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IntroductionCircular dichroism (CD) spectroscopy provides rapid characterization of protein secondary structure, but limited scalability and high-purity requirements hinderhigh-throughput applications. Experimental CD spectra were retrieved from the Protein Circular Dichroism Data Bank (PCDDB), curated by removing duplicatesand retaining room-temperature measurements associated with experimentally determined structures. Here, we develop a structure-based machine learningframework using a rotationally invariant Smooth Overlap of Atomic Positions (SOAP) representation and tensor neural network to predict CD spectra from 3Dstructures.
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Local Environment in Reference Frame

Atom-Type Resolved Spherical ExpansionThe local atomic density is expanded overGaussian radial functions and complex sphericalharmonics:

Rotationally Invariant Power SpectrumRotational invariance is obtained by contractingover m: for four atom types, the 10 unique atom-type pairs are retained.

Residue-level descriptors are averaged over theprotein:

Spectral Target CompressionExperimental CD spectra over the selectedwavelength range are compressed using PCA.The first five principal components are retained asregression targets.

Tensor Neural NetworkThe protein-level descriptor P  retains thestructure of atom-type, radial (n, n′), and angular(l) correlations.Instead of flattening the descriptor, the networkperforms learnable tensor contractions along thephysical dimensions.The first layer simultaneously contracts the tworadial dimensions and mixes the angularcomponents using:

The second layer contracts the atom-type andangular dimensions while preserving the twolearned radial dimensionss:

The resulting latent tensor is contracted with alearnable readout tensor to predict the fiveprincipal components of the CD spectrum.

The training loss is computed as the meansquared error (MSE) between the five predictedPCA components and the corresponding targetcomponents. The architecture preserves thephysical organization of the descriptor whilelearning separate transformations along atom-type, radial, and angular dimensions.

Model Training & ValidationThe dataset was randomly partitioned into fivefolds, using four folds for training and one forvalidation in each iteration. The network wasoptimized by minimizing the mean squared error(MSE) between the predicted and target five-dimensional PCA representations.For validation, the predicted PCA componentswere transformed back into the original CDspectral space using the inverse PCAtransformation. The coefficient of determination R2
was then computed between the reconstructedand experimental CD spectra.The model parameters yielding the highestvalidation R2 were retained for each fold, resultingin a five-fold ensemble.

Conclusions

The proposed tensor-based neural networkaccurately reproduces experimental CD spectrawhile preserving most of their spectral diversity,with low ensemble uncertainty, and will be furthervalidated on independent experimental peptidespectra to assess its generalizability androbustness.

Radial + Angularchemical information

Each local environment εjcomprises the six nearestresidues around the referenceCα, represented by their C,Cα, N, and O atoms.A canonical frame is thenconstructed from the localgeometry, with z aligned withthe mean environmentdirection and x determined byPCA in the orthogonal plane.
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Metric Value

Mean R2 0.85
Mean RMSD 0.66

Pearson Correlation 0.96
Sign Accuracy 87.8%

Ensamble Uncertainty 0.42
Spectral Diversity 0.85

Reference Cα
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