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I. Introduction: The Redox Titration Technique

Ever since the early days of radiation chemistry and
biology it has been realized that the purine and pyri-
midine bases are the most sensitive to radiation-induced
modification or destruction of the components of DNA,
itself the most critical of the cellular targets.! Attempts
to understand the radical chemistry leading from the
primary ionization event to the final nonradical prod-
ucts have involved the use of three general “tools™: (a)
product analysis studies on, mainly, the building blocks
of DNA and model compounds for them,!? (b) electron
spin resonance (ESR) in matrices, single crystals, and
liquid solution,® and (c) time-resolved methods (pulse
radiolysis), with predominantly optical and conductance
detection,* again mainly on the constituents of DNA
and their model compounds. As a result of these pulse
radiolysis studies there has become available a large and
coherent body of information on the reactivity of DNA
and its components not only with the primary radical
species from the radiolysis of water, e,,"", H*, and *"OH
(abbreviated as e,,”, H, and OH) but also with many
“secondary” radicals produced from organic or inorganic
molecules by reaction with the former.*® A result of
major importance is that, of the DNA constituents, the
pyrimidines and the purines have a very high reactivity
with respect to both e,,~ and OH (rate constants
10°-10'° M s7!), whereas the ribose phosphate moiety
is less reactive with OH (typically, rate constants 10°
M) and almost unreactive with respect to e, (rate
constants <10’ M1s™!). An eaq Produced near a DNA
chain will therefore end up with a pyrimidine or purine
base, whereas an OH radical is as well likely to be
scavenged by a deoxyribose unit, a reaction that has a
good chance of leading to a DNA chain break.®
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It has been the aim of investigators not only to learn
about the reactivity of the nucleic acid bases but also
to identify their reaction products with e,,~, H, and
OH. In the case of the pyrimidines there has recently
been considerable progress to achieve this goal, mainly
due to the refinement of the “redox titration” tech-
nique,’ which consists in titrating a mixture of (isom-
eric) radicals by taking advantage of even slight dif-
ferences in their ease of oxidation or reduction by stable
oxidants or reductants. Quite generally, the oxidation
state of radicals can be changed easily since radicals are
in between two stable oxidation states. Particularly as
a result of finding suitable reductants for the oxidizing
pyrimidine radicals (identified as the pyrimidin-5-yl
radicals),?® it was possible to establish a mass balance
that accounts quantitatively for the reaction of the OH
radical with the naturally occurring pyrimidines®° and
with a series of 5,6-dihydrouracils.!’ The results®!!
support and expand earlier data'? obtained by titrating
only the reducing radicals.

The redox titration technique has also been applied
to the reaction of the oxidizing SO,*~ with pyrimidine
and purine nucleotides,'? to reactions of the H atom,!4
and even to e,,” reactions.’®> Concerning the latter, it
has been possﬁale to demonstrate the protonation in
aqueous solution on carbon of the electron adducts,'®6
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TABLE I. Rate Constants for Reaction of e,i” with
Purine(s) and Its Constituents

substrate klegg)/ (M1 s pH ref
imidazole 2.2 X 107 11 119
pyrimidine 2.0 x 101° 7 39
purine 2.1 X 10t 6 20
purine anion 6.5 X 10° 11 20
adenine 9.0 X 10° 7 120
adenine anion 1.1 x 10° 11 120
adenosine 1.1 x 10% 6-11 119
2’-deoxyadenosine 8.2 X 10° 7 22
adenosine 5’-phosphate 3.8 x 10° 6-12 119
guanine 1.4 X 1010 7 119
guanine anion 2.0 x 10° 11 119
guanosine 6.0 x 10° 6.7 20
hypoxanthine 1.7 x 101 6.6 119
poly(A) 2.5 X 108¢ 7 120
poly(A+U) 1.3 x 108 7 120
DNA 1.4 x 108¢ 7 120
ribose <107 119

9Rate constant per nucleotide unit.

a reaction that in the case of thymine gives the famous
5,6-dihydro-5-yl radical, long known by ESR spectros-
copists to be formed by radiation in matrices, single
crystals, and DNA.1” By protonation on carbon the
reducing electron adduct is converted into the oxidizing®
5-yl radical, an example of “redox inversion”,'®1® and
it is this change in the redox polarity that makes the
reaction recognizable by redox titration. However, it
has to be kept in mind that, in contrast to ESR, redox
titration is an indirect method whose applicability in
practice depends on the fulfillment of conditions such
as (a) selectivity (obtained by perfect matching of ox-
idizing and reducing power of the partners undergoing
the redox reaction), (b) absence of side reactions (such
as addition),!®1% and (c) assignability of radicals as re-
ductants or oxidants. It is in this latter respect that the
purine-derived-radicals present particular problems,
and this is in part why progress in elucidating their
identity and their reactions has been considerably
slower than in the case of the pyrimidines. To overcome
the problems in understanding the radical chemistry
of the purines, all of the aforementioned “tools” have
to be applied, and in the following an attempt will be
made to integrate into the pulse radiolysis picture
relevant information from product analysis and electron
spin resonance, the literature covered extending into
the first half of 1988.

II. One-Electron Reduction of Purines

A. Reactivity with e~

The purines (1) have a very high intrinsic reactivity
with e,,~. This property is endowed by the electron-
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deficient pyrimidine, as seen from the data in Table I.
All purines react as neutral bases with e, with sec-
ond-order rate constants k(e,;”) ~ 1019 M™ s!, essen-
tially independent of their inéividual structure. The
same high reactivity is observed for the purine nu-
cleosides. However, on introduction of one phosphate
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Figure 1. Dependence on pH of (a) the reducing equivalents as
titrated by MV?* (A) and (b) the yield of carbon-protonated
electron adduct of adenosine (0). With (a), [adenosine] = 2.5
mM, 1 M tert-butyl alcohol, [MV?*] = 0.1 mM; with (b), [aden-
osine] = 2 mM, [tert-butyl alcohol] = 0.5 M.

group into the system the rate constants decrease.
Since phosphate groups are not expected to reduce the
electron affinity of the base moieties, this rate-de-
creasing effect must be due to electrostatic repulsion
between the negatively charged reactants, e,,” and nu-
cleotide. Repulsion is, of course, multiplied in the case
of the polynucleotides, such as poly(A) or DNA, where
the second-order rate constants are as low as 108 M1
s”! per nucleotide unit.

Rate constants for reaction with e,,” also decrease on
ionization of the bases, as with purine (pK, = 8.9), ad-
enine (pK, = 9.8), or guanine (pK, = 9.6) (see Table I).
Here the effect is larger than that on going from nu-
cleoside to nucleotide, and this is obviously the result
of the electrostatic effect (due to anion formation) and
the resulting decrease in the electron deficiency of the
heterocyclic system working in the same direction.

B. Protonation Reactions of the e~ Adducts:
N-Protonation vs C-Protonation

In the past there have been only few attempts aimed
at elucidating in detail the chemical nature and the
further reactions of purine electron adducts. Notable
among these are the investigations of Moorthy and
Hayon,® Sevilla et al.,! and Hissung et al.22 The com-
pounds studied by Moorthy and Hayon are purine,
9-methylpurine, adenosine, guanosine, and 1-methyl-
guanosine. The authors found that in all cases the
absorption spectra of the electron adducts change with
pH in a way that was interpreted in terms of protona-
tion equilibria of the e,,~ adducts. In the case of
adenosine they came to the conclusion that the radical
existing in the pH range 5-9 (characterized by A, =
320 nm and ¢ (320 nm) = 4.9 X 10° M cm™) is a doubly
protonated electron adduct, i.e., a radical with a single
positive charge (a radical cation). However, by per-
forming conductance experiments (on 2’-deoxy-
adenosine), Hissung et al. were able to demonstrate??
that the electron adduct is monoprotonated (i.e., it is
a neutral radical) and that this is the case not only at
pH 4-9 but also up to pH 11.5, where Moorthy and
Hayon had observed the formation of a different form
of the electron adduct which they assigned to the
monoprotonated species. The existence of this high-pH
form of the radical was confirmed by Hissung et al.
Since this radical is also neutral, like the one at neutral
pH, it was clear? that the transformation of the neu-
tral-pH species into the high-pH one with an “inflection
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Figure 2. Absorption spectra observed on reaction of e~ with
0.4 mM 2’-deoxyadenosine 5’-phosphate, [tert-butyl alcotllol] =
0.5 M: (0) at pH 13, spectrum measured at 15 us after the pulse;
(®) at pH 5 in the presence of 0.5 M phosphate, spectrum mea-
sured 30 us after the pulse. The spectra have been normalized
to give the same amplitude at Ay,,.

point” at pH 10.52%%2 (see Figure 1) is not a deproton-
ation equilibrium but involves a “rearrangement” re-
action.

