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Abstract

Biomolecular interactions underpin almost all biological processes, and their rational design is central to
programming new biological functions. Generative Al models have emerged as powerful tools for molecular
design, yet most remain specialized for individual molecular types and lack fine-grained control over interaction
details. Here we present ODesign, an all-atom generative world model for all-to-all biomolecular interaction
design. ODesign allows scientists to specify epitopes on arbitrary targets and generate diverse classes of
binding partners with fine-grained control. Across entity-, token-, and atom-level benchmarks in the protein
modality, ODesign demonstrates superior controllability and performance to modality-specific baselines.
Extending beyond proteins, it generalizes to nucleic acid and small-molecule design, enabling interaction
types such as protein-binding RNA/DNA and RNA /DNA-binding ligands that were previously inaccessible.
By unifying multimodal biomolecular interactions within a single generative framework, ODesign moves
toward a general-purpose molecular world model capable of programmable design. ODesign is available at
https://odesign.lglab.ac.cn, allowing users to generate binding partners without coding expertise.


mailto:odesign@lglab.ac.cn
https://odesign1.github.io
https://odesign.lglab.ac.cn

1 Introduction

Life processes are orchestrated by the coordinated actions of multiple molecular modalities, including proteins,
nucleic acids, and small molecules—that collectively mediate signal transduction, energy metabolism, and gene
regulation, forming the core machinery of biology [9, 48]. For decades, scientists have sought to understand,
emulate, and ultimately control biological processes through rational molecular design, a pursuit often
described as the Holy Grail of structural biology and drug discovery [38, 63, 67]. Bridging this molecular
complexity with computational design has long been a central challenge.

Recent advances in artificial intelligence (AI) have transformed molecular design from intuition-driven
trial and error into a computational discipline. Breakthroughs such as RFDiffusion for de novo protein
design [95], ResGen for protein—small-molecule generation [105], and RhoDesign for RNA design [97] have each
demonstrated remarkable progress within their respective domains. Yet these models cannot perform the cross-
modality reasoning required to program complex biological functions. Structural prediction suggests a potential
route toward this goal, as it intrinsically learns the shared physicochemical principles governing molecular
interactions across modalities. Models such as RosettaFold-All-Atom (RF-AA) [53] and AlphaFold3 [1] jointly
represent proteins, nucleic acids, small molecules, and chemical modifications within a unified structure-
prediction framework. Leveraging carefully designed architectures and multimodal representations, AlphaFold3
has achieved state-of-the-art performance across nearly all structural prediction benchmarks. While these
advances demonstrate the power of cross-modality modeling, their objectives remain confined to predicting
existing structures rather than generating new molecules with desired functions. Realizing a generative
framework capable of cross-modality biomolecular design remains an open challenge.

Despite the rapid progress of generative foundation models such as Latent-X [87] and PXDesign [78], existing
frameworks remain primarily protein-centric, focusing on target—binder generation at the entity level. This
formulation simplifies modeling but fails to reflect the multimodal nature of living systems, in which proteins,
nucleic acids, metabolites, lipids, and metal ions form dynamic, multiscale networks and regulatory hierarchies
that together sustain biological function [7, 51|. Extending generative modeling beyond this protein-centric
view is challenging, as molecules across different modalities follow distinct compositional principles: small
molecules consist of atoms or functional groups, proteins of amino acid residues, and nucleic acids of nucleotide
chains [44]. A purely atomic representation struggles to ensure that generated structures conform to the
intended molecular modality and often overlooks the chemical and biological priors encoded in higher-order
structural units [43, 76]. Achieving truly cross-modality molecular generation therefore requires models that
reconcile atomic-level precision with hierarchical organization, enabling conditional control across molecular,
motif, and atomic levels to realize programmable functional design [46, 106].

To address these challenges, we developed ODesign, the first-of-its-kind generative world model for cross-
modality and multi-conditional molecular design. Built upon state-of-the-art structure-prediction architec-
tures [1], ODesign abstracts the minimal chemical units of diverse molecular species into a unified token
space. This representation enables “all-to-all” molecular generation within a single framework. A task-oriented
masking mechanism provides conditional control at molecular, motif, and atomic levels, while flexible and
rigid conditioning allows the model to either fix target structures or co-generate target—binder interfaces.
Across eleven benchmark tasks spanning proteins, small molecules, RNA, and DNA, ODesign consistently
outperforms modality-specific models and achieves substantial improvements in design throughput, enabling
high-throughput generation across molecular modalities. Collectively, these results demonstrate that ODesign
establishes a unified framework for molecular generation across modalities—an important step toward a
general-purpose molecular world model.

2 Architecture and training of ODesign

Molecular design involves two types of outputs: continuous coordinates in three-dimensional space and discrete
element types. Accordingly, existing technical routes can be broadly classified into two categories. The first is
co-design, which simultaneously optimizes both structure and type; the second is a two-stage strategy, in
which a backbone is generated first and the sequence is then designed. Although co-design is theoretically
capable of more comprehensively modeling the coevolution between structure and sequence, the two-stage
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