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With AlphaFold-DB, we now have 214M structures
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It actually looks like this
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Not-too-distant future
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Dealing huge data is quite painful

AFDB

PDB



It takes time,

AFDB

23TB / 100Mbps = 21.3 days
/ 500Mbps = 4.26 days



storage,




and money.

AFDB

§ $80 * 6 = $480

YOO

$0.023/GB *
23000GB = $529

AWS S3

https://aws.amazon.com/s3/pricing/ 8



Initial idea on this problem

With the protein structure prediction problem solved,
millions of high-resolution protein structures will
become available.

The current PDB format needs to much memory to
cope with the expected deluge of structural data.

We need a 10x compressed format with interfaces to
common tools.

Our idea is to encode structures using the dihedral
angles of the backbone and the side chains.

The atomic coordinates can then be regenerated
from the dihedral angles using the NERF algorithm



Huge structure databases

With the protein structure prediction problem
solved, millions of high-resolution protein structures

will become available.

The current PDB format needs to much memory to
cope with the expected deluge of structural data.

We need a 10x compressed format with interfaces to
common tools.

Our idea is to encode structures using the dihedral
angles of the backbone and the side chains.

The atomic coordinates can then be regenerated
from the dihedral angles using the NERF algorithm

Varadi, M et al. AlphaFold Protein Structure Database: massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Research (2022).

AlphaFold Protein Structure Database

Home About FAQs

AlphaFold

Protein Structure Database

Developed by DeepMind and EMBL-EBI

Examples: = Free fatty acid receptor 2 At1g58602

Feedback on structure: Contact DeepMind

Q5VSL9

Zeming Lin et al., Evolutionary-scale prediction of atomic-level protein structure with a language model.Science379, 1123-1130(2023).

E.coli Help: AlphaFold DB search help

ESM Metagenomic
Atlas

An open atlas of 772 million predicted
metagenomic protein structures

Explore -

Downloads

214M

>700M
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AlphaFold Protein Structure Database Home About FAQs Downloads

Huge structure databases
take huge spaces

JLtteviceinre Database 214M

Jdeveloped by aeprunad and v BL-EBI

With the
solved,
will become

rotein structure prediction problem

Examples: Free fatty acid receptor2  At1g58602  Q5VSL9  E.coli Help: AlphaFold DB search help

The Cu I‘I‘en'l'. PDB format needs to _ to Feedback on structure: Contact DeepMind

cope with the expected deluge of structural data.

We need a 10x compressed format with interfaces to
common tools.

Our idea is to encode structures using the dihedral

angles of the backbone and the side chains. e T - Atlas
The atomic coordinates can then be regenerated e e >7OOM

from the dihedral angles using the NERF algorithm

Explore -

Varadi, M et al. AlphaFold Protein Structure Database: massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Research (2022). 11
Zeming Lin et al., Evolutionary-scale prediction of atomic-level protein structure with a language model. Science (2023).



Initial idea embodied

With the protein structure prediction problem solved,

millions of high-resolution protein structures will
become available.

The current PDB format needs to much memory to
cope with the expected deluge of structural data.

We need a 10x compressed format with interfaces
to common tools.

Our idea is to encode structures using the dihedral
angles of the backbone and the side chains.

Peptide

\ / H torsion
| angles.

alpha

‘/1;| ps /;D \\\\, ///,

omega alpha

= X

3D coordinates Total 97 bytes per residue

in PDB

AR S N, c=
AR SR A co
AR S N cc
! 1 L
1 @ C
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I N A -

N
1 byte

R
—

with angles

backbone torsion angles bond angles

side-chain torsion angles

13 bytes per residue

Side chain
atoms
60 bytes

Backbone
atoms
36 bytes

Discretized
angles
13 bytes
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NeRF to convert from internal to cartesian coordinates

With the protein structure prediction problem solved,
millions of high-resolution protein structures will

become available.

The current PDB format needs to much memory to
cope with the expected deluge of structural data.

We need a 10x compressed format with interfaces to
common tools.

Our idea is to encode structures using the dihedral
angles of the backbone and the side chains.

