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In order to elucidate some aspects of the mechanism of radical-induced strand break
formation in DNA, the y-radiolysis of N 2 0-saturated aqueous solutions of 2'-deoxycytidine5'-phosphate has been studied as a model system. At pH 4 it has been observed that upon
OH attack at the sugar moiety phosphate (G ^ 0.6) and cytosine (G = 1) are released and
the following cytosine-free sugars are formed: 2,5-dideoxypentos-3,4-diulose, 1 (G = O.22),
2-deoxy-pentos-4-ulose, 2 (G = 0.1s), 2-deoxy-pentos-4-ulose-5-phosphate, 3 ( G = 0 . 0 6 ) ,
2-deoxypentonic acid-5-phosphate and its lactone, 5 (G «0.5). Some 2-deoxyribose-5phosphate, 4 is also formed.
Upon addition of H2O2 (up to 10 - 2 M) prior to irradiation, G(l) is drastically reduced
without giving rise to another cytosine-free product. G(3) increases at the expense of G(2).
G (4 + 5) also increase upon H2O2 addition. The formation of these products and the
change of their G values as a function of H2O2 concentration are discussed in the light of
well-documented radical reactions of carbohydrates and related compounds.
The precursor of 1 has been considered to be the radical at C-3', that of 2 and 3 the
radical at C-4' and that of 5 the radical at C-l'. Product 4 is thought to arise from a
radical-induced destruction of the cytosine moiety. These primary radicals which may
undergo rearrangement, or eliminate phosphate, are readily oxidised by H 2 02, a reaction
which leads to the change of product distribution mentioned above.

1. Introduction

When living cells are subjected to ionizing radiation, D N A strand breaks are observed. To assess
this type of damage in more detail, enzymatic
techniques have been applied and product studies
have been done, especially with model systems
such as sugar phosphates, nucleosides, nucleotides,
and D N A in aqueous solutions (for a review see
ref. [1]). The present study on the y-radiolysis of
deoxygenated N20-saturated aqueous solutions of
2'-deoxycytidine-5'-phosphate (5'-dCMP) has led to
some insight into the mechanistic aspects of the
formation of an important product in the D N A
system, and to the observation of a new possible
route of phosphate elimination (i.e. strand break
formation in DNA). Dilute N20-saturated solutions
of 5'-dCMP (5 X 10~4 M) have been irradiated with
60-Co-y-rays. Under these conditions the energy
of the ionizing radiation is practically exclusively
absorbed by the solvent. In the radiolysis of water,
* Reprint requests to Prof. Dr. C. von Sonntag.
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O H radicals, solvated electrons (eaq~) and H atoms
are formed as the reactive species (reaction i). In
the presence of N2O the solvated electrons are
converted into -OH radicals (reaction ii).

ionizing
H20 — O H
radiation
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ea<r, H-, H+,
^
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e a q - + NaO

OH + Na + O H -
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,

_

The O H radicals [G(OH) ~5.4]* and H atoms
[G(H) = 0.55] react with 5'-dCMP mainly by adding to the double bond of the base, but some
abstract carbon-bound H atoms from the sugar
moiety. It is the fate of these sugar radicals that we
are interested in. As in the present study H2O2
was added as a radical scavenger, it should be
mentioned that H2O2 is also formed in the radiolysis of water (G(H 2 02) = 0.7, reaction i). The
concentration of the radiolytically formed H2O2
depends on the dose given, and in the present
* The G value is defined as the number of molecules
formed per 100 eV of energy absorbed.
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experiments ranged between 5 x 10~6 and 2 x
10-5 M.
Experimental

2'-Deoxycytidine-5'-phosphate(PharmaWaldhof)
contained small amounts of cytosine but otherwise
only negligible amounts of UV-absorbing material
that could show up by TLC on silica plates. Free
carbohydrate content was nil according to GC.
Deaerated, N20-saturated aqueous solutions of
5'-dCMP (5 X 10"4 M) were y-irradiated at a dose
rate of 7 X 1021 eV H h " 1 , with H 2 0 2 present in
different concentrations (up to IO -2 M). Conversions
of 5'-dCMP were kept below 25% in the sugar
determinations. The pH of the solutions was either
4.0 or brought to 5.3 and did not change significantly
upon irradiation. In this work, attention was focussed on the phosphate- and base-free, as well as the
phosphate-carrying base-free products of the deoxyribose part of the substrate molecule. For analysis,
the irradiated solutions were reduced with NaBD4,
and the resulting phosphate and base-free polyhydric alcohols made amenable to GC analysis by
trimethylsilylation. Phosphates of polyhydric alcohols cannot be analyzed by GC after trimethylsilylation under our experimental conditions. Therefore such compounds wTere freed of phosphate using
alkaline phosphatase (Boehringer, Mannheim).
Then, the yield of some of the products found is
larger than from untreated samples. The trimethylsilylated compounds were identified [2] by GC-MS
as erythro- and threo 2-deoxypentitol, erythro- and
threo 2,5-dideoxypentitol, and 2-deoxy-D-erythropentonic acid. Internal standards used were erythritol and nonadecane (see below). The gas-chromatographic molar response of the products compared to
that of the internal standards was estimated by the
method of increments [3]. Characteristic massspectral features of the deuterated trimethylsilylated polyhydric alcohols derived from phosphate* and base-free products are as follows:
CHD(OTMS)-CH 2 -CH(OTMS)-CD(OTMS)-CH 2
(OTMS)
m/z ( % ) : 73(100), 104(55), 147(20),
206(6), 233(2), 232(2), 308(2), 323(1).

