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Clustering predicted structures 
at the scale of the known 

Protein Universe



Mission: Accelerate biological science 
through fast and easy to use methods
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Preprint out today! 
Petascale Homology Search for Structure Prediction

https://www.biorxiv.org/content/10.1101/2023.07.10.548308v1



AlphaFold2 is revolutionizing protein bioinformatics
“Everything that relies on a protein sequence, we can now do with protein structure” 

Mohammed AlQuraishi, Columbia U.
EMBL EBI released structural models of over 214 million proteins (25TB)



Predicted structures for every protein of the
Uniprot TrMBEL available

365,000
21 proteomes

804,000
+SwissProt

995,000
+Tropical diseases 

214,000,000
+Uniprot TrEMBL
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Number of 
predicted structures in 

AlphaFold DB

Slide idea by Sameer Velankar
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617,000,000
ESMatlas-MGnify

Nov 2022

Predicted structures for most protein of the MGnify by ESMfold

214,000,000
+Uniprot TrEMBL



Foldseek
Ultra fast searching and clustering of protein structures

https://foldseek.mmseqs.com
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>1 billion years 

Ubiquitin

Structure alignments reveal evolutionarily distant homologs

SUMO

PDB: 1u4aPDB: 1d3z

Ubiquitin

SUMO

1 MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 76
|    |                        |    | |  | |       |        | |        ||

4 INLKVAGQDGSVVQFKIKRHTPLSKLMKAYSERQGLSMRQIRFRFDGQPINETDTPAQLEMEDEDTIDVFQQQTGG 79
Sequence identity = 16% (12/76) 



Current structure aligners too slow for 100 million structures 

TMalign would need half a year to search one RdRp through 100 million structures

Dali
TMalign

Foldseek

Foldseek is 104 - 105 × faster 
than current structural aligners

Search with RdRp of SARS-Cov2 through 800k AlphaFold DB 
structures 

1 day

1 
hour

1 
minute

1 week

5s



To speed up search, reduce structures to sequences 
and use fast sequence searches

Each residue is 
represented by a 
structural state letter



11
Residue to encode

Nearest 3D neighbour

Extract angles and distances
Discretize 
into 20 
letters

Foldseek describes tertiary interactions (not backbone)



Foldseek – virtual centers are useful to find 
structural relevant nearest neighbors
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Foldseek – encoding structures into 3Di sequences
and training of 3Di alphabet
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① Find neighboring residues 
(using nearest virtual center)

② Extract 3D descriptors
③ Select 3Di letter

Variational autoencoder 
trained with structural 

alignments



>1 billion years 

Ubiquitin

Foldseek 3Di sequences are highly conserved

SUMO

PDB: 1u4aPDB: 1d3z

1d3z (aa)   1 MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 76
|    |                        |    | |  | |       |        | |        ||

1u4a (aa)  4 INLKVAGQDGSVVQFKIKRHTPLSKLMKAYSERQGLSMRQIRFRFDGQPINETDTPAQLEMEDEDTIDVFQQQTGG 79

Sequence identity = 16% (12/76) 



1d3z (3Di) 1 DKEWEAEPVGDIDIDDDDQADFPLNVLVVVCVVPVAPSVFKWKDFPRDTGDRVGGNVVVVADPHGYIYIDGDDPPD 76
||||||| | | | ||  || | |  ||||||      ||| || || ||    |  |    |||||  ||  |

1u4a (3Di) 4 AWEWEAEPVRDTDTDTDDLQDFLLVVVCVVCVVPPHDPPWKWKAFPNDTDDRRDRVVSNVDRHDGYIYIYTDDDDD 79

Foldseek E-value = 3e-5 
Sequence identity = 54% (41/76) 

>1 billion years 

Ubiquitin
SUMO

PDB: 1u4aPDB: 1d3z

Foldseek 3Di sequences are highly conserved



~105
structures

~103
structures

~108
structures

With AVX2 instructions, 32 1-byte operations (add, mult, max,…) 
can be computed in parallel per CPU clock cycle (~0.4 ns)
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Foldseek uses MMseqs2 prefilter to fast compare 
3Di sequences



Foldseek search sensitivity is comparable to TMalign
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Benchmark on single domains (SCOP Superfamily)
Pr

ec
is

io
n

Recall

Superfamily

struct. 
alphabets

seq-seq



18search.foldseek.com



Foldseek summary 
Encodes structure as sequence by discretizing tertiary interactions

Searches billions of structures in minutes, 104 – 105 × faster than Dali/TMalign… 

… at comparable sensitivity and alignment quality

Accurate E-values

Local alignments, robust against domain movements

>100 downloads/week, 1000 repo views/week, used in CATH, NCBI iCn3D,…

Foldseek will help to organize our structural space
github.com/steineggerlab/foldseek

Fast and accurate protein structure search with Foldseek, van Kempen & Kim et al. (2023), Nat. Biotechnol.



Jul 2022

214,000,000
+Uniprot TrEMBL

Can we cluster the AlphaFold TrEMBL 
database using structures?

AlphaFold TrEMBL
Cluster ? Mio.