The atomic coordinates can then be regenerated
from the dihedral angles using the NERF algorithm

Natural Extension Reference Frame

torsion angle

Coordinates
of next atom
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Goals to achieve

High compression ratio Little loss (RMSD) High speed
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Goals to achieve

High compression ratio

To reduce loss,
it requires more memory

Little loss (RMSD)

Original
Decompressed [

0.20 1

0.15+

Total time (sec)
o
o

0.05-

0.00-

High speed

foldcomp

gzip

1000
Residue count

2000
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Problem #1 for loss: Bond angles are not constants

80 - .
. : E RMSD between original & decompressed structures
50.- 2 ; E RMSD after superposition
The less, the better
40- .
: :
i
20 1 |
Bond angle should be encoded
0 l to reduce loss

ConstBondInfo AA-specifi'cBondInfo FloatBondInfo



Problem #1 for loss: Bond angles are not constants

° . torsionAngleBits bondAngleBits totalBytes median mean sd
° . . . 10 11 8 0.9624 1.811 2.072
20d e . . . . . 12 9 8 0.3319 1.258 2.117
N . s i 0 0 14 5 8 1.3184 2622 2.959
: ; : : : : 14 7 8 0.3839 1.362 2.171
0] ¢ ¢ o 8 { ! l 16 4 8 25505 4.540 5.227
{ i 5 8 : : : 16 5 8 13100 2.598 2.944
é é é é 16 6 9 0.6745 1.738 2.383
ol T | 16 7 9 0.3717 1.341 2173
10 11 12 13 14 15
Number of bits for encoding torsion angles
torsionAngleBits median mean d
. 0_2240 500 2,000 Picked optimal bit combinations to encode
1 0.5024 1394 2078 bond angles and torsion angles with least
12 0.3071 1.218 2.125
13 0.2043 1.143 2.154 RMSD
14 0.1668 1.115 2.170
15 0.1403 1.105 2.176

l Bond angle should be encoded
to reduce loss
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Angle encoding - 8 bytes for backbone

3D coordinates Total 97 bytes per residue
in PDB
1 byte
—

residue Side chain

20AAS atoms

60 bytes

dicretized . .
torsion angles omega psi ph'
Backbone
8 bvtes/AA dicretized L. CNL ’ .
y bond angles CA-C-N C-N-CA N-CA-C

Backbone

36 bytes

| 8 bytes pelr residue | |
Ser Ser Ser Asn Asn Asn Asn Asn
o o) CB oG o CB CG OD1
Side chain dicretized
torsi I
~5 bytes/AA orsion angles Arg Arg Arg Arg Arg Arg Arg Compressed
o) CB CG CD NE CZ NHi with angles Discretized
backbone torsion angles bond angles anales
Torsion angles in the side chains of Ser-Asn-Arg Jd

side-chain torsion angles

A

13 bytes per residue
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Problem #2: Discontinuity in backbone

25-

20 -

15 1

10 1

Before
average 1.258
stdev 2.117
max 10.685
min 0.036

Visualization by Dongwook Kim

9BAConstBL12TA

Reduced outliers by saving 3 previous atoms before unexpected breaks

19



Solution for

25 -

20 -

151

10 1

Problem #2

E= InitRMSD - RMSD

Before
: average 1.258
' stdev 2.117
. max 10.685
: min 0.036

[—
|

9BAConstBL12TA BREAK

Reduced outliers by saving 3 previous atoms before unexpected breaks

After
0.377
0.304
1.769
0.036
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Problem #3: Loss accumulated as peptides get longer
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Solution for Problem #3

Forward NeRF Reverse NeRF

VOPPIA

Weighted average of coordinates
from bi-directional NeRF

0.0045
0.004
0.0035

0.003

Single NeRF
Bi-direction +Weighted avg
0.0025

0.002
0.0015
0.001
0.0005 I

AF-AOA7M4B2U1-F1 AF-AOAOB7P221-F1 AF-AOAOB7P3V8-F1 AF-A2P2R3-F1 AF-A5Z2X5-F1

o

RMSD per residue between original & decompressed structures
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Solution for Problem #3

