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We report on the chemical characterization of DNA base damage in chromatin of y-irradiated cultured 
human cells. Chromatin was isolated from unirradiated and irradiated cells and analyzed by gas chroma- 
tographylmass spectrometry with selected-ion monitoring after acidic hydrolysis of chromatin and 
trimethylsilylation of hydrolysates. Prior to analysis of chromatin samples, experimental conditions for 
acidic hydrolysis were optimized by determining the relative molar response factors of modified bases under 
non-acidic and acidic conditions, and their release from DNA under various acidic conditions. A number 
of modified bases in chromatin isolated from irradiated cells were identified and quantitated. These were 
5-hydroxy-5-methylhydantoin, 5-hydroxyhydantoin, 5-(hydroxymethyl)uracil, cytosine glycol, thymine 
glycol, 5,6-dihydroxycytosine, 4,6-diamino-5-formamidopyrimidine, 8-hydroxyadenine, 2-hydroxyadenine, 
2,6-diamino-4-hydroxy-5-formamidopyrimidine, and 8-hydroxyguanine. Radiation doses ranging from 42 
to 420 Gy (J * kg-') were used. Background levels of all modified bases were observed in chromatin isolated 
from unirradiated cells. The radiation yields of a number of modified bases were increased significantly over 
their background levels at a dose as low as 42Gy. In most cases, linear dose-yield relationships were 
obtained up to z200Gy. At radiation doses higher than 420Gy, no additional increase in the yields of 
modified bases was observed. The yields of guanine-derived bases amounted to x 45% of the total net yield 
of modified bases measured, followed by almost equal yields of adenine-, cytosine- and thymine-derived 
bases. Modified bases identified were typical products of hydroxyl radical attack on DNA bases, indicating 
the involvement of hydroxyl radical, although their induction in part by the direct effect of ionizing 
radiation through ionization of DNA bases cannot be excluded. The yields of modified bases were lower 
than those previously measured after y-irradiation of fully expanded chromatin in aqueous buffer solutions. 

KEY WORDS: ionizing radiation, hydroxyl radical, mass spectrometry, formamidopyrimidines, indirect 
effect of radiation, chromatin damage. 

ABBREVIATIONS: * OH, hydroxyl radical; ea;, hydrated electron; 5,6-diHThy, 5,6-dihydrothymine; 
5-OH-5-Me-Hyd, 5-hydroxy-5-methylhydantoin; 5-OH-Hyd, 5-hydroxyhydantoin; 
SOH-Ura, 5-hydroxyuracil; 5-OH-Cyt, 5-hydroxycytosine; 5-OH-6-HThy, 5- 
hydroxy-6-hydrothymine; 5-OH-6-HUra, 5-hydroxy-6-hydrouracil; 5-OH-6-HCyt, 
5-hydroxy-6-hydrocytosine; 5-OHMe-Ura, 5-(hydroxymethy1)uracil; Cyt glycol, 
cytosine glycol; Thy glycol, thymine glycol; 5,6-diOH-Ura, 5,6-dihydroxyuracil; 
5,6-diOH-Cyt, 5,6-dihydroxycytosine; FapyAde, 4,6-diamino-5-formamido- 
pyrimidine; 8-OH-Ade, 8-hydroxyadenine; 2-OH-Ade, 2-hydroxyadenine; FapyGua, 
2,6-diamino-4-hydroxy-5-formamidopyrimidine; 8-OH-Gua, 8-hydroxyguanine; 
BSTFA, bis(trimethy1silyl)trifluoroacetamide; GC/MS-SIM, gas chromatography/ 
mass spectrometry with selected-ion monitoring; Gy, Gray (J . kg-I); RMRF, 
relative molar response factor; Me, Si, trimethylsilyl; n.d., not detected. 

?To whom correspondence should be addressed. 
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INTRODUCTION 

Free radicals generated in vivo by endogenous or exogenous sources have been 
implicated to play a role in biological processes such as mutagenesis, carcinogenesis 
and cell death (reviewed).' Reactions of free radicals in vivo may cause damage to 
biological molecules including DNA. Thus, free radicals may be mutagenic (reviewed),2 
and may act as promoters of carcinogenesi~.~?~ Ionizing radiation exerts the bulk of 
its effects in cells indirectly through free radicals [i.e., hydroxyl radical ( -  OH), 
hydrated electron (e&), H atom] produced by reactions with cellular water, in particular 
by - OH. In addition, ionizing radiation directly causes ionization within the DNA 
itself (re~iewed).~ There is evidence that the critical target for ionizing radiation- 
induced damage in cells is the nuclear DNA (reviewed).6 Studies done with radical 
scavengers have shown that the contribution of scavengeable free radicals to the lethal 
action and DNA damage by ionizing radiation amounts to ~ 7 0 %  in oxic 
Radiation-generated free radicals, especially - OH, produce a large number of base- 
derived and sugar-derived products in DNA, and DNA-protein cross-links in nucleo- 
protein (re~iewed).~.'~-' ' The understanding of the repair and biological consequences 
of radiation-induced DNA modifications in cells depends on the knowledge of their 
chemical nature at  the molecular level and the quantitation of each species. 

In the past, a number of modified bases in the DNA of cells exposed to ionizing 
radiation have been identified and quantitated by the use of various measurement 
 technique^.'^-^^ Generally, one modified base or a small number of modified bases 
have been measured at a time with no specific structural evidence. Overall, there exist 
no comprehensive studies on the simultaneous measurement with structural evidence 
of both pyrimidine-derived and purine-derived lesions in chromatin DNA of irradiated 
cells. 

