AlphaFold — how machine learning
changed structural biology forever (or
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And the winner of the 13th CASP Awards is...
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Article | Published: 15 January 2020

Improved protein structure prediction using
potentials from deep learning

Andrew W. SeniorEI Richard Evans, John Jumper, James Kirkpatrick, Laurent Sifre, Tim Green, Chongli Qin,

Augustin Zidek, Alexander W. R. Nelson, Alex Bridgland, Hugo Penedones, Stig_Petersen, Karen Simonyan,

Steve Crossan, Pushmeet Kohli, David T. Jones, David Silver, Koray Kavukcuoglu & Demis Hassabis

Nature 577, 706-710 (2020) ‘ Cite this article

Jan Gebauer

Interstingly, Google seems to have beaten all the established researchers
on structure prediction. However, haven't found any scientific pub yet.
Curious if it's better method or "just" more resources.

Google's DeepMind predicts 3D shapes of proteins
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Jan Gebauer

s homepage - however, there



And the winner of the 14th CASP Awards is...

100 —

CASP14Y

Critical Assessment of
protein Structure Prediction

GDT_TS, %

80 +

60

40

20 H

CASP13
——CASP1
——CASP3

CASP5
—— CASP7
——CASP9
—— CASP11
——CASP13
~ CASP14_serv

——CASP2

CASP6

®,
‘ o G
O CASP14 \
CASP4 \ ~3a

—— CASP8
——CASP10

e CASP12
—CASP14

——— CASP14_w/0427

Easy

Target Difficulty

Difficult




And the winner of the 14th CASP Awards is...
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folding problem,” a task that has bedeviled
than 50 years.

transform biology, say scientists.

By Ewen Callaway
v f

SPIEGEL Science
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Homepage > Science > Nature > Nobel Prize in Chemistry > AlphaFold: Should this machine get the Nobel Prize?

KI-System AlphaFold

2 Should this machine win the Nobel Prize?

The most important discovery of the past year in the field of chemistry was made by
software. There should be a Nobel Prize for that. The only question is: to the artificial
intelligence - or to its programmers?

Von Johann Grolle
October 4th, 2022, 12:15 a.m + aus DER SPIEGEL 40/2022
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Home page » IT/Tech » AlphaFold 2: Everyone can now fold proteins

OPEN-SOURCE-SOFTWARE

Anyone can now fold
proteins

Last year, AlphaFold 2 made a breakthrough on one of the most
important problems in biology. Now anyone who wants can use the Al
software. And it's free of charge.

von Ewen Callaway

https://www.spektrum.de/news/alphafold-2-jeder-kann-jetzt-proteine-falten/1896928



The End Is Nigh ...
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already based

\\,

entirely new f

Does the advent of machine learning mean
the classic methodology of hypothesise,
predict and test has had its day?

by Laura Spinney

@ https://www.spiegel.de/wissenschaft/lernende-maschinen-google-greift-nach-dem-leben-selbst-a-47424e26-a39d-4d62-9a89-bc06cd4647c0
@ https://www.theguardian.com/technology/2022/jan/09/are-we-witnessing-the-dawn-of-post-theory-science
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What are proteins?



What are proteins?

Coffee
Nutrition Facts

Serving size 100 g
Calories

Total Carbohydrate
Total Fat

Protein

Niacin

Potassium

Sodium

Selenium

% Daily values (DV) are based on a 2000 calories Diet.
DV may be higher or lower depending on your calorie needs

2 kcal
03g
Og
O.1lg
0.2 mg
30mg
4mg
0.1pg

DV
2%
0%
0%
0%
1%
1%
0%
0%

Nutrition Fact

Serving Size 8 fl. oz. (240 mL)

Servings Per Contalner 2 — |

Calori a4

/‘V]’“ i

% Dally 34

Total Fat F3] |
%

Sodium 75mg

Total Carbohy
Sugars 169

Protein 0g

Calcium 2% ,_Iron®® i B
Not a significant SOUTCe of 1

fat, saturated fat, trans fat, ¢
die’lary fiber, vitamin A, 3
“Percent daily values ¢

calorie diet.

