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ALAN TURING

The Father of Modern
Computer Science

PIONEER IN ARTIFICIAL INTELLIGENCE
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THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Recerved 9 November 1951—Revised 15 March 1952)

Teopua mopdoreHesa



"originator of cybernetics, the science of
communication as it relates to living things and
machines”

HopbepT BuHep
1894 - 1964

CYBERNETICS

OR CONTROL AND
COMMUNICATION
INTHE ANIMAL
AND THE MACHINE

Norbert Wicner

PROFESSOR OF MATHEMATICS
THE MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

THE TECHNOLOGY PRESS

JOHN WILEY & SONS, INC., NEW YORK
HERMANN et CIE, PARIS

1948
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HUMAN

I'IporpaN\Mbl pa3BMTMﬂ
OpraHM3ma 3aKo4AupoBaHbI B MyTauun B 0o4HOM reHe NpUBOAAT
reHome K M\3MEeHeHUIo COCTaBa OpraHM3ma



“the father of information theory"

nepBble 3KCNepUMeHTbl No Knopg, LLISHOH
MCKYCCTBEHHOMY UHTEN/IeKTY 1916 —2001



"a genius who almost single-handedly
created the foundations for modern
statistical science"

PoHanbg ®uwep
1890 - 1962

THE
GENETICAL THEORY OF
NATURAL SELECTION

ny
R.A.FISHER, S0.D., F.IR.B.

OXFORD
AT THE CLARENDON PRESS
1930

OCHOBOMNOJZTIOXKHUMK
reHeTUuKu




JpsuH LWWpegunHrep npeaBoOCXUTUN
1887 - 1961 OTKpbITHe AHK



[eoprnm lamos
1904 - 1968

Knyb ranctykos PHK

RNA Tie Club

George Gamow (ALA)
F. Crick(TYR)

J. Watson(PRO)
RichardFeynman(6LY)
MelvinCalvin(HIS)
EdwardTeller(LEV)
LeslieOrgel (THR)
Max Delbruck(TRY)
SydneyBrenner(VAL)
ErwinChargaff(LYS)

[NepBana BCcTpeya 1954
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(Cynep)KOMNbIOTEPHbIE TEXHO/IOTUM U PeLLeHne
aKTya/iIbHbIX 32434 6bMonornm



Bonbliue BbiI30BblI 6Monorum XXIl-seka

dyHAaMeHTa/IbHble

*  MoXKeM I Mbl HAYYUTbCA YNPaBAATb MaTEPUEN TaKXKe, KaK NPUPOAHbIE *KUBble
cuctembl? MoXKem n Mbl UX NPEB30UTU?

* Moem N1 Mbl 3a4aBaTb NPOrpammbl PaboTbl XKUBbIX CUCTEM HA YPOBHE CPAaBHUMOM
C NporpamMmmamm BbiPpaboTaHHbIMK B X04€ 3BOOLMN?

lNpakTnyeckue
@)
3aboTa 06 OKpy*HKaloLLen cpeae 3aboTa 0 YenoBekKe
bro3KOHOMMKaA. [MuTaHune. (EP
[epexon K BO30OHOBAAEMbIM MeguuuHa.
TEXHONOTUAM. NoapepxaHune n
YcTonumsoe passutue. pacwmpeHue

BO3MOXHOCTeMW.



Llenn n 3apauu

* MeguuunHa 1 300poBbLE

- PereHepaTnBHaa megmunHa
- [lporpammunpoBaHnE UMMYHHbIX K/1ETOK
- buno-cuHTE3 Nekapcrts

- OpraHouapl "(%C
- HeunpoTtexHonorum .("~ AHTUTENO
OpraHoungbl

* CenbCKoe X03AMUCTBO U NPOAYKTbI NMUTAHUA

- [lpon3BoAacTBO eabl, KOPMOB
- XwuBble yoobpeHus

* [l[pombiWNEHHOCTb (cMHTES, NnepepaboTKa, sIHepreTnKa)
- 3e/leHasa 9KOHOMMKa

- bunotonaueo
- BbuonpounssoacTBo maTepmnanos (BO/IOKHA, NOAMMEpPDI)

"YMHble”
K/eTKU-
JIeKapcTBa

Animal-free
Eggs
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UT cuctembl