Internal anchor points to reset error accumulation

Save every 200 AA

C-alpha RMSD: 0.995
Backbone RMSD: 0.995
All RMSD: 0.995

Save every 25 AA

C-alpha RMSD: 0.134
Backbone RMSD: 0.134
All RMSD: 0.181

17511 bytes

23



Solution for Problem #5

tool ¢ pulchra ¢ foldcomp =« pic gzip

Total time (sec)

5 - ¢ 7 Milot Mirdita
o .° 5 - . )
) .o i .
Ed 4 . ' .
8
@3 :
D
£
o - e C_U
- ~ - 2 -
B, I9
L ENLIY
Running time Ly Running time
it avg. 0.061s
RIS ST (RYRY .R':;(M’SW,A\'WMV:\:‘VK? 008 00 @ 0o
0 ]_' 0 - S(TeINS'eVIV AT INANV S UISE D ARSI 4
0 1000 2000 0 1000 2000

Residue count Residue count

ISMB2022 s - |SMB2023
- Optimizing memory usage

- Finding out bottlenecks in the process
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Foldcomp efticiently save internal coordinates and restore
coordinates with bi-directional NeRF

Reconstruction using anchors and NeRF

Compression Decompression
Read Cartesian to . N Ca C N Ca C
—> —> s Read fcz
PDB/CIF anchored internal Write fez 1> a o R R
| ylv]y ylvly

zlz]z Reconstruc zlz]z
Each residue: ~13 bytes Anchor at 25th, 36 bytes Restore N tlmes
R ov of | § coordinates
Torsion angles Bond angles
5 blt 35 bit 24 bit N Aoch Fgward NiRF Re:erse N(iFA h
z nchor nchor
Z1Z] 2
Side chain angles (~40 bit) N Ca C ~ Write PDB < v ' ‘ ‘ ' A

FCZ format
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Foldcomp has the best compression rate while being
nearly as fast as gzip in decompression

mmCIF -
PDB -
BinaryCIF -
gzip (PDB) -
MMTF -
PULCHRA -
PIC -

Foldcomp -

10% of gzip

449
316.9
109.9
70.4
37.9

39.5

22.9

7.7

10 100 1000
Size (kB)

0.01 second

Compression
Decompression

0.0001 001 1
Time (s)

loss < 0.1 A

Backbone F

Total

3.28
0.27
i
0.04
0.24
0.14

0.08
4

012345
RMSD (A)

AF-Q06179-F1 (FMP27-YEAST)

2,628 AAs
21,382 atoms

RMSD '
Backbone: 0.079A
Total: 0.14A

Saving this structure requires
41.6 KB instead of 1.75 MB PDB
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Foldcomp compressed AlphaFold-DB into 1 disk

Number of files

200M -

150M -

100M -

o1
O
<

214684311

5

raw  foldcomp

25000 -

20000 -

N
N 10000-

5000 -

2318 335

0 15000 -

W

-

-
1

23TB

Need HPC to work on it

N

-

-
I

—
-
O

I o—

1TB

15

Download time (hrs, 20MB/s)
o

l

raw  foldcomp raw  foldcomg

I
1.11B

Work on your workstation
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Foldcomp compressed AlphaFold-DB into 1 disk

Number of files

200M

—
o
)
<

100M -

50M -

214684311

FCZs

5

raw  foldcomp

Loose files (.fcz)

S

Foldcomp
database .
start & size name
1FCZ 1 N |1 N\
N FCZ N N
FCZ entries Index Lookup

Applied MMseqgs2 database format to reduce
unnecessary padding bytes used in TAR,

which also reduced overhead from file numbers

214,684,311

File system overhead

l

I
S

lterable & searchable

28



Fo I d co m p https://doi.org/10.1093/bioinformatics/btad153

foldcomp compress some.pdb
Precutable foldcomp decompress other.fcz

# Compression
foldcomp compress <pdb_file|cif_file> [<fcz_file>]
foldcomp compress [-t number] <pdb_dir|cif_dir> [<fcz_dir>]

