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nature * news * article

‘It will change everything’: DeepMind’s Al
makes gigantic leap in solving protein
structures

Google’s deep-learning program for determining the 3D shapes of proteins
stands to transform biology, say scientists.

‘It will change everything’: DeepMind’s Al makes gigantic leap in solving protein structures
https://www.nature.com/articles/d41586-020-03348-4



AlphaFold2®) 15 5 i 11

2020511830H

SurmiZscone =007}

2

T
=1

220

200

180

180

140

120

100

20

Global distance test
(GDT_TS; average)

(A NOBUREETAIYARTF oS3y |
=1==) o o
A AIphaFoIdZ CASPI4D#ERMNEKRIND
(DeepMindit) David Bakerfth. &727c23F—L%=ZHINZ T
ANV D LD, )

David Baker lab
/ David Baker lab
/ Michael Feig lab

https://predictioncenter.org/caspl4/

80 GDT7T51@h\ .....................................
90 E(CIrd &
EEI(ORESNZ | AlphaFold

60| S & (F(EFEM p\

T1037 / 6vr4 T1049 / 6yaf
Q= - - - - - - 90.7 GDT 93.3 GDT
2006 2008 2010 2012 2014 2016 2018 2020 (RNA polymerase domain) (adhesin tip)




AlphaFold2D) &i5

Institute of
SCIENCE
TOKYO

2021%F7H16H [ AlphaFold2®Nature

Article

Highly accurate protein structure prediction
with AlphaFold

https://doi.org/10.1038/541586-021-03819-2

Received: 11 May 2021

Accepted: 12 July 2021

Published online: 15 July 2021

Open access

% Check for updates

@_T_L‘L_<

input sequence

genetic
database

structure
database

f—p‘o ‘..:71»1 * — TeTate

Evoformer
(48 blocks)
£ ! 4 ! 3 I L'} I T [ ] I [ ] I I
IE I pair pair
“ | representation —p —» " | representation| —»-

John Jumper**=, Richard Evans", Alexander Pritzel'*, Tim Green'*, Michael Figurnov'?,
Olaf Ronneberger'*, Kathryn Tunyasuvunakool', Russ Bates'*, Augustin Zidek™*,

Anna Potapenko', Alex Bridgland'*, Clemens Meyer'*, Simon A. A. Kohl*4,

Andrew J. Ballard, Andrew Cowie', Bernardino Romera-Paredes', Stanislav Nikolov",
Rishub Jaln'4, Jonas Adler', Trevor Back', Stig Petersen’, David Relman’, Ellen Clancy’,
Michal Zlelinskl', Martin Stelnegger>®, Michalina Pacholska', Tamas Berghammer',
Sebastlan Bodenstein', David Silver', Oriol Vinyals', Andrew W. Senlor', Koray Kavukcuoglu',
Pushmeet Kohll' & Demis Hassabls™*=<

;representation‘ - —
D “oim | >

(rrc) (rrc)

templates

Y

Structure
module
(8 blocks)

SO/ N\
uFFHY.L\FJIﬁ ] Jumper J, et al. Nature, 2021.

High
confidence

3D structure

\:[ «— Recycling (3 times)




Institute of
S s 13

AlphaFold2 5

3. Structure

1. Embedding 2. Evoformer
N\ N
p [ﬁp tr4o4 91 s —_— EEREE: r—— N High
- @ @ | e ) - confidence
. o 2 05 1 _ 0 : A
|| genetic |y @ 21494 {-l?—*@ repreéent)atlon — ML
databa i G,
:lectle 44 R — SR
MSA
- E Structure
brireit gt
input sequence (8 blocks) | |
‘
air air
—_— > " representation — - representation i 3D structure
- (rre) (rr.c)
em+q TR - =
search
\ templates \ / K “, I j
« Recycling (3 times) 1

E[ITransformerX—XDFERB= 1 —J LYy I —=JFTII

o ANERFH 5 H#EE E TEnd-to-End THEHE

> AlphaFold1TIda> 420 by 7 ZHEADFRZNNTITL. Rosetta TaiE1L
RUICZERHITS14 XY b (MSA) ZEE

