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ABSTRACT

Guanyl radicals, the product of the removal of a
single electron from guanine, are produced in DNA
by the direct effect of ionizing radiation. We have
produced guanyl radicals in DNA by using the
single electron oxidizing agent (SCN),-, itself
derived from the indirect effect of ionizing radiation
via thiocyanate scavenging of OH. We have exam-
ined the reactivity of guanyl radicals in plasmid DNA
with the six most easily oxidized amino acids
cysteine, cystine, histidine, methionine, tryptophan
and tyrosine and also simple ester and amide
derivatives of them. Cystine and histidine deriva-
tives are unreactive. Cysteine, methionine, tyrosine
and particularly tryptophan derivatives react to
repair guanyl radicals in plasmid DNA with rate con-
stants in the region of ~105 105 10° and 107 dm3
mol-' s71, respectively. The implication is that amino
acid residues in DNA binding proteins such as his-
tones might be able to repair by an electron transfer
reaction the DNA damage produced by the direct
effect of ionizing radiation or by other oxidative
insults.

INTRODUCTION

Guanyl radicals, the product of the removal of a single
electron from guanine, are produced in DNA by the direct
effect of ionizing radiation (ionization of the DNA itself)
(1-3) and also by related electron removal products such as
photoionization, chemical oxidation and photosensitization
(4-11). The site of electron loss tends to migrate to guanine
(11,12) because this is the most stable location available in
DNA (13,14). However, guanyl radicals are still strongly
oxidizing species (15,16) and the opportunity exists for their
repair by electron transfer even from quite mild reducing
agents. The usual examples of naturally occurring mild
reducing agents are compounds such as ascorbate and
glutathione (17). However, in mammalian cells it is possible
that DNA embedded in densely packed chromatin is not
accessible to these antioxidants because it is protected by a
close association with histone proteins (18). Although these
proteins interfere with access of even small diffusible species,
it is possible that they are themselves capable of repairing
guanyl radicals by electron transfer. This is because of the

presence of residues of amino acids such as tryptophan and
tyrosine. These amino acids behave in this way because their
side chains contain functional groups (indole and phenol,
respectively) with appropriate redox properties (19).

The redox reaction of amino acids, peptides or proteins with
guanyl radicals in monomeric nucleosides, oligonucleotides or
DNA has been observed in several different experimental
systems. Examples are electron transfer from an amino acid or
peptide to a monomeric purine in aqueous solution (20), from
a peptide to a polynucleotide in aqueous solution (21) and
from a histone to DNA in irradiated chromatin at cryogenic
temperatures (22). Endonuclease binding has been reported to
decrease charge migration in DNA (23).

Further support is provided by the observation of amino
acid radicals as intermediates in normal biochemistry (24). In
addition to cofactors and/or prosthetic groups, some redox
enzyme systems employ radicals located on their own amino
acid residues as intermediates. Examples are ribonucleotide
reductase (25) and DNA photolyase (26). Proteins whose
regular function does not involve a redox reaction (such as
lysozyme) may also undergo electron transfer reactions in
response to an artificial stimulus (oxidative electron removal
from a kinetically reactive site) (27).

The fundamental repeating structural unit of eukaryotic
chromatin is the nucleosome (18), and there are numerous
close contacts between amino acid residues in histones and the
nucleotide residues in DNA. It therefore seems reasonable to
suggest that electron transfer from amino acid to DNA may
take place in response to oxidative or ionizing DNA damage.
In these reactions, the amino acid residue is the electron donor
and an ionized or oxidized guanine is the acceptor. It would be
desirable to obtain estimates of the rate constants that
characterize these reactions. To address this issue, we have
used a single electron oxidizing agent generated by y-radiation
to produce guanyl radicals in plasmid DNA and then
quantified their reactivity with the free amino acids and
simple ester and amide derivatives of cysteine, cystine,
histidine, methionine, tryptophan and tyrosine.

MATERIALS AND METHODS

Plasmid substrate

A sample of plasmid pHAZE (28) was generously provided by
Dr W. F. Morgan (Department of Radiation Oncology,
University of Maryland). It was grown to large scale, isolated
and purified as described previously (29).
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Base excision repair endonuclease

An expression vector containing formamidopyrimidine-DNA
N-glycosylase (FPG) from Escherichia coli was generously
provided by Dr Y. W. Kow (Department of Radiation
Oncology, Emory University). The enzyme was over-
expressed, isolated and purified as described previously (30).

