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exerted on the triplet autoionization. The former 
reflects a balance of the effects on autoionization and 
deactivation of the excited-singlet and triplet states. 
If this picture is correct, then reaction 2 is not a one-
stage process but proceeds through a higher excited 
triplet T2 which then undergoes autoionization with 
some activation energy. Apparently by coincidence 
this activation energy is almost balanced by the ac
tivation energies of the deactivating processes, and 
therefore the overall photoionization of phenols in 
neutral solutions appears to be little affected by tem
perature. 

For tyrosine .E(Ti) = 3.5 eV18 and the triplet-triplet 
transition displays a broad ill-defined band in the re
gion 300-700 nm,19 where tyrosine (S0) hardly absorbs. 
Therefore most molecules in the T2 state are produced 
with E < 7.5 eV above ground state. The ionization 
potential of phenol in the gas phase is 8.5 eV.20 The 

(18) H.B.Steen,Photochem.Photobiol.,6, 805(1967). 
(19) R. Santus, A. Helene, C. Helene, and M. Ptak, J. Phys. Chem., 

74,550(1970). 
(20) V. I. Vedeneyev, L. V. Gurvich, V. N. Kondratyev, V. A. Med-

The study of the effect of high energy radiations on 
biochemicals has become a subject of increasing 

interest in recent years. The reactions of hydroxyl 

(1) (a) Pioneering Research Laboratory; (b) Radiation Biology 
Laboratory. 

effective IP in water is not known; a reduction of ~ 1 
eV due to relatively fast polarization effects is in ac
cordance with the foregoing discussion. 

In the case of the phenolate anions, fast intersystem 
crossing (no fluorescence was observed15), low ioniza
tion potentials (the electron affinity of PhO - is ~1.2 
eV21), and relatively high triplet energies—these three 
factors account for the reaction proceeding by thermal 
ionization of their triplets. This combination of 
factors is not common, e.g., at 337 nm /3-naphtholate 
undergoes direct ionization from its Si state,22 which 
is longer lived than the Si state of phenolate. 
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vedev, and Y. L. Frankevich, "Bond Energies, Ionization Potentials 
and Electron Affinities," Edward Arnold Ltd., London, 1966. 

(21) H. O. Pritchard, Chem. Rev., 52, 529 (1953). 
(22) C. Goldschmidt and G. Stein, Chem. Phys. Lett., 6, 299 (1970). 

radicals, the main oxidizing species produced from 
the radiation chemistry of water, with various pyrimi-
dine bases have been investigated using different fast-
reaction techniques in order to establish the site(s) of 
attack on the pyrimidines and the effect of molecular 
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Abstract: The transient optical absorption spectra of the radicals produced from the reaction of hydroxyl radicals 
with pyrimidine bases in aqueous solution have been determined using the technique of pulse radiolysis. Uracil, 
thymine, cytosine, 1- and 3-methyluracil, 1,3-dimethyluracil, and dihydrouracil have been studied as a function of 
pH in order to examine the role of the tautomeric forms of the pyrimidine bases with regard to the site(s) of OH 
radical addition. The transient spectra obtained at pH —-11.0 in solutions of uracil, thymine, and 1- and 3-
methyluracil were different from those observed in neutral solution. Examination of the change in initial ab-
sorbance at a fixed wavelength with pH revealed a "titration-type" curve from which a pK was derived. In all 
cases, the pK value obtained was identical with the pKa

l of the pyrimidine base used, indicating that the changes 
in the spectra are due to the tautomerization of the molecule and not to the acid-base properties of the OH-radical 
adducts to the pyrimidines. The transient spectrum of the radical produced from OH addition to 1,3-dimethyl
uracil was identical in neutral and alkaline solutions, supporting the above conclusion. With cytosine, the pK ~ 
4.5 ± 0.1 obtained corresponded to the pK^ ~ 4.6 for the proton dissociation of N3. The observed red shift of the 
transient spectra in alkaline solution, compared to neutral solution, is probably due to the increased resonance 
energies of the lactim form vis-a-vis the lactam form of the pyrimidines radicals. From the decay kinetics of the 
intermediates, it is suggested that substitution at the Ni position reduces the extent of ring opening which results 
from radical addition across the 5,6 double bond. The intermediates produced were found to react with mena-
quinone (vitamin K3, E° = 0.42 V) leading to the formation of the semiquinone radical anion MQ". The reaction 
rate constants for electron transfer to MQ were found to be relatively high, ~ l - 5 X 109 M~l sec-1, for the large 
number of bases examined. The efficiency of electron transfer, (i.e., percentage) was found to be markedly depen
dent upon the nature of the pyrimidine and nucleotide examined, as well as on the tautomeric form. Increased 
efficiency of electron transfer occurs when the odd electron is resonating with ionic tautomeric forms of the pyrim
idine radicals. Various explanations are offered for these results. The dissociation constant of the semi
quinone radical of menaquinone was found to be 4.5 ± 0.1. 
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Figure 1. Absorption spectra of transients produced from the 
reaction of OH radicals with 1 mM uracil, N2O (1 atm), at pH 3.15 
(O) and pH 10.7 (D), read at ~0 .1 /jsec after pulse. Absorbance 
at pH 10.7 read at 100 ,usee ( • ) and 10 msec (E) after the pulse, 
plotted as OD. Total dose ~8 .6 krads/pulse. Insert: OD at 
330 and 475 nm D*. pH. 

