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Proteins?

DNA RNA Protein Protein
(Translation) (Structure)
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Multiple sequence alignment(MSA)

|i| « MSA, amino acids
(residues) change through

Q ) ) species

« Position 4, conserved

 Position 7 and 11,

ﬂ. coevolved
A=<

Amino acids (residues)



Multiple sequence alignment(MSA)

« MSA tools
MMseqs2(https://github.com/
soedinglab/MMseqs?2)

JackHMMER((https://www.ebi
.ac.uk/Tools/hmmer/search/j

ackhmmer)

Amino acids (residues)


https://github.com/soedinglab/MMseqs2
https://github.com/soedinglab/MMseqs2
https://www.ebi.ac.uk/Tools/hmmer/search/jackhmmer
https://www.ebi.ac.uk/Tools/hmmer/search/jackhmmer
https://www.ebi.ac.uk/Tools/hmmer/search/jackhmmer

Multiple sequence alignment(MSA)

« Conservation tool
ConSurf
(https://consurf.tau.ac.il/consu
rf_index.php)

« Coevolution tools
GREMLIN

(https://github.com/sokrypton/

GREMLIN)

Amino acids (residues)

EVCoupling
(https://v1.evcouplings.org/)



https://consurf.tau.ac.il/consurf_index.php
https://consurf.tau.ac.il/consurf_index.php
https://github.com/sokrypton/GREMLIN
https://github.com/sokrypton/GREMLIN
https://v1.evcouplings.org/

Proteins?

DNA RNA Protein Protein
(Translation) | (Structure)




Protein Data Bank (PDB)

« Experimental structures
X-ray crystallography
NMR

Cryo-EM

Aren’t they also models?

Protein
(Structure)




We have MSAs and structures,
any relation?



MSA, Structure, Function?
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« Conserved residues, functionally t‘§§t?§e

Important, cannot be changed Partner protein

https://www.solab.org/resources/coevolution-structure-prediction



MSA, Structure, Function?
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ubstrate

« Co-evolved residues, coupling E'Sst?éje

information, structurally close, interacting Partner protein

https://www.solab.org/resources/coevolution-structure-prediction



MSA, Structure, Function?
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 Deep mutational scanning (DMS): mutating ;'gst?ge
contact residues affects function Partner protein

https://www.nature.com/articles/s41588-019-0431-x && https://www.nature.com/articles/s41588-019-0432-9
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Now that we know sequence,
structure, and function are related,
what comes next?



Predicting the structure from seq
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~4 /B protein

sequences
https://data.mmseqs.com/

~240K protein

structures

https://www.rcsb.org/pages/
about-us/index



Predicting the structure from seq

AlphaFold!

~—4.1 D pIrolcili

sequences
https://data.mmseqs.com/

~240K protein

structures

https://www.rcsb.org/pages/
about-us/index



AlphaFold?2
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AlphaFold

Genetic
database
search

Grerere

Input sequence

Structure
database
search

C terminus

N terminus

AlphaFold Experiment

r.m.s.d.qs = 0.8A; TM-score = 0.93

Templates

i s i i i

MSA
representation. —%
(s.ne)

Troerd

Pair
| representation| —
| (ro

AlphaFold Experiment
r.m.s.d. = 0.59 A within 8 A of Zn

o i s o

Finéle reEr. r,c]

—>

b
2B

Evoformer
(48 blocks)

‘ Pair
representation | ——p-
(r.r.)

|

—

AlphaFold Experiment
r.m.s.d.q5 = 2.2A; TM-score = 0.96

High
confidence

Structure
module
(8 blocks)

3D structure

< Recycling (three times)

https://www.nature.com/articles/s41586-021-03819-2



MMseqgs?2 + AlphaFold2 = ColabFold

ColabFold - v1.5.5
For details of what was changed in v1.5, see change log!

%

@ S

Making Protein folding accessible to all via Google Colab!

Notebooks monomers complexes mmseqs2

AlphaFold2_mmseqs2 Yes Yes Yes

AlphaFold2_batch Yes Yes Yes
AlphaFold2 (from Deepmind) Yes Yes No
relax_amber (relax input structure)

ESMFold

jackhmmer = templates

No

\[e}

Yes

Yes

\[e}

https://github.com/sokrypton/ColabFold



Reversing the process - ProteinMPNN

A chainA

Chain B

~

ProteinMPNN

/ Backbone Encoder \ / Sequence Decoder\
| Update _—
edges i Probabilities
-~ * 1
| : Iterative
: 3x_ Update ] L3 decoding
1 nodes 'f 3 | decoding .
! X1 order ! Sample
_ \4 ' \4
Input: protein N. Ca. C, O, _ Nodes <! Nodes <€ Sequence
backbone CB dist > Edges > Edges
coordinates pydistances
L / j Output: protein
Zeros sequence
B  Fixed left to right decoding C
123 45~__ , _ Tied across chains
GExJ__ T~ -autoregressive decoding order
Chain A T=~ -fixed amino acids (context) y ¢
. . - sequence context not used TIE |2 TRy TIE2
ProteinMPNN decoding _sequsiice context sed E = P E < P Ep
Sis é . ChainA  ChanB  ChainC
Chain A
https://www.science.org/doi/10.1126/science.add2187