Irradiation

The plasmid substrate was 7y-irradiated in aerobic aqueous
solution. These solutions contained pHAZE (25 pug ml),
sodium phosphate (5 X 1073 mol dm=3, pH 7.0), sodium
thiocyanate (10-3 mol dm2), sodium perchlorate (1.1 X 10-!
mol dm~3) and an amino acid or simple derivative thereof
(1077-10* mol dm™). The amino acid was one of the
following: cysteine, cystine, histidine, methionine, tryptophan
or tyrosine. The derivatives were either the acetylated amine
or the carboxylic acid methyl or ethyl ester. Each aliquot was
27 Wl in volume. The dose rate of 5.58 X 1072 Gy s~! was
quantified by means of the Fricke method (31).

Enzyme incubation

After irradiation, each 27 pl aliquot was mixed with 3 ul of a
solution containing FPG (50 pg ml-!). The resulting solutions
were incubated at 37°C for 30 min and assayed by gel
electrophoresis.

Determination of strand break yields

After incubation, the yield of single-strand breaks (SSB) was
quantified after agarose gel electrophoresis. The procedures
for digital video imaging of ethidium fluorescence and for
calculating the radiation chemical yield (G value) for SSB
formation have been described previously (29).

RESULTS

A typical experimental result is reproduced in Figure 1. An
aerobic solution of plasmid pHAZE (25 pug ml!) was
irradiated by '3’Ce y-rays in the presence of sodium phosphate
(5 X 1073 mol dm=3, pH 7.0), sodium perchlorate (1.1 X 10!
mol dm™3), sodium thiocyanate (10 mol dm3) and the
methyl ester of tyrosine (3 X 1077-5 X 107° mol dm™3). After
irradiation, the plasmid solutions were incubated for 30 min at
37°C under one of two conditions: with or without the enzyme
FPG. For each radiation dose and incubation, the fraction of
the plasmid remaining in the supercoiled conformation was
determined using agarose gel electrophoresis. In Figure 1 this
fraction is plotted against the radiation dose. For irradiation in
the presence of 5 X 107° mol dm3 tyrosine methyl ester and
incubation in the absence of FPG, the fraction of supercoiled
plasmid decreases to ~0.5 at a dose of 10 Gy. After incubation
in the presence of FPG, the fraction of supercoiled plasmid
decreases to ~0.2 at 5 Gy. Decreasing concentrations of
tyrosine methyl ester result in an increasingly rapid loss of the
supercoiled form.

The loss of the supercoiled form of the plasmid results from
the formation of SSB. The radiation chemical yield (G value)
of these SSBs [G(SSB)] can be calculated from the slopes of
straight lines fitted to yield—dose plots such as Figure 1. We
have determined G(SSB) values for additional concentrations
of the methyl ester of tyrosine (not shown in Fig. 1).
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Figure 1. Loss of supercoiled plasmid with increasing dose of y-radiation.
Aliquots of a solution containing plasmid pHAZE (25 pg ml™"), sodium
phosphate (5 X 1073 mol dm=, pH 7.0), sodium thiocyanate (10-3 mol
dm™3), sodium perchlorate (1.1 X 10~! mol dm) and tyrosine methyl ester
[3 X 1077 (open inverted triangle), 7.5 X 1077 (open triangle), 1.5 X 10
(open diamond), 3 X 107 (open circle) or 5 X 10 (open and closed
squares) mol dm=] were irradiated under aerobic conditions with 37Ce
y-rays (662 keV) at dose rates between 1.7 X 1073 and 9.0 X 102 Gy s\
After irradiation, the solutions were incubated for 30 min at 37°C with FPG
at a concentration of 0 (closed square) or 5 g ml~! (open symbols). The
fraction of supercoiled plasmid remaining after each radiation dose and
incubation was determined using agarose gel electrophoresis. These six data
sets are plotted together. Each is fitted to least mean squares straight lines
of the form y = ce™*. From the slopes m of these fitted straight lines, the
doses Dy and SSB yields for the six irradiation and incubation conditions
are: open inverted triangle, 0.234 Gy, 1.59 X 1072 umol J-!; open triangle,
0.463 Gy, 8.04 X 1073 umol J-!; open diamond, 0.971 Gy, 3.84 X 103
umol J-1; open circle, 1.94 Gy, 1.92 X 10-3 umol J-!; open square, 3.41 Gy,
1.09 X 1073 umol J-'; closed square, 22.5 Gy, 1.66 X 10~ wmol J-.

