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Abstract
The ability of guanine-rich sequences to form quadruplex structures in telomeres for example is
important in a number of biological processes such as aging, carcinogenesis and gene regulation.
Ionizing radiation can cause damage to guanine moieties that can affect the stability or formation of
the guanine quadruplex structures. In addition, the mechanisms of formation of these radiation
damages in quadruplex structures may be different from those that occur in single- or double-stranded
conformations. We have studied the quantitative aspects of the radiation induced formation of 8-
hydroxy-2′-guanine base modifications and unaltered guanine base release in single-, double- and
four-stranded conformations of polyriboguanylic acid as a model of guanine-rich sequences in
telomere-like structures. The results show that the strandedness of guanine-rich sequences is an
important variable in the observed yields of these base damages and suggests that telomere-like
structures with G-quadruplexes will be relatively more radiosensitive than the other regions of duplex
DNA. Hydroxyl radicals are the major reactive species that produce the DNA damage, although the
presence of oxygen significantly reduces their radiation yields for all conformations of
polyriboguanylic acid and changes the proportions of the yields of the various damages among the
polymer conformations.

INTRODUCTION
Eukaryotic and prokaryotic genomes contain guanine-rich sequences in a number of important
regions (1), such as minisatellites, ribosomal DNA, the promoter region of the c-myc gene
(2), and telomeres (3).

An important characteristic of G-rich sequences is their ability to form Hoogsteen base pairs
that can associate to induce the formation of cyclic tetrads wherein four guanine bases in a
square planar array are arranged in a cyclic hydrogen-bonding pattern and each guanine is both
the donor and acceptor of two hydrogen bonds (3). Such folding can lead to the formation of
four-stranded structures (G-quadruplexes, tetraplexes or G4 structures) (4). The data obtained
to date suggest that G-quadruplexes can play an important role in a number of biological
processes, including the regulation of telomerase activity (5), regulation of gene expression
(2), recombination (6) and meiosis (7).

The telomere is one of the most interesting and important guanine-rich motifs (3). Oxidatively
generated damages in telomere DNA can lead to telomere shortening and premature senescence
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(8). Moreover, existing data indicate that telomeres are more sensitive to oxidative stress
compared with random DNA sequences. Thus oxidizing and alkylating agents induce a higher
density of single-strand breaks (SSBs) in telomeric DNA compared with minisatellites and the
bulk genome (9) and provoke shortening of the 3′ telomeric single-strand tail (10). Further, the
repair of oxidatively induced damages is reduced in telomeric DNA compared with that in the
rest of the chromosomal DNA (11). The formation of 8-hydroxyguanine (8-OHG) base damage
induced by oxidative stress in the GGG triplet in telomere sequences could also be a factor in
the acceleration of telomere shortening because 8-hydroxyguanine DNA glycosylase
introduces a strand break specifically at an 8-OHG residue (12). All of these effects can result
from the specificity of telomere sequences and particularly from the presence of guanine
repeats. Indeed, a number of studies indicate that the formation of 8-OHG is sequence-specific.
It has been shown that UV radiation plus riboflavin as well as exposure to H2O2 plus Cu(II)
induced approximately five times more 8-OHG residues in the DNA fragments containing the
telomere sequence than in the DNA fragments that did not contain this sequence (13,14). The
relative yields of 8-OHG constituted approximately 70% of the total guanine modification in
the DNA fragment containing the telomere sequence (15). The formation of 8-OHG alterations
in telomeric sequences also can significantly reduce or even totally inhibit binding of human
telomere repeat binding factors TRF1 and TRF2, which are important for regulation of telomere
length (16).

In summary, the previous studies on G-quadruplex structures in telomeres and the formation
of 8-OHG lesions in the G-rich regions of these structures by oxidative mechanisms have
shown the importance of these lesions in the disruptive mechanisms that compromise the
normal functions of telomeres. Since ionizing radiation also damages DNA in part by oxidative
mechanisms, it is important to determine the radiation sensitivity of G-quadruplexes. But there
are additional important unanswered questions related to the radiosensitivity of these
structures. For example, do quadruplex G-structures have different relative radiosensitivities
in terms of DNA damage than double- or single-stranded regions in telomeres? If the
quadruplex structure were more radiosensitive than double- or single-stranded regions, this
would suggest that quadruplexes might serve as focal points for radiation damage in telomeres
and this could have implications for the mechanisms by which radiation disrupts telomere
function. In this study, we used polyriboguanylic acid [poly(G)] as a model system to search
for answers to these questions. We have quantified the relative yields of radiation-induced
damages (8-OHG lesions and release of unaltered G bases) in single-, double- and quadruplex-
stranded poly(G) solutions, and we suggest possible mechanisms to explain our observed
results.