Figure 2. Absorption spectra of transients produced from the 
reaction of OH radicals with 1 mM 1-methyluracil, N2O (1 atm), 
at pH 4.3 (O) and pH 10.9 (D), read at ~0 .1 /xsec after pulse. 
Absorption of permanent product at pH 4.3 (®). Total dose 
~10.5 krads/pulse. Insert: OD at 330 nm vs. pH. 

structure on these reactions. Pulse radiolysis2-7 and 
esr8-13 studies of the intermediates produced have been 
carried out. In the pulse radiolysis work the inter
mediates were usually observed at a time resolution 
of ^0.5 //sec, while most of the esr work was carried 
out under steady-state conditions, except for the re-

(2) R. M. Danziger, E. Hayon, and M. E. Langmuir, J. Phys. Chem., 
72,3842(1968). 

(3) L. S. Myers, Jr., M. L. Hollis, and L. M. Theard, Adoan. Chem. 
Ser., No. 81,345(1968). 

(4) C. L. Greenstock, J. W. Hunt, and M. Ng, Trans. Faraday Soc, 65, 
3279(1969). 

(5) (a) L. S. Myers, Jr., and L. M. Theard, / . Amer. Chem. Soc, 92, 
2868 (1970); (b) L. S. Myers, Jr., A. Warnick, M. L. Hollis, J. D. Lim-
brick, L. M. Theard, and F. C. Peterson, ibid., 92, 2871 (1970). 

(6) L. S. Myers, Jr., M. L. Hollis, L. M. Theard, F. C. Peterson, and 
A. Warnick ibid., 92, 2875 (1970). 

(7) N. S. FeI', L. A. Zaozerskaya, and P. I. Dolin, Radial. Eff., 9, 145 
(1971). 

(8) C. Nicolau, M. McMillan, and R. O. C. Norman, Biochim. Bio-
phys.Acta, 174,413(1969). 

(9) H. Dertinger and C. Nicolau, ibid., 199,316 (1970). 
(10) H.Taniguchi././'A.w. CTiem., 74, 3143(1970). 
(11) J. K. Dohrmann and R. Livingston, J. Amer. Chem. Soc, 93, 

5363(1971). 
(12) P. Neta, Radiat. Res., 49,1 (1972). 
(13) G. Nucifara, B. Smaller, R. Remko, and E. C. Avery, ibid., 49, 

96(1972). 

Figure 3. Absorption spectra of transients produced from the 
reaction of OH radicals with 1 mM 3-methyluracil, N2O (1 atm), 
at pH 4.0 (O) and pH 11.0 (D), read at ~0 .1 ,usee after pulse. 
Insert: OD at 340 nm vs. pH. 

cent investigation13 where the esr spectra of the radicals 
were determined at ~0 .3 ^sec after the electron pulse. 
In some of the esr studies, the OH radicals were pro
duced by the photolysis of H2O2

11 or by the reaction 
ofTi3+with H2O2.

8"10 

All the results obtained with pyrimidines have been 
interpreted on the basis of addition of the OH radical 
across the 5,6 carbon-carbon double bond, at position 
5 and (to a small extent) at position 6. Different tran
sient optical absorption spectra were observed2-7 in the 
pulse radiolysis of air-free aqueous solutions of uracil, 
thymine, and cytosine on varying the pH from .~6 to 
^ l 1-13, but no indication was provided as to whether 
this change was due to the tautomerization of these 
molecules or to the acid-base properties of the free-
radical intermediates produced. Furthermore, some 
of the esr work was carried out in acid solutions only,8-10 

and in some cases1112 no radicals could be observed 
in either neutral or alkaline solutions. 

This pulse radiolysis work was initiated with the 
object of studying systematically the effect of pH and 
the role of the tautomers of the pyrimidine bases with 
regard to OH-radical addition reactions. The impor
tance of such an investigation lies in the possibility that 
mutations may arise from mispairing of the bases in 
DNA due to the occasional appearance of rare tauto
mers. The following pyrimidines were examined: 
uracil, thymine, cytosine, 1- and 3-methyluracil, 1,3-
dimethyluracil, and dihydrouracil. In addition, follow
ing the recent interesting observation14 that some of 
the intermediates produced from the reaction of OH 
radicals with various biochemicals transfer effectively 
an electron to quinones to form the semiquinone radical 
anions, the efficiency and rates of such electron transfers 
from the OH adducts to pyrimidines have been studied 
in detail. 