@ https://drlogy.com/food-facts/ @ https://www.walmart.com/ € https://www.club-mate.de

THIN CRUS
PIZIA

CURED
lF",QPPERONI

0 INIRED FEPPEON

289 79

7 CARSS

NutritionFacts

2 servings per container
Serving size

1/2 pizza (162g)

Per serving Per container
Calories | 340 690
% DV* % DV*
Total Fat 21g 27% | 429 54%
Saturated Fat 8g 38% | 159 76%
Trans Fat Og 0.5g
Cholesterol 50mg 17% | 100mg 33%
Sodium 950mg 41% | 1900mg 83%
Total Carb. 259 9% | 509 18%
Dietary Fiber 19g 68% | 38¢ 136%
Total Sugars 49 79
Vitamin D 0.1mcg 0% | 0.2mcg 2%
Calcium 440mg 35% | 870mg 70%
Iron 1.2mg 6% | 2.4mg 15%
Potassium 350mg 8% | 700mg 15%

nutrition advice.

* The % Daily Value (DV) tells you how much a nutrient in a serving of
food contributes to a daily diet. 2,000 calories a day is used for general



https://drlogy.com/food-facts/
https://www.walmart.com/ip/Quest-Thin-Crust-Pizza-High-Protein-Flourless-Uncured-Pepperoni/631331370
https://www.club-mate.de/

What are proteins?

Proteins serve as both the toolkit and the building blocks of your body

@ Wikipedia / Kelvin Song / CCO



What are proteins?

Proteins are the tool set (and the building blocks) of your body...
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@ chatGTP / Dall-E @ Arousaland / Pixabay



How can we understand protein function?

Three “low-res” protein structures (~ 8A):

Motor-domain
(ATPase?)

linker

Effector-domain
(Protease?)

Function: Mixing / Blending



How can we understand protein function?

Three “high-res” protein structures (~ 2A):

Motor-domain
(ATPase?)

linker

Effector-domain
(Protease?)

2A =0.2 nm=0.2 x 10° m (1/1°000°000’000) or 1A roughly the distance of two atoms in a molecule



Structures equals functions...




Structures equals functions...

bestron hand blender
»ASM 250 Z«, 250 W,

besTROY hand blender with 2
speed levels

e Hand blender ideal for making soups,
shakes, sauces or other dishes

@ © Bestron Concept Company @ https://www.otto.de/ [automatically translated]



https://www.otto.de/p/bestron-stabmixer-asm-250-z-250-w-puerierstab-mit-2-geschwindigkeitsstufen-C1734650054/

Structures equals functions...




Structures equals functions...

PRO
Sc,g” tirc Call us today! 203-267-4600

Shop Products Homogenizer Applications

Home > Rotor-Stator Homogenizers

Deluxe Plus CBD Homogenizing Package

e Deluxe+ CBD cannabis homogenizing
package perfect for all varieties of CBD,
cannabinoid and cannabis homogenizing in
medium-large beakers & gallon containers

Smooth ies CBD ol @ © Pro Scientific, USA (https //proscientific.com)



https://proscientific.com/tube-to-beaker-homogenizer-kits/deluxe-cbd-homogenizing-package/

Structures equals functions...

a Collomix North America
hitps://www.collomix.com » produkte » xo1r-ruehrwerk

Compact agitator for mortar, glue, spatula | Xo 1 R

The Xo 1 R is a particularly light 1-speed agitator for stirrers up to 120 mm and smaller
mixing quantities. Compact and yet powerful, this is how the Xo supports...

@ © Collomix @ Google search results for Collomix Xo 1R [auto-translated]



https://www.collomix.com/

Structures equals functions...

If we know the structure,
we can (often) infer the function!

Structure

Function




How are proteins build?

Proteins are long chains build from only 21 different building blocks (amino acids)
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https://commons.wikimedia.org/wiki/File:Molecular_structures_of_the_21_proteinogenic_amino_acids.svg
https://creativecommons.org/licenses/by-sa/3.0/deed.en

How are proteins build?

