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l Protein folding

Velky problém s mnoha zakoutimi

Vysledna 3D struktura neni jednoznacng,
protoze:
» dynamické chovani
* rGzné konformery
* rUzné foldy
» nestrukturované ¢asti
* nestrukturované c¢asti se mohou
stat strukturovanymi pfi interakci s

partnery

post-translacni
modifikace

protein folding

RNA
sekvence

nesbaleny
protein

https://www.deshawresearch.com/
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l Protein folding

Velky problém s mnoha zakoutimi

» Skladani mohou urychlit jiné
proteiny (chaperonové proteiny).
Nékdy jsou tyto proteiny pro
spravné skladani nezbytné.

» Baleni proteinll mohou ménit post-

v
transla¢ni modifikace jako jsou:
sbaleny protein = glykosylace

= fosforylace
post-translaéni = proteolytické Stépeni
modifikace = sestrih bilkovin

8 = a3 mnoho dalsich...
biologicky aktivni
forma

RNA
sekvence

protein folding

nesbaleny
protein
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l Protein folding

Velky problém s mnoha zakoutimi
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Molten globule

RNA
sekvence

protein

. . . , Native state
biologicky aktivni
forma

jediné hluboké minimum
(dominantni struktura)

nesbaleny
protein

predikce struktury protein(

V soucasné dobé je predikce struktury proteinli omezena
na proteiny s "dobre definovanou" strukturou.
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l Protein Structure Predic

Obecny piedpoklad Tri pristupy k predikci struktury:
» ab initio / de novo
» threading (rozpozndvani foldu)

» homologni modelovani (srovnavaci
modelovani)

primarni AA (dominantni)

sekvence struktura proteinu

I. De novo predikce Il. Protein Threading lll. Homologni modelovani
» Bioinformaticky zalozené Modelovani protein( se stejnym Struktura proteinu je konstruovana
> je vysadovana predchozi foldem jako u proteind znamé na zakladé jeho aminokyselinové
snalost struktury, které ale nejsou homologni sekvence a experimentdlni
o s cilovym proteinem. trojrozmérné struktury pribuzného
> Fyzikalni modely homologniho proteinu (templatu).

» kvalita silovych poli

» dostupné casové skaly
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l Protein Structure Predic

Obecny piedpoklad Tri pristupy k predikci struktury:
» ab initio / de novo
» threading (rozpozndvani foldu)

» homologni modelovani (srovnavaci
modelovani)

primarni AA (dominantni)

sekvence struktura proteinu

I. De novo predikce Il. Protein Threading lll. Homologni modelovani
» Bioinformaticky zalozené Modelovani protein( se stejnym Struktura proteinu je konstruovana
> je vysadovana predchozi foldem jako u proteind znamé na zakladé jeho aminokyselinové
snalost struktury, které ale nejsou homologni sekvence a experimentdlni
> ikélni model s cilovym proteinem. trojrozmérné struktury pribuzného
Fyzikalni modely homologniho proteinu (templatu).
» kvalita silovych poli
» dostupné casové skaly
alphafold
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l Protein Structure Predi

Obecny piedpoklad Tri pristupy k predikci struktury:
» ab initio / de novo
primarni AA (dominantni) . ;.
‘ > threading (rozpoznavani foldu)
» homologni modelovani (srovnavaci
modelovani)
I. De novo predikce Il. Protein Threading lll. Homologni modelovani
» Bioinformaticky zalozené Modelovani protein( se stejnym Struktura proteinu je konstruovana
> je vysadovana predchozi foldem jako u proteind znamé na zakladé jeho aminokyselinové
snalost struktury, které ale nejsou homologni sekvence a experimentdlni
> sl | s cilovym proteinem. trojrozmérné struktury pribuzného
Fyzikalni modely homologniho proteinu (templatu).
» kvalita silovych poli
» dostupné casové skaly
alphafold

Jak vyhodnotit presnost
metod?
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i CASP .

