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Molekularni hraci

SYSTEMOVA BIOLOGIE

* DNA (deoxyribonukleova kyselina) oo o
 Posloupnost nukleotidd (A, C, G, T) ”‘g’é"“'r "T“'*l
) « Dvousroubovice i Y
=| * RNA (ribonukleova kyselina) e @
3 & + Posloupnost nukleotid(i (A, C, G, U) e 5
s * JednoSroubovice Voo Nisggenovs Voo
2 ° Proteiny o [5] . ol
* Pfeklad zmRNA v ribozomech e o e
« Sekvence aminokyselin (20 AAs) ol Sy
wrach [T ] movmine
: g NE
= °* Metabolity T 3 \N.
o B  Malé molekuly !
= = * Reaktanty a produkty biochemickych reakci Niogenous VA DNA - ogenos
TS zajistujicich rast, vyvoj, pfenos informace... Soses Rbonudeicocd - Deoyibonucleicad Bases
=
=
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Proces a cena vyvoje leCiv



* Od roku 1950 do 2008 schvalila FDA 1222 1ékt (1103 novych
malych molekularnich entit, 119 biologics)

a 60 —

Small molecules (NMEs)
50 — | — Biopharmaceuticals (NBEs)
— Total

40 —
30 -

20 —
N \W\/\/\/\/\
0

source: Munos, B. (2009). Lessons from 60 years of pharmaceutical innovation. Nature reviews Drug discovery, 8(12), 959-968.

Number of NMEs or NBEs

1950
1952
1954
1956
1958
1960
1962
1964
1966
1968
1970
1972
1974
1976
1978+
1980
1982
1984
1986
1988
1990
1992
1994
1996
1998+
2000
2002+
2004
2006
2008



60
95
o0
45
40
35
30
25
20
15
10

45

<

1997

a9

23

2020

50

2021

48
45
41
38 39
37 36
3
! 9 29 3C
X7 % b
. 24 s 24 25 E
22 2 )
. 0
b 4 18 b 4 25 .
/. 7,
2 2
: 1 . - » 0
7 7 v 7 -
" s i 6 Ms . N B B G d
3 2 — 4 - 2 - 2 3 E v - v 2
a0 ()} o - N o < wn (@] N~ © (@) - -— N o™ < wn (®) N~ e 0] N
<N <N o - o o o o (@) o o o - -— - -— \ -— - - -— -
(@)} <N (- o - o o o o o o o - o - o o o o - o o
- . N N N N N N N N N N N N N N N N N N N N
mm Chemical entities == Biologics enftes Total

source: de la Torre, B. G., & Albericio, F. (2022). The pharmaceutical industry in 2021. An analysis of FDA drug approvals from the perspective of molecules. Molecules, 27(3), 1075.
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Cena nového léku

¢ Estimate Value of item (USS millions)
DiMasi estimate in 2000 dollars 802
 Adjustment for post-approval R&D o0
a 20 . * Adjustment for new indications 160
— y = E-113e0133% and non-US approvals (20%)
5 R2 = 098  Adjustment for success rate (11.5% 697
= 127 versus 21.5%)
S0 Adjusted DiMasi estimate in 2000 dollars 1754
805 -
Z o | ment for other cost increases,
1950 1970 1990 s regulation (8.3% per year)

source: Munos, B. (2009). Lessons from 60 years of pharmaceutical innovation. Nature reviews Drug discovery, 8(12), 959-968.
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Proces vyvoje leku

Drug discovery Drug development

Clinical trials

e Phase|
Pharmaceutical Lead Lead * Phase ll Review, Post-

target molecules molecules Prifil;T;cal * Phasellll approval, marketing

identification identification optimization launch survailance

JUK 2024 9



Déleni nakladu

Other
9%

Pre-clinical

Post-marketing monitoring 26%
13%
Approval
9%
Phase |
7%
Phase
Phase Il 10%

26%

JUK 2024
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Hlavni vyuziti informatiky

