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Two-quantum photoreactions taking place under picosecond laser UV irradiation of
DNA and RNA biopolymers were investigated. Despite of qualitative difference in
two-step photoprocesses concerned (single-strand breaks formation in plasmid pBR
322 DNA, induction of breaks in TMV RNA sugar-phosphate chain, cross-links
formation in DNA of Co phage) similar dependences of the quantum yield of the
effects studied on the irradiation intensity can be observed with saturation in the region
of 3. 1011-3 1012 W/m2. The saturation intensity is one or two orders lower than in
the case of irradiation of single monomers- nucleic acid bases.

INTRODUCTION

It is well known that nucleic acid biopolymers-DNA and RNA consist
of chromophores, or nucleic acid bases absorbing in the UV spectral
range with maximum near 250-270 nm, and sugar-phosphate chains
absorbing in a shorter-wave UV range (shorter than 220 nm). Low-
intensity UV irradiation (I 10-1-101W/m2, 254 nm) of DNA
and RNA, nucleic acid components including bases, as well as the
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bases themselves leads to one-quantum (one-step) excitation of low-
lying electronic levels $1 and T1 of the base molecules due to
absorption of one radiation quantum. As a result, one-quantum photo-
chemical reactions are realized, among which dimerization and hydra-
tation of pyrimidine bases are dominant.

In powerful laser UV irradiation of the isolated bases in aqueous
solution (I > 1011 W/mE, 266 nm) the population of the states $1
and T1 as well as the rate of these levels’ depletion are sharply increased
due to transitions into high-lying electronic levels SN and TN. Thus,
two-step excitation of the electronic levels Sn (or Tn) is realized
through an intermediate step mSI(T1) state. E’3 It was shown, that at
picosecond UV irradiation the two-step excitation of bases takes place
through the singlet channel (second quantum is absorbed in $1 state);
at nanosecond UV irradiation--through the triplet channel (second
quantum is absorbed in T1 state).4 In both cases the excited electronic
Sv and Tv levels are above the ionization threshold of the bases in
aqueous solution (--5.5-6.5 eV),5 as a result of which the base
molecules are ionized and chemical reactions with high quantum yield
are realized.
By quantum yield of photoreaction (both single-quantum and two-

quantum) we mean a ratio of a number of molecules being reacted
to a number of absorbed radiation quanta. Due to such a determination
of the quantum yield it is possible to compare the quantum efficiencies
of one-quantum and two-quantum photoreactions as well as to eluci-
date their relative contribution using their dependences on radiation
intensity.

It is well known that in a classical case of low-intensity UV irradi-
ation the quantum yield of single-quantum photoreaction is constant
and it does not depend on radiation intensity (Bunsen-Roscolaw).6

At the same time quantum yield of two-quantum photoreaction
increases with the intensity growth up to saturation of one of the steps

4of two-step excitation process.
It should be noted that in high-intensity UV irradiation the quantum

yield of single-quantum photoreactions from $1 and T1 levels also
art to depend on intensity, namely, decrease inversely proportional
radiation intensity. 7 This takes place when the rate constants of Sa
T1 depletion levels due to $1 -* Sv and T1 -’ Tv transitions begin

exceed the sum of all other rate constants of $1 and T1 levels
,eactivation.
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Thus, at powerful laser UV irradiation of the isolated nucleic acid
bases the two-step excitation of high-lying SN and TN electronic states
is realized. With UV radiation intensity growth the quantum yields
of two-quantum photoreactions increase up to saturation of one of
the step of two-step excitation process, and quantum yields of single-
quantum photoreactions fall.
We revealed a new effect which comes about as follows. At two-step

excitation of bases in nucleic acid biopolymers the quantum yields of
two-quantum photoreactions are saturated at UV irradiation
intensities by one or two orders of magnitude lower than in case of
irradiation of the separate isolated bases. This effect also results in
simultaneous decreasing of the intensity value from which the quantum
yield of one-quantum photoreaction of bases in the nucleic acid
biopolymers starts to fall. The revealed effect is demonstrated below
for some instances and a qualitative interpretation of the effect is given.

