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ABSTRACT

Reaétions of the Nl—substituted thymine T-cation radicals
were investigated by e.s.r. in several aqueous glasses. In 8M NaOD
(ﬁaOH) spectra suggestive.of oD~ (OH ) addition to position 6 iﬁ the
T-cations of l-methylthymine, énd thymidine were found immediately
aftér u.v. photolysis at 77K. Production of the same radicals by
eiectron attachment to l-methyl-5-bromo-6-hydroxythymine, and
5-bromoF6—hydroxyﬁhypidine in 8M NaOD coﬁfirms the OD - addition
mechanism. Results found for these brominated compouﬁds in lZﬁ
LiCl(DzO) after electronva£tachment show that the a6(H) splitting
was sensitive to changes.in substituents at position 1 as well as
chénges in envirohment. This var;ation in splitting is shown to
be accounted for by small confarmétional changes in the radicals.

In 8M NaCloO

4 T-cations of the substituted thymines gave evidence for

both deprotonation and OD addition.




Recent e.s.r. investigations héve proposed a number of radiation
mechanisms in DNA. Results with y-irradiated DNA at low temperatures
have indicated that ani6n radicals are formgd predominantly on thymine
and thé cation is formed on quanihe.2 Othe? work by'Gregoli, Olast
and Bertinchamps has suggested that the positive ions,of'puring and
pyrimidine nucleotides react by OH addition to form a neutral.radi;

cal.3 Reaction 1 shows this mechanism for thymidine (R=deoxyfibose)
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In previous publications from this laboratory we reported a
mechanism for the reaction of the cation radicals of a number of 5-

4,5

methylpyrimidine DNA bases in several aqueous glasses Reaction 2

shows this mechanism in a basic medium.
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In this work we repdrt evidence for reactions 1 and 2 occurring

in Nl—substituted thymine TmW-cations. The relative rate of reactions‘
1 énd 2 is found to be dependent on the substituent at position 1 and
the concentratioﬁ of base.

~ EXPERIMENTAL

The DNA components used in this study were obtained from Sigma
with the exception of l-methylthymine which was obtained from Cyclo
Chemical Cbmpany. Brominated compounds were prepared'by reaction of

[4

the DNA.base with bromine water. When possiblé the products were
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rec:ystallized.‘ In each case n.m.r. gave evidence for a virtually

complete reaction.

The experimental apparatus and procedures employed in this study

4,5,8,9,10

have been detailed in our previous investigations. . Two

techniques have been emplo&ed in this study to generate radicals.

-latter technique the solution 8M NaOD or 12M LiCl containing 2 x 10 “M

They are photoionization in 8M NaOD or 8M NaClO4(D20) glasses8 or.

electron attachment in 8M NaOD or 12M LiCl(D2O) glasses.g‘ In the.
‘ 2

K4Fe(CN)6 and ca. 1 mM solute is cooled to 77K. U.v. photolysis

(254 nm) of the K Fe(CN)6 generates electrons which react with the

4

solute or are trapped in the glass. The trapped electrons are made

. mobile by photobleaching with an incandescent lamp.

In the experiments reported in this paper deuterated glasses
were employéd for ;mproved resoiution. Except for differences in
resblution.protonated.glasses gave analogoué resultc.

Due to the instability of the 5-bromo-6-hydroxythymine derivatives -

in basic solution, these compounds were added to previously cooled

_(—20°C) solutions.

Fremy's salt was employed as a standard for g values and hyper-

fine splittings (@ = 13.1, g = 2.0056).

Results and Discussion

I. Reactions of 7W-Cations in a Alkaline Glass (8M NaOD)

In Figure 1A we show the result of photoionization of l-methylthymine
(1-Met) with 254 nm light in 8M NaOD at 77K in the presence of an

electron écavengér (1-2 mM K3Fe(CN)6)., This e.s.r. spectrum contains



a small amount of anion which adds a 166G doublet to the central
portion of theAspeAct.rum.A10 In Figure 1B the sample has been warmed

to 190 K and cooled to 100 K. The difference in Figures 1A and 1B

is due to remova% of the anion and a change in one coupliﬁg which
results in an improvement in resolution upon warming. Analyses of
these spectra yield the Qalues reported in Table 1. Figure 1C shows
the result of electron attachmentrto l—ﬁethyl—5—bromo—6—hydroxythymine
(MeBrOHt) in 8M NaOD at 77 K, followed by warming to 190 K(and cooling |
to 110 K. Electrons are generated by the photooxidation of K4Fe(CN)6.