In the present work, we report on the measurement of pyrimidine- and purine- 
derived lesions in chromatin of y-irradiated cultured human cells. The technique of 
gas chromatography/mass spectrometry with selected-ion monitoring (GC/MS-SIM) 
was used for this purpose. Unlike other techniques that are available for measurement 
of a limited number of modified DNA bases, this technique permits the structural 
identification and the quantitation of various products of all four bases in DNA, and 
also directly in chromatin ( r e~ iewed) .~~  

MATERIALS AND METHODS 

Materials? 

Authentic compounds were purchased or synthesized as described p rev io~s ly .~~  5-  
Hydroxy-5-methylhydantoin (5-OH-5-Me-Hyd) was a gift from Dr. W. F. Blakely of 
the Armed Forces Radiobiology Research Institute, Bethesda, Maryland. RPMI 
medium ( # R5507), L-glutamine, fetal bovine serum, isoguanine [2-hydroxyadenine 
(2-OH-Ade)], thymine, cytosine, adenine, guanine and calf thymus DNA were 
purchased from Sigma Chemical Co. Penicillin and streptomycin were from Gibco 

?Certain commercial equipment or materials are identified in this paper in order to specify adequately 
the experimental procedure. Such identification does not imply recornmendation or endorsement by the 
National Institute of Standards and Technology, nor does it imply that the materials or equipment 
identified are necessarily the best available for this purpose. 
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DNA BASE DAMAGE 26 i 

Lab. Acetonitrile and bis(trimethylsily1)trifluoroacetamide (BSTFA) containing 1 % 
trimethylchlorosilane were obtained from Pierce Chemical Co. Formic acid was from 
Mallinckrodt. Dialysis membranes with a molecular weight cutoff of 3500 were 
purchased from Fisher Scientific Co. 

Cell Culture 

The cells used were K562 human cells (courtesy of Dr. S.A. Akman of the City of 
Hope National Medical Center, Duarte, California). Suspension cultures of this cell 
line were incubated at 37°C under an atmosphere of 3% CO, mixed with room air. 
The growth medium consisted of RPMI medium supplemented with 10% fetal bovine 
serum, L-glutamine (4 mM), penicillin (50 units/mL) and streptomycin (50 pg/mL). 

Irradiations 

Cells in air-saturated culture medium (4 x lo6 cells/mL) were irradiated in a 6oCo 
y-source while their container was submerged in an ice bath. The dose range used was 
42-420Gy (J * kg-I). The dose rate of the 6oCo y-source (98.4Gy min-’) was 
determined by Fricke dosimeter.26 Immediately after irradiation, cells were frozen in 
liquid nitrogen. Subsequently, chromatin was isolated and characterized as described 
previ~us ly .~~ Except for irradiation, unirradiated cells were treated in the same manner. 
Chromatin was obtained in I mM Tris buffer (pH 7.4). No difference was observed 
between the yields of chromatin isolated from unirradiated cells and irradiated cells. 
The DNA content of isolated chromatin was determined both by measurement of the 
absorbance at 258 nm using a molar extinction coefficient of 6.6 x lo3 M-‘  - cm-I 
and by Burton’s assay.” The RNA content of chromatin was < 5% of the amount 
of DNA as measured according to Schneider.,* Calf thymus DNA was dissolved in 
10 mM phosphate buffer (pH 7.4) at a concentration of 0.35 mg/mL and then dialyzed 
extensively against 10 mM phosphate buffer (pH 7.4). Dialyzed solutions were bubbled 
with N,O for 30min and then y-irradiated at a dose of 240Gy. Irradiated and 
unirradiated solutions of DNA were dialyzed against 10 mM phosphate buffer 
(pH 7.4) before use. 

Hydrolysis and ~rimet~ylsilylation 

To aliquots of chromatin samples (in 1 mM Tris buffer) containing 0.1 mg of DNA 
or to aliquots of calf thymus DNA samples (0.1 mg), 0.5 nmol of 6-azathymine and 
2 nmol of 8-azaadenine were added as internal standards. Samples were then lyoph- 
ilized. Samples of calf thymus DNA were hydrolyzed with 0.5 mL of formic acid at 
various concentrations (50%, 60%, 70% and 88Yo) in evacuated and sealed tubes at 
140°C for 30 min. Samples of chromatin were hydrolyzed with 0.5 mL of 60% formic 
acid in the same manner. Samples were lyophilized and then trimethylsilylated with 
0.1 mL of a BSTFAfacetonitrile (4/ 1; v/v) mixture in poIy(tetrafluoro-ethylene)- 
capped hy2ovials under nitrogen at 130°C for 30min. The determination of the 
relative molar response factors of modified bases were performed as described 
p rev io~s ly .~~  For this purpose, an aliquot of the mixtures of the modified bases and 
the internal standards was lyophilized and then derivatized. Another aliquot of these 
mixtures was treated with formic acid, and subsequently lyophilized and derivatized 
as described above for DNA samples. 
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TABLE I 
Dependence on formic acid concentration of relative molar response factors of modified bases 

Formic acid concentration 

No acid 60% 70% 88% 
Base (ion used) (1) (2) (3) (4) 