MATERIALS AND METHODS
Chemicals

Polyriboguanylic acid potassium salt, nuclease P1 (from penicillium citrinum) and acid
phosphatase (type II: from potato) were purchased from Sigma (St Louis, MO) and were used
without further purification. The nucleic acid damage product 8-hydroxyguanosine (8-OHGuo)
was purchased from Oxis (Portland, OR). Water was purified with the Modulab Analytical
Water System (MAU 158) and had an electrical resistance of at least 18 MΩ/cm. All chemicals
were AR grade.

Sample Preparation and Irradiation
Samples were prepared by dissolving measured masses of poly(G) in 10 mM sodium acetate
aqueous solution (NaAc), pH 6.5. The concentrations of these poly(G) solutions were
calculated by measuring their optical absorption at 253 nm using the following extinction
coefficient: ε = 9400 M−1 cm−1 at wavelength 253 nm (17). Concentrations were found to be
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0.5 mM. To obtain entirely single-stranded poly(G), freshly prepared solutions were given a
single heating cycle from room temperature to 85°C for 10 min followed by cooling to room
temperature. These solutions of the single-stranded form (pG1) of poly(G) were irradiated
without any additional treatment (18). To obtain the four-stranded form (pG4) of poly (G), the
solutions were stored for 7 days at 4°C (19). The double-stranded form (pG2) of poly(G) was
formed by heating the solution of four-stranded poly(G) to 95°C for 10 min followed by rapid
cooling on ice (20). During heating, the four-stranded poly(G) units dissociate into two double-
stranded units that then undergo a conformational change and a shift in hydrogen bonding.

To verify the strandedness of the poly(G) in solution, the UV-absorption temperature
dependences for the three forms of poly(G) were obtained at the maximum absorbance of 253
nm with a Cary 3 Bio UV-Visible Spectrophotometer equipped with a temperature-controlled
optical cell system. The heating rate was 0.4°C/min. A solution of 10 mM sodium acetate was
used as an optical blank.

The samples were exposed to γ rays under simple air, nitrous oxide (N2O) and nitrogen (N2)
gassing conditions using a 60Co γ-ray source. The dose rate was 19 Gy/min, and the dose range
was from 50 Gy up to 2 kGy. To establish N2O and N2 gassing conditions, the solutions were
bubbled with these purified gases for 20 min before irradiation and were then constantly
bubbled during irradiation.

After irradiation the samples of poly(G) were heated to 95°C for 10 min and were cooled to
room temperature. Then the samples (0.4 ml) were incubated with 40 μl of nuclease P1 buffer
(200 mM sodium acetate, 1 mM ZnCl2, pH 5.3) and 37 units of nuclease P1. The samples were
incubated at 50°C for 2 h (21). Dephosphorylation of the resulting nucleotides was achieved
by the addition of 40 μl of acid phosphatase buffer (200 mM sodium acetate, 1 mM ZnCl2, pH
5.3) and 2 units of acid phosphatase. After incubation for 8 h at 37°C, the samples were analyzed
by HPLC-UV.

HPLC-UV
Chromatography was performed with an HPLC-UV “Alliance” system consisting of a Waters
model 2690 separation module and Waters model 2487 dual absorbance UV detector. This
system was equipped with an Xterra RP18 5-μm (3.9 × 150 mm) column (Waters). A linear
gradient (2.5% per min) of sodium acetate (0.5 M, pH 7.9) containing 20% acetonitrile in a
solution of sodium acetate (0.5 M, pH 7.9) was used. The flow rate was 0.5 ml/min. The
detection wavelength was set at 254 nm. Experimental yields of 8-OHGuo were determined
by co-chromatography with known quantities of standard 8-OHGuo. Yields of unaltered
guanine (G) base release were determined directly by comparison with the standard retention
time. The quantification of 8-OHGuo and released unaltered bases was accomplished by
determining their UV absorbance at 254 nm and integrating the area under the peaks for
comparison with standard values. 8-OHGuo and G standards were used for identification and
peak calibration. Although there are more sensitive detection methodologies available for
quantifying these molecules in solution (e.g., HPLC coupled with electrochemical detection),
we found that our UV detection techniques provided strong, stable and reproducible spectra
with excellent signal-to-noise ratios at the concentrations of poly(G) used in these studies.