> X247 Lax ST KRELESIDBICY L THE4EER

> Evoformer block TMSAD &
e 3DDEHREY a1—)L  Embedding, Evoformer, Structure

e RecyclingZOt XIZ & D FRIEEZ REL



Institute of

SCIENCE
TOKYO

14

Transformer& i

(Vaswani+, 2017)

Output
Probabilities
| Softmax ]
1
|l  Linear |}
4 N\
Add & Norm
Feed
Forward
4 1 N\ | Add & Norm F:
e & ST Mult-Head
Feed Attention
Forward 3 7 7 Nx
_l
Nix Add & Norm
f_>l Add & Norm | Masked
Multi-Head Multi-Head
Attention Attention
At At 4
— Y, \. — )
Positional ®_@ ¢ Positional
Encoding Encoding
Input Output
Embedding Embedding
Inputs Outputs

(shifted right)



AlphaFold2 HR#l®7AvYY g & 15

Y2 TW3Z & =ANE% Dembedding (denseXZ ~JL1L)

—————————————————————————————————————————————————————————————————————————————
-~

I" \
S PR
I 3] extra MSA '
: ‘@l | extra_msa_feat { Linearf —c_) | representation :
- @ (s,.nf) (s, 1. C,) :
' ]
e - ’J
| residue_index (r) relpos — (, T, C,) Extra
w R MSA
FE L ANILD KM Stack P
REBBRZ (RITF
pair
Linear f ¢, J—_outer sum )—(3)—>| epresentation R —> —
(I‘, h cz) A \ /
AHDT =) iy Main
@ | target_feat (r,f) | Linear f— c“)—(tile — (ST, cm))w R — E“s’ft:gk"er
MSA
£DMSA | representation
- e
e MSAY AT
SN %
Y, BODITTIBHR = 7Y \ )
:’ templa(tser_?lr}f)le_feat Linearf — c M relu {Linearc_—c,_ ‘|
: :
1
: !
) ]
E temp(lzfr-:rl_ﬁa;lr)_feat —{ embed — (r,r,C,) J—" :
| “ ‘
: 1
! 1
! ]
Y s, !

Bk TEERRZRELC 3717 TOKTY)



AlphaFold2 Evoformer70wy ¥ S i 16

Evoformer = Evolution (53FiE1t) D7=% DTransformer

» MSAD'5 D 43h
- Pair representationh 5 O FhH
- MSAY Pair representation TDIER3TH:

@ MSAFRRDIFEHIH

48 blocks (no shared weights) \’

@ BEATRAOTEHE

-------------------------------------------------------

Bk TEERRZRELC 3717 TOKTY)



AlphaFold2 Structure7Oy ¥ s 17

Evoformer G-l = H L IC. ZRENMNEZEH

..{ "
wr ;

Pall' Yok @ (] _m
representation wﬂ C
(rlrlc) -0 ‘
ot
[ ]
[ I 8 blocks (shared weights) ? —\
Predict X angles
{siHe S8 | and compute all
atom positions
] I ] I i J ‘
gfm @G - & SRR -
5 B | Predict relative | EBMEA@ MEx
TransformerT rotations and 8] REBER
5 —4y NRFIEREEI DL T % ;A ansiations
Tupdate P
- \°) \ & < - >
Backbone frames -
(r, 3x3) and (r,3) Backbone frames
(initially all at the origin) \_ (r. 3x3) and (r,3) J
YHBE (I TORENERICES Ti = Ti ° Tupdate
T = (I ﬁ) ( TiBx80] g rERIR)
T = ?

Bk TEERRZRELC 3717 TOKTY)



AlphaFold2 Structure7 0w -IPA module

Institute of

SCIENCE
TOKYO

18

Invariant Point Attention (IPA) moduleD#&3&

pair
representation
(rrc,)

( Single rep. (:6,)—<—Linear ¢, (o))

backbone frames
< (r, 3x3) and (r.3) '

"

v

pair bias

(—D-

P

Linear c,—h

L

[

(ryr, )

P values (r,hc) |

~—(Linear c_—{h,c) }

\J

~(Linearc_—+(h p,3)} >

|query pts. (in,p.3) [“

%\mar cm—.[h‘p_ab—ﬂ» key pts. (r,h,p,3) ljl -
~—{Linear c_—(h p',3)}—# value pts. (rh,p"3) [_ll -

coordinates in
local frames

e
i ——

o

</ dot-product 4

% Ty O () ——
q' v

squared
distance
affinities
(ryr,h)

key pis. r, h.p.3) |/

pair values
(rre,)

attention
weights.
(ryr,h)

