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ABSTRACT 

Chromium(VD-induced DNA-protein crosslinking is implicated in chromium 
Carcinogenicity. However, the mechanism of chromate-induced DNA-protein crosslinking 
has not been established. Based on the current literature and our preliminary data, we 
hypothesized that Cr(VI)-induced DNA-protein crosslinks may, in part, be due to 
generation of active oxygen species following the intracellular reduction of Cr(V1) and that 
antioxidants may ameliorate the genotoxic and carcinogenic effects of Cr(VI). We 
proposed to test our hypothesis with the following specific aims: 1) To characterize the 
DNA-protein complexes induced by the carcinogen Cr(VI) in MOLT4 cells, 2) To 
investigate the effect of Cr(VI) on "oxidative-stress status" of the cell, 3) To distinguish 
between proteins directly cross-linked by Cr(III) and those that are cross-linked oxidatively 
during intracellular Cr(VI) reduction, and 4) To identify major proteins that are complexed 
to DNA by Cr(III) or via oxidative mechanisms, in MOLT4 cells treated with chromate. 
Together, the proposed studies should provide new information regarding the mechanism 
of chromium genotoxicity and carcinogenicity. The identification of specific protein(s) 
involved in DNA-protein crosslinks may also provide an useful tool to develop biomarkers 
for assessment of chromium risk. 

The results of our studies indicate the following: 
(1) Characterization of chromate-induced DNA-protein complexes in MOLT4 cells: 

A selected group of non-histone proteins were found to crosslink to DNA upon chromate 
exposure. The subcellular localization of these proteins was found to be in the nuclear 
fraction, specifically in the nuclear matrix, suggesting the proximity of these proteins to 
DNA. Analysis of the stability of the crosslinks to disruptive chemicals and enzymes 
suggested that Cr(III) and sulfhydryl groups are partially involved in such complexes. 
However, resistance of some proteins to treatments such as EDTA, B-mercaptoethanol or 
thiourea, and their need for nuclease digestion to release them by fragmenting DNA 
indicated that those proteins may be covalently crosslinked to DNA via oxidative 
mechanisms. 

(2) Effect of Cr(VI) on the "oxidative-stress status" of MOLT4 cells: Chromate 
treatment of cells was found to not only decrease the level of low molecular weight 
antioxidants and antioxidant enzymes, but also induce the formation of active oxygen 
species, such as hydrogen peroxide. A mechanism for this hydrogen peroxide-inducing 
effect of chromate was proposed. A close correlation was observed between the cellular 
levels of oxidants and DNA-protein crosslinking following chromate exposure. 
Pretreatment of cells with antioxidants also illustrated correlative changes in chromate-



induced DNA-protein crosslinking and the cellular level of oxidants. Intracellular 
generation of reactive species of chromium, such as Cr(V), and generation of active oxygen 
species during the reaction of Cr(VI) and its reduced forms such as Cr(V) and Cr(II]), with 
its biological reductants were studied by EPR spectrometric techniques. Furthermore, 
exposure of cells to chromate was also found to induce protein oxidation and lipid 
peroxidation that were effectively suppressed by antioxidant pretreatment of cells, 
suggesting a role of reactive oxygen species, protein carbonyls and malonaldehyde in 
inducing DNA-protein crosslinking. 

(3) Detection of proteins crosslinked to DNA by direct participation of Cr(IIT) and 
via oxidative mechanisms upon chromate exposure of cells: Chromate-induced DNA- 
protein complexes that were formed by direct participation of Cr(III) were distinguished 
from those that were formed via oxidative mechanisms by using EDTA to specifically 
dissociate Cr(III) mediated crosslinks, and a-tocopherol succinate to suppress oxidatively 
crosslinked proteins, respectively. DNA-protein complexes induced by x-ray irradiation of 
cells and incubation of isolated nuclei with Cr(III) were used as positive controls for 
crosslinking of proteins to DNA by oxidative mechanisms and by Cr(IID), respectively. A 
common group of identical non-histone proteins were found to complexed to DNA by 
Cr(VI), CrcIII), and x-ray, however a 51 kD basic protein appeared to be predominantly 
crosslinked to DNA by participation of Cr(III), while a 49 kD acidic protein appeared to be 
primarily crosslinked by oxidative mechanisms. Chromate-induced DNA-protein 
crosslinks isolated from a-tocopherol pretreated cells exhibited an increase in the 
fractionation of DNA by restriction enzymes as compared to that isolated from cells treated 
with chromate alone, further supporting the involvement of oxidative mechanisms in the 
process. Formaldehyde, on the other hand, primarily crosslinked histones to DNA, 
indicating that specificity in protein-DNA crosslinking is dependent on the chemical nature 
of the crosslinking agent. 

