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Chemical Nature of DNA-Protein Cross-Links Produced in Mammalian 
Chromatin by Hydrogen Peroxide in the Presence of Iron or Copper Ionst 
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A": We report on the elucidation of DNA-protein cross-links formed in isolated mammalian chromatin 
upon treatment with H202 in the presence of iron or copper ions. Analysis of chromatin samples by gas 
chromatography/mass spectrometry after hydrolysis and derivatization showed the presence of 3- [ (1,3- 
dihydro-2,4-dioxopyrimidin-5-yl)methyl]-~-tyrosine (thymine-tyrosine cross-link) on the basis of the gas 
chromatographic and mass spectrometric characteristics of the trimethylsilylated authentic compound. Other 
DNA-protein cross-links involving thymine and the aliphatic amino acids and cytosine and tyrosine, which 
were known to occur in nucleohistone y-irradiated under anoxic conditions, were not observed. This was 
due to inhibition by oxygen as clearly shown by experiments that were carried out using ionizing radiation 
under both oxic and anoxic conditions instead of using H202 and metal ions. However, oxygen did not inhibit 
formation of the thymine-tyrosine cross-link in y-irradiated chromatin or in chromatin treated with H 2 0 2  
and metal ions. The yield of the thyminetyrosine cross-link was higher upon treatment with H202/chelated 
Fe3+ ions than with H202/unchelated Fe3+ ions. By contrast, H202/unchelated Cu2+ ions produced a higher 
yield than H202/chelated Cu2+ ions. Almost complete inhibition of cross-link formation was provided by 
the hydroxyl radical scavengers mannitol and dimethyl sulfoxide when H202/chelated metal ions were used. 
On the other hand, scavengers only partially inhibited formation of cross-links when H202/unchelated metal 
ions were used, possibly indicating the site-specific nature of cross-linking. Superoxide dismutase afforded 
partial inhibition only when chelated ions were used. The mechanism underlying formation of this DNA- 
protein cross-link is thought to involve addition of the hydroxyl radical generated allyl radical of thymine 
to carbon-3 of tyrosine followed by subsequent oxidation of the adduct radical. 

F r e e  radicals produced in vivo have been implicated in the 
occurrence of a number of biological processes including 
mutagenesis and carcinogenesis [for a review see Halliwell and 
Gutteridge (1989)l. Excess generation of free radicals in living 
cells by endogenous or exogenous sources may result in damage 
to biological molecules including DNA. Oxygen-derived 
species such as superoxide radical (0;)' and H202  are gen- 
erated in mammalian cells as a result of aerobic metabolism 
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and also by exogenous sources such as redox-cycling drugs 
[for reviews see Halliwell and Gutteridge (1989) and Fridovich 
(1986)l. However, neither 0,- nor H202 appears to produce 
strand breaks in DNA or to cause modification of bases in 
DNA (Lesko et al., 1980; Rowley & Halliwell, 1983; Sag- 
ripanti & Kraemer, 1989; Aruoma et al., 1989a,b; Blakely et 
al., 1990). Thus much of the toxicity of 0; and H202 in vivo 
is thought to arise from their metal ion dependent conversion 
into hydroxyl radical ('OH) (Halliwell & Gutteridge, 1989, 
1988; Mello-Filho & Meneghini, 1985; Nassi-Calo et al., 

