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SUMMARY 

The major thymine-derived product (P3) has been isolated and characterized 
from DNA irradiated with ultraviolet light at low temperature (-78“C). P3 is 
chromatographically indistinguishable from the major photoproduct of W-irradi- 
ated bacterial spores - generally referred to as spore-photoproduct ("sp") and 
of dry DNA. On the basis of W, IR, NMR and mass spectra studies, 5-thyminyl- 
5,6-dihydrothymine has been assigned as the most probable structure of P3. The 
mechanism proposed for the formation of P3 in DNA involves the addition of a 
thyminyl radical to the 5-position of a thymyl radical. 

Ultraviolet (W) irradiation of DNA results in the formation of different 

types of photoproducts depending on the environment and physical state of the 

DNA during irradiation [for review see Smith (l)]. The major photoproduct of 

DNA irradiated in solution has been isolated and identified as thymine cis-syn 

dimer (P2A)* (3). Two minor products, identified as uracil-thymine dimer (Pl) 

and 6-4'-(pyrimidin-2 '-one)-thymine (P2B) both derived from cytosine and thymine 

residues, have also been isolated from DNA irradiated in solution (4,5). On 

the other hand, W irradiation of bacterial spores (6) and DNA at low tempera- 

ture (7), or in the dry state (8), or of frozen bacteria labeled with 31i or 14c 

thymine, does not produce substantial amounts of Pl, P2A or P2B. Instead a 

significant amount of another thymine-derived product (P3) is formed. Smaller 

amounts of P3 have been reported to be formed when DNA is irradiated in 

solution (9). 

* Pl, P2A, P B and P3 denote the radioactive peaks with Rf values 0.19, 0.29, 
0.29 and 0.3 3 in n-butanollacetic acid/water (80/12/30) detected on radio- 
chromatograms of acid hydrolysates of thymine-2-14C-labelled bacterial DNA 
irradiated with W (2). 
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P3 was first detected as a major product in UV-irradiated bacterial spores 

and is often referred to as spore-photoproduct ("sp"). The biological signifi- 

cance of "sp" has been studied in detail by Donnellan and co-workers (6,ll). 

These investigators have also shown that it is formed from adjacent thy-mine 

residues in DNA. We have isolated P3, in quantities large enough for chemical 

characterization, from DNA irradiated at low temperature. The W, IR, NMR and 

mass spectra suggest that 5-thyminyl-5,6-dihydrothymine (V) is the most probable 

structure. 

MATERIALS AND METHODS 

Calf thymus DNA (Sigma Chemical Corp.) was dissolved in 0.075 M phosphate 

buffer (0.5 mg/ml). To 100 ml of the solution in an enamel pan (40 x 25 cm), 

15 ml of glycerol was added. The resulting solution formed an optically clear 

glass at -78°C (dry ice-ethyl alcohol) which was irradiated for 25 minutes at 

a distance of 20 cm from 6 germicidal lamps. The irradiated solution was 

thawed, dialyzed against distilled water, and the dialysate evaporated to dry- 

ness. The residue was hydrolyzed in CF3COOH at 17O'C for 90 minutes and the 

hydrolysate was streaked on Whatman 3MM paper and developed in n-butanol:acetic 

acid:water (80:12:30) (lo). To locate the desired area on the chromatogram, 

bacterial DNA labelled with thymine-2-C 14 was used in parallel runs under 

identical conditions. From the chromatograms, strips (Rf 0.33-0.42) correspon- 

ding to the radioactive peak P3, were cut out and extracted thoroughly with 

water. The extract was concentrated and chromatographed in the following 

solvent systems: (i) n-butanol:water (86:14), (ii) 2-propanol, NH40H:H20 

(7:1:2), (iii) n-butanol:methanol:NH40H:H20 (60:20:1:20) in which P3 had Rf 

values of 0.08, 0.55 and 0.43, respectively. In each case strips corresponding 

to P3 were cut out from the chromatograms and were extracted with water. The 

W absorption spectrum of the sample in acid and alkali indicated the relative 

purity of the product. 

For final purification, a solution of P3 was applied to a Dowex 5OW-X12 
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(H+ ; 100-200 mesh) column. The first and only major product eluted with water 

was pure P 3' This eluent was evaporated to dryness and the residue recrystal- 

lized from water. From 5 g of calf thymus DNA, 7 mg of P3 (mp>300') was ob- 

tained. 