5,6-diHThy (m/z  257) 0.530 0.012a 0.514 k 0.017 0.526 k 0.018 0.581 rl: 0.006 
5-OH-5-Me-Hyd (m/z  331) 0.463 f 0.050 0.627 & 0.060 0.857 f 0.032 1.34 f 0.01*t 
5-OHMe-Ura (m/z  358) 0.431 k 0.016 0.604 f 0.034* 1.05 f 0.03* 1.95 f 0.07*t 
5-OH-Ura (m/z  329) 0.361 f 0.020 0.293 rl: 0.013 0.317 f 0.007 0.357 f 0.028 
Thy glycol (m/z  259) 0.204 f 0.013 0.312 f 0.024* 0.345 k 0.006* 0.413 & 0.005*t 
5,6-diOH-Ura (m/z  417) 3.12 rl: 0.35 3.84 k 0.26 4.98 k 0.96 5.28 k 0.48 
Fapy Ade (m/z  354) 1.10 f 0.09 0.960 f 0.090 1.08 f 0.04 1.10 f 0.12 
8-OH-Ade (m/z  352) 0.296 5- 0.024 0.276 rl: 0.013 0.315 f 0.028 0.347 f 0.015 
2-OH-Ade (m/z  352) 0.188 f 0.013 0.164 rl: 0.012 0.197 f0.008 0.203 f 0.015 
FapyGua (m/z  442) 0.637 rl: 0.059 1.03 f 0.17 1.60 0.12* 1.41 & 0.15' 
8-OH-Gua (m/z  440) 0.415 k 0.030 0.398 k 0.046 0.395 f 0.049 0.452 k 0.008 

"Each value represents the mean f standard error from three independent experiments. 
*Significantly different from the value in column 1 ( p  < 0.05). 
fSigniftcantly different from the value in column 2 (p < 0.05). 

Gas Chromatography/Mass Spectrometry 
Analysis of derivatized samples was performed by GCIMS-SIM as described 
p rev io~s ly .~~  An aliquot (4 pL) of each derivatized sample was injected without any 
further treatment into the injection port of the gas chromatograph by means of an 
autosampler. A split ratio of 1 : 20 was used, resulting in z 0.2 pg of hydrolyzed and 
derivatized DNA going through the GC column for each analysis. 

RESULTS 

The objective of this work was to identify and quantitate modified DNA bases formed 
in chromatin of y-irradiated cultured cells by means of the GC/MS technique. The 
preparation of DNA samples for an analysis by GC/MS involves hydrolysis with 
formic acid followed by derivatization. A recent study from our laboratory has 
reported on the stability in formic acid of a number of modified bases.29 In the present 
work prior to analysis of chromatin from y-irradiated cells, we examined the stability 
of modified bases and their release from DNA at different concentrations of formic 
acid in a quest for further optimizing hydrolysis conditions. In the first step, the 
relative molar response factor (RMRF)t of each modified base was determined,29 
without the use of formic acid and with the use of formic acid at various concen- 
trations. Table I shows the measured values. 5-OHMe-Ura and Thy glycol were 
destroyed to an extent of approximately 20-25% by treatment with 60% formic acid 
as indicated by their significantly greater RMRFs in column 2 than those in column 
1 of Table I. Other modified bases showed no significant difference within the 
indicated error limits between their respective RMRFs measured without the use of 
formic acid and with the use of 60% formic acid. This indicates that these compounds 

t RMRF = (amount of the analyte)/(amount of the standard) x (peak area of the ion of the standard)/ 
(peak area of the ion of the analyte). 
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DNA BASE DAMAGE 263 

underwent no significant destruction by treatment with 60% formic acid. At higher 
formic acid concentrations. 5-OH-5-Me-Hyd, 5,6-diOH-Ura and FapyGua were also 
destroyed significantly. The use of a lower formic acid concentration (50%) resulted 
in RMRFs similar to those obtained with 60% formic acid (not shown). It should be 
pointed out that the stability of the internal standards under all conditions of formic 
acid treatment given in Table I is a prerequisite for the validity of these results. The 
stability of 6-azathymine and 8-azaadenine under the conditions of hydrolysis at the 
highest formic acid concentration (88%) used here has been shown p rev io~s ly .~~  This 
was also confirmed in the present work. 

Having determined the extent of stability of modified bases, we examined the 
release of modified bases from DNA at various formic acid Concentrations. Calf 
thymus DNA exposed to ionizing radiation in N2 0-saturated aqueous solution (dose 
240Gy) and unirradiated calf thymus DNA were used for this purpose. Results are 
shown in Table 11. Fifteen modified bases were identified. 5-OH-Ura and 5-OH-Cyt 
result from acid-induced modification of Cyt glycol, the former by deamination and 
dehydration, and the latter by dehydration; 5,6-diOH-Ura is formed by deamination 
of 5,6-diOH-Cyt.30,3' Similarly, 5-OH-6-HUra is thought to result from acid-induced 
deamination of 5-OH-6-HCyt. The RMRFs given in Table I were used for calculation 
of the amounts shown in Table 11. There were no authentic compounds available for 
fi-OH-Hyd, 5-OH-6-HThy, 5-OH-6-HUra and 5-OH-Cyt. Their gas chromatographic 
retention times and their mass spectra were obtained using trimethylsilylated samples 
of y-irradiated thymine (for 5-OH-6-HThy) and cytosine (for 5-OH-Hyd, 5-OH-6- 
HUra and 5-OH-Cyt after treatment with formic acid). The RMRF of the trimethyl- 
silyl (Me,%) derivative of 5-OH-Hyd was assumed to be the same as that of the Me,Si 
derivative of 5-OH-5-Me-Hyd because of the similarity of their mass spectra.32 A 
similar assumption was made for the RMRF of the Me,Si derivative of 5-OH-Cyt, 
which has a mass spectrum similar to that of the Me, Si derivative of ~ - O H - U I - ~ . ~ , * ~ ~  
The RMRFs of Me,Si derivatives of 5-OH-6-HThy and 5-OH-6-HUra were estimated 
from their mass and therefore may have an error associated with them. 

