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The exposure of living tissue to ionizing radiation can initiate mutations or cancers, effects that can be traced to the modification of DNA. Although sophisticated models of radiation effects are available, considerable refinements are necessary to understand the underlying mechanisms on the molecular scale. As part of a major multi-disciplinary response to this challenge, this project was centered on probing the effects of intermolecular bonding on the excited states, ionization energies, and fragmentation patterns of DNA bases and related biomolecules.
We have developed a new apparatus (Fig.1) at the Open University for multi-photon ionization (MPI) experiments on DNA / RNA bases and their hydrated clusters. Ions and cluster ions produced by successive photon absorption in ns laser pulses were identified by time-of-flight mass spectrometry. In the UV wavelengths used (220-230 nm), the simplest conceivable ionization scheme for these molecules is 2-photon absorption via a singlet (* electronic excited state. However fast relaxation and dissociation can lead to more complex pathways requiring higher photon orders. The data acquisition system enabled ion flight times and photon fluence to be recorded on a pulse-by-pulse basis. Allied to small fluctuations in laser pulse intensity, this provided a novel and efficient means to determine the photon order for the production of specific ions.
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Figure 1: Schematic of the experimental system 
New results include the first evidence for UV MPI of isolated adenine with ≥3 photon absorption stages. Recent studies have revealed sub-picosecond relaxation times from singlet (* states [1] into the vibrationally hot electronic ground state. Therefore the present ns-timescale MPI pathway must involve electronic excitation of vibrationally hot adenine or an isomer thereof. The fact that at least 3 photons are required demonstrates some loss of internal energy prior to ionization. By analogy with related aromatic molecules [2], we propose that ring-opening isomeric transitions in highly vibrationally-excited adenine are most likely to account for this energy loss. As UV-driven ring opening of neutral adenine may have significant implications for radiosensitivity, this new result should initiate further research to confirm and / or elucidate our interpretation.

Markedly higher laser intensities were required to 3-photon ionize hydrated adenine clusters (Fig. 2). As hydrogen bonds provide a bridge to dissipate thermal energy, this result can be attributed to shorter lifetimes of vibrational excited states in clusters [3]. Therefore the data supports reduced UV radiosensitivity of adenine in a hydrogen-bonded environment, with implications for modeling DNA damage processes leading to skin cancer. Further exciting results were the first MPI observations of hydrated uracil clusters (Fig. 2) and hydrated adenine-uracil base pairs. In contrast with adenine, hydration did not reduce the uracil cation yield significantly. The relatively minor hydration effects on the response of uracil to UV exposure may have evolutionary implications relating to the radiosensitivity of RNA.
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Figure 2: One-color (222 nm, 106 Wcm-2) UV MPI mass spectra of hydrated uracil (i) and adenine (ii)

I participated in complementary research at the Nuclear Physics Institute of Lyon (IPNL) and the New University of Lisbon (UNL). My IPNL work involved studying proton impact on DNA bases (analogizing proton therapies), contributing to the development of an original multi-coincidence detection system, and measuring He atom collisions with mass-selected water and pyridine cluster ions. Results included the first demonstration of increased DNA base fragmentation in proton collisions involving electron-transfer. At UNL I participated in UV spectroscopy studies of biomolecules and the first experiments probing the fragmentation patterns of metastable uracil anions produced in collisions with potassium atoms. As the outermost electron in potassium is weakly bound, these experiments provided an analogy for electron transfer from electronically excited neutrals in irradiated material.

In summary, the Marie Curie Reintegration Grant has been of fundamental importance in enabling me to construct a new MPI facility and contribute to the development and exploitation of two unique collision experiments. The results have advanced our understanding of electron-transfer, ion impact, and UV-induced processes in DNA / RNA bases and clusters with applications in nanoscale radiation damage models.
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