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Abstract: Under the growing global demand for sugar reduction, sweet proteins have emerged as promising natural
sweeteners owing to their ultrahigh sweetness, favorable sensory attributes, and negligible impact on blood glucose
metabolism. Despite their considerable commercial potential, large-scale application remains constrained by challenges
including high production costs, limited protein stability, and sensory characteristics that differ from those of sucrose.
This review systematically summarizes the current research progress on eight representative sweet proteins, including

thaumatin, brazzein, monellin, mabinlin, neoculin, curculin, miraculin, and pentadin. Their sources, structural features,
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sweetness characteristics, and physicochemical properties are comprehensively discussed. Particular emphasis is placed
on the molecular mechanisms underlying sweet taste perception, including the interaction of sweet proteins with the
human sweet taste receptor and recent advances in elucidating receptor activation pathways through structural biology
and computational modeling. These findings provide an important theoretical foundation for the rational design and
optimization of sweet proteins. Furthermore, recent advances in synthetic biology-enabled biomanufacturing of sweet
proteins are reviewed, covering chassis cell engineering, promoter and codon optimization, secretion pathway
regulation, fermentation process development, and downstream purification strategies. The applications of protein
engineering approaches, including rational design, directed evolution, computational redesign, and structure-guided
mutagenesis, are also discussed with respect to improving protein expression, sweetness potency, thermostability, pH
tolerance, and overall industrial applicability. Particular attention is devoted to the emerging role of artificial
intelligence (AI) in sweet protein research and development. Recent breakthroughs in protein structure prediction,
generative protein design, machine learning-assisted sequence optimization, and Al-driven codon engineering have
significantly accelerated the discovery and engineering of sweet proteins. Al-based frameworks integrated with
structural biology, molecular simulation, and Design-Build-Test-Learn (DBTL) cycles are enabling the development of
novel sweet proteins with enhanced functionality and manufacturability. Moreover, advances in de novo protein design
offer unprecedented opportunities for creating artificial sweet proteins beyond the limitations of naturally occurring
protein scaffolds. Finally, this review discusses the techno-economic feasibility, regulatory considerations, and
commercialization prospects of sweet protein production. Future developments are expected to arise from the
convergence of synthetic biology, protein engineering, structural biology, and artificial intelligence, driving the
transition from natural sweet protein optimization toward the rational creation of next-generation sweet proteins. These
advances will facilitate the establishment of sustainable, intelligent, and economically viable production platforms,

supporting the broader adoption of sweet proteins as key ingredients in the future healthy food industry.

/" Advanced Sweet Proteins: From Molecular Mechanisms To Smart Biomanufacturing
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Fig.1 Molecular characteristics and structural overview of eight representative sweet proteins
(Comparison of representative sweet proteins, including Thaumatin, Brazzein, Monellin, Mabinlin, Curculin, Miraculin, Neoculin, and Pentadin, with
respect to their sources, molecular weights, structural folds, thermal stability, and flavor characteristics. The figure highlights the structural basis

underlying differences in sweetness intensity, thermal tolerance, and receptor-binding interfaces among these natural molecules.)
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Fig. 2 Schematic illustration of ligand-induced activation of downstream signaling pathways via sweet taste receptor (TAS1R2/
TAS1R3) and umami taste receptor (TASIR1/TAS1R3).

(The figure illustrates the process by which sweet proteins or small-molecule sweeteners bind to the extracellular domain of taste receptors, leading

to activation of G proteins, phospholipase Cp2, and IP3-mediated Ca* release, and opening of TRPMS channels, ultimately triggering gustatory

nerve signal output. GMP: guanosine monophosphate; IMP: inosine monophosphate.)
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Fig. 3 Receptor binding mechanism-guided intelligent engineering of sweet proteins

(Guided by the TASIR2/TASIR3 receptor recognition interface, electrostatic complementarity, and conformational allosteric mechanisms, a closed-

loop workflow is established that integrates protein structural analysis, Al-driven sequence design, host cell engineering, expression optimization,

and fermentation/purification, bridging mechanistic insights with engineered production.)
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Fig. 4 Overall workflow of Al-driven de novo sweet protein synthesis guided by the DBTL cycle

(This figure illustrates the DBTL closed-loop workflow for Al-driven de novo sweet protein synthesis. First, design objectives are defined based on

functional requirements and target structures. Candidate sequences or protein backbones are then generated using diffusion models, protein language

models, and related generative approaches, followed by multi-objective evaluation and ranking with structural prediction tools such as AlphaFold3.

The selected candidates are subsequently subjected to gene synthesis, expression and purification, and functional validation. Finally, the experimental

results are fed back into model training and parameter updating to guide the next round of design optimization.)
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