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ABSTEACT

Feactions of the W, -substituted thymine T-cation radicals

1
were investigated by e.s.r. in sevaral aguecus glasses, In 8M NaOD
{NaQH) spectra suggestive of oo” (aH )} addition to pesitien & in the
M-cations of l-methylthymine, and thymidine were found immediately
after n.v. photolys=is at 77K, Produection of the same radicals by
electron attachment to l-methyl-5-bromo-&-hydroxythymine, and
L-bromo-6-hydroxythymidine in 8M HaOD confirms the 0D addition
mechanism., Eesultzs foaund for thess brominated compounds in L2M
LiC1(D,0) after electron attachment show that the a {H} splitting
was sensitive to changes in substituents at positien 1 asz well as
changes in environment. This variation in aplitting is shown to

be accounted for by small conformaticonal changes in the radicals.

In 8M NaCl0, T-cations of the zubstituted thyminez gave evidence for

4

both deprotonation and OD addition.




Begent e.s5.r. investigations have proposed a number of radiation
mechanisms in ODWA. EResultas with yY-irradiated DNA at low temperatures
have indicated that anion radicals are formed predominantly con thymine
and tha catien iz formed an quanine.2 Othar work by Gregoli, Olast
and Bertinchamps has suggestad that the positive ions of purine and
pyrimidine nuclestidee react by OH =addition to form a neutral radi-

cal.3 Reaction 1 shows this wechanism for thymidine {R=dezeoxyribose]
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In previous publications from this lLaboratory we reported a
mechanism for the reaction of the cation radicals cf a numker of 5-
methylpyrimidine DNA bases in several agqueous glassen.4'5 Rzaction 2

shows this mechanism in a basic medium.
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In this work we report evidence for reactions L and 2 accurring
in Nl-suhstitutnd thymine W=gatignas. The relative rate of recactions
1 and 2 is found to be dependent on the substituent at position 1 and
the concentration of base,

EXPERJMENTAL

The DNA components used in this study were obtained frem Sigma
with the exception of l-methylthymine which was obtainad from Cyele
Chemical Company. Brominated compounds were preparad by reaction of

8,7
the DHA bass with broemine water. When poscible tha products wers



recrystallized. In each case n.m.r. gave aevidence for a wirtually

complete reaction.
The experimental apparatus and procedures employed in this study

4r5;ﬂ;9;1ﬂ

have been detailed in our previous investigations. Two

techniguez have besn emplu}ed in this study to generate radicals.
They are photociconization in 8M HagD or OH HaC104[D20} glassesﬂ or
electranr attachment in 8BM HadD or 12n LiCl{Dzﬂ} glaﬁses.g In the
latter technigue the solution 8M WaoDl or 12M LiCl containing 2 x IG*EH
K Fe{CH}E and ca. 1 nM solute is cooled to F7KE. U.v. photolysis

4
({254 nm}] of the K Fe(CH) generates electrons which react with the
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solute or are trapped in the glasz. The trapped electrons are made
mobile by photobleaching with an incandescent lamp.

In the experiments reported in this paper deutergted glasses
were employed for improved resclution. Except for differences in
resolution protonmataed glasses gave analogous resulte.,

bPue to the instability of the S-bromo-é-hydroxythymine derivatives
in pkasic scilution, thess compounds were added to previcusly cooled
(~-20°¢c) sciutians, .

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

fine splittings {g = 13,1, g = 2,0058).

Results and Discussicn

I. Reactiopns of w-Cations im a Alkaline Glass (88 HaoD}

In Figure 1A we show the result of photoionlzation of l1-methylthymine
{i-Met) with 254 om light in &M HagD at 77X in the presence of an

electron scavenger (1-2 mM E3FE{CNJE}. This e.s.r. spectrum contains




a small amount of apion whichlﬁdds 4 166 doublet to the céﬁfral
portion of the.spéctrum.lﬂ In Figure 1B the sample has been warmed

to 190 K and ccoled to 100 K. The difference in Figures 1A and LB

is due to remuva% cf the anion and a change in one cnupliﬂg which
results in an improvement in resolution wpon warming. Analyses of
these spectra yield the ﬁalues reported in Table 1. Figure 1C shows
thé resuilt of electron attachmant to l-ﬁethylwﬁ-hromn-E—hydruxythymine
(MeBrOHt) in BHM NacD at 77 K, followed by warming to 190 ¥ and cooling
to 110 K. Electrong ara generated by the photcoxidation of K Fe{CN}E.

