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Abstract

An electron spin resonance study of deoxyribonucleic acid (DNA) after irradiation 
with U.V. light or ionizing radiation has identified the main free radical as a hydrogen 
addition product of the base thymine. The unpaired spin has been located at the Cs 
position from its hyperfine interaction of 20.8 +0.3 gauss with the —CH3 group attached 
to C 5 and confirmed by deuteration of the methyl group. Hydrogen atom addition at the 
C 6 was proven by exposing the DNA to D 20 vapors before irradiation in which case the 
37.76 hfs of the CH2 was reduced to the value characteristic of CHD. The amount of 
water vapor increased the amount of thymine radical as did increasing the intensity of 
irradiation and the sample temperature during irradiation from 77° to 195°K. The quan-
tum yield was ~ 5x10“4 radicals/photon adsorbed which, within experimental error, is 
as large as for any stable photoproduct of DNA. Paramagnetic metal ions bound to the 
DNA in the ratio of one per ten phosphates reduced the amount of free radical formed 
by a factor of about six. Denaturing the DNA does not change the resonances observed.
DNA from different animals shows different amounts of the thymine radical and these 
differences are not understood. It is not known what stable photoproduct is formed by 
the thymine radical when it disappears at room temperature in moist samples. Four 
other radicals are characterized, but not identified, by subtracting the calculated thy-
mine spectrum from the observed spectra.

Introduction

GENETIC information is contained in the sequence of bases in the deoxyribonucleic acid (DNA) molecule. 
The molecule consists of a double helix [1] with two sugar-phosphate chains describing the helices held 
together by four bases whose complementary hydrogen bonds specifically pair the base adenine with thy-
mine and the base guanine Hlith cytosine. Since Mullets [2] irradiation of fruit flies with X-rays, it has 
been known that radiation causes mutations, while since the experiments of Avery et al. [3] it has been 
known that DNA is the molecular equivalent of the gene. As might be expected from these facts, radia-
tion damage of DNA had been studied intensively by many techniques including Electron Spin Resonance 
(ESR) before we began this investigation. However, the unique ability of an ESR experiment to detect 
free radicals and to identify them from their hyperfine interaction with their environment had not been used 
to identify free radicals in DNA. Although DNA molecules in vivo have a molecular weight of ~ 108, from 
the viewpoint of an ESR experiment DNA can be considered as a collection of six different small mole-
cules, i.e. the four bases, the sugar and the phosphate. These smaller molecules contain from four to
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eleven atoms in their skeletons, plus hydrogens, and their spectra offered some promise of interpretation. 
The earlier ESR results were mainly used to study the amount of damage introduced and an excellent re-
view article is available [4]. Recent review articles are also available on the chemical, genetic and opti-
cal [5,6] studies of radiation damage in DNA, fields in which dramatic advances have been made recently. 
In this paper we shall present the results of our ESR study of radiation damage in DNA which identifies 
the principal radical formed. Preliminary results [7,8] have already been published while subsequent to 
our reports, but independently, Ehrenberg et si. [9] had also identified the dominant radical in irradiated 
DNA as thymine by comparison with Shields and Gordy’s [10] investigation of radiation damage in the 
constituents of the nucleic acids.
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Experimental Conditions

In general, the experiments consisted of irradiating DNA fibers while cold, keeping them cold enough 
to stabilize the free radicals and observing the ESR spectrum produced by the irradiation. In order to 
ensure freedom from background resonances, unirradiated control samples were measured. Background 
resonances were rarely observed and were always negligible. Most measurements were made on Calf 
Thymus DNA Batch number 606 from Worthington Biochemicals of Freehold, New Jersey. Our previous 
[11] examination of background ferro-magnetic resonances from metal ion impurities in DNA samples had 
shown that Worthington Calf Thymus DNA was particularly clean in this respect, while its viscous behav-
ior in solution indicated rather high molecular weight. Unless otherwise specified, all ESR measurements 
were made with a Varian Associates X-band spectrometer with 100 kcps modulation on samples maintained 
at 77°K.

Ionizing irradiation came from an 1 MeV van de Graaff (where the samples were laid on dry ice and 
kept as cool as the thermal contact and reducing the dose rate would allow) or from a Co60 source at 
-  0.5 Mrad/hr in which the samples were at room temperature. The conditions of U.V. irradiation were a 
subject of investigation and will be discussed later.