ProteinMPNN

* Binder design
« Biomaterials design




ProteinMPNN

AACCTAACCGGTCGAGTTG
GCAAATCTGGATGGTCACACA...

s ATTCGTAATCGTACA
!: TTGGCCTTAGTGACCCTG
N\
Crystal-forming
(p-sheet)

PAAASVSTVHHP),

* Binder design

 Biomaterials design s =

Cephalopod analysis
and sequencing

Loligo
vulgaris

Biosynthetic
proteins
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Design of squid-inspired
master sequence

Flexible chain
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Molecular
defects

https://www.nature.com/articles/s41563-020-0736-2
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functional materials

Biosynthetic materials
for soft robotics
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What about multimers?

How do non-bonded
iInteractions differ between
two distant amino acids in a
single protein and those
between multiple proteins?




AlphaFold3

Ligands PoseBusters set Nucleic acids Covalent modifications Proteins

AF3
kel RoseTTAFold2NA AF-M 2.3

° M u|t| mers E —; | ({) ¥ | }_ -
- DNA, RNA e o -
* Ligands 10 : |

0 T T T T T T T T T T T T T T
. AF3 AutoDock  RoseTTAFold PDB PDB CASP15 Bonded Glycosylation  Modified residues All Protein— Protein
2019 cut-off Vina All-Atom  protein-RNA protein-dsDNA RNA ligands n=28 5Tl RNA protein-protein  antibody ~ monomers
a' l an On Ine Server n =428 =428 n=427 n=25 n=-38 n=8 n=66 O oy Aoy n=1,064 =65 n=338
L]
d
Template
search
[ Confidence
i nputs module
Genetic l l ]
search l l (4 blocks)
— Input ) Template MSA l
. r ey embedder ~+~> module — module — - 0 =100
S a a O Se ' \ ,e r CO r r l Conformer ¢ e | pay * | @blocks) | (4 blooks) Pairformer : R Z }\\

- " Sequences, geporetion] o ar (48 blocks) > module S5 20
ligands, H A (3 +24 + 3 blocks) %\; )
covalent Single B bt

bonds
Recycling Diffusion iterations

https://www.nature.com/articles/s41586-024-07487-w



Boltz-

* Drugs, ligands
 Affinities!
and Open Access!

Recycling

Distogram
& B-factor
prediction

Atom
Attention
Encoder

Trunk
User’s
conditioning
PairFormer

information
( ( | | & Module
o™ Affinity
Denoising Denoising Denoising Value
§ _[ Module ]—[ Module |~~~ Module
Affinity Module

Structure

Random Input " Output
Boltz-steering ‘

Reverse Diffusion with
conditioning & physics potentials

Template MSA PairFormer

Input
Module Module Module

Sequence

PairFormer
Module

Confidence
Output

Gradient

Binding
Likelihood

https://www.biorxiv.org/content/10.1101/2025.06.14.659707v1



a) Actin example

Net cycle due
to energy input

Disso- &\‘

ciation

Single steps are
equilibrium processes

Binding

<= ATP hydrolysis

b) Biomolecular Emulator (BioEmu)

Protein sequence encoding

Genetic
database
search

48
blocks

Input sequence S

d) Pretraining

200 M AFDB
structures

Finetuning
>200 ms MD [ 750 K exp. protein ]

e) AFDB preprocessing

200 M AFDB struct.

Preprocessing y Reweighting ¥ Subsampling mmseq +
[ Aug. cluster AFDB ] [ ReweigntedMD ] [ protein ) filtering
tic 1.4 M seq. clusters

Diffusion
model training foldseek +

filtering |

multi-struct.
augmentation

Pretrained distribution MD distribution Equilibrium distributior

50K seq. clusters
w. diverse structures

BioEmu - proteins are NOT static!

c) Score model

Diffusion
timestep t

Isingle Repr. ]

Score model

Node feat. =)

Invariant
point
attention

8 blocks

Score s,

frames x,

Denoising diffusion model Equilibrium
distribution
Alealx) t?@)

POXIXe) ﬁ(

score model
s(x)

Centroid

Backbone
frames Xy.q

Applications

Understand
molecular
mechanisms

Structure-based
drug design

~ plal$)

Predict properties
AG = 3.5 kcal/mol

predict
sequence
classify
backprop folded unfolded

Property
prediction loss

https://www.science.org/doi/10.1126/science.adv9817

f) Property-prediction fine-tuning

Experimental data
AG = 3.5 keal/mol




Physics-based methods?



Molecular Dynamics (MD) simulations
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Experimentally solved

structure Water +

( ) 0.15 MKCl salt CHARMMS36 force-field

Namd3 software
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