Drug discovery Drug development

Clinical trials

e Phase|
Pharmaceutical Lead Lead * Phase ll Review, Post-

target molecules molecules Prifil;T;cal * Phasellll approval, marketing

identification identification optimization launch survailance
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Jak nalézt aktivni slouceniny



* Pochopeni nemoci/systému * Pozorovani

* |dentifikace biologicky proces& * rostlinu, latka, proces, ... majici

(biological pathways) podobne efekty

* Identifikace kli¢ového proteinu * Isolace aktivni slouceniny

(cil léCiva) * Reprodukce efektu v cilovém

« Navrhnuti biochemického testu organismu (in vivo test)

(in vitro test) a knihovy latek * Optimalizace

* Optimalizace



|dentifikace bioaktivnich molekul

Vysokopropustny (high-

throughput) screening (HTS) Virtualni HTS

R S
\

e: Hybrigenics Services, Wikipedia

JUK 2024
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Virtualni screening

/Zalozené na strukture /Zalozené na znalosti
cile ligandu

Podobnostni Farmakoforovée

Strukturni modelovani hledan modelovani

JUK 2024



PocCitacova reprezentace sloucenin

Malé molekuly Makromolekuly

benzene 1 2 3 4 5 6 7 8
ACD/Labs@812062058 123456789012345678901234567890912345678901234567890912345678909123456789091234567890
ATOM 1 N META 1 19.555 29.903 42.490 1.00 50.76 N

6606006 0 0 0 1V2000 oM 3 C O META 1 21,995 30.291 42,301 1.00 %663 c
1.9850  -8.7932 G.eeee C @ @ e @6 &6 @ @ @ @ @ @ @ ATOM 4 0 META 1 22.237 29.387 43.195 1.08 55.52 0
1.%e580 -2.1232 ©.e6k@ C @ © © @ @ © @ @ @ @ O O ATOM 5 B MET A 1 20.491 32.080 43.948 1.00 60.12 C
8.7531 -8.1282 .eeee C © ©6 © @ @ @ @ @ @ @ @ @ ATOM 6 N LEUA 2 22.910 30.635 41.449 1.00 47.67 N
B.7531 -2.7882 B.0888 C B B8 B B8 B8 B B B B B B A ATOM 7 CA LEU A 2 24.304 30.230 41.561 1.90 39.94 C
-B8.3987 -B8.7932 B.o888 C B 8 8 8 B 6 B 68 B B B8 B ATOM 8 C LEU A 2 25.108 31.273 42.334 1.00 37.57 C
29.3987 -2.1232 0.0 C © 0 0 0 B © 0 0 0 @ 0 P ATOM 9 0 LEUA 2 25.342 32.368 41.821 1.00 58.96 0
21106 8 8 0 ATOM 18 CB LEUA 2 24.921 30.838 40.176 1.00 40.96 C
51 20 0 0 8 ATOM 11 G LEUA 2 24.451 28.823 39.376 1.00 40.06 C
ATOM 12 (D1 LEU A 2 24.794 28.991 37.903 1.00 38.65 C

4 2 2 96 0 @ @ ATOM 13 (D2 LEU A 2 25.054 27.548 39.941 1.00 31.43 C
531 e e @ o ATOM 14 N SERA 3 25.535 3@.937 43.543 1.00 31.50 N
6 4 1 8 B8 B8 8 ATOM 15 CA SER A 3 26.465 31.776 44.291 1.00 30.86 C
& 5 2 8 8 B O ATOM 16 C SERA 3 27.633 32.236 43.430 1.00 37.53 C
M END ATOM 17 0 SERA 3 27.927 31.657 42.381 1.00 34.29 0
$$%% ATOM 18 CB SER A 3 27.032 30.985 45.481 1.00 33.36 C
ATOM 19 0G SER A 3 28.180 30.254 45.970 1.00 29.16 0
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Virtualni screening

/Zalozené na strukture /Zalozené na znalosti
cile ligandu

Podobnostni Farmakoforové

Strukturni modelovani .. .,
princip modelovani



Racionalni design

POCHOPENI VYBER CILE IDENTIFIKACE IDENTIFIKACE
BIOLOGICKEHO POTENCIALNICH KANDIDATNICH
PROCESU VAZEBNYCH MIST MOLEKUL

JUK 2024 20



Detekce vazebnych mist pomoci strojového
uceni

JUK 2024 21



Uceni (vlastnosti vazebnych mist)

