 15x15x(15-20) nm

Lomonosov-2



Direct space

Reciprocal space

.....

¥

Domain decomposition

http://www.gromacs.org/GPU acceleration

GROMACS GPU

Pair search/domain-decomposition: every 10-50 iterations

L}
]
L}
L}
]
Y l L
\ B - _{PawsearchH BondedFH Non-bonded F H PME —[IntegrationHConstraints)—»
-

DD
; >
| Goal: making it as short as possible

On CPUs ~ms at peak.
offload | - with GPUs: 100s of ps at peak

! © cPu GPU
SENDX = RECEIVE X

PME

SHORT-RANGE
NON-BONDED

time step

RECEIVEF <— SENDF

Kutzner, C.; Pall, S.; Fechner, M.; Esztermann, A.; Groot, B. L. de; Grubm{ller, H. V| UPDATE [ _

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.



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

267450 atoms

All-atom MD simulations scaling

160 200
140 s
120 15.0
W
B
> 100 s 125
o Qa
g & 2100
2 g
0 g 75
50
40
25
20
00
0 50 100 150 200 250 0 50 100 150 200 250

Nodes (12 cores + GPU K40M)

45 ns/day
using 4 nodes

Nodes (12 cores + GPU K40M)

1.36
microsec/month
using 4 nodes

ns per day

100

20

Scaling, ns per node

2

4 6 8 10 12
Nodes (12 cores + GPU K40M)

T
14

2 4 6 8 10 12
Nodes (12 cores + GPU K40M)

7= e

Lomonosov-2
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#!/bin/bash -1

#SBATCH
#SBATCH
#SBATCH
#SBATCH
#SBATCH
#SBATCH
#SBATCH
#SBATCH

-t 72:00:00

-p compute

-J jobname

-0 ogmx.%j

-e egmx.$%j

-N 10
--ntasks-per-node=2
-—-cpus-per-task=6

# N - number of nodes,
# —--ntasks-per-node - amount of MPI tasks to run on one node
# —--cpus-per-task - amount of MP threads per one MPI task
export OMP_ NUM THREADS=7

mpirun -np $(($SLURM_JOB_NUM _NODES * 2)) gmx mpi mdrun -ntomp $OMP_NUM THREADS -gputasks 00 -pme cpu -nb gpu -deffnm $1

All-atom MD simulations scaling

‘Pamen Compute

Obuee yncno y3nos

1487

LleHTpanbHbI Npoueccop

Intel Haswell-EP E5-2697v3, 2.6 GHz, 14 cores

paduyeckuin yckopuresnb

NVidia Tesla K40M

O6beM onepaTMBHOW NaMATK Ha y3ne

64 GB

OCHOBHas ceTb

Infiniband FDR

Cetb I/O

Infiniband FDR

Ynpasnasiouwas ceTb

Gigabit Ethernet

OnepaunoHHas cucTeMa

CentOS 7

Lomonosov-2



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

MD simulations of 1kx5 NCP, alpha—sat DNA, original full tails symme

Histones H3
Histones H4

Histones H2B
Min groove ARG

AT pairs
BaIrs

O5'DNA chain |

Time: 0.0 ns



Equilibrium MD simulations of nucleosomes and
what we can learn from them
MD simulations of 1kx5 NCP, alpha—sat DNA, original full tails symmei

Histones H3
Histones H4

Histones H2B
Min groove ARG

AT pairs
5\ o1 \‘- S

OS5'DNA chain |

Time: 0.0 ns

Dynamics smoothed with a 100 ns window



(D\/HKLI,l/lOHafIbHO BaXHble ANHAMWNHYEeCKNE MOOb

Histon
Histones H2A
DNA

INWnHamunKka
OTtBopaymsaHune HK XBOCTOB r'MCTOHOB

[NepemelieHne HyK1eocom
(Mo3nuMoHUpPOBaAHNE HYKIEOCOM)



Spontaneous DNA unwrapping

MD simulations of H2A.Z containing NCP, 601 DNA, tails truncated

Histones H3
Histones H4

Histones H2B
Min groove ARG

AT pairs

05'DNA 'éﬁrain |




Spontaneous DNA unwrapping

MD simulations of H2A.Z containing NCP, 601 DNA, tails truncated, sr

Histones H3
Histones H4

Histones H2B
Mm groove ARG

AT p@urs

05 DNA chain |

Dynamics smoothed with a 100 ns window



DNA rewrapping simulations

MD simulations of 31z0 NCP 20 bp DNA unwrapped. 601 DNA, tails tn

Histones H3
Histones H4

Histones H2B
Min groove ARG
LINA,

AT pairs

OS'DNA chain |

Time: 0.0 ns



DNA rewrapping simulations

MD simulations of 3i1z0 NCP 30 bp DNA unwrapped, 601 DNA, tails tn

Histones H3
Histones H4

Histones H2B
Min groove ARG
DINA

AT pairs
(GC e Tgs

OS5'DNA chain |

Time: 0.0 ns



DNA rewrapping simulations

MD simulations of 3iz0 NCP 40 bp DNA unwrapped, 601 DNA, tails tn

Histones H3
Histones H4

Histones H2B
Min groove ARG

DNA

AT pairs
GC pairs

05’DNA 'cih-o'in |

Time: 0.0 ns



How do nucleosomes move?