CASP (Critical Assessment of Protein Structure Prediction) je celosvétovy komunitni

experiment pro predpovidani struktury proteind, ktery se kona kazdé dva roky od roku
1994,

https://predictioncenter.org/

Vybér cilovych proteini (dvojité zaslepeny pristup):

» Ani predikujici, ani organizatofi a hodnotitelé neznaji strukturu
cilovych proteinli v dobé, kdy jsou predikce provadény.

» Cilovymi proteiny pro predikci struktury jsou bud'struktury,
které budou brzy vyreSeny pomoci rentgenové krystalografie
nebo NMR spektroskopie, nebo struktury, které byly pravé
vyreseny (vétsSinou nékterym z center strukturni genomiky) a
jsou ulozeny v Protein Data Bank.

Jiné experimenty:

» Critical Assessment of Prediction of Interactions (CAPRI)
» Critical Assessment of Function Annotation (CAFA)

» Critical Assessment of Genome Interpretation (CAGI)
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[l CASP13, CASP14, CASP15 .

Rankings: Regular targets (T) 240 4
2018 (CASP13) =0 2020 (CASP14) Velka pozornost jak v akademické komunité
200 ’ tak i bézném tisku.
180 "DeepMind (an Alphabet division) solved
alphafold v1 160 alphafold v2 the protein folding problem with their
- AlphaFold algorithm."
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100 .....................................................................................................
AlphaFold 2
80}--\‘&‘ score above 90

5 is considered roughly
...... equivalent tD the eI
60 experimentally AlphaFold\

determined structure

Global distance test
(GDT_TS; average)

2006 2008 2010 2012 2014 2016 2018 2020
Contest year

Callaway, E. ‘It Will Change Everything’: DeepMind’s Al Makes Gigantic Leap in Solving Protein
Structures. Nature 2020, 588 (7837), 203—204. https://doi.org/10.1038/d41586-020-03348-4.
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Bl CAMEO 3D

https://cameo3d.org/

CAMEO continuously applies quality assessment criteria established by the protein structure
prediction community. Since the accuracy requirements for different scientific applications vary,
no "one fits all" score exists. Therefore, CAMEO offers various scores - assessing multiple

aspects of a prediction (coverage, local accuracy, completeness, etc.) to reflect these
requirements.

Predictions in all categories are evaluated against reference structures released by the PDB
every week.

Obdoba CASPu, ale testovani existujiciho software, jak samostatné nebo pomoci webovych
sluzeb, probiha kazdy tyden na nové deponovanych strukturach do PDB.
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Alphafold v2

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates,
R.; Zidek, A.; Potapenko, A.; Bridgland, A.; Meyer, C.; Kohl, S. A. A.; Ballard, A. J.; Cowie, A.; Romera-
Paredes, B.; Nikoloy, S.; Jain, R.; Adler, J.; Back, T.; Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M.;
Steinegger, M.; Pacholska, M.; Berghammer, T.; Bodenstein, S.; Silver, D.; Vinyals, O.; Senior, A. W.;
Kavukcuoglu, K.; Kohli, P.; Hassabis, D.

Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596 (7873), 583-589.
https://doi.org/10.1038/s41586-021-03819-2.
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l Klicove vlastnosti

» AlphaFold2 pouziva modely zaloZzené na hlubokém uceni.

» Predpovida vysoce presné 3D struktury proteint a jejich
komplext z primdrni sekvence aminokyselin.

» Predikce spoléha na Multiple Sequence Alignments
(MSA).

» MSA odvozuje evoluéni vztah mezi aminokyselinami z
geneticky pribuznych sekvenci.

» 3D-pozi¢ni kontext se odhaduje z par( residuji. Ko-
evoluce implikuje prostorovou blizkost.