2t

coordinates in the global frame

attention
weights
(rr.h)

- value pts. (r”,h,p',Slll

| outout (rhc,) |

Linear (h,c,)—C

= Y
|| (e 0, ) (| update i) |
4

| outpis. (rhp'3) [“

coordinates in
local frames

Bk THBESE /L 37219 TOKTY)



AL F—2 QN TIIEHET MRIEH MR S Fs 19

(MIT Sergey OvchinnikovERD X S R KD —EBEIZE) . .
https:/t.co/wjnw3uhMcV HEPRE RS

FRILIEWRONIBEDT = J BER

BFD,MGnifygUniRef & ot
(X2 VNS T) -
' HE(LEEART I, RS FTE<ICWBIET

Bc5DB

AlphaFold2DFAlisEZZ X5 T vt R

o EMTERERTHIULEBE L TELS ICAIE LT L (DCA) (20095F)

e MSARBZEDIE. X247/ LEFHISTETILEINBTRBEOEIHES & LU (20176F)
e TransformerzRN—X ¥ LT=EZBEZICED. DCAOZZ A= FAETILE L TER (20204F)



Institute of

AlphaFold20 &% e 20

2021%78H23H [ AlphaFold Database D235 ]

Article

Highly accurate protein structure prediction S _
for the human proteome

Tunyasuvunakool K, et al. Nature, 2021.

AlphaFold

.
https://dei.org/10.1038/541566-021-03628-1  Kathryn Tunyasuvunakool', Jonas Adler’, Zachary Wu', Tim Green', Michal Zielinskl', Protein Structure Database
Augustin Zidek', Alex Bridgland', Andrew Cowie', Clemans Meyer', Agata Laydon',
Received: 11May 2021 Sameer Velankar’, Gerard J. Kleywegt®, Alex Bateman®, Richard Evans', Alexander Pritzel' Deteioped by Deephiind and EMBL-EBI
Accepted: 16 July 2021 Michael Figurnov', Olaf Ronneberger', Russ Bates', Simon A. A. Kohl', Anna Potapenke’,
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d Ellen Clancy', David Reiman', Stig Petersen', Andrew W. Senior', Koray Kavukcuoglu', oy e A Hel
Open access Ewan Birney”, Pushmeet Kohli', John Jumper*** & Demis Hassabig"*
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| ™ | Check for updates
Species Common Name Reference Proteome Predicted Structures Download
Structure
Arabidopsis thaliana Arabidopsis UP000006548 & 27,434 Download (3642 MB)
L Model Confidence: -]
Caenorhabditis elegans Nematode worm UP000001940 & 19,694 Download (2601 MB)
Il very b pLODT > 90) &
Candida albicans C. albicans UP0O00000559 5,974 Download (965 MB) | Confidant (B0 = pLOOT =
70) a,
Danio rerio Zebrafish UP000000437 & 24,664 Download (4141 MB) Low (70 > pLDDT > 50)
Dictyostelium discoideum Dictyostelium UP000002195 & 12,622 Download (2150 MB) I very low (pLDOT < 50) s
AlphaFold produces a per
Drosophila melanogaster Fruit fly UP0000008B03 = 13,458 Download (2174 MB)
Escherichia coli E. coli UP000000625 & 4,363 Download (448 MB)
Glycine max Soybean UP000008827 & 55,799 Download (7142 MB)
Homo sapiens Human UP000005640 & 23,391 Download (4784 MB)
Leishmania infantum L. infantum UPCQ00008153 & 7,924 Download (1481 MB)
Methanocaldococcus jannaschil M. jannaschii UP000000805 & 1,773 Download (171 MB)
A LYS 1008
Mus musculus Mouse UP000000589 = 21,615 Download (3547 MB)
Mycobacterium tuberculosis M. tuberculosis UP000001534 & 3,988 Download (421 MB) it Ldentifier Methad Resoltion Chain Pl Lints
Oryza sativa Asian rice UPD00059680 & 43,649 Download (4416 MB) POB LKKX NMR A A05-508 PRE - RCSE-0pE - PDE) - POBZUM
Plasmodium falciparum P, falciparum UP000001450 & 5,187 Download (1132 MB)
POR KNS HMR A 405-506 BLS - RCSE-PDS - BLE] - PDBsum
Rafius norvegicus Rat UP000002494 21,97% Download (3404 MB)
POR I MM A 390-508 BCS - BLSE-PDE - BLE - BREsum
Saccharomyces cerevisiae Budding yeast UP000002311 &f 6,040 Download (960 MB)
Schizosaccharomyces pombe Fission yeast UP00D0002485 5,128 Download (776 MB) L wad & 2704 L 1-1914 ECD - RLSD-PDD - PO - POBSUM
Staphylococcus aureus S. aureus UPOD0008816 & 2,888 Download (268 MB) POR B L] 896 4 [} 1-1314 EDD - BCHL-PON - B0 + BRRsum.
Trypanosoma cruzi T. cruzi UP0D0002296 = 19,036 Download (2905 MB) =
POB rcay M .09 A 1 11314 PO - RCSI-PDD « PDB] « B i
Zea mays Maize UP000007305 & 39,299 Download (5014 MB)
Alphal ald AF-PORSST-FL Predicted 11314 adphaFoid

