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NMR: 1.2 GHz, 900, 750, 600, 600US, 2x500 MHz
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The social network of proteins

Majority of ‘life’ depends on interactions, particularly protein-protein

ﬁé% Universiteit Utrecht [Faculty of Sc_ience
%AA!\§ Chemistry]



Structural biology of interactions

Homology 0"

Docking Modeling
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Overview

Navigating the Pre- and Post-AlphaFold Divide
Integrative modelling with HADDOCK

Introducing HADDOCKS3

Application examples
An"NMR-based application — where AlphaFold fails
AlI-based antibody-antigen modelling
Cyclic peptides

Conclusions & perspectives
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Critical Assessment

of Structure

of PRedicted

Predictions Interactions

o CASP e CAPRI

e Since 1994 e Since 2001

e Prediction “season” e Predictions on a “rolling” basis

— Intense 2 to 3 months

e Protein monomers

o (traditionally)

— Fits with publication schedule

— 3 to 4 weeks per prediction round

e Protein complexes

Since 2014 joint prediction rounds for

complexes/assemblies

W Universiteit Utrecht

[Faculty of Science
Chemistry]



Critical Assessment is a Big Deal

e CASP has been around for 30+ CASP14 data at a glance

yea rs e >200 prediction methods

e Reference for structure prediction Cwo research ce@s-

aaaaa

e ~350 predictors

e CAPRI - started 20+ years ago

and specializes in the prediction of <>8°tafget>
protein complexes >67,000 models

e >5,000,000 scores

e Blind prediction experiments
catalyze method development * ~430GB of data

e >30 different software tools

e Critical Assessment defines the
state-of-the-art in the field e >20 visualization tools

[Faculty of Science
Chemistry]
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CASP14 - 2020

“"Regular” targets (meaning single proteins)

/ Baker groups

[Faculty of Science
Chemistry]




CASP14 -2020 - the AI breakthrough

“"Regular” targets (meaning single proteins)

AlphaFold2

— Baker groups

iversiteit Utrecht [Faculty of Science
Chemistry]




The 2024 Nobel prize in Chemistry

David Baker (1962) Demis Hassabis (1976) John Jumper (1985)
U. Washington, Seattle; Google DeepMind, London,
Howard Hughes Medical United Kingdom

Institute, USA

Google DeepMind, London,

United Kingdom
Ill. Niklas ElImehed © Nobel Prize Outreach

one half to David Baker
“for computational protein design”

and the other half jointly to Demis Hassabis and John Jumper
“for protein structure prediction”

Universiteit Utrecht
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CASP14/CAPRI

14 Complexes High — Medium — Acceptable

Score = Wy Nace + Wy Nyep + Wa Nyen
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“Off-the-shelf’ AF2-multimer: same number of targets (4), but increased quality
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CASP15/CAPRI - 2022 -Assembly prediction

Wallner Sampling AlphaFold
PEZYFoldings Pruning AlphaFold input
Venclovas Scoring AlphaFold output

AlphaFold2-Multimer baseline

/

\ — H T e——

Increased success by
customized AF2 pipelines

/ 90%

31%

=

Naive Top
AF2.2 performers

[Faculty of Science
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DNA and RNA binding

o T254/T264 T255/T265
M1228v1 M1228v2
M1282 M1276 M1239v1 M1239v2

CASP16
CAPRI Rounds 57/58

.
T207 T213 T250/T252
H1142 T1160 T1249v1/T1249v2
Nanobody Ancient Antibody Multiple
binding protein binding conformations
reconstruction CASP15
CAPRI Round 54

* Universiteit Utrecht

[Faculty of Science
Chemistry]






B scoring server
. massivefold best
EE best of best

Bl best predictor
I human scorer

H baseline
N human

HE server

SCORERS
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CASP16/CAPRI - 2024

VA

BN best predictor
HEE baseline
s human
60 H server
I human scorer
s scoring server
1.0 1 L] N
medlum I massivefold best
\ B best of best
50 0.8 A
g 061 S
8 1
40 - (,
0.4 4 &
0.2 4 . .
highest AF-score in the set
30
0.0 T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
T231's predictions
20 1.0
‘ high
10
g 06 .
o] $
8 1
0.4 4 °
0 > o = —_
cc =9
=8 Sg = 0.2 -
~N —
S =9 L
= 2 3
SRS S
w
2 0.0 . . . . . — .
= 0 1000 2000 3000 4000 5000 6000
T233's predictions
Group
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Best-of-Best
4 CASP16/CAPRI - 2024

/ MassiveFold-Best
« In the massive sampling datasets there

50 1

are good models that are not identified...