Klicové faktory:

* evolucni faktory (MSA)

* strukturni faktory (parametry modelu)

* prostorova omezeni (parametry modelu)
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Architektura

alphafold parametry

o ol il s i ( > High
7 :
~ T S — confidence
MSA
Genetic representation] —# Low
1 database el confidence
search S——
FARAERE] —< Evoformer S;:ggﬁf;e
48 blocks,
Input sequence ( ) (8 blocks)
Pair Pair
|| representation| —p- —+» "||representation| ——p- 3D structure
(rre) (rrc)
Structure
— .
database
Templates
|

< Recycling (three times)
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lArchitektura

alphafold parametry

MSA

Grevets (velmi dulezité)

Input sequence

predpovéd struktury

Strukturni templaty
(nejsou dulezité, slouzi
jako vychozi odhad)

optimalizace geometrie

bé%i pouze na CPU béZi na jednom GPU mUZe béZet na
(datové naro&né) (GPU akcelerované) CPU i GPU
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leoEetm’ narocnhost _

Creative Commons

sekvence
3D souradnice Proprietarni, ale Ize je Sifit a volné
pouzivat pro akademické ucely.

Trénovani

predpovéd
model

PDB struktury

miliény parametr(
-> Cerna skrinka

3D structure

od nékolika minut az po nékolik dni
(v zavislosti na délce sekvence a pouzitém hardwaru)

tydny vypoctl na superpocitacich s

velkym mnozstvi GPU
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Architektura

alphafold parametry

o ol il s i ( > High
7 :
~ T S — confidence
MSA
Genetic representation] —# Low
1 database el confidence
search S——
FARAERE] —< Evoformer S;:ggﬁf;e
48 blocks,
Input sequence ( ) (8 blocks)
Pair Pair
|| representation| —p- —+» "||representation| ——p- 3D structure
(rre) (rrc)
Structure
— .
database
Templates
|

< Recycling (three times)
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lArchitektura - podrobn

48 blocks (no shared weights)
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Bl Verze Alphafoldu .

Aktivni vyvoj na GitHubu: https://github.com/deepmind/alphafold

Datum _ Jverre |

2021-07-16 2.0.0 prvniverze

2021-10-30 2.0.1 opravy chyb

2021-11-02 2.1.0 ptridan AlphaFold-Multimer model

2022-01-28 2.1.4 opravy chyb B repostiory
2022-03-10 2.2.0 Aktualizace parametr( AlphaFold-Multimer modelu <

2022-10-21 2.2.4 opravy chyb

2022-12-13 2.3.0 Aktualizace parametr( AlphaFold-Multimer model

2023-01-12 2.3.1 opravy chyb \

Infinity software repository
(testovaci faze)

C2138 Pokrocila bioinformatika




lAIphaFoId-MuItimer

Struktura multimerd je predikovdna

Jak predikovat komplexy proteinG? pomoci modell trénovanych na
monomerech.

» pseudo-multimerni vstup:
» vlozeni mezery do sekvence (ColabFold)
» proteiny spojeny flexibilnim retézcem (Alphafold < v2.1.0)

» multimerni rezim* (Alphafold >=v2.1.0, ColabFold):
» Rozsireni Alphafoldu na vice fetézcl a to jak béhem trénovani model( tak i pfi

predikci struktury.

*Evans, R.; O’Neill, M.; Pritzel, A.; Antropova, N.; Senior, A.; Green, T.; Zidek, A.; Bates, R.;
Blackwell, S.; Yim, J.; Ronneberger, O.; Bodenstein, S.; Zielinski, M.; Bridgland, A.; Potapenko,
A.; Cowie, A.; Tunyasuvunakool, K.; Jain, R.; Clancy, E.; Kohli, P.; Jumper, J.; Hassabis, D.
Protein Complex Prediction with AlphaFold-Multimer. bioRxiv March 10, 2022, p
2021.10.04.463034. https://doi.org/10.1101/2021.10.04.463034.
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Vek Alphafoldu

AD 2021
AA 1

C2138 Pokrocila bioinformatika




l RoseTTAFold

2-track block [___] 3-track block

F’ BB-only model
Cropped MSA
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/ = . refinement
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_s Attentlon s Attention - Corribine
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simf::i ZDtrack Graph- Gradient-based
9 Transformer folding
& templates