FFIRTODY )\ UBEBE T AERMNUNER



AlphaFold2i3 ¥ A B FRZITS5DD ? S e 21

) FHlIDERE
A Cytochrome P450 2C9 B Caspase-3 C  Calmodulin-1 .’Ver;hfhﬁ
(UniProt P11712) (UniProt P42574) (UniProt PODP23) (pLDDT>90)
, ~ confident
KR MESEI % (90>pLDDT >70)
DDTAME <[ low
?LLE[;T@E;’\ (70>pLDDT >50)

M very low
% (pLDDT <50)

S ICpLDDTAME gy

S>H2THNHY )
P 5 5 ZSBERENH BN
é}xuﬁfﬁtatpLDDTb\ﬁEQ@Db\B =oEE .q)
(RDBTHEWIFZEHZLY)
PAE PAE PAE
0 0 0
20
100/ 50
4] ] O 40
= = =
o S 100 o
g 200 B 3 °° Bt
LY U | -
o ko) o) sy N b .
0 @ 150 © SO DU R O RS R =
§p300 & &
e — = 100
< <C 200 <
400 120
e M e N, T 2 140
0 100 200 300 400 0 50 100 150 60 80 100 120 140
Scored residue Scored residue Scored residue

I
0 5 10 15 20 25 30

Expected position error (A)



Institute of
S foas 22

AlphaFold2D;ERHED

I (2021578~9A8)

AlphaFold2B:E T L 7 >

FTAF2 % A& % TransformericZE 25AA T

MNew Results DNA%“ = nB{_L%IEJJ A Follow this preprint
AlphaFold-aware prediction of protein-DNA binding sites using graph transformer

QianmuYuan, = Sheng Chen, Jiahua Rao, = Shuangjia Zheng, "= Huiying Zhao, "2 Yuedong Yang
doi: https://doi.org/10.1101/2021.08.25.457661 August 26’ 2021.

A Fallow this preprint

New Results rAF2*§é1$*§E%5ﬁu%E&EJ
Improved Docking of Protein Models by a Combination of Alphafold2 and ClusPro
Usman Ghani, Israel Desta, Alkhil Jindal, Omeir Khan, George Jones, Sergey Kotelnikov, ' Dzmitry Padhorny,

SandorVajda, 2 Dima Kozakov
doi: https://doi.org/10.1101/2021.09.07.459290 September 7, 2021.