Experimental Section 
Since pulses of ~2.3-MeV electrons and ~30-nsec duration were 

used, as provided by the Febetron (Field Emission Corp.) 705 pulsed 
radiation source. Experimental details regarding the dosimetry, 
pulsed Xenon lamp monitoring light, and electronic circuitry have 
been described elsewhere.16-17 Fresh solutions were used for each 
pulse, and photolysis of the pyrimidines and particularly men-
aquinone by the monitoring light was minimized by using a synchro-

(14) M. Simic and E. Hayon, Int. J. Radiat. Biol., 22, 507 (1972). 
(15) M. Simic, P. Neta, and E. Hayon, / . Phys. Chem., 73, 3794 (1969). 
(16) J. P. Keene, E. D. Black, and E. Hayon, Rec. Sci. Instrum., 40, 

1199(1969). 
(17) E. Hayon, J. Chem. Phys., 51,4881 (1969). 
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Figure 4. Absorption spectra of transients produced from the 
reaction of OH radicals with 1 mM 1,3-dimethyluracil, N2O (1 atm), 
at pH 3.7 (O) and pH 10.7 (D). Total dose ~10 krads/pulse. 
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Figure 5. Absorption spectra of transients produced from the 
reaction of OH radicals with 2 mM dihydrouracil, N2O (1 atm), at 
pH 6.8 (O), and of H atoms with 8 mM uracil at pH 1.0 (•), in the 
presence of 1.0 M ter/-butyl alcohol. Total dose <~8.8 krads/ 
pulse. 

nized shutter (open for ~2.5-msec) and appropriate cut-off 
filters. The optical path of the cells was 2 cm. 

Most of the pyrimidines used were supplied by Cyclochemicals, 
the nucleosides and menaquinone were supplied by Calbiochem, 
and 3-methylcytidine was supplied by Schwarz-Mann. The pH of 
the solutions was adjusted using perchloric acid, potassium hydrox
ide, sodium tetraborate (1-3 mM), and potassium phosphates 
(~3 mM). Solutions were prepared fresh just prior to radiolysis 
and were made alkaline in an oxygen-free medium. 

Based on the published18 rate constants for the reactions of e„q
_ 

and OH radicals with the pyrimidines used in this work, ~ 1 mM 
concentrations were used in order to convert >95% of eaq" into OH 
radicals by N2O, and to scavenge all the hydroxyl radicals produced 
at the doses employed. 

Extinction coefficients were derived taking G(eaq~) = C(OH) = 
2.8, using a KCNS solution as a dosimeter. It should be pointed 
out that the extinction coefficients given in Table I and Figures 1-7 
were calculated assuming that the OH radicals produce only one 
radical. This is probably not the case with most pyrimidines 
studied, and these values might be low by a factor of 2-3. Further
more, the second-order decay of the intermediates might conse
quently be low by a factor of 2-3. 

Results 

Transient Spectra of OH Radical Adducts to Pyrimi
dines. Owing to the optical absorption of pyrimidines 
in aqueous solution, the transient spectra of the radicals 
produced in the pulse radiolysis of N 2 0-sa tura ted 
solutions could not be determined below ~ 3 0 0 nm 

(18) M. Anbar and P. Neta, Int. J. Appl. Radiat. Isolop., 18, 493 
(1967). 
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Figure 6. Absorption spectra of transients produced from the 
reaction of OH radicals with 1 mM thymine in aqueous solution, 
N2O (1 atm), at pH 3.5 (O) and pH 11.1 (D), read at ~0.1 //sec after 
pulse. Absorbance at pH 11.1 (•) read at ~25 /usee after pulse. 
Total dose ~10 krads/pulse. Insert: OD at 330 nm vs. pH. 

Figure 7. Absorbance spectra of transients produced from the 
reaction of OH radicals with 1 mM cytosine, N2O (1 atm) at pH 
3.05 (O) and pH 6.5 (D), read at ~0.1 /isec after pulse. Total dose 
~7.8 krads/pulse. Insert: OD at 350 nm vs. pH. 

in neutral solutions, and ~310 nm in alkaline solutions 
beyond the pK*1 of the pyrimidines. In all cases, the 
spectra were corrected for the change in transmission 
in the 300-nm region due to the disappearance of the 
pyrimidine molecules. 