MATERIALS AND METHODS

In the experiments described a picosecond Nd:YAG laser with
frequency conversion into the fourth harmonic (h =266nm)8 was
used as the source of powerful laser UV radiation. The UV radiation
parameters are: energy 10 mJ, pulse duration 30 ps, laser beam cross-
section 0.3 cm2, pulse repetition rate 0.5 Hz. The radiation intensity
was varied by means of lens within 101-10TM W/m2. A low pressure
mercury lamp (h 254 nm, ! 1 W/m2) was used as the source of
low-intensity UV radiation.
The photoreaction of single-strand breaks formation in plasmid

pBR 322 DNA was investigated by electrophoresis in agarose gel.9’1

The concentration of DNA aqueous solution was 10 ig/ml, optical
density in 0.5 cm cell was D=0.1. The breaks formation of the
sugar-phosphate chain of TMV RNA was investigated by a method
of analytical centrifugation. 11 The optical density of RNA aqueous
solution was D=6 in the 0.5cm cell (concentration 0.5 mg/ml).
Formation of the intramolecular cross-links in phage CD DNA was
studied by luminescence technique using acridine orange dye. The
concentration of DNA solution was 15 Ig/ml, D 0.15 in the 0.5 cm
cell. Two-quantum photoreaction of thymine base decomposition in
concentrated aqueous solution (C 10-3 M, L 0.1 cm) was investi-
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gated by means of absorption UV spectrophotometry.4 We have also
studied one-quantum photoreaction of the thymine dimer formation
in polynucleotide poly-dT by means of reversion of the pyrimidine
dimers formed into monomers.7 The poly-dT samples with optical
density D I in the 1 cm cell were used.

RESULTS AND DISCUSSIONS

Figure 1 represents the experimental dependences of quantum yields
of the single-strand breaks formation in plasmid pBR 322 DNA,
sugar-phosphate chain breaks induction in TMV RNA, cross-links
formation in phase Co DNA and photolysis of concentrated aqueous
thymine solution on the intensity of picosecond laser irradiation. It is
seen that with the rise of radiation intensity the increase of quantum
yields of all the reactions investigated followed by saturation takes
place, which confirms two-step mechanism of these photolesions
formation.
From Figure 1 it is seen that all two-quantum photoreactions dealing

with the bases excitation in biopolymers have the qualitatively similar
quantum yield dependences on intensity. This is explained by the fact,
that the primary excitation channel in all cases is the same and is
associated with excitation of chromophores-nucleic acid bases. It is
important to indicate that the intensity value, corresponding to satura-
tion of the quantum yield dependence, in case of biopolymer irradi-
ation is by one-two orders lower than the saturation intensity in case
of two-quantum photolysis of the isolated DNA base-thymine.

Similar phenomenon is also observed while investigating one-
quantum photoreactions in the nucleic acid biopolymers under power-
ful laser UV irradiation. Dependence of the quantum yield of thymine
dimer formation in poly-dT on the irradiation intensity is represented
in Figure 2. It is plotted on the base of experimental data obtained
in. 7 It is seen that fall of quantum yield of one-quantum photoreaction
in poly-dT begins with I 2 1012 W/m2. At the same time the calcula-
tions made on the base of dat-a for the rate constants of $1 level
deactivation and depletion4’13 show that quantum yield of dimerization
in the case of irradiation of the separate isolated bases should decrease
from the intensity of I 5.1013 W/m2 (dotted curve in Figure 2).
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FIGURE 1 Experimental dependences of quantum yields of different photoreactions
on the intensity of picosecond laser UV irradiation (A 266 nm, I 1011-10TM W/m2):
single-strand breaks formation in plasmid pBR 322 DNA (squares), induction of breaks
of sugar-phosphate chain in TMVRNA (triangles), intramolecular cross-links formation
in phage Co DNA (black cricles), photolysis of thymine (open circles). Dotted curves
represent the corresponding values of quantum yields under low-intensity continuous
UV irradiation (A 254 nm, I 10 W/m2).

A qualitative interpretation of the effect discovered appears to be
the following. To realize two-step excitation the isolated base molecule
should absorb two radiation quanta, which can be fulfilled at definite
radiation intensities. At the same time the base molecule ,.’n a bio-
polymer may obtain two quanta at considerably small radiation
intensities via effective singlet-singlet migration of electronic excitation
along a biopolymer chain and following annihilation. This cause to
the fact, that in case of biopolymer irradiation the quantum yields of
two-quantum photoreactions saturate and the quantum yields of one-
quantum photoreactions fall at sufficiently lower intensities, than in
case of irradiation of the isolated base molecules.
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FIGURE 2 Experimental dependence of quantum yield of thymine dimers formation
in poly-dT on radiation intensity (solid curve). Dotted curve represents the calculated
dependence of the dimerization quantum yield in the case of irradiation of isolated
thymine molecules.
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