Proteins are long chains build from only 21 different building blocks (amino acids)
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Let’s simplify , down to six...

@ Amino acids by Dan Cojocari / CC-BY SA


https://commons.wikimedia.org/wiki/File:Molecular_structures_of_the_21_proteinogenic_amino_acids.svg
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Different combinations give different structures.

Other protein, e.g. electric conductor from the brain.

=

... they form complicated specific (!) “knots”



How do they “really” look?

“Cartoon”




Different representation for different questions...




Different representation for different questions...




Different representation for different questions...




Different representation for different questions...




Different representation for different questions...




Obviously they are much bigger...
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Abraham E, [...] Gebauer JM, JBC 2021 https://doi.org/10.1016/}.jbc.2021.101169



https://doi.org/10.1016/j.jbc.2021.101169

Obviously they are much bigger...

°
Abraham E, [...] Gebauer JM, JBC 2021 https://doi.org/10.1016/}.jbc.2021.101169



https://doi.org/10.1016/j.jbc.2021.101169

Amino acid “interactions” define the structure

Sequence Structure

Structure Function




Amino acid “interactions’ define the structure

Sequence

Structure

Function

sequence-structure-function



How useful Is structural biology?
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@ lllustration by David S. Goodsell, RCSB Protein Data Bank. doi: 10.2210/rcsb_pdb/goodsell-gallery-033



Understanding our basic physiology

@ Abraham E, [...] Gebauer JM, JBC 2021 https://doi.org/10.1016/j.jbc.2021.101169 @) Bella et al Biochem J Volume 473 Issue 8 2016 1001-1025 https://doi.org/10.1042/BJ20151169



https://doi.org/10.1016/j.jbc.2021.101169
https://doi.org/10.1042/BJ20151169

Understanding our basic physiology

@ Photographs by Gnangarra @ commons.wikimedia.org @ Ra Boe, Seilerei fuehrungsdorn 01, CC BY-SA 2.5



Understanding diseases (and how to treat them)

@ Yao, H., et al. (2020) Molecular architecture of the SARS-CoV-2 virus. Cell 183, 730-738. @ lllustration by David S. Goodsell, RCSB Protein Data Bank; doi: 10.2210/rcsb_pdb/goodsell-gallery-026



Understanding diseases (and how to treat them)

SARS-CoV-2

B

by “The Animation Lab” @ UTAH Univesity https://animationlab.utah.edu /


https://animationlab.utah.edu/
https://vimeo.com/491949689/db7f76616b

@ Matthias Mérgelin, Colzyx Sweden
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How do we determine these structures?

@ Matthias Mérgelin, Colzyx Sweden



Experimental methods




Experimental methods




Protein crystallography

Data

Target Purification Crystallisation X-Rays
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Protein crystallography

Data
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How does AlphaFold work?



Protein sequences changed over evolution

2 8 & Y 8 S



A typical ,,well-conserved® protein
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Important residue pairs should co-evolve
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Important residue pairs should co-evolve
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A 2D representation of a 3D world
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A 2D representation of a 3D world
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A 2D representation of a 3D world
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A 2D representation of a 3D world
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A real map




The data source
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One entry ...

% 213,818 Structures from the PDB
E v 3D Structures @ Enter search term(s), Entry ID(s), or sequence Include CSM @
PROTEIN DATA BANK 1,068,577 Computed Structure
(e (esd) Advanced Search | Browse Annotations Help

Al @PDEB #0vnoreore B NAKB @5 yvos € PDB-Dev

Structure Summary Structure Annotations Experiment Sequence Genome Versions
. . I Display Files ~ @ Download Files ~ |RsIoEiZR]
¢ Boogessamys@ Y [ Bospiy es - @ counoms e~

d /BDU

Crystal structure of a Hsp47-collagen peptide complex

PDB DOI: https://doi.org/10.2210/pdb7BDU/pdb

Classification: CHAPERONE

Organism(s): Canis lupus familiaris, Homo sapiens
Expression System: Escherichia coli