These G(SSB) values are plotted in Figure 2 against the
concentration of the methyl ester of tyrosine. In the absence of
FPG, the SSB yield is insensitive to the concentration of
tyrosine methyl ester. This observation also applies to the
other amino acids and their derivatives for concentrations in
the range 10--10~* mol dm3 (data not shown). For incubation
in the presence of FPG, the SSB yield decreases from ~10-2 to
~1073 wmol J-! (factor of 10) as the concentration of tyrosine
methyl ester increases from 0.5 to 5 umol dm=3 (factor of 10).

The data in Figure 2 are re-plotted according to competition
kinetics in Figure 3 (see Discussion). The yield of FPG-
sensitive sites [hereafter G(FPG)] was calculated by subtract-
ing the SSB yield after incubation in the absence of FPG from
the SSB yield determined after incubation in its presence. In
principle, both yields should be determined at an identical
concentration of the tyrosine derivative, but the dependence of
G(SSB) on the amino acid concentration is very small when
FPG is absent. Therefore, a constant value of 1.5 X 10~* wmol
J-! was assumed. We have reported previously on the value for
G(FPQG) in the absence of any added amino acids (32). Under
the conditions we have used here, the value of G(FPG) is 4.84
X 1072 umol J-'. From these values, and the slope of the
straight line fitted to the data in Figure 3, it is possible to
estimate the rate constant for reaction of the methyl ester of
tyrosine with a DNA guanyl radical. The procedure is
explained in Discussion.
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Figure 2. Effect of tyrosine methyl ester concentration during irradiation on
the SSB yield after incubation with or without FPG. Plasmid pHAZE was -
irradiated in the presence of various concentrations of tyrosine methyl ester
and the resulting SSB yield was determined (see Fig. 1) after incubation in
the presence (open square) or absence (closed square) of FPG.

Rate constants were quantified for the six amino acids
cysteine, cystine, histidine, methionine, tryptophan and
tyrosine and simple derivatives of them (esters and amides)
by constructing plots similar to Figure 3 (not shown). The
derived rate constants are listed in Table 1. These data reveal
that cystine and histidine derivatives are unreactive. Cysteine,
methionine, tyrosine and tryptophan derivatives react to repair
guanyl radicals in plasmid DNA with rate constants in the
region of ~105, 10°, 10% and 107 dm? mol~! s7!, respectively.
The combination of the abundance of these amino acids in the
nucleosome (18) and their reactivity (Table 1) points to the
importance of tyrosine.

DISCUSSION
Description of the experimental system

We have reported previously on the use of aqueous
thiocyanate to mimic the direct effect of ionizing radiation
(32). In the direct effect, the DNA itself is ionized. The site of
the electron vacancy tends to migrate to guanine (equation 1)
(1-3). The same electron-deficient guanine species (identified
spectrophotometrically) can also be produced by several
different single electron oxidizing agents (12,33-36). In the
system we employ here, radiolysis of water produces the
hydroxyl radical (OH), the hydrogen atom (H) and the
hydrated electron (e ,q) (equation 2) (31). The latter two
species are strongly reducing and are rapidly scavenged by the
oxygen present in solution to form superoxide. The ineffect-
iveness of superoxide dismutase in this system suggests that
subsequent reactions of superoxide can be safely ignored (32).
The principal scavenger for OH present in solution is
thiocyanate [rate constant k3 = 1.1 X 10 dm? mol-! s~
(37)], leading to the formation of the dimeric radical anion
(SCN),~ (equation 3). This species is a strong single electron
oxidizing agent { E°[(SCN),/2SCN-] = +1.33 V (38,39)} and
reacts mainly with the highest concentration of oxidizable
targets available, which under our conditions are guanine
residues in plasmid DNA (equation 4). The product of this
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Figure 3. Reciprocal plot of the attenuation of the yield of FPG-sensitive
sites, G(FPG), against the concentration of tyrosine methyl ester according
to competition kinetics (see Discussion). The data set is fitted to a least
mean squares straight line of the form y = mx + c. The slope m of the line is
1.8 X 108 MJ dm? mol2. See Discussion for an evaluation of the intercept
c.