Identification of Thymine Radical

In this section we shall show that one of the free radicals produced by irradiation is a hydrogen addi-
tion product of the constituent base thymine. This radical was easy to identify because its hyperfine 
structure spread over 135 gauss so that it always extended beyond any other radical present. In Figure 1 
are shown the ESR signals observed after irradiation of calf thymus DNA with 10 Mrad of 1.0 MeV elec-
trons and with U.V. light of «  107 ergs/mm2 in the DNA absorption bands. Disregarding the central re-
gion a close match exists between the two sets of satellite structures —  a match which becomes closer 
on a more quantitative examination. The spread is 135 gauss, in both cases the intervals between the 
two neighboring outermost lines are 20.8 ±0.3 gauss and their intensity ratios are 3:1 for both resonance 
patterns. In Figure 2(a) and 2(b) the U.V. damage pattern is compared with that from polycrystalline 
thymine [10] (possibly thymine monohydrate) where these features are repeated. The damage center is 
postulated to arise from the addition of hydrogen to C6 of thymine which breaks the double bond and 
leaves an unpaired electron on C5 as shown in Figure 3(a). In order to fit the experimental pattern, the 
hf interaction of this electron with the methyl hydrogens is fixed at 20.8 gauss and with the two methylene 
protons on C6 at 37.7 gauss. The resonance pattern predicted from these parameters is shown in Figure 
2(a). It consists of a 1:2:1 triplet with a separation of 37.7 gauss arising from interactions with the 
-C H 2 protons. Each of these lines is further split into a quartet with intensity ratios of 1:3:3:1 by the 
-C H 3 protons. The quartet splitting, observed in thymine, had been tentatively assigned by Shields and 
Gordy to the methyl group, an assignment with which we agree. They hesitated about assigning the larger 
splitting, here assigned to the -C H 2 group, because at that time splittings that large had not been identi-
fied m model compounds. However, before our preliminary report [7], splittings of ~ 40 gauss had been 
observed from the protons of the adjacent methylene group in irradiated benzene [12], cyclohexadiene 
[13,14] and N-methylthymine [15].
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FIGURE 1

A comparison of the ESR signals observed in calf thymus DNA after irradiation by 10 Mrad of 1.0 MeV elec-
trons (a ) and with — 107 ergs/mm2 of U. V. light in (b). The spectra were measured at 77°K and the theo-
retical pattern for the thymine radical is shown as lines.

The methyl coupling was firmly established through the use of thymine deuterated at the methyl group 
alone as shown in Figure 3(b). This compound was synthesized by Merck of Canada. Its structure was 
confirmed by high resolution NMR. The methyl group hfs will be smaller than in the protonated thymine in 
the ratio of the deuteron to proton nuclear g-factors. The deuteron has spin of one, so instead of four
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FIGURE 2

(a ) ESR from U.V. irradiated calf thymus DNA
(b) ESR from U.V. irradiated poly crystalline thymine
(c) ESR from U.V. irradiated poly crystalline thymine deuterated at the methyl group. The theoretical patterns 

expected from the models postulated are shown as lines in (a) and (c).

lines the methyl group gives seven unresolved lines. The —CH2 splitting will not be changed, however, 
and the pattern predicted is shown in Figure 2(c) below the observed one. The agreement is very good 
and it is obvious that the hf splitting has been considerably simplified.

In order to show that the thymine radical in DNA changes the same way upon deuteration, we grew the 
thymine requiring bacteria E. coli 15T . This bacterium is a mutant which has lost the ability to synthe-
size its own thymine but has the ability to incorporate thymine from its growth medium. It was grown in a 
synthetic medium containing glucose, inorganic salts and thymine. Two separate batches were grown, one 
with the regular thymine and the other with the partially deuterated. A 24-hr period growth was required 
because of the slower rate of reproduction of the mutant and the resulting concentration of bacteria was 
~ 109/cc as judged from turbidity, definitely beyond log phase growth. The cells were harvested and the 
DNA extracted by following Marmur’s [16] procedure. About 20 mg of normal and deuterated DNA were 
obtained and ~ 5 mg of each were irradiated at 77°K by U.V. light. The ESR signals obtained are shown 
in Figures 4(a) and (b). Although the relative amount of the thymine radical is small compared to the 
center line (this is reproducible for DNA extracted from E . coli as discussed below), it is clear that the 
elaborate thymine radical hfs of the control sample has been converted to the satellite pair characteristic 
of deuterated thymine in the deuterated sample. From these results we conclude that the outer satellite 
structure in DNA and thymine arise from an electron whose hf interaction with the methyl protons of thy-
mine is 20.8 gauss.
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FIGURE 3

Free radical formed in thymine by radiation. Experimental val-
ues of the hf coupling constants are given for normal thymine 
in (a ) and extrapolated to the —C D 3 case in (b). In DNA the 
bottom nitrogen is connected to the C j of the ribose.

Now we turn to the postulated hf interaction of 37.7 gauss with the two protons at C6 . Up to this 
point the outermost satellites have been shown to arise from the methyl group at C5 . Since the center of 
the resonance pattern is complicated by the presence of other radicals, it was difficult to extricate the 
theoretical pattern expected from the thymine radical in this region. Preferential annealing experiments, 
to be described below, were able to remove some of these other resonances from the center region, and 
helped to establish that the thymine radical spectrum was indeed found in the center. In order to show 
that a hydrogen does add and also in order to indicate the origin of this hydrogen the following deuteration 
experiment was performed.