The radical (III R=CH3)'suggested to be produced by electron attachment

is shown in reaction 3.
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Anaiysis of the spectrum in Figure 1C yields identical parameters

within experimental error as found from the analysis of Figure 1B (see

Table 1). The assignments in Table 1 of the large splitting due to

three protons to the 5-methyl Qroup énd the smaller splitting due to

a single proton to the methylene-like proton at position 6 are the

only reasonable assignments considering the structure of this radical.
The ébove resuits are cpnsidered excellent evidence that tﬁe 1-Met

T-cation. undergoes a reaction similar to reaction l; perhaps by re&ction

with OB instead of D2O, to form a radical which subsequently dedeuter

ates from the OD group to form radical IIT. The results of Neta with
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similar radicals clearly suggests that the OH group“in radical III
'wouldvbe in ité deprotonated form in an alkaline medium.

The only othér possible radical which could acéouﬁt.for the
spectra in Figures 1A and 1B is the T-cation radical. However this
é?ecies has beenvobserved in bagic 8M NaClO4 glasses . (see ref. 8 and
Figure 5D be;ow)_ and it has considerably different couplings and
g values. Thus the results found here for l—Met in 8M NaOD.suggest
that the T-cation is not stable even at 77 K.

Results found previéusly for thymidine (T) (ref. 12 Figure 5)
-and in this work fpr 5—bromo—é-hydroxythymidine (BrOHT) (Figures 2A
and 2B)'in SM Naoé-are analogous to those found for 1l-Met and MeBrdHt.
The hype;fine splittings for the T T-cation reaction product in.SM
NabD aﬂd those found fér the radical produced by electron attachment
to BfOHT. iﬁ 8M NaOD are found,toAbe virtually identical after Qarming
to 190K (see Table 1).

in an éarlier reportl2 we suggested that the T T-cation was
stabiliéed at 77 K in 8M-NaOD. However the g values reporfed did not
correspona to the g values of other thymine T-cations and the stability
of the radical was not in accord with other S—méthylpyrimidine T cations.
There was therefore an uncertainty to this identification. We believe
the reinterpretatidn presented in this work cleariy'shows that‘the
T W—catiop is not stable in 8M NaOD and reacts by oD~ additioﬂ'at

position 6 to form radical III with R=déoxyribose.

II. Brominated Compounds in a Neutral Glass (12M LiCl)
In Figures 3A and 4A . we show the result of electron attachment

to MeBrOHt and BYOHT at 77 K in 12M LiCl(Dzo). Upon warming sampies
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to temperatures where the glass has softened and recooling to

105 K the spectra in Figures 3B and 4B are foﬁnd. The analysis

of these spectra is given in Table 1. As can be seen it is the a6(H)

splitting which is altered most on warming. In the case of MeBrOHt

. it is sufficiently increased to make the spectrum appear as a

Quintet due to 4 equivalent protons. Although through computer
simulations the value of a6(H) was found to be somewhat less than
aS(CH3). Others have reported radicals of this type (I) after OH-

~ < as . . . 1
attack on thymidine and thymine in aqueous solution. 3,14 The values

reported are also listed in Table 1. They are quite close to those

found here for the warmed samples.

In the 12M LiCl matrix the radicals produced by debfomination
should be of the form of radical I. The differences in structure
between radicals I and III alters the‘hyperfine splittings somewhat

at the low temperatures but has a more pronounced effect after the

warming step. As can be seen in thelTable, the major difference caused

by the structural changes is a difference in the value of aém. This
splitting appears to be highly sensitive to changes in molecular

structure and environment. The variation in splitting observed for

.these rédicals is easily explained by the dependence of B-proton

splittings on its orientation (6) to the p orbital coﬁtaining the
. - L5 . . s
unpaired electron. In this case there are two sites, positions 1
and 5)which contribute. to the coupling. The major coupling is
' m
obviously to position 5 (p5 = 0.8 assuming Q(CHB) =29. ). One can

employ effective BpT in the relation

a = BpTT C0526 (1) -



to account for the contribution from positions 1 and 5. In other

work on the very similar radicals a value near 60G was indicated
w 16 . . ' . .

for Bp £ Employing this value and relation (1) we find

6 to 20G splittings place 6 petween 72° and 55°. Thus only a

moderate change in orientation results in a relatively large change

(H) .

in the value of a_

The change noted in a6(H) on warming is found in all the radicals
in Table 1 and is due to a shift to a more stable molecular confor-
mation upon the softening of the various glasses. It shduid be noted
that all the values found for d6(H) suggest that the OD group is at
an orientation so that the oxygen points up from the plane of the

ring (6 near 0°).