reaction is a single electron oxidized guanine radical cation (or
more briefly a DNA guanyl radical), symbolized by DNA-G*.
The value of the rate constant k4 is unknown for (SCN),~, but
has been determined as 3 X 107 dm3? mol-! s~! for the similarly
reactive species SeO5;~ (35), which is also a single electron
oxidant. The resulting guanyl radicals are relatively long lived
by the standards of radicals (millisecond to second timescale;
4) in the absence of reducing agents. However, they accept
electrons from even quite mild reducing agents R if any are
present in solution (equation 5). The significance of equation §
is that it reverses or repairs the DNA damage. Unrepaired
guanyl radicals eventually produce the stable product 7,8-
dihydro-8-oxoguanine (8-0xoG) (equation 6). It is generally
agreed that 8-0xoG is the major product derived from a guanyl
radical in double-stranded DNA under aerobic conditions
(40-43). This modified base is detected by converting it to
a SSB with the base excision repair endonuclease FPG
(equation 7). Such SSBs in plasmid DNA are easily detected
and quantified by electrophoretic methods.

DNA — DNA-G* + e~

H>O — OH + H + e

OH + 2SCN- — (SCN),~ + OH~
(SCN),~ + DNA — DNA-G* + 2SCN-
DNA-G* + R — DNA +R*

DNA-G* — DNA-80x0G
DNA-80x0G + FPG — SSB 7

A i A W N =

We have previously reported that the amino acids methionine
and tyrosine are able to repair guanyl radicals in plasmid DNA
(44) and here we have extended the observation to additional
amino acids and simple derivatives of them.

Derivation of rate constants

Figures 1 and 2 show that the presence during irradiation
of tyrosine methyl ester protects against the formation of
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Table 1. Rate constants for repair of DNA guanyl radicals by amino acids and their methyl or ethyl esters

Parent amino acid ks (dm? mol~! s7)

Free acid Methyl or ethyl ester? N-acetyl amide
Cysteine 2.0 X 10° 8.8 X 10° 2.7 X 10°
Cystine 3.4 X 10° <2.0 X 10*
Histidine <2.0 X 10* <2.0 X 10*
Methionine 7.7 X 10° 8.3 X 10* <2.0 X 10*
Tryptophan 4.4 X 107 1.0 X 107 7.7 X 100
Tyrosine 1.7 X 10° 4.0 X 10° 1.9 x 107

aMethyl ester in all cases except cystine, which was the diethyl ester.

FPG-sensitive sites. We have argued above that these FPG-
sensitive sites are probably 8-0xoG residues. The mechanism
of the attenuation of their yield (Fig. 2) is very probably a
reduction in the precursor guanyl radicals by the tyrosine
compound (equation 5, R = tyrosine methyl ester). This is
because equal attenuations are produced by a single reducing
agent after DNA damage by different oxidizing agents (44).
The competition between repair of the guanyl radical (equa-
tion 5) and its trapping to form a stable oxidized product
(equation 6) can be analyzed quantitatively by competition
kinetics (equation 8).

[1/G(FPG)] = [1/Gy(FPG)] X {1 + (ks[R]/ke)} 8

In equation 8, the rate constants for equations 5 and 6 are
symbolized by ks and k¢. G(FPG) and Go(FPG) represent the
yields of FPG-sensitive sites in the presence and absence of
the reducing agent R, respectively. The value of Go(FPG) is
derived from the SSB yields observed in the absence of any
added reducing agent and G(FPG) refers to the yield of FPG-
sensitive sites observed in the presence of a reducing agent R.
The yield of FPG-sensitive sites was estimated from the
experimental data by subtracting the SSB yield determined in
the absence of FPG (closed symbols in Fig. 2, assumed to have
a constant value of 1.5 X 10* pwmol J-') from the SSB yield
determined in its presence (open symbols in Fig. 2). Figure 3 is
an example of a plot of 1/G(FPG) against the concentration of
R, for the case where R is the methyl ester of tyrosine. The
data fall on a straight line, as predicted by equation 8.
Comparison of equation 8 with that of a straight line (y = mx +
c) reveals that the value of ks is found from ks = mke/c, where
m and c are the slope and intercept of the straight line fitted to
Figure 3, respectively, and kg = 0.2 s7! (4). In practice, the
value for ¢ was calculated as the reciprocal of the value of
G(FPG) determined in the absence of any added amino acid
(4.84 X 1072 umol J-Y). Therefore, the value of ks for tyrosine
methyl ester is ks =1.8 X 108 X 0.2 X 4.84 X 102=1.7 X 10°
dm3 mol-! s! (Table 1). The other entries in Table 1 were
derived in the same manner (not shown).