Calf Thymus DNA was dried first at room temperature and then at 85°C for 24 hrs under forepump 
vacuum in order to remove as much water of hydration as possible. Drying the DNA leads to a denatura- 
tion which is reversed when moisture is added [17]. Heating the dry DNA to 85°C seems to have no irre-
versible effect on the resonances. Two aliquots were allowed to equilibrate at 25°C with H20 and D20 
vapors, respectively, at relative humidities near 100 per cent. One dry sample and the two moistened 
samples were irradiated with U.V. at the same dose rate for the same time and the resulting ESR spectra, 
measured at 77°K, are shown in Figure 5. Notice first that in the dried sample the amount of thymine rad-
ical is smaller than in the others. This will be discussed in more detail below. In Figure 5(b) the H20 
sample has a thymine radical which fits the predicted pattern very well. The sample moistened with D20 
has a different resonance pattern than the sample moistened with H20 and confirms that a deuteron, in-
stead of a proton, has been added at the C6 position of thymine because we observe a pattern caused by a 
—CHD group instead of —CH2 . In a later section the experimental curve is shown to coincide very well 
with a calculated —CHD curve. The predicted separation between the center of the outermost lines is 
100.1 gauss in agreement with the experiment. The agreement for the two outermost lines on both the high 
and low field sides is excellent and confirms the model. To deuterate the exchangeable protons in DNA, 
the deuterated sample must be protected from the atmosphere. Exposing it to the atmosphere for a very 
short time, of the order of 1 min, will allow the deuterium to be exchanged for hydrogen.
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FIGURE 4
The ESR signals observed in E. coli 15T" DNA after U.V. 
irradiation. In (a) the bacteria were grown on normal thy-
mine and in (b) upon partially deuterated thymine.

FIGURE 5

Differences between dry DNA (a), and DNA exposed 
to 100 per cent Relative Humidity at 25°C of H 20
(b )  and D2O (c ).

Effects of Moisture

Previous experiments [7] with ionizing irradiation had shown that the resonance signals were quite 
insensitive to the gas atmosphere —  no differences in the radicals formed having been detected between 
N 2, 0 2, A and vacuum. However, there clearly was an effect of water vapor upon the stability of the rad-
icals at room temperature. After the ambient gas was shown to have no effect upon the radicals formed, 
we no longer sealed DNA in tubes but left it exposed to the atmosphere. This worked perfectly well in 
the winter when the relative humidity in our laboratory was very low ~ 10 per cent. However, our surprise 
was great when we tried to observe resonances in samples which, after irradiation, had been exposed to 
the atmosphere at room temperature in the summer. No signal was observed.

In order to understand the effects of moisture upon the stability of the radicals at room temperature, 
we first studied the effects upon the free radicals formed of moistening the DNA before irradiation. The 
result of a series of experiments designed to show the effects of water vapor upon the resonances is 
shown in Figure 6. These measurements were all made on samples of ~ 5 mg dry weight which had been 
allowed to equilibrate at 25°C for 48 hr at different relative humidities, then sealed in quartz tubes and 
irradiated at 77°K with the mercury lamp and the Coming 7-54 filter. Measurements were made at 77°K
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FIGURE 6

Effects of equilibrating calf thymus DNA with different rel-
ative humidities of water vapor at 298°K before irradiating 
and observing the resonances at 77°K.

without allowing the samples to warm up. The result at 0 per cent relative humidity for calf thymus DNA 
is extremely reproducible from sample to sample and from month to month. It consists of a small amount 
of the thymine radical and a broad center line at g = 2. At higher relative humidities, the thymine signal 
becomes stronger and the broad center line less obvious. In the moist samples, a sharp center line at 
£ = 2 which anneals away at 190°K is found at 77°K. It is known that DNA fibers have different crystal-
line modifications at different relative humidities [18,19]. Below about 44 per cent relative humidity, in 
fact, one cannot observe an X-ray pattern from DNA fibers. There is other [17] evidence that dry DNA is



at least partially denatured in the sense that a number of interchain hydrogen bonds are broken when the 
water of hydration is removed. This raised the question as to whether the ESR differences between dry 
and moist DNA came from the differences in secondary structure or from the different amounts of water 
available. The ESR signal from heat-denatured DNA fibers which were equilibrated for several days at 75 
per cent R.H. is compared in Figure 7 with the signal from native DNA. Because there is no real differ-
ence between these signals, the differences in secondary structure are probably not the reasons for the 
differences between ESR signals from wet and dry native DNA fibers. (In order to obtain these results, it 
was necessary to expose the two DNA samples to the 75 per cent R.H. solutions for at least two days to 
enable them to come to equilibrium with the water vapor.) This conclusion tends to imply that energy mi-
gration within the DNA molecule does not play an important role in the electronic processes leading to the 
production of this radical, since energy migration should depend upon the secondary structure.
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FIGURE 7

A comparison of the ESR signals from native (a) and dena-
tured (b) fibres of calf thymus DNA after each had been 
equilibrated at 75 per cent RH at 298°K before irradiation.