220(18),

CHD(OTMS)-CH 2 -CD(OTMS)-CD(OTMS)-CH 3
m/z ( % ) : 104(100), 73(97),
221(18), 131(8), 133(6), 233(1).

118(30),

147(20),

Upon irradiation in D 2 0 the deuterium labelling
of the former compound remains unchanged whereas
in the latter a further three deuterium atoms are
incorporated:
CHD(OTMS)-CD 2 -CD(OTMS)-CD(OTMS)-CH 2 D
m/z ( % ) : 104(100), 73(95), 223(50),
147(28), 133(8), 134(6), 236(3).

119(45),

Upon phosphatase treatment the mass spectrum
of the en/£Äro-2-deoxypentitol changed to some
extent (see Results and Discussion) whereas those
of the other pentitols remained the same. Before
workup of an irradiated sample (200 ml), 0.1 mg/ml
erythritol was added as an internal standard. After
reduction with sodium boranate, boric acid was
removed by repeated addition of methanol and
rotary evaporation of the weakly acidified sample.
The dry sample was silylated with a mixture of
0.5 ml BSTFA and 0.5 ml dry pyridine that contained 0.5 mg/ml nonadecane as a standard. The
latter permitted a check of the degree of completeness of the silylation reaction. For analysis, a 25 m
OV-101-coated glass capillary was used in the
temperature-programmed mode (60-260 °C, 6°/min)
with hydrogen as the carrier gas.
When phosphate removal was desired, the reduced, boric acid-free sample was dissolved in 10 ml
water brought to pH 9, 0.1 ml of 0.1 M magnesium
chloride and 0.1 ml of 0.01 M zinc chloride solutions
were added, as well as 4 units of alkaline phosphatase. After 24 h at 37 °C, hydrolysis was complete.
Ammonia, inorganic phosphate, and cytosine
were measured in some experiments. Ammonia was
determined with an ammonia-specific electrode
(Orion model 95-10-00). Inorganic phosphate was
determined by the method of Berenblum and Chain
[4]. Cytosine was analyzed by TLC and determined
by remission photometry (scanning wavelength
260 nm).
Results and Discussion

Product identification
The radiation-induced alterations at the sugar
moiety of 5'-dCMP manifest themselves by the
presence of carbonyl functions. These are transformed into DCOH groups by reduction with
NaBD4. The resulting polyhydric alcohols are trimethylsilylated and subjected to gas chromatography and mass spectrometry. Two sets of polyhydric alcohols were so detected: (threo- and
erythro-)2,5-dideoxypentitol
and (threo- and erythro-) 2-deoxypentitol. Threo- and erythro-isomers
are formed in about equal yields. The mass spectra
(see Experimental) indicate that the two 2,5-dideoxypentitol are deuterium-labelled at C(l), C(3)
and C(4) whereas the 2-deoxypentitols carry deuterium only at C(l) and C(4). We conclude that the
precursors are the compounds 1 and 2, respectively.
Upon irradiation in D 2 0, more deuterium was
incorporated in the 2,5-dideoxypentitols. One deuterium atom was incorporated at C(l), C(3), C(4)
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and. C(5) each, and the hydrogens at C(2) were both
exchanged for deuterium. The latter exchange is a
trivial process (two flanking carbonyl functions),
but incorporation of one (and only one) deuterium
at C(5) is related to the nature of the precursor of
1 which is thereby proven to be the enol (la). In
contrast, the deuterium labelling of the 2-deoxypentitols remained the same as upon irradiation
in H 2 0 .
Treating the irradiated samples with phosphatase
did not affect the amount of the 2,5-dideoxypentitols. However, the yields of the 2-deoxypentitols
increased considerably, the erythro-isomer more so
than the JAreo-isomer, and the presence of 2-deoxyD-ery^ro-pentonic acid was also noted. The precursor of the additional threo-isomer, as well as an
equivalent amount of the erythro-isomer (recall the
reduction of 2 into equal amounts of threo- and
erythro-isomers) is compound 3. On phosphatase
treatment more erythro- than threo-isomer is found.
This reflects the existence of precursors with fixed
er^Aro-configuration such as 5 and possibly 4. The
existence of the lactone 5 is also inferred from the
mass spectrum of the erythro-2-deoxypentitol which
indicates that there is a mixture of differently
deuteriated such pentitols, namely some with the
grouping CHD(OTMS)-CH2-, and a component
with CD 2 (0TMS)-CH 2 -, the latter stemming from
reduction of the lactone 5. Looking at a sample
that contained 10~2 M H 2 0 2 during irradiation, the
mass spectrum of the erythro peak shows a ratio of
intensities m/z 105 to m/z 104 of about one half, i.e.
about one third carries the -CD 2 OTMS group vs.
two thirds the -CHDOTMS group, from which a
G value of ~0.15 is estimated for the lactone 5
under these conditions. Such a complex situation

