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‘  ABSTRACT
The resistance of the pyrimidiﬁe bases to the action of ionizing
radiation in oxyéen-free aqueous solution is interpreted in terms of a
self-brotecti&e reconsﬁitution reaction. The proposed reaction scheme
is supported by thevfinding‘that certain organic.solutes are as effective
as molecﬁlartoxygeﬁ in increasing the yield for base-destruction. A
. re-assesment of certain prop;sals regarding the effects of oxygen.on

_'radiobiological changes is suggested.
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The purine and pyrimidine moieties represent major loci of
chemical change in the radiation—iﬁduced degradation of nucleic acids
in agueous solutiop(f(l) Studies of the radiation chemisffy of the
individual base-water systems heve provided'considerable information
on the nature of some of the important reactlons (2-9) Of particular
interest has been the flndlng that the presence of oxygen during ir-
radiation leads to a two to threefold increase in the amount of base"
destroyed.-(6-8)v The available data suggest that some type of re-
constitution reaction or back reaction is involved in the radiolysis
of the oxygen~free solutions. (8,9) In the present report we offer -
a forﬁglation of this'reconstitutien reaction and show that certain
added orgenic solutes are aé'effective ae molecular oxygen'in in-
cfeasing‘the degradation of cytosine in irradieted agqueous solutioﬁ..‘

The actions of ionizing radiation on solutes in dilute aqueous
selution are initiated by the radiation induced step H20—149 H2O+ +e”
which is followed within 107 seconds by the reactions H,0' + H,0——>
H30+,+_bH, e' 4'H20-f—$ e;é where e;g,represents the hydreted
: e;ectron. (lO) .Subsequent'feactionslof OH and e;q with added solutes
defermine the radiaﬁion chemistry of the system.  For 7-rays the

¢

yields of those spec1es per lOO eV absorbed energy is given by G -,7:;2.9,
aq-v

; Gog = 2 u (11)

Scholes and Weiss (2) and Eckert and Monier (3) have shown that
the OH radical reacts rapidly with the pyrimidine bases by addition at

the 5,6 double bond to give the hydroxyhydropyrimidyl radical:

~ /H_+OH % e\C/H :
: \\OH :
b L Y
e \\H ' S ~ Ny

" (B) (BoH)
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The production.of glycols, hydroxyhydroperoxides and related derivatives
~ of the pyrimidine bases in oxygen-flushed solutions (1,2) can be inter-
'7 preted in terms of reaction 1 as the prinbipal path for OH removal. ' The
1007 eV yield for base destruction , G(gB), in lO“?M.soluﬁiOns of thymine,
'Qracil and cytosine uhder_ Y-rays approxiﬁates'tﬁe priﬁary yiéld of OH
#adicals viz.'G x 2.4, The h&drated electron e;éhreacfs preferentially
Zwith molecular oxygen to form Oé which ié unreaétive toward the pyri-
fmidihe bases.

' ~In the absence of oxygen, the G value for destruction of the
pyrimidine and purine bases.hés been found to be about one-third that
,:observed in oxygenated, neutral solution; Latarjet eﬁ al. (8) report
”jG(—B) ~ 0.8 for okygén-fﬁee'io'3 M thymine solutions under v-rays and
';the dafumlof Ponnamperuma et-al. (6) gives G(-B) = 0.95 for aqueous
?cytosine'under'similar'irfaaiation conditioﬁs. Now, as we have al-
:ready noted, the evidence is that the CH radical is quantitatively
-zscavenged via reaction 1 af relatively low concentrations of the pyri-
.midiné bases. And,'Hart et al. (10) hav?_established by physical methods-
;that the reactions of e;q ﬁith the pyrimidines are among the fastest
';of known fadical-molecule reactions. It would appear then that some
 ftyfe'of recoﬁsti%ution.feaCtion is actiné to reduce the G-value for
Ebase desfruction_in theloxygen;freg system. If, as seems likely; the

;hydratéd'eleqtron, e;q also adds to the labile 5,6 position

'\C/H . _ \C/H _ \C/H
“ o te . ‘ H+ N ‘. (2)
C B TP el
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then the reconstitution reaction may be interpreted in terms of.water.

:regeneration via; BH + BOH—> 2B + HEQ or, EH + éQﬁ-*;—%B + BHQQ
followed by BH,0—»B + H0 or both. On this basis it follo&s that
addition of a second orgenic solute that is. preferentlally reactive
'.tOWards OH via RH + OH——R + H,0, would lead on replacement of OH
by R in reaction 1 to an enhancement in G(-B) since the possibility
for self-protection through water elimination would be exoluded. ‘This
increase in G(-B) would correspond to an increase in the yield of prod-
ucts'saturated‘at the .5,6 position. |

Cytosine was chosen for stuay here.beEause the dihydrocytosine
derivatives obtained on saturation‘oflthe'5,6 double bond hydrolyze
' readily to give the corresponding 5,6 dihydrouracil derivatives and
 ammonis (12) a product conveniently followed analytically. Sodium
formate and ethanol were uéed as second. solutes; each of these compounds
is relatlvely inert towards eaq and at the same fime is extremelj re-
active towards OH via HCOO + QH———)COO + H, 0 and CH CH,, OH + OH*--)

3
- CH,CHOH + H,0. (10,11) The effects of added formate and ethanol on

)
ammonia ylelds in the y-radiolysis of oxygen-free .06 M solutions of
‘cytosine at pH ~ 7 are shown in Fig. 1. We see that G(NHB) increaaes
abruptly with increasing solute concentration and reacnes a limiting |
value of approximately 2.9 at the higher formate concentrations.