BO3MOXHOCTU MOA4E/NINPOBaAHUA O
0b6paboTKkn MHPopMaLnm

UT cnctembl — npmmep TOro, YTo Mbl
HaY4YMANUCb CO34aBaTb C/IOXKHbIe
cuctembl. PazpaboTtaHbl meToap!
CO34aHMNA CNOXKHbIX CUCTEM

Hawun aHu

Yenosek
[eHOM: ~ 3 [6aunT
107213 KneTokK

buo cucrembol

{
£

ot

bakTtepwua E. coli
[eHom: ~ 5 MbanT
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Moore's Law

National Human Genome
Research Institute

TexHonoruu
CeKBEHUPOBaAHMUA
HOBOIO NMOKOJIEHUA
(NGS)

genome.gov/sequencingcosts

20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

YoewesneHus cek8eHUPOBAHUA CMA0 803MOMHCHbIM
6s10200a0pA NPUMEHEHUD MUKPOMeXHoo2ul u
KOMIMbOMEPHbIX MexHono2uli 06pabomku OaHHbIX

15



“\\\\\\\\
1 i I=I| “-“‘

re HOM YE/IOBEKA ( 2 OO 1 I'OLI.) bubnmnoreka /1. H. Toncroro B SicHovi [NonisiHe coctout u3 22 ThiCY KHUI
e 3 mn p 4, HYRN eoTnaoB 1 HOMePOoB XypHasnoB Ha 35 A3blkax
& _~2) 262 TbIC CTPaHML,
‘i:_:tk M/“i?; o
it | 3 [banTa

J,,{.\\ , </

16



“What | cannot create, | dp not
understand” ! ™~ -
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Figure 3. The tools used by biologists and engineers to describe processes
of interest

Y. Lazebnik (2002)



O CNOXHOCTU XUBbIX CUCTEM

TexHon02uu rPUOYMAHHbIe
4es108eKoOM Ha4anu
0020HAMb H(UBbIE CUCMEMDbI
Mo UHopmayuoHHOU
C/IOHCHOCMU

Bakrepus E. coli Camonet
feHOMm: ~ 5M6anT ~ 5 MJIH Yyacten
~4000 reHoB INUIT Boina u mup 7
3—4 munnmnoHa morekysn 6enkos 1 S ~1T6
O Yenosek Linux & KoMMboTEPHbI
S X
q:LP reHom ~3 MApA,. HYKN1eoTMa0B e npoLeccop
30 TPMANMOHOB KNETOK AAPO ~3 MApA,. BYKB ~100 mnpga.

3 MJIH. CMMBO/10B TPaH3UCTOPOB

Mosr
~100 mnpA,. HEMPOHOB @ChatGPT
~100 TpMNNINOHOB CMHANCOB

200 mnpa. napameTpos "



Ho XuBble cuctembl ymeloT ynpaBaaTb maTepuen,

10° KneToK Ha
MUNTUANTP

Knetkn penarca

BOCMNPOM3BOAUTLCA U paboTaTb «napannenbHo»!

3.8 mnpa net Hasag

b 0
Cxe O
_ w7 - iam N
Habitable %904 ‘1& i mmm 2 ? ?
world gy Prebiotic Qe /j C
synthesis S
Polymers,

vesicles

‘ ... Protocells? ...

“ Diversity

of life

Ana uenn aamHom 50 HykKneoTnaos,
Monekynbt PHR 450=103%0(!) BapnaHTOB LENN  *°



Kak coBnagatb CO CNOXKHOCTbIO YXUBbIX cucrem?

Ncnonb3oBaHMe KOMMbIOTEPHbIX
TEXHONOMMM ANA aHanm3a u
MOLENNPOBAHUA }KMNBbIX CUCTEM.
BKkAto4asa TexHONormm
MCKYCCTBEHHOIO MHTENNEKTA.