(4) Identification of major proteins complexed to DNA upon chromate treatment: 
Attempts were made to identify the proteins that crosslink to DNA upon chromate exposure 
of cells by using antibodies to candidate proteins, and N-terminal sequencing followed by 
searching for their homology in GeneBanks. Actin, lectin, and aminoglycoside 
nucleotidyltransferase were identified as participants in chromate-induced DNA-protein 
crosslinking. 

(5) DNA protein complexes as a biomarker of exposure to chromate: Finally, 
DNA-protein crosslinks were detected immunologically by developing an antiserum to 
chromate-induced DNA protein crosslinks. The antiserum predominantly reacted with 
nuclear proteins, and DNA-protein crosslinks induced by Cr(VI), Cr(III) and x-ray, but 
reacted poorly with formaldehyde-induced DNA-protein crosslinks, further suggesting 
specificity in DNA-protein crosslinks induced by different crosslinking agents. The 
antiserum did not react with DNA-protein crosslinks isolated from control cells. 

Taken together, we conclude that DNA-protein crosslinks are caused by 
intracellularly generated Cr(III) as well as active oxygen species formed following 
exposure to Cr(VI). Hence, it appears that antioxidants may be useful in reducing the 
genotoxic and carcinogenic effect of chromium(VI) in human populations exposed to this 
toxicant. Participation of the three nuclear proteins, actin, lectin, and aminoglycoside 
nucleotidyltransferase, in chromate-induced DNA-protein crosslinks suggest that these 
proteins may be parts of chromatin structure. Since these proteins are crosslinked to DNA 
by chromate, they may be used as biomarkers of chromate exposure.



With -Zove 

fo 

my parents 

Nilima So Zhaskac C. Wattagajasingh 

iV



Acknowledgements 

I owe a deep sense of gratitude to Dr. Hara P. Misra, my advisor and mentor, for 

his encouragement and support during the whole course of my Graduate program. I shall 

remain grateful to him for his help during my studies at Virginia Tech. 

I sincerely thank Drs. Marion F. Ehrich, Steven D. Holladay, Eugene M. Gregory 

and Ryland E. Webb, members of my advisory committee, for their constructive criticism, 

selfless cooperation and being very helpful during the whole course of my studies and 

research. I thank Dr. Holladay for critically reading some of my manuscripts. 

I gratefully appreciate Dr. John C. Lee, Associate Dean for Research and Graduate 

Studies, for being very helpful, congenial, and cooperative during the entire period of my 

stay, and his willingness to serve on my graduate student advisory committee after the 

retirement of Dr. Webb. 

I gratefully acknowledge Dr. Peter Eyre, Dean, College of Veterinary Medicine, Dr. 

Ludeman A. Eng, Head, Department of Biomedical Sciences and Pathobiology, and Dr. J. 

B. Meldrum, Associate Dean for Graduate studies and Research, for their care and help 

during my Studies at Virginia Tech. 

I am thankful to Dr. Prakash Nagarkatti, Dept. of Biology, Virginia Tech, for 

allowing me to use his x-ray generating system. 

I sincerely thank Dr. Peter L. Gutierrez, Professor, University of Maryland Cancer 

Center and Department of Biochemistry for his time, effort and willingness to serve as the 

external examiner for my Ph.D. dissertation defense. 

I am equally thankful to all the technical staffs, Mr. Delbert Jones, Ms. Lucy Gray, 

Ms. Kristel Furhman, Ms. Kim Lee, Mr. Kent Karlson, in the Biochemistry lab., Ms. 

Joan Kalnitsky, in the Flow Cytometry lab., Mr. Kam Ko, Ms. Linda Correll, and Ms. 

Diane Flaherty, in the Toxicology lab., Ms. Virginia Viers, Ms. Kathy Hayman, and Ms. 

June Mullins, in Ultrastructure lab., for being very helpful and friendly through out my 

studies at Virginia Tech. 

