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. ABSTRACT -

Frozen solutibns of dihydrothym_ine in HZSO4

contain large amounts of thymine after melting. Concentration studies

, irradiated at 77°K,

~ show that the thymine must be produced mainly by indirect mechanisms.
Low-temperé.ture uv absorption measurements reveal that thymine is
not bresent after irfadiation at 77°K, but is formed upon warming of
‘the samples to about 160° to 200°K.

ESR experiments suggest that the 5‘-'thymyl radical is an inter-
mediate in the production of thymine, At 77°K the irradviva.ted samples

contain only H atoms and some other unidentified HZSO radicals, The

4
5-thymyl radicals are formed upon warming to temperatures above

105°K, and they disappear in the femperature range at which thymine

is formed.
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INTRODUCTION

It is w.ell known that most ra.dia.tion—inducedA reactions are siowed
down or stopped entirely in frf)zen solutions at low temperathres. The
freezing technique has even been used to distinguish between the direct
~and indirect actions of radiation, since in the frozen state the diffusion of
water ‘Vracblic‘als seems to be very limited. The reduced ability of the
water radicals to react with solute molecules in frozeﬁ solutions wa's
demonstrated in some early electron .spirili:n"e"so'nance (ESR) e_xperime'nts |
on sulfur é()mpounds (15. Thus, it was shown that the O‘H radivcals
_ trappea duriﬁé irradiat.ioﬁ at low témideré.tur‘es disappeared, upon
.warming, .mainly in combinatio‘n reactions, However, in more recent
.expérimentsv on frozen acid and alkaliné_ soiutions; evidence has been
pre'sente.d for a muéh large'r‘ effeéf of the solvent radicals (2). It has
‘been reported that both H afoms (3)v and' electrons (4)‘ react with t‘he
; solvent molecules, - |

In this i)é.per é#perimen’cs are presenfed which show an ve‘xtremely
large indireét radiation effect in froze‘n sulfuric acid solutions of dihydro-
thymine, the end product observed being thymine. An attempt has been
made, by a combination of ESR teChnique and low-temperature ultravio-.‘
let (UV‘)V absorption measureménts, to follow the sequence of reé,ctiohs
giving rise to the large ir;direct effect, In particular, the experiments
were designed to establish Whether the indirect effect occurs at the
irradiation temperature (77°K) or during the subsequent warming and

melting of the solutions.
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EXPERIMENTAL PROCEDURE

Sample Preparation and Irradiation

Sulfuric acid solutions ranging from 0.2 to 9.0 mole/liter were
used, The dihydrothymine concentration varied from 04025 to 4.0 mg/ml

4

(i.e., 1.95%x10 " to 3.12% 1072 mole/liter). Most experiments were

carried out with a dihydrothymine concentration of 1.0 mg/ml (7.8 X 10-3
mole/liter).

" Samples of approximately 3 ml were rapidlf frozen to 77°K in
glass test tubes. In the concentration range from approximately 4 to 8
M HZSO4, rapid freezing usually results in glassy samples. The glassy
samples turn polycrystalline if kept for some time at a higher tempera-
ture (see below).

The samples were irradiated at 77°K with 6.5-MeV electrons
from a linear accelerator; Doses ranging from 0.05 to 40 MR were
delivered at a rate of approximately 4 MR/min,

After irradiation, the samples were melted and the UV absorption
was measured with a Cary 14 recording spectrophotometer, The inten-
sity of the absorption peak at 265 nm was used for a quantitative deter-

‘mination of the amount of thymine produced, Corrections were made

for the small absorption of dihydrothymine at this wavelength,

Low-Temperature UV Absorption Measurements

Whereas the quantitative determination of the thymine formation
was carried out on melted samples, efforts were made to observe
dii'ectly the UV absorption of frozen samples at different temperatures.
For this purpose a Cary Low-Temperature Dewar, model 1440650, was

used., Solutions of 5 M H,SO,, with or without dihydrothymine, were
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carefully frozen in quartz_:ftl.lbesb to give clear, glassy samples. The

“solutions containing dihydrothymine showed less tendency to crack than

the pure solvent. Onl‘y‘ those ‘samp‘lgs with a minimum of cracks were |
used, since any impéffeCtidh or crystallinity intefferés with the UV
ab'sorpti'o'nvrﬁeaédferhents. |

The samples \.;vere‘ ii‘radiated through a quartz 'Winaow in th.e :
Dewér, ‘o'ri'entved at 90 dég from the lightvbeva’,m of the spectrophotometer,
This arvzjangement preQented 'radié,tion-iﬁducéd ab'sorptién in the sur-
faces of the 'sfample holder through which the iight:beém passed,

