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Abstract
D-Allulose is a low-calorie rare sugar with significant potential in the food and pharmaceutical industries; however, its industrial production remains constrained by inefficient biocatalysts and thermodynamically limited yields [1, 2]. In this study, a novel D-allulose 3-epimerase from a clostridial bacterium (CDAE) was developed as a high-performance biocatalyst for D-allulose biosynthesis. CDAE was successfully expressed in a food-grade Bacillus subtilis system, achieving high intracellular (222.55 U/mL) and extracellular (155.50 U/mL) activities, which is advantageous for safe production and simplified downstream processing. Biochemical characterization showed that CDAE exhibited favorable physicochemical properties, including good thermostability, a weakly acidic pH optimum, and relatively high catalytic efficiency, highlighting its potential as an industrially relevant biocatalyst. The crystal structure (2.10 Å) revealed a homodimeric enzyme with a Mn²⁺-dependent active site, providing insights into its catalytic performance. CDAE enabled D-allulose production from D-fructose and D-glucose with yields of 31.0% and 17.3%, respectively. Notably, sodium tetraborate-assisted isomerization significantly shifted the reaction equilibrium, increasing yields to 63.58% and 44.97%. Combined with yeast-assisted sugar removal, a high-purity D-allulose syrup (96.8%) was obtained. Overall, this work establishes CDAE as a robust and industrially promising biocatalyst and provides an effective strategy to overcome key limitations in D-allulose production, supporting its scalable and cost-efficient manufacturing.
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