RESULTS
Three different conformations of poly(G) were obtained as described above. Each
conformation of poly(G) yields a characteristic UV absorbance-temperature profile (22). These
profiles were obtained for each conformation of poly(G) in this study and are shown in Fig. 1
in which ε0 is the extinction coefficient (ε = A/c; A = UV absorption; c = polymer concentration)
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at the initial temperature t0 and Δε is the change in the extinction coefficient during heating
from t0 to t.

Curve 1 [double-stranded poly(G)] exhibits an S-shape form with sharply increasing UV
absorption in a narrow temperature interval (Δt ~ 8°C). This type of profile is typical of a
cooperative transition from helical to random coil conformation as is found for double-helical
conformations of nucleic acid polymers. Curve 2 [single-stranded poly(G)] exhibits half the
increase in UV absorption found in curve 1, and this occurs over a broader temperature range
of the transition (Δt ~ 25°C) that is characteristic of single-stranded nucleic acid polymers
(18,23). The four-stranded poly(G) (curve 3) also exhibits a sharp increase in UV absorption
in a narrow temperature interval, but the transition temperature is greater than 95°C. Such high
thermostability of the biopolymer is caused by the large number of hydrogen bonds involved
in the tetraplex structure (19,23).

Radiolytic Product Analysis
The products of radiolysis of dilute solutions of poly(G) were analyzed by the HPLC
methodology described earlier. Figure 2 shows a typical chromatogram of a digest of
ribonucleosides obtained from irradiated poly(G). The HPLC retention times of 8-OHGuo and
guanine are 12.4 min and 7.3 min, respectively.

To determine the influence of G-rich sequence conformation on the radiation yields of 8-OHG
and unaltered guanine base release, we obtained and analyzed radiation dose–response
dependences for single-, double- and four-stranded conformations of poly(G). To separate out
the contribution of oxygen (O2), hydroxyl radicals (•OH) and hydrated electrons (eaq

−) to the
formation of these lesions, the dependences were obtained under three different gassing
conditions: N2, N2O and simple air. In deaerated solution (N2), the two major radiolytic species
are eaq

− and •OH, with nearly equivalent yields. In aerated solutions, the eaq
− quickly reacts

with O2 to form superoxide anion radical (O2
•−). In solutions saturated with nitrous oxide, the

eaq
− reacts with N2O to form •OH, which effectively doubles the yield of •OH (24).

Formation of 8-OHG under Different Gassing Conditions
Dose–response curves for the formation of 8-OHGuo and unaltered guanine release in
irradiated solutions of poly(G) are presented in Figs. 3–5. Figure 3 shows the dose response
for the formation of 8-OHG in irradiated solutions of single-stranded, double-stranded and
four-stranded poly(G) saturated with air, N2 and N2O.

The formation of 8-OHG, expressed as 8-OHGuo/102 of total guanine, was linear for single-
stranded poly(G) (Fig. 3A) up to 1 kGy under air, up to 2 kGy under N2, and up to 500 Gy
under N2O conditions. For double-stranded poly(G) (Fig. 3B) linearity was observed up to
800, 450 and 250 Gy under air, nitrogen and N2O, respectively; for the quadruplex poly(G),
the formation of 8-OHG was linear up to 1.5 kGy under aerated conditions and up to 450 Gy
under nitrogen and N2O (Fig. 3C). The radiation yield of 8-OHG was determined as the slope
of a dose–response dependence by use of the linear regression method. The yields are presented
in Table 1.

Under aerated conditions, the yield of 8-OHG was significantly larger (P < 0.001) for double-
and four-stranded polymers (0.69 and 0.45 8-OHG/105 G Gy−1, respectively) than for single-
stranded poly(G) (0.19 8-OHG/105 G Gy−1) (Table 1). In addition, the yield of 8-OHG in
double-stranded poly(G) was found to be 1.6-fold higher than in the four-stranded polymer
(P < 0.001).

In nitrogen-saturated solutions, an increase in the 8-OHG yield was found for all three polymer
conformations. As found in aerated solutions, the yield of 8-OHG was significantly larger (P
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< 0.001) for double-stranded poly(G) (2.11 8-OHG/105 G Gy−1) than for single-stranded (0.28
8-OHG/105 G Gy−1) and four-stranded poly(G) (1.42 8-OHG/105 G Gy−1).