1. Ziskani struktur znamych protein-ligand
komplexU

2. Pokryj protein siti bod(
3. Oznac¢ body jako vazebné/nevzebné

4. Xygxtrahu; fyzikalne-chemickeé vlastnosti
odu

5. Vybuduj/natréenuj model pro rozhodnuti, zda
je bod soucasti vazebného mista

JUK 2024 22




 Ensemble of decision trees e Solution

* Aggregate multiple decision
trees on bootstrapped data

* Single decision tree « Random choice of descriptors

e Unstable

. fit
Overfits * Advantages

/ZC \ e Suitable for imbalanced data
sets

D Sx 5 "y >
M\ R \ * Estimates of what variables are

/ important in the classification



Inference
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PrankWeb

(.PERANK About Help Reportissue
5 ' : 5% ; : : % ; ]
50 100 0 200 250 300 350 400 450
SEQUENCE TOOIS =
BINDING (] Il [N a1
ml | 0] Bl fmrenomo oo o mEir m 11 Download data
POCKETS 5] | 11
I Protein visualisation
CONSERVATION it Lot bl ¥ ale gl M Ul Cartoon v
JHTUSEL L J . Vol PN | TN L . e i L,
Pockets visualisation (color by)
Surface (atoms) v
® & )
Polymer coloring
R ®
B Conservation v
Q
©)
Source
Experimental structure 2SRC.
R

Pockets (o)

Pocket 1 S
Pocket rank: 1
Pocket score: 53.37
Probability score: 0.981
AA count: 38
Conservation: 2.163

@ (= @ @

v Pocket rank: 2
Pocket score: 207
Probability score: 0.045

https://prankweb.cz
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Racionalni design

. n /
%: o omm: (U e
/ (+ sense)
@ oz O et )
. ,{_,,,,, A .3,..:%.“7. &

(((((

POCHOPENI VYBER CILE IDENTIFIKACE IDENTIFIKACE
BIOLOGICKEHO POTENCIALNICH KANDIDATNICH
PROCESU

VAZEBNYCH MIST MOLEKUL
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* Generovani poz
* Zacileni na potencialni aktivni misto

 Mozné orientace, lokace a konformace ligandu v
aktivnim miste

* Rigidni vs. flexibilni

Grid Options AutoDockTools - 5 1IE3

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee
eeeeeeeeeeeeee

File
i 5 - =
Current Total Grid Pts per maP, 249795 b 0 B Q ﬁ ‘
Analyze

number of points in x-di

* Skorovaci funkce N

ITTT10 T

number of points in z-dimension:

* Silové pole ey

Spacing (angstrom): M7 037511
Center Grid Box:

<offset>
WH | 0.000 \n'

 Empirické e el
ter: [9225

m [70.000 Tm

e Znalostni

JUK 2024




* Tvarova komplementarita |

* Systematické prohledavani -

prostoru

* Stochasticke algoritmy

* MD simulace

source: Leach, A. R., &Gillet, V. J. (2007). An introduction to chemoinformatics. An Introduction To
JUK 2024 Chemoinformatics. http://doi.org/10.1007/978-1-4020-6291-9 32



Vyhledavani poz — tvarova komplementarita

* Reprezentace prostoru grafem
* vrcholy = koule vazebného mista X koule ligandu
* hrany = podobné vzdalenosti mezi stredy kouli

* Hledani maximalni kliky v grafu

JUK 2024 33

source: Faulon, J. L., & Bender, A. (2010). Handbook of chemoinformatics algorithms. CRC press.




Identify flexible units in ligand

Start with the largest rigid unit/set of base units . n K:j’

: iy
Order flexible groups in layers starting from rigid unit Wo\f/ or [ 8
Orient rigid unit using orientational search/shape i Tﬁz
complementarity

Loop over flexible layers
Add next layer
Search torsions for each flexible group in layer
Prune by score

End loop

Minimize and score the final structure

source: Rarey, M., Kramer, B., & Lengauer, T. (1997). Multiple automatic base selection: Protein-ligand
docking based on incremental construction without manualintervention. Journal ofs@mputer-aided
molecular design, 11, 369-384.