40 1

1zt

 This is a scoring problem
Best predictor - Still plenty of room for improvement!
Group )

5 2 Universiteit Utrecht [Faculty of Sc_ience
N Chemistry]




CASP16/CAPRI 2024
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d3AY3S-STTHWISNIIN
qeeylwols
eJeyry

PIOJA
ddXJ0dI
bueyd's

noz
AJ00H'S
buenH's
ERIETN
JINOUYIR|0'S
159(-J0-1599

NUCLEIC

0]
5
0-

HIAYIS-dNOYOX
Jau||em
SbuIp|04AZ3d
QUIJa.-p|04daaQ
43IAY3S-SITIWISNIIN
d3Ad3S-a104d433d
weea3-gdoi
JINOUYIR|0'S
oY¥dsn1

A0XYeZO0)|
1598-P|049AISSE
1590-J0-1599

ANTIBODY
Illlllllllll |

15 -
10
5
0-

ddXJ00dW
uewny-gss)
uewnH-qgeuniing
S-VNWIN
19AJ9S-Hues

noz
A19W3SSy-avINning
X31dWOD-8YINNIIND
v0-qeuniing

buey
1599-P|043AISSE|Y
159(-J0-1599

LARGE

20 -

15

10
5
0 -

ddXD0dW
WTT-WODILTNI
buoybuadni
PI04VHIN
[V-WODILTNI
0ddsn1d
NOXeZOY
dSd-|00)
1anIag-huey
buey
1598-P|043AISSE
159(-J0-1599

25 4
20 A
15
10
5
o-

_IRYIY'S
JANIRS-Ep|04eyd]y
JanIag-huey
ad3z1’s

S-YNWIN
HAWILTNIN-ONVA
uetwny-pWooILTN
buei

plojwid

RJRYIY
159g-P|042AISSB
1590-J0-159¢

o
oc
L
-
w
I

25
20 -
5
0]
5
0-

This hold for various types of complexes
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Conclusions

e There is clearly a pre and post AlphaFold world
e CASP & CAPRI

Dynamic experiments, catalysts for method development
Define the state-of-the-art

e Challenges:

Large domain motions, weak binding
Anti/nanobodies, intertwining, nucleic acids (especially RNA)
Detailed interface descriptions: side-chain positioning and

water molecules
Scorin g e | pes e | et st PROTEINS
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H RESEARCH ARTICLE | (& Open Access ®@®
G ettl n g ta rg ets ! Impact of AlphaFold on structure prediction of protein )

N Biomolecular Interaction Prediction in the Pre- and Post-
complexes: The CASP15-CAPRI experiment AlphaFold Era: The 8th CAPRI Evaluation
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Overview

~ INavigating ,ud ;e‘and Post-AlphaFold Divide
~Integrative modelling with HADDOCK
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//www.bonvinlab.org/software

http

Universiteit Utrecht

HADDOCK:

An integrative modeling platform

NMR titrations g
i B NMR crosssaturation
mutagenesis f}s §| wan @'J e ;
I ) 4+ (\;\/‘—> t}) . B A\, {"?'j

) Bl
Cross-linking \ l /

> 19 HADDOCK
) , _I. High Ambiguity Driven DOCKing

@H:D engage) / Lf."’"f =

Bioinformatic predictions

EFRGSFSHL

EFKGAFQHV >y NMR anisotropy data .
EFKVSWNHEM > ey

LFRLTWHHV — & % /_\

IYANKWARV

Ea RDCs, para-restraints, diffusion anisotropy

Journal of the American Chemical Society > Vol 125/Issue 7 > Article

ARTICLE | January 21,2003

HADDOCK: A Protein-Protein Docking Approach Based on Biochemical or Biophysical Information

Cyril Dominguez, Rolf Boelens, and Alexandre M. J. J. Bonvin

, Other sources
e.g. SAXS, cryoEM

[Faculty of Science
Chemistry]



Molecule types

e Various mixtures of:
- Proteins / peptides
— Nucleic acids (DNA/RNA)
- Glycans

— Gycosylated proteins
- Small molecules

— Shapes

— Coarse graining (Martini)

0000000000
©00000000¢

[Faculty of Science
Chemistry]

Universiteit Utrecht




Restraint types

Distances (ambiguous / unambiguous)
Dihedral angles

NMR residual dipolar couplings

NMR pseudo contact shifts

NMR relaxation anisotropy

Cryo-EM

Shapes

Radius of gyration

Symmetry (C2 - C6)
Non-crystallographic symmetry

[Faculty of Science
Chemistry]



* Universiteit Utrecht

HADDOCK docking protocol

4 N i\/ I\
- NG NG /

Succession of energy minimization and molecular dynamics protocols
reminiscent of NMR structure calculations

[Faculty of Science
Chemistry]