I Abbreviations: 0 ,  superoxide radical; 'OH, hydroxyl radical; D E ,  
DNA-protein cross-link; NTA, nitrilotriacetic acid; SOD, copper-zinc 
superoxide dismutase; Phe-Phe, phenylalanylphenylalanine; asc, ascorbic 
acid; BSTFA, bis(trimethylsily1)trifluoroacetamide; GC/MS-SIM, gas 
chromatography/mass spectrometry with selected-ion monitoring; Thy, 
thymine; Cyt, cytosine; Thy-Tyr cross-link, 3 4  1,3-dihydro-2,4-dioxo- 
pyrimidin-5-yl)methyl]-~-tyrosine; chr, chromatin; Gy, gray (J/kg). 
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1989), which reacts with most organic compounds and DNA 
bases at diffusion-controlled rates [for a review see von Sonntag 
(1 987) J . Evidence for 'OH production is also supported by 
the fact that DNA base products that are typically produced 
by ionizing radiation in aqueous solution are also formed in 
DNA upon exposure to 02--producing systems and to H202 
in the presence of metal ions (Aruoma et al., 1989a,b, 1991; 
Blakely et al., 1990; Jackson et al., 1989; Dizdaroglu et al., 
1991). Iron and copper ions appear to be the best candidates 
for a role in generating 'OH in vivo by the metal ion catalyzed 
Haber-Weiss reaction (Halliwell & Gutteridge, 1989). 

DNA-protein cross-links (DPCs) are one of the major types 
of DNA damage produced in isolated chromatin and in 
mammalian cells by ionizing and UV radiations, and by a 
number of carcinogenic and chemotherapeutic chemicals 
(Smith, 1976; Mee & Adelstein, 1981; Fornace & Little, 1979; 
Moule et al., 1982; Ireland et al., 1982; Cress & Bowden, 1983; 
Banjar et al., 1983; Patierno & Costa, 1985; Oleinick et al., 
1987). Formation of DPCs in isolated chromatin by H202 and 
Fe2+-EDTA has also been demonstrated (Lesko et al., 1982). 
Evidence indicates that chemical bonds involved in DPCs are 
of a covalent nature (Mee & Adelstein, 1981; Cress & Bow- 
den, 1983; Oleinick et al., 1987; Lesko et al., 1982). Hydroxyl 
radical appears to be the main species responsible for the 
formation of ionizing radiation induced and H202/Fe2+- 
EDTA-induced DPCs in isolated chromatin and in mammalian 
cells (Mee & Adelstein, 1981; Oleinick et al., 1987; Lesko et 
al., 1982). Despite past extensive research, the chemical nature 
of DPCs in living cells and their mechanism of formation 
remained elusive. Knowledge of the chemical nature of DPCs 
is necessary for an understanding of their mechanism of for- 
mation, and for an assessment of their role in free radical 
induced biological end points such as cell lethality, muta- 
genesis, and carcinogenesis. 

Recently, we reported on the chemical nature of various 
DPCs involving thymine (Thy), cytosine (Cyt), and a number 
of amino acids in calf thymus nucleohistone exposed to ionizing 
radiation in aqueous solution (Gajewski et al., 1988; Diz- 
daroglu et al., 1989; Dizdaroglu & Gajewski, 1989; Gajewski 
& Dizdaroglu, 1990). In the present work, we have investi- 
gated the chemical nature of DPCs formed in isolated mam- 
malian chromatin in aqueous suspension upon exposure to 
H202 in the presence of various forms of iron or copper ions. 

EXPERIMENTAL PROCEDURES 
Materials.2 Nitrilotriacetic acid (NTA), EDTA, dimethyl 

sulfoxide (Me,SO), mannitol, ascorbic acid (asc), phenyl- 
alanylphenylalanine (Phe-Phe), copper-zinc superoxide dis- 
mutase (SOD), and fetal bovine serum were purchased from 
Sigma Chemical Co. Units of SOD were as defined by the 
cytochrome c assay (McCord & Fridovich, 1969). Histones 
H1, H2A, H2B, H3, and H4 were purchased from Boehringer 
Mannheim. Reagents for electrophoresis and Chelex 100 resin 
(200-400 mesh, sodium form) were obtained from Bio-Rad. 
Dialysis membranes with a molecular weight cutoff of 3500 
were purchased from Fisher Scientific Co. Constant-boiling 
HCI (6 M), acetonitrile, and bis(trimethylsily1)trifluoro- 
acetamide (BSTFA) containg 1% trimethylchlorosilane were 
obtained from Pierce Chemical Co. 