Ncnonb3oBaHMe NPUHLMNOS,
KOTOpble Mbl NPUMeEHAeM aNA
CO34aHMA CNOXKHbIX TEXHUYECKUX
cucTem

revolution in

evolution

Higt

BOMEIHBS D!
s SAIRIRLEEE

& =

P BARY nTE4nAAsBAEEE 0% 3288 0 @@% | E Zon
|

Select 2n object or a command
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MocT-reHoMHasA 3pa: «3anucb» (cuHTe3) AHK

T MUMOHHbINA CUHT HK
Paaut Om bIn € e3'ﬂ' TexHONOrMU MUKPOMATPUNYHOTO
cnHTe3a AHK

Wi

50 HaHoONUTpOB

@ - controlled pore glass bead

Cost Per Base of Synthetic DNA

ot = Cost: Short Olgo
Cost Gene Synthesis

10

i , \ 2023: ueHa cmHTe3a KpemHueBbIl umn
o1 AHK oT 7 ueHToB 32 > 1 MAH NIYHOYeK anda cuHTesa JHK
HYKNneoTna

1000 1066 2000 2006 2010
21
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Using DNA for long-term data storage

Electronic Molecular

G Random
Encoding | C | Synthesis Access

Electronic

G

Sequencing CW Decoding

v

............. PPt a H a
c | (write)

T Preservation

-_ L O = O =000 -

M Today M Projection
1.0E+10
1.0E+09
1.0E+08
1.0E+07 Potential of DNA:
1.0E+06 >107 improvement
1.0E+05
1.0E+04
1.0E+03
1.0E+02
1.0E+01
1.0E+00
1.0E-01
1.0E-02
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> A
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Optical
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= spacing
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Office of the Director of National Intelligence

Intelligence Advanced Research Projects Activity

| AR P A

Molecular Information Storage program

MIST is a multi-year research effort to develop next-generation
data storage technologies that can scale into the exabyte (1
million terabyte) regime, and beyond, with significantly reduced
physical footprint, power and cost requirements, relative to

conventional approaches. Goal $1/TB by22030



[lepBaA «MCKYCCTBEHHAA *KU3Hb»

2010 Mycoplasma 2016 Syn3.0
mycoides JCVI-syn1.0 '

Human ~20,000-25,000
Escherichia coli (K12 strain) ~4500

Syn10 901

Mycoplasma genitalium* 525

Syn3.0 473

Craig Venter

[MepBbIN MCKYCCTBEHHbIN
reHom (~S40 mnH)

* Software boots into hardware
e Genetic code boots into cells

23



(Cynep)KoOMMbOTEPHbIE TEXHO/IOTUN A4
M3YYEHUNA CTPYKTYPbI U AUHAMUKN BUOMONEKYN



The cell Supramolecular Macromolecules Monomeric units

and its organelles complexes
%NA Nudesde ;

Plasma membrane




3ajaya MoAeNNpPoBaHUS DMOMOIEKY

\,,MCH:‘ 4‘ 1‘1_‘ j;‘, , - iy '
M. Mepyuy, O.K. Kengpto

i

Komnbtotep ENIAC, 1947

..... sreid

[OudpakumnoHHas kapTuHa

6enka DT
MopenupoBaHue WmutaumoHHoe
Nno 3KCnepuMeHTarnbHbIM MoaenupoBaHue
i i CynepkomnbtoTep
AaHHbIM (molecular simulations) _ HolsmacD o0E
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21 BekK: J/1azepbl Ha cBOOOAHbIX 3NEKTPOHAX

e

LA

Liquid jet

Rear pnCCD
ulses (z =564 mm)

asks

Interaction Front pnCCD
point (z=68 mm)

27000 nmnynbCcoB B CEKyHAY

~ 100 T6 AaHHbIX

to electron

dump
electrons from

accelerator



KpuoreHHas aneKTpoHHasA MUKPOCKOMNUA

1. Sample 3. Electron microscope

----------- Electron gun

----------- Condensor lens

ObpaTHaA 3agava:

-~ Specimen
£ i BOCCTaHOBNEHME
----- Objective lens CprKTypb| N3 ~10/\6
Diffraction lens o
Intermediate lens M306 pa)'KeHMM

temees Projector lens

"""""" Fluorescent screen

7. 3D model

~ 10 T6 paHHbIX

&
¢ K

&




CTPYKTYPbl CTaTUYHbI

Histone
-H2B dimer

Nucleosome structure

Histone
H3-H4 dimer

Davey, C. A.; Sargent, D. F.; Luger, K.; Maeder, A. W.; Richmond, T. J. J. Mol. Biol. 2002, 319 (5), 1097 https://github.com/molsim/nuclLEGO 3 O



https://github.com/molsim/nuclLEGO

The complexity of chromatin structure and dynamics

Liquid
droplets

O Territories
Nucleus 3 1



Nucleosome
¥ DB

statistics

Count

Count

Count

= Free NCP

80 1 @@ NCP in complex
60 -
40 A
20 -
n -
Resolution
801 mmm [0,2) A I
3 24)A L
60+ @@ [4,6) A
I [6,9) A
40 4 EEH [9,20] A
20 A
n _— 1
= EM
801 @ X-ray
60 -
40 A
20 -
0 = 'TI_I 1 T T T T
2000 2005 2010 2015 2020