HADDOCK docking protocol

step0001l->energy=2426.972 )
Rigid Body High Temperature Search

7

%
Q'C

"k.l’}a $

- /

Succession of energy minimization and molecular dynamics protocols
reminiscent of NMR structure calculations

5 2 Universiteit Utrecht [Faculty of Sc_ience
N Chemistry]




HADDOCK protocol

HS = 0.2 Eelec + 1 OEvdw + 1. OEdesolv + 0. 1EAIR

iversiteit Utrecht [Faculty of Science
Chemistry]




DeepRank-GNN: Graph Neural Network

Manon Réau

Node feature: PSSMs, Type, Polarity, BSA, Charge

Edge feature: Distance

GNN training fnat

Residue-level ( :
Model architecture = =
PRIistructure interface graph Adapted from DeepRank- prediction
GNN)

JOURNAL ARTICLE
DeepRank-GNN: a graph neural network framework to learn patterns in
protein—protein interfaces 3

Manon Réau, Nicolas Renaud, Li C Xue, Alexandre M J J Bonvin & Author Notes

Bioinformatics, Volume 39, Issue 1, January 2023, btac759, https://doi.org/10.1093/bioinformatics/btac759 [ Facu Ity Of Science

= B = Universiteit Utrecht |
%§ Chemistry]



Graph Neural Network with protein
language model embeddings

Compared with DeepRank-GNN
Node feature: 'P'§+§'HE, Type, Polarity, BSA, Charge with PSSM features,

Xiaotong
Xu

ESM-2 embeddings - Faster! (no need to generate
Edge feature: Distance the PSSM)

« Equal or better performance
on two PPI tasks
« Scoring
« Classification of biological vs
crystallographic interfaces

= GN N training JOURNAL ARTICLE
Residue-level ( Model architecture DeepRank-GNN-esm: a graph neural network for

- scoring protein—protein models using protein
interface graph Adapted ﬂgm\ll)DeepRank- language model 3

Xiaotong Xu, Alexandre M J J Bonvin &

PPI structure

Bioinformatics Advances, Volume 4, Issue 1, 2024, vbad191,
https://doi.org/10.1093/bioadv/vbad191
Published: 05 January2024  Article history v

https://github.com/haddocking/DeepRank-GNN-esm
§% [Faculty of Science

& Universiteit Utrecht ,
%§ Chemistry]



https://github.com/DeepRank/DeepRank-GNN-esm
https://github.com/DeepRank/DeepRank-GNN-esm
https://github.com/DeepRank/DeepRank-GNN-esm
https://github.com/DeepRank/DeepRank-GNN-esm
https://github.com/DeepRank/DeepRank-GNN-esm
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ADDOCK
High-Ambiguity Driven Docking H DDOC K 2-‘5

> 79000 registered users Beflinlab

g

> 700000 served runs since June 2008 A HADDOCK24 T Abou ,

WELCOME TO THE UTRECHT BIOMOLECULAR INTERACTION WEB PORTAL >>
> 6 5 /o o n t h e E O SC H I c reso u rce S Welcome! HADDOCK (High Ambiguity Driven protein-protein DOCKing) is an information-driven flexible docking approach for the modeling of biomolecular complexes.
( > 8 5 O/o f 0 r 2 4 ) HADDOCK distinguishes itself from ab-initio docking methods in the fact that it encodes information from identified or predicted protein interfaces in ambiguous interaction
[ ]

restraints (AIRs) to drive the docking process. It also allows to define specific unambiguous distance restraints (e.g. from MS cross-links) and supports a variety of other
experimental data including NMR residual dipolar couplings, pseudo contact shifts and cryo-EM maps.
HADDOCK can deal with a large class of modeling problems including protein-protein, protein-nucleic acids and protein-ligand complexes, including multi-bodies (N>2) assemblies.

Va rg as H on o rato et al_ Natu re Prot_ 2024 HADDOCK is one of the flagship software in the EU H2020 BioExcel Center of Excellence for Biomolecular Research.

Van Zundert et al. J.Mol.Biol. 2016 )
De Vries et al. Nature Prot. 2010 ( .k’ b|oe\ceL
"% o
I\t)} n B ‘

4 5
New to HADDOCK? To use the Our server is easier than ever to HADDOCK is used for excellent Looking for support or questions
HADDOCK docking server you use. science and so far it has been cited about HADDOCK's usage? Check

/ must have registered for an Try our new submission interface! more than 5000 times! our BioExcel forum!
account.
Register Submit a new job See our tutorials Get Help

ADDOCK

High Ambiguity Driven Docking

https://wenmr.science.uu.nl

= &l = Universiteit Utrecht [Faculty of Sc_ience
%§ Chemistry]