Results in Table I1 indicate that, under all four hydrolysis conditions, similar 
amounts were obtained for each modified base in irradiated DNA except for a few 
cases. This means that a compensation for losses of labile modified bases such as 
5-OHMe-Ura, Thy glycol and FapyGua even at formic acid concentrations higher 
than 60% was achieved by the use of corresponding RMRFs given in Table I. Similar 
background amounts for each modified base were obtained in unirradiated DNA at 
different formic acid concentrations except for a few cases at 50% formic acid 
(Table 11). 

Table I1 indicates that some of the modified bases already were present in 
unirradiated DNA. Occurrence of these modified bases in isolated DNA and in 
isolated chromatin, which were not exposed to free radical-generating systems, has 
been shown previously using the GC/MS technique after hydrolysis with formic acid 
of DNA or of chromatin followed by derivatization of hydrolyzates ( r e~ iewed) .~~  
There is a possibility that these modified bases may be formed in DNA by acidic 
treatment. We investigated this possibility by analyzing individual DNA bases, which 
were treated with formic acid under the conditions used for hydrolysis of DNA. For 
this purpose, equimolar amounts of commercial thymine, cytosine, adenine and 
guanine were mixed. Aliquots of this mixture were lyophilized and then treated with 
formic acid at various concentrations. As a control, another aliquot was treated with 
water by the conditions of acidic hydrolysis without formic acid. All samples including 
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an aliquot of the mixture without any treatment were lyophilized, trimethylsilylated 
and then analyzed by GC/MS-SIM for measurement of modified bases listed in Table 
11. The data in Table I11 show that commercial DNA bases contained some of the 
modified bases dealt with in the present work, and that the amounts of these modified 
bases were not increased by the acidic treatment under the conditions used for DNA 
hydrolysis. 

As a conclusion of the results presented in Tables I, I1 and 111, hydrolysis with 60% 
formic acid was chosen to be optimal for DNA hydrolysis. 

DNA Base Damage in Chromatin of Irradiated Cells 

For measurement of modified DNA bases in cells, chromatin was isolated from 
irradiated cells instead of DNA alone, because DNA may not be extracted efficiently 
from chromatin, due to formation of DNA-protein cross-links in chr~rna t in?~ and to 
possible fragmentation of DNA. In addition, unextracted DNA may contain a 
significant portion of modified bases. Chromatin isolated from unirradiated or 
y-irradiated cells was hydrolyzed with 60% formic acid. The hydrolysates were 
derivatized and analyzed by GC/MS-SIM. Twelve modified bases were identified in 
chromatin samples from cells irradiated at five different radiation doses as well as in 
those from unirradiated cells. Of the modified bases identified in calf thymus DNA 
irradiated in aqueous solution (Table II), 5,6-diHThy, 5-OH-6-HThy and 5-OH- 
6HUra were not detected in chromatin. An example of identification by GC/MS-SIM 
of modified bases in chromatin isolated from irradiated and unirradiated cells is 
illustrated in Figure 1. Shown are selected-ion current profiles of three characteristic 
ions of the Me,Si derivative of FapyGua from GC/MS-SIM analyses of hydrolyzed 
and derivatized chromatin samples. Several more ions were monitored in the same 
time interval; however, profiles of three ions are illustrated in Figure 1. Signals of the 
three monitored ions are seen at the expected retention (indicated with an arrow) of 
the Me,% derivative of FapyGua in both Figure 1A and Figure 1B. A partial mass 
spectrum was obtained on the basis of the signals of the monitored ions and their 
relative abundances. This mass spectrum was then compared with that of the authentic 
material for unequivocal identification (for a detailed description of this technique see 
Ref. 36). 

The measured amounts of modified bases in control chromatin and in chromatin 
from irradiated cells are given in Table IV. The yields of SOH-Hyd, Thy glycol, 
5,6-diOH-Cyt, FapyGua and 8-OH-Gua were increased with increasing doses of 
radiation up to 420 Gy. As examples, Figure 2 illustrates the dose-yield plots of two 
modified bases. The yields of 5-OHMe-Ura, 5-OH-Ura and FapyAde were increased 
with radiation dose up to 214Gy. At 420Gy, no further significant increase in the 
yields of these modified bases was observed. A dose of 822Gy was also applied to 
check whether higher yields would be obtained at high radiation doses. At this dose, 
the yields of modified bases were not increased significantly over the levels obtained 
at 420Gy. The amounts of 5-OH-Cyt and 8-OH-Ade were not increased over the 
control levels below 420Gy. The amount of 5-OH-5-Me-Hyd observed in control 
chromatin was not increased significantly in chromatin of irradiated cells. The yields 
of products were increased over the background levels in different ratios. For example 
at 214 Gy, the highest ratio of increase was w 8-9-fold for 5,6-diOH-Cyt and Fapy- 
Gua followed by w 4-fold for 5-OH-Ura and Thy glycol. 
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FIGURE 1 Selected-ion current profiles of the ions at m/z 368, 442, and 457 obtained during GC/MS- 
SIM analysis of trimethylsilylated hydrolysates of chromatin. (A) Chromatin isolated from y-irradiated 
cells (dose, 116Gy); (B) chromatin isolated from unirradiated cells. The temperature of the GC column was 
programmed from 150 to 26OOC at 8"C/min after 2min at 150'C. For other details see Materials and 
Methods. 