Nackerdien et al. 

Certain commercial equipment or materials are identified in this 
paper in order to specify adequately the experimental procedure. Such 
identification does not imply recommendation 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 the purpose. 

Cell Culture and Isolation of Chromatin. The cells used 
for chromatin isolation were SPZ/O-derived murine hybrido- 
mas. The cell line has been designated HyHEL-10 and pro- 
duces IgG antibodies against hen egg white lysozyme (courtesy 
of Dr. S. J. Smith-Gill, National Cancer Institute, Bethesda, 
MD). Cells were cultured at 37 O C  in a bioreactor in 2 L of 
a 1/1 (v/v) mixture of DMEM/F-12 medium supplemented 
with 4% fetal bovine serum. Cells were harvested at midex- 
ponential phase at a density of 6 X lo5 cells/mL. Viability 
as determined by trypan blue exclusion was 90%. The dis- 
solved oxygen level was maintained at 20% of air saturation. 
The culture pH was 7.0 and decreased to 6.9 at harvest time. 
Isolation of chromatin from cells was performed as described 
previously (Gajewski et al., 1990). Chromatin, which was 
obtained in 1 mM Tris buffer (pH 7.4), was dialyzed exten- 
sively against 1 mM phosphate buffer (pH 7.4) treated with 
Chelex resin. All operations were carried out at 4 OC. After 
dialysis, chromatin was homogenized briefly with a few strokes 
in a glass homogenizer. 

Characterization of Chromatin. Chromatin was charac- 
terized as described previously (Gajewski et al., 1990). The 
ratio of the amount of protein to that of DNA was 1.9 (w/w). 
The RNA content of chromatin was 1 5 %  of the amount of 
DNA. The chromatin exhibited the following spectral char- 
acteristics: Azss/Azso = 1.65; A258/A230 = 1.17; A2,, /A3~ = 
14.2; A(maximum)/A(minimum) = 1.43. 

The protein components of chromatin were analyzed by gel 
electrophoresis essentially as described by Laemmli (1970), 
with a modification in the ratio of acrylamide to bis(acry1- 
amide). Separating gel (18%) and stacking gel (4%) were 
prepared from a stock solution of 29.8% acrylamide and 0.2% 
bis(acry1amide). Electrophoresis was carried out in a 15 X 
18 cm slab gel at 40 mA for 2 h. Gels were stained with 
Coomassie blue. 

Treatment of Chromatin. Reaction mixtures contained the 
following compounds, where appropriate, in a final volume of 
4 mL of 1 mM phosphate buffer (pH 7.4): chromatin dialyzed 
against phosphate buffer (0.12 mg of DNA/mL), H202 (2.8 
mM), FeC13 (25 pM), CuSOl (25 pM), EDTA (100 pM), 
NTA (100 pM), ascorbic acid (100 pM), mannitol (50 mM), 
Me2S0 (50 mM), and SOD (200 units/mL). Where indi- 
cated, FeCl, and CuS04 were mixed with EDTA or NTA 
prior to addition to the reaction mixture. Chelex-treated 
phosphate buffer (1 mM, pH 7.4) was used for all dilutions. 
Mixtures were incubated at 37 OC for 1 h. After incubation, 
aliquots of chromatin samples containing 0.5 mg of DNA were 
immediately frozen in liquid nitrogen and lyophilized. 

Irradiations. Aliquots of chromatin samples (0.12 mg of 
DNA/mL) dialyzed against phosphate buffer (pH 7.4) were 
bubbled separately with N 2 0  and N 2 0 / 0 2  (4/1) for 20 min 
prior to and then throughout the irradiations, which were done 
in a 6oCo y-source (dose rate 124 Gy/min). After irradiation, 
samples were lyophilized. 