Haddock https://wenmr.science.uu.nl/new/stats
web
portal

" cumulative
w00 number of Asia 44565
users Europe 17088
o North America 12185
20,000 South America 3228
Africa 1589

893

‘*

Oceania

2,500 Monthly registrations 5 20,000 Processed user SmeiSSiOI"IS

2,000

1,500
10,000
1,000

5,000

N & & PP PP PP P > x 5 o o o
FE T LT EE S P SV Vg g S
— ———
The HADDOCK web portal is being used by 79554 users accross 184 countries! C — ——

[Faculty of Science
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bioeXcel

U

Universiteit Utrecht

ADDOC

High-Ambiguity Driven Docking

Introducing HADDOCK v3
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\
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\
|
1

1
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/
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/

Rodrigo
Vargas Honorato

ﬁ

Brian Jimenez
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Joao MC Teixeira

[\ ‘U’l

Marco Giulini

Victor Reys
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From static workflow ...

4 N
A
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... t0 a modular workflow architecture

ade

itl itw

Catalogue of
independent
modules

"?‘
nse” 3
= B = Universiteit Utrecht [Faculty of Sc_lence
k Chemistry]



Combining the different pieces

Catalogue of
independent
modules

= &l = Universiteit Utrecht [Faculty of Science
%§ Chemistry]



Combining the different pieces

Catalogue of
independent
modules
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& Current status - v2025.11.0

topology ~1 sampling —w— — refinement ~

@ Semi-Flexible ref.

% All-atom topology

é} Energy minimization '

# Protein-protein docking example with

anal Sis . . # NMR-derived ambiguous interaction restraints
/_ y \ o Short MD W/ eprICIt Water # directory in which the scoring will be done
CAPRI eval £ run dir = "runl"
J @ openMM # moleculei to be docked
RMSD matrix \_ Y, mOlefgiiz/;2aéilF3G.pdb",
. "data/hpr ensemble.pdb"
iIRMSD matrix ([ 3cornng “ ]
#
All-atom scorin opoas]
ClUSt by FCC x g [rigidbody]
% A" t . / MDe ater ambii]ffnamelzo;data/e2a—hpr7air.tbl"
-atom scoring w Xp. W sampling =
Clust by RMSD & P
- J [seletop]
select = 200
Select top model | | CLI N (flexret]

2 ambig fname = "data/e2a-hpr air.tbl"
x Select t0p CIUSter AnaIVSIS a[uigizfﬂ]fname = "data/e2a-hpr air.tbl"
@ Contactmap Restraints generation (caprieval]

[clustfcc]
é’ Alascan Solvent accessibility RN
. J
[caprieval]
https://github.com/haddocking/haddock3 "




HADDOCKS3 analyse report

Cluster Rank 1 2 3 4 5 6 7 8 9 10
Cluster ID 1 6 3 14 5 2 13 8 4 12
HADDOCK3 can Cluster size 37 9 14 4 12 19 4 7 13 4
HADDOCK score [a.u.] -33.156 + 0.158 -26.016 + 0.952 -24.757 + 0.572 -20.824 + 3.827 -20.675 + 1.023 -19.85 + 1.709 -19.783 £ 2.437 -18.528 + 1.88 -17.808 £ 1.6 -17.575+£ 1.5
o
automatica I Iy interface RMSD [A] 25553 +0.168 10.876 £ 0.012 1.185+0.185 3.095 + 0.494 5.459 + 0.376 10.151 + 0.099 10.89 £ 0.348 3.04+0.134 4676 +0.853 8.851 +0.271
. . Fraction of Common Contacts 0.361 + 0.02 0.118| cluster!_modell.pdb [x] p-o 0.334 +0.076 0.209 £ 0.072 0.097 £0.014
ge n e ra te l n te ra Ct I ve ligand RMSD [A] 6.747 + 0.854 18.04 0.527 8.84 + 0.285 9.303 + 1.656 14.8 £ 0.497
a n a I S i S |OtS DOCKQ 0.411 £0.023 0.106 .003 0.337 £ 0.032 0.258 + 0.062 0.124 + 0.01
y p Restraints Energy 123.595 + 107.598  168.5 + 126.803  223.414 + 89.759 252.992 + 31.644 276.677 £ 125
( S | m | | a r t O W h at t h e Desolvation Energy -16.131 £ 1.062 -12.23 3.36 -4.661+0.798 -1.397 £ 2175 -5.838 + 1.466
Electrostatic Energy -7.352 + 1.96 -2.177 1.906 -4.689 t 1.521 -5.232 + 3.297 -4.013 + 0.698
2 . 4 S e rve r g |Ve S ) Van der Waals Energy -11.774 £ 7.366 -10.93 .674 -1.568 t 5.466 -15.867 £ 7.127 -1.071 1 7.044
Nr 01 best structure | Download ® View | Do ad ® View | Download ® View | Download ® View | Download ®
Nr 02 best structure | Download ® View | Do ad ® View | Download ® View | Download ® View | Download ®
W ° I I f t h b . Nr 03 best structure | Download ® View | Do ad @ View | Download @ View | Download @ View | Download ®
I o rm e a s I S Nr 04 best structure | Download ® View | Do ad ® View | Download ® View | Download ® View | Download ®
for the analysis
interface
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.
=25 -10 -8
. o
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HADDOCK3 now available on ICE-CLOUD!