A c'opper—cbnstanta‘n thermocouple placed on the outside of the

| sarhple holder gave an indication of the approximate sample temperature,

The irradiation temperature was about 88°K, and the subsequent absorp-
tion measurements started at that temperature. By blowing nitrogen

gaé through the Dewar the s’émple temperature could be gradually in- -

creased, In most experiments the temperature increased by approxi-

mately 2.5°v/min, and absorption spectra were taken continually while
the sample was warming., At a temperature of about 185° to 190°K the
glassy samples started to turn polycrystalline, thus preventing further

absorption measurements,

ESR Measurements

ESR samples were made from 5 M HZSO4 solutions. Small drops
were rapidly frozen at 77°K to giye glassy samples., These were evacu-
ated and sealed in qua’ftz tubes, After irradiation, ESR spectra were
recorded at 77°K with a Varian 4502 X -band spectrbmeter. The sam-
ples were heat-treated in a Varian Variable Temperature Accessory |

outside the cavity, then returned to 77°K for further measurements,

1
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The relative quantitative data are taken from the amplitudes of certain
peaks in the first- or second-derivative spectra., No attempts were

made to obtain absolute yield data.

RESULTS AND DISCUSSION

Results on Melted Samples

It has been reported earlier that irradiation of dihydrothymine
both in aqueous solutions and in the solidv state yields thymine (5, 6).

In the experiments described here, the UV-absorbing substance pro-
duced upon irradiation in the frozen solutions had an absorption spec-
trum identical to that of thymine, and in all subsequent calculations we
assume that the product is thymine.

Figure 1 shows the dose-effect curve for the formation of thymine
in as M HZSO4 solution containing 1 mg/ml dihydrothymine. The solu-
tions were irradiated at 77°K and the measurements carried out after
melting., The thymine formation appears surprisihgly large f(:;r irra-
diation in the frozen state. Thus, from the initial portion of the dose-
effect cur\./e (see inset of Fig. 1) it is seen that 0.07 mg/ml thymine is
formed per MR. If it were assumed that only the energy absorbed by
the dihydrothymine could lead to the production of thymine, this corre-
sponds to a G-value (molecules thymine per 100 eV absorbed in dihydro-
thymine) of 535. This large value indicates some indirect effect, and
the corresponding G-valué based on the amount of energy absorbgd in
the entire solution is 0.47, |

Similar results for some other HZ_SO4 concentr;tions are pre-
sented in Fig. 2. All dose-effect curves were found to be linear in the

low-dose region. The G-values calculated on the basis of direct action
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alone are 33, 125, and 960 for 0.5, 1.0, and 6.0 M H,S0,, solutions

respectively. Consequently, the conclusion is ineécapé.ble that in the

frozen solutions a large indirect effect operates whereby radiation

energy absorbed in the solvent can cause the production of thymine

- from d:ihydro_thymine.- Thus, subsequent G-value calculations will be

based on the amount of energy absorbed by the entire solution,

_Figuré 3 shows the variation of G-value with HZSO4 concentration

in the range 0,02 to 9.0 M. The H,S0, concentration is plétted loga-

4

rithmically, giving a linear pH dependence for this plot. In experi-

‘ments \x}ith‘dihydrothymine in pure aqueous solﬁt'ion, irradiation at

77°K with doses up to 25 MR gave no detectable amount of thymine,

Further evidence for the indirect action of radiation in the frozen
solutions was obtained by investigating the dependence of the thymine

formation on dihydrothymine concentration. v'The shape of the curve

‘shown in Fig. 4 clearly demonstrates the indirect effect. Each point

“in this figure is based on a total dose-effect curve, In the sections that

follow, experiments are described which give some information con-

cerning the mechanism for the production of thymine by the indirect

action of radiation,

UV Absorption Experiments at Low Temperatureé

The above results show that large amounts of thymine are formed

- by indirect action when HZSO4 solutions of dihydrothymine are irra-

~diated at 77°K. However, experiments in which the assay is carried

out after melting cannot yield information'as to whether thymine is

formed during the exposure at 77°K or during the subsequent warming

~and melting of the samples, In order to determine which is the case,
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low-temperature UV absorption measurements were carriéd out on
glassy 5 M HZSO4 solutions.