1

1a

is very similar to that encountered with the corresponding products from DNA where a more
complete analysis of the mass spectrum of the
mixture of differently deuterated 2-deoxy-D-eryfAro-pentitols has been attempted [5]. The 2-deoxyD-en/fAro-pentonic acid-5-phosphate whose appearance was irreproducible may be derived from the
lactone 5, or from its amide (2-deoxy-5-phosphatoD-erythro-ribonyl cytosine) by hydrolysis under the
alkaline conditions encountered in the course of
the analysis.
Quantitative determinations
5'-dCMP (5 X lO- 4 M) dissolved in triply distilled
water shows a pH of 4.0. All the reported data
refer to this pH. Some experiments were carried
out with solutions whose pH was brought to 5.3.
The results obtained did not differ within the large
limits of error that had to be contended with in
this work. Quantitation of the products, especially
of those determined by GC, involves considerable
errors. For one set of four to five experiments at
different doses, linear yield-dose plots were gener-

2
no additive

10"5

10~ 4

10"3

[H202]

3

4

5

10"2

M
•

Fig. 1. The G value of 2,5-dideoxy-pentos-3,4-diulose
(1) from the y-radiolysis of aqueous, N 2 0-saturated
solutions of 5'-dCMP at different H 2 0 2 concentrations.
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ally obtained (even this, however, was not the case
with 2-deoxy-D-er?/£/iro-pentonic acid). From the
slope of such plots G values have been calculated.
Hence each point given in Figs. 1 and 2 represents
four to five experiments. Despite the general
linearity of the yield-dose plots considerable scatter
is evident from Figs. 1 and 2, the reasons for which
are not yet understood. Accordingly, the numbers
only roughly reflect the behaviour of the system.
The G values of the various pentitols as a function
of the logarithm of the H2O2 concentration, without and with phosphatase treatment, is given in
Figs. 1 and 2. A breakdown of these data with
respect to the compound 1 to 5 is given in Fig. 3.

It is seen that the formation of 2,5-dideoxypentos3,4-diulose 1 is suppressed by the addition of the
oxidant H2O2. A similar behaviour is observed with
2-deoxypentos-4-ulose 2. There, howrever, the drop
is compensated by an increase in the yield of its
5-phosphate, 3, a product that is already observed
in the absence of any added H2O2. The yield of
products 4 and 5 is also increased at higher H2O2
concentrations. For erythro-2-deoxypentonic
acid
a G value as high as 0.4 has been estimated on
radiolysis in the presence of IO - 2 M H2O2 in one
case. In the other cases it was much lower, sometimes near the limit of detectability. This scatter
appears to be due to GC difficulties.
The formation of 1 and 2 (and other products
that are not detected by the present analytical
procedure) is accompanied by the release of inorganic phosphate. With no H2O2 added G(HsP04)
= 0.56 has been found, i.e. products 1 and 2 account
for about 8 0 % of the phosphate released. In the

no additive

10" 5

10" 4

10~ 3

[H202]

10~ 2

M

•

Fig. 2. G values of groups of base-free products from
the y-radiolysis of aqueous N 2 0-saturated solutions of
5'-dCMP at different H2O2 concentrations.
2 2-deoxy-pentos-4-ulose;
3 2-deoxy-pentos-4-ulose-5-phosphate;
4 2-deoxyribose-5-phosphate;
5 2-deoxyribonic acid y-lactone-5-phosphate.

