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INTRODUCTION

Wet-lab Experiments

Proteins, nature’s intricate molecular machines, are the products of billions of years of evolution and play fundamental roles in sustaining life. Yet, deciphering
their molecular language—understanding how protein sequences and structures encode biological functions—remains a cornerstone challenge in modern
biology. While traditional homology-based tools fail for divergent proteins and classifiers offer narrow, label-centric answers, a generative understanding of
functional mechanisms is missing.

Here, we introduce Evolla, an 80-billion-parameter generative model designed to decode protein function through natural language dialogue. Evolla
iIntegrates information from protein sequences, structures, and user queries to generate precise, mechanistically-detailed insights. A key innovation lies in its
training on an unprecedented Al-generated dataset: 546 million protein question-answer pairs (150 billion tokens), enabling it to capture the immense
complexity of the protein universe. Post-pretraining, Evolla integrates Direct Preference Optimization (DPQO) and Retrieval-Augmented Generation (RAG) to
align the model for functional veracity and factual accuracy.

Evolla's performance surpasses traditional methods, particularly in their blind spots. We demonstrate it can reconstruct entire functional systems via
semantic search; for instance, it identified all 36 partners of an archaeal ribosome from a single protein query where homology tools fail. Furthermore,
we used Evolla to drive novel, experimentally-validated discoveries: identifying four eukaryotic-like VPS4 proteins in Asgard archaea and discovering a
novel PETase from a deep-sea bacterium. These results prove its ability to generate testable, real-world hypotheses, shifting the paradigm from simple
annotation to generative discovery. The online demo is available at http://www.chat-protein.com/.

Methods & Dry-lab Experiments
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Global identification of Asgard archaeal eukaryotic signature proteins (ESPs) and functional _
characterization of Vps4. C§a) Computational pipeline for ESP identification. Evolla screened 48,128 protein

structures across 14 Asgar

genomes, providing classification decisions based on protein family, function, and

features. Responses were scored (1-5) by an LLM, high-confidence hits (score 5; 2.3—5.5% per genome) were
functionally clustered into four categories (ISP, CPS, MET, OTR) and structuraII?/ verified via Foldseek. (b)
y

Schematic of Vps4 function. Vps4 drives ATP-dependent ESCRT-III disassemb

and membrane scission; its

loss leads to class E compartment formation. (c) Vacuolar morphology by FM 4-64 staining. The Avps4 strain
exhibited class E compartments (white arrow), fully rescued by S. cerevisiae Vps4 (+Sc) and partially rescued
by Asgard homologs (+Ad, +Bw, +Hy, +Jm). Scale bar, 10 ym. (d) Quantification of class E compartments.
A_s?ard Vps4 expression reduced compartment accumulation from ~70% (Avps4) to ~20%. Mean £ SD, n =3
biological replicates. ****P < 0.0001, unpaired two-tailed t-test.
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Discovery and Evolla-guided functional mining of the deep-sea PET hydrolases, PsPETase. (a)
Schematic of the Evolla-guided discovery workflow. A Pseudomonas sp. isolate was obtained from deep-sea
sediments (avg. depth 5,093 m) via PET-enrichment culture. Evolla screened 4,182 predicted proteins through
natural language interrogation, identifying PsPETase as a top candidate, and further guided experimental
validation design. (b) Esterase activity of PsPETase measured by p-NPB hydrolysis at 37 °C (pH 8.0), showing

a linear initial velocity (v%? of 0.164 mM min~"'. Data: mean £ s.d., n = 3._?_%)ATem erature-dependent solvent-
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after 24 h. Optimal activity was observed at 40 °C, consistent with Evol

HET) were q[_uantified by HPLC
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= 3. &d) Maximum-likelihood phylolg?_ny of PsPETase amon? 137 validated PET hydrolases. PsPETase defines
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a distinct marine clade (blue), evo

onarily divergent from

rrestrial archetypes such as IsPETase (green). (e)

Time-course degradation of scPET films by PsPETase (1,000 nM, buffer/enzyme refreshed daily), achieving

complete degradation within 7 days.
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