Figur\e 5 shows the UV absorption spectra of irradiated frozen
5 M H,S0, solutions with and without dihydrothymine present. The
'spectrum of the unirradiated frozen solution has been subtracted from
" all the spectra in Fig. 5 to correct for fhe absorbance of the sample
cell and the dihydrothymine at short wavelengths, During irradiation,
the solutions turn yellow and exhibit a rather uniform absorption through-
out the UV region. Both the color aﬁd UV absorption start to disappear
at about 160°K and have vanished completely at about 185°K (Fig. 5b).
The spectra of the dihydrothymine solutions show clearly that no thymine
.is‘formed during the exposure at approximately 88°K, Furthei'more,
the spectra in Fig. 5(a) demonstrate ‘that thymine is indeed formed in
the frozen solutions upon warming, |

It is possible to obtain from the UV absorption spectra an estimate
of the ﬁhymine formation at the different temperatures. This may be ex-
pressed as percent of the final amount of thymine present after melting,
according to the formula |

A (T) - AJT)
sol S % 100,

Asol(295 °K)

where Asol( T) and AS( T) are the 265-nm absorptions of the dihydrothy-
‘mine solutionvand. the pure solvent, respectively, at temperature T,' and
Asol(295°K) is the absorption of the dihydrothymine solution after melt-
ing. -The results fc.)r.three different experimehts using 5 M HZSO4 and

1 mg/ml dihydrothymine are presented in the right-hand portion of
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Fig. 6. 'Thevthree curves do not coincidé exactly, probably due to
small variations in the \;/arming rate and errors in temperature mea-.
surement (the thermocouple was on the outside of the sarnple. tube).
However, the curves show that in these solutions thyrhine is-formed in
a rather narrow temperaturé raﬁge beginning at about 160° to 470°K
and extending up to about 200°K. It should be emphasized that the sam-
ples turned polycrystalline at _about_,190°K in these experiments and no
agsqrption r:.neasurernent's ‘could be made betw'een this temperature and

the temperature at which the samplés melted,

ESR Measurements

All the experiments presented above have concentratedvon the for-
mation of fhy;nine as mea’.sured.b'y its abébrption at 265 nrn‘.' It is evi-
' aenf that a large indirect éfféét_ operates and that the secondafy reac -
ti.ons ta;ke placé between 77° ‘éndVZvOO‘v’fK. In iche radiation chemistry of
pyrimidihes it appears that the i'ndire_ét action is mediated throﬁ'gh free-
radical reactioris.at. the 5, 6 double bond (for a i‘eView se.e Ref, 5), but
the intermediates are too transient t§ be observed by ESR witﬁout some
trappin.g technique, Howevevr., in these e#peiiments on frozen solutions
free radicals are trapped and may therefore be studied by ESR.

Figuz.'e. 7_shows the ESR Spectfa_ for a glassy 5 M HZSO4 solution
containing 3 mg/ml dihydrot_hyrh_ine‘. "Fbllowing irradiation at 77°K,
the characteristic 506-G hyperfine do.uble.t of hydrogen atoms is seen.
" .The ceh_trai part of the resonance, which here bis entirely due to radicals
induced in the 'sqlveﬁt, has téntatively been ascribed to SO4_ and SO3~
radicals-(7, 8), ‘but so far no ESRV evidencé has been presented for this

interpretation. Upon heat treatment the hydrogen lines disappear and
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additional absorption lines are seen on either side of the central reso-
nance, These lines were found to be due to the 5-thymyl radical, which
has a characteristic eight-line hyperfine péttern spreading over approxi-
mately 140 G when randomly oriented, Thé outer componenté of this
_pattern are suffic;iently separate'd from the central HZSO4 resoﬁance

that the formation of the 5-thymyl radical at different temperatures can
be studied. In Fig. 7 (lower part) are 'presente'd spectra taken after
heat treatments for 4 min at incvr.easing temperatufes. The sweep rate -
and the sensitivity are different from those for the top 'spectruin. In the
first place, it can be concluded that very few if any 5-thymyl radicals
are formed at 77°K. Secondly, the 5-thymyl radicals, which appear
after heat treatment, areustable. up to é.bouf: 160°K, at which the remain-
ing.HZSO4 radicals have disappeared. Upon further heat treatment at
175°K, more than 90% of the 5-thymyl radicals have disappeared,

Some éuantitative data for the appearance and disappearance of
the S-fhymyl radica',lsv are given in Figs. 6 and 8, For comparison, the
disappearance of the hydrogen atoms is also given, It appears that the
5-thymyl radical disappears in the same temperature region where thy-
mine is formed, suggesting that the radical is an intermediate in the
sequence of events whereby dihydrothymine is cpnverted into thymiﬁe
in the irradiated frozen HZSO4 solutiér;s. The sequence of events may