= ==

P v, ; 2
"))\ SE(3)-Transformer [
3D track Full atom model

CASP14 targets c

BAKER-ROSETTASERVER

CAMEO targets

RoseTTAFold
Zhang-server

Robetta
BAKER (human)

2-track (pyRosetta) IntFOLD6-TS

RoseTTAFold (end-to-end)

BestSingleTemplate
RoseTTAFold (pyRosetta)

AlphaFold2 (human) SWISS-MODEL

40 50 60 70 80 90 100
TM-score

55 60 65 70 75 80 85
TM-score

Baek, M.; DiMaio, F.; Anishchenko, I.; Dauparas, J.; Ovchinnikov, S.; Lee, G. R.; Wang, J.; Cong, Q.; Kinch, L. N.; Schaeffer, R. D.; Millan, C.; Park, H.; Adams, C

Glassman, C. R.; DeGiovanni, A.; Pereira, J. H.; Rodrigues, A. V.; van Dijk, A. A.; Ebrecht, A. C.; Opperman, D. J.; Sagmeister, T.; Buhlheller, C.; Pavkov-Keller, T
Rathinaswamy, M. K.; Dalwadi, U.; Yip, C. K.; Burke, J. E.; Garcia, K. C.; Grishin, N. V.; Adams, P. D.; Read, R. J.; Baker, D.

Accurate Prediction of Protein Structures and Interactions Using a Three-Track Neural Network. Science 2021, 373 (6557), 871-876.
https://doi.org/10.1126/science.abj8754.
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Ml ColabFold

a b

Interface

Web browser

Command line

MSA generation
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Abstract

ColabFold offers accelerated prediction of protein
structures and complexes by combining the fast
homology search of MMseqs2 with AlphaFold2 or
RoseTTAFold. ColabFold’s 40-60-fold faster search
and optimized model utilization enables prediction of
close to 1,000 structures per day on a server with one
graphics processing unit. ...

Mirdita, M.; Schiitze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M.
ColabFold: Making Protein Folding Accessible to All.
Nat Methods 2022, 19 (6), 679—-682. https://doi.org/10.1038/s41592-022-01488-1.
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Bl OmegaFold

A e —

(e[v]ols|e[a]—
Single Primary Protein
Sequence Only Language » | Geoformer . Sht,;'ggm;e
No MSA Model LA (8 layers)
EVQSGAEAGSQV (OmegaPLM) .
Predicted
. Structure
o T ! B Inconsistent _(?:c;n{sisiéni TN Updated N
| , o ©
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| Pretrained with . o = v ] B \ Smoothing \\\ ] v
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Database E' — s ||"Embedding _» — 5| Embedding
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a ik N

Wu, R.; Ding, F.; Wang, R.; Shen, R.; Zhang, X.; Luo, S.; Su, C.; Wu, Z.; Xie, Q.; Berger, B.; Ma, J.; Peng, J.
High-Resolution de Novo Structure Prediction from Primary Sequence. bioRxiv July 22, 2022, p
2022.07.21.500999. https://doi.org/10.1101/2022.07.21.500999.
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ESMFold

A Prefrained via

Masked LM

/ Pairwise
(producl ! it H Transmon =3

(oooooooo}— Recycing
b Update
|ﬁerence
ﬁ Pair Rep
Ia Folding Structure
Trunk Module ' Predicted -

truct d -
Sggr?lil:jr:ni; I:)_Se Re i Transition

8 blocks q Rep & )

48 blocks

Folding Block

[DDDDDDDD)

Lin, Z.; Akin, H.; Rao, R.; Hie, B.; Zhu, Z.; Lu, W.; Smetanin, N.; Verkuil, R.; Kabeli, O.; Shmueli, Y.; dos
Santos Costa, A.; Fazel-Zarandi, M.; Sercu, T.; Candido, S.; Rives, A.

Evolutionary-Scale Prediction of Atomic Level Protein Structure with a Language Model,

preprint; Synthetic Biology, 2022. https://doi.org/10.1101/2022.07.20.500902.