Under N2O gassing, the yield of 8-OHG was greatest for four-stranded polymers and lowest
for single-stranded polymers (6.02 and 1.9 8-OHG/105 G Gy−1), respectively. Thus the
distribution of 8-OHG radiation yields among single-, double- and four-stranded
conformations of poly(G) can be described as pG1 < pG4 < pG2 for air and nitrogen conditions
and pG1 < pG2 < pG4 for N2O-saturated solutions.

Unaltered Guanine Release under Various Gassing Conditions
Figure 4 shows dose responses for unaltered guanine release in irradiated solutions of single-,
double- and four-stranded poly(G) saturated with air, nitrogen and nitrous oxide.

The unaltered guanine release, expressed as G/102 of total guanine, was linear for all
conformations of poly(G) (Fig. 4) up to 2 kGy under air and nitrogen gassing conditions except
for double-stranded polymer in nitrogen-saturated solution. In this case, the dependence was
linear up to 1 kGy. In N2O-saturated solutions, the yield of unaltered guanine was linear up to
1 kGy for single-stranded polymer and up to 2 kGy for double- and four-stranded polymers.
The yield of unaltered G was lowest (P < 0.001) for single-stranded polymer conformations
under all gassing conditions (Table. 1). Under aerated conditions, the yield in four-stranded
poly(G) was 2.4- and sixfold higher than in double-stranded and single-stranded poly(G),
respectively (P < 0.001). In nitrogen-saturated solutions, the yield in four-stranded poly(G)
was higher than in single-stranded poly(G) but was not significantly different compared with
that in the double-stranded structure.

There was no statistically significant difference between the yields of unaltered G in double-
stranded and four-stranded poly(G) in N2O-saturated solutions (P > 0.01). The yield in single-
stranded polymer was lower compared with double- and four-stranded polymers (P < 0.001).

DISCUSSION
The Effect of poly(G) Conformation on Radiation Yield of 8-OHG

The mechanisms of 8-OHG formation in the presence of oxygen have been widely studied in
DNA, small oligonucleotides and nucleotides (25–28). Under anaerobic conditions, the major
water radiolysis products are the •OH, eaq

− and the hydrogen atom (H•). In the presence of
oxygen, the eaq

− is converted to the superoxide anion radical O2
•−. A fraction of the •OH

radicals that are formed near poly(G) molecules during water radiolysis react with guanine
base and result in the formation of 8-hydroxy-7,8-dihydroguanyl radicals, (G8OH)•, at the C8
position or a radical at the C4 position, (G4OH)•, that can dehydrate, yielding a neutral guanine
radical G(-H)•. Additionally, (G8OH)• can be oxidized by oxygen to 8-OHG or reduced to 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyG) through the opening of the imidazole
ring at C8-N9 (25,26,29). The relative radiation-induced yields of 8-OHG and FapyG obtained
from double-stranded DNA depend on gassing conditions. Thus, in aerated solutions, the yield
of 8-OHG is higher than that of FapyG (30), whereas in deaerated solutions, the yields of 8-
OHG and FapyG are not significantly different (30)

In the presence of oxygen, the reaction of G(-H)• with O2
•− leads to formation of 2,2,4-

triamino-5(2H)-oxazolone through the intermediate species 2,5-diamino-4H-imidazol-4-one
(29,31). Under deoxygenated conditions, G(-H)• hydration leads to 8-OHG formation (27,
31). Differences between the relative yields of 8-OHG in solutions of guanine nucleotide,
single- and double-stranded DNA have been reported in several studies. For example, it was
reported that in the presence of oxygen, the G values (molecule/100 eV) of 8-OHG for 2′-
deoxyguanosine 5′-monophosphate (5′-dGMP) and double-stranded DNA were 0.4 and 0.3
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and for N2O-saturated solution, the G values were 0.55 and 0.17, respectively (32). As was
shown by Fuciarelli et al., under aerobic conditions, the yield of 8-OHG was not significantly
different between single- and double-stranded DNA conformations. However, in solutions
saturated with N2O, the lesion yield was higher for the double-stranded DNA conformation
(33). Previous work showed that the radiation-induced yields of 8-OHG in double-stranded
DNA were 20- and twofold higher in DNA compared with those in deoxyguanosine in the
presence and absence of oxygen, respectively (34). On the other hand, the formation of 8-OHG
after UV irradiation in the presence of various photosensitizers was significantly lower for the
single-stranded DNA conformation compared with the double-stranded conformation (35).
Such disagreements between existing data can be caused by differences in experimental
conditions (e.g., ionizing or UV radiation) that can lead to variations in the relative yields of
the stable products from guanine radiolysis.