Problem: this is still very slow
Because we need comparisons: 

214M x 214M = 4.57 * 1016



Sequences Clusters

GLTRETVSR
Protein Family
Consensus Sequence
Redundancy reduction

Clustering can reduce redundancy and generate 
biological insights



Linclust
Linear-time clustering of huge sequence sets 

(or now structures)

https://foldseek.com

https://mmseqs.com

for protein structures

for protein sequences



How does Linclust achieve linear runtime? 
1. Linclust selects 20 k-mers per sequence and finds groups 

of sequences sharing a k-mer (by numerically sorting seq-kmer pairs)

N×20
sequence−k-mer

pairs

groups with 
identical k-mers

Clustering N=109 sequences requires only 109 × 20 comparisons!



1. Linclust selects 20 k-mers per sequence and finds groups 
of sequences sharing a k-mer.

2. It selects one centre sequence per group (the longest) 

How does Linclust achieve linear runtime? 

groups with 
identical k-mers

Clustering N=109 sequences requires only 109 × 20 comparisons!

N×20
sequence−k-mer

pairs
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of sequences sharing a k-mer.
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1. Linclust selects 20 k-mers per sequence and finds groups 
of sequences sharing a k-mer.

2. It selects one centre sequence per group 
3. It aligns each sequence in the group only with the centre

sequence, instead of with all sequences in the group
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1. Linclust selects 20 k-mers per sequence and finds groups 
of sequences sharing a k-mer.

2. It selects one centre sequence per group 
3. It aligns each sequence in the group only with the centre

sequence, instead of with all sequences in the group
4. Sequences similar enough to a centre sequence will form a 

cluster

How does Linclust achieve linear runtime? 

Clustering N=109 sequences requires only 109 × 20 comparisons!
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High similarity Middle similarity Distant similarity

Speed

Sensitivity

Data to cluster

After Linclust we perform an all vs all 
cascaded clustering



Clustering 109 sequences requires almost 109 ×109 comparisons!

Existing sequence clustering algorithms 
scale almost quadratically in number of sequences 



Clustering 109 sequences requires only 20 × 109 comparisons!

Speed up at 
50% sequence identity

69000
26000
1600

2300

720 

1
1.8

10

4000

Linclust scale linearly in number of sequences 



Analyze the protein universe using MMseqs2 and 
Foldseek cluster

MMseqs2 cluster
90% sequence overlap
50% sequence identity

214M proteins
AFDB

52.3M clusters
AFDB50 

18.8M cluster
Foldseek clusters

…
s
s s
s

Foldseek cluster
90% structure overlap

E-value < 0.01

…

Representative
highest pLDDT

Remove 
Fragments 

+
Singletons

fragment

s

s
s

2.30M cluster 
AFDB clusters

…

s
s s
s

s
s

JingiYeo* Pedro BeltraoInigo Barrio 
Hernandez*

Sameer VelankarMihaly VaradiJürgen Jänes Tanita Wein
* Contributed equally

Clustering predicted structures at the scale of the known protein universe, Barrio&Yeo et al, biorxiv



Dark clusters Evolutionary analysis New domain

Proteins that we don’t know New evolutionary insight on 
proteins

New domain from structural 
similarity

We looked at the data from different angles



35% of clusters do not have have a member with annotation.
Cluster w/o annotation tend to have less members.

Known proteins tend to cluster together The larger cluster the more likely it is to be annotated.

NoYes
Annotation
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Predict the function of the dark clusters

DeepFRI
model

+

705,936 dark clusters

Gene ontology Enzyme 
commission 
number (EC)

39,180 proteins (7%) score > 0.8



Examples of structures with predicted pockets and functional 
annotations
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Explore the dark cluster at https://af-protein-universe.streamlit.app/



Cluster Member

Lowest 
Common
Ancestor

Lowest common ancestor (LCA) analysis highlights the taxonomical 
distribution of the clusters 



Rediscovering known and novel links
between bacterial and human proteins

Many more cross-kingdom clusters need to be explored



Use Foldseek’s local alignments to detect and connect domains



New gasdermin-like domains

Many more domain similarities to be explored



cluster.foldseek.com

How to explore the data



Check also out the protein universe by Durairaj et al. (2023)
at https://uniprot3d.org/atlas/AFDB90v4

https://www.biorxiv.org/content/10.1101/2023.03.14.532539v3

https://uniprot3d.org/atlas/AFDB90v4


Conclusion



Function prediction
Domain boundaries

Protein interactions

Functional residues

Evolution

SIFT

desease 
phenotypes

De-novo structure 
prediction

Sequence analysis is at the basis of most protein 
bioinformatics

TM helices



Function prediction
Domain boundaries

Protein interactions

Functional residues

Evolution
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desease 
phenotypes

De-novo structure 
prediction

We can now super charge the analysis using structures

TM helices
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Use Foldseek’s local alignments to detect and connect domains



New gasdermin-like domains

Many more domain similarities to be explored



Conclusion
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Foldseek – virtual centers are useful to find 
structural relevant nearest neighbors
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How does Linclust achieve linear runtime? 
1. Linclust selects 20 k-mers per sequence and finds groups 

of sequences sharing a k-mer (by numerically sorting seq-kmer pairs)

N×20
sequence−k-mer

pairs

groups with 
identical k-mers

Clustering N=109 sequences requires only 109 × 20 comparisons!
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of sequences sharing a k-mer.
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