Assessing the Sensitivity of X-ray Absorption Spectroscopy to Distinguish Various Forms of Nucleic Acids and Their Surface Structures on Imogolite Nanotubes
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ABSTRACT 
The origin of life theory relies on the formation of not only simple organic building blocks, such as nucleobases, nucleosides, and nucleotides, but also their further polymerization into nucleic acids like DNA and RNA. While the prebiotic synthesis of monomers is widely accepted, the mechanisms driving their polymerization into oligomers remain elusive, however, a potential role of mineral surfaces in this reaction is suspected. This study explores the potential role of aluminosilicate nanostructures, specifically imogolite nanotubes found in volcanic soils, in facilitating the formation of oligonucleotides from nucleotides. A key objective was to evaluate whether X-ray Absorption Spectroscopy (XAS) could distinguish between the signals of monomers and oligomers adsorbed on imogolite surfaces. 

XAS measurements were conducted using a Si(111) monochromator and a low-temperature cryostat, with signal detection via fluorescence. Nucleotide adsorption experiments on imogolite were performed at pH 6.5–7, using initial concentrations ranging from 5 to 300 µMol/l. The study included a comprehensive set of reference compounds, such as DNA and RNA nucleotides (dCMP, dGMP, dTMP, dAMP, UMP, GMP, AMP), oligomers (Poly T, Poly C, Poly A, Poly G, TBA), and minerals (Al-PO₄, apatite, Fe-PO₄ gels, phosphite salts). To ensure reliable data extraction and structural analysis, we employed a multi-faceted approach, integrating principal component analysis (PCA) of XANES and EXAFS spectra, linear combination fitting (LCF) for EXAFS data, and shell-by-shell EXAFS modeling for refined atomic-layer structural determination. 

XAS successfully discriminated inorganic phosphate from nucleotides and ascertained surface bonding of nucleotides on imogolite, but it showed limited sensitivity in distinguishing monomers from oligomers. While using XANES oligomer identification was not conclusive, EXAFS provided partial differentiation through phosphodiester bond detection. The study confirmed XAS sensitivity for most species but highlighted challenges in resolving subtle structural differences, particularly for adsorbed oligomers.

In terms of nano-mineral surface reactivity, this study demonstrates the high affinity of nucleotides for imogolite nanotube surfaces, surpassing traditional clays, with XAS confirming P–O–Al bonds that validate direct phosphate–aluminol interactions. Near-complete adsorption at low concentrations, along with structural modeling, suggests imogolite may facilitate nucleotide stabilization and possible oligomerization, a step towards addressing the missing link in the origin of life theory.