# Decompression
foldcomp decompress <fcz_file> [<pdb_file>]
foldcomp decompress [-t number] <fcz_dir> [<pdb_dir>]

# Extraction of sequence or pLDDT
foldcomp extract [-—plddt|—fasta] <fcz_file> [<txt_file|fasta_file>]
foldcomp extract [-—plddt|—fasta] [-t number] <fcz_dir|tar> [<output_dir>]

# Check

foldcomp check <fcz_files S U p p 0 r\'t S p d b , C if , 't anr ,

foldcomp check [-t number] <fcz_dir|tar>

= tar.gz, directory, file 1list

foldcomp rmsd <pdbl|cifl> <pdb2|cif2>

# Options
-h, —help print this help message

-t, —threads threads for (de)compression of folders/tar files [default=1]
-a, —alt use alternative atom order [default=false]

-b, ——break interval size to save absolute atom coordinates [default=25]

-z, —tar save as tar file [default=false]

--plddt extract pLDDT score (only for extraction mode)

--fasta extract amino acid sequence (only for extraction mode)
--no-merge do not merge output files (only for extraction mode)

https://github.com/steineggerlab/foldcomp
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Publicly available: Python APl & Foldcomp DBs

import foldcomp

# 01. Handling a FCZ file

with open("test/compressed.fcz", "rb") as fcz:
fcz_binary = fcz.read()
# Decompress
(name, pdb) = foldcomp.decompress(fcz_binary)
# Save to a pdb file
with open(name, "w") as pdb_file:

pdb_file.write(pdb)

# Get data as dictionary
data_dict = foldcomp.get_data(fcz_binary)
# Keys: phi, psi, omega, torsion_angles, residues, bond_angles,

data_dict["torsion_angles"]
data_dict["coordinates"] # coordinates of the backbone as list

Python APl # 02. Iterate over a database of FCZ files
fast 3CCess ids = ["dlasha_", "dlit2a_"]

with foldcomp.open("test/example_db", ids=ids) as db:
- DB downloads

# Iterate through database
for (name, pdb) in db:
# save entries as seperate pdb files
with open(name + ".pdb", "w") as pdb_file:
pdb_file.write(pdb)

pip i1nstall foldcomp

coordinates

Publicly available

databases

- AlphaFold DB

- ESMatlas

ESM atlas
Swissprot

afdb_swissprot_v4.dbtype
afdb_swissprot_v4.index
afdb_swissprot_v4.lookup
afdb_swissprot_v4
afdb_uniprot_v4.dbtype
afdb_uniprot_v4.index
afdb_uniprot_v4.lookup
afdb_uniprot_v4.source
afdb_uniprot_v4
esmatlas.dbtype
esmatlas.err.log
esmatlas.index
esmatlas.lookup

esmatlas

Tue, 13 Dec 2022 07:44:23 GMT
Tue, 13 Dec 2022 07:44:24 GMT
Tue, 13 Dec 2022 08:34:37 GMT
Tue, 13 Dec 2022 07:45:25 GMT
Wed, 14 Dec 2022 03:52:06 GMT
Wed, 14 Dec 2022 03:51:45 GMT
Wed, 14 Dec 2022 04:01:29 GMT
Wed, 14 Dec 2022 04:03:17 GMT
Tue, 13 Dec 2022 22:15:20 GMT
Thu, 18 May 2023 03:45:21 GMT
Fri, 19 May 2023 10:09:14 GMT
Thu, 18 May 2023 03:40:22 GMT
Thu, 18 May 2023 03:45:01 GMT

Wed, 17 May 2023 10:25:41 GMT

4B

11.6 MB

15.9 MB

2.8GB

4B

5.6 GB

8.4 GB

38.4 MB

1.0TB

4B

1.0GB

15.9 GB

16.4 GB

1.7TB

https://foldcomp.steineggerlab.workers.dev/

Alphafold db: 1.1TB

1.3TB
2.9GB



Foldseek
a Query Target

F o)