Hydrolysis and Derivatization. Lyophilized chromatin 
samples (0.5 mg of DNA in each) were hydrolyzed with 1 mL 
of 6 M HCI in evacuated and sealed tubes for 6 h at 120 OC. 
After cooling to room temperature, an aliquot of Phe-Phe was 
added as an internal standard to hydrolyzed samples. Fol- 
lowing the addition of the internal standard, samples were 
frozen immediately in liquid nitrogen and then lyophilized. 
Dried samples were trimethylsilylated with 0.15 mL of a 
mixture of BSTFA and acetonitrile (2/1 v/v) by heating for 
30 min at 130 OC. 

Gas ChromatographylMass Spectrometry (CC/MS).  An 
aliquot (4 pL) of each derivatized sample was injected without 
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FIGURE 1 : Gel electrophoresis of chromatin suspended in phosphate 
buffer (lane 1) and of commercial histones H1, H3, H2B, H2A, and 
H4 (lane 2). 

any further treatment onto the injection port of the gas 
chromatograph using the split mode of injection. Separations 
were carried out on a fused silica capillary column (8 m X 0.2 
mm i.d.) coated with cross-linked 5% phenylmethylsilicone 
gum (film thickness 0.1 1 pm) (Hewlett-Packard). The amount 
of DNA in chromatin samples injected onto the column for 
each analysis was approximately 1 pg. Equipment and other 
details of analyses were as described previously (Gajewski et 
al., 1990). 

RESULTS 
The objective of this work was to elucidate the chemical 

nature of DPCs formed in isolated mammalian chromatin in 
aqueous suspension upon exposure to H202 in the presence of 
Fe3+ or Cu2+ ions. First, the characterization of the isolated 
chromatin was undertaken. The authenticity of the protein 
components in isolated chromatin was determined by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis using 
commercially available histones as reference compounds. The 
electrophoretic patterns of isolated chromatin (lane 1) and of 
commercial histones (lane 2) are illustrated in Figure 1. These 
patterns of histones are similar to those published previously 
(Panyim & Chalkley, 1969; Biihm et al., 1973; Mee & 
Adelstein, 1981; Gajewski et al., 1990). Histones H1, H3, 
H2B, H2A, and H4 were present in isolated chromatin sus- 
pended in phosphate buffer, as Figure 1 clearly illustrates. The 
absorption spectrum of isolated chromatin (not shown) re- 
sembled absorption spectra characteristic of mammalian 
chromatin (Bonner et al., 1968). 

Elucidation of DPCs in Chromatin. Previously, we de- 
scribed the gas chromatographic and mass spectrometric 
characteristics of DPCs involving the DNA bases Thy and Cyt 
and various amino acids (Margolis et al., 1988; Gajewski et 
al., 1988; Dizdaroglu et al., 1989; Dizdaroglu & Gajewski, 
1989; Gajewski & Dizdaroglu, 1990). With that information, 
the GC/MS-SIM technique was used in the present work to 
search for those DPCs in trimethylsilylated hydrolysates of 
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FIGURE 2: Ion-current profiles of the ions at m/z  218,448,548, and 
650 obtained during GC/MS-SIM analysis of trimethylsilylated 
hydrolysates of chromatin. (A) Chromatin treated with H202/Cu2+; 
(B) untreated chromatin. The GC column was programmed from 
190 to 270 "C at 10 "C/min after 1 min at 190 "C. Other exper- 
imental details are given under Experimental Procedures. 