DISCUSSION 

The results of the present work show the formation of a number of modified bases in 
chromatin DNA of y-irradiated cells. Of the modified bases, 5-OH-5-Me-Hyd, 5-OH- 
Me-Ura, Thy glycol and 8-OH-Gua have been identified previously in DNA of 
irradiated cells (see Introduction). As for the remaining modified bases, the present 
work represents the first demonstration of their formation in chromatin of irradiated 
cells. Modified bases identified here (except for 2-OH-Ade) have also been shown to 
be formed in isolated chromatin upon y-irradiation in aqueous su~pension.~~ 2-OH- 
Ade has recently been identified in chromatin treated in v i m  with H,O, in the 
presence of metal ions.37 The yields of modified bases measured here were lower than 
their yields measured in isolated chromatin, which was y-irradiated in air-saturated 
aqueous s~spension.~' In the previous study, chromatin fully expanded in a low ionic 
strength buffer has been used. DNA in fully expanded chromatin is expected to be 
more susceptible to free radical attack than DNA in chromatin of the intact cell, 
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FIGURE 2 Dose-yield plots of 5,6-diOH-Cyt and FapyGua in chromatin of y-irradiated cells. Error bars 
represent standard errors of the means from five independent experiments. Lines were drawn by linear 
regression analysis. 

which has a higher order structure. In fact, the susceptibility of isolated chromatin to 
ionizing radiation-induced damage has been reported to be greater than that of 
chromatin in cells with respect to DNA lesions such as base damage, DNA-protein 
cross-links, and strand  break^.^',^^^^ Our results are consistent with the results reported 
in those studies. 

The product yields were increased by increasing doses of radiation and then 
approached a plateau at radiation doses higher than either 214 Gy or 420 Gy, depending 
on the product. This deviation from linearity may be a result of generation of hypoxic 
conditions due to radiation consumption of oxygen. A recent in vitro study done with 
isolated chromatin has shown that most of the products measured in the present work 
are formed more abundantly in the presence of oxygen than in its absence.25 A 
difference in the yields of DNA isolated from unirradiated and irradiated cells may 
also contribute to a deviation of dose-yield relationships from linearity. It is well 
known that DNA may not be extracted efficiently from damaged chromatin of 
irradiated cells due to the formation of covalent DNA-protein cross-links in chroma- 
 ti^^.'^,^' In the present work, however, chromatin rather than DNA alone was isolated, 
and no difference was observed between the chromatin yields from unirradiated and 
irradiated cells as indicated in Materials and Methods. 

Modified bases detected in chromatin of irradiated cells are known to be the typical - OH-induced products of DNA bases (re~iewed).'.~~ Recently, they have also been 
identified in chromatin of H, 0, -treated mammalian cells.43 Their formation in 
chromatin of irradiated cells is most likely due to reactions with DNA bases of - OH 
produced from cellular water by ionizing radiation. Earlier measurements have shown 
that % 70% of radiation-induced lethality and DNA damage in oxic cells is caused by 
hydroxyl Because of its high reactivity toward organic molecules, however, - OH has a short diffusion distance in cells, and must be generated in close proximity 
to DNA in order to cause any DNA damage.',* The track model of energy deposition 
of ionizing radiation in an aqueous medium provides the concept of free radical 
formation in track entities such as spurs and blobs, which may be formed in the 
vicinity of DNA bases (re~iewed).~' The direct effect of radiation on DNA may also 
account in part for the formation of modified bases through ionization of DNA 
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 base^."^-^' Three modified bases namely 5,6-diHThy, 5-OH-6-HThy and 5-OH-6- 
HCyt identified in DNA y-irradiated in N,O-saturated solution were not detected in 
chromatin of irradiated cells. The absence of 5.6-diHThy, which is induced by e; 
and/or H atom, is likely due to scavenging of e; and H atom by oxygen. Hydroxyl 
radical-induced 5-OH-6-HThy and 5-OH-6-HCyt are known to be formed only in 
deoxygenated  system^.^,'^ The absence of these three modified bases has also been 
shown in chromatin y-irradiated in air-saturated aqueous su~pens ion .~~  

Modified bases identified in chromatin of irradiated cells were found to be present 
in chromatin of unirradiated cells. Intrinsic DNA damage may occur as a result of free 
radical production by cellular metabolic processes (reviewed).' Various steps in the 
procedure for isolation of chromatin from cells may also contribute in part to the 
formation of modified bases in chromatin. However, this procedure involves mild 
treatments of cells, isolated nuclei and various forms of chromatin, and does not use 
phenol extraction. Thus it should be milder than the procedures generally used for 
DNA isolation. Formic acid treatment may also contribute to background levels of 
modified bases in chromatin. However, the results obtained in this work indicate that 
modified bases are not significantly formed from DNA bases by treatment with formic 
acid. It should be emphasized that the background levels of modified bases in 
chromatin, and not the sensitivity of the technique used are the limiting factor in 
measurement of modified bases in irradiated cells at lower doses than those used here. 
The methodology incorporating the GC/MS-SIM technique is capable of measuring 
any of the modified bases at levels of x 1-3 molecules per lo6 DNA bases. For 
example, the lowest amount of a modified base detected in unirradiated DNA [i.e., 
5,6-diOH-Ura (Table 11)] correspond to x 1.4 molecules per lo6 DNA bases. Despite 
the limiting factor mentioned above, significant increases in the yields of a number of 
modified bases in chromatin over background levels were observed at a dose of as low 
as 42Gy. 