Uracil and Derivatives. The optical spectrum of the 
OH-radical adduct to uracil at pH 3.2 is shown in 
Figure 1. This spectrum is qualitatively similar to 
the one previously reported,2 but the second band be
low •~330 nm was not observed in other studies.4-6 

The radicals decay by second-order kinetics (Table 
I). The reaction of OH radicals with the first tauto
meric (monoanion) form of uracil (pAV = 9.5 and 
pAa2 ~ 13.0) was examined at pH 10.7 in order to avoid 
the formation of O - radicals [pK (OH ^± O - + H+) 
~ 11.9]. The 380-nm band appears to be shifted to 
~400 nm, and another band with Xmax ~320 nm is 
observed (Figure 1), which decays by first-order kinetics 
with k = 5.6 X 104 sec -1. This probably indicates a 
ring opening of the uracil molecules, in agreement with 
the esr spectra obtained by Neta12 under similar con
ditions. In addition, new long-lived intermediates 
are produced in alkaline solutions which start absorb
ing below about 330 nm (see Figure 1). Examination 
of the change in initial absorbance at 330 nm and at 
475 nm with pH reveals a "titration-type" curve from 
which a pK ~ 9.55 ± 0.1 can be derived (see insert, 
Figure 1). These results indicate that (a) the change 
with pH is apparently not due to the acid-base prop-
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Table I. Absorption Maxima, Extinction Coefficients, and Decay and Dissociation Constants of Intermediates 
Produced from the Reaction of OH Radicals with Pyrimidine Bases in Aqueous Solution 

Pyrimidine 

Thymine 

Uracil 

Dihydrouracil 

1-Methyluracil 

3-Methyluracil 

1,3-Dimethyl-
uracil 

Cytosine 

Cytosine 

Radical 

TOH 

UOH 

- U H ' 

1-MeUOH 

3-MeUOH 

1,3-DiMe-
UOH 

COH 

•CH« 

PH 

6.7 

11.0, 11 

11.85 
3.15 

11.0 

6.7 

4.3 

11.0 

4.0 

11.0 
3.7, 11 

3.1 

6.6 

1.0 

Xmax, nm 

<300 
380 

.85 320 
400 
620 
390, 540, 620" 

<295 
380 
320 
400 

<245 
410 

<300 
390 
325 
410 

<300 
400 
460 

.0 <300 

400 
312 
440 
345 
440 
450 

«, M " 1 

cm - 1 ° 

>700 
750 

1100 
800 
330 

>1000 
700 

1400 
800 

>1700 
400 

>1000 
750 

1400 
900 

>800 
650 
770 

>1200 

850 
650 
550 

1300 
650 
500 

2k/t 

9.5 X 10' 
1.6 X 10' 
3.8 X 10' 

1.0 X 106 

5.6 X 10«: 

2.3 X 10« 

1.1 X 10« 
3.4 X 10' 
4.3 X 10' 

1.6 X 106 

6.5 X 104: 

9.5 X 10' 
3.7 X 106 

4.1 X 10' 
5.0 X 10' 
9.3 X 10' 

sec-

sec-

sec 

2k, 
M'1 s ec - 1 " 

7.1 X 10s 

• 1 6 

3.0 X 10s 

7.0 X 10s 

I i 

9.2 X 10« 
1.2 X 10" 
8.3 X 108 

4.8 X 108 

3.9 X 108 

1.1 X 10» 
• l 

1.0 X 109 

8.1 X 10s 

2.4 X 109 

2.2 X 10s 

6.5 X 108 

6.0 X 10s 

pK<* 

9.9 
>13.0 

9.5 
13.0 

9.8 

9.9 

4.6, 12.2 

ptfaR 

9.6 ± 0.1 

9.55 ± 0.1 

9.8 ± 0.1 

9.9 ± 0.1 

4.5 ± 0.1 

" Values to ±15%, and e calculated assuming OH radicals produce one radical only; see text. h Transient decays by first-order process. 
c Slow decaying transient. d Radical produced from reaction of OH with dihydrouracil. ' Produced from reaction of H atoms with cytosine 
at pH 1.0 in the presence of 1.0 M r-BuOH. 

erties of the OH-adduct radicals, and (b) the change 
is due to tautomerization of the molecule leading to 
increased resonance of the radical and/or to a different 
site of attack by OH radicals. The increased reso
nance energies of the lactim form of uracil compared 
to the lactam form have been shown.19 

The transient spectra produced from 1-methyluracil 
at pH 4.3 and 10.9 (Figure 2) are similar to those ob
tained from uracil. From the change in absorbance 
with pH, one derives a pK = 9.8 ± 0.1, in good agree
ment with pA"a

: = 9.8 of the molecule. In both neutral 
and alkaline solutions, however, the radicals decay 
by second-order kinetics. 