— TAF2Z WA ARIFARIICEST=5
BWRELE o7l

A structural biology community assessment of AlphaFold 2 applications

A Follow this preprint

Mehmet Akdel, 2 Douglas EV Pires, & Eduard Porta-Pardo, ©& Jurgen Janes, @& Arthur O Zalevsky,
Balint Meszaros, 2 Patrick Bryant, & Lydia L Good, ©2 Roman A Laskowski, ') Gabriele Pozzati,
Aditi Shenoy, Wensi Zhu, 20 Petras Kundrotas, \©' Victoria Ruiz-Serra, Carlos HM Rodrigues,

J Alistair 5 Dunham, "2} David Burke, '2) Neera Borkakoti, SameerVelankar, '2 Adam Frost,
Kresten Lindorff-Larsen, Alfonso Valencia, ©2 Sergey Ovchinnikov, & Janani Durairaj, *2' David B Ascher,
Janet M Thernton, & Norman E Davey, (& Amelie Stein, &' Arne Elofsson, & Tristan | Craoll,

Pedro Beltrao
September 26, 2021.

doi: https://doi.org/10.1101/2021.09.26.461876

A Follow this preprint

NewRests  TAF2$ERIFBE TR ZHR

Improved prediction of protein-protein interactions using AlphaFold2 and
extended multiple-sequence alighments

P Bryant, "2 G. Pozzati, \=) A. Elofsson
doi: https://doi.org/10.1101/2021.09.15.460468

September 15,2021.

TAF2R 2V INDB-RTF RESH
Newkests  FEEFRIDR O FI—F V]

Can AlphaFold2 predict protein-peptide complex structures accurately?

A Follow this preprint

Junsu Ko, ©2 Juyong Lee
doi: https://doi.org/10.1101/2021.07.27.453972

July 28,2021.

4 |y \t — \)
MNew Results rAFz-C Iﬁﬁ*ﬁ)&@de nOVOT'U" ’r >J A Follow this preprint
Using AlphaFold for Rapid and Accurate Fixed Backbone Protein Design

2 Lewis Moffat, (& Joe G. Greener, & David T. jones
doi: https://doi.org/10.1101/2021.08.24.457549

August 26, 2021.

New Results rAF2 ‘;,n\zi w ﬁiﬁ (AAG ) %Ilﬂ] ‘;:H\EEFQ:‘i\LBPJPrint
Using AlphaFold to predict the impact of single mutations on protein stability and
function

Marina A. Pak, Karina A. Markhieva, Mariia 5. Movikova, Dmitry S. Petrov, llya 5.Vorobyev,

Ekaterina 5. Maksimova, &) Fyodor A. Kendrashov, & Dmitry N, lvankov
doi: https://doi.org/ 0.1 101/2021.09.19.460937 September 20, 2021.

IFABEIR T =T I NRXIT 1%
New Results 5/" i D iiw 5 h'c 7&: L\ ;J A Follow this preprint

Current protein structure predictors do not produce meaningful folding pathways
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Yoshitaka Moriwaki @Ag_smith - Jul 19
AlphaFold2 can also predict heterocomplexes. All you have to do is input
the two sequences you want to predict and connect them with a long

linker.
(% D#AlphaFold-Multimer L T
AFRICEDIAE . AlphaFold33X Tposts|H)

o Google DeepMind &

eil ins can be accurately predicted using AlphaFold, but
multi-chain protein complexes remain challenging. Introducing AlphaFold-
Multimer, a model that can predict the structure of multi-chain protein
complexes with increased accuracy
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e ColabFold

(Mirdita, et al. Nat Methods 2023) nature‘methods BRIEF CP%MEQJEQLI.SQ

AlphaFold2% Google Colab™T ———

- OPEN
J[EICFIHATES ColabFold: making protein folding accessible to all

| W W *ﬁ\i :EU ' )
( 3 7 ) / 7 T ;LD—%/" ° Milot Mirdita®"1°%2, Konstantin Schiitze ©2, Yoshitaka Moriwaki®34, Lim Heo®5,

Sergey Ovchinnikov®47°% and Martin Steinegger(®2821°%1
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co ©) AlphaFold2.ipynb ® onn & &
7L BE BT W W=l ALT '
= +3—F +FFAF ES4Ficae— e, T, - + Gemini ~
a v o gz 0@
v ColabFold v1.5.5: AlphaFold2 using MMseqgs2 N
{x}
Easy to use protein structure and complex prediction using AlphaFold? and Alphafold2-multimer. Sequence -
ez alignments/templates are generated through MMseqs2 and HHsearch. For more details, see bottom of the
o notebook, checkout the ColabFold GitHub and read our manuscript. Old versions: y1.4, v1.5.1, ¥v1.5.2. v1.5.3-patch
Mirdita M, Schiitze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M. ColabFold: Making protein folding
accessible to all. Nature Methods, 2022