Of the modified bases measured in chromatin of irradiated cells, the yields of 
guanine-derived bases were the highest (e.g., % 45% of the net total yield of modified 
bases, when calculated from the yields at 1 I6 Gy after subtraction of background 
values). The yields of adenine-, cytosine- and thymine-derived bases constituted the 
rest of the net total yield in almost equal percentages. These results are similar to those 
previously obtained with isolated chromatin y-irradiated in aqueous su~pens ion .~~  
This may indicate the high reactivity with - OH of guanine residues in chromatin in 
cells and in vitro . On the other hand, guanine-derived bases FapyGua and 8-OH-Gua 
may also result in part from reactions of the guanine radical cation formed by direct 
ionization of guanine residues in chromatin of cells. Thus, the high yield of guanine- 
derived bases is also in accord with the well-known property of guanine being the 
most easily oxidized DNA base by the direct effect of ionizing radiation and by other 
oxidants (reviewed).5948 The yields of formamidopyrimidines (FapyAde and Fapy- 
Gua) were higher than those of 8-hydroxypurines (8-OH-Ade and 8-OH-Gua) in 
chromatin of irradiated cells. Formamidopyrimidines and 8-hydroxypurines result 
from one-electron reduction and oxidation of C-8 OH-adduct radicals of purines, 
respectively (re~iewed).~' The overall pattern of the yields of these compounds is in 
contrast to that obtained with isolated chromatin y-irradiated in air-saturated aqueous 
suspension, and rather resemble that obtained with isolated chromatin y-irradiated in 
deoxygenated aqueous  suspension^.^^ This may indicate the inability of oxygen to 
completely interfere with reactions of C-8 OH-adduct radicals of purines in cellular 
chromatin and/or the hypoxic nature of the environment of the cell nucleus ( r ev ie~ed) .~~  
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A number of modified bases have been investigated in vitro and in vivo for their 
biological  consequence^.*.^'-^^ The variety of modified bases in DNA of chromatin of 
irradiated cells makes it difficult to assess their role in biological end-points such as 
mutagenesis, carcinogenesis and cell death. The contribution of the modified bases! 
which have herein been identified in the chromatin of cells, to the biological effects of 
ionizing radiation is as yet unknown. The measurement of modified bases in chroma- 
tin of y-irradiated cells provides the basis for studies for the understanding of their 
biological significance. 

Acknowledgements 

This work was supported in part by the Office of Health and Environmental Research, Office of Energy 
Research, U.S. Department of Energy, Washington, DC. Z.N. acknowledges support form the South 
African Medical Research Council. 

References 

1. 

2. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

B. Halliwell and J.M.C. Gutteridge (1990) Role of free radicals and catalytic metal ions in human 
disease: an overview. Methods in Enzymology, 186, 1-85. 
L.H. Breimer (1990) Molecular mechanisms of oxygen radical carcinogenesis and mutagenesis: the 
role of DNA base damage. Molecular Carcinogenesis, 3, 188-197. 
S.A. Weitzman, A.B. Weitberg, E.P. Clark and T. Stossel (1985) Phagocytes as carcinogens: malignant 
transformation produced by human neutrophils. Science, 227, 1231-1233. 
P.A. Cerutti (1985) Prooxidant states and tumor promotion. Science, 227, 375-381. 
C .  von Sonntag (1987) The Chemical Basis of Radiation Biology, pp. 116-166, 221-294. Taylor & 
Francis, London. 
R.B. Painter (1980) The role of DNA damage and repair in cell killing induced by ionizing radiation. 
In Radiafion Biology in Cancer Research (Meyn, R.E. & Whithers, H.R., Eds.), pp 59-68. Raven 
Press, New York. 
R. Roots and S. Okada (1972) Protection of DNA molecules of cultured mammalian cells from 
radiation-induced single-strand scissions by various alcohols and SH compounds. Internationai 
Journal of Radiation Biology, 21, 329-342. 
R. Roots and S. Okada (1975) Estimation of life times and diffusion distances of radicals involved 
in X-ray-induced DNA strand breaks or killing of mammalian cells. Radiation Research, 64,306-320. 
J.D. Chapman, A.P. Reuvers, J. Borsa and C.L. Greenstock (1973) Chemical radioprotection and 
radiosensitization of mammalian cells growing in vitro. Radiation Research, 56, 291-306. 
R. TBoule and J. Cadet (1978) Radiation-induced degradation of the base component in DNA and 
related substances-final products. Effects of Ionizing Radiation on DNA (Huttermann, J., Kohnlein. 
W., TBole, R., & Bertinchamps, A.J., Eds.), pp. 171-203. Springer-Verlag, Berlin. 
R. Ttoule (1987) Radiation-induced DNA damage and its repair. International Journal of Radiation 
Biology, 51, 573-589. 
N.L. Oleinick, S. Chiu, N. Ramakrishnan and L. Xue (1987) The formation, identification, and 
significance of DNA-protein cross-links in mammalian cells. The British Journal of Cancer, 55 (Suppl. 