Mutation(s): No @

Deposited: 2020-12-22 Released: 2021-11-10
Deposition Author(s): Abraham, E.T., Gebauer, J.M., Baumann, U.
Funding Organization(s): German Research Foundation (DFG)

Experimental Data Snapshot wwPDB Validation @ & 3D Report || Full Report

Method: X-RAY DIFFRACTION Metric Percentile Ranks Value
& Explore in 3D: Structure | Sequence Annotations | Resolution: 2.49 A R — 0 v
Electron Density | Validation Report R-Value Free: 0.267 Clashseore 0 .
Global Symmetry: Asymmetric - C1 @ ﬁ.;v/:x gs:;,fe? g 290 Ramachandran outlicrs IS (— o.1%
Global Stoichiometry: Hetero 4-mer - A381 @ Sidechain outliers IS r— o

RSRZ outliers I ] P 3

Pseudo Symmetry: Asymmetric - C1 @ S - Fe
Pseudo Stoichiometry: Hetero 4-mer - A2B1CT @ (] Percenti rlative to X-ray structares of similr resolution

Local Symmetry: Helical - H € (Explore in 3D)

Local Stoichiometry: Homo 3-mer - A3 o This is version 1.1 of the entry. See complete history.



The neuronal network
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@ Jumper et al Nature (2021) https://www.nature.com/articles/s41586-021-03819-2
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The neuronal network
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Gathering the data...
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Searching for templates
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The neuronal network
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Modelling the restrains as a ,,protein gas*“

Recycling iteration 0, block 01
Secondary structure assigned from the final prediction



The neuronal network
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A simple case
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A little more complicated
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A little more complicated
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A little more complicated
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Let’s have a closer look
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Hacking the network

_ Minkyung Baek
(4 Yoshitaka Moriwaki - @minkbaek
/' @Ag_smith
Adding a big enough number for "residue_index" feature is enough to
the two sequences you want to predict and connect them with a long model hetero—f:omplex using Alpl.waFoI.d (green&(?y{an: .Crystal structure /
linkar: magenta: predicted model w/ residue index modification).

st ilnsiaiiiniin #AlphaFold #alphafold2

AlphaFold2 can also predict heterocomplexes. All you have to do is input

cle 1 (RMSD=1.94). Reset Zoom Orient Draw/Ray

e Srle & (R 6. e Desct ock_Get v to residue i1index
< < Stop £} lear

e 4 (RMSD=1.42).

atom
atoms rejected during cycle 5 (RMSD=1.32)

- ullder Properties ebuil ™ .
: = 1.303 (210 to 210 atoms) i
'ou clicked /3kud/A/A/LEU"56/CA [- e S 1 u e 1 n e X

R { A il
! Ny /
~ ! [ e,
1 116 121 ‘\ ==1 ‘| £

# add big enough number to residue index to indicate chain breaks
idx_res = feature_dict['residue_index']
L_prev = 0
# Ls: number of residues in each chaif o
for L_1 in Ls[:-1]:
idx_res[L_prev+L_1i:] += 200
L_prev += L_1i
feature_dict['residue_index'] = idx_res

all Als|
ranked_0 11 als|
=

[ </m>» > wlvE

12:07 nachm. - 19. Juli 2021



All at your fingertip(s) ...

s Sergey Ovchinnikov ™= h d
v @sokrypton nature met 0 S
ColabFold AlphaFold2_advanced, now supports higher-orde
homo/hetero-complexes (or however number you can fitint. ~ Explore content ¥ About the journal v  Publish with us v

9

WARNING: #alphafold was only trained and validated on sin nature > nature methods » brief communications > article
(monomers). Modeling complexes is an unintended use case

experimental!
Post libersetzen Brief Communication ‘ Open access ‘ Published: 30 May 2022

._ptm_seed 0 recycles:3 tol:0.19 plddt:

- ColabFold: making protein folding accessible to all

Milot Mirdita E, Konstantin Schitze, Yoshitaka Moriwaki, Lim Heo, Sergey Ovchinnikov ™ & Martin

SteinegggE
i Nature Methods 19, 679-682 (2022) | Cite this article
Wﬂ 137k Accesses | 1732 Citations ‘ 415 Altmetric ‘ Metrics

10:18 nachm. - 8. Aug. 2021

https://qgithub.com/sokrypton/ColabFold
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How did It change Structural Biology?