 As stand alone CLI

* As Jupyter notebook

 As webapp

HADDOCK3 €

High-Ambuigity Driven Docking

o (>

* Universiteit Utrecht

Haddock3 Notebook

HADDOCK, standing for High Ambig
Driven protein-protein DOCKing, is a

uity

widely used computational tool for the...

(>

"‘:GANANK

Scenarios

Explore and run predefined workflows.

Build

Use the workflow builder to create and submit
ajob.

icecloud.in

Upload

Upload a workflow and submit as job.

Manage

Explore and analyse the results of completed
jobs.

P g
w3y GANANR

[Faculty of Science
Chemistry]
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Mumps Virus Small Hydrophobic (SH) Protein
(when alphafold fails...)

Slides adapted from

Birthe Kragelund
University of Copenhagen, DK

Science Advances Current Issue  First release papers  Archive  About v

HOME > SCIENCE ADVANCES > VOL.11,NO.23 > THE SH PROTEIN OF MUMPS VIRUS IS A DRUGGABLE PENTAMERIC VIROPORIN

3 RESEARCH ARTICLE | STRUCTURAL BIOLOGY f X in & % O =

The SH protein of mumps virus is a druggable pen-
tameric viroporin

KIRA DEVANTIER , TRINE L. TOFT-BERTELSEN, ANDREAS PRESTEL , VIKTORIA M. S. KJAR , CAGLA SAHIN , MARCO GIULINI , STAVROULA LOUKA,

KATJA SPIESS , ASMITA MANANDHAR, KATRINE QVORTRUP , TROND ULVEN ,BO H. BENTZEN, ALEXANDRE MJJ BONVIN , NANNA MACAULAY

BIRTHE B. KRAGELUND ([3), AND METTE M. ROSENKILDE fewer  Authors Info & Affiliations

Kira Devantier

SCIENCE ADVANCES - 6 Jun 2025 - Vol 11,Issue 23 - DOl 10.1126/sciadv.ads3071

[Faculty of Science

Universiteit Utrecht .
W Chemistry]



: Universiteit Utrecht

SH Forms Pentamers

SH in SH in
DS POPC *+5 Monomer
| |(kDa) €8 Pentamer
s .
ol % -
45.0 13
30.0 [ - |
20.1 P
14.4 ” Illll o “ AN o
L AR e

1200 1600 2000 2400 2800
m/z

Devantier et al. (2025) Sci Adv 11(23):eads3071 [Faculty of Science
Chemistry]



in DHPC micelles
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ﬁhaFold3 model confidence (pLDDT)

very high (>90) low (70-50)
confident (90-70 very ow (<50

Devantier et al. (2025) Sci Adv 11(23):eads3071

AF2/3 modelling overestimates
the helix content and places
polar residues facing the
membrane (adding lipids in AF3
does not help)

[Faculty of Science
Chemistry]



" ’loock  HADDOCK modelling

High-Ambiguity Driven Docking

 Ab-initio modelling with C5
symmetry restraints

 Increased sampling

A Cluster 3 Cluster 1 Cluster 2 Cluster 5

B
HADDOCK RMSD-Emin N Evaw Eelec BSA (A?) Edesolv
Score
3 -418 (14) 13.8(0.2) 7 -178 (5) -39 (11) 6462 (174) -232 (8)
1 -412 (18) 5.5(1.4) 10 -170 (10) -31(21) 6274 (249) -236 (12)
2 -402 (32) 2.3(1.3) 8 -166 (24) -21(9) 6050 (301) -233 (11)
5 -390 (33) 14.1 (0.1) 5 -165 (20) -31 (8) 5954 (268) -219 (15)

% Universiteit Utrecht

SH forms highly hydrophobic pores

which conduct chloride

L8

F12
L15
Y19
123
V26
L29
Y34

Devantier et al. (2025) Sci Adv 11(23):eads3071 [Faculty of Science

Chemistry]



Important Residues in the TMD
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% Universiteit Utrecht Devantier et al. (2025) Sci Adv 11(23):eads3071 [Faculty of Science
%§ Chemistry]



Important Residues in the TMD
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BIT225

SH_:
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%‘% Universiteit Utrecht