I thank Mr. Don Massie, Mr. Terry Lawrence, Mr. Truman Capone and Mr. Gerald 

Baber of the VARCVM Media Center for being very cooperative and their timely help. 

Thanks are also due to Ms. Lenora Stover and the supporting staff of Reprographics, for 

their timely help.



I appreciate the helpful supports of Ms. Linda Price and Ms. Sherrie Settle, which 

saved me from many bureaucratic headaches. 

I am thankful to Mrs. Faye D. Smith and Mrs. Jan Murphy of the veterinary 

Glassware Laboratory, for their timely help. 

I thank my fellow graduate students, Ms. Carroll Moses, Ms. X. Song, Dr. R. 

Rice and Dr. E. Rogers, with whom I have shared my feelings, joked, and laughed. 

I gratefully acknowledge the financial support from the Office of Research and 

Graduate studies at the VA-MD Regional College of Veterinary Medicine. 

I sincerely thank my parents and family members for their love, unending support 

and constant encouragement throughout my Graduate Studies. 

I thank my wife, Mamta, for her support and long hours of waiting during my 

Graduate Studies. 

Last, but not the least, I am thankful to the Ministry of Human Resource 

Development, Government of India, for awarding me with a National Overseas Fellowship 

for higher studies and research abroad. 

vi



Abstract 

Dedication 

Table of Contents 

Acknowledgements 

List of Figures and Schemes 

List of Tables 

List of Abbreviations 

Chapter I Introduction 

Chemistry of Chromium 

Reactivity of Chromium Compounds 

Epidemiological and Animal Carcinogenicity Studies 

Genotoxicity of Chromium Compounds 

Chromate-induced DNA-protein complexes 

Chromium(V1I)-induced DNA Damage 

Chromium(VI) and ‘Oxidative Stress' 

Use of Lymphocytes in Research Involving Chemical Exposure 

Rationale and Significance of This Research 

Hypothesis 

Specific Aims 

References 

Vii 

Page # 

iV 

XI 

XVil 

X1X 

oOo
 

NY
 

SN 
WB

 
WN 

12 

14 

14 

15



Chapter IIT Mechanisms of the Carcinogenic Chromium(VI)-induced 
DNA-protein Crosslinking and their Characterization in 
Cultured Intact Human Cells 

Abstract 26 

Introduction 27 

Materials and Methods 28 

Results 35 

Discussion 4] 

References 46 

Chapter III Alterations in the Prooxidant and Antioxidant Status of 
Human Leukemic T-lymphocyte MOLT4 Cells Treated with 
Potassium Chromate 

Abstract 75 

Introduction 75 

Materials and Methods 77 

Results 81 

Discussion 83 

References 88 

Chapter IV Increased Production of Oxidants and Their Localization in 
the Nucleus of Cultured Human Leukemic T-lymphocytes 
Treated with the Carcinogenic Chromium(VI) 

Abstract 102 

Introduction 103 

Materials and Methods 104 

Results 107 

Discussion 111 

References 114 

Vili



Chapter V Increased Protein Oxidation and Lipid Peroxidation in 
Cultured Human Leukemic T-lymphocytes Treated with the 
Carcinogenic Chromium(VI) 

Abstract 132 

Introduction 133 

Materials and Methods 134 

Results 138 

Discussion 141 

References 148 

Chapter VI Analysis of Proteins Crosslinked to DNA Upon Treatment 
of Cultured Human Leukemic T-lymphocytes’ with 
Chromium(VI), Chromium(III), Formaldehyde, and X-ray 

Abstract 164 

Introduction 165 

Materials and Methods 166 

Results 171 

Discussion 176 

References 179 

Chapter VII Analysis of EDTA-Chelatable Proteins from DNA-protein 
Crosslinks Induced by the Carcinogenic Chromium(VI) in 
Cultured Intact Human Cells 

Abstract 202 

Introduction 203 

Materials and Methods 204 

Results 208 

Discussion 212 

References 215 

ix



Chapter VIII Correlative Changes in DNA-protein Crosslinking and 
Intracellular Oxidant Level in Cultured Intact Human Cells 
Treated with the Carcinogenic Chromium(VI) 

Abstract 237 

Introduction 238 

Materials and Methods 239 

Results 946 

Discussion 251 

References 215 

Summary 277 

Bibliography 281 

Vita 301



Chapter I 

Scheme 1! 

