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Background: Biomolecular Interaction
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 Proteins, molecules, nucleic acids all have 3D structures in real-world scenarios.
« Biomolecular interactions are the fundamental basis of life, as they dynamically
interact with each other to drive biological processes

ZHANG Zizhuo, Department of Computer Science, HKBU



Background: Molecular (Protein-Ligand) Docking

Target Ligand Complex Input:

« Protein 3D structure (holo / apo protein)
e B =

 Molecule 3D structure randomly initialized by
RDK:it (apo ligand)
Output:
« Docked (Bound) protein-molecule complex 3D
structure
__{{2 dagking v" Docked molecule 3D structure (holo ligand)

v" Docked protein 3D structure (holo protein)

 Molecular Docking, also called Protein-Ligand Docking, or Protein-Molecule Docking.
« Given a protein target, Protein-Molecule Docking aims to predict how a molecule
interacts with the protein to have its effects.

ZHANG Zizhuo, Department of Computer Science, HKBU



Background: Application

 Drug Design and Discovery: Used to predict the binding modes of small molecules with protein
targets, aiding in design and discovery candidate drugs.

» Virtual Screening: Involves computationally screening large libraries of compounds to identify
potential active compounds.

* Protein-Ligand Interaction Studies: Helps in understanding protein-ligand interactions, such as
properties, binding affinities, others.

« Combination with other Al4Science Techniques: AlphaFold, RoseTTAFold, etc.

ZHANG Zizhuo, Department of Computer Science, HKBU



Rigid Docking vs. Flexible Docking

Rigid Docking assumes protein rigidity, i.e., protein structure remains unchanged during docking process
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Rigid Docking: (holo protein + apo ligand) — holo ligand

Flexible Docking relaxes the protein rigidity assumption,
i.e., protein structure exhibits dynamic behaviors during docking process, especially pocket region
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Flexible Docking: (apo protein + apo ligand) — (holo protein, holo ligand)

ZHANG Zizhuo, Department of Computer Science, HKBU



Related Work: Rigid Molecular Docking

EquiBind (ICML 2022), TankBind (NeurlPS 2022), E3Bind (ICLR 2023):

 Regression-based Methods, directly predict binding structures.

« Encode protein (pocket) and molecule via E(3)-equivariant GNNs

« Use external pocket detection tool P2Rank to pre-identify pocket candidates (TankBind, E3Bind)

Block Distance Maps D?

yﬂ-- Lﬁ/_.l

-

8 - I
G . ..u-u\ gmentation /&y
'_-I,i_'\:‘fir" i <~ T \&e 3 ZA‘ ¢ _b-GNN [E
) \\\ : Tgij‘ 5 e : Interaction Map -
-_.‘ LA * : -:\ Pl’edic‘lion
ks »;—'-'«f'_{"'{ % <
e T
e MEnl
Protein Functional Blocks

B g Cgr:rastlve Generatio !
i LDSS Prlorltlzatlon —"p \ 3 u
.i'
ikt ! h

Interactlon Matrix Z ‘k«”
Binding Affinity
d &f 3D Inltlallzatlon Trigonometry-aware Prediction
=/ —_— I——__l h* Message Updating
¢ 7 ——————— \\ e
- Ligand Distance Map D¢

Drug Ligand Conformer =

TankBind (NeurlPS 2022)

ZHANG Zizhuo, Department of Computer Science, HKBU



Related Work: Rigid Molecular Docking

DiffDcok (ICLR 2023), DiffDock-L (ICLR 2024):
« Sampling-based Methods, use diffusion model to generate multiple structures during inference
and rank them using a confidence model.

« Randomly sampled initial structures are denoised via a reverse diffusion over translational,
rotational, and torsional degrees of freedom (m + 6).
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Related Work: Flexible Molecular Docking

DynamicBind (Nature Communication 2024), ReDock (ICML 2024):

« Sampling-based Methods, use diffusion model to generate structures.
Reverse diffusion to recover protein from AlphaFold2-initialized apo structures to holo structures.

« Reverse diffusion to denoise ligand from randomly initialized apo structures to holo structures.
« Use a confidence model to rank multiple generated structure.
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Related Work: FABind and FABind+

FABiInd (NeurlPS 2023), FABind+ (KDD 2025):

« Regression-based Methods, directly predict binding structures.

« Multi-task framework to both predict pocket residues and holo ligand structures.
* No need for external pocket detection tools.

* No need for a confidence model to rank sampled structures.
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Motivations

Technical Perspective: Regression-based vs. Sampling-based Docking
* Regression-based:
» Directly predict the docked holo structures by a single forward computation.
« Advantages: Faster computational efficiency
« Disadvantages: Less accurate docking performance.
« Sampling-based:
« Multi-round sampling involves multiple rounds of inference computation.
* Train a confidence model to rank multiple sampled structures.
« Advantages: Higher docking performance.
« Disadvantages: Low computational efficiency.

Scenario Perspective: Rigid Docking vs. Flexible Docking
* Rigid Docking:
* Protein rigidity assumption oversimplifies real-world protein-ligand interactions.
» Both regression-based and sampling-based methods exist in previous work.
* Flexible Docking:
* Flexible docking is a more realistic docking scenario considering dynamic protein behaviors.
» Existing flexible docking methods predominantly follow the sampling-based technical line.

ZHANG Zizhuo, Department of Computer Science, HKBU



Motivations
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« Existing flexible docking methods struggle with low efficiency due to sampling strategy.

* There is a research gap in exploring the potential of the regression-based paradigm for
flexible docking.

» Rigid docking methods experience a noticeable performance drop when applied to
flexible docking scenarios.

Can we develop a faster flexible docking method based on a regression-based paradigm?