In the case of poly(G), our results show that the relative magnitude of the 8-OHG radiation
yields among single-, double- and four-stranded conformations of poly(G) in the presence of
oxygen varies as pG1 < pG4 < pG2 (Table 1, Fig. 5A).

Taking into account the increased yield of 8-OHG for all the polymer conformations under
deoxygenated conditions (Table 1, Fig. 5A) and the fact that 8-OHG is oxidized more easily
than guanine (28,36,37), we suggest that in the presence of oxygen, a fraction of 8-OHG formed
in poly(G) can undergo further oxidation (36,38,39). Thus one-electron oxidation of 8-OHG
by G(-H)• (28,36) followed by reaction with O2

•− can lead to the formation of secondary
products such as dehydroguanidinohydantoin (27,37). Also, the reaction of •OH with 8-OHG
can lead to the formation of hydroxylated neutral radicals, (5-OH-8-oxo-G)• (39,40), which
can be further oxidized (27). Assuming that the reactivity of •OH with guanine and 8-OHG is
similar and that the concentration of G is significantly greater than the 8-OHG concentration,
an approximate calculation of the reaction probability of 8-OHG with •OH shows that up to
~20% of 8-OHG can react with hydroxyl radicals to form (5-OH-8-oxo-G)•. Thus, if the
reaction rate constant of G and 8-OHG with •OH is 4.7 × 109 M−1 s−1, the rate constant of
ribose is 1.3 × 109 M−1 s−1 (24), the concentration of G base is 0.5 mM, the concentration of
8-OHG is ~ 2.5 μM (taking to account background level), and the radiation yield of •OH is
0.27 μM Gy−1 (24), then ~ 1 nM of hydroxyl radicals generated per 1 Gy can react with 8-
OHG. This indicates that from ~10% to 20% of 8-OHG can be converted to secondary products
per 1 Gy depending on poly(G) conformation. However, the degradation of 8-OHG cannot
completely explain the greater yields of 8-OHG observed under deoxygenated conditions
compared with those found in aerated solutions. It can be speculated that the G(-H)• hydration
pathway in poly(G) under deoxygenated conditions is more efficient than that in the presence
of oxygen. However, an elaboration of the mechanisms underlying this effect will require a
separate detailed study of the distribution of degradation products.

In the presence of oxygen, the radiation yields of 8-OHG for the three conformations of poly
(G) exhibited a negative correlation with the average solvent accessible surface areas for
guanines in single-, double- and four-stranded conformations (253, 148, and 164 Å2,
respectively) (41). This correlation suggests that the average solvent-accessible surface area
has an influence on the amount of decomposition of 8-OHG by oxidative mechanisms in
aerated solutions. Another factor that can affect the 8-OHG yield distribution is the lower
charge density of four-stranded poly(G) compared with that in double-stranded poly(G). There
are several experimental findings that support this possibility. For example, it was shown that
the negatively charged ligand Tel12 exhibits increased selectivity for the G-quadruplex
structure over double-stranded DNA due to charge-charge repulsion (42). Further, the melting
temperature of the G-quadruplex structure exhibits a reduced sensitivity to changes in cation
concentration, probably due to the presence of site-bound counter ions that lower the overall
charge density of the structure (43).
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Under nitrogen gassing conditions, the distribution of radiation yields of 8-OHG among single-,
double- and four-stranded conformations of poly(G) were similar to those obtained in aerated
solutions (Table 1, Fig. 5A). Under these deaerated conditions, such a distribution suggests
that eaq

− reacts via pathways that reduce the 8-OHG yield. Indeed, under N2O conditions
wherein eaq

− is converted to •OH (24), a significant increase in the 8-OHG yield was found for
all poly(G) conformations. Conventional radiation chemistry of dilute aqueous solutions
predicts that the conversion of eaq

− to •OH via the N2O reaction mechanism should lead to an
increase in the 8-OHG yield by a factor of ~2 if eaq