Chapter II 

Figure | 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

List of Figures and Schemes 

The "“uptake-reduction" model for chromium(VI) 

carcinogenicity. 

Effect of chromate on the formation of DNA-protein 

complexes in MOLT4 cells. 

Time dependent increase in the formation of DNA-protein 

complexes in MOLT4 cells exposed to chromate. 

None-equilibrium two-dimensional gel electrophoresis of 

DNA-protein complexes isolated from whole cells or nuclei 

of control (potassium chloride) or chromate-treated 

MOLT4 cells. 

Purity of the nuclei preparation. 

Localization of major proteins crosslinking to DNA upon 

chromate treatment of cells, in the cytoplasmic, nuclear and 

nuclear matrix protein fractions. 

Effect nuclease digestion on the resolution pattern of 

chromate-induced DNA-protein complexes. 

N-terminal sequencing of proteins complexed to DNA 

upon chromate treatment of MOLT4 cells. 

Identification of chromate-induced actin-DNA crosslinking 

by two-dimensional gel analysis and immunoblotting. 

Page No. 

54 

55 

56 

62 

63 

67 

71 

72



Figure 9 

Figure 10 

Scheme 1 

Chapter III 

Figure | 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Scheme 1 

Scheme 2 

Effect of antioxidants on chromate-induced DNA-protein 

complexes 

Analysis of composition and stability of chromate-induced 

DNA-protein complexes. 

Isolation of DNA-protein crosslinks by SDS/urea 

extraction method. 

Effect of potassium chromate on the peroxide level of 

MOLT4 cells. 

Effect of potassium chromate on the level of total 

glutathione, GSH, GSSG and ascorbic acid in MOLT4 

cells. 

Effect of potassium chromate on glucose-6-PDH and 

glutathione reductase activity of MOLT4 cells. 

Polyacrylamide gel analysis of glutathione reductase 

activity in MOLT4 cells treated with potassium chromate. 

Effect of potassium chromate on catalase and glutathione 

peroxidase activity of MOLT4 cells. 

Effect of potassium chromate on total SOD, Cu-Zn SOD 

and Mn-SOD activity of MOLT4 cells. 

Polyacrylamide gel analysis of SOD activity in MOLT4 

cells treated with potassium chromate. 

Antioxidant enzymes 

Antioxidant enzymes 

Xil 

73 

74 

30 

95 

96 

97 

98 

99 

100 

101 

85 

86



Chapter IV 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Figure 11 

Excitation and emission spectra of DCF in aqueous 

solution and in intact cells. 

Oxidation of alkaline hydrolyzed DCF-DA by HRP and 

H209. 

Dose-dependent oxidation of alkaline hydrolyzed DCF-DA 

by HRP. 

Cytotoxicity and fluorescence intensity of MOLT4 cells 

treated with DCF-DA. 

Time-dependent oxidation of DCF-DA in MOLT4 cells. 

Effect of potassium chromate on the formation of DCF in 

intact MOLT4 cells. 

Distribution of DCF fluorescence in intact MOLT4 cells 

treated with DCF-DA. 

Fluorescent microscopic analysis of DCF in nuclei of 

MOLT4 cells treated with or without potassium chromate. 

Effect antioxidants on the formation of DCF in MOLT4 

cells treated with potassium chromate. 

Effect of antioxidants on the catalase activity in MOLT4 

cells treated with potassium chromate. 

Effect of antioxidants on the GSH-peroxidase activity in 

MOLTS4 cells treated with potassium chromate. 

118 

119 

120 

12] 

122 

123 

124 

125 

126 

127 

128



Chapter V 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Scheme 1 

Scheme 2 

Scheme 3 

Scheme 4 

ESR spectra of Cr(V) generated during reduction of Cr(VI) 

by H202, and NADPH. 

ESR spectra of Cr(V) and spin adducts of free radicals 

generated during the reduction of Cr(VI) by NADPH, 

HO), glutathione reductase. 

ESR spectra of the spin adducts or free radicals generated 

during the reaction of Cr(III), Cr(V) and Cr(VI) with 

H202. 

ESR spectra of Cr(V) and spin adducts of free radicals 

observed during the reduction of Cr(V1I). 