This conclusion?? has recently been confirmed by
Visscher et al.? Using conductance and optical de-
tection with nanosecond time resolution, they demon-
strated that the electron adduct of adenosine (subse-
quently denoted by A*") is protonated by H,0 in <5 ns
(k(protonation) = 1.4 X 10® s1). The product thus
formed (named ANH" in the following; see Scheme I)
is a strongly reducing radical. It is able to transfer an
electron to the oxidants p-nitroacetophenone (pNAP)
with the rate constant 5 X 10° M1 57122 and methyl-
viologen (MV?*) with k = 2.5 X 10° M1 s! at pH 7.2
The oxidation of ANH* by pNAP, which was reported
not to result in regeneration (repair) of the nucleoside,?
leads to almost quantitative (84% )% reduction of pNAP
at pH 5.5-9,

When MV?* is used as a one-electron oxidant with
a low tendency to undergo addition reactions,?’ the
electron transfer from ANH* (which leads to the radical
cation MV** with a A, at 605 nm and ¢ = 12800 M™!
cm™) is quantitative between pH 5 and 9.2 However,
the situation is drastically changed if the pH is raised
above 10. This is shown in Figure 1, which contains the
dependence on pH of the reducing equivalents (titrated
by MV?*) in a solution of adenosine reacted with e,
The dependence is similar to that previously observed??
with pNAP as a titrant. Also shown is the dependence
on pH of the optical density at 355 nm, the A\, of the
“rearranged” species.?>2 It is obvious that the OH™-
induced formation of this species is accompanied by a
loss in reducing power. The yield of MV** measured
at pH 13 corresponds to a quantitative loss of reducing
equivalents if corrected for the direct reaction between
MV2* and ANH" /A%

It has now been found that the “rearranged” species
(Amax = 355 nm), assigned to the radical(s) ACH" (see
Scheme I), can also be produced around neutral pH by
catalysis using the phosphate mono- or dianion.* This
is demonstrated in Figure 2 in which (using adenosine
5'-phosphate as an example) the absorption spectrum
measured at pH 13 is compared with that obtained at
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pH 5 in the presence of 0.5 M phosphate. The spectra
are obviously very similar, showing that the same rad-
ical(s) is (are) produced under the two conditions.
Phosphate catalyzes the conversion of ANH"® into ACH*
also at higher pH values, such as 9, but the highest
catalytic rate constant is observed (for the adenosine
case) at pH ~7 (where the monoanion H,PO,™ and the
dianion HPO,* exist in approximately equal amounts).
That phosphate catalysis leads to the same radical as
that produced by the OH -induced reaction is also ev-
ident from the fact? that the former radical, like the
latter, is not able to reduce MV?*. Phosphate catalysis
of protonations on carbon has previously been seen with
electron adducts of fumarate?® and pyrimidines.!>16

From ESR spectroscopy of purine radicals produced
in glasses and in single crystals it has long been known
that the electron adduct to the adenine moiety (the
“pristine anion”) gets protonated (even at 4 K)3*¢ on a
nitrogen and that upon warming, this reaction is fol-
lowed (via paths not well understood) by a
“rearrangement” that results in protonation at carbon
2 or 8 of the purine system. The data on this well-
documented reaction have been summarized.’>® The
conversion of the N-protonated radical ANH" into the
C-protonated one ACH* formally involves a 1,2-shift of
a hydrogen from nitrogen to the adjacent carbon,? e.g.,
for the N3-protonated radical detected®?° in single
crystals at 4 K:

HoN

N
t | \> 5
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R
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R

AN3H’ AC2H

R =(deoxy)ribosyl

An analogous reaction can be written leading from the
adenine electron adduct protonated at N7 to the radical
protonated at C8:

HoN H HoN .
N N
Q) = QX
: 2
9 LA
R R

AN7H’ AC8H’

As seen from eq 1 and 2, the N- and the C-protonated
radicals differ with respect to the distribution of un-
paired spin between the carbon and the nitrogen atoms,
the C-protonated species having appreciably more spin
density on the electron-affinic nitrogens. On this basis,
the C-protonated radical should have a considerably
lower tendency to give up an electron; i.e., this radical
should be a weaker reductant than the N-protonated
one. It should therefore be possible to distinguish be-
tween C- and N-protonated radicals by redox titration.

In fact, with this technique!® and in situ radiolysis
ESR,!¢ it has been possible to demonstrate that the
conversion of the electron adducts of uridine and thy-
midine (and of model compounds) via O4-protonation
to the C6-protonated radicals, extremely well docu-
mented by ESR in the solid state,® takes place also in
aqueous solution. This similar response is an important
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example of the relevance of structural and—even more
impressive—of the relevance of reactivity data from
solid-state ESR for understanding and even predicting
radical behavior in the liquid phase.

On this basis, i.e., by analogy with the similarities
between the solid-state and liquid-phase chemistries of
the pyrimidine radicals, it is now suggested that the
conversion reaction(s) of the (protonated) purine elec-
tron adducts observed in aqueous solution are the same,
at least for the adenine system, as those®*% occurring
in the solid state, i.e., that they consist in protonation
on carbon.3! For adenosine an essentially complete
reaction scheme (Scheme I) can thus be given together
with the rate constants that describe the various for-
mation and transformation steps.

The first step is the capture of e, by the adenine
moiety. The rate constant for this process is 1 X 10°
M5! (see Table I), a value close to the upper limit
of e,,” reactions.

Since nitrogen has a greater electron affinity than
carbon, it is reasonable to assume that the negative
charge in the radical anion resides mainly on the ni-
trogens as indicated by the mesomeric structures. As
a result of the high charge density at the nitrogens, they
are rapidly protonated (k = 1.4 X 108 s71)? o give the
N-protonated radicals of type ANH®, which can exist
in the tautomeric forms AN1H*, AN3H"*, and AN7H".
In comparison with protonation on nitrogen(s), pro-
tonation on carbon(s) is much slower, a well-known
phenomenon,32 caused by the high bond reorganization
energies,®® by no means restricted to radicals.

In terms of redox behavior, ANH" is a strong one-
electron reductant, as shown by its ability to reduce
pNAPZ% or MV?*.2¢ The reducing power is not sur-

v

HN .
N7 /N H .
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AC8H’

prising since the (formal) carbocation ANH* produced
on removal of an electron from ANH" is expected to be
highly stabilized by the nitrogens in «-position, e.g.

HaN HNt HoN
0 N o N 2 N
HN = HN HN
) == D — ) @
N N N N N :‘
R R R

ANH® ANH*

ANH?" is converted to ACH* by catalysis by OH",
HPO,%, H,PO,™ and, probably, other general acids or
bases. In the case of OH catalysis the actual proton-
ation agent must be water, so the function of the base
is to remove the NH proton and thereby expose the
molecule (the radical anion) to the attack of the pro-
tonating agent H,0. Since the electron density at all
positions is higher with the radical anion than with the
neutral radical, protonation at any position, including
a carbon position, is expected to be much faster with
the radical anion than in the case of the neutral radical.
This is in fact the case, as shown below.

The rate of protonation on carbon of the radical anion
was measured by determining the rate of production of
ACH- as a function of {OH] in the pH range 7-14. The
rate was found to increase up to pH 13, where it reached
the value of 3.6 X 10° s71, which remained the same up
to 1 M OH~.* The plateau value of 3.6 X 10% s7! is
suggested to represent the spontaneous rate of proton-
ation on carbon of A*~. This rate is thus seen to be =2
orders of magnitude lower than that?? for protonation
on nitrogen (k = 1.4 X 108 s7!). The spontaneous rate
of C-protonation of the neutral radical, ANH", k(NH
— CH),, was determined by monitoring the buildup of
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ACH:" in (a) neutral, unbuffered solution (pH 6-8) using
doses such that <1 M radicals were produced (in order
to minimize radical-radical reactions) and (b) in solu-
tions containing phosphate as catalyst for the ANH® —
ACH" conversion.?* The rate of ACH’ production in
these solutions follows the equation k(obsd) = &(NH
— CH), + k(phosphate)[phosphate], so the catalytic
rate constants k(phosphate) are obtained from the slope
of k(obsd) vs [phosphate] plots and the spontaneous
rate, k(NH — CH),, from the intercept. The average
rate from method a and b (using solutions at pH 5, 7,
and 9) is k((NH — CH), = (1.4 £ 0.2) X 10*s™..* That
this rate is a factor ~200 less than that for protonation
of the anionic radical reflects the lower electron density
of the neutral species. Increases of protonation rates
on carbon resulting from deprotonation from hetero-
atoms have previously been observed in the case of
electron adducts of acrylate and fumarate®®3 and of
4,6-dihydroxypyrimidine.!8

A rough estimate can be made of the pK, value of
ANH-". For this purpose it is necessary to make an
assumption on either R(OH™) or R(NH) (see Scheme I
for identification of symbols). A reasonable estimate
can be made for k&(OH"). Assuming £&(OH") to be 101°
M gl the experimental k(obsd) for production of
ACH-" vs [OH"] dependence was simulated by adjusting
k(NH). The optimized value found for k(NH) is 1.4 X
108 571, which, if combined with k(OH"), gives a pK,
value of 12.1 for ANH".? It is interesting to compare
this value with that (3.5) for deprotonation of the
protonated parent compound adenosine, as follows:

Hy N Hy N

+ N N
HN? | N\ . N | A\ + ot
N — K
N N N N
R R
K=3.5
P @
Hy N Hy N
O N N
U = QO -~
N
N N N N
R R
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The much higher value for the radical means that by
electron addition to adenosine the Bronsted basicity
(proton-accepting power) of the molecule is increased
by the factor 4 X 108, The consequences for the radi-
ation chemistry of DNA of this drastic change in bas-
icity are discussed in section V. Changes in basicity of
similar magnitude resulting from electron addition to
heterocyclic compounds are well-known for the simpler
systems pyridine, 40 pyrimidine, pyrazine, and pyri-
dazine.®®¥ Even larger changes in basicity result from
electron addition to nonconjugated systems; compare,
e.g., the couple (CH;,)ECOH+ (pK, <-2) and
(CH,),COH" (pK, = 12.1).2!