− does not affect the product formation and
the •OH is the principal reactive species producing the 8-OHG. Such an increase was detected
for double-stranded poly(G) but not for single- and four-stranded poly(G). In fact, increases
of ~7 and ~4 times the deaerated yield of 8-OHG were observed for single- and four-stranded
conformations, respectively. This finding also supports our proposed mechanism involving the
reducing effect of eaq

− on 8-OHG formation. As in the case of oxygenated solutions, the
radiation yield of 8-OHG under N2 conditions exhibited a negative correlation with the average
solvent-accessible surface areas. However in irradiated N2O-saturated solutions the
distribution of 8-OHG yields changed and followed the sequence pG1 < pG2 < pG4. This
reordering of the 8-OHG yields compared with the relative order of those found for air and
nitrogen conditions [where O2, O2

•− and eaq
− likely define the yields ratio among poly(G)

conformations] supports the hypothesis that the average solvent-accessible surface area and/
or the magnitude of the polymer charge density plays a more important role under these
conditions than in the cases where the yield of 8-OHG may depend largely on the probability
of •OH interaction with the guanine moiety or on electron transfer from neutral guanine
radicals. Such probability apparently increases as strandedness increases from single- to four-
stranded poly(G).

It should be noted that for DNA the decrease in 8-OHG yield under deoxygenated conditions
has been observed in several previous studies (30,32–34). Thus, in ref. (34), the yield of 8-
OHG in solutions of DNA irradiated under aerobic condition was ~8 times higher than under
anaerobic conditions. In another study, the level of 8-OHG in irradiated solutions of DNA was
found to be higher under aerated conditions than under nitrogen conditions but lower than
under N2O or N2O/O2 (4:1) conditions (30). In ref. (32), the yields of 8-OHG in irradiated
DNA samples were found to be 3.0 × 10−2 μmol J−1 and 1.7 × 10−2 μmol J−1 in the presence
of oxygen and N2O, respectively. Fuciarelli et al. found that the yields of 8-OHG in solutions
of both double-and single-stranded DNA were lower under N2O and N2 conditions than under
aerated conditions (33).

The mechanism(s) responsible for the increased yields of 8-OHG found under deoxygenated
conditions for guanine-rich sequences such as poly(G) compared with those found in DNA
under the same conditions is unknown. As stated above, it can be speculated that the difference
could result from variations in the mechanistic pathways that predominate in poly(G) compared
to DNA, i.e., the G(-H)• hydration pathway in poly(G) compared to the pathways that involve
oxygen in DNA.

Effect of poly(G) Conformation on the Radiation Yield of Unaltered Guanine Bases
The release of unaltered guanine bases caused by ionizing irradiation of nucleotides,
polynucleotides and DNA in aqueous solutions is related to the formation of sugar radicals
with subsequent ruptures of carbon-carbon bonds (44,45). The reaction of •OH with sugar
moieties occurs via hydrogen abstraction and sugar radical formation. It has been shown that
under aerated conditions, the fast reaction of oxygen with sugar radicals leads to the formation
of peroxyl radicals and results in the cleavage of carbon-carbon bonds, producing alkali-labile
sites (45) or strand breakage followed by release of an altered sugar and an intact base (44).
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Under deoxygenated conditions, the sugar radicals also undergo cleavage with formation of
strand breaks followed by release of unaltered bases and formation of altered sugars (44).

Our results show that in the presence of oxygen the distribution of the radiation yields of
unaltered bases among the three polymer conformations increases in the order pG1 < pG2 <
pG4 (Table 1, Fig. 5B). A similar increased yield of unaltered base release caused by •OH for
double-stranded and single-stranded DNA has been reported previously (46). These variations
in the yields of released bases for different polymer conformations can be attributed to two
factors: (a) the difference in accessibility of the hydrogen atoms on the carbons of sugar
moieties depending on their position and (b) by variations in end-product species formed.