In neutral solution, the OH-radical adduct to 3-
methyluracil is somewhat similar to that observed with 
uracil and 1-methyluracil. However, at pH 11.0 a 
band with Xmax ~460 nm is produced (Figure 3) which 
is significantly red-shifted compared to that formed 
with the other two pyrimidines. Furthermore, the 
transient decays by first-order kinetics, with k = 6.5 
X 104 sec -1, quite similar to the decay of the transient 
produced in alkaline solutions of uracil. These re
sults would seem to indicate that substitution at the 
Ni position in uracil (the position in nucleotides and 
nucleosides) reduces the extent of ring opening which 
results from radical addition at the 5,6 double bond. 
The change in OD at 340 nm with pH (Figure 3) gives 
a pA: = 9.9 ± 0.1 in agreement with the pAT*1 = 9.9 
of 3-methyluracil. 

The addition of OH radicals to 1,3-dimethyluracil 
gives a transient spectrum which is independent of pH 
in the range 3.7-10.7, Figure 4 (the insignificant dis-

(19) B. Pullman and A. Pullman, "Quantum Biochemistry,' 
science, New York, N. Y., 1963, p 208. 

Inter-

crepancy results from the presence of a small amount 
of an isomer produced on synthesis, according to Cyclo-
chemicals). The spectrum is similar to that produced 
in neutral solutions of uracil and 1-methyluracil. The 
transient decays by second-order kinetics at pH 3.7 
and 11.0, supporting the suggestion made above that 
ionization of the Ni position in uracil and in 3-methyl
uracil leads to ring rupture. 

The reaction of OH radicals with dihydrouracil at 
pH 6.8, and the addition of H atoms to uracil at pH 
1.0 give rise to identical transient spectra (Figure 5). 
These are also fairly similar to the spectra obtained by 
OH addition to all the uracil substituents in neutral 
solution. 

Thymine. The transient spectrum produced from the 
reaction of OH radicals with thymine at pH 3.5 (Figure 
6) is not too different from that observed from uracil 
at pH 3.2. The transient species also decays by second-
order kinetics (Table I). At pH 11.1, however, in 
addition to the bands with maxima at ~320 and ~400 
nm, other weaker bands were found which absorb up 
to 750 nm and beyond (see Figure 6). The 320-nm 
band decays by a first-order process, Jc = 1.6 X 10s 

sec -1, and the 400-nm band by second order. The 
spectrum read at 25 ^isec after the electron pulse shows 
that the various absorption bands formed in alkaline 
solutions decay at different rates (Figure 6). 

The change in absorbance at 330 nm with pH again 
shows a pK ~9 .6 ± 0 . 1 , close to the pK*1 = 9.9 of 
thymine. This result (insert, Figure 6) indicates that 
the changes are due to the proton ionization of thymine 
and not to any acid-base properties of the OH-adduct 
radical. 

Cytosine. Cytosine has pK^ ~ 4.6 and pKE
2 ~ 12.2. 
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Using the nmr technique the N3 position has been 
shown20 to be the site of proton dissociation of pKA

l. 
In neutral solution, ~ 1 5 % of the NH2 group in cytosine 
is present21 as the imino tautomer. On reaction of 
OH radicals with cytosine at pH 3.1, bands with maxima 
at •—-312 and ~440 nm were observed which decayed 
by second-order kinetics (Figure 7). At pH 6.6, the 
species absorbing in the uv has a maximum at ~345 
nm, while the 440-nm band remains essentially the 
same. On monitoring the OD at 350 nm with change 
in pH (insert Figure 7), a pK value of 4.5 ± 0.1 is derived 
which is similar to the p ^ 1 of cytosine. 

Electron-Transfer Processes to Menaquinone. The 
role and importance of electron-transfer reactions and 
the involvement of quinones in biochemistry are well 
known.22,23 In a preliminary investigation14 it was 
found that the OH adducts to some pyrimidines bases 
(and other biochemicals) can react with quinones to 
produce the semiquinone radical anion. Similar elec
tron-transfer processes to iV-ethylmaleimide, a weaker 
oxidizing agent, were not observed.24 A systematic 
study of such electron-transfer processes to quinones 
has now been carried out. 

Menaquinone (vitamin K3) has been used as the 
model quinone because of its relative solubility in water 
and its high redox potential, £ ° = 0.42 V. The optical 
spectrum of the semiquinone radical anion M Q - was 
obtained from the pulse radiolysis of 5 X 1O-5 Af MQ, 
0.1 M formate, N2O (1 atm) at pH 6.9 (see Figure 8). 
The following reactions take place. 

OH + HCO2- —=» CO2" + H2O (1) 

eatf + N2O —>- N2 + OH + OH" (2) 
COr + MQ —>• MQ-+ CO2 (3) 

Reaction 3 is —100% efficient and /c3 = 5.4 X 109 M~l 

sec -1.14 The rate constants of reactions 4 and 5 were 
determined to ascertain the experimental conditions 
used, where ki = 5.4 X 1010 Af-1 sec -1 and k6 = 5.5 

e a q- + MQ — > • MQ- (4) 

OH + MQ — > • adduct (5) 

X 109 Af-1 sec-1. The spectrum of the semiquinone 
radical was derived from the pulse radiolysis of 5 X 
10-5 M MQ, 0.5 M isopropyl alcohol, N2O (1 atm) 
at pH 2.9. The (CH3)2COH radicals produced trans
fer to MQ to form MQH • 

OH + (CH32)CHOH — > - (CH3)2COH + H2O (6) 

(CH3)2COH + MQ — > - CH3COCH3 + MQH- (7) 

with k7 = 6.2 X 109 Af-1 sec"1 (ref 14). By following 
the change in absorbance at 400 nm with pH, the dis
sociation constant was obtained (Figure 8). 