> Input protein sequence(s), then hit Runtime -> Run all

© query_s : [ PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASK

* Use : to specify inter-protein chainbreaks for modeling complexes (supports homo- and hetro-oligomers). For example PI...SK:PI...SK for a homodimer

jobname: | test

num_relax: lo

« specify how many of the top ranked structures to relax using amber

template_mode: | none

* none = no template information is used. pdbl00 = detect templates in pdb100 (see notes). custom - upload and search own templates (PDB or mmCIF format, see notes)
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MACHINE LEARNING (Cheng, et al. Science 2023) nput
Accurate proteome-wide missense variant effect -
it 1 3 JVAMUNQTVATM Protein
prediction with AlphaMissense :
Jun Cheng*, Guido Novati, Joshua Pant, Clare Bycroftf, Akvilé Zemgulytét, Taylor Applebaumt, ' Missense CGG DA
Alexander Pritzel, Lai Hong Wong, Michal Zielinski, Tobias Sargeant, Rosalia G. Schneider, variant: JUAMVNRTVATM Protein
Andrew W. Senior, John Jumper, Demis Hassabis, Pushmeet Kohli*, Ziga Avsec*
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https://pubs.acs.org/doi/10.1021/acs.jcim.4c01193
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:;‘,0:4 eLife SHORT REPORT 8

eLife, 11:e75751, 2022.

Sampling alternative conformational

states of transporters and receptors
with AlphaFold2

Diego del Alamo'?, Davide Sala®!, Hassane S Mchaourab'*, Jens Meiler
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Similarity to inward-facing structure (TM-score) LAT1, inward-facing (PDB: 6IRSb) LAT1, outward-facing (PDB: 7DSQb)
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Abramson J, et al. (DeepMind, Isomorphic Labs, Stanford Univ, Princeton Univ)
Accurate structure prediction of biomolecular interactions with AlphaFold 3, Nature 630, 493-500, 2024.
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CASP16 (2024%) D#ER - Protein DomainsA5 3V

https://predictioncenter.org/casp16/index.cqi
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Brian Kuhlman,'"t Gautam Dantas,'* Gregory C. Ireton,*
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1 Backbone Design 2 Sequence Generation 3 Reprediction
Inputs
Update r’ ‘0352 ::::J; 7“?;_*5 Hag :;;’J Wpl’edict ESMFold /
dadsds b D] Alphafold2
G ProteinMPNN P
Qradlent Alphafold2 R
ﬂf 3; cfx :gi & 1l|:: M ﬁ ..MHGKL..
LLL e .MLGSL..
18 -07 1 06 -17 Flt b :
Usage of soluble weights L :ﬁﬁghguzgg QA I;,&Ey
P RMSD
Backprop k\ Loss ) Calculate All Atom Initialization pLDDT
L(x) = Ly ppr(x) + . ...
Rapid Prototyping . Complex Problems \ Large Designs
1 [ ]

Lossy, e = False Site Scaffolding

Frank C, et al. Scalable protein design using optimization in a relaxed sequence space. Science, 2024.
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AlphaFold2 outputs

— AlphaFold2 confidence —
[T
Target protein AlphaFold2 pLDDT ok

template _ =

e
Cg distogram

All atom coordinates
with binder

n, L m
BINDERSEQUENCE

- Sequence [x]
x = stop_gradient(X — ) +3 Backprop
X = one_hot(argmax(y))

¥ = softmax(y)

v

— Define loss function —

4{ A ) Update _ AlphaFold2 confidence
Cnwmant V=Yg —AVIIVIE T and

logits [Y] Gradient [ V] Solubility index

ColabDesignZz e Z L THEZE
|~ Kosugi T, Ohue M. Biomedicines, 10(7): 1626, 2022. https://github.com/sokrypton/ColabDesign
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Kosugi T, Ohue M. Biomedicines, 10(7): 1626, 2022. positions
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Kosugi T, Ohue M. Int J Mol Sci, 24(17): 13257, 2023.
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Hu W & Ohue M. Comput Struct Biotechnol J, 23:1214-1225, 2024.
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AlphaFold hallucination
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Ueki T & Ohue M. J Supercomputing, 80: 11989-12002, 2024.
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