The ratio of protonation at C2 and C8 (or at other
carbon positions?) is as yet unknown. The ESR data®™®
contain little quantitative information on this question.
It should, however, be in principle possible to distin-
guish between AC2H"® and AC8H"* by redox titration
since with AC2H" in two of the four valence bond rep-
resentations of the radical the unpaired spin is on a
nitrogen, whereas with AC8H* the unpaired spin is on
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an electron-affinic nitrogen in only one out of four
mesomeric structures. AC8H* should therefore be a
better reductant than AC2H" (see Scheme I).

Reactions of Purines with H Atoms. In the solid
state, H atoms were found to add at C2 and C8 in ad-
enine and at C8 in guanine derivatives, based on ESR
evidence.’® These reactions yield, of course, the same
products as those formed by e addition followed by H*
addition at C2 or C8, respectively. Concerning aque-
ous-phase H-atom reactions, very little information
seems to be available. A notable exception is the work
of Sevilla et al.,”! who report that the spectrum of the
H adduct of adenosine (measured at pH 2) is different
from that observed on e,,” reaction at pH 13 (see Figure
1), which was identified above as ACH". It should be
noted, however, that in aqueous solution at pH 2
adenosine is protonated (at N1) and is therefore ex-
pected to have a different reactivity with H* than does
neutral adenosine.*?

The (CH5);COH" radical has also been reacted with
purines.?. With neutral purines, its reactivity is low,
i.e., <107 M s71; however, when the purines are pro-
tonated, the reactivity is higher, e.g., k(reaction) = 5 X
10" M1 57! for the case of adenosine. The reactions of
(CH3),COH’ have been formulated as leading to one-
electron reduction of the protonated purines.?® If this
is the case, the reaction is likely to be followed by
protonation on carbon, giving rise to an N-protonated
carbon-protonated one-electron-reduced adenine sys-
tem, i.e., a cationic radical.

III. One-Electron Oxidation of Purines

A. The Adenine System

The one-electron oxidation of adenine and its deriv-
atives requires the use of the powerful oxidant SO, (E°
= 2.5-3.1 V/NHE*), Weaker oxidants such as Bry"
(E° = 1.6 V) or TI?* (E° = 2.2 V) react** with the ad-
enine family with rate constants <10’ M! s™! and are
therefore of little value in pulse radiolysis experiments
aimed at producing one-electron-oxidized adenines on
the millisecond or shorter time scale. In contrast, the
SO, radical (produced from peroxydisulfate by e,
reaction or by photolysis; cf. eq 5) reacts with rates close

Yo 500" + SO&”

“0380-080;" — (5)

» -
L2 . 250,°

to the diffusional level (see Table II). Inspection of
Table II shows that the high rates for reaction of the
electrophilic®® SO,’~ with purines are a consequence of
the high electron density contributed by the imidazole
moiety. The rate increases further on introduction of
the electron-donating amino group, i.e., in going from
purine to adenine, and it decreases somewhat on re-
duction of the electron density due to replacement of
H at N9 by the electron-withdrawing ribose unit.

In its reaction with adenine nucleosides and nucleo-
tides, the SO,*~ radical has a high preference for in-
teraction with the base part of the molecule rather than
with the (deoxy)ribose (phosphate) moiety.!346 This is
in agreement with expectation based on the low rate
constant for reaction with ribose 5’-phosphate mo-
noanion (Table II).
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TABLE I1I. Rate Constants for Reaction of SO, with
Purine Constituents and Derivatives

E(8047)/

substrate M-1s) notes
imidazole 5.3 X 109 pH 92
pyrimidine 1.0 x 108 pH 9°®
purine 3.0 x 108 pH 79®
adenine 4.6 x 10° from ref 46°
9-methyladenine 4.1 x 10° from ref 46°
adenosine 2.7 X 10° from ref 46°
2'-deoxyadenosine 3.2 x 10° pH 6%¢
2’-deoxyadenosineH* 4.4 x 10° pH 2.4%¢
N8.methyladenosine 4.9 x 10° pH 7 ref 52
N8 N8.dimethyladenosine 3.9 x 10° from ref 46°
guanosine 4.1 x 10° pH 7%¢
guanosineH* 3.2 X 10° pH 0%
2’-deoxyguanosine 4.1 x 10° pH 79
poly(A) <10%¢ b, e
DNA <1084 b, e
2'-deoxyribose 7.3 X 107 pH 4.1%®
ribose 5'-phosphate 2.5 x 107 pH 4.6

¢Unpublished results. Determined by 248-nm laser photolysis of
20-100 mM S,0, in the presence of the substrates. ®Determined
by monitoring the decay of SO,*~ at 450 nm. ¢Determined by
monitoring the buildup of OD at 305-350 nm. ¢Per nucleotide
unit. °Bothe, E., private communication.

The SO,*" reaction with adenines leads to the one-
electron-oxidized and deprotonated species; cf. eq 6:

HN®
N N
& | \> + W ®)
v
R

AGH)

That the radical A(-H)* is deprotonated was shown by
conductance;*® that it is oxidizing (with respect to N,-
N,N’,N’-tetramethyl-p-phenylenediamine (TMPD),
ascorbate, or phenolic antioxidants*$*°) was demon-
strated by producing it independently, i.e., by addition
of OH followed by elimination of H,;0,%4 in the
presence of the reductants.’® The oxidizing nature of
the radicals from the reaction with SO,*~ was also de-
duced from the absence of reducing radicals.!3

The NS-centered, anilino type radicals A(-H)* are
strong one-electron oxidants in a reaction (eq 7) in
which the adenine system is “repaired”*"*® by the re-
ductant, e.g.
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N%I\ MO P Nmo NF A 0P N=o
X — TS, @
9% ) SO
R R

Ho N
N v
NZ N
I —
> 2=
N N =504
|
R

CH(OH)CHZ0H CHIOH)CH,OH

The rate constants for this type of repair have been
found to depend on the redox potentials of the reduc-
tants.*® For the powerful one-electron reductant TMPD
(E%7 = 0.26 V/NHE)®! the rate constant for reaction
analogous to eq 7 is (2-5) X 10° M1 571 4648 close to the
diffusional level.

The reaction between an adenine and SO,°~ does not
necessarily have to proceed by outer-sphere electron
transfer in order to give the one-electron-oxidized ad-
enine. An inner-sphere process*® (via addition/elimi-
nation)!®1? is also possible. In any case, the primary
product of the one-electron oxidation, the radical cation,
has a very short lifetime in aqueous solution, and this
is due to its high Brensted acidity as a result of which
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the deprotonation reaction of the radical cation is very
rapid. Even in the case of N®-methyladenosine, a better
base than adenosine, the radical cation deprotonates
with £ = 1 X 107 5! to give the oxidizing Nf-centered
radical:#6:52

CHy H CHy H CHy
- ~ - ~..
N N . N
N - N N
e + SO, N k107 071 N7
5 \> ANy ) ) DARN
N N ~ 894 N N N N ®
) )
R R R

N¢ is not the only deprotonation site of adenine
radical cations: if in adenine both hydrogens at N° are
replaced by methyl, deprotonation takes place at N9:%52

CHy  CHg
~

CH3 CHj
+ \N/
N, * N
N7 N7
O — T oo
> >
N rla N P;J
H

However, if this reaction is made impossible by re-
placing N9-H by methyl or ribosyl, reaction of SO,"”
with the parent compounds N® N®9-trimethyladenine
(TMA) or N® Nt-dimethyladenosine (DMAdo) leads to
the corresponding radical cations, which are quite stable
and have only a low tendency to react with water by
hydration (k(hydration) < 10% s71).53 As are the “N-
deprotonated radical cations”, i.e., the N-centered
neutral radicals described above, the radical cations of
TMA or DMAdo are oxidizing, and this is a basis for
their detection as products in other oxidation reactions,
such as those induced by OH® (see section IV).