q

The radical (IXII B=CH_ ) =suggested to be producred by electron attachment

3

iz shown in reaction 3.
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nnaiysis af the spectruﬁ in Figure 1C yields identical Farameters

within axperimental error as found from the analysis of Figure 1B [(zee

Tablé 1). The assignments in Tabte 1 pf the large =s=plitting due to

three protons to the S-methyl éroup and the smaller splitting due to

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

only reasonable assignments considering the structure of this radiecal.
Tha ﬁbcve results are censideared excellant evidenca that the 1-Met

T-gation undergoes a Yeactiosn similar ko reaction 1; perhaps by re&ctinn

with OB instead of 0.0, to form a radical which subseguently dedeuntex

2
ates from the 0D group to form radical III. The results of Neta with
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similar radicals clearly suggests that the OH group in radical III
would be in its deprotonated faorm ip an alkaline meaium,ll

The only other possible radical which could account for the
gpectra im Figures 1A and 1B is the T=-gation radical. Howaver this
species has been obhserved in basic 8HM HaCqu glasses (see pref, B and
Figure 5D below) and it haz congsiderably Aifferent couplings and
g values. Thus the regults found here for l-MHet in 8M HalD suggest
that the T-gation iz not stable avan at 77 K,

Results found previously for thymidina {T) (ref, 12 Pigura 5}
and in this work for S-bhromo-&-hydroxythymidine {ExQHT) {Figuras 2a
and 2B) in BM NaOD are analegous to thesse found for l-Met and MeRrOHt.
The hyperfine aplittings for the T T-cation reaction product in 8M
Ha(l and those found for the radical produced by alectron attachmeént
to BroHT in BM HaCb are found to be wvirtually ldentical after warming
to 130K {see Table 1).

In an earlier repnrtl2 we szuggested that the T T-cation was
stabilized at 77 ¥ in 8M HaOD. However the g values reported did net
correspend to the g values of other thymine T-cationsg and the stability
of the radical was not in aegord with other S-methylpyrimidine T cations.
Thers was therefore an uncertajinty to thiz identification. We believe
the reinterpretation presented in this work cleariy shows that the
T T-cation is not stable in M NadD and reacts by on~ addition at
pasition & to form radical III with R=deoxyribase.

II. Brominated Compounde in a Heuwtral Glass {12 LiCl)

In FPigures 3A and 44 we zhow the rasult of electron attachment

te MeBrOHt and BrOBT at 77 K in 12HM LiCl[DEO}. Upon warming samplecs



tu.temperatures whare tha glasg-has;saftenad and recaéling.tﬂ

105 ¥ the spectra in Figuree 38 and 4B are found. The analysis

"aof these spectra is given in Table 1. As can be seen it is the aﬁ{H}
splitting whiech is altered mozt on warming, In the case of MaBroOHt
it is sufficiantly ;ncreas&d to make the spectrum appear as a

ﬁuintet due to 4 equivalent protons. Although through computer
simulations the value of GEIH} was found to be snmewhat.less than
aEIGH }. ©Others have reported radicals of thiz type (I} after OH-

3
. m s . . , 13,14
attack on thymidine and thymine in aquecus scluticon.

The wvalues
xeported are alse liste@ in Takle 1. They are guite close to those
found here for the warmed samples.

In the 12M LiCl matrix the radicals produced by debromination
should be of the foxm of radical I. The differences in sztructure

betwzen radicals I and ITI alters the hyperfine splittings somewvhat

at the low temperatures bui has a more proncanced gffect after the

warming step. BAs can be seen in the.Table, the major difference caused

by the atructural changes is a differenqe in the wvalue of aém. This
splitting appears to be highly sensitive to changes in melecular
structure and environment. The variation in splitting observed for
these radicals is ecasily esxplained by the dependence of B-proton
splittings on its orientation (8) to the P «rbital containing the
unpaired electron.l5 In this case there are two sites, positions 1
and 5,which contribute te the coupling. The majer coupling is
obviously to pogsition & lp; = .8 assuming QfCHEI =-29, )}, One can
employ effective BpT in the relation

a = Bp" cos‘h (1)
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to account for the contribution from positicons 1 and 5. In other

wark on the very similar radicals a vwalue near 60G was ipdicated

1 16
eff’

& to 20¢ splittings place 8 betwesn 72° andg 55°. Thus only a

for Bp Empleoying this valuwe and relaticon (1) we £ind
moderate change in orlentation results in & relatively large change

in the wvalue of GG{H].

The change noted in aG{H} on warming is found in all the radicals
in Tabkle 1 and is due to & shift to a #ore stakle molecular confor-
mation upon the softening of the various glasses., It should be noted
that all the values found fox EE(H] suggest that the QD greoup is atk
an crientation 3¢ that the oxvygen peints up from the plane of the

ring {® near o).