chromatin. Among the DPCs known to occur in calf thymus 
nucleohistone upon exposure to ionizing radiation under anoxic 
conditions, only 3- [ ( 1,3-di hydr0-2,4-dioxopyrimidine-5-y1)- 
methyl]- tyrosine (Thy-Tyr cross-link) was detected in the 
present work in chromatin treated with H202 in the presence 
of Fe3+ or Cu2+ ions. As an example, Figure 2 illustrates 
identification of this cross-link in chromatin exposed to H202 
in the presence of Cu2+ ions. Parts A and B of Figure 2 
illustrate the ion-current profiles of the m / z  218,448, 548, 
and 650 ions obtained during GC/MS-SIM analysis of treated 
and untreated chromatin samples, respectively. A number of 
other characteristic ions from the known mass spectrum of the 
trimethylsilyl (Me,Si) derivative of the Thy-Tyr cross-link 
(Margolis et al., 1988; Dizdaroglu, 1990) were also monitored 
simultaneously in the expected retention time region for an 
unequivocal identification. However, only profiles of four ions 
are plotted in Figure 2 for practical reasons. Signals of the 
monitored ions occurred at the expected retention time of the 
Me3Si derivative of the Thy-Tyr cross-link. Subsequently, a 
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partial mass spectrum was obtained on the basis of monitored 
ions and their relative abundances. This partial spectrum 
illustrated in Figure 3 was identical with the mass spectrum 
of the Me3Si derivative of the Thy-Tyr cross-link published 
previously (Margolis et al., 1988; Dizdaroglu, 1990), meaning 
the unequivocal identification of this DPC in chromatin. The 
insert in Figure 3 illustrates the chemical structure of the 
Thy-Tyr cross-link. Quantitative measurements of the Thy- 
Tyr cross-link in chromatin samples were performed as de- 
scribed in an earlier paper (Dizdaroglu et al., 1989). 

Since only the Thy-Tyr cross-link was found in chromatin 
treated with H202 and metal ions, efforts were made in order 
to find out whether inhibition of formation of other DPCs was 
due to the presence of oxygen in the system. For this purpose, 
parallel experiments were carried out using ionizing radiation 
instead of using H202  and metal ions. Chromatin samples 
were y-irradiated separately under oxic conditions, Le., with 
N20/02 (4/ 1) bubbling, and under anoxic conditions, i.e., with 
N 2 0  bubbling. Under these conditions, 'OH is formed almost 
exclusively as a radical species with a yield of 0.56 pmol/J, 
and the N 2 0 / 0 2  bubbling permits us to study the effect of 
oxygen [for a review see von Sonntag (1987)l. Analysis of 
irradiated samples by GC/MS-SIM showed that DPCs 
identified previously in calf thymus nucleohistone upon y-ir- 
radiation under anoxic conditions (Gajewski et al., 1988; 
Dizdaroglu et al., 1989; Dizdaroglu & Gajewski, 1989; Ga- 
jewski & Dizdaroglu, 1990) were also formed in mammalian 
chromatin y-irradiated under anoxic conditions (with N 2 0  
bubbling). However, only the Thy-Tyr cross-link was detected 
in chromatin y-irradiated under oxic conditions (with N20/02 
bubbling). Figure 4 illustrates representative ion-current 
profiles obtained during GC/MS-SIM analyses of irradiated 
samples of chromatin. As examples, profiles of ions repre- 
senting three DPCs are illustrated in Figure 4, which clearly 
shows that only the Thy-Tyr cross-link was formed under oxic 
conditions. 

Effect of Fe3+ Zons. Figure 5 illustrates the yields of the 
Thy-Tyr cross-link in mammalian chromatin under various 
conditions of H202  treatment in the presence of unchelated 
Fe3+ ions. In this figure, the yields of the Thy-Tyr cross-link 
in irradiated chromatin are also included. Treatment of 
chromatin with Fe3+ ions alone did not increase the amount 
of the Thy-Tyr cross-link found in untreated chromatin. 
Treatment with H202 alone caused formation of the Thy-Tyr 
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FIGURE 4: Ion-current profiles of the ions at m / z  585,433, and 548, 
representing Thy-Lys, Cyt-Tyr, and Thy-Tyr cross-links, respectively. 
Data were obtained during GC/MS-SIM analysis of trimethylsilylated 
hydrolysates of chromatin. (A) Chromatin y-irradiated under anoxic 
conditions; (B) chromatin y-irradiated under oxic conditions. Peaks: 
1, Thy-Lys (mlz  585); 2, Cyt-Tyr (mlz  433); 3 ,  Thy-Tyr ( m / z  548). 