<«

(1) Discretize structure to
sequence b and prefilter

- k-mer Double ||==Yngapped
match on || alignment
- & diagonal
=
& |
Targets

(2) Structural alignment

e Val “ew

(1) Find neighboring residues
using virtual center

https://www.nature.com/articles/s41587-023-01773-0

(2) Extract features

Fast and accurate protein structure search
with Foldseek

(4) (Discretization) conversion to 3Di sequence

71 |[Decoder
Z;

Amino acid ---Val--
3Di sequence - A -
cos ¢ 5
cos P 3
B Statel
COos ¢1,4 A o-® 0. ZA ZA
/ o 0 4
cos Pis & Y R State2
cos P, 5 Z_Ol ¢ oN Z5T
Encoder
CcOS Pz 4 Z; D ., ¢ State3
eSS 70z
cos P35 .
d Y . State2
a
f1(i‘j) . @ : ZES Z1Y
foli-)

(3) Search 3Di state library

(4) (Training) predict

features

cos ¢,

|ICOS ¢1'3

lcos (/)1,4

cos ¢1,5

cos ¢2,3

CoS (3 4

COS P35

f1(i=j)

foi=))




Foldseek

FoldMason:
Comparative protein
structure analysis in
the era of next
generation

structure predictions

Protein structures

N

é
\ ‘4
< <
o P
“S7 N
h)

Building the guide tree

(4) Conversion to 3Di sequence
Amino acid ...Val-..

3Di sequence --- A ---

R
MR EEIEE
B T 2 N e Y

hi=Jj)
Si=))

Discretize (1) Find neighboring residues (2) Extract features (8) Search 3Di state library
StrUCtureS Van Kempen et al., 2023
AA 3Di A A
A B
B
. Ur)gapped . Single __,
Alignment Linkage D
D
Foldseek databases E
Distance Matrix E Guide Tree
~Sr
A - MLTQK . -
SSVLL .
Split
& Keep Replace
= B 7 MLTQK
e SSVVL
= |
g Re-align ’ No
©
g [ LDDT Yes
.(T) Improved
(7))
o |
5
5 .
o D CMLTQK fterations Yes Final MSA
o SVLLL <N
| No
W
. &  MLTQK
SVVLL

Read AA/3Di Sequence

Global alignment
of PSSMs

LDDT-based MSA refinement
from refinemsa module

https://github.com/gamcil/foldseek




Clustering predicted structures at the
scale of the known protein universe

Foldseek MMseqgs?2

® @
== \VSEQS2 Cluster A Foldseek cluster @ Remove

— %8‘% seq Q(;/erlﬁp """" 90% structure overlap fragments and
s c)O Se | eﬂ | . E- I 001 () . eee
T highestplppT T VAMES oo, Singletons
o ® Representative 119
214M proteins 52.3M clusters 18.8M cluster 2.30M cluster
AFDB AFDB50 Foldseek clusters AFDB clusters

https://www.biorxiv.org/content/10.1101/2023.03.09.531927Vv1



Exploring AlphaFold2’s Capability in
Predicting Intrinsically Disordered
Protein Interactions

Colabfold X 9,056
pLDDT<50
structure transition
transition length=10
IN Interface
Monomer DPI Multimer

Prediction Extraction Prediction



Petascale Search for Protein Structure
Prediction

MMseqs?2 Colabfold

1. Sequence search 2. MSA enrichment 3. Structure prediction
700 GB Residues >
© c:/)h) ) ONAGA Baseline (T1179)
—»  UniRef30, — > 2 & ¢ CAA — > Depth: 71
ColabFoldDB S Hoeeaea GDT_TS: 8.33
;
COMA®A— hemAeaA
Query 200 GB : 278 S
| ) ONAGA HEMAGA SRA (T1179)
B2  SHemaea C)® 4 Zeeaea Depth: 1,509
S 006 AGA & =0 _Hant;%@IAol Yo 1 m—)' GDT_TS: 81.85
Serratus ASWACH &fiter 25¢ = C AT 5 2 é @ cfab
search & assembly MSA . | 3 i 3 @) sra
| { 2 | £ % (3) sra_cfdb
| | © | © i_@ _________ (@ hh_sra_cfdb
- . = e £2 . (5 sra_cfdb_temp
UniRef30 -~ PDB70 £ © sra_ctab_mut
22 PB (2.2x107 GB) 200 GB 78 GB (7) sra_cfdb_recyc

cfdb: ColabFoldDB, hh: HHblits, temp: templates, mult: multimer, recyc: #recycle

https://www.biorxiv.org/content/10.1101/2023.07.10.548308v1
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Thank you for
listening

foldcomp




Foldcomp — python API

impﬁfi Foldcomp
fcz = open(

pdb = open(

data = foldcomp.
data. (&)

q!