SH is druggable
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Conclusions

e SH modelling with Alphafold fails to produce reasonable models
e NMR identifies the transmembrane helical region and disordered termini

e HADDOCK modelling of the pentamer points to key residues for both
chloride transport (Y19) and structural integrity of the pore (L24, W27)
(confirmed by NMR)

ScienceAdvanceS Curren t Issue First release papers Archive About v
e SH qualifies as druggable viroporin o s P ST M L S A

3 RESEARCH ARTICLE | STRUCTURAL BIOLOGY f X MMin o % 0 =

The SH protein of mumps virus is a druggable pen-
tameric viroporin

BBBBBBBBBBBBBBBB , AND METTE M. ROSENKILDE fewer  Authors Info & Affiliations

SCIENCE ADVANCES - 6 Jun 2025 - Vol 11,Issue 23 - DOL: 10.1126/sciadv.ads:

3071

[Faculty of Science
Chemistry]
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An AI revolution in antibody modelling

> Heavy chain
EVKLVESGGGLVQPGGSLRLSCAASGE
AFSSYDMSWVRQAPGKRLEWVATISGG
GRYTYYPDTVKGRFTISRDNAKNSHYL
QMNSLRAEDTAVYFCASPYGGYFDVWG
QGTLVTVSS

> Light chain

EIVLTQSPATLSLSPGERATLSCRASQ
SISNFLHWYQOKPGQAPRLLIKYASQS
ISGIPARFSGSGSGTDFTLTISSLEPE
DFAVYFCQOSNSWPHTFGQGTKVEIK

* Universiteit Utrecht

Fast (few seconds per antibody in some cases) generation
of antibody structures from sequence

[Faculty of Science
Chemistry]



Putting the predictors to the test

2 SAb

 No structures present in the training set
« No Immunoglobulin-binding proteins

* No redundancy

= 79 unique antibody-antigen complexes

Daniel Cutting

 AlphaFold, Immune Builder & IgFold put to the test

Schneider et al. (2022) Nucleic Acids Res. 50(D1):D1368-D1372

§‘§"% Universiteit Utrecht Dunbar et al. (2014) Nucleic Acids Res. 42(D1):D1140-D1146 [Faculty of Science
%§ Chemistry]



100

80 A

Topl-Topl0 SR (%)

20 A

Antibody-antigen complex prediction

60 -

40 A

TRUE INTERFACE

LOOSE INTERFACE

e Fast HADDOCKS3 protocol with limited
sampling

e No coevolution between antibody and
antigen: low Alphafold2 performance!

Sinlgle Antibody Single Antibody Alphafold2
input ensemble input ensemble

Giulini et al. Bioinformatics, 2024 [Faculty of Science
Chemistry]

Universiteit Utrecht



H3 loop prediction

e H3 is crucial for the antigen
recognition

e Huge sequence and
structure variability due to
its unique location at the
intersection of the VD] gene
segments

e Absence of experimentally
solved structural relatives

Weitzner, Dunbrack, Gray The origin of CDR H3 structural diversity, Structure 2015
Regep, ..., Deane The H3 loop of antibodies shows unique structural characteristics, Proteins 2017

5 2 Universiteit Utrecht [Faculty of Sc_ience
N Chemistry]




Performance of AF2 on antibodies

10 - ——
; | H3 has much
| I more variability
e Dataset: 54 unique 81 Hland H2are ' !
antibodies from SAbDab typically well- | |
. | |
- No sequence redundancy 64 predicted | !
— | . .
- No structures present in AF = ; : The light chain
training set 2, ! | is well predicted
=
o 12 79 A
e Generate AF2 25 models each : :
2 .
' '1.23 A A
e AF sampling (multiple seeds, MSA 2 Sk % ; osg A 0
subsampling/clustering) is not o{ o v | |
H1 H2 H3 L1 L2 L3
stellar Loop

4

b . o
\ Xu, Giulini & Bonvin Bioinfo. Adv. 2025 [Faculty of Science
-

Chemistry]

% Universiteit Utrecht



H3 pLDDT as an indicator for RMSD

] | =]
10 , [ 5o
e Pearson correlation = -0.73 e | 0
8 | "
. | g
e 80 is a good threshold to | 18 .5
obtain reasonable models T 6 ! 16 O
i py |
with AF2 3 J o IS
= ° ol 14 -
o 4 I ° Y
e With this indicator, we can oo L* ®, - 1 g
- - - o
focus on antibodies with low N . : © % Z
- 10
AF2 confidence | o Mo ¢
o [
| O 0o ® :
O_ ) 1 ! I 1 I
70 75 80 85 90 95
H3 pLDDT
B e, Xu, Giulini & Bonvin Bioinfo. Adv. 2025 (o of Science

Chemistry]



Alphaflow:
Generative modelling on top of Alphafold

Take AlphaFold and
repurpose it into a
generative modelling
framework to obtain a
highly diverse output

Flow matching
framework preserving

What if we use this AlphaFold architecture

algorithm on the H3
loop?