The main features of the spectra for high relative humidities (i.e., R.H. ~ 75%) are very reproducible 
and independent of the source of calf thymus DNA. Calf thymus DNA from different chemical supply 
houses reproduce these main features with very slight differences. Figure 8 shows the signals from 75% 
R.H. calf thymus DNA supplied by Mann, Nutritional Biochemical and Worthington. In all cases the ratio 
of thymine radical to center radical is greater than in the same samples of DNA when dried. On the other 
hand, DNA from different species exhibit quantitative differences. Salmon sperm DNA, at 75 per cent 
R.H. has a smaller ratio of thymine to center signal and the dry salmon sperm DNA has an extremely 
small thymine signal. The differences in 75 per cent R.H. Seratia Cetals DNA and E. coli DNA are also 
apparent in Figure 8.

The differences between radicals from different species could arise from physical or chemical varia-
tions in the DNA extracted by different techniques. It certainly seems desirable to treat the different 
DNA’s similarly to minimize these possibilities and to see if the differences in the resonances persist.
On the other hand, there are important similarities. In all cases the thymine radical is observed with the 
same hyperfine structure and the effect of drying is to diminish the absolute amount of this radical as 
well as its intensity relative to the broad center line. Finally, as expected from the original statements 
about the effect of atmospheric humidity upon the stability of the radicals, we have found that in moist 
DNA samples the thymine radical is not stable at room temperature while in dry samples it is stable for 
many hours, decaying somewhat noticeably, but not completely, overnight.
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FIGURE 8

Reproducible differences in the relative amounts of thymine radical and center line in DNA from different animals 
(CT ~ calf thymus, SS = salmon sperm) and different suppliers (M = Mann, N. B. = Nutritional Biochemical, W = 
Worthington and CB = Cal Biochemical), which also shows the differences between dry and moist samples of CT and 
SS. The bottom two traces are from Seratia Cetals and E. coli bacterium.

Other Radicals in DNA

Throughout the course of these studies, we have observed many DNA samples. The hyperfine struc-
ture spread over 135 gauss is common to all but there are considerable variations in the centers of the 
resonance patterns. Because under certain conditions samples have spectra which are in excellent agree-
ment with the theoretical thymine spectra, we believe that the deviations from the theoretical pattern are 
caused by other radicals. The other radicals identified in this section are listed in Table 1.

In moist DNA a narrow line appears at the same g-factor as the thymine radical after U.V. irradiation 
at 77°K. This line can be removed by bringing the sample to 195°K for several minutes as shown in 
Figure 9(a), and then returning it to 77°K and recording the spectrum. The thymine structure has not 
changed, as can be seen from the satellites, but the narrow line has been annealed from the center. The 
difference between these two derivative curves, before and after the 195°K anneal, is plotted in Figure 
9(b). Some of the narrow center line persists in the annealed sample of Figure 9(a). However, when
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TABLE 1

g-factor
Width of lines 

(Gauss) Conditions for observation and annealing

2.0035 13 Broad center line in dry DNA stable for 
many hours at 298°K

2.0035 5 Narrow center line in moist DNA which 
anneals at 195°K

Two lines centered 
at 2.0035 «  7

Lines split by 40 gauss, partially 
annealed at 195°K

2.0035 10 Center line remaining in moist DNA after 
195°K anneal

2.004 *  10 Center line remaining in some moist DNA 
samples after 195°K anneal. Similar to 
cytidine.

FIGURE 9
(a) A comparison of the ESR signal from a moist calf 

thymus DNA before and after a several minute 
anneal at 195°K

(b) The difference between the two spectra of 10(a).

this experiment was repeated on wetter samples, annealed for longer times, all of the narrow center line 
visible to the eye could be removed at 195°K. The difference spectrum enables one to determine that the 
width between derivative extrema of the narrow line is 5 gauss. In addition to the narrow center line, two 
additional lines are partially removed by the 195°K anneal. They are symmetrically located on either 
side of the narrow center line and are separated by 41 gauss. Because they are broader than the narrow 
center line and are not always found (or annealed) with a relative intensity which is fixed with respect to 
the narrow central line, we infer that they are not the same radical. It is possible that these two satel-
lites do have a central line but we have no evidence for or against this possibility.

Figure 10 shows the fit between several experimental curves taken after anneal at 195°K (solid lines) 
and the theoretical thymine pattern (broken curves). The horizontal scale varies by about 10 per cent from 
trace to trace and the theoretical pattern was adjusted for this. The heights of the theoretical curves 
were normalized to agree with the wings of the experimental curves. The excellent agreement between 
theory and experiment in the wings is self evident. This is further support for the model of the thymine 
radical discussed above.
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FIGURE 10
Comparison and subtraction of experimental curves and calculated spectra of the thymine rad-
ical. The differences, attributed to other radicals, are shown on the right, described in the 
text and listed in Table 1.



Note that in the samples moistened with H20 the center of the ESR spectra is sometimes symmetric 
about the center and sometimes asymmetric. The right side of Figure 10 shows the difference between 
experimental and theoretical curves. Where these differences were small compared to uncertainties in the 
measurement or in the fit, we have neglected them. The results of the subtraction do not show the asym-
metries as clearly as the original experimental curves. Small asymmetries when added to a symmetric 
spectrum tend to become much more prominent. From Figure 10 we can detect at least three different rad-
icals in addition to thymine in the moist H20 samples. There is a symmetric center line, a center line 
that is either asymmetric or shifted in g-value to lower field and the two lines separated by about 40 
gauss to either side of center.