Mostly it’s very good

@ Gebauer and others (unpublished structure)



Sometimes it’s wrong

@ Gebauer and others (unpublished structure)



Sometimes it’s very wrong...

@ nhttps://alphafold.ebi.ac.uk/entry/P02452



Helpful for Experimentalists

\ computer structure
0 ; :

@ CC-BY Martin Martinez Ripoll & Félix Hernandez Cano / Spanish National Research Council (CSIC) / Libre Texts Crystallography in a Nutshell



Helpful for Experimentalists

Use the prediction as initial solution
and correct the errors



Integrative modelling building

AlphaFold

. E—
SClence Current Issue First release papers Archive About v |j\ Submit manus

HOME > SCIENCE > VOL.376, NO. 6598 > STRUCTURE OF CYTOPLASMIC RING OF NUCLEAR PORE COMPLEX BY INTEGRATIVE CRYO-EM AND ALPHAFOLD

@ | SPECIAL ISSUE RESEARCH ARTICLE = NUCLEAR PORE COMPLEX f ¥ in & % =

Structure of cytoplasmic ring of nuclear pore complex
by integrative cryo-EM and AlphaFold

PIETRO FONTANA , YING DONG, XIONG PI , ALEXANDER B. TONG , COREY W. HECKSEL , LONGFEI WANG , TIAN-MIN FU , CARLOS BUSTAMANTE, AND

HAO WU Authors Info & Affiliations

SCIENCE - 10Jun 2022 - Vol 376, Issue 6598 - DOI: 10.1126/science.abm9326

& 12161 99 32 ‘ O m

Combined model

@ Fontana P et al.. Science (2022) https://doi.org/10.1126/science.abm9326
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@ Agnieszka Obarska-Kosinska



What it cannot do

Can’t predict effects of single mutations (yet?)
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What it cannot do

Can’t predict effects of single mutations (yet?)
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What it cannot do

Can’t predict effects of single mutations (yet?)
o = L BN
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What it cannot do

Can’t predict effects of single mutations (yet?)
Often not good enough for docking (yet)

@ CC-BY SA Scigenis @ wikicommons



https://commons.wikimedia.org/w/index.php?title=User:Scigenis&action=edit&redlink=1

What it cannot do

Can’t predict effects of single mutations (yet?)

Often not good enough for docking (yet)
You can never be sure (as it's only a prediction!)

nature methods

Article https://doi.org/10.1038/s41592-023-02087-4

AlphaFold predictions are valuable
hypotheses and acceleratebutdonotreplace
experimental structure determination
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nature methods

Explore content ¥  About the journal ¥  Publish with us v

nature > nature methods > articles > article

Article ‘ Open access ‘ Published: 30 November 2023

AlphaFold predictions are valuable hypotheses and

acceleratebi [ | we suggest considering AlphaFold predictions as

determinatic exceptionally useful hypotheses. We further suggest that it is

Thomas C. Terwiliger™, fMpoOrtant to consider the confidence in prediction when

“roon PavelAlonie interpreting AlphaFold predictions and to carry out experimental

nature Methods 2023) | Structure determination to verify structural details, particularly
those that involve interactions not included in the prediction.

@ Fontana P et al.. Science (2022) https:/doi.org/10.1126/science.abm9326
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Exciting times ahead of us

Has Alphafold changed structural biology forever?

So structural biology has been greatly advanced by these new tools. But it has not been outmoded,
replaced, or rendered irrelevant. It's more relevant than ever, and now we can get down to even bigger
questions with it.

Derek Lowe

@ https:/iwww.science.org/content/blog-post/more-protein-folding-progress---what-s-it-mean
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Fun & Games

Corona Virus Animation ColabFold — Fold your own proteins

What’s about ColabFold?