RESULTS AND DISCUSSION 

The UV absorption spectrum of P3 (Fig. 1) has a maximum at 265 nm (E = 8,200) 

in aqueous solution at pH 2 and pH 6, shifting to 290 nm (E = 7,500) at pH 12, 

which is characteristic of 5-substituted uracil derivatives, such as 5-hydroxy- 

methyl uracil and thymine itself (12). The molar extinction coefficients of P3 

are based on the molecular weight of 252 obtained by mass spectroscopy. The 

infrared spectrum of P3 -1 shows a band at 1745 cm , usually observed in saturated 

thymine derivatives, -1 and another band at 1695 cm , generally observed in 

thymine (13). 

360 340 320 300 280 260 240 220 
WAVELENGTH ( nm 1 

Fig. 1. Ultraviolet absorption spectra of P3 in aqueous solution: a) at pH 5 
and at pH 2; b) at pH 12. 
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The NMR spectrum of P3 (Fig. 2) in CF3COOD at 100 MHz/set further supports 

the proposed structure. It shows a singlet at 61.35 (3H) indicating the pre- 

sence of the 5-methyl group. The 6-methylene protons give rise to an AB quartet 

with doublets centered at 62.70 (1H) and 63.06 (1H) with JAB=14 cps; this coup- 

ling constant is consistent with geminal proton-proton coupling across an sp3 

hybridized carbon atom (14, and references cited therein). The 5-methylene 

protons give rise to a singlet at 63.34 (2H) and a sharp singlet at 67.58 (1H) 

indicates the 6'-vinyl proton. The two broad peaks at 67.17 and 69.15 are 

probably due to NH protons. In DMSO-D6 two additional broad peaks at 610.70 

and 610.94 occur, most likely attributable to protons of the other two NH groups. 

5.0 4.0 3.0 2.0 1.0 PPM 18) 

Fig. 2. NMR spectrum of P3. The sample was examined on a Varian HA-lOOD, 
100 MHz, proton magnetic resonance spectrometer as eolution in CF COOD con- 
taining tetramethylsilane as an internal reference and lock signa ? . The 
observed proton absorbance bands were electronically integrated. (Examined 
by Sadtler Research Laboratories, Inc., Philadelphia, Pa.) 

The mass spectrum of P3 (Fig. 3) supports the proposed structure V. It 

shows a low intensity molecular ion peak at m/e 252 corresponding to the mole- 

cular formula of C10H12N404. The fragmentation pattern is typical of 2,4-dioxy- 
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Fig. 3. Mass spectrum of P3 at 70 e.v. (Determined by Morgan Schaffer Corp., 
Montreal, Quebec, Canada.) 

5,6-dihydropyrimidines which easily lose neutral fragments other than DECO 

from the molecular ion (15); the peak at m/e 237 indicates loss of a fragment 

of mass 15 (tertiary methyl), as observed for dihydrothymine. A number of 

prominent peaks in the spectrum cannot be explained by the fragmentation path- 

ways of known pyrimidine derivatives, notably the series of ions of mass 179, 

151, and 123. Such peaks are not observed in the mass spectra of other dimeric 

products of thymine (16). However, from the proposed structure, formation of 

a fragment I 
0 y3 

CH=C-00’ 

and subsequent loss of CO and CS3 *CI+C=O from I, could produce the series of 

peaks mentioned above. Such eliminations have been observed in cyclic saturated 

ketones. 
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While the evidence presented above suggests that 5-thyminyl-5,6-dihydro- 

thymine is the most probable structure of P3, the mechanism for its formation 

in DNA is not clear. Iiowever, the following reaction mechanism can be proposed: 

There is some evidence for the formation of radicals III and IV as a 

result of W irradiation. Thus the oxidation of the 5-methyl group of thymine 

to give 5-hydroxymethyluracil, 5-formyluracil, and 5-carboxyuracil, has been 

observed when thymine is irradiated with W (h-254 nm) in solution (17), the 

first step for such a reaction sequence is probably the formation of the thyminyl 

radical III. The formation of the thymyl radical IV is suggested from electron- 

spin-resonance studies of DNA and thymine irradiated with W or ionizing 

radiations (18-20). It is therefore not unreasonable to assume that W can 

induce radicals III and IV under suitable conditions. To explain the differ- 

ences in the E.S.R. spectra of wet and dry DNA, Pershan et al (18) have postu- -- 

lated the necessity of two sources of hydrogen, one of which predominates in 

dry DNA and the other in moist DNA. Recently Rahn and Hosszu (8) have shown 

that the absence of water is necessary for the formation of spore photoproducts 

(mainly P 3 ) in dry DNA. From the above considerations it can be postulated 

that the nature of the hydrogen source determines the type of thymine-derived 

product in W-irradiated DNA. In the presence of water, hydrate formation and 

dimerization may take place concurrently and, the hydration product of thymine 

being very unstable, the isolable product will be mainly the dimer. In the 

dry state the methyl group of one thymine residue may be the hydrogen source 

for the other, thus leading to III and IV, and finally the product V. 
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