cross-link. H202/Fe3+ produced the Thy-Tyr cross-link only 
as much as H202 alone. Addition of ascorbic acid to 
H202/Fe3+ markedly increased the yield of the cross-link. 
When added to reaction mixtures containing chromatin and 
H202/Fe3+/ascorbic acid, superoxide dismutase did not inhibit 
cross-link formation. On the other hand, hydroxyl radical 
scavengers mannitol and Me2S0 at concentrations of 50 mM 
provided partial inhibition of cross-linking with an approxi- 
mately 50-60s reduction in the yield of the Thy-Tyr cross- 
link. 
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FIGURE 5: Yields of the Thy-Tyr cross-link in chromatin under various 
conditions: 1, chr; 2, chr, y-irradiated with NzO bubbling (dose 200 
Gy); 3, chr, y-irradiated with NzO/Oz bubbling (dose 200 Gy); 4, 
chr/Fe”; 5 ,  chr HzOz; 6, chr/HZO2 Fe”; 7,  chr/H2O2/Fe3+/asc; 
8, chr/HzOz/Fei+/asc/SOD; 9, chr/HZO2/Fe3+/asc/mannitol; 10, 
chr/H202/Fe3+/asc/MezS0. Graphs represent the mean f SD from 
triplicate measurements. 
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FIGURE 6: Yields of the Thy-T cross-link in chromatin under various 
conditions: 1, chr; 2, C ~ ~ / F ~ ) ~ N T A ;  3, chr/HzO /Fe3+-EDTA 4, 
chr/HzO Fe3+-EDTA/asc; 5 ,  chr/H O2/Fe3?-NTA; 6 ,  chr/ 
Hz02/Fe~‘-NTA/asc: 7, ~hr/H,0~/Fe~~-NTA/asc SOD; 8, chr/ 
HZO2/Fe3+-NTA/asc/mannito1; 9, chr/H2O2/F&+-NTA/asc/ 
MezSO. Graphs represent the mean f SD from triplicate mea- 
surements. 

When chelated Fe3+ ions were used instead of unchelated 
Fe3+ ions, higher yields of the Thy-Tyr cross-link were obtained 
(Figure 6 ) .  The yield of the Thy-Tyr cross-link obtained by 
treatment of chromatin with H202/Fe3+-EDTA was approx- 
imately 3 times that obtained with H202/Fe3+. Unlike in the 
case of H202/Fe3+, addition of ascorbic acid to H20z/  
Fe3+-EDTA caused only a slight increase in the yield. The 
treatment of chromatin with HzOz/Fe3+-NTA caused more 
cross-linking than that with H202/Fe3+-EDTA. The yield 
obtained with H202/Fe3+-NTA was approximately 3 times 
that obtained with H202/Fe3+-EDTA. Similar to the 
H202/ Fe3+-EDTA system, addition of ascorbic acid to 
H202/Fe3+-NTA caused only a slight increase in the yield 
of the Thy-Tyr cross-link. Superoxide dismutase provided 
partial inhibition of cross-linking by reducing the yield by 
approximately 75%. Hydroxyl radical scavengers mannitol 
and Me2S0 at concentrations of 50 mM almost completely 
inhibited cross-link formation. 

T 
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FIGURE 7: Yields of the Thy-Tyr cross-link in chromatin under various 
conditions: 1, chr; 2, chr/Cu2+; 3, chr/HZO2/CuZ+; 4, chr/HZOz/ 
Cu2+/asc; 5 ,  chr/H202/Cu2+/asc/SOD; 6 ,  chr/H202/Cuz+/asc/ 
mannitol; 7, chr/H~0z/CuZ+/asc/Me2S0 8, chr HZOz/Cu2+-NTA; 
9, chr/HzO2/Cu2+-NTA/asc; 10, chr/H202/C&+-NTA/asc/SOD* 
1 1, chr/Hz02/Cu2+-NTA/asc/Me2S0. Graphs represent the mea; 
f SD from triplicate measurements. 