P.V. Hariharan and P.A. Cerutti (1972) Formation and repair of y-ray induced thymine damage in 
Micrococcus radiodurans. Journal of Molecular Biology, 66, 65-8 1. 
M.R. Mattern, P.V. Hariharan and P.A. Cerutti (1975) Selective excision of gamma ray damaged 
thymine from the DNA of cultured mammalian cells. Biochimica Biophysica Acta, 395,48-55. 
K. Frenkel, M.S. Goldstein and G.W. Teebor (1981) Identification of the cis-thymine glycol moiety 
in chemically oxidized and y-irradiated deoxyribonucleic acid by high-pressure liquid chromat- 
ography analysis. Biochemistry, 24, 7566-757 I .  
S.A. Leadon and P.C. Hanawalt (1983) Monoclonal antibody to DNA containing thymine glycol. 
Mutation Research, 112, 191-200. 
G.W. Teebor, K. Frenkel and M.S. Goldstein (1984) Ionizing radiation and tritium transmutation 
both cause formation of 5-hydroxymethyl-2’-deoxyuridine in cellular DNA. Proceedings of the 
National Academy of Sciences of the USA, 81, 318-321. 
K. Frenkel, A. Cummings, J. Solomon, J. Cadet, J. Steinberg and G.W. Teebor (1985) Quantitative 

VIII), 135-140. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



272 Z. NACKERDIEN. R. OLINSKI and M. DIZDAROGLU 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

21. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

determination of the 5-(hydroxymethy1)uracil moiety in the DNA of y-irradiated cells. Biochemistry, 
24,45274533. 
L.H. Breimer and T. Lindahl(1985) Thymine lesions produced by ionizing radiation in double-stranded 
DNA. Biochemistry, 24, 4018-4022. 
M.S. Patil, S.E. Locher and P.V. Hariharan (1985) Radiation-induced thymine base damage and its 
excision repair in active and inactive chromatin of HeLa cells. International Journal of Radiation 
Biology, 48, 69 1-700. 
H. Kasai, P.F. Crain, Y .  Kuchino, S. Nishimura, A. Ootsuyama and H. Tanooka (1986) Formation 
of 8-hydroxyguanine moiety in cellular DNA by agents producing oxygen radicals and evidence for 
its repair. Carcinogenesis, 7, 1849-1851. 
E.A. Furlong, T.J. Jorgensen and W.D. Henner (1986) Production of dihydrothymidine stereoisomers 
in DNA by y-irradiation. Biochemistry, 25,43444349. 
S.A. Leadon (1990) Production and repair of DNA damage in mammalian cells. Health Physics, 59, 

M. Dizdaroglu (1991) Chemical determination of free radical-induced damage to DNA. Free Radical 
Biology & Medicine, 10, 225-242. 
E. Gajewski, G. Rao, 2. Nackerdien and M. Dizdaroglu (1990) Modification of DNA bases in 
mammalian chromatin by radiation-generated free radicals. Biochemistry, 29, 7876-7882. 
H. Fricke and E.J. Hart (1966) Chemical dosimetry. Radiation Dosimetry (Attix, F.H., & Roesch, 
W.C., Eds.), Vol. 11, pp. 167-239. Academic Press, New York. 
K. Burton (1968) Determination of DNA concentraiton with diphenylamine. Methods in Enzymology, 

W.C. Schneider (1956) Determination of nucleic acids in tissues by pentose analysis. Methods in 
Enzymology, 111, 680-684. 
A.F. Fuciarelli, B.J. Wegher, E. Gajewski, M. Dizdaroglu and W.F. Blakely (1989) Quantitative 
measurement of radiation-induced base products in DNA using gas chromatography-mass spec- 
trometry. Radiation Research, 119, 219-231. 
M. Dizdaroglu (1984) The use of capillary gas chromatography-mass spectrometry for identification 
of radiation-induced DNA base damage and DNA base-amino acid cross-links. Journal of Chioma- 
tography, 295, 103-121. 
M. Dizdaroglu, E. Holwitt, M.P. Hagan and W.F. Blakely (1986) Formation of cytosine glycol and 
5,6-dihydroxycytosine in deoxyribonucleic acid on treatment with osmium tetroxide. Biochemical 
Journal, 235, 53 1-536. 
M. Dizdaroglu (1990) Gas chromatography-mass spectrometry of free radical-induced products of 
pyrimidines and purines in DNA. Methods in Enzymology, 193, 842-857. 
M. Dizdaroglu (1985) Application of capillary gas chromatography-mass spectrometry to chemical 
characterization of radiation-induced base damage in DNA: Implications for assessing DNA repair 
processes. Analytical Biochemistry, 144, 593-603. 
M. Dizdaroglu and D.S. Bergtold (1986) Characterization of free radical-induced base damage in 
DNA at biologically relevant levels. Analytical Biochemistry, 156, 182-188. 
L.K. Mee and S.J. Adelstein (1979) Radiolysis of chromatin extracted from cultured mammalian cells: 
formation of DNA-protein cross-links. International Journal of Radiation Biology, 36, 259-366. 
M. Dizdaroglu and E. Gajewski (1990) Selected-ion mass spectrometry: assays of oxidative DNA 
damage. Merhods in Enzymology, 186, 530-544. 
Z. Nackerdien, K.S. Kasprzak, G.  Rao, B. Halliwell and M. Dizdaroglu (1991) Nickel(I1)- and 
cobalt(I1)-dependent damage by hydrogen peroxide to the DNA bases in isolated human chromatin. 
Cancer Research, 51, 5837-5842. 
J.L. Roti Roti, G.S. Stein and P.A. Cerutti (1974) Reactivity of thymine to y-rays in HeLa chromatin 
and nucleoprotein preparations. Biochemistry, 13, 1900-1905. 
L.K. Mee, S.J. Adelstein and G. Stein (1978) Radiolysis of chromatin extracted from cultured 
mammalian cells: production of alkali-labile strand damage in DNA. International Journal of Radia- 
tion Biology, 33, 443-455. 
C. Heussen, Z .  Nackerdien, B. Smit and L. Bohm (1987) Irradiation damage in chromatin isolated 
from V-79 Chinese hamster lung fibroblasts. Radiation Research, 110, 84-94. 
R.L. Warters and B.W. Lyons (1990) Detection of ionizing radiation-induced DNA double strand 
breaks by filter elution is affected by nuclear chromatin structure. Radiation Research, 124, 309-316. 
M. Ljungman (1991) The influence of chromatin structure on the frequency of radiation-induced 
DNA strand breaks: a study using nuclear and nucleoid monolayers. Radiation Research, 126,58-64. 
M. Dizdaroglu, Z. Nackerdien, B.-C. Chao, E. Gajewski and G. Rao (1991) Chemical nature of in 