Xiaotong X
aotong 2 AlphaFold meets flow matching for generating protein ensembles
%’% Universiteit Utrecht B Jing, B Berger, T Jaakkola - 2024

[Faculty of Science
Chemistry]
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AlphaFlow modelling

e 1000 models for each
antibody heavy chain AF2

Lowest H3 RMSD
94

e AlphaFlow always . .
recovers some models /] .
with H3-RMSD<3A ] e O

e Fishing the good 2]
models out of the ’]
sample is difficult |
(pLDDT is not e o
predictive here)

AFL
% Cmiversioeit Gteechc Xu, Giulini & Bonvin Bioinfo. Adv. 2025 [Faculty of Science

T\ Chemistry]



Modelling worflow

Maximum entropy (complete linkage)
Low-confidence H3 loop structural cIustering
AlphaFold prediction

‘000 AFL models
-> 20 clusters
Clustered Targeted HADDOCK
diffusion ensemble kR docking

H3 loop-focused
AlphaFlow diffusion sampling

Xu, Giulini & Bonvin Bioinfo. Adv. 2025

[Faculty of Science
Chemistry]



Improved docking performance

‘S 3 100 1 1001
mADDOCK )

A 80 f- ] o0
&

) -6_ 60_ ___________________________________________________________________ > 60_ ___________________________________________________________________
Para-Epi LL) a
O t
© o

QL 40 frrom e S
@)

20—t T 20 o

0 . - - ; . . 0 - . . . - ;
Tl T5 T10 T20 T50 T100 T1 T5 T10 T20 T50 T100
Acceptable CDE Medium CDE Acceptable AF2 Medium AF2
W Xu, Giulini & Bonvin Bioinfo. Adv. 2025 [Faculty of Science

£ U = Universiteit Utrecht
%AA!\§ v N Chemistry]



AlphaFold3: did it solve everything?

« AF3 improved the success of antibody-
antigen complex modelling (at the cost of
massive sampling)

« MSA’s importance is de-emphasized +
diffusion module guarantees more

diversity in the sampled structures Alpha FOld 3 "%‘3;
- On our small dataset of difficult cases, AF3 fﬂg@

helped only in 1 out of 9 cases (reaching Fﬁ:‘;{ !

an H3-RMSD = 2.1A) 1 &

J Abramson et al Accurate structure prediction of
biomolecular interactions with AlphaFold 3, Nature 2024

* Neither AF2 or AF3 were able to provide
any acceptable solutions within the top10

% Cmiversioeit Gteechc Xu, Giulini & Bonvin Bioinfo. Adv. 2025 [Faculty of Science
W Chemistry]



Conclusions

AlphaFold revolutionized the field of
antibody/nanobody modelling, but there are still
challenges in the complex and H3 loop prediction

Exploring more widely the conformational space of
H3 loops is beneficial for difficult cases

Similar observation for nanobodies (with
framework also playing a role)

Despite the Al era, there is still (for now?) a need
for more “classical” integrative modelling
approaches

= Universiteit Utrecht
NS

JOURNAL ARTICLE

Towards the accurate modelling of antibody-antigen
complexes from sequence using machine learning

and information-driven docking 3

Marco Giulini, Constantin Schneider, Daniel Cutting, Nikita Desai, Charlotte M Deane,
Alexandre M J J Bonvin ™ Author Notes

Bioinformatics, Volume 40, Issue 10, October 2024, btae583,
https://doi.org/10.1093/bioinformatics/btae583

JOURNAL ARTICLE
Improved prediction of antibody and their complexes
with clustered generative modelling ensembles 3

Xiaotong Xu, Marco Giulini, Alexandre M J J Bonvin ™ Author Notes

Bioinformatics Advances, Volume 5, Issue 1, 2025, vbaf161,
https://doi.org/10.1093/bioadv/vbaf161

F7°R, cold ° °
d Y Spring
oo Laboratory
THE PREPRINT SERVER FOR BIOLOGY

Combining Al structure prediction and integrative
modelling for nanobody-antigen complexes

Miguel Sanchez-Marin, 2 Marco Giulini, (2 Alexandre M.J.J. Bonvin
doi: https://doi.org/10.1101/2025.07.01.662355

[Faculty of Science
Chemistry]
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Modelling protein-cyclic peptide
complexes with HADDOCK