Effect of Cu2+ Zons. Treatment of chromatin with Cu2+ 
ions alone caused formation of the Thy-Tyr cross-link and 
doubled its amount over the background level (Figure 7). The 
treatment of chromatin with H20z/Cu2+ substantially in- 
creased the yield of the Thy-Tyr cross-link. Addition of as- 
corbic acid to H2O2/CuZ+ did not cause any further increase 
in the yield over the level caused by Hz02/Cu2+. Superoxide 
dismutase had no inhibitory effect. On the contrary, the yield 
of the Thy-Tyr cross-link was increased by SOD. Mannitol 
and Me2S0 provided partial inhibition of cross-link formation. 
Chelation of Cu2+ ions with NTA completely inhibited the 
formation of the Thy-Tyr cross-link. CuZ+-EDTA had a 
similar effect (data not shown). However, the addition of 
ascorbic acid to H202/Cu2+-NTA caused formation of the 
Thy-Tyr cross-link. In contrast to the H202/Cu2+ system, 
SOD provided a partial inhibition of cross-link formation. An 
almost complete inhibition of cross-link formation was obtained 
by Me2S0. 

DISCUSSION 
The results presented here show that cross-linking between 

Thy and Tyr occurs in isolated mammalian chromatin upon 
treatment with H202 and various forms of Fe3+ or of Cu2+ 
ions. The Thy-Tyr cross-link is formed in chromatin despite 
the presence of oxygen in reaction mixtures. Generally, oxygen 
reacts with carbon-centered radicals at diffusion-controlled 
rates [for a review see von Sonntag (1987)J and thus inhibits 
cross-linking (dimerization) reactions of radicals. In fact, 
oxygen has been reported to markedly reduce the yields of 
DPCs formed by ionizing radiation in isolated chromatin (Mee 
& Adelstein, 1981). In mammalian cells, formation of DPCs 
is also reduced by oxygen (Oleinick et al., 1987). In the 
present work, the results obtained by using ionizing radiation 
instead of H202 and metal ions showed that DPCs involving 
Thy and aliphatic amino acids, and Cyt and Tyr, were not 
formed in chromatin under oxic conditions, indicating the 
inhibition of their formation by oxygen. These DPCs were 
not formed in chromatin upon treatment with H2O2 and metal 
ions, either. Hence, oxygen also appears to be the main factor 
in inhibition of formation of those DPCs under the conditions 
of H202  treatment. By contrast, oxygen does not inhibit 
formation of the Thy-Tyr cross-link, which is thought to result 
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from a radical addition reaction, namely, addition of the 
'OH-generated allyl radical of Thy to C-3 of Tyr followed by 
oxidation of the resulting adduct radical (Dizdaroglu et al., 
1989). The allyl radical of Thy might be able to add to a 
neighboring Tyr molecule immediately after its formation 
before oxygen would react with it. This mechanism might 
require the close proximity of the methyl group of Thy to C-3 
of Tyr. This is likely because a unique hydrogen bond is 
formed between the hydroxyl group of Tyr and the oxygen of 
carbon-4 of a neighboring Thy (Hendry et al., 1981). 

The formation of the Thy-Tyr cross-link by H202  was af- 
fected differently by various forms of Fe3+ or Cu2+ ions. 
Apparently, Fe3+ ions chelated with NTA or EDTA are very 
effective in producing cross-linking, whereas NTA- or 
EDTA-chelated Cu2+ ions are not effective. The extensive 
DPC formation by H202/Fe3+-NTA might contribute to the 
carcinogenicity and nephrotoxicity associated with NTA 
(Goyer et al., 1981; Hiasa et al., 1984; Ebina et al., 1986). 
Unchelated Cu2+ ions were also very effective in producing 
DPCs. The patterns of the yield of Thy-Tyr cross-link pro- 
duced by H202  and Fe3+ or Cu2+ ions are analogous to those 
of the yields of modified DNA bases in mammalian chromatin, 
which was treated with H 2 0 2  and Fe3+ or Cu2+ ions under 
similar conditions (Dizdaroglu et al., 1991). Treatment of 
chromatin with H202 alone caused cross-linking, most likely 
due to the presence of metal ions naturally bound to chromatin, 
since H202  alone does not cause any DNA base damage 
(Aruoma et al., 1989a,b; Dizdaroglu et al., 1991). Removal 
of naturally bound metal ions from chromatin was not un- 
dertaken in the present work, because metal ions, e.g., copper 
ions, play an important role in chromatin structure (Lebkowski 
& Laemmli, 1982; Lewis & Laemmli, 1982; George et al., 
1987). 