The only clue we have as to the identity of these other radicals concerns the line which is shifted to 
lower fields. The ^-factor of the thymine radical is 2.0035 and this other radical, which is shifted by 
about 2 gauss out of 3200, has a g-factor of ~ 2.004 which agrees fairly well with the spectra Shields and 
Gordy [10] have observed in cytidine. Future work to separate these radicals might well take advantage 
of the ease with which one can pull oriented fibers of DNA. Placing Hq along the symmetry axis of the 
fibre should result in the same value of any anisotropic interactions (such as hyperfine fields, crystal 
field interactions, etc.) and allow determination of the spin Hamiltonian parameters alone one principle 
axis. Furthermore, since these central lines are unresolved, presumably because the anisotropic hfs is 
comparable to the isotropic, it is particularly desirable to look for resolution of the hfs of these lines in 
oriented fibres. Ehrenberg [20] has reported some success in these directions.

The subtraction in DNA moistened by D20 is slightly different from the H20 result. Since the differ-
ence is comparable to the subtractions obtained from the H20 samples, the identification of the radical 
as —CHD replacing —CH2 is consistent with the experimental curves.

None of the radicals in Figure 10 anneal at 195°K. Thus, the narrow center line in Figure 9 which 
disappears at 195°K represents another radical. However, the doublet vhich anneals somewhat at 195°K 
seems very similar to the doublet still remaining after 195°K anneal and they will not be distinguished in 
Table 1 where these resonances are described.
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Quantum Efficiency, Wavelength and Temperature Effects

The standard technique for producing free radicals in DNA with U.V. light was to illuminate a sample 
(5-10 mg) at 77°K with an OSRAM 500 W high pressure mercury lamp focused on the sample with an 8 in. 
dia. spherical mirror, which had an 8 in. radius of curvature. The spectral output of this lamp, as shown 
in Figure 11, consists of a peak between 2400 and 2500 A, nothing from 2500 to 2800 A, while most of the 
energy was at longer wavelengths. There was considerable energy in the visible and infrared, not shown 
in the figure, which was removed by filters. A Corning 7-54 filter, passing 2400-*4000 A, a 4 cm H20 
filter which passes everything but the infrared, and a 4 cm thick solution of 0.2 M NiSo4 in H20, passing 
2200 to 3600 A were used alternately with equivalent results.

The total energy output of the OSRAM lamp in the 2400-*3600 A region is of the order of several 
watts. Because of the differences between DNA absorption spectrum and lamp output spectrum, it was 
necessary to make a direct measurement of the power absorbed in the optically thick DNA fibers which 
absorbed most of the energy output of the lamp far out in the tail of the absorption band. By measuring 
the temperature rise in a 100 g/1. solution of CuS04 in H20, which absorbed all wavelengths shorter than 
3200 A and nothing from 3200 to 4000 A (Corning 7-54 filter cuts off A > 4000 A), we estimated 0.25 W to 
be the upper limit of power absorbed by the DNA. Because the Coming 7-54 has a small transmission 
peak in the neighborhood of 7200 A, where the CuS04 absorbs, this is surely an upper limit. A 1 mg/ml 
solution of thymine, which only absorbed out to 2900 A, absorbed 0.05 W, which can be taken as a lower 
limit. Calorimetric measurements at the sample position gave the result that an optically thick DNA sam-
ple absorbed 0.15 ±0.1 W in the spectral region transmitted by the 7-54 filter (2400-4000 A approx.), which 
agreed with the other determinations.

Taking the mean wavelength to be 3000 A, 0.15 W is equivalent to 2.2x 1017 photons/sec. With this 
rate of irradiation for 2 min. on each of two opposite sides of an optically thick bundle of DNA fibers,
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FIGURE 11

Spectral output of OSRAM 500 watt high pressure mercury lamp.

equilibrated at 75 per cent R.H. for several days, we estimate the DNA absorbed ~ 5.4x 1019 photons. 
Using an electronic integrator and several independent methods for calibrating the sensitivity of the ESR 
spectrometer, we calculate these samples contained 6x1016 paramagnetic damage centers before anneal-
ing. By counting only those spins which contribute to the far wings and extrapolating by use of the theo-
retical spectrum, it is easy to calculate the fraction of all centers which are thymine radical centers. For 
each thymine center there is approximately one other non thymine paramagnetic center for a total of 
3x 1016 thymine centers. There is approximately one thymine center per 2000 absorbed photons, for a 
quantum efficiency of 5x 10"4.

These values of quantum yield, while quite reproducible under the same conditions, can be several 
times larger or smaller depending upon the dose rate and the sample temperature. It is very likely that at 
high radiation doses (i.e., 0.15 W), the temperature of the DNA fibers was greater than the nominal 77°K. 
Using three copper screens to attenuate the light by a factor of 20 (i.e., to 0.0075 W), a DNA sample was 
irradiated for 90 min on each of two sides for a total exposure of 180 min. The results are shown in 
Figure 12. This sample was then raised to room temperature for 30 min to anneal away the thymine radi-
cal and then cooled to 77°K and irradiated for 4.5 min on each of two sides, total exposure 9.0 min, 
without the three copper screens. The results of previous experiments had demonstrated that after this 
annealing procedure, for the same conditions of irradiation, the damage center was reproduced to within 
~ 30 per cent. In this case, for the same dosage, but 20 times more intensity, the thymine radical signal 
was 3 ~ 4 times larger.