As has been shown for the B-form of DNA, hydroxyl radicals preferentially abstract hydrogen
from the 5′-and 4′-carbon positions of sugar moieties (47). This chemistry is observed because
the 4′- and 5′-hydrogen atoms are significantly more accessible to the solvent than those at the
other carbon positions and thus have a greater probability of being abstracted (48). The
accessibility of hydrogen atoms at the 5′-position is greater than that at the 4′-position (47).
While both hydrogen atoms at the 5′-position are accessible from the minor groove, one atom
points away from the groove toward the solvent (48). Abstraction of either hydrogen at the 5′-
carbon position leads to the release of an unaltered G base. On the other hand, if hydrogen
abstraction occurs at the 4′-position, the subsequent fragmentation of the 4′-sugar radical in
the presence of oxygen can lead to formation of base propenals (49) that cannot be detected as
unaltered free bases. It seems reasonable to postulate that for the single-stranded polymer
conformation the difference in accessibility of the hydrogen atoms at the 4′- and 5′-positions
is the smallest of the three conformations followed by that for double-stranded and then that
for four-stranded polymers. These variations in the accessibility could account for the
dissimilarity in the yields of unaltered bases for different polymer conformations. Thus, for
double- and four-stranded polymer conformations, the yields of sugar decomposition products
associated with the release of intact bases would be enhanced relative to those for the single-
stranded polymer.

This suggestion is supported by the results obtained for polymers in solutions saturated with
N2O, in which the yields of the hydroxyl radical are increased and oxygen concentrations are
greatly reduced (Table 1, Fig. 5B). In deaerated, N2O-saturated solutions, the radiation yields
of intact base release are significantly increased for all poly(G) conformations and the
differences between the yields for the three conformations are greatly reduced. Thus the
differences in yields are not statistically significant for double- and four-stranded conformation
and are slightly lower for the single-stranded conformation.

Increased yields of unaltered base release for single-and double-stranded polymer
conformations were also observed in deaerated, N2-saturated solutions. Under these conditions
the increases in yields were smaller than those obtained with N2O gassing, and only a small
decrease was detected for four-stranded polymer. Similar to the yields of 8-OHG, the
distribution of yields of unaltered base release in deaerated solutions followed the sequence
pG1 < pG4 < pG2 and were more than two times higher under N2O gassing than under deaerated
conditions. These results implicate the hydrated electron in the mechanism(s) involved in the
release of unaltered guanine bases in deaerated solutions. The mechanism of such involvement
is currently unknown.

In conclusion, the experimental results presented here support the hypothesis that the
conformation of G-rich sequences in polymer structures such as telomeres plays an important
role in the relative radiation sensitivity of these structures in terms of the formation of 8-OHG
base lesions as well as in the release of unaltered bases. More specifically this suggests that
telomere-like structures with G-quadruplexes will be relatively more radiosensitive than the
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other regions of duplex DNA. The hydroxyl radical is the major reactive species involved in
the formation of the damage products studied here. The presence of oxygen significantly
reduces the radiation yields of these damages for all conformations of poly(G) and changes the
distribution of the yields among the polymer conformations. The formation of four-stranded
G-rich structures appears to change the average solvent-accessible surface area and the polymer
charge density that can result in the changes in damage product yields we have observed.
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FIG. 1.
The UV-absorption temperature dependence of poly(G). 1, double-stranded poly(G); 2, single-
stranded poly(G); 3, four-stranded poly(G) ε0, extinction at beginning temperature t0; Δε,
change of the extinction coefficient under heating from t0 to t.
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FIG. 2.
Section of reverse-phase HPLC elution profile of the products generated by the enzymatic
digestion of the irradiated (2 kGy) poly(G). HPLC elution conditions (detection at 254 nm):
A linear gradient (2.5% per min) of sodium acetate (0.5 M, pH 7.9) containing 20% of
acetonitrile in solution of sodium acetate (0.5 M, pH 7.9) was used. Flow rate was 0.5 ml/min.
The retention times of 8-OHGuo and guanine are 12.4 min and 7.3 min, respectively. 8-OHGuo
and guanine amounts were calculated according area of the peaks. 8-OHGuo, guanine and
guanosine standards were used for identification and calibration.
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FIG. 3.
Yield of 8-hydroxyguanosine from γ-irradiated solutions of poly(G) saturated with air, N2 and
N2O. Panel A: Single-stranded poly(G); panel B: double-stranded poly(G); panel C: four-
stranded poly(G).
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FIG. 4.
Unaltered bases released from γ-irradiated solutions of poly(G) saturated with air, nitrogen and
N2O. Panel A: Single-stranded poly(G); panel B: double-stranded poly(G); panel C: four-
stranded poly(G).
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FIG. 5.
Radiation yields of 8-hydroxyguanine (panel A) and unaltered guanine bases (panel B). Yields
were calculated from the slopes of the linear regression analysis of the dose-yield dependence.
pG1, single-stranded poly(G); pG2, double-stranded poly(G); pG4, four-stranded poly(G).
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