III. Reections of ﬂ-Catiens of TMP and l-Methylthymine in 8M NaClO41229)
-Photoionizationlof thymidine—51monophosphate (TMP)or l-methyl-
thymine (1-Met) in 8M NaClO4(D20) containing 5 x 10-2M NaOD at 77 K
produces the e.s.r. spectra of the T-cations (Figures 5A & D respec—
tively). These spectra have been fully 1nterpreted in our prev1ous
work‘8 and each was shown to be an overlap of the m- catlon of the
parent compound and o produced by e reaction with'Cloé—. Upon
warming the samples to 180 K for a short period and recoollng to
110 K the signal duec to the cation and O are lost to give .Figures 4B
and 4E. We suggest there are two major radicals in these spectra.
The first is radical II with R=CH3 for 1-Met and R=deoxyribose phosphate
for TMP. Thls specxes has been identified as a decay product of the
thymlne T-cation in our previous work in 8M NaOD and 5M K2CO3 glasses.

Since 0 "has been shown to abstract from the S5-methyl group, the
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appearance of this radical can 'simply be explained by 0 attack’
. 11,17,18 .

on the parent compound. However adding up to 1M NaHCO2

which effectively scavenges o, only reduced but did not remove the
signal due to radical II. In addition radical II has a characteristic
’ o . . s ) 19 . . : .

absorption in the v1s;ble at 550nm, which . imparts a pink colr to
the sample. The pink color was only reduced in intensity but not
removed by addition of 1M NaHCbz. The results suggest that this

species is produced by reaction 2 in addition to 0 attack on the
parent compound.

The two outer components in Figure 4B and 4E show the presence
of another species. Warming 1-Met sampleé to ca. 190K results in the
gradual loss of the signal due to radical II while the second species
remaiﬁs but does not appear to increase in intensity (Figure 4F).

The five lines in Figure 4F are separated by an average of 21.1G.

In view of the variability found for the aéH)splitting (T;ble 1) it
is not unreasonable to suggest a radical of the form of radical I.
ToAfurther test .this hypothesis electron attachment to MeBrOHt was
.attempted in a basiq 8M Na ClO4 glass. In this glaQS‘thé C104— is

an efficient eléctron scavenger therefore'the conceﬁtration of
MeBrOHt was kept high (2 x 10_2M). "Electron generation by photo-
ionization of deoxyguanosine (dG) proved to be more successful than
K4Fe(CN)6. Thus the spectra (Figuré 6) are overlapped with a .singlet
~due to the 4G positive iop in the ceﬁtral portion of the spectfum.

In Figure 6A and 6B the spectrum of radical III (R=Me) generéted‘by

the above technique is shown at 110K and at 175K, respectively. Asﬁ

can be seen upon warming the spectrum converts to.a quintet whose.




components are separated by 20.9G. This value is within experimental
error of that found for 1l-Met. The spectrum found for the final

radical of TMP (Figure 4C) was not reproduced by electron attack.on

the. brominatéed compound in NacCloO Some variability was found in

4
the final spectrum for TMP. Thus the difference in spectra may-be
due to solely a cqnformation difference.

The reéults for }-Met-are consideréd good evidence for reactions
1 and 2 both o?curring in 8M NaClO4. The results for TMP may suggest
another competing mechanism in this case. The only reasonable mech-
anism which could explain the 5 line spectra found for TMP would be
one envolvihg the attack of a radical species such as-O—, or radical II
at C-6 in the parént compound. Experiments which varied the concen-
’tration or added .0 scavengers did not give evidgncé for such a
mechénism‘for 1-Met. This combined with the fact that the bulkiness
of the deéxyrigoSe phosphate group in TMP would teﬁd'to hinder
biomolecular reactions in the viscous glass suggéests a final radical
of the form of radical I for TMP as well.

It. should bevnoted however»that results found by Gregoli and

Bertinchamps (discussed below) are suggestive of a bimolecular

attack of radical II on TMP.

Conclusions

‘The results found in this work show the T-cations of Nl—substituted
thymines undergo certain decomposition reactions. In 8M NaOD or NaOH
we find the cations of N-substituted thymines add,ODf ér,OH- (réactiop 15
whereas in previous work we found that thymine itéelf deprotonated
(reaction 2) in this medium.5 In 8M NaClO4 the substituted thymines

appear to undergo both reactions.




Recent results found from pulse radiolysis studies of aromatic

20,21

cation radicals have éome bearing on this work. Holcman and
 Sehested have shown that the anisole cation reacts with OH to form
a hydroxyl.adduct.20 This type of reaction was fifst suggested by
No;maﬁ et al. for a number of cations of unsaturated hydrocarbons
including benzene.22 The deprotonation reacﬁion fbund in our work
is al;o knowh~£0*occur in hydrocarbon‘cations; For example Holcman
and Séﬁested‘have recently shown that methylated benzéne in aqueous
solution undergo deprotonation resulting in benzyl radicals.

Thus the resuits obéerved in this work are thoée expeéted from
studies of hydrocarbon cations; It is likely that the analogy to
hydrocarbon cation reactions holds becausé the charge density in.
Nl—substituted thymines  is removed chiefly from the 5,6‘doub1e bond
ot the thymine base.