MQH- ^=±: MQ- + H+ 

ptfa = 4.5 ± 0.1 

The spectrum of M Q - has maxima at 395 and 300 
nm with e values of 1.2 X 104 and 1.25 X 104 Af-1 cm"1, 
respectively, and decays with 2k — 5.5 X 108 Af-1 sec -1. 

(20) H. T. Miles, R. B. Bradley, and E. D. Becker, Science, 142, 1569 
(1963). 

(21) G. C. Y. Lee, J. H. Prestegard, and S. I. Chan,/. Amer. Chem. 
Soc, 94,951 (1972). 

(22) M. S. Blois, Jr., et al., Ed., "Free Radicals in Biological Sys
tems," Academic Press, New York, N. Y., 1961. 

(23) R. A. Morton, Ed., "Biochemistry of Quinones," Academic 
Press, New York, N. Y., 1965. 

(24) E. Hayon and M. Simic, Radial. Res., 50,464 (1972). 
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Figure 8. Absorption spectrum of the semiquinone radical (•) 
and radical anion (O) of menaquinone. Spectra determined from 
the pulse radiolysis of 5 X 1O-5 M menaquinone, N2O (1 atm), 
in the presence of 0.5 M isopropyl alcohol at pH 2.9 and 0.1 M 
HCO2- at pH 6.9, respectively. Insert: Absorbance at 400 nm 
vs. pH. Total dose ~1.2 krads/pulse. Spectra corrected for 
change in transmission due to decomposition of menaquinone. 

The spectrum of MQH • has maxima at ~370 and 290 
nm with e values of 9.5 X 103 and 6 X 103 Af-1 cm-1, 
respectively, and decays much faster with 2k = 3.4 X 
109Af-1SeC"1. 

The rates of electron transfer from the radicals to 
menaquinone were determined by measuring the rate of 
formation of MQ- at 400 nm or MQH- at 370 nm and 
using low doses of ~ 1 krad/pulse. In all cases, the 
absorbance of the OH adducts to pyrimidines relative to 
that of MQ- or MQH- is very small at 400 and 370 
nm. Table II presents the efficiency (determined as a 
percentage and based on 100% transfer from CO2- or 
from eaq- to MQ) and the rate of formation of MQ-
from the various pyrimidine radicals. These were ob
tained at two pH values in order to determine the role 
of the various tautomeric forms on the electron-trans
fer processes. In almost all cases, increased efficiency 
of transfer was found on proton ionization of Nx or N3. 

Discussion 
The reaction of hydroxyl radicals with the pyrimidine 

bases of DNA has been shown from early studies to 
add to the 5,6 double bond of the molecule. Support 
for this site of attack can be derived from the difference 
in the reaction rate constants4 of k(OH + uracil) = 
5.0 X 109 Af-1 sec-1 and A:(OH + dihydrouracil) = 
8 X 108 Af-1 sec -1 determined at pH ~ 5 - 6 , and from 
the formation of uracil glycols25 as permanent products. 
What has been considerably debated and is still in 
question is the extent of addition of OH at the C5 and/or 
C6 positions for the different pyrimidines. Esr studies 
of aqueous solutions at room temperature have not pro
vided definitive answers since either (a) the experi
ments were carried out observing steady-state con
centrations of the free radicals, and the initially pro
duced radicals were not detected in most cases, or (b) 
in pulsed esr experiments13 the spectral resolution was 
not adequate to identify the radicals. 

This situation is further complicated by the un
certainty which still exists for the sites of proton ioniza
tion from some pyrimidines,20-21'26 in particular for 
uracil and thymine. 

(25) G. Scholes, "Radiation Chemistry of Aqueous Systems," G. 
Stein, Ed., Weizmann Science Press, Jerusalem, Israel, 1968, p 259. 

