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Abstract

The remarkable mechanical properties of spider silk, including its tensile strength and ex-
tensibility, are primarily governed by the repeat regions of the proteins that constitute the
fiber, the major ampullate spidroins (MaSps). However, establishing correlations between
mechanical characteristics and repeat sequences remains challenging due to the intricate se-
quence–structure–function relationships of MaSps and the limited availability of annotated
datasets. In this study, we present a novel computational framework for designing MaSp
repeat sequences with customizable mechanical properties. To achieve this, we developed
a lightweight GPT-based generative model by distilling the pre-trained ProtGPT2 protein
language model. The distilled model was subjected to multi-level fine-tuning using curated
subsets of the Spider Silkome dataset. Specifically, we adapted the model for MaSp repeat
generation using 6,000 MaSp repeat sequences and further refined it via cross-validation
on 592 repeats associated with experimentally determined fiber-level mechanical properties.
Our model generates biologically plausible MaSp repeat regions tailored to specific me-
chanical properties, while also predicting those properties for given sequences. Validation
includes sequence-level analysis, assessing physicochemical attributes, the expected distribu-
tion of key motifs, and secondary structure compositions. A correlation study using BLAST
on the Spider Silkome dataset and a test set of MaSp repeats with known mechanical prop-
erties further confirmed the predictive accuracy of the model. This framework advances the
rational design of spider silk-inspired biomaterials, offering a versatile tool for engineering
protein sequences with tailored mechanical attributes.
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1 Introduction

Recent advancements in protein design, particularly the integration of artificial intelligence (AI), have signif-
icantly enhanced our ability to engineer proteins with desired functions. Researchers have used deep learning
techniques to improve the design of de novo proteins, achieving a tenfold increase in the success rates of
target binding (Bennett et al., 2023). These innovations underscore the transformative potential of AI in
protein engineering, paving the way for novel therapeutic interventions and biotechnological applications
(Khakzad et al., 2023).

In parallel, the growing demand for sustainable, non-petroleum-based fibers has intensified interest in bio-
derived alternatives. Spider silk, known for its exceptional mechanical properties and biodegradability,
presents a promising candidate. However, efforts to develop artificial spider silk are hindered by limited
knowledge of how the amino acid sequence of spider silk proteins (spidroins) influences the mechanical
properties of the fibers. In this context, AI-driven protein engineering offers a powerful tool for designing
spidroins that can be spun into fibers with customized performance characteristics.

Spiders spin up to seven different silk types, that all are composed of spidroins (Peakall, 1969). In this
work, we focus on major ampullate silk, or dragline silk, renowned for exceptional mechanical properties -
tensile strength comparable to steel (up to 1.3 GPa) with extensibility rivaling rubber (>30%) (Vollrath &
Knight, 2001). This unique combination yields toughness exceeding both steel and Kevlar (Gosline et al.,
1999), making spider silk particularly attractive for applications ranging from biomedical sutures to high-
performance textiles (Bourzac, 2015).
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Figure 1: Hierarchical representation of the spider dragline silk fiber architecture, highlighting the schematic
image of MaSp showing various sequential elements.

The molecular structure of MaSps comprises three primary regions: the globularly folded N-terminal and
C-terminal domains, which are flanking the repetitive core region (Figure 1). The repetitive core region
is believed to be the main contributor to the fiber mechanical properties, and in MaSps, this region is
generally made up of poly-Ala blocks that are alternated with Gly-rich regions (Guerette et al., 1996). In
the polymerized form, in the fiber, the poly-Ala blocks are predominantly arranged in nano-sized β-sheet
crystals structures that contribute to the tensile strength of the silk fiber (Hijirida et al., 1996; Lewis, 1992;
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