therefore be
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Here R- is a radical from the solvent. It isv not clear whether some
.vadd‘.i.tionai speciee are iﬁvolved in the second reaction or whether it
occurs spon.t'aneousljr’ 1If hydrogen atorns are released frvom the 5 -
thymyl radical when thymlne is formed these could undergo cornbmatlon
reactions to p_reduc':e.Hz..
The data in Figs. 6 and 8 also suggest that the radical R rhay in
part c"onsi‘st of a hydrogen atom. _:Thus, | a certain fraction of the 5~
thymyi radicals (approximately 50% aceording to Fig. 8) are formed
concomitantly with the disappearance Qf the hydrogen atoms.' This indi-
cates that hydrogen atoms i‘hay re_act' with dihydrothymine when they
hecome released from their trap.ping.s"ites. This mechanism ié sup-
pofted by_the results on neufral solutions. Thus, no hydrogen atoms and
few if any 5-thymyl radicals were trapped when pure aqueous solutions were
irradiate(.i at 7%°K and heat treated. Likewise, no thymine was produced
even after 25-MR il_'radiation. ‘The hy.drogen atoms are in turn formed
by reactions of H+ ions with elec‘troris when they become thermalized
as pro.posed‘pl.'evivously (7,9). It should,\hewever, be pointed out that
the H a‘toms could not be the only precursor radicals for the 5-thymyl

‘radical, since a large fraction of the latter is formed subsequent to the

disappearance of the hydrogen atom doublet. -
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FIGURE LEGENDS

7 Figv. 1. Dose-fesponse curve for the production of thymine in frozen
solutions of dihydrothymine (1 mg/ml) in H,SO, (3 M).  The sam-
ple's. were irradiated at 77°K, then‘mel;ced for assay of thyrﬁine.
The thymine concentration was determined by the abso‘rban'ce_ at
265 nm. The results for the low-dose region are shown by the
inset, |

Fig. 2; Dose-responsé cu‘fveé for the low-dose region fo'r'three differ -
ent H,SO, solutions containingv:t rhg/ml dihydi‘othyfnine. " Other-
wise ;s in Fig., 1. | | o

‘Fig. 3.: Forrvnation,of thymine ih HZSO4 so.h.ltidns‘vcontain.i'hg ‘1ﬂmg/m1

' ) dihydrothyminé. rI“he yield of thymine (given as the G-—vé.lue) has
been calculated on thé basis of the total energy absorbed .by the
_solutiléin. Each point is based on a full dése-res‘ponse cﬁrve.
Sample tfeatinent i5 the same as for Fig, 1.

Fig. 4. Vari.ation in ‘the yield of thyrﬁine (given as the G-valué) with
dihydrothymine ;qnc'éntrétion in solutions containing 3 M HZSO4.
Sample treatment is the same as for Fig. 1. Notations as for
Fig. 3. |

vFig., 5 uv absorption speét_ra.taken at.low tembera.@u_res on cleé,r,
glassy 5 M HZSO4 solutions (a) with and (b) wi_th‘o:ut dihydrothymine
(1 mg/ml). The samples were irradiated (0.2 MR) at 88°K and
then observed befor¢ and during warfning. The spectra are cor-
rected for the absérbancé of the respective unirradiate‘d'. solutions

.at 88°K,
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6. The appearance and disappearance of some of the species in-
duced in 5 M HZSO'4 solutioﬁs of dihyc;lrothymine versus the sample
temperature. For the free-radical measurements (ordinate to the
left), fhe samples were irradiated at 77°K and then stepwise heat
treated for 4 min a;t the temperatures indicated. All observations
were made at 77°K.

For the UV-absorption measurements of thymine (ordinate to
the right) the samples were irradiated at 88°K and subsequently
warmed at a rate of approximately 2.5°/min. The 265 nm absorp-

tion was measured at the temperatures indicated, All quantities

‘in this figure are relative and given as % of the maximum value

obfained for thé particular species (i.e., the absolute values of
H atoms and 5-thymyl radicals are different),

7. Second-derivative ESR spectra of a glassy frozén solution of
dihydrothymine (3 mg/ml) in 5 M HZSO4.' The samplé was irra-
diated (2 MR) at 77°K and all spectra were ‘recorded at that tem-
perature, After the first measurements (the two tdp spéctra) the
sample was heat treated for 4 min at temperatures which increased
in steps of approximately 10°K. The spectra a.fter'héat treatments
at 125°K and 165°K are presented here. The ﬁpper curve reveals
the total resonance, including the H atom lines, before any heat
treatment, The lower spectra have been recorded at a smaller
swéep rate and an increased sensitivity i‘n‘order to show thé>f01"- ' v
mation of the 5-thymyl radical. The arrows indicate the positions
of the two outermost lines on each side of the 5-thymyl radical

spectrum, = : o
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Fig. 8. Decé.y of hyd;ogén atorﬁs and forrhatiion of 5-thymyl radicals
at »105°K in av_.glés'vsy 5 __1\_/1_ HZSO4 solution of dihydrothymine, The
sémple wé,s irra;diated at 77°K and then heat tréated for increasing
léngths' of .t.ime at 105°K; After each heat treatment.the sample
was brought back to:77°K and measured. As in Fig. | 6 the data
are giveh as ‘% of the maximum concentration .6bserved for the

hydrogen atoms and the 5 -thymyl radicals respectively.
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee. or contractor of the -
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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