IYI. Reactions of 7-Cations of THP and l-Msasthylthymine in BM NaClQ (P

Photoionization of thymidine-S-menophosphate (TMPlor )-methyl-
thymine (1-Met} in 8H NﬂC104[D20} containing 5 x lﬂ-zﬁ HaCGD at 77 K
produces the e.s.r. spectra of the T-gcations (Figures SA & D respec-—
tively). These spectra bave been fuwlly interpreted in our previous
warka and each was shown to be an overlap of the fi-cation of the
parent compouand and o produced by ¢ reaction with ClD4-. Upon
warming the samples to 180 X for a short periocd and recooling ta
110 ¥ the signal dac to the caticon and 0 are lost ta give Figures 4B
and 4E. We suggest there are two majar radicals in these spectra,

The first is ragdical II with l‘l-t:l-l3 for 1Met and R=decxyrikose phosphate
for TMP. This species has been identified as & decay product of thea
thymine %-gationm in our previous work in 8# HaoD and 5SH KZCGS glasses,

Since O has been shown to abstract from the S-methyl greoup, the

2
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appearance of this radiecal cah'siﬁply be explained by 0~ attack

on the parent cnmpuund.ll'l?'lﬂ However adding up to 1M NaHCO,

which effectivaly scavenges O , only reduced but &id nat remove the
signal dua to radical II. In addition radical II has a characteristic
absarption in the wvisible at 550nm,1gl which imparts a pink colr to

the sample. The pink color wasz only reduced in intensity but not
removed by addition of 1M HaHCDz. Tha results suggest that this
species is produced by reaction 2 in addition to O attack on the
parent compound,

The two outer components in Figure 4B and 4F show the presence
of ancther species. Warming l-Met samples to cz. 190K resultes in the
gradual loss of the signal due to radical II while the second species
remainsg but does not appear toe increase in intensity (Figure 4F).

The five lines in FPigure 4F are separated by an average of 21.]1G.
In view of the variability found for the CEGEH) splitting {Takle 1) 1t
iz not unreasonable to syggest a radical of the form of radical T.
To further test this hypothesgis elegctron attachment teo MeRrOHL was
attempted in a kasic BM Ha Clﬂd glass. In this glass the Clﬂi_ is
an afficient electron scavenger therefore the concentration of
MeBroHt was kept high (2 x lﬂ-zﬂl. Electron generation by photo-
ionization of decxyguancsine (d5) proved to bs more successful than
K4Fe{CN}E. Thua the spectra (Figure &} are overlapped with a singlet
dug to the 4G pesitive ion in the central portion of the spectrum.
In Figure 6& and 6B the spectrum of radical III {R=Me] generated by

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

can be seen upon warming the spectrum converts te a guintet whosze
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cemponents are separated by 20.96. This value is within experimental
error of that found for l-Met, The spectrum found for the final
radical of THP (Figure 4C) was net reproduced by elactron attaFk on
the brominated compound in Hac104. Some variability was found in
the final spectrum for TMP, Thus the difference in spectra may be
due to s5olely a conformation Qifference.

The results for I-Het are considered good evidence for reactions
1 and 2 Loth n?:urring in 8w Na0104. The resnlts for TMF may suggest
another competing machanism in this case. The only reascnonable mech-
anism which could explain the 5 line spectra found for TMP would be
ane envoelving the attack of a radical species such as-ﬂ-, or radical IX
at €-6 in the parent compound. Experiments which varied the concen-
tration or added .0 scavengers did not give evidence for such a
mechanisn for l-Met. This combined with the fact that the hulkiness
of the decxyribose phosphate group in THMP would tend to hinder
binmolecular reactions in the viscous glass suggests a final radical
.of the form of radical I for TMP as well.
It =hould be poted however that results found bky Gregoli and

Bertinchamps (discussed below)] are suggestive of a bimolecular

attack of radical I1I on THMP.

Conclusions

The results found in this work show the T=cations of Hl-&ubstituted
thymings undergo certain decomposition reactions. In BM NaOD or HaOH
we find the cations of M-substituted thymines add 0D or OH~ (reaction 1)
whareas in previcus woerk we found that thymine itself deprotonated

{reaction 2} in this medium.5 In 8M uaC104 the suhstituted thymines

appear to underge both reactions,




Fecent resvults found from pul=e radiolysis studies of aromatic

203,21

cation radicals have zome bearing on this work. Holecman and

Sehested have shown that the aniscle catien reacts with OH to form
a hydroxyl adduct.zﬂ This type of reaction was first suggested by
Horman et al. for a oumber of cations of unsaturated hydrocarbons
including benzane.22 The deprotonation reacticon found in ocur work
iz also known te occur in hydrocarbon catiensa., For example Holcoman
and Schested have recently shown that methylated benzene in agueocus
solution undergo deprotonation resulting in benzyl radicals.