* Bez explicitni MSA
 Méné presna predikce, ale priblizné 60x rychlejsi
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Bl AlphaPulldown

seguences —_— —_
* protein_1.pkl o
64 Graphical summary

MSA
generation s‘ - (Jupyter notebook)
> / \ pulldown mode homo-oligomer pyt
- —_— mode alpha-analysis.sif

\ Temp'i:e ﬂrotein_zpkl 0.0 —H ¢ :0 >
searc *4 —_> —>
e DROATE IS+
create_individual_features.py *00 & o

—— \ / \ create_notebook.py
.\, . voos >
ann —’ ”
0: *>

L 4
“ all_vs ‘aﬁ Iptm
custom mode _Ve_ iptm + ptm Tabu_lar summary
mode Pl-score with scores
mpDockQ/pDockQ

protein_n.pkl run_multimer_jobs.py

Yu, D.; Chojnowski, G.; Rosenthal, M.; Kosinski, J. AlphaPulldown—a Python Package
for Protein—Protein Interaction Screens Using AlphaFold-Multimer. Bioinformatics
2023, 39 (1), btac749. https://doi.org/10.1093/bioinformatics/btac749.
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Wl Kliicové technologie .

Alphafold JAX (Google)

Colabfold JAX

Omegafold pyTorch (Meta Al)*

ESMFold pyTorch*
twitter.com:

What pretty much everyone already knew was gonna happen, is now happening
-- JAX is being gradually rolled out to replace TensorFlow (at least for internal

use at Google). After losing out to PyTorch, Google is quietly moving to roll out a
new Al framework internally called JAX.

dalsi cteni:
https://www.semianalysis.com/p/nvidiaopenaitritonpytorch

*) nepodporuje rezim "Unified memory"
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Databaze
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[l Databize predikovanych strukEUFE.

https://alphafold.ebi.ac.uk/

AlphaFold DB poskytuje pristup k vice nez 200 miliontim predpovédi struktury
proteinu a urychluje tak védecky vyzkum.

https://esmatlas.com/

Metagenomicky atlas ESM obsahuje vice nez 700 milionti pfedpovézenych
proteinovych struktur a odhaluje metagenomicky svét doposud nepoznanym
zpUsobem.
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Kde spoustet predikce
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[l Where to Run Alphafold?

» Jakdkoliv vypocetni instance s GPU akceleratory*,**
» NCBR
» CEITEC
» MetaCentrum (https://wiki.metacentrum.cz/wiki/AlphaFold)
> T4l
» Webové sluzby
» CERIT-SC cloud

» ColabFold on Google Colaboratory (a proprietary version of Jupyter Notebook hosted
by Google)

*) je vyZzadovdna zdkladni prace v linuxovém prostredi
**) ESMFold funguje i bez GPU
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l NCBR & MetaCentrum (|

» alphafold je dostupny na klastrech WOLF and SOKAR
» MetaCentrum s aktivovanym prostiednim Infinity

Dotazy a hlaseni problém: support@Ilcc.ncbr.muni.cz

Pfiprava a zasilani uloh je jednoducha:

S module help alphafold

jeden retézec komplex

#!/usr/bin/env infinity-env

#!/usr/bin/env infinity-env

> chain A
sequence
> chain B
sequence

# activate the module
module add alphafold:2.3.1

# activate the module
module add alphafold:2.3.1

# run af2
alphafold -f multimer.fasta -m multimer

# run af2
alphafold -f single.fasta

p chain A

sequence

C2138 Pokrocila bioinformatika




problémy se vejdou do paméti procesoru
(pomalé vykondvani, nadmérné prenosy
dat mezi paméti GPU a CPU)

nemozné

problémy velké problémy

malé problémy

problémy nelze provést, problémy se vejdou
je zapotrebi lepsi HW do paméti GPU
(rychlé provadéni)