Deprotonation from N of the radical cation has also
been observed to take place in single crystals, even at
4 K, ®% which demonstrates that this reaction has a
high intrinsic driving force. This high driving force
makes the reaction independent of environmental
conditions.

An attempt was made to determine the pK, value of
the radical cation of 2’-deoxyadenosine (dAdo) in
aqueous solution, 248-nm laser photolysis (20-ns pulses)
of 20 mM S,04% solutions providing SO, which was
reacted with 0.2 mM dAdo. The resulting absorption
spectra were measured between pH 6, where the neu-
tral, Né-deprotonated radical exists,!3%52 and pH 0. No
change in the spectral shape was seen down to pH 1 and
only a small change at pH 0.* From this it is concluded
that the pK, of the radical cation is <1. The rate
constant for reaction of SO,*~ with protonated dAdo
(pK, = 3.8) was measured at pH 2.4 to be 4.4 X 10° M~!
s7l, even slightly larger than that for reaction with
neutral dAdo (see Table II). Compared to the parent
compound, dAdo, which has pK, > 13.75 for depro-
tonation from the base moiety,? pK, < 1 for the radical
cation means that the acidity of the adenine system is
increased by =13 orders of magnitude on removal of one
electron. This translates into a differential driving force
for deprotonation of =18 kcal mol™.

HoN +

N N\. — NT N\ +

K | > — I > +H (10)
N ?4 N

d-ribose d-ribose

pKa<_1
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Using a similar approach, the pK, value of the radical
cation of 2’-deoxycytidine was measured to be <4,
which means that the acidity of the radical cation is >10
orders of magnitude higher than that of the parent
compound.

+ .
HoN @ HN
N7 N +
I U= Q +H (1
o} N o N
d-ribose d-ribose
pKys 4

B. The Guanine System

As is well-known,'¢"4:3¢ guanine is the most easily
oxidized of the nucleic acid bases. MO calculations,?
ionization potentials,®® and aqueous-phase redox po-
tentials** are in support of a large body of radiation-
chemical data that can be interpreted by saying that
an electron-loss center created in a system containing
the four nucleic acid bases will end up on guanine. The
resulting one-electron-oxidized species has frequently
been called “the guanine (radical) cation”, particularly
by ESR spectroscopists, although this is not necessarily
intended to mean that the radical carries a positive
charge, but rather that some precursor (the “pristine”
radical cation) did. This imprecise use of nomenclature
(a cation is defined as an entity carrying positive charge)
has certainly hampered the communication between
ESR spectroscopists and liquid solution radiation
chemists, although or because it has been adopted to
some extent by the latter.5?

The guanosine radical cation has been produced in
aqueous solution by reaction with OH (for a detailed
discussion, see section IV). These authors®® also found
that the oxidant Br,"™ reacts with 2’-deoxyguanosine
&-phosphate by one-electron oxidation (k = 4 X 107 M!
s71). This reaction (and that with 2’-deoxyguanosine)
has been studied in detail by O’Neill and Chapman.®
It was found that the radical formed by reaction with
Br,"" has itself oxidizing properties. It is able to react
at pH 7 with one-electron reductants such as ascorbate,
TMPD, phenols, or thiolates (at pH 7-10) and thus
behaves much the same as the radical from the reaction
of guanosine with OH.#"%® The dependence on redox
potential of the rate constants for oxidation of the re-
ductants by the deoxyguanosine radical at pH 7 follows
a Marcus relation,? evidence for, but no proof of,1%6
an outer-sphere electron-transfer mechanism.

The radical produced from deoxyguanosine by reac-
tion with Br,*~ at pH 7 is uncharged, as shown by the
absence of a kinetic salt effect in the reaction of the
radical with ascorbate.?® In basic solution, a change in
the nature of the radical occurs, evidenced by a decrease
of oxidizing power. Starting at pH ~ 10, the radical
loses its ability to oxidize ascorbate, thiol compounds
such a cysteine, and phenolates.’® The dependences of
the rate constants for oxidation of the reductants on pH
resemble titration curves with inflection points at pH
~ 11. One reductant that is still quantitatively oxidized
even at pH 11 is TMPD.*" As pointed out by the au-
thors, the reduction in the efficiency of oxidation of
thiols and phenols is somewhat surprising since the
reductants are more easily oxidized when they are in
their (di)anionic forms that prevail at pH > 10. O’Neill
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and Chapman®® therefore concluded that the decrease
in oxidation efficiency with increasing pH was caused
by an OH-dependent change in the nature of the oxi-
dizing deoxyguanosine radical. The pK, of this radical,
produced however by reaction with OH, has been de-
termined to be 10.9,%7 a value very similar to the in-
flection points (pH 11) of the k(oxidation) vs pH plots
mentioned above.

In order to understand these phenomena more fully,
the reaction of Bry"™ with deoxyguanosine (G) has now
been studied over the pH range 3-13.8! Depending on
pH, three distinct forms of the deoxyguanosine-derived
radical were identified by their absorption spectra: one
form at pH 3, a second existing between pH 4 and 10,
and the third at pH >11. Plots of OD vs pH yielded
sigmoidal curves with inflection points (pK values) at
3.9 and 10.8.8!

In the pH range 3-12 conductance experiments were
carried out to determine the protonation states of the
radicals. It was found that the reaction of Br,*~ with
G at pH 5 to ~6 leads to the production of one H* per
Br,'~ reacting.®! This means that G loses one H* on
one-electron oxidation; cf. eq 12. Below pH 4.5 the

Br,” + G — 2Br + G(-H)* + H*  (12)

Bry"-induced production of H* decreased to zero at pH
3. This is explained in terms of protonation of G(-H)*
to produce the radical cation G**; cf. eq 13. At pH 11.5,

G(-H)+ H* =2 G**, pK =39 (13)

where the deoxyguanosine molecule is present as an
anion (pK,(deoxyguanosine) = 9.4), the Bry*~-induced
conductance change corresponded to loss of OH™.%
This and the information from the optical studies are
explained in terms of production of a deoxyguanosine
radical anion; cf. eq 14.

G(-H)™ + Bry," + OH™ — 2Br™ + G(-2H)~ + H,0
(14)

The pK, of 10.8, determined by optical and conductance
detection, refers to the equilibrium

G(-H)* = G(~=2H)" + H*, pK, =108 (15)

The conclusions concerning the nature of the deox-
yguanosine radical and its protonation states, as formed
by reaction with Br,*", were checked by using a second
oxidant. The radical SO,*~ was used for this purpose.
In its reaction with aromatics, it is known to lead rap-
idly to one-electron oxidation products.!®# SO,*~ was
produced by reaction of e,,” with excess S,04% or by
248-nm photolysis of excess %2082 (eq 5) in the presence
of guanosine or its 2’-deoxy derivative, and the pH was
varied between 1 and =~9. Absorption spectra were
measured at pH 3 and 7 and found to be identical with
those recorded with Br,'~ as the oxidant.8! The pK
value found was 3.9, the same as that with Br,"".
Conductance experiments showed the production of
exactly 1 equiv of H* per SO, reacting with (deoxy)-
guanosine, if the pH was 5-6 (eq 16), and a decrease of

SO, + G — SO+ + G(-H)* + H* (16)

the [H*] generated with decreasing pH below pH ~ 4.5
(due to eq 13). These results thus clearly show that the
radical produced by one-electron oxidation of (de-
oxy)guanosine is an uncharged species in the pH range
4.5-9.5, in perfect agreement with the finding of O’Neill
and Chapman.?
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The neutral radical (G(~H)*) deprotonates with a pK,
of 10.8 to become a radical anion (G(-2H)*") that is a
considerably weaker oxidant than the neutral radical
(in contrast to G(~H)", it is not able to oxidize phenols
or thiolates;* vide supra). Interesting is that the radical
G(-H)" is also able to function as a Brensted base: in
acid solution it is protonated to give the radical cation
G** with an inflection point corresponding to pK,(G**)
= 3.9. The results are summarized in Scheme II.

The scheme is not only in agreement with the data
referred to and presented above, but it is also consistent
with additional information from the literature obtained
by using the OH radical. O’Neill and Chapman®® es-
tablished that the “oxidizing deoxyguanosine
radical”*"% produced in the reaction with OH is iden-
tical with the radical generated on reaction with Br,"".
Using conductance detection, Scholes et al.? showed
that the guanosine radical cation discovered by Willson
et al.’® has a pK, of 3.9, i.e., is not a radical cation at
neutral pH. This pK, is identical with that using the
Br,~ or SO, methods described above, which suggests
that the radical is the same. The high-pH acid/base
equilibrium (pK, = 10.8) has also been observed: O’-
Neill reports a pK, of 10.9 for a radical produced from
deoxyguanosine by reaction with OH.#” This pK, can
now be assigned to G(-H)", yielding G(-2H)*" (cf. eq 15
and Scheme II).