Vyhledavani poz — simulované zihani

1. Nastav inicialni konfiguraci
2. Nastavinicialnitemplotu T

3. Vyber novou konfiguraci o’ z
blizkého okoli o

4. Vyhodnot energii E a E’ konfiguraci
ocao’

5. Pokud (E’' < Eneborand(0,1) <
e~(E'-E)/Typak ¢ « o'

6. Snizteplotu ajdinabod 3 8NH§ o oo HYNHZ
i—NH L,

JUK 2024 35



Vyhledavani poz — geneticke algoritmy

chromozom (genotyp) ligandu
A

* Populace velikosti N

C,1 |C2 | C3|1Q1(Q1]|Q1|Q4|Ty | Ty | T,

* V kazdem kroku | , n ' ! '
1. Mapuj pro kazdého jedince soufadnice pro quaterniony torzni Uhly
populace genotyp na fenotyp posun pro rotac
2. Vyhodnot fitness kazdého

jedince

3. Vyber jedince pro krizeni do
dalsi populace

4. Mutace a crossover

* Lokalni optimalizace

JUK 2024



* Silove pole
* Interakcni energie pro vsechny typy interakci

. Empll’ICké AGpinga = AGo + AGhbh bZ‘d f (AR, Aa)
—oonds
* Volna energie vazby + AGionic . f (AR, Aa)
* Kalibrovano experimentalnimi daty  donie
+ AGlipo ‘Alipo + AG,oNROT

e Znalostni

 Statistiky vzdalenosti, frekvenci uréitych typu paru atomu spocitané ze
znamych komplexu



Virtualni screening

/Zalozené na strukture /Zalozené na znalosti
cile ligandu

Podobnostni Farmakoforové

Strukturni modelovani hledani mModelovani



 Podobné molekuly maji tendenci se vazat na dany cil/mit
podobnou funkci casteji nez molekuly nepodobné

F
F ! H

CH; CH. MH- .

= =3 CH, : N CH,

: : / ~

..-""’I:HS' _.-fl:HE' - EHS_ F

- M M -~
: H H N CH,
= H
oH OH

ephedrine pseudoephedrine  metamphetamin phenethylamine fenfluramine
(stimulant) (dekongestivum) (stimulant)

+ Aktivitni Utesy q QL
\Q/Nm/\l\le\/) \Q/Nm/jw\)

JUK 2024 2390 nM 40



Podobnost molekul

Charakteristiky Charakteristiky

Podobnostni mira

Podobnost




* Slovnikové otisky

* Hashované otisky
e Cirkularni otisky
e Cesty dané delky
 Atomoveé pary

H CHs ~ NH2
4 | |/
[ -
CHz CHj3

Diameter 0: Identifiers:

-1266712900
o -1216914295

=l 3 —_— 78421366
-887929888
-276894788
Diameter 2:

‘ . . : -744082560
YO B L T A -798098402
/ o\ L > -690148606

1191819827

1687725933

1844215264
Diameter 4.

. 0 o -252457408

/\( « \‘( S 0T o/\( 132019747

; \ \ ( i} [ ———» -2036474688
o/ a _/ - -1979958853
o © " ot -1104704513

Identifier list representation:

-1266712900 -1216914295 78421366 -BB79298B88 -276894788 -744082560 -798098402 -6590148606 1191819827

T—
-252457408

168772593 1844215264

Hash function

A S
a4 — #\7 -
01010010000000000100000004000

0100000000 100000110000 100011000000000 101000000000000000000000000 0 0
Bit collisions

Fixed- Iength blna



A&B

Podobnostni mira

F F H
NVCH3
F
CH,
A|B

1 o 1 1 o 1o 11 0 s

podobnost = -=0,72

T I T A T N O O AR e

CH,
: CH
," 3
N
H
oH
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Virtualni screening