What perturbations in nucleosome structure are

needed for them to move?

é/ Twist-defect

Loop propagation propagation
hypothesis hypothesis

Spontaneous

diffusion .
ATP-dependent nucleosome remodeling



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

|s internal dynamics of the histone octamer important?

Concept of nucleosome plasticity

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



Octamer plasticity

PDB 6ESI vs 6ESF

30H2A alpha2 helices CA-atom positions in XY-plane

—— besf coord_H2A_alpha2_1 CA
— besfcoord_H2A _alpha2_2 CA
20 1 6esi coord_H2A alpha2_1 CA
6esi coord_H2A_alpha2_2 CA
10 1
<T
g
c 0
a
superhelical a
axis
S -10 -
symmetry axis _
(dyad axis) 20
T
i i . . i i _30 l lJ \J \J Ll
1. B|Iokap|c, S.; Strauss, M.; Halic, M. Histone Qctamer Rearranges to_Adapt to DNA —30 30 1o 0 10 20 0
Unwrapping. Nature Structural & Molecular Biology 2018, 25 (1), 101-108

Distance, A



Octamer plasticity

MD simulations of 31z0 NCP. 601 DNA. tails truncated

MD simulations of 31z0 NCP 30 bp DNA unwrapped. 601 DNA, tails tn
gjs%ones ni Histones H3
I tonos Histones H4

Histones H2B :

P Histones H2B
M"? 4roovsPARG Min groove ARG
AT pairs !

DNA
1 AT pairs
v PC GC pairs
OS'DNA chain | O5'DNA chain |

3Izo361tm: H2A alpha2 helices CA-atom positions in XY-plane

3IzO_ntr5\o_ 30unw: H2A alpha2 helices CA-atom positions in XY-plane

Dynamics Dynamics
— |nitial —— Initial
20 4 20 4
10 | 10 4
< <
g g
I 0 e 0-
a [a}
-10 - -10 A
—20 - -20 A
=30 T 1 T T T =30 T T T T T
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Octamer plasticity

31z0_ntm: H2A alpha2 helices CA-atom positions in XY-plane Lkx5_ntm: H2A alpha2 helices CA-atom positions in XY-plane
Dynamics Dynamics
= |nitial — |nitial
20 A 20 -
10 10
< < i
E 0 E 04
A 1]
a a
-10 -10
=20 =20
=30 T T T T =30 T T T T T
-30 =20 -10 0 10 20 =30 -20 -10 0 10 20 30
Distance, A Distance, A
2e |
o=
.g g e s NCP145
o w— NCP146
\ /\ w—— NCP147

rTw, deg

/
| “%ﬂ%ﬁﬁ%m

superhelical

Figure 4. DNA structure variation between different X-ray structures of NCPs. Top: same as Figure 3A, but smoothed axis N
freedom). Bottom: pairwise comparison of rTw profiles.
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Shaytan, A. K.; Xiao, H.; Armeev, G. A.; Wu, C.; Landsman, D.; Panchenko, A. R. Hydroxyl-Radical Footprinting symmetry axis
Combined with Molecular Modeling Identifies Unique Features of DNA Conformation and Nucleosome Positioning. (dyad axis)
Nucleic Acids Research 2017, 45 (16), 9229-9243. https://doi.org/10.1093/nar/gkx616.



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

Enhancing sampling: biased dynamics

Define a collective variable (CV)
d= f({zi,yi,z})

Biasing potentials

Harmonic restraint and constant force

%(d _ d0)2 +m* (d—dy)

Moving restraint 1

V, =

Adiabatic-bias MD

0, p(t) < pm(t),
p(t) = (d(t) — do)?

pm(t) - lllill(]g,-i:(p(’i') + 77“)

Vip(t)) = { E(p(t) — pm(t))”, p(t) > pml(t)




Tetramer under stress

DNA unpeeling, ABMD simulation

Histones H3
Histones H4

Histones H2B
Min groove ARG
)N

AT{'V pairs

OS'DNA chain |

Time: 0.0 ns



Metadynamics

0 T v T v T d )
- s; — si(qlkt
= ‘ V(s,t) = Z W(kr) exp| — Z (s ’(qz( )
=101 7650 1 kr<t i=1 26i
>
&01 1 tsim
2T\ /N | F@ = [ TmGac
o ‘ bsim — taiff Jiyq
Q
q_,-30~ B - I
o ¥ %0 .
s | g 1 Estimated energy profile
40 6 0 5 o

Reaction coordinate
Laio A, Parrinello M. Escaping free-energy minima. Proc

Natl Acad Sci U S A. 2002 Oct 1;99(20):12562-6. Well-tempered metadynamics

Free energy

(kcal/mol) V k , k
25 W(kt) = W, exp(— (S(Z( AT)T) i )
20 B
15
5 AT
10 =—-———F .
V(s,t = o0) T+ AT s+ C
5
0
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Metadynamics simulations with multiple walkers
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Metadynamics simulations
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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).
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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,
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Tetramer under torsional stress

“Reversosome”

Biased dynamics: positive supercoiling
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Metadynamics
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