The deprotonation reaction of the radical cation G**
to give the neutral radical G(-H)" (see eq 13 and
Scheme II) is in agreement with the results of recent
ESR experiments®®® on single crystals of deoxy-
guanosine 5-phosphate. Both groups®# agree that the
radical cation deprotonates between 10 and 77 K.
However, they disagree as to the site of deprotonation:
Rakvin et al.®® favor N1; Close et al.,® using ENDOR,
identify the exocyclic NH; groups as the proton donor.
In aqueous solution, N1 is the preferred site of depro-
tonation, as shown by a comparison with results from
1-methylguanosine.b!

Finally, it is noted that 9-methylguanine on reaction
with the one-electron oxidant T1(II)% gives a radical
that is neutral in neutral solution.®®

The pK, of 3.9 for the deoxyguanosine radical cation
G** is, at first sight, a surprisingly high value. Since

the pK for protonation of the parent compound deox-
yguanosine is 2.4, the value for the radical cation means
that, compared to the parent, the neutral radical (G-
(~H)*) is a better Brensted base by 1.5 orders of mag-
nitude. At the same time, the protonated radical (G**)
is a better Bronsted acid than the parent (pK,(G =
G(-H)" + H*) = 9.4), although the increase in acidity
on one-electron oxidation corresponds to only 5.5 orders
of magnitude, to be compared with the 12 orders of
magnitude difference observed for, e.g., the “classical”
phenol /phenol radical cation system® or the 213 orders
in the adenosine case (see section IITA). This increase
in acidity results from the decrease of electron density
of the 7-system due to the loss of one electron. It is
reciprocal to the increase in Bronsted basicity resulting
from electron addition to a m-system (see example of
A*” discussed in section IIB).

The comparatively too small enhancement in
Bronsted acidity observed on electron removal from the
guanine system can be understood as resulting from an
extensive reorganization of the electronic configuration
in the pyrimidine part of the purine moiety leading to
more aromaticity, as shown in Scheme II and eq 17:

LN N H N _ "'\: ~ N

SO — 0 == 0 @
.
This is equivalent to saying that in the parent com-
pound the zwitterionic resonance form contributes only
to a small extent to the overall electron distribution,
whereas in the radical the corresponding aromatic form
is the dominant one. Obviously, the unpaired spin can
reside not only on the exocyclic Of but also on N? and
the endocyclic nitrogens and carbons, as shown by the
spin densities for these positions,#3:6

IV. Reactlons of the OH Radical

The rate constants for reaction of OH with the elec-
tron-rich imidazole are higher compared to those with
the electron-deficient pyrimidine (see Table III), a re-
flection of the electrophilic nature of the OH radical.
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TABLE IIl. Rate Constants for Reaction of OH at pH ~7
with Purine Components and Derivatives

k(OH)*/

substrate Mgl ref
imidazole 1.2 X 1010 119
pyrimidine 1.6 X 108 119
purine 3.0 x 108 119
adenine 6.1 x 10° 119
adenosine 5.8 x 10° 119
adenosine 5’-phosphate 4.1 x 10° 119
guanine 9.2 X 10°® 119
guanosine 7.8 x 10° 119
guanosine 5-phosphate 4.7 x 10° 119
hypoxanthine 6.5 X 10° 119
inosine 4.8 X 10° 46
inosine 5-phosphate 2.6 X 10° 119
xanthine 5.2 X 10° 119
caffeine 6.9 x 10° 119
poly(A) 9 X 108¢ 85
poly(A+U) 5 X 108¢ 85
DNA 4 x 108¢ 85
ribose 5’-phosphate 1.3 X 10° 119

% At room temperature. The pH is such that the rates refer to
reaction with the nonionized base. °Refers to reaction with the
guanine anion (pH 10). “Rate constant per nucleotide unit.

The reactivity of purine is in between those of its com-
ponents. Similarly, the lower values for reaction with
the nucleosides and nucleotides compared with the free
bases probably reflect the decreased electron density
due to the electron-withdrawing (-1 effect) ribose sub-
stituent at N9. The influence of substitution of the
purine system at C6 will be discussed in section IVB.

A. The Guanine System

This system has been thoroughly studied by O’Neill
and co-workers.*”4%5%67 They found that the reaction
of OH with 2’-deoxyguanosine (G) and its 5-mono-
phosphate gives rise to an oxidizing type radical (50%)
and to reducing radicals (50%), as determined by redox
titration using a variety of reductants (such as, e.g.,
TMPD, ascorbate, or thiols) and tetranitromethane
(TNM) as the oxidant. The oxidizing radical was later®
recognized to be identical with that produced on reac-
tion with Br,*", and, as shown in section IIIB, it is
identified as the neutral radical G(-H)*. The oxidizing
nature of this radical is in agreement with the fact® that
it does not react with O, on the millisecond or shorter
time scale. As already mentioned, G(-H)* oxidizes
ionized thiols such as glutathione or cysteine, the rate
constants being 108-10° M1 s71. In contrast, the de-
protonated radical (the radical anion G(-2H)*) is a
much weaker oxidant: only the strong reductant
TMPD is oxidized by it, but not thiolates, ascorbate,
or phenolates.%®

O’Neill originally interpreted the oxidizing properties
of the radical in terms of the OH adduct formed by OH
addition to C4 of the guanine system,*’ arguing that
appreciable unpaired spin density would be located on
04 (cf. mesomeric structure II).

o o o
H LN H N H N
N N SR N\ N Z\.
N PN A (18)
HN NTUTN HN NN HoN N Y
Ww” R T :q W~ R

However, with this molecule the reasonance form III
is equally possible, and if its contribution was large, the
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radical would have to be assumed to be reducing since
the carbon carrying the unpaired electron is substituted
by an electron-donating amino group.

Structures I-III demonstrate a phenomenon which
is typical for purine radicals, particularly for purine OH
adducts, and which may be called “redox ambivalence”.
The term means that there are mesomeric structures
suggestive of easy oxidizability and other, equally likely
ones that reflect the opposite, i.e., facile reducibility.
If this is indeed so, assignments of radical structure on
the basis of redox titration data are not unambiguous.
Another example for this is the OH adduct to the 8-
position of guanosine:

H 1 a .
N
N - OH “\N Ny oH
— (19)
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HaN N N H HoN N N H
|
R R
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Here it is not a priori clear whether the (reducing)
resonance form IV or the (oxidizing) structure V is more
important.

In principle, redox ambivalence is a general property
of radicals since they are in between two stable oxida-
tion states, which means they can be oxidized or re-
duced, depending on their reaction partner. In the
hypothetical case that oxidant and reductant are strong
enough, both types of conversion will be quantitative,
and the redox titration technique will then give a total
yield of 200%, as shown in eq 20. One of the conse-

+oxidant

R" + oxidant®”

R — 20
+reduyctant

R™ + reductant®’

quences of this type of behavior is that an experimental
mass balance of 100%, obtained as the sum of reduced
oxidant and oxidized reductant, does not necessarily
mean that one has accounted for all the radicals formed,
since the 100% value may be caused by a redox-am-
bivalent radical whose yield is just 50%, the remaining
50% being due to (a) redox-inert radical(s).

These considerations serve to demonstrate the dif-
ficulties in interpreting experimentally observed yields
of reduced oxidants or of oxidized reductants in terms
of structure of the reactive radical(s). However, if used
with caution and in conjunction with data from other
techniques, the information from redox titration can be
very valuable.

Concerning the structure of the oxidizing radical from
the reaction of OH with the guanine system, the major
difficulties related to redox ambivalence vanish if it is
assumed that the OH adduct to C4 (structures I-III)
eliminates a molecule of water to yield G(-H)"* (eq 21).

N
\> + Hy0 (21)
N

R

[o] [o]
J\ \> —
HN
G(-H)"

This reaction was in fact considered by O’Neill*"* on
the basis of the analogous reaction postulated for the
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case of deoxyadenosine. The reaction explains why the
oxidizing radical from the OH reaction is identical?®5°
with that from the reaction with Bry,*~ or SO, (see
section IIIB). In the case of peralkylated systems
dehydration of OH adducts consists in elimination of
OH™ and can therefore be monitored by conductance
techniques. This way it was established®® that the OH
adducts to C4 and C5 of N® N?-dimethyladenosine and
NE N8 9-trimethyladenine undergo rapid unimolecular
dehydration (see section IVB), a reaction analogous to
that (eq 21) for the guanine system. Since the product
of the dehydration reaction, G(-H)*, the one-electron-
oxidized guanine system, is a good Brensted base (see
section IIIB), dehydration at acid pH will lead to the
guanosine radical cation (pK, = 3.9).