Reduction potentials of amino acids

Six amino acids are relatively easily oxidized. These are
cysteine, cystine, histidine, methionine, tryptophan and
tyrosine. Values for the reduction potentials of their single
electron oxidation products at pH 7 (a close approximation to
physiological conditions) are available in the literature. These
are: E; =+40.92 V (cysteine) (17,45); +1.1 V (cystine) (46,47);
+1.17 V (histidine) (48); +1.5 V (methionine) (49); +1.03 V
(tryptophan) (19,38,50); +0.93 V (tyrosine) (19,50). Values

for guanine are: E; = +1.29 V (guanosine) (15); +1.39 V
(plasmid DNA) (16). This leads to a stability series of
single oxidation products increasing in the order methionine
=~ guanine < histidine < cystine < tryptophan < cysteine <
tyrosine. Therefore, all six of these amino acids are in
principle capable of reacting with guanyl radicals. In contrast
to the situation for the monomers, reduction potentials for
amino acid radicals in proteins are not well characterized.
Differences of —0.2 and +0.35 V have been reported for
tyrosine and tryptophan, respectively (51), larger than the
differences between adjacent amino acids. Therefore, the
order of stability under cellular conditions may be quite
different from that expected on the basis of model compounds.

Estimation of intramolecular rate constants

The bimolecular rate constants we have measured here for
amino acids and plasmid DNA apply to an intermolecular
reaction. For nucleosomal DNA in cells, the reaction is better
described as intramolecular. A better experimental system
would model this with DNA binding proteins or with an
authentic nucleosomal structure such as the SV40 mini-
chromosome. However, for the present it is possible to
estimate values of intramolecular rate constants from our
intermolecular measurements.

This estimation is simplified by existing literature data for
electron transfer from tyrosine to tryptophan. Rate constants
have been determined for several examples of intermolecular
and intramolecular reactions. Intermolecular rate constants lie
in the range 5 X 105-2 X 10° dm3 mol~! s~! for the amino acids
or dipeptides containing them bound to glycine or alanine
(52,53). Intramolecular rate constants for di- or tripeptides lie
in the range 2 X 10*-8 X 10* s~! (53). In addition, a distance
dependence has been observed with the rate constant
decreasing consistently by ~3-fold with each additional
proline residue (from none to five prolines) (54,55).
Intramolecular rate constants for the proteins DNA photo-
lyase, concanavalin A and o-lactalbumin all fall in the range 4
X 1032 X 10* s7! (27,56). Therefore, extrapolating from the
measurements using plasmid DNA and simple amino acid
derivatives (Table 1), we would estimate expected intra-
molecular rate constants in the nucleosome of the order of
25- to 100-fold lower than the bimolecular rate constants.

The combination of abundance in histones (18) and
reactivity (Table 1) identifies tyrosine as the most important
amino acid. Bimolecular rate constants for tyrosine derivatives
lie between 4 X 10° and 2 X 107 dm3 mol~! s~! (Table 1). As
described above, this leads to an estimate for the intra-
molecular rate constant of 4 X 1031 X 10° s~!, which is
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equivalent to a lifetime in the range 2.5 X 10%#-1 X 10 s.
This microsecond timescale is significantly shorter than the
lifetime of accessible guanyl radicals in the presence of
ascorbate and glutathione (at their typical physiological
concentrations), which has been estimated to be of the order
of 2-5 ms (16). The conclusion is that amino acid residues,
particularly tyrosine, may well play a significant role in the
chemical repair of DNA guanyl radicals.

Possible biological effects

In nucleosomal DNA it is possible that histone proteins limit
access of small diffusible compounds such as the reducing
agents ascorbate and glutathione. We show here that some
amino acids are able to reduce guanyl radicals (Table 1), and
presumably this reactivity is also to be expected from proteins
containing them. A potentially large number of subsequent
reactions may then occur within the protein. One important
product derived from amino acid radicals may be DNA-
protein cross-links (57), so that reduction of DNA guanyl
radicals is not necessarily equivalent to DNA repair.
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