A similar experiment was done at 195°K by immersing the sample tube in a solution of dry-ice and 
methanol. The results of 180 min irradiation at 0.0075 W and 9.0 min at 0.15 W are shown. Both of these 
signals are considerably larger than the 180 min exposure at 0.0075 W done at 77°K. We further observed 
that if the Corning 7-54 filter was removed and the only filter was 4 cm of H20, the radicals produced at 
77° and 195°K were identical. A possible conclusion is that near 77°K the efficiency for radical produc-
tion is a function of temperature but by 195°K the temperature dependence had vanished. Of course,
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FIGURE 12

In all four traces the total dosage was the same, i.e., 8x10s ergs or ~ 107 ergs/mm2, since with the weaker light 
the exposure was 180 min and with the stronger light 9.0 min. Notice first the larger signal obtained for the stronger 
light at 77°K as compared to the weak light and notice the increase in thymine radical from 77°K to 195°K in both 
cases.

other possible explanations exist. The temperature dependence, however, is the simplest explanation and 
should be investigated further before serious consideration is given to any other. In summary, the quoted 
quantum efficiency of 5x10“ 4 is approximately correct for temperatures between 77° and 195°K, since 
lower dose rates would decrease the yield while the higher temperature would increase it, in both cases 
by a factor of ~ 3.

An attempt to determine the action spectrum is shown in Figure 13. The spectra illustrated were 
created by 2967 A light produced by an interference filter with a half width of 100 A . The dose rate was 
~ 0.005 W. There is a center line which appears at low dosages but does not grow linearly with time. At 
the highest dosage, 54 W-sec., a thymine signal, is seen which has almost the same intensity as the thy-
mine signal produced after 81 W-sec irradiation through the Corning 7-54 filter, attenuated by wire screens 
to a dose rate of 0.0075 W. This experiment shows that 2967 A light is as effective as the other light be-
tween 2400 and 4000 A in forming radicals. Because even less light was available at other wavelengths 
within the DNA absorption band, it was not possible to measure radical formation as a function of wave-
length.

It was possible, in a separate experiment, to compare the efficiency of wavelengths greater than 
3200 A with those less than 3200 A by measuring the signals produced by equal intensities of light 
passed by a CuS04 filter and by a NiS04 filter. Intensities were measured with an RCA 935 phototube. 
The ESR signals with the NiS04 filter were comparable to those obtained with the Coming 7-54 filter.
With the CuS04 filter the radiation produced no detectable ESR signal. On the other hand, when the full 
intensity of the lamp was passed through the CuS04 filter, a weak thymine signal was produced. Because 
the CuS04 filter only passes light with A > 3200 A, it appears as though DNA can be damaged by radia-
tion of wavelength longer than 3200 A, although about ten times less efficiently than with A < 3200 A. 
Possibly, this is true only for the optically dense DNA fibers which can absorb significant fractions of 
the incident radiation far past the normal absorption edge (i.e., A = 3000 A). A second possibility is that 
the thymine radical can be formed by photodamage of a nonmagnetic damage center in DNA which has ori-
ginally been produced by shorter wavelengths. In other words, the primary radiation in the DNA absorption 
band could produce a photo product which would absorb longer wavelength radiation. In support of this 
possibility we have observed that exposure of a moist DNA sample to 10 mrad y-irradiation increases the 
quantum efficiency for subsequent U.V. production by light of A > 3200 A of paramagnetic centers by a
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FIGURE 13

Effects of irradiating with 2967 A light showing how the central line appears first and the thymine 
afterwards. Note that the thymine is quite comparable with that shown in the upper left comer of 
Figure 12 where nonfiltered light was used at about the same intensity for about the same total dose.

factor of ~ 3. The ^-irradiation itself is done at room temperature and in moist samples it produces no 
detectable paramagnetic centers.

In addition to the quantum yield which is quoted above, another relevant figure is the fraction of thy-
mine converted to the thymine radical. Thin films of DNA were laid down upon flat quartz plates. Their