ZHANG Zizhuo, Department of Computer Science, HKBU



Problem Definition: Blind Flexible Docking
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Blind Flexible Docking: (apo protein + apo ligand) — (holo pocket, holo ligand)

« Blind flexible docking:
« Proteins exhibit flexibility (flexible) during docking process.
« Binding pocket sites are unknown (blind), no prior knowledge about binding pocket sites.

 We use AlphaFold2-predicted structure to initialize apo protein structure.
« We use RDKIit to randomly initialize apo ligand structure.

« Following existing methods, we use geometric heterogeneous graph to model protein-ligand
or pocket-ligand complexes.

ZHANG Zizhuo, Department of Computer Science, HKBU



FABFlex: Fast and Accurate Blind Flexible Docking

« Regression-based multi-task framework to ooy '{éﬁw E}é@
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Pocket Prediction Module
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» Pocket Prediction Module
» Residue-level binary classification
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* Predict the pocket center.
* Move ligand to pocket center for subsequent docking modules.
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Ligand Docking Module and Pocket Docking Module
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 lterative Update Mechanism to promote prediction exchange for coordinate refinement.
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Experimental Settings

- Dataset: PDBBind v2020
« Protein-ligand complexes recorded before 2019 as training set and validation set.

* Protein-ligand complexes recorded after 2019 as test set.
« Align AlphaFold2-predicted protein structures with groud-truth structures.

avg. residues max. residues avg. heavy atoms max. atoms

PDBbind # Complexes . . : . o o
in proteins in proteins in ligands in ligands
Train 12,807 310.59 1,290 31.30 149
Validate 734 312.14 1,025 32.52 177
Test 303 280.92 1,098 35.77 147

« Evaluation Metrics: RMSD (Root-Mean-Square Deviation)
« Ligand RMSD
 Pocket RMSD

RMSD = \/%Z?Ll(xi—x{)z+(Yi_yi,)2+(zi_zi’)2

ZHANG Zizhuo, Department of Computer Science, HKBU



Experimental Results: Ligand RMSD

Ligand RMSD
: Average
Method On All Cases On Unseen Protein Receptors Runtime (s)
Percentiles | % Below T Percentiles | % Below 1
25% 50% 75% Mean <2A <5A|25% 50% 75% Mean <2A <5A |
Traditional Docking Software

Vina 479 7.14 921 7.14 6.67 2733|527 706 88 715 625 2321 205"
Glide 284 577 804 581 1466 4060 | 238 501 717 521 2136 4951 1405"
Gnina 258 5.17 842 576 1932 4847 | 203 496 1735 533 2455 50091 146
Deep Learning-based Rigid Docking Methods

TankBind 282 453 779 779 891 5446 | 288 445 753 760 439 58.77 0.87
FABind 219 373 839 663 2211 6073 | 273 483 935 715 877 5088 0.12
FABind+ 158 279 669 563 3564 6601 | 193 313 859 676 27.19 57.89 0.16
DiffDock 1.82 392 683 607 2904 6073 | 197 482 803 741 2632 5175 82.83
DiffDock-L 155 322 686 599 3675 6258 | 1.86 3.16 909 7.14 2982 61.40 58.72

Deep Learning-based Flexible Docking Methods
DynamicBind 157 3.16 7.14 6.19 3300 6469 | 223 402 1023 827 20.18 5439 102.12

FABFlex 140 296 6.16 544 4059 6832 | 1.81 351 803 7.7 3246 59.65 0.49

 FABFlex consistently outperforms both traditional docking software and contemporary
deep learning-based methods almost across all metrics.

 FABFlex effectively generalizes to new and unseen proteins.

 FABFlex is approximately 208 times faster than DynamicBind.

ZHANG Zizhuo, Department of Computer Science, HKBU



Experimental Results: Pocket RMSD

Cumulative Percentage of Pocket RMSD (%) T on All Test Cases

Cumulative Percentage of Pocket RMSD (%) T on Unseen Proteins
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 FABFlex has a positive effect on refining pocket poses from the initial AlphaFold2 structures.
 FABFlex can improve pocket structures for those unseen proteins.

ZHANG Zizhuo, Department of Computer Science, HKBU



Experimental Results: Pocket Prediction

Given Apo Proteins Given Holo Proteins
Method Pocket Center (A) Pocket Center (A)
CLS ACC % T CLS ACC % 1

MAE| RMSE| EucDist] | MAE | RMSE | EucDist |

P2Rank - 4.04 5.69 785 | - 411 6.17 8.05

FABind 73.32 3.06 5.30 6.18 73.54 3.08 5.35 6.18

FABind+ 87.18 3.49 5.09 6.94 87.52 3.50 5.13 6.69

FABFlex 87.08 3.29 4.83 659 | 87.06 3.31 4.89 6.63
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Experimental Results: lterative Update Mechanism
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Experimental Results: Case Studies
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Experimental Results: Case Studies
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Experimental Results: Validity of Predicted Structure

Clash Methods | Vina Glide Gnina | TankBind FABind FABind+ DiffDock DynamicBind FABFlex
r
ash score clash score | | 0.02 0.08 0.05 | 0.41 0.51 0.45 0.33 0.27 0.37
Methods | Ligand RMSD < 2A (%) PB-valid & Ligand RMSD < 2A (%)
[ FABind 22.52 1.32
FABind+ 34.11 8.94
DiffDock-L 37.42 16.89
DynamicBind 30.79 14.57
FABFlex 39.40 13.91
Validity Rate on PDBBind Test Set by PoseBuster Suite
100 s FABind
Emm FABind+
w DiffDock-L
80 B DynamicBind
N FABFlex
PoseBuster o

40

Validity Rate (%)

20

ZHANG Zizhuo, Department of Computer Science, HKBU
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