I

>>> datal 1[0:3]

[72.58999633789062, 71.2300033569336, 58.70999908uU472656]

>>> datal 1[0:3]

[-178.83718872070312, -171.74404907226562, —-86.3686752319336]
>>> datal[ 1[10]

(23.875, -44.77299880981445, 3.2669999599456787)




¢t matplotlib.pyplot ac
t matplotlib.tri as tri

Foldcomp — python API (. e——

C numpy as np
180 . N list_of_data_dicts = []
2% 7Bt SR Y ’
y 3 J"t‘:,’,..: o?’? *ee ‘:-.’{ % o®
-uf?n"ﬁ~”f§?20 oo db_all = foldcomp.open("afdb_rep_vi")
> e N DA . e N_PROTEINS
coee rffq}:/':. ‘ db = [db_all[i] for i in range(N_PROTEINS)]
90 e © .0 - - c:.‘.... .\
o (name, pdb) in db:
list_of_data_dicts.append((name, foldcomp.get_data(pdb)))
* - ;..i - set_axis_for_ramachandran(ax):
'?:{v:°f*. . Tt o @ ax.set_xlim( : )
> 0 . ax.set_ylim( , )
ax.set_aspect("equal")
ax.set_xticks([ . , 0,
ax.set_yticks([ : A 1
AF-AOA1Q3Z6G9-F1-model_v4.cif.gz O )
_ ax.set_ylabel(r"$\psi$")
-90 AF-A0A1Q3Z6J8-F1-model v4.cif.gz
AF-AO0OA1Q3Z6U0-F1-model_v4.cif.gz fig, ax = plt.subplots(figsize=(5, 5))
AF-A0A1Q3Z76Z9-F1-model_v4.cif.gz set_axis_for_ramachandran(ax)
AF-AO0A1Q37Z6Z8-F1-model_v4.cif.gz
: i, (name, data) in enumerate(list_of_data_dicts[:N_PROTEINS]):
180 AF-AOA1Q3Z8S1-F1-model_v4.cif.gz ax.scatter(data["phi"], datal["psi"], s=1, label=name)
—-180 -90 0 90 180

& ax.legend()

plt.tight_layout()
plt.savefig("ramachandran.png", dpi=200)




Foldcomp — additional features

(base) hyunbin@super003:/mnt/scratch/hyunbin/af_uniprot/AF2_Unipr
ot _FCMP_plddt$ grep -c ">" ./plddt.txt
214684311

(base) hyunbin@super003:/mnt/scratch/hyunbin/af_uniprot/AF2_Unipr
ot _FCMP_plddt$ grep -t ""000" -B 1 ./plddt.txt

>AF- -F1-model _v3.cif
00002332333243334345555443345545545444444555555554444455555554444
3455555555444 3 4554545444443 4445555544443 4555544433444455554343344
55544433333445555544443345555554333334555555544333455555443333334
55555443333455455543333334445544433333444444433333344444433332233
33433333332333333332222222222322222222322222222222222222222222232
323333322233333333333343333344444433344444844483434333344484448444444
GUSLLLL4LLLL3433 4484884844448 8084444333322323223333015

-F1-model _v3.cif
00043245543566778888/7/65555666//8888877/6555666/7//888887/66555566/778
838888/6655666/7//888888//666666/8888888/7/666666/8888888/66665668888
83888/66666668888888//6665666888888877/6555566/7//7/8877777655566677877
17776665666/ 77776666655556566/7/66666555555556666656565555565666665
666656556566 /6/6666666556666/7/7/67666655455451645551152524556

Direct feature extraction

40