The presence of ascorbic acid in reaction mixtures generally 
caused an increase in the yield of the Thy-Tyr cross-link. 
Ascorbic acid is an antioxidant, but it also acts as a prooxidant 
in the presence of metal ions, most likely by reducing them 
(Samuni et al., 1983; Davison et al., 1986; Buettner, 1986; 
Stoewe & Priitz, 1987; Halliwell, 1990), in the present case 
by reducing Fe3+ and Cu2+ ions to Fe2+ and Cu+ ions, re- 
spectively. 

Partial inhibition by mannitol and Me2S0 of cross-link 
formation in the case of H202  and unchelated Cu2+ or Fe3+ 
ions might be due to "sitespecific" generation of 'OH upon 
reaction with H202  (Sagripanti & Kraemer, 1989; Halliwell 
& Gutteridge, 1988; Samuni et al., 1983; Stoewe & Priitz, 
1987; Goldstein & Czapski, 1986). This means that 'OH 
produced this way will immediately attack nearby components 
of chromatin before it can be scavenged. Thus, inability of 
mannitol and Me2S0 to completely inhibit formation of 
Thy-Tyr cross-link might be due to generation of 'OH near 
Thy and Tyr molecules in chromatin. On the other hand, the 
involvement (or release) of *OH has been questioned in re- 
actions of bound metal ions with H202 (Sutton & Winterb- 
ourn, 1989). It has been hypothesized that, perhaps, metal 
ions in higher oxidation states are involved in such reactions 
to cause damage to biomolecules. However, the Thy-Tyr 
cross-link identified in the present work is a typical *OH-in- 
duced product as shown previously (Margolis et al., 1988; 
Dizdaroglu et al., 1989) and by the results reported here. This 
fact strongly implicates the involvement of 'OH in production 
of this DPC by bound metal ions and H202. The site-specific 
generation of 'OH by metal ions bound to chromatin is more 
likely to occur in vivo than generation of *OH in "free 
solution". Therefore, it appears from our results that copper 
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ion dependent DPC formation might be more relevant in vivo 
than iron ion-dependent DPC formation, unless reducing 
agents are available to reduce Fe3+ ions. 

Significant inhibition by SOD of cross-linking caused by 
H202/chelated metal ions implicates the involvement of 02- 
in generation of 'OH. By contrast, 0,- might not be involved 
in production of 'OH in reactions of H202 with unchelated 
Fe3+ or Cu2+ ions because of the failure of SOD to inhibit 
cross-linking. Alternatively, the site specificity of the reaction 
of H202 with bound metal ions might prevent scavenging of 

In conclusion, we elucidated the chemical nature of DPCs 
produced in mammalian chromatin by H202 and metal ions. 
Substantial differences exist between the effects of various 
forms of the same metal ion, and between the effects of Fe3+ 
and Cu2+ ions on formation of DPCs. Chromatin-bound Cu2+ 
ions appear to be more likely candidates than chromatin-bound 
Fe3+ ions in mediating production of DPCs in vivo, unless Fe3+ 
ions are reduced by a reducing agent. 
Registry No. Fe, 7439-89-6; Cu, 7440-50-8; H202, 7722-84-1; 'OH, 

3352-57-6; OF, 11062-77-4; Thy-Tyr, 118949-95-4. 

0 2 -  by SOD. 
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