Fig. 3. G values of y-radiolysis products of 5'-dCMP as
functions of the H2O2 concentration, estimated on the
basis of the data shown in Figs. 1 and 2.
1 2,5-dideoxy-pentos-3,4-diulose;
2 2-deoxy-pentos-4-ulose;
3 2-deoxy-pentos-4-ulose-5-phosphate;
4 2-deoxyribose-5-phosphate;
o 1-deoxyribonic acid y-lactone-5-phosphate.
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presence of 10~2 M H 2 0 2 G(H 3 P0 4 ) drops to 0.15,
an effect that is also reflected in the decrease of
G(phosphate free products) (see above). In the
course of the formation of the products 1, 2, 3 and
5 the unaltered base is set free. In the absence of
H 2 0 2 , G(cytosine) = 1.0 has been found with, as
well as without, NaBÜ4 reduction. In the presence
of 10~2 M H 2 0 2 and without the application of
alkali (pH 10) or reduction with NaBÜ4 which
brings the solution to pH 10, G(cytosine) was found
at 0.5, while after treatment with alkali, as well as
after reduction with NaBD4, G(cytosine) appeared
to be slightly higher (at 0.6).
Without H 2 0 2 , G ( l - 3 ) accounts for about one
half of G(cytosine). The contribution of product 5
to the released base is difficult to assess because it
cannot be neatly separated from 4, a product that
is considered to have a destroyed base as a precursor, but it appears that, even after taking 5 into
account, there remains a deficit of detected sugars
compared to the cytosine yield. This relationship
is somewhat reversed in the presence of 10~2 M
H 2 0 2 or is approximately balanced [cf. the uncertainties of G(2-deoxy-D-en/£Aro-pentonic acid)].
It is often observed that in the absence of an
oxidant the low-molecular-weight carbohydrate
yield is lower than in the presence of an oxidant
or reductant because of radical combination processes (cf. ref. [6, 7]).
Although the destruction products of the base
moiety have not been measured in detail, one possible product, ammonia, has been determined in
samples that did not have H 2 0 2 added before
irradiation. In the literature, G(NÜ3) for cytosine
and its derivatives range between nil and 0.6 [8,
9], The value of G(NH 3 ) ~0.5 found in the present
study falls within that range.
Mechanistic

aspects

As pointed out above, considerable errors are
involved in the quantitation of the products.
Despite this we feel, based on our present understanding of carbohydrate free-radical chemistry,
that an attempt to draw some conclusions is justified.
At C(4) products 2 and 3 are both in a higher
oxidation state than 5'-dCMP at 0(4') whereas the
oxidation state of the other carbon atoms remains
unchanged. The precursor radical is therefore rad-

ical 6 which has been generated by OH attack at
0(4') (reaction (1), see Scheme 1). One must now
take into account two observations: i) 2 and 3 are
formed without addition of H 2 0 2 (the small radiolytical yield can be neglected) and ii) the yield of 3
increases at the expense of that of 2 with increasing
H 2 0 2 concentration. Scheme 1 shows three main
routes b y which radical 6 can decay according to
our present knowledge.
The elimination of the phosphate group to give
the radical cation 7 (reaction (2)) is a process welldocumented with model compounds [10]; the
subsequent reactions (3) to (6) eventually lead to 2.
A second unimolecular decay process of radical 6
is the rearrangement (11), a kind of process already
observed earlier with fructose phosphates [11]. The
subsequent reactions of radical 14 will ultimately
yield 3.
In competition with these two unimolecular decay
processes there is an oxidation of the initial radical
6 by H 2 0 2 (reaction (8)). It is known that a-alkoxyalkyl radicals readily react with H 2 0 2 [12], the
product being the hemiacetal [13]. Thus with increasing H 2 0 2 concentration reaction 8 will become
more and more important, and eventually will outrun reactions (2) and (11). Thus the yield of 2 drops
towards zero at high H 2 0 2 concentrations while the
total yield of 2 and 3 remains nearly constant (Fig.
3). The bimolecular reaction (8) competes with the
two unimolecular reactions (2) and (11).
Since G(2) - f G(3) = 0.2 6 we infer that G(6)
also = 0.26. This seems a reasonable value if one
considers that the G value of OH radicals attacking
the sugar moiety in nucleotides is estimated at
around 1.2 ( ~ 2 0 % of all OH radicals), and that
OH attack at the various positions within the sugar
moiety should be almost random (cf. ref. [14]),
although 0(5') and 0(2') might show a lower probability.
The formation of 1 can be rationalized if one
assumes as its precursor radical 16 which is generated in reaction (14) (see Scheme 2). It is suggested
that this radical eliminates phosphoric acid in
reaction (15) whereby the allyl-type radical 17 is
formed. Presently there is increasing evidence in
favour of assuming the formation of such allyltype radicals b y the elimination of suitable molecules (e.g. water) from neighbouring carbon atoms
[11, 15]. The details of such reactions have not yet
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Scheme 1. y-Radiolysis of 5'-dCMP. Reactions of the 4'-radical. Competition of oxidation versus phosphate
elimination and rearrangement.
been investigated. In the present system the enol
18 is the likely intermediate as has been shown by
the incorporation of one deuterium atom at C-5 on
irradiation in D2O. a-Hydroxyalkyl radicals such
as 16 are as readily oxidized by H2O2 as are the
a-alkoxyalkyl radicals [12]. With increasing H2O2
concentration reaction (18) will be favoured over
reaction (15). As a consequence, product 1 is no
longer formed at high H2O2 concentrations. The
product expected instead, 20, is not accessible to
our analytical method. The maximum yield of 1
is G ( l ) = 0.22. If reactions (15) to (17) reflect the
only decay route of this radical then G(16) should
also have a value of 0.22. This is in good agreement
with the above-mentioned expectation that OH
radicals attack the various H atoms at the sugar
moiety more or less at random (cf. G(6) = 0.26, see
above).
Products 4 plus 5 increase with increasing H2O2
concentration. The precursor of the lactone 5 and
2-deoxy-D-en/£Äro-pentonic acid is the radical at
C ( l ' ) [16] whose redox properties are expected to