(26) E. Wittenberg, Chem. Ber., 99, 2391 (1966). 
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Table II. Efficiency and Rates of Electron Transfer to Menaquinone from Intermediates Produced by the Reaction of 
OH Radicals with Pyrimidine Bases" 

Solute, S 

T 
TH2 
TMP 
U 
UH2 
UMP 
1-MeU 
3-MeU 
1,3-DiMeU 
6-MeU 
5-NH2U 
6-NH2U 
C 
CMP 
i-C 
1-MeC 
5-MeC 
3-MeCyt 
OA 

[S], 
mA/ 

1 
3 
1 
1 
3 
1 
1 
1 
1 
1 
2 
2 
1 
2 
1 
1 
1 
1 
1 

Radical 

TOH 
TH 

Mixed 
UOH 
UH 

Mixed 
1-MeUOH 
3-MeUOH 
1,3-di-MeUOH 
6-MeUOH 
5-NH2UOH 
6-NH2UOH 
COH 

Mixed 
r-COH 
1-MeCOH 
5-MeCOH 
3-MeCytOH 
OAOH 

PH 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
2.9 

3.2 

6.9 
6.8 

j 

LOW 
% 
12 
56 
22 
17 
66 
10 
19 
31 
8 

69 
24 
14 
14 

20 

12 
13 

pH6 . 
k, M'1 sec-1 

3.9 X 109 

7.0 X 109 

5.0 X 109 

4.2 X 10» 
4.6 X 109 

3.1 X 109 

3.7 X 109 

2.7 X 109 

3.9 X 109 

3.0 X 109 

3.0 X 10» 

2.7 X 109 

6.0 X 109 

pH 

11 

11 
11 

11 
11 
11 
10.7 
10.5 

7.0 
7.0 
7.0 
7.0 
7.0 
9.3 
10.9 

Hi oh 
nign 
% 
41 

40 
62 

50 
55 
79 
11 
34 

60 
37 
70 
50 
26 
14 
50 

pH* . 
k, M'1 sec - 1 

5.2 X 109 

1.0 X 109 

4.1 X 109 

1.0 X 10» 
4.1 X 10» 
3.5 X 10s 

6.8 X 109 

4.9 X 109 

4.8 X 109 

4.6 X 109 

2.0 X 109 

1.2 X 109 

8.5 X 10s 

pKJ> 

9.9, >13 

1.6, 6.5, 10.0 
9.5, 13.0 

6.4,9.5 
9.8 
9.9 

9.7 

4.6, 12.2 
4.5,6.3 
4.0,9.6 
8.7 
4.6, 12.4 
8.2, 10.5 
2.8,9.45, 13.0 

0 Monitored at 400 nm in N2O (1 atm), using 5 X ICr"6 M menaquinone and 
Percentage and rate values to ±10%. 

A krad/pulse. b Percentage and rate values to ±15%. 

It has recently been suggested26 that the first proton 
ionization for thymine, for example, produces ionic 
forms A and B with a 1.1:1 mixture of the monoanions 

10.7 (Figure 1) are reminiscent of the spectra of the 
radicals i and ii and 

X1) 
H 

iCH, 

A and B. With cytosine the ionization of the first 
proton p-Ka1 = 4.6 comes from N 3 - H . 2 1 

NH 

The effect of pH on the transient absorption spectra 
of the OH adducts to pyrimidines and the efficiency of 
electron transfer from these adducts to quinones (see 
more below) were carried out with the expectation that 
it might shed some light on the above-mentioned dif
ficulties. However, only partial success was obtained. 

The spectra of the O H adduct to uracil at pH 3.2 and 

CONHCHCONHCH, CONCHCONHCH2 

produced27 from the reaction of OH with glycine an
hydride at pH 6.0 and 11.0, respectively. The OH 
adduct to C5 in uracil can be represented as 

CONHCHCH(OH)CONH 
I : 

in neutral solution. Since the transient spectra of 1-
MeUOH and UOH are similar, and the efficiency 
(Table II) of electron transfer to menaquinone from 
these two radicals is about the same in neutral and in 
alkaline solutions—but different from 3-MeU—it 
would appear to be consistent with N3-H as the position 
of proton ionization in both the parent compound™ and 
the free radical. The odd electron has various resonat
ing structures, of the type suggested in esr work.11'12 

Thus, like the radicals produced from addition of OH 
to the different uracils in alkaline solution, the de-
protonated radical ii transfers ~ 9 0 % to MQ, whereas 
the radical i transfers only ~ 5 % . 1 4 The sarcosine 
anhydride radical 

CON(CH3)CHCON(CH3)CH2 

does not transfer an electron to MQ (^ 5 %) in either 
neutral or alkaline solutions. 

It is interesting to note that with 3-methyluracil the 
ionic forms F and G have been suggested28 to be present. 
These could account for the difference in the transient 
spectra (Figure 3) and the increased efficiency of electron 
transfer to MQ (see Table II) at both pH 7.0 and 11.0. 
The radicals produced by OH addition to F and G can 
be represented as RCOH and RCO- radicals, and elec
tron transfer from such radicals to menaquinone has 
been shown14,24 to be very efficient. 

(27) E. Hayon and M. Simic,/. Amer. Chem. Soc, 93, 6781 (1971). 
(28) K. Nakanishi, N. Suzuki, and F. Yamazaki, Bull. Chem. Soc. 