Concerning the reducing radicals produced on reac-
tion of OH with deoxyguanosine, O’Neill suggested the
OH adducts to C5 and C8 as possibilities.#” The C8 OH
adduct (G8OH") could in fact be predominantly re-
ducing. That it is formed by OH attack is clear from
product analysis studies, which, by the way, also attest
to the redox ambivalence of the radical. This is shown
in Scheme III.

8-Hydroxyguanine derivatives as well as their two-
electron-reduced counterparts, 8-hydroxy-7,8-dihydro-
guanine compounds, have been identified as reaction
products.!b:2bc526970 Their formation mechanism (by
one-electron oxidation or reduction of the C8 OH ad-
duct) is indicated in Scheme III. G8OH-" is also the
precursor of the well-known 5-formamido-2,6-diamino
type products, abbreviated as FAPy. They are pro-
duced by ring opening of G8OH"* followed by one-
electron reduction of the ring-opened radical with
consecutive or concerted protonation. The oxidizing
power of the ring-opened radical is expected to be
greater when the radical is in the ketonized form.

Since the ring opening is unimolecular, it can compete
efficiently with the bimolecular oxidation or reduction
of GBOH®, unless the concentrations of oxidants or re-
ductants are high. In the case of 9-methylguanine, the
OH adduct to C8 has been converted to 8-hydroxy-9-
methylguanine by using benzoquinone as a one-electron
oxidant, and its yield was measured by HPLC to cor-

o H
K (red) HN N\ oH
L= 00K :
+e +H HoN N N H
R

FAPy

respond to 24% of the initially produced OH radicals.?
A similar percentage of OH attack at C8 has been ob-
served in the case of adenosine; see section IVB. With
9-methylguanine, 50% of the OH radicals were shown®
to yield oxidizing radicals (titrated with the reductants
TMPD and promethazine), which were assigned to the
OH adduct to C4 or its dehydration product (of type
G(~H)"; see eq 21) or to the adduct to C2. The reducing
radicals were titrated with p-benzoquinone and found
to represent 49% of the OH radicals.’® Subtracting
from this number the 24% due to G8OH" gives 25% for
“other” reducing radicals, which were tentatively as-
signed to the OH adduct to C5. However, the radicals
formed by H abstraction from the methyl group at N9
should also be of the reducing type and can therefore
be assumed to be included in the residual 25% reducing
type category. In the case of deoxyguanosine it has
been suggested that 10-20% of the OH radicals react
by H abstraction from the sugar.?’

Concerning OH addition at C5 to give G50H", it is
certainly reasonable to assume that this radical should
be reducing, as suggested by O’Neill,*” since only little
unpaired spin density is expected to be on the nitrogens,
as shown in Scheme IV. However, G5OH* may be able
to undergo dehydration to yield G(-H)", a reaction that
results in redox inversion,!® which in this case means
that the redox character is changed from reducing into
oxidizing. Such a dehydration reaction may be taking
place on the same time scale as are the scavenging re-
actions by the redox titrants such as tetranitromethane
or p-benzoquinone. If this is the case, the experimen-
tally observed ratio of oxidizing to reducing radicals will
be dependent on the time elapsed after production of
the initial radicals and therefore on the concentrations
of oxidant and reductant.

This consideration exemplifies a further potential
pitfall of the redox titration technique, as pointed out
in eq 22: In it is assumed a unimolecular redox inver-
sion reaction converting a reducing radical R(red)* into
an oxidizing one R(ox)* with the rate constant k(inv).
Competing with this is a bimolecular reaction (rate
constant k(red)) by which an oxidant (ox) is reduced
by the reducing (primary) radical, or the redox-inverted
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(secondary) radical oxides a reductant red (rate con-
stant k(ox)):

k¢inv)
Rired)” ——— R(ox)*
¢cxl/(<nd) +red{Atox) (22)
ox*” red®*

Obviously, the one possible extreme is that k(inv) is
very small as compared to k(red){ox]. This situation
leads to the experimental answer that all radicals are
reducing. At the other extreme, k(inv) is very fast
relative to k(red){ox]. The redox titration result would
then be that there are no reducing radicals, and this
result would be confirmed by finding, using an appro-
priate reductant, that 100% of the radicals are oxidiz-
ing. In the intermediate case the yields of reducing and
oxidizing radicals are dependent on the concentrations
of the redox scavengers and the total apparent yield can
be >100%.

A simple way to contribute to avoiding wrong con-
clusions as to the type of radical formed is to always
measure the concentrations of reduced oxidant or ox-
idized reductant as a function of {ox] and {red]. If a
plateau value is observed in the [0x*"] vs {0x] or [red**]
vs [red] plots, this can be taken as evidence that one
has measured something meaningful. In the ideal case,
such plateau values are independent of the chemical
nature of the oxidant or reductant. However, in prac-
tice it turns out to be extremely difficult to fulfill this
condition.”

In order to summarize the situation with respect to
OH reactions with (deoxy)guanosine and their nucleo-
tides, it can be stated that oxidizing and reducing rad-
icals are formed and that the sum of their yields cor-
responds to =100% of the initial OH radicals.¥” A
major, if not the only, member of the class of oxidizing
radicals is the deprotonated radical cation of type G-
(-H)*, formed by the addition/elimination (=de-
hydration) sequence of eq 21 and/or Scheme IV. The
rate(s) of dehydration are still unknown, but must be
210%s1in order to explain the observation® that it is
G(-H)* which is there on the <100-us time scale.
Concerning the reducing radicals, their nature (and
possible transformation reactions) will still have to be
elucidated in detail. A really satisfactory mass balance,
taking into account that, on the basis of product
analysis results, addition at C8 can account for at most
25% of the OH radicals, has not yet been achieved.

B. The Adenine System
The reactivity of the OH radical with 6-substituted
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purines increases in a systematic way with increasing
electron-donating power of the substituent R(6) at C6.
R(6)
N
N7 | AN
N
Y
R(9)

2

adenine family:

R(G):an, R:H,CHs
R(9)=H, alkyl

Using o* values, the Hammett equation is well obeyed
with p* = -0.9.53 The negative p value reflects the
electrophilic nature of the OH radical, and it indicates
that the transition state for the addition reaction is
polar (ion pair type). The p value is more negative than
that (p = -0.5)"2 for reaction of OH with substituted
benzenes, which also proceeds by addition. The re-
activities of the purine 9-ribosides with OH are similar
to those of the free bases.

The addition of OH to the 6-substituted purines and
purine 9-ribosides leads to at least two different OH
adducts: those formed by OH attachment to C4 (de-
noted A40H") and those generated by addition to C8
(A8BOH"); cf. eq 23.

R(6)

e .
— 'L \> A4OH
NS
N o N
) s !

o
\N N
|
R

R(6)

A N, OH
N e .
N N H

R

Both A40H® and A80H® undergo unimolecular
transformation reactions, which have been assigned to
dehydration (of A4OH®) and to ring opening (of
AB80OH*).4653 In the case of R(6) = NR, (the family of
“adenines”; R = H, CHj) the ring-opening reaction of
ABOH" always leads to a (first order) increase of optical
density around 350 nm, whereas the dehydration re-
action of A4OH" expresses itself by a decrease of optical
density at ~410 nm.* The two types of reaction can
be distinguished by four criteria: (a) by their different
sensitivity to the electronic effect of substituents at C6,
(b) by their activation parameters, (c) by their pH de-
pendencies, and (d) by their redox reactivity, particu-
larly with respect to molecular oxygen.46:5253

The Dehydration Reaction of A4OH*. The dehy-
dration reaction of A4OH", by which a radical that is
a very weak oxidant” (due to the unpaired spin density
on N1 and N3) is converted*® into a strongly oxidizing
radical,’ leads to neutral N-centered radicals as long
as there is at least one hydrogen at N® or NO:

RS _H RO

N N

Z e _N A N
N N

N —_— | A\ H0 (24)

N N

N N N N

o ! |

H” R R(9)

R(9)=CHg,fibosyl R=H,CHjZ
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CHa\ ,CHG c“:!\ _CHg

N N
N e 2 N
N
k \>—’ Kl \> + WO  (25)
N ?‘ll N N
H’o H ’

If all exchangeable protons are replaced by alkyl
groups as with N8 N8-dimethyladenosine (DMAdo) or
N8 N® 9-trimethyladenine (TMA), the dehydration re-
action shows up as elimination of OH" and can thereby
be detected as such, its rate and yield being measurable
by conductance.?®

CHa\ /CHa CH3\+/ CH3

N N
Z e _N N N
N -
K \>_, l | \> + oH (26)
N N N N
e | . |
H

R(®) R(2)

R(9)=CH3, ribosy!