15-22. 

12, 163-166. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DNA BASE DAMAGE 273 

44. 

45. 

46. 

47. 

48. 

49. 

50. 
51. 

52. 

53. 

54. 

55. 

56. 

vivo DNA base damage in hydrogen peroxide-treated mammalian cells. Archives ofBiochemistry and 
Biophysics, 285, 388-390. 
J.F. Ward, W.F. Blakely and E.I. Joner (1985) Mammalian cells are not killed by DNA single-strand 
breaks caused by hydroxyl radicals from hydrogen peroxide. Radiation Research, 103, 383-392. 
A. Chatterjee (1987) Interaction of ionizing radiation with matter. Radiation Chemistry. Principles and 
Applications (Farhataziz, & Rodgers, M.A.J., Eds), pp. 1-28. VCH Publishers, New York. 
A.A. Shaw, L. Voituriez, J. Cadet, S. Gregoli and M.C. Symons (1988) Identification of the products 
resulting from the direct effect of y-radiation on thymidine. Journal of the Chemical Society, Perkin 
Transactions II, 1303-1307. 
D.J. Deeble, M.N. Schuchmann, S. Steenken and C. von Sonntag (1990) Direct evidence for the 
formation of thymine radical cations from the reaction of SO;- with thymine derivatives: a pulse 
radiolysis study with optical and conductance detection. Journal of Physical Chemistry, 94, 8 186- 
8192. 
S. Stcenken (1989) Purine bases, nucleosides, and nucleotides: Aqueous solution redox chemistry and 
transformation reactions of their radical cations and e -  and OH adducts. Chemical Reviews, 89, 

D. Angelov, M. Bergcr, J. Cadet, N. Getoff, E. Keskinova and S. Solar (1991) Comparison of the 
effects of high power U.V.-laser pulses and ionizing radiation on nucleic acids and related compounds. 
Radiation Physics Chemistry, 31, 717-727. 
H. Joenje (1989) Genetic toxicology of oxygen. Mutation Research, 219, 193-208. 
S.S .  Wallace (1987) The biological consequences of oxidized DNA bases. The British Journal of 
Cancer, 55 (Suppl. VIII), 118-125. 
R.C. Hayes, L.A. Petrullo, H. Huang, S.S. Wallace and J.E. LeClerc (1988) Oxidative damage in 
DNA. Lack of mutagenicity by thymine glycol lesions. Journal of Molecular Biology, 201,239-246. 
A.K. Basu, E.L. Loechler, S.A. Lcadon and J.M. Essigmann (1989) Genetic effects of thymine glycol: 
site-specific mutagenesis and molecular modeling studies. Proceedings of the National Academy of 
Sciences of the USA, 86, 7677-7681. 
M.L. Wood, M. Dizdaroglu, E. Gajewski and J.M. Essigmann (1990) Mechanistic studies of ionizing 
radiation and oxidative mutagenesis: genetic effects of single 8-hydroxyguanine (7-hydro-8-oxogua- 
nine) residue inserted at a unique site in a viral genome. Biochemistry, 29, 7024-7032. 
M. Moriya, C. Ou, V. Bodepudi, F. Johnson, M. Takeshita and A.P. Grollman (1991) Site-specific 
mutagenesis using a gapped duplex vector: a study of translesion synthesis past 8-oxodeoxyguanosine 
in E. coli. Mutation Research, 254, 281-288. 
K.C. Cheng, D.S. Cahill, H. Kasai, S. Nishimura and L.A. Loeb (1992) 8-Hydroxyguanine, an 
abundant form of oxidative DNA damage, causes G --+ T and A + C substitutions. Journal of 
Biological Chemistry, 267, 166-172. 

503-520. 

Accepted by Prof. B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