Gregoli‘andABertinchamps have suggesfed that the TMP 7 cation
produced in frozen aqueous solutions of'TMPlundergoes the same OH
additipﬁ reaétion as found here; However, the spectfuﬁ identifigd
as the precursor to the hydroxyl adduct is sugéestive of radical II
not a TT-cation.S'23 Since bimolecular attack of radical II at C-6

on TMP would produce a spectrum similar to the OH adduct this

mechanism must be considered as a possible alternative explanation.

10



Table I.

COMPOUND
1-Methylthymine

1-Methylthymine
l—Mefhyl—S-bromo-
6-hydroxythymine

1-Methyl-5-bromo-
6-hydroxythymine

1-Methyl-5-bromo-
6-hydroxythymine

Thymidine
5-Bromo-6-hydroxy-
- thymidine

.5-Bromo-6-hydroxy-
thymidine

T™P

5-Bromo-6-hydroxy
thymine .

Thymidine

Thymine

RADICAL
III(R=CH3)

I1I(R=CHy)

© ITT(R=CH,)

I (R=CH,)
III(R=CH3)
III(R=deoxyribose)
ITI{E=deoxyribose)
I (R=deoxyriBose)
III(R=deoxyribose
phosphate)

I (R=H)

I (R=deoxyribose)

I (R=H)

MATRIX
8M NaOD

8M Nacro4'(Basic)

8M NaOD

12M LiCl

8M NaClO4 (Basié)
8M NaOD

§M NaOD

12M LiCl

8M NaClO4 {(Basic)

- 12M LiC1

Aqueous solution

Aqueous solution

METHOD

ag CCPIS) |

22.
21

21.

21.
22.

23.

23.

23,

20

21.
21.

21.

21.

23.

23,

21.

23.

23.

23.

22.

E.S.R. Parameters for Nl—Substituted¥64hydrbxythymine radicals.

3G

.9

1

93]

o

~1

a 6’(

H)

.0G
.0

(@]

Temp
110
190
190

110
190

110
165

110
175

110
190

110
190

110
185

(K)

195 .

110
165

ambient

ambient
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FOOTNOTES TO TABLE 1

g values were 2.0033 + 0.002,

Electron attachment to solute. Electrons are generated
by the photoionization of K4Fe(CN)6.

Reaction of the m -cation radical with oD or D20
as in reaction 1.

Electron attachment to solute. Electrons are generated
by the photoionization of deoxyguanosine.

Hydroxyl attack on solute utilizing a flow system technique.
See refs. 13 and 14.
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Figure 1A

Figure 2

Figure 3

Figure 4

]

FIGURE LEGENDS

First derivative e.s.r. spectrum of radical III (R = CH3) in

8 M NaOD produced by u.v. photoionization of l-methylthymine

(1-Met) at 77K in the presence of an electron scavenger (recorded
at 110 K)

Spectrum of sample in A after warming to 190 K and cooling to 110 K
Spectrum of radical III (RECH3) at 110 K (after warming to 190 K)
produced by electron attachment to 1l-methyl-5-bromo-6-hydroxythymine
in 8 M NaOD. The agreement between 1B and lt shows the m-cation

of 1-Met undergoes oD addition (reaction 1)

E.S.R. spectra of radical III (R=deoxyribose) produced by electron
addition at 77 K to 5-bromo-6-hydroxythymidine in 8 M NaOD.

A. recorded at 110 K B. after warming to 190 K and recooling to
110 K.

E.s.r. spectra of radical I (R=CH3) produced by electron attachment at 77 K
to l-methyl-5-bromo-6-hydroxythymine in 12M LiCl (D30).

A. recorded at 110 K B. after warming to 165 K and recooling.
E.s.r. spectra of radical I (R=H) produced by electron attachment

to S-bromo-6-hydroxythymidine at 77 K in 12 M LiCl(Dzo).

A. recorded at 110 K B. recorded after warming to 165 K and

recooling.

Figure 5 A/D) E.s.r. spectra of the wm-cations of (p) (TMP) and (D) l—methyl—‘

Figure 6

" thymine in basic 8 M NaClO4. The broad low field signal is due to

0 . Recorded at 110 K.

B(E) Spectra of radicals II and III produced by warming the m-cations
to 180 K and recording at 110 K. B, TMP, E. l-Met

C(F) Spectra of radical III (and or another similar species for TMP)
after further annealing at 190 K. C. TMP F. .1-Met (Gain Increased)
E.s.r. spectra produced by electron attachment to l1-methyl-5-bromo-

6-hydroxythymine in basic 8 M NaClO4(D2O).

A. Radical I (R=CH3) at 110 K

B. Radical I (R=CH3) at 175 K
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