/Zalozené na strukture /Zalozené na znalosti
cile ligandu

Podobnostni Farmakoforové

Strukurni modelovani .. . .
princip modelovani



* Podle definice IUPAC je farmakofor definovan jako

“the ensemble of steric and electronic features that is necessary to ensure the
optimal supramolecular interactions with a specific biological target structure
and to trigger (or to block) its biological response”

HO HaCO.
| O heroin methadone
' - ; 3 4
o mar;‘:;hme o YH cod ;me
.CHj ,CHs; _CH, Pharmacophore pharmacophore
\v) N N highlighted highlighted
W o
HO' HO
(1) benzene ring (3) two carbon linker
/
i’\
d:\ng;g:eonree ‘:" SN~ (4) tertiary amine
JUK 2024 (2) quaternary carbon 46



Farmakoforove vlastnosti

hydrogen bond

hydrophobic p o
feature b/ =1y acceptor (HBA)
- ] W feature + projected
1 y point
AN 4
hydrophobic
feature

JUK 2024



* Identifikace farmakoforovych vlastnosti
v kazdém z ligandu

* Prostorova superpozice ligandl (muze
zahrnovat predikci prostorove struktury)

* |ldentifikace spolecnych
farmakoforovych vlastnosti (automaticky
nebo manualne)
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Virtualni screening

/Zalozené na strukture /Zalozené na znalosti
cile ligandu

Podobnostni Farmakoforovée

Strukturni modelovani hledan modelovani

JUK 2024



Databaze sloucenin



Databaze malych molekul

¥\ National Library of Medicine

ZINC

d5] The Economics of Vaccine Development Read Now! 2

—
! CDRUG BANK Online Explore For Drug Discovery For Clinical Software + For Academic Research LOGIN &

Wel Search our knowledgebase's 500,000+ drugs and drug products:

coni
.
ovel

G The pharmaceutical data >
d . you've been looking for Y

DrugBank is a vital resource for your pharmaceutical research, offering comprehensive &
=G e reliable drug data, structured for immediate use or easy software integration.

-
,“ ‘ SCROLL TO SEE OUR SOLUTIONS

Exp

Chemist
Tranche:
Patterns
And More « More...
Catalogs, Genes, ATC Codes
gs. Genes, 57



Databaze proteinovych struktur

RCSB PDB Deposit ~ Search ~ Visualize ~ Analyze ~ Download ~ Leam ~  Ab Careers COVID-19 | Help | | Contactus | MyPDB
% E 227,561 Structures from the PDB
=2 [Enter search term(s), Entry ID(s), or sequence Include CSM @
PR O E LN DR T AR BN a 1,068,577 Computed Structure Models (CSM)
Advanced Search | Browse Annotations Help

SPDEB fonukcor SNAKB [§uvoe @ PDB-Dev ‘6vaoin

Structure Annotations Experiment Sequence Genome Versions

) [ Display Files ~ @ Download Files ~ £ Data API

: 2CPK

CRYSTAL STRUCTURE OF THE CATALYTIC SUBUNIT OF CYCLIC ADENOSINE MONOPHOSPHATE-DEPENDENT
PROTEIN KINASE

PDE DOI: hitps:/idoi.org/10.2210/pdb2CPK/pdb  Entry: 2CPK supersedes: 1CPK

( Biological Assembly 1 @

Classification: TRANSFERASE(PHOSPHO TRAN SFERA SE)
Organism(s): Mus musculus
Mutation(s): No €

Deposited: 1992-10-21 Released: 1983-01-15
Deposition Author(s): Knighton, D.R., Zheng, J., Teneyck, L.F., Ashford, VA, Xuong, N.-H_, Taylor, S.S., Sowadski, J.M

Experimental Data Snapshot wwPDB Validation @ & 3D Report | Full Report
Method: X-RAY DIFFRACTION Metrie Percentile Ranks Value
Resolution: 2.70 A Clashscore IS 1 —
R-Value Work: 0.180
Ramachandran outliers [ .
Sidechain outliers D 10.0%
Worse Bexter