moderni GPU podporuji model Unified Memory,
ktery umoznuje vyuZzivat vice paméti, nez je na GPU
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REQ GPU RAM < CPU RAM

nemozné

problémy velké problémy

malé problémy

REQ GPU_RAM / GPU_RAM Example: 100 GB / 8 GB (round up)

b

export XLA PYTHON CLIENT MEM FRACTION=13
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CERIT-SC Cloud

https://alphafold.cloud.e-infra.cz

» free for academics, log in via e-INFRA account
» contact: support@cerit-sc.cz

cerit

sc|ent|f|c cloud Docs: https://docs.cerit.io/docs/alphafold.html

Compuhe View Results Running Jobs View CIF Protein
Protein name exponential-portal
=5Sequencel
Proteins
.
Max template date 2020-05-14
DB Preset full_dbs v
Model Preset monomer v
Precomp MSAS True False
Predictions per model 5 -
Run Relax True False
Make results public True False

E-mail (if you want to be notified w...

C2138 Pokrocila bioinformatika




Ml ColabFold

Making Protein folding accessible to all via Google Colab!

Notebooks monomers complexes mmseqs2 jackhmmer templates
AlphaFold2_mmseqs2 Yes Yes Yes No Yes
AlphaFold2_batch Yes Yes Yes No Yes
AlphaFold2 (from Deepmind) Yes Yes No Yes No

BETA (in development)

notebooks
Source code: RoseTTAFold Yes No Yes No No
https://github.com/sokrypton/ColabFold » ESMFold Yes Maybe No No No
OmegaFold Yes Maybe No No No

OLD retired notebooks

AlphaFold2_advanced Yes Yes Yes Yes No
AlphaFold2_complexes No Yes No No No
AlphaFold2_jackhmmer Yes No Yes Yes No

AlphaFold2_noTemplates_noMD

AlphaFold2_noTemplates_yesMD
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Coming soon ....

Planuje se workshop, kde se budou podrobné ukazovat jednotlivé
moznosti spousténi software pro predikce struktur proteind.

C2138 Pokrocila bioinformatika




C2138 Pokrocila bioinformatika




[l Provedte predikci struktury

wolf:/home/kulhanek/Documents/C2138/01.colabfold

I.  Pomoci Colabfoldu provedte predikci 3D struktury proteinu z primarni sekvence pro
PDB ID: 3C1E

vytvoreni adresare pro ulohu (mkdir)
stazeni sekvence proteinu (FASTA format) z PDB (wget)
vytvoreni skriptu popisujici ulohy (vi, bash :-)
zarazeni Ulohy do davkového systému (psubmit)
monitorovani priibéhu vypoctu (pinfo)
analyza vysledk

1. co je to MSA pokryti?

2. cojetoplLDDT?

3. cojeto PAE?

ok WwWwNE

Il. Porovnejte predikovanou a experimentalni strukturu v programu pymol.

lll. Z predikované struktury ve formatu PDB vyextrahujte residua jejichz pLDDT je vétsi nez
95.0 a ulozte ve formatu PDB. Hodnota pLDDT je v PDB souboru uvedena na misté pro
hodnotu B-faktoru. (HW: awk nebo python)
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l Provedte predikci stru

Cislo ukolu

1)
1)
2)
3)
4)
S)

vr v v n

wolf:/home/kulhanek/Documents/C2138/01.colabfold

mkdir 0l.colabfold
cd 0l.colabfold
wget https://www.rcsb.org/fasta/entry/3ClE -O input.fasta
cp /home/kulhanek/Documents/C2138/01.colabfold/run prediction ./
psubmit default run prediction ngpus=1 mem=100gb
pinto
run_prediction

terminal, prikazova radka :-)

#!/usr/bin/env infinity-env

# activate the module
module add colabfold

# run cf
colabfold batch input.fasta output --host-url=http://mmseqgs.cerit-sc.cz:8080

vstupni zadani ve FASTA formatu

> label

adresar s vyslednymi predikovanymi daty

XXXXXX (sekvence AK)
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