Release Year

32



Molecular simulations

John von Neumann

Nicholas Metropolis

Stanistaw Ulam

John von Neumann in the 1940s

MeTtog MoHTe-Kapno — 1949

MeTog, monekynapHom guHammkm — 1955

ML TtBepabix chep Anaep n BenHpant — 1957
1970-ble nepsble pabotbl no M/, 6enkos — Kapnatoc, Bapwen, JleBuTT



MeTO,D,bI MOJ'IeKyJ'IFIpHOVI MEXAaHUKN N ANHAMUKH

[NlonHoaTOMHOE Npuban>KeHne

CEHERY %kb(l—lo)2+ > %ke(e—oo)% > % »[1 + cos(ne — @o)]+

bonds angels torsions
Oij 12 Oij 6 qiq;
S -3 3 faaf(2)7- ()] e s,
imp'ropers J+1 1=5+1 2 v 074
, HucneHHoe pelleHne ypaBHeHWiA
MW ) @" nemxenusi (F = ma)
-
! 0 ‘
BaneHTHble cBS3n BaneHTHble ybl
@
TOPCUOHHbBIE YITbl JTOXXHOTOPCUOHHBIE YITibl

‘;Hr ---------- ’n),

HeBaneHTHble B3aumMoaencTeus



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 sKstems i

» Press release
» Popular information
» Advanced information

yax,

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
Conventionné, Université de
Strasbourg, France and Theodore
William Richards Professor of
Chemistry, Emeritus, Harvard
University, Cambridge, MA, USA.

» More on Martin Karplus

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
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MeToabl mMOAEeNNPOBaHMA KaK
«BbIYNCNANTESIBHBIM MUKPOCKOM»

pse A
nm
ns
usk  E
umF
ms
S E

Quantum

- atoms, _electrons and electron
clouds included

- explicit solvent
- quantum mechanics

All-atom

- all or most atoms present
- explicit solvent
- molecular dynamics

Coarse-grained
- beads comprising a few atoms

- explicit or implicit solvent
- molecular dynamics

Supra-coarse-grained

- interaction sites comprising
many atoms, protein parts
or proteins

- implicit solvent
- stochastic dynamics

Continuum

- materials as a continuous mass
- implicit solvent

- continuum mechanics
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Atomic level computational identification
of ligand migration pathways between
solvent and binding site in myoglobin

Jory Z. Ruscio*, Deept Kumar®, Maulik Shukla®, Michael G. Prisant?, T. M. Murali’, and Alexey V. Onufriev's?

*Genetics, Bioinformatics, and Computational Biology Program and Departments of "Computer Science and SPhysics, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061; and *Department of Biochemistry, Duke University Medical Center, Durham, NC 27710 38

DN A

Edited by Robert L. Baldwin, Stanford University Medical Center, Stanford, CA, and approved March 25, 2008 (received for review November 15, 2007)



All-atom MD simulations of nucleosomes

Torsion Improper

f’@ufﬁz

Non-bonded
B

| ( - ,\ ( )

* Force field:

AMBER14SB + parmbscl + CUFIX + TIP3P
150 mM NacCl

. GROMAC52019 (GPU)

e Simulations up to 15 microseconds long.
* Several starting structures with different DNA sequences.
* With and without histone tails.

o Armeeyv, G. A.; Kniazeva, A. S.; Komarova, G. A.;
Lomonosov 2 o )
supercomputer Kirpichnikov, M. P.; Shaytan, A. K. Nature Commun. 2021, 39