Thus the results obsesrved in thia work are those expected from
studies of hydrocarbon cations., It is likely that the analeogy to

hydrocarbon cation reactions holds because the charge density in

Nl—substituted thymines is removed chiefly from the 5,6 deuble bond

ot the thymine base,

Gregoli and Pertinchamps have suggested that the THP T caticn
produced in frozen aguecus solutions of TMP undergoes the same oB
addition reaction as found here. However, the spectrum identified
as the precursor to the hydroxyl adduct ias suggestive of radical Il
not a ﬂ-caticn.5'23 Since bimolecular attack of radical II at C-&

ot TMF would produce & spectrum similar to the OH  adduct this

mechanism must be considered as a possible alternative explanation.
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Table 1.

COMPOUND

1-Methylthymine

1-Methylthymine
1-Methyl-5-bromo-
&-hydroxythymine

1-Methyl-5-bhromo-
G-hydroxythymine

1-Methyl-5-bromo-
6-hydroxXythymine

Thymidine
S5-Bromo-bH-hydroxy-
thymidine

5-Broma- G-hydroxy-
thymidine

T™P
E-Bromo-b-hydroxy-
thymine

Thymiding

Thymine

RADICAL
T1) (R=CH,)

I11(R=CH;)

III(R=EH3}

I (R=CHy}
1IT(R=CH.}
ITI1[R=deoxyribose}
111 F=deoxyribose)
[ (R=deoxyrihosa)
III{R=deoxyribose

phosphata)

I {(R=H)

I (R=deoxyribose)

I (R=H)

MATREIX
2M N=20D

BM NaClD4 (Bazic)

8M MaOp

12M Lifl

L1 i’«lsu:].tlli‘1 (Bzsic]
BM NaOD

BM MadD

124 LiC)

8M NaCl0, (Basic)
12M Licl

Aqueous solution

Aqueous solution

METHOD

E.5.R. Parameters for Nl—Subﬁtituted-ﬁ—hydruxythymine radicals.

22.3 6
21.9

2.6
22.4

0.5

2 (H)

10.8
15.1

.5

Temp (K]

110
190

130

113
190

110
165

110
175

110
150

110
190

118
185

195

110

165
ambient

ambient




All

FOOTNOTES TO TARLE 1

g values were Z.0033 0,602,

Electron attachment to solute. Eilectrons are penerated
by the photoionization of KdFe[EN}ﬁ.

Reaction of the ¥ -cation radical with ﬂﬁ ar DZG
as in reaction 1.

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

Hydroxyl attack on selute utilizing a flow system technique.
See Tefs. 13 and 14,
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FIGUEE LEGENDS

Figure 1A First derivative e.s.r, spectrum of radical III {(R = CH3] in

B M Ha0D preduced by u.v. photeionization of l-methylthymine
(l-#et) at 77K in the presence of an elactron scavenger (recorded
at 110 K}

B Spectrum of sample in A after warming to 190 K and cooling to 110 K

C. Specrtrum of rodical III ERTCHEI at 110 & {after watming to 190 K)
produced by electron attachment to l-methyl-5-bromo-6-hydroxythymine
in 8 M HalOD. The aqreement batwsen 1P and 1C shows the T-cation

of l-Met undergoes QD addition (reactien 1}

Figure 2 E.5.R. spectra of radical IIl (R=deoxyribose) produced by electron
addition at 77 K to S-bromo-&-hydroxythymidine in 8 M HaQD.

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

110 K.

Figure 3 E.s.r. spectra of radical I (R=CH_)} produced by electron attachment at 77 K
te l-methyl-S5-bromo-é-hydroxythymine in 12M LiCl (D20).

&, reciords=d a2t 110 K B. after warming to 165 K and recooling.

Figure 4 E.s.r. spectra of radical I (R=H) produced by electron attachment
to S=promo-é-hydroxythymidine at 77 K in 12 M LiClIDEG}.
A, recocrded at 1li0 K B. recorded after warming to 165 ¥ and

recoaling,

Figure 5 A'D) E.s.r. spectra of the w-cations of (A) (TMP) and (O} l-methyl-
thymine in basic 8 M Haclﬂq. The broad low field signal is due to
0 . Recorded at 110 K.
B(E) Spectra of radicals IT and ITI produced by warming the s—cations
to 180 K and recording at 110 K. B, TMP, E. i-Met
C{F) Spectra of radical IIT {and or ancther similar species for TMF)
afrer further annealing at 190 K. C. TMP F., l1-Met {(Gain Increased)

Figure & E.s.r. spactra prodaced by electron attachmsnt to l-methyl-3-bromo-
G=hydroxythymine in basic & M HaElDitnzD}.
A, Radiral T {R=CH3} at 110 K
B. FRadical I [R=CH3] at 175 K
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