weights ranged from 0.030 mg/cm2 to 1.0 mg/cm2 after they were equilibrated at 75 per cent R.H. The 
sample areas were ~ 0.4 cm? They were irradiated at 77°K with the OSRAM lamp plus 7-54 filter set at 
full intensity and the number of spins measured as a function of dose. The amount of DNA present was 
determined from the optical density of similar films to be 0.60 of the total weight. This agreed with the 
findings of Langridge et al. [19]. The results were that three films with total weights of 180, 200 and 750 
fig gave 5.7, 5.6 and 3.5 per cent conversion of their thymines to free radicals. These fractional yields of 
radicals leveled off at dosages of = 107 erg/ mm2. The samples had optical densities ranging from 5 to 
20 at 2600 A. However, judging from their responses to irradiation on both sides, except for the heaviest 
sample, they were all optically thin to damage by the OSRAM lamp, and the heavy sample was far from 
being optically thick. Therefore, we conclude that the samples absorb at least one order of magnitude 
less light from the lamp than indicated by their optical densities at 2600 A. This is also confirmed by a 
comparison of the ESR intensity from a 5 mg sample with ~ 107 ergs/mm whose total area was ~ 0.4 cm2 
with the signal from these films at the same dose and with the same area. The 5 mg sample gave a signal 
which was 20 times larger, indicating that one could think of it as composed of about twenty layers, each 
comparable with the film, within which radicals were generated. This concept resolves a paradox, i.e., 
why the thymine dimer converts ~ 5 per cent of the thymines in calf thymus DNA to dimers at ~ 10s ergs/ 
mm2 of 2600 A light while the radical requires ~ 107 ergs/mm2 to convert the same fraction even though 
their quantum yields are approximately equal. The answer is that the small cavity of the ESR spectrom-
eter forced us to use samples with a small area. In order to produce enough radicals in these small areas 
we needed a high intensity light which penetrated to a considerable depth. For low doses of biological 
interest, however, the relevant figures are the quantum yields and in this respect, the thymine radical is 
produced almost efficiently as the dimer.
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Effects of Paramagnetic Metal Ions

Figure 14 shows the effects of two paramagnetic metal ions on the efficiency of producing the thymine 
damage center. Cu++ and Co++ were introduced in the ratio of one metal ion to ten phosphates and were 
slowly sprayed in to prevent aggregation [21]. The Cu++ ion resonance overlaps the thymine resonance 
and for comparison Cu++-DNA spectrum is shown before irradiation. The Co++ ion has a very broad reso-
nance and does not interfere with observation of the thymine center. Three separate pairs of Cu++ DNA 
and metal free DNA all gave a thymine signal ranging from one half to one sixth as great in the Cu++ sam-
ple as in the control sample. The reduced thymine intensity in the Co++-DNA sample was also about six 
times smaller than in the control. This result is qualitatively reproducible when one obtains a homoge-
nous distribution of Co++ ions on the DNA. It is in agreement with the findings of Beukers and Berends 
[22] who have reported a reduction in the amount of stable photoproducts of pyrimidines in the presence of 
paramagnetic metal ions.

Figure 15 demonstrates an interaction between the Co++-DNA at -25 db and at -5  db. In this sam-
ple, the higher power does not give microwave saturation. The fast relaxing Co++ is relaxing the thymine 
spins via a cross-relaxation mechanism [23] so they do not saturate. It would be interesting to study the 
dependence of this effect on Co++ concentration since it is conceivable that at low concentrations the 
Co will not affect the quantum efficiency for production of the radical but still might shorten the para-
magnetic relaxation time enough so that the thymine will not saturate. An increase in 20 db of power de-
creases the minimum detectable number of thymine spins by a factor of 10, and might make it possible to 
detect radicals produced by weaker monochromatic light sources. In this way the action spectrum for the 
thymine damage might be measured.



Vol. 1, No. 3 ELECTRON SPIN RESONANCE OF IRRADIATED DNA 179

FIGURE 14

In (a) the Cu++ resonance is observed in moist DNA before irradiation. In (b), after irradiation, 
the thymine resonance appears but it is consistently several times weaker (the reduction ranges 
from two, as shown, to six) than the control DNA sample in (c ) . The Co++ doped sample in (d) 
consistently shows a considerable reduction in the amount of thymine.
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FIGURE 15

The effect of Co++ upon the spin lattice relaxation time of the 
thymine radical in moist (75 per cent RH) DNA is shown in this 
comparison between two power levels. In the absence of Co++ 
the signal begins to saturate at -25 db and increasing the power 
does not increase the signal. Here the signal increases ten times 
(the gain is ten times lower in the lower figure) upon increasing 
the power presumably because of cross relaxation to the Co++.

Discussion of Results

What have we definitely proven about irradiated DNA? How do our findings fit in with other investi-
gations, by different techniques of radiation damage in DNA? What unresolved and sometimes even con-
tradictory findings do we have which require further work to be understood.

We have proven that the hydrogen addition product of thymine is created in DNA by irradiation. It 
accounts for a considerable portion of the radicals formed, ranging from ~ 10 to ~ 80 per cent, depending 
upon conditions. By separate deuteration of the methyl and of the methylene group we have proven the 
structure of this radical in DNA and thymine. The additional hydrogen has been shown to come from water 
or exchangeable protons. Increasing the moisture content of the DNA increases the amount of thymine 
radical. The same amount of thymine radical is formed in native and denatured DNA samples, providing 
that they contain the same amount of moisture. Radiation between 2400 and 3200 K is considerably more 
effective than radiation with A > 3200 K in creating damage centers. In addition to the thymine radical, 
four or five additional resonances have been characterized in irradiated DNA and suggestions made as to 
how to identify them. It has been shown that increasing the temperature of the DNA during irradiation 
from 77° to 195°K increases the yield of thymine radical, while in a possibly related series of experi-
ments it has been shown that increasing the light intensity at 77°K increases the number of radicals for 
a constant total dose. The quantum yield for creating thymine radicals is 5 x l(T 4 radicals per photon 
absorbed and this number can vary by a factor of five in either direction, depending upon temperature, 
humidity and light intensity. Increasing temperature, humidity or light intensity increases the quantum 
efficiency.