Dynamics overview at 15 microsecond scale

Nucleosome core particles Nucleosome core particles with
without histone tails full length histone tails

https://intbio.org/Armeev_et _al 2021/ - interactive trajecotry viewer 40



https://intbio.org/Armeev_et_al_2021/

NCPLY

Histones H3
Histones H4

Histones H2B
Mir? groove ARG
D "’ A

O3’DNA chaln |




Coordinate Y, A

Plasticity of the globular histone core

-30 =20 -10 0 10 20 30
Coordinate X, A

Coordinate Y, A

30 A — 0031 s
== 14.190 us
20 1
bending of the H2A
a2-helix
10 A
0 -
—-10 -
—-20 -
_anJ RMSD=196 A  HB i
30 NCPys:
-30 =20 -10 0 10 20 30

Coordinate X, A




e V¢ PITIn :

201
T
> 10 -
-EJ) w— X-ray in NCP
(o) O | MD average
.E H2A
'8 — H2B
o —10
O
@)

I
N
o

210 0 10
Coordinate X, A

First eigenvector from

PCA ar\alysis of H%A—HZB DNA binding Free dimer dynamics
dimer dynamics

Dimer bending upon

Kniazeva,A.S., Armeev,G.A. and Shaytan,A.K. (2022) H2A-H2B Histone Dimer Plasticity and Its Functional Implications. Cells, 11,
2837. 43



Relaxation of DNA twist-defects in nucleosome

Twist-defect distortion . .
through top DNA strand sliding = Overtwisting at SHL-5.5 = DNAslides past SHL -5.5

H2A a2-helix
responds

- : ; H2A a2-helix
% g / gets back
a e, e -~
4.232 us: Yo - p 4.875 Us: v

top DNA strand

)

H2A-H2B
L1L2 binding
site SHL -5.5

bottom and top
strands slide at

twisting
L1L2 binding site

deformation
top DNA strand
shifts 5'—-3'



[lepemelierHne OHK BOoonb HyKNnecombl

Twist-defect
propagation

45



IlHTerpaTuBHble NnoaxoAbl

3KCﬂeQVIMeHTaﬂbeIe OaHHble
\
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Komnnekcol Hykneocom n PHK-nonnmepas

% : HanpasneHue
HanpasneHve ‘ o
MpuHuunuansHasn e sl 5%@%‘} TpaHCKpUNLMN
cxema ABUXEHUA TPaHCK{g""uMM X R WS I
PHKIM no AHK « —U B
HyKneocome . 5"
PHK nonumepasa
(PHKIT)
KOHTYp 3INEeKTPOHHOMN HymeOCOMa
. j MNOTHOCTH
Mopensb /

KOMIMJieKCa B

noroxeHuu +42 YYBCTBUTENbHbIE

nocne Bxoga CauTbl
PHKN B Kk IHKase |
HyKneocomy
Mopenb

KOMMJieKca B
nonoxexHuu +49
(HyneBas netns)

3 PHK-nonumepa3za i
HyneBas netns S. serevisiae



HenpoceTeBble NOAXOAb! A1 N3YYEHUS
CTPYKTYPbl OMOMONEKY



SO

Thousand years ago — Experimental Science

Last few hundred years — Theoretical Science

Last few decades — Computational Science

Emergence of a Fourth Research Paradigm

Description of natural phenomena

Newton’s Laws, Maxwell’'s Equations...

Simulation of complex phenomena

Today — Data-Intensive Science

>

Scientists overwhelmed with data sets
from many different sources

. Data captured by instruments
. Data generated by simulations

Data generated by sensor networks
eScience is the set of tools and technologies
to support data federation and collaboration

For analysis and data mining
For data visualization and exploration

For scholarly communication and dissemination

This work is licensed under a Creative Commons
Attribution 3.0 United States License.

Astronomy has been one of the first disciplines to embrace
data-intensive science with the Virtual Observatory (VO),
enabling highly efficient access to data and analysis tools
at a centralized site. The image shows the

Pleiades star cluster form the Digitized Sky Survey
combined with an image of the moon,

synthesized within the WorldWide Telescope service.

Science must move from data to
information to knowledge

With thanks to Jim Gray

https://www.infodata-edepot.de/volltext/fhpotsdam/10445.pdf

FOURTH
PARADIGM

DATA-INTENSIVE SCIENTIFIC DISCOVERY

The Fourth Paradigm:
Data-Intensive Scientific Discovery

Tony Hey
Corporate Vice President
Microsoft External Research

2009
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