Now, if our interpretation of this enhancement is correct, the

hydrated electron e;q is removed via reasction 2 and the OH radical is

‘converted in the presence of formate to the éOO'radical which in turn is

removed via the analogue of reactlon 1. The radical products of these .
reactions then undergo dlsproportlonatlon via reactlon % or reaction iy

or . both.
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rhere BH, and B'H, represent labile 5,6-diﬁ&drocytoéihe derivatives that
undergo rapid -hydrolysis (12) to\give amﬁohia and, respectively,
.hydrouracil (5,6-dihydrouracil) and a hydrouracil carboxylic acid. To
confirm the formationbof‘the hydrouracil nucleus; the irradiated cyto-

o sine-formate solutions were passed through Dowex 50 in the acid form to
quantitatively remove cytosine. (13) A series of control runs with
eutheptic materials ehowed that neither:hydrouracil'or hydrouracil46-
carboxylic acid are retained by Dowex 56. The water effluent was
-freeze-dried, redissolved in water at pH ~ 7 and then read spectro-‘
photometrically over the range élO mu to 350 mp against an unirradiated '
Asample that had undergOne the identical treatment. No characteristic
absorptlon maxima were found under these conditlons. vHowever, addition
of sodlum hydroxide to a concentration of O. l N resulted in the immed-
* late development of the,characteristlc absorptlon max1mum‘at 250 mu thatd
is exhibitediby hydrouracil and its derivatives in alkaline solution at
'pH values above 12 to 13. (lh) The dlfferentlal absorptlon curve of the
1rrad1atlon products 1s compared in Fig. 2’ w1th absorptlon spectra for

authentic d1hydrourac1l andAdlhydrourac1l-6-carboxyllc acid. Since the
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spectra of these two substancés are esséntially\ideptical other methods
had to be employed to distinguish their relative contribution to the |
absorption given by the product material. Advantage.was taken of the
fact that the effect of base on the 0pt1ca1 absorptlon of hydrourac11
and its derlvatlves is associated w1th the productlon of encl forms
which are unstable and are rapidly hydrolyzed with characteristic firsﬁ‘ .
order rates.to give the corresponding ureido acid. Batt et al. (1k4) |

have reported half-times of 5.0 minutes and 11.1 minutes, respectively,

for the hydrolysis of hydrouracil’and hydrouracil-6-carboxylic in 0.1 N

sodium hydrcxide. The irradiation products whose initial absorption

spectra in 0.1 N dodium hydroxide 'is shown in Fig. 2 showed a decrease

in optical density at Kmax = 230 mu corresponding to a half-time of

~12.1 minutes over a minimum of three half-time periods. Reaction k4

#

seems to occur preferentially over reaction 3. Preliminary spectro-

,photometric determinations of G(B'H,) based on ¢ . =8 X 107 (1k)

gave values considerébly below that anticipated on the basis cf the
indicated mechanism. Apparently B'H2 uﬁdergces a slow hydrolytic

dark-reaction to form the corresponding ureido acid. However, the

- ureido acids revert to the original hydrouracil derivatives in the

2-presence of dilute mineral acid. (lh) Treatment of the irradiated'v

cytosine solutions with 0.1 N hydrochloric acid for several hours

prior to analysiﬁ gave G(B'H ) =~ 2.4 in good.agreement with the

 reaction mechan1 ms described here. (16)

These flndlngs would appear to cast some doubt on recent pro-

-posals regarding the nature and locus of the prlmary_radloblolcglca;

lesion. - Various auth.rs have commented on the fact that the pronounced

enhancement by okygenvcf“the radiation-induced degradation of the
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-pyrimidines and purines in aqueous solution is cloéély paralleied by
the.two to threefold increase- in radiobiolOgical démage effected by
oxygen.‘ And, it has been suggested (16) that this similarity in 6Xygen3 .
response is a strohg'argument in favor of a common raéiation chemical
‘.process. Howevér, we‘have‘found here that radicéls’of certain organic
Asubstances»are as effective as oxygen_in incréasing ﬁhe degradation of
 cyt0sine in irradiated aqueous solution. The possibility tﬁat organic
radicals in anoxic EiOIOgical systéms underlirradiation are equally
effective in fhé enhancemeﬁtvof cytosine dégradation cannot be dismissed.
Hencez the interpretation of the_oxygen-effgcts in radiobiology in .
terms of the radiation chémistry of pure:ﬁasekwater systems. may .

prove to be misleading. (17)'
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S ' LEGENDS FOR FIGURES

- Figure 1., Effect of second-solute concentrations on G(NH' .in the.

| 5)
i’y-;adioiyéis of .05 M cytbsine, evacuated, pH 7 * .3.
. Cytoéine (CaibiOChém., A grade, Lot 35887)‘was purified
'ﬁy frécfional recrystallization fromlcold water. Solutions
- were irradiéted in,evdéuated pyrex amfouies‘under éo6o'f-rays

18

at a dose rate of 1.2 X 10 .eV/gm/min for a total dose of

6.5 X lO:!'8 eV/egm. . ‘Ammonia was separated by the Conway dif-
fusion method (15) following addition of 1 ml of sample to

9 ml'df'lo N pbtassium carbonate. . The diffusates were assayed

by means of the Nessler reaction.’

Figuré 2.1 Absorption spectrum in 0.1 N sodium.hydroxide éf the di-
;hydrouracii derivatives formed in the 'y-radiolysis of .05 M
cytosine.is given by dashed line. The solid curve repre-
sents the‘normalized spectra of authentic dihydrouracil and
dihydfouraci1-6-carboxyliq acid whiChrare“practiﬁally indis-

. tinguishable with the Beckman DB spectrophotometer.

2
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