The dehydrated radicals formed in reactions 25 and
26 are oxidizing and can therefore be titrated with re-
ductants such as TMPD.%4858 [n the case of DMAdo
it was found that the yield of TMPD** measured by this
method is the same as that of OH™ produced (54% of
OH at pH =9). This yield can be reduced by intro-
ducing O, into the solution. However, the reduction
achievable is not quantitative, but corresponds to only
19% of OH. The O;-scavengeable radical responsible
for this reduction has been assigned in terms of the OH
adduct to C5, based on its expected reducing properties,
whichsgvould make it particularly reactive with respect
to 02.

In contrast to DMAdo, with adenosine the yield of
radical(s) able to oxidize TMPD (=30%:%2 32% in the
case of deoxyadenosine?®) is not decreased in the
presence of Oy, nor is the rate of formation of TMPD"*
changed.’? From this it is concluded that with the
adenosine system the probability of OH attachment to
C5 is <10%. In the case of DMAdo the dehydration
reaction of A4OH" is suppressed by OH", an example
of an OH -induced inhibition of OH" elimination. This
has been explained in terms of a deprotonation equi-
librium involving the OH group of the hemiorthoamide
type radical A4OH*, as shown in eq 27:3

CHG\ /CHa CHG\ /CHa
N N
N - s N
NF \> + OH Hy0 NT \> (27)
N T or S
>~ _ >~
N +Hy,0, - OH N N
l o |
H R R
-oH”
CHy 4 CHy

X

The Ring-Opening Reaction of ASOH". This reaction
is recognizable by the increase in optical density at ~350
nm.*® It can be quantitatively suppressed by small
concentrations of oxidants such as 0,5%" or Fe-
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(CN)g*,%258 which indicates that the radical responsible
is strongly reducing. In the case of adenine and aden-
osine it can be shown by product analysis using HPLC
with optical and electrochemical detection that these
oxidants reduce the yield of 5-formamido-6-amino-
pyrimidine type product (FAPy) and increase instead
the yield of 8-hydroxyadenine or -adenosine.”" In the
presence of 21 mM Fe(CN)g*, FAPy is undetectable
and the yield of 8-hydroxyadenine reaches a maximum
value corresponding to =~25% of OH."680

These results are explained in terms of competition
between ring opening and oxidation of ASOH"; cf.
Scheme V.

In path ¢ of Scheme V it is shown that ABOH" can
also be reduced, which leads to the corresponding hy-
drate, in which the elements of water have been added
across the N7-C8 bond.”® Reaction paths b and ¢ of
Scheme V demonstrate the “redox ambivalence” of
A80OH?", analogous to the behavior of GROH" (see sec-
tion IVA). Reaction path ¢ of Scheme V requires the
presence of reducing equivalents; in their absence (e.g.,
if their ultimate precursor, e,y is scavenged) the hy-
drate is essentially not observed. The hydrate, being
a hemiorthoamide, is sensitive to hydrolysis, yielding
the FAPy derivative. If dehydration was taking place,
this would constitute a repair reaction (see Scheme V,
lower right part).

In the case of DMAdo® and TMA® the ring-opening
reaction of ASOH" has been shown to be accelerated by
OH". The mechanism, which is equivalent to that in-
volving nonradical hemiacetals, hemiamidals, or he-
miorthoamides,® involves deprotonation of the OH
group at C8. This creates sufficient electron density
to speed up the heterolysis of the C8-N9 bond:

HaN

HaN
0 N N
Crx — COY -
N/ T (o] N To.
R R

Substituent Effects on Dehydration and Ring
Opening. The first-order changes in optical density
(OD) observed by pulse radiolysis of adenine, (de-
oxy)adenosine, and its nucleotides in the wavelength
regions =350 and ~410 nm and assigned to ring opening
and dehydration (vide supra) have been known for a
long time.#8783-8 [n 4 detailed investigation on adenine
van Hemmen found™ that at room temperature the rate
constant for buildup of OD at 330 nm is the same as
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Figure 3. Hammett plots for the effect of variation of R(6) on
the dehydration (circles) and ring-opening reactions (triangles)
at 20 °C: open symbols, R(9) = H; filled symbols, R(9) = ribose.
The point for purine has been disregarded in calculating the p*
for the ring-opening reaction for R(9) = H. Reprinted from ref
46; copyright 1987 American Chemical Society.

that (1.5 X 10°s™) for the OD decrease at 400 nm. This
result was later confirmed, the rates at 20 °C being 1.3
X 10°s71.#6 With the adenine nucleosides and nucleo-
tides the corresponding rates are somewhat smaller.
For deoxyadenosine O’Neill found (2.9 £ 0.4) X 10%s7!
for the OD decrease in the region 380-400 nm,* and a
similar rate was obviously observed for the OD increase
in the region <380 nm. In the case of adenosine, the
rates at 20 °C are slightly different: & = 2.6 X 10?71
for the OD buildup at 330 nm and 1.7 X 10*s™! for the
OD decrease at 400 nm.*

The similarity in the room-temperature rates of the
two major types of OD change has deceived previous
investigators into interpreting the OD changes in terms
of only one chemical reaction: van Hemmen suggested
the ring opening of ASOH*,"® having in mind the
product analysis results on formation of FAPy and
8-hydroxyadenine derivatives. In contrast, O’Neill*8
interpreted the first-order changes in terms of the
dehydration of A4OH" (eq 24) in order to explain the
oxidizing properties of the resulting Né-centered radical.

The apparent discrepancy between these hypotheses
has been resolved by the observation®® that both ring
opening and dehydration are occurring and that the
room-temperature rates for the two processes are ac-
cidentally identical (with adenine) or very similar (with
(deoxy)adenosine and the nucleotides). However, the
processes can be distinguished not only by their dif-
ferent pH dependencies® (vide supra) but also by their
activation parameters,*5% particularly with respect to
the activation entropy. The most convincing evidence,
however, for the reactions underlying the OD changes
at ~350 and ~400 nm being different is the substituent
effect on their rates: Figure 3 contains Hammett plots
on the effect of the substituent R(6) at C6 on the de-
hydration (circles) and ring-opening reactions (triangles)
at 20 °C. It is obvious that R(6) has a much larger
influence on the dehydration reaction (p* = -3.0) than
on the ring-opening reaction (p* = -0.3).4% What is
particularly interesting is that the Hammett lines for
the dehydration and for the ring-opening reactions in-
tersect at the positions of adenine and of (deoxy)-
adenosine (R(6) = NH;). This means that with these
compounds, the room-temperature rates for the two
types of reaction are accidentally the same, making
it appear as if only one OH adduct isomer is present.
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Figure 4. Time-dependent absorption spectra observed on re-
action of OH at pH 7 with 0.5 mM 2’-deoxyadenosine and
adenosine 3',5’-diphosphate. From ref 87.

The effect of replacing the substituent at N9 is large
in going from R(9) = H to R(9) = ribose. As seen by
the (parallel) displacement of the Hammett line (see
Figure 3), the electron-withdrawing ribose moiety leads
to a decrease of the rates of both dehydration and ring
opening. In contrast, further variations on the sugar
substituent such as going to the 2’-deoxy derivative or
introducing one or two phosphate groups at C3’ or C5’
have only a very small influence on the kind and the
rates of the spectral changes, evidence for the base
dominating the reaction of OH with the nucleoside or
-tide.¥” An example for this is presented in Figure 4.

Comparison of the Adenine and Guanine Systems.
Finally, a comment may be made on the suggestion®
that the guan(os)ine radical cation may undergo hy-
dration (followed by deprotonation of the adduct) or
the equivalent reaction with OH~ to give an “OH
adduct” type radical. On the basis of the results
presented on the adenine system, such a reaction is not
at all likely to occur in the guan(os)ine case. With
adenines, the opposite to hydration, namely dehydra-
tion, was observed with A4OH® and A50H*. On the
basis of the lower ionization potentials® (IP) and the
one-electron redox potentials* E? of guanines compared
to adenines, dehydration should be even more favored
and hydration even less in the case of the guanines. An
example for the relationship!®!® between propensity for
hydration of the radical cation (a function of its elec-
trophilicity) or the reciprocal, the ease of dehydration
of the OH adduct,®® and the IP of the parent compound
is benzene (IP 9.24 eV) and anisole (IP 8.20 eV): the
radical cation of benzene hydrates in aqueous solution
completely and irreversibly in <20 ns'® whereas that of
anisole has a lifetime with respect to hydration of 210
ms,® the dehydration of the OH adduct being favored
in acid solution.

