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[bookmark: OLE_LINK26][bookmark: OLE_LINK37][bookmark: OLE_LINK39][bookmark: OLE_LINK43]Phosphorylation is a crucial post-translational modification that plays a pivotal role in cellular signaling and disease mechanisms by regulating protein activities [1]; yet, the identification of specific phosphorylation sites for kinases remains a challenging process that is time-consuming, costly, and human-error prone. Previous studies have introduced kinase-specific phosphorylation site prediction tools, which largely focus on kinases with a sufficient number of experimentally validated phosphorylation sites [2]. However, many kinases remain poorly characterized, either due to limited evidence or unidentified phosphorylation targets, presenting challenges for comprehensive kinase research. This study developed and validated a novel transfer learning-based approach for predicting specific phosphorylation sites in understudied kinases. By leveraging pre-trained models at the respective kinase group levels, custom models have been developed through fine-tuning on layers of closely related kinases. Notably, the encoding of substrate-specific site locations is utilized as critical features within the predictive model. The proposed approach demonstrates balanced accuracies of 78.3 %, 81.9 %, and 83.7 % for 18, 17, and 13 understudied kinases across the Other, STE, and TKL groups, respectively. This study provides robust tools for understanding phosphorylation in understudied kinases, contributing to therapeutic development and the broader study of kinase functions.
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Fig. 1. The schematic of the proposed model
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