Jap., 34, 53(1961). 

Journal of the American Chemical Society / 95:4 / February 21, 1973 



1035 

O 

CH3N ' ^ j , 

H 

1 
O- o 

CH3N-^S C H 8 J r S . 

^ N ; - . 0 A N J 
F G 

In support of the proton ionization reactions of N1 

and N3 given above, the OH adduct spectrum of 1,3-
dimethyluracil remains the same in alkaline solutions 
(Figure 4), and the efficiency of electron transfer to 
MQ is ^ 10% (Table II). This shows that substantial 
electron transfer occurs only when the odd electron is 
resonating with the ionic tautomeric forms of the pyrimi-
dines. Further support can also be obtained from the 
observation that the sarcosine anhydride radical does 
not transfer to MQ. 

It is tempting to suggest that the structured spectrum 
of the thymine-OH radical in alkaline solutions is con
nected with the various ionic forms A, B1, and B2 sug
gested26 to be present, and with a change in the pro
portion of radical addition at C5 and C6 positions. This 
might also account for the lower efficiency of transfer 
of T-OH to MQ, compared to uracil, 1-MeU, and 3-
MeU. 

The rate constant for reaction of OH radicals with 
cytosine increases by only ~ 5 0 % between pH 2.0 and 
7.0 (pAV ~ 4.6), presumably indicating that the main 
site of addition is at C5-C6 and less at N3-C4 position, 
assuming similar rates of addition to both double bonds. 
The change in the transient spectra (Figure 7) and the 
increase in the efficiency of transfer to MQ (Table II) 
between pH 3 and 7.0 could be due to a stronger reso
nance of the odd electron in C-OH with the amino 
group at pH 7.0. Radicals of the type NHiC-, as in 
NH2CHCOO- and NH2CHCONH2, have been 
found1429 to transfer efficiently to MQ. The OH adduct 
to 3-methylcytidine transfers only ~ 1 2 % at pH 6.9 
and 9.3, compared with ~ 6 0 % for cytosine at pH 7.0 
(Table II). This result suggests that the imino form 
of 3-methylcytidine21 is ineffective in the electron-
transfer process to MQ. 

(29) P. S. Rao and E. Hayon, Biochem. Biophys, Acta, in press. 

It is worth noting that the efficiency of electron trans
fer from 1-methylcytosine at pH 7.0 is the same as that 
from cytosine (~50%). This observation suggests 
that it is the amino group in cytosine that is involved 
in the electron-transfer reaction. Just like thymine, 
5-methylcytosine is also a poor electron-transfer radical. 
This is presumably due to the greater inability of a 
radical with a methylated C5 position to form various 
tautomers and, in part, to a change in the proportion 
of OH radical addition at C5 and C6 positions. The 
electron transfer to MQ from isocytosine, /-COH, is 
~ 7 0 % at pH 7.0, significantly higher than cytosine. 

Electron Transfer to Menaquinone. Some aspects of 
the nature of the radicals involved in the electron-
transfer reaction to MQ have already been discussed 
above. The following additional points appear to be 
of some interest, (a) With TMP, UMP, and CMP 
the percentage of electron transfer is much smaller 
compared to T, U, C, 1-MeU, and 1-MeC. This is 
explained as due to the reaction of OH radicals with the 
sugar moiety, and the new radical formed transfers an 
electron to MQ less effectively.14 (b) The radicals pro
duced by abstraction of a hydrogen atom from di-
hydrothymine and dihydrouracil transfer efficiently to 
MQ. (c) The 6-MeUOH transfers ~ 7 0 % at pH 7.0 
and only ~ 3 5 % at pH 10.5. In alkaline solution one 
can conclude (from ref 30) that 6-MeU might exist 
mainly as form B (with the methyl group in the C6 

position), and electron transfer from such a OH-radical 
adduct is less efficient than from form A, where the 
electron is transferred from an ionized nitrogen, (d) 
The rates of electron transfer to MQ are in the range 
1-6 X 109 M - 1 sec -1, i.e., close to diffusion-controlled 
reaction. 

Similar rate constants and percentages of electron 
transfer of these radicals to ^-benzoquinone, a much 
stronger oxidizing agent, E° = 0.7 V, than menaquinone, 
were also observed.31 It is hoped that further research 
in electron transfer processes to oxidizing agents will 
provide information on the structure and chemistry of 
these biologically important free radicals. The de
termination of the nature of the products formed 
subsequent to these electron-transfer reactions should 
be carried out. It is expected that the presence of good 
acceptors with high redox potential will lead to a change 
in the nature and composition of the products pro
duced from these biological radicals, as well as enhance 
the "fixation" of radiation damage. 

(30) I. Wempen and J. J. Fox, / . Amer. Chem. Soc, 86, 2474 (1964). 
(31) M. Simic and E. Hayon, to be published. 
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