What is the connection between this radical and stable photodamage products of thymine, in particu-
lar the thymine dimer [22] which has been shown [24-26] to be an important cause of damage? At the be-
ginning, let us state we do not know what stable photoproduct, if any, this radical goes on to form. The 
one experiment which has been tried in order to identify the stable photoproduct has given negative results. 
Prof. A. Wacker kindly irradiated dry DNA at low temperatures, as we do in order to create these radicals, 
and then he dissolved the DNA in tritiated water. Subsequent hydrolysis followed by chromatographic 
analysis showed no differences from the unirradiated control. In other words, although water destroys the 
thymine radical, it does not do so by adding to it. Now that we are able to introduce deuterium atoms into 
the double bonds, it should be possible to add the tritiated water before irradiation and to analyze chemi-
cally for the stable photo product which incorporates the tritium. Wacker [5] has shown that there are sev-
eral thymine photoproducts in addition to the dimer formed. Furthermore, at the high doses > 106 ergs/ 
mm2 used in our experiments, several of these other products are quite abundant, each containing about 
three per cent of the original thymine. As the dosage was increased, the amount of these other damage 
products became approximately equal to the amount of dimer.

We do not have any reason to believe that the thymine free radical is a precursor of the thymine dimer. 
The dimer, it w ill be recalled, forms a four membered saturated cyclobutane ring by opening up the 5-6 
double bond of two adjacent thymines. The free radical is also formed by adding to that double bond but 
there the similarity probably stops. The strongest evidence for a distinction between the thymine radical 
and the dimer is found in crystals of N-methyl thymine. These experiments were originally performed by 
A. Kwiram at the California Institute of Technology and have been repeated in our laboratory. Irradiation 
of N-methyl thymine polycrystalline samples by U.V. light does not produce the thymine radical, while 
irradiation with X-rays or y-rays does. From the crystal structure [27] of N-methylthymine, it is known 
that all the thymines are located so that the center of each 5-6 double bond is 3.7 A from another. This 
is within the range which has been shown by Cohen and Schmidt [28] to be suitable for dimerization upon 
photo excitation. Furthermore, Stewart [29] has reported that > 44 per cent of the molecules in N-methyl 
thymine are dimerized by U.V. light. From this behavior we draw the tentative conclusion that when thy-
mines are adjacent to each other in DNA and, therefore, in the proper position to dimerize upon U.V. exci-
tation they do, while those that cannot dimerize either because they are separated or because a hydrogen 
atom has been added to the double bond may go on to form the thymine radical.

Because the thymine dimer has been shown to constitute a considerable fraction of DNA damage (the 
percentage ranges from less than ten per cent to more than eighty under different conditions [30]), it pro-
vides a relevant comparison for the abundance and quantum efficiency of formation of the thymine radical. 
First, as mentioned, after very high doses of ~ 107 ergs/mm2 of light, which is mainly 2900 A —> 3000 A, 
about 5 per cent of the thymines in calf thymus DNA are converted to radicals. This agrees, within the 
limits of our uncontrolled experimental variables, with the value of ~ 6 per cent converted to the dimer at 
U.V. doses about an order of magnitude lower. However, our measurements have required this heavy dose 
because of the relative insensitivity of the ESR detection scheme and the spectral characteristics of the 
light source.

A second and more relevant comparison is the quantum efficiency of formation. Deering and Setlow 
[31] report a quantum yield of 0.01 for dithymidylic acid while we have measured a value of 5x 10 for 
thymine radical formation in calf thymus DNA. To estimate approximately the quantum yield of dimers in 
this DNA where (A + T)/(G+C) ~ 1, we consider that one quarter of the light is absorbed by thymine and 
that each thymine has a probability of £ +  ̂  ̂ of having at least one thymine near neighbor. There-
fore, about one half of the thymines can form dimers or, assuming the same efficiency for DNA as for the 
dithymidylic acid, there should be a quantum yield of ~ 10 3 which is about twice as large as for the thy-
mine radical. Since radical yields can vary with conditions, these values are close enough to show that 
the two are formed with comparable efficiency. In fact, since our quantum yield values come from the high 
dose region of the growth curve where saturation is taking place, it is clear that 5 x 10 4 is a lower limit 
for the thymine radical.

As for the unanswered questions, we feel that the most important concerns the stable photo product 
formed from the radical, a problem which can be answered by chemical approaches as outlined above.
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Once settled, it will provide the incentive to clarify the uncertainties which surround our knowledge of 
this system.

We would like to express our gratitude to W. M. Walsh, Jr. lor his early work on this problem and for 
his comments on the manuscript.
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