S Sy B e et
8075 e
) h-Ambiguity Driven Docking

>Sequence
JDKIDN

l‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Cyclization and Docking Protocol for Cyclic Peptide—Protein
Modeling Using HADDOCK2.4

Vicky Charitou, Siri C. van Keulen,* and Alexandre M. J. J. Bonvin*

Cite This: J. Chem. Theory Comput. 2022, 18, 4027-4040 I : I Read Online

M Universiteit Utrecht [Faculty of Sc_ience
Chemistry]

U

Siri van Keulen




Benchmark dataset

e 18 cyclic peptides (14 short <= 10 a.a.; 4 long 14 a.a)
e 12 disulfide peptides (3 short, 9 long)

Cyclic Peptides

14
[ Backbone Dataset .12

| =1 Disulfide Dataset L 10

=

ONPBOOONBH

Peptide Length
(amino acids)

ON B~ O

\@”)é,\q‘,\

Q®@$&$® D @ A
S o Gt Y AR W

https://github.com/haddocking/cyclic-peptides
§% [Faculty of Science

Universiteit Utrecht .
%§ Chemistry]



Benchmark dataset

Short- backbone peptides Long - backbone peptides Disulfide peptides
6-10 residues 14 residues 6-14 residues

PDB ID: 3av9 (8 aa) PDB ID: 3p8f (14 aa) PDB ID: 5djc (13 aa)

[Faculty of Science
Chemistry]

Universiteit Utrecht




Peptide cyclisation
protocol

&) § Universiteit Utrecht

Peptide Cyclization

Step 1 - PyMOL

polyproline

N

Generation of peptide starting conformations

[B-sheet

\’Z}—O [

2 structures

¢ Step 2 - HADDOCK .||CreaSEd Samp“ng)

the “termini” together (400 models,
no electrostatics, RMSD clustering)

distance

o Step3: Covalent bonds created
automatically by HADDOCK

Q? @f @f (protocol repeated 3 time with different
random seeds, RMSD clustering)

Step 3 - HADDOCK

Bond cyclization Bond cyclization Bond cyclization
seed 1 seed 2 seed 3

10 structures + 10 structures + 10 structures

| | | [Faculty of Science
| Chemistry]



Ensemble docking protocol

e Optimized HADDOCKiIng protocol:

Ensemble of 50 peptide conformations

5000/400/400 sampling ADDOCK

High-Ambiguity Driven Docking

#steps in flexible refinement increased by a

factor 4

Peptides > 10 a.a. fully flexible and subjected to

explicit solvent refinement

Restrained docking: Binding site on protein as

active, peptide as passive

ﬁg@ Universiteit Utrecht [Faculty of Science

U

Chemistry]



Overall performance

Holo receptor structure Holo receptor structure
100 100
o 8] o 80
et 3
& 601 = = N & 601
%] %]
; 111K
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Backbone " i Disulphide
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1 5 10 20 50 100 200 1 5 10 20 50 100 200
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2 2 B fnat = 0.8
9 40- 9 40-
3 = fnat = 0.5
201 201
I I fnat = 0.2
71 5 10 20 50 100 200 71 5 10 20 50 100 200 [Faculty of Science
= Universiteit Utrecht Top Top Y

Chemistry]



Conclusions

e Cyclisation protocol with distance restraints (electrostatic off)

samples near native cyclic peptide conformations

e Ensemble docking protocol with increased flexibility for long

(>10 a.a) peptides

- 100% acceptable top 10 models, 60% medium quality

e Long cyclic peptides remains challenging both in terms of

sampling and scoring

Universiteit Utrecht

l‘ I ‘ Journal of Chemical Theory and Computation
pubs.acs.org/JCTC Article

Cyclization and Docking Protocol for Cyclic Peptide—Protein
Modeling Using HADDOCK2.4

Vicky Charitou, Siri C. van Keulen,* and Alexandre M. J. J. Bonvin*

Cite This: J. Chem. Theory Comput. 2022, 18, 4027-4040 I : I Read Online

[Faculty of Science
Chemistry]
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Conclusions & Perspective

e Celebrating 20+ years of HADDOCK developments!

e Despite the Al era, there is still (for now?) a need for more

“classical” integrative modelling approaches (e.g. to deal with
complexes consisting of a variety of molecule types, antibodies...)

e Increased flexibility with customizable workflows with
HADDOCKS3 (which also allows incorporation of 3" party software)
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“Thank you for your attention!
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Protein-glycans

RMSD matrix Cluster-based model selection Flexible refinement
calculation at the interface

Rigid body docking Cluster-based scoring

HADDOCK score
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3 3 i
Cluster Rank

HADDOCK score

Wiygy = 1.0

Naist = 50

o )
RMSD (A) Interface ligand RMSD [4]
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Protein-cyclic peptides

viguity Driven Docking
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