be similar to those at C(3') and C(4'). Since 4 and
5 have not been separated it is not possible to
arrive at a G value for the lactone 5, except for the
above estimate of about 0.15 obtained from mass
spectral analysis of the products from a sample
containing IO - 2 M H2O2. The precursors of compound 4 would be radicals generated by OH
addition to the cytosine moiety. Subsequent reactions would lead to products as yet unknown that
must be labile with respect to cleavage of the Nglycosyl linkage. Since H2O2 might interact to some
extent with these precursor radicals, or even the
labile products, it is to be expected that H2O2
influences G(4).
When H2O2 reacts with radicals (one-electron
transfer), an OH radical is generated, i.e. there is
potentially a chain reaction. However this will be
of importance only if all substrate radicals are very
reactive toward H2O2, which is certainly not so in
the present case. There is no simple way of determining the chain length (loss of absorbance at
260 nm is not a good measure in this system), but
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Scheme 2. y-Radiolysis of 5'-dCMP. Reactions of the
3'-radical. Competition of oxidation versus phosphate
elimination.

the fact that G(HaP04) is diminished by the presence of 10~2 M H2O2 and the low G(cytosine) are
at least an indication that the chain reaction is not
effective. In addition G(Ü202 consumption) has
been measured for a solution containing 10~3 M
5'-dCMP and 2 x K)- 3 H 2 0 2 . Although products
from 5'-dCMP interfere with the H 2 02 test, it could
be shown that after correcting for this contribution
G(H 2 02 consumption) was negligible. Therefore the
above conclusions remain valid.
Relevance of the present results for

DNA

In the y-radiolysis of aqueous solutions of D N A
2-deoxypentos-4-ulose, free (2) and bound via phosphate linkages to DNA which are considered to be
mechanistically related to products 2 and 3 in this
study, have been observed [17] but not product 1
which in principle could be imagined to be eliminated from the D N A strand in a manner similar to
that proposed in Scheme 2. The reason for this
could be that in D N A the rate of the reaction equiCH 3

OH

21

CH 3

20
valent to reaction (15) is much slower, due to substitution of the O H group at 0(3') b y a phosphate
group. One also might consider that a subsequent
radical such as the D N A analog of radical 17 is
more difficult to oxidize.
In addition, products that are considered to
derive from hydration of radical cations related
to 7 (reaction (7), Scheme 1; for details see ref.
[18]) are observed with D N A [1, 17] and thymidine
[16] (compounds 21-24) but not in the present
5'-dCMP system (where 22 is to be disregarded).
Although product 21, on the basis of mass spectral purity considerations applied to the 2,5-dideoxypentitol TMS ethers, might be present in the
5'-dCMP system in a small amount, products related to 23 and 24 seem to be absent (G < 0.02)
absent. For a better understanding of the processes
that are involved in the D N A strand-breaking
process the reasons for these differences will have
to be elucidated.
H0-CH2

®-0-CH2

0-®~

22

23

24
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