W Percensile relative to all X-ray structures

& Explore in 3D: Structure | Sequence Annotations |
Validation Report

[0 Percentile relative to X-ray seructures of similar reslution

Global Symmetry- Asymmetric - C1 @ This is version 1.4 of the entry. See complete history
Global Stoichiometry: Hetero 2-mer - A181 @

Find Similar Assemblies

Literature Download Primary Citation =

Biolonical assemblv 1 assioned by authors and nenerated by PISA
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/a hranice znameho prostoru

Malé molekuly



* VSechny organickeé slouceniny tvori “chemicky prostor”
* Odhadovana velikost chemického prostoru: 10790 - 10290

* Ne vSsechny teoreticky mozné slouceniny jsou syntetizovatelné

* Automatické generovani prostoru

« GDB11 databaze - 11 atomu (C, N, O, F), 26.4 miliond molekul
« GDB13 databaze - 13 atomu (C, N, O, S, Cl), 970 milion molekul
« GDB17 databaze-13 atom( (C, N, O, S, and halogens), 166.4 miliard molekul



Explorace chemického prostoru

* Aplikace “molekularniho morfingu”

e Startovni a cilova molekula pochazi ze stejné mechanisticke tridy
> okoli cesty reprezentuje zacilenou virtualni knihovu

JUK 2024 61
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/a hranice znameho prostoru

Makromolekuly



How does AlphaFold2 work? e [ TS

As part of AlphaFold2’s development, the Al model has .? .?

been trained on all the known amino acid sequences and ! !
N WM

determined protein structures.
_— ‘ AlphaFold2

SEQUENCE ANALYSIS

° 4 1. DATA ENTRY AND
DATABASE SEARCHES
An amino acid sequence with
unknown structure is
fed into AlphaFold2, which
searches databases for similar

amino acid sequences and
protein structures.

Have co-evolved Have co-evolved
2. SEQUENCE ANALYSIS » A A
The Al model aligns all the similar amino acid
sequences - often from different species - and
investigates which parts have been preserved
during evolution.

UNKNOWN

In the next step, AlphaFold2 explores which amino
acids could interact with each other in the three-
dimensional protein structure. Interacting amino
acids co-evolve. If one is charged, the other

has the opposite charge, so they are attracted

to each other. If one is replaced by a water-
repellent [hydrophobic) amino acid, the other

"
@
|
0
0
9,
0
”

Yi1<3

‘00000 @
90000 o
00000 0~

also becomes hydrophobic. DISTANCE MAP
¥ Using this analysis,
AlphaFold2 produces
B A Charged Hydrophobic a distance map that

estimates how close

3
| g
/\/‘ ’/ (‘ f /; amino acids are to each S
K i &) other in the structure. =
AL |8 z
- 4 « .
VIS < Furthest  Closest—>
apart
AMINO ACIDS IN
FOLDED PROTEIN
STRUCTURE
NEURAL NETWORK
Oi—AA—A— A
3. Al ANALYSIS
Using an iterative process, AlphaFold2 e BB
refines the sequence analysis and distance e, . X <
map. The Al model uses neural networks ¥ s S S S
called transformers, which have a great =
capacity to identify important elements to B ¥ k | CYCLE 1
focus on. Data about other protein

structures - if they were found in
step 1 - is also utilised.

CYCLE 2

4. HYPOTHETICAL STRUCTURE

AlphaFold2 puts together a puzzle of
all the amino acids and tests path §

to produce a hypothetical protein CYCLE3
structure. This is re-run through step 3. - L
After three cycles, AlphaFold2 arrives ]
at a particular structure, The Al model LU 5 =
calculates the probability that different = sEm

parts of this structure correspond " =

to reality.

JUK 2024 ©Johan Jarnestad/The Royal Swedish Acadelmy ﬁé\ences

source: https://www.nobelprize.org/uploads/2024/10/fig2_ke_en_24.pdf



Bioinformatika neni jenom vyvoj leciv!!!!

https://www.youtube.com/@CharlesUniversityBioinfo

JUK 2024
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https://www.youtube.com/@CharlesUniversityBioinfo

Dotazy
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