V. Implications regarding DNA

Results from ESR experiments on oriented DNA fi-
bers by Graslund et al.,*® on DNA in frozen aqueous
solution,® and on dinucleoside phosphates®% have led
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to the development of the two-component hypothesis
that the electron loss centers (the radical cations, often
incompletely denoted as cations) end up with (are
trapped by) the purines, particularly with the guanine
moiety, whereas the final site of deposition of the
ejected electron is with the pyrimidines, particularly
with thymine, although the cytosine unit has been of-
fered as an alternative.”? This and related work has
been summarized in enlightening reviews,3bd:17b:94-96
The nature of the sites of ultimate deposition of positive
and negative charge and unpaired spin is obviously of
great importance in understanding the mechanism of
radiation-induced damage to DNA, particularly since
the demonstration®”® that base radicals can induce
strand breaks.

The thymine radical anion (T°7)/guanine radical
cation (G**) hypothesis® implies that in DNA there are
mechanisms of electron and positive hole transfer by
which the initially formed and randomly distributed
electron gain and loss centers are funneled into the T
and G “traps”, respectively. It has been pointed out
that efficient interbase electron transfer requires
overlap of the w-systems of the donor and acceptor
bases,'® a condition fulfilled in DNA by the “base
stacking” along the helical axis, with an interbase dis-
tance of 0.34 nm.!%!

The T*-/G** dichotomy has been criticized by Bern-
hard?®»30192 and recently also by Close et al.*¢ One point
of criticism refers to the values of the coupling constants
used® for the methyl protons to simulate the T*"
spectrum in DNA. The isotropic value for the splitting
of the thymine methyl group has recently been deter-
mined!® and this number (0.9 G) is not in agreement
with that (4.2 G) used in the simulations.

An argument relevant to the reactivity of base rad-
icals in aqueous phase refers to the tendency of anionic
and cationic base radicals to undergo protonation or
deprotonation, even at 4 K. As pointed out in particular
by Bernhard,’ (de)protonation processes may have
drastic effects on chemical reactivity of the species in-
volved. Concerning DNA, with this molecule the stage
is set just perfectly for proton transfer to occur, allowing
the system to adjust to the change of proton affinity due
to ionization (electron loss) or electron pickup. This
is simply the result of the fact that in DNA bases occur
as pairs characterized by preset channels of proton
transfer. It follows that, due to the pairwise existence
of the bases, it is necessary to treat the chemistry of the
ionic base radicals as members of the pair; i.e., the
behavior of the partner has to be considered as well.

An example for this is given in Scheme VI, which
depicts what probably happens after an electron is re-
moved from a guanine moiety. Deoxyguanosine is a
weak acid with a pK, of 9.4. The radical cation, how-
ever, is a much stronger acid (pK, = 3.9; see section
IT1IB). The equilibrium positions of one or all of the
three protons involved in the hydrogen bonds with the
cytosine moiety will therefore be shifted toward the
cytosine with the result of an overall transfer of positive
charge to that base. Since the pK value for protonation
of deoxycytidine (4.3) is similar to that for deprotona-
tion of the guanosine radical cation, it is likely that the
guanosine proton will not be transferred fully to the
cytidine. Charge transfer in the opposite direction
occurs if ionization takes place at the cytosine end of
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the GC base pair (Scheme VII). In this case the ion-
ization-induced driving force (AG) for deprotonation is
considerably larger, the ApK, (deoxycytidine**/deoxy-
cytidine) < -10 corresponding to AG(298 K) < -14 keal
mol-1,108

With the adenine/thymine pair the situation is, in
principle, analogous (Scheme VIII). Thymine is a very
weak Brensted base (pK for protonation = -5),1% so it
will not be protonated fully by the radical cation of
adenine although this species is a strong Brensted acid
(pK, < 1, see section IITA). Deprotonation of the rad-
ical cation of adenine is seen to take place in the solid



Purine Bases, Nucleosides, and Nucleotides

SCHEME VIII

sugar

state even at 4 K,%30 evidence for its high intrinsic
driving force.

When the thymine moiety is ionized, deprotonation
is possible from N31% and from the methyl group at C5,
but also hydration at C5/C6.13195110 Hydration is not
only an irreversible reaction (as is deprotonation from
C5), but it can also lead to an inversion of the redox
properties of the system: whereas the radical cation is
necessarily an oxidizing species, the water addition
radical to C5 of the thymine moiety (the 5-hydroxy-
5,6-dihydrothymin-6-yl radical) is reducing.! However,
if water addition was taking place at C6 (as on reaction
of thymine derivatives with SO,"7; see ref 13, 105, 106,
and 110), the oxidizing® 6-hydroxy-5,6-dihydrothymin-
5-yl radical would be the product.

As compared to the radical cations, proton-transfer
reactions are at least of the same importance in the case
of the radical anions. Proton transfer can ultimately
lead to protonation on carbon, a reaction that is irre-
versible and that results in an inversion of redox
character, the C-protonated radicals having lost the
reducing character of their N-protonated precursors.
This is exemplified with the AT pair and assuming that
the electron has been scavenged by A to give A*”. As
pointed out in section IIIA, electron addition to aden-
osine leads to an increase in its proton affinity by the
factor >108, due to a change in pK for protonation from
3.5 for the parent to 12.1 for the radical anion. Since
the pK, for deprotonation of thymidine is 9.9, it is likely
that A~ will be able to pull the N3 hydrogen of T over
to its N1, as depicted in Scheme IX.

A slight displacement of the hydrogen from N1 to C2
suffices in order to yield the C2-protonated radical
AC2H" (Scheme X). In order to obtain the C8-
protonated electron adduct (Scheme XI), a protonating
agent such as H,O is required which, however, has to
move in from the periphery of the DNA double helix,
possibly from the minor groove.

In contrast to A*", the thymine anion T*" is a rela-
tively weak base, the pK, of the O4-protonated base
radical being ~7.11! This means that the negative
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SCHEME XII

charge on T*~ will not be neutralized much by proton
transfer from N6 of its adenine partner, and this gives
external protonating agents such as H,O a good chance
to protonate T°" at C6, its unprotected side, yielding the
famous 5,6-dihydrothymin-5-yl radical. A sufficient
number of H,O molecules (6 per base pair), located
mainly in the minor grove of DNA,!13 are available for
this purpose (AH = proton donor) (see Scheme XII).

It is relevant at this point to mention that as com-
pared to adenosine*”, whose rate of protonation on
carbon is 3.6 X 10® s7! in aqueous solution,? the cor-
responding rate for thymidine*” is much smaller, i.e.,
<10% s7L,1676 in agreement with results!® from model
compounds.!!* Even the (neutral) N-protonated elec-
tron adduct of adenosine is protonated on carbon much
faster (& = 1.4 X 10* s71; see section IIA) than is the
radical anion of thymidine. From this point of view,
the C-protonated electron adduct of the adenine moiety
should have a higher probability of production than
that of thymine. It is not clear why this radical has so
far not been identified in DNA. -

In case the electron is scavenged by C in the G-C
pair, it is likely that C°~ will pick up a proton from G,
a reaction driven by the enormous increase in basicity
in going from the neutral base C (pK,(C(N)H*) = 4.3)
to the radical anion (pK,(C(N)H*) = 13)!!2 and sup-
ported by the acidity of G (pK,(dGuo) = 9.4). In con-
trast to ANH" (see section IIB), C(N)H"® has a low
tendency to undergo protonation on carbon (k(C(N)H*
— C(C)H*) < 10° s! at pH 13).112

Electron Transfer vs Proton Transfer. The puzzle
caused by the apparent absence?® in irradiated DNA of
an equal distribution of C, G, A, and T radicals can
hypothetically be resolved by assuming that electron
transfer from base to base along the helix axis is much
faster than proton transfer, which occurs in the direc-
tion perpendicular to the helix axis (see Scheme XIII).
However, proton transfer along the interbase hydrogen
bonds involves only a slight displacement of the equi-
librium position of the bridging proton and is therefore
likely!!® to also be an extremely fast process (estimated
reaction period <1 ps) against which electron transfer
has to compete. Rates of electron transfer in DNA have
been estimated by quantum chemical methods to be of
the order 1014 71116

Proton transfer leads to separation of charge from
spin and it thus converts radical cations (positive holes)
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or radical anions (localized but mobile electrons) into
neutral radicals. This means that proton transfer de-
stroys or at least slows down the mobility of the charge
and spin carriers, which are thereby “frozen” or trapped.
Proton-transfer inhibition of electron transfer may be
the reason why the migration distance of charge carriers
in dry DNA corresponds to less than 25 nucleotide
units,!!” although from the point of view of the nearly
perfect w-system overlap of the staggered bases much
larger distances are expected.!16

It is interesting that of the two types of proton
transfer, the reversible (which occurs between hetero-
atoms) and the irreversible (which leads to proton at-
tachment to carbon), the latter results in redox inver-
sion. A further aspect is that the irreversible type is
more likely to occur in the presence of “external” pro-
tonating agents such as water, and this may be related
to why the types and the reactivities of radicals ob-
served in DNA depend on its water content,?®118 evi-
dence for the importance of the hydrogen-bonding
network in determining radical behavior.3¢
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