Comparison of the BSA oxidizing potential of different 

metallic compounds. 

Effect of potassium chromate on the formation of DNA- 

protein cross-links in MOLT4 cells. 

Potassium chromate-induced lipid peroxidation and protein 

oxidation in MOLT4 cell homogenates. 

Effect of antioxidants on chromate-induced lipid 

peroxidation. 

Effect of antioxidants on chromate-induced protein 

oxidation and DNA-protein cross-linking in MOLT4 cells. 

Proposed mechanism for protein oxidation by chromium. 

Possible mechanism for DNA-protein crosslinking via 

protein carbonyls. 

Proposed mechanism of malonaldehyde-mediated DNA- 

protein cross-linking. 

Possible mechanisms of DNA-protein cross-linking by 

chromium(VI) compounds. 

X1V 

153 

154 

155 

156 

157 

158 

159 

160 

161 

143 

144 

146 

147



Chapter VI 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Chapter VII 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Induction of DNA-protein complexes by x-ray in intact 

MOLT4 cells. 

Analysis of DNA from x-ray exposed MOLT4 cells by 

agarose gel electrophoresis. 

Two-dimensional gel electrophoretic analysis of proteins 

complexed to DNA by Cr(VI), Cr(II) and x-ray in 

MOLT4 cells. 

Nonequilibrium two-dimensional gel electrophoresis of 

nuclear and nuclear matrix proteins of MOLT4 cells. 

Two-dimensional gel electrophoretic analysis of proteins 

complexed to DNA by formaldehyde with and without 

DNase I digestion. 

Detection of DNA-protein crosslinks with an antiserum to 

chromate-induced crosslinks by dot-blotting. 

Analysis of the stability of DNA-protein complexes 

induced by Cr(VI), Cr(III), x-ray and formaldehyde to 

chemicals and enzymes. 

Formation of DNA-protein complexes in isolated MOLT4 

nuclei exposed to Cr(II]) and Cr(VIJ). 

Induction of DNA-protein complexes by Cr(IID) in isolated 

MOLT4 nuclei. 

Analysis of the stability of DNA-protein complexes 

induced by Cr(VI) and Cr(IID) to chemicals and enzymes. 

Two-dimensional gel electrophoretic analysis of proteins 

complexes induced by Cr(VI), Cr(III), x-ray, and EDTA 

dissociable and resistant proteins in chromate induced 

DNA-protein complexes. 

XV 

183 

184 

185 

193 

196 

199 

200 

220 

221 

222 

223



Figure 5 

Figure 6 

Chapter VIII 

Figure | 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Two-dimensional gel electrophoretic analysis of thiourea 

dissociable and resistant proteins in chromate induced 

DNA-protein complexes. 

Effect of DNase I digestion of DNA-protein complexes on 

the resolution of protein ‘d' in two-dimensional gels. 

Correlative changes in the formation of DNA-protein 

crosslinks and level of oxidants in MOLT4 cells exposed to 

chromate. 

Effect of antioxidants on chromate-induced DNA-protein 

complexes and intracellular oxidant levels in MOLT4 cells. 

Flow cytometric determination of potassium chromate- 

induced increase in intracellular level of oxidants in 

MOLT4 cells. 

ESR spectra of chromium(V) in intact MOLT4 cells. 

ESR spectra of chromium(III) in intact MOLT4 cells. 

Nonequilibrium two-dimensional gel electrophoresis of 

DNA-protein complexes isolated from control or chromate- 

treated MOLT4 cells with and without a-tocopherol 

pretreatment. 

Nonequilibrium two-dimensional gel electrophoretic 

analysis of DNA-p49 complexes induced by chromate and 

X-ray. 

Differential fragmentation of chromate-induced DNA- 

protein crosslinks isolated from cells with or without a- 

tocopherol pretreatment by restriction enzymes, EcoRI and 

Hindi. 

XV1 

230 

233 

260 

261 

262 

263 

264 

265 

271 

275



Chapter II 

Table 1 

Table 2 

Chapter III 

Table 1 

Chapter IV 

Table 1 

Table 2 

Table 3 

Chapter V 

Table 1 

Table 2 

List of Tables 

Effect of antioxidants on the cellular uptake of 5 1cr042- 

Molecular weight and pI of the major proteins complexed 

to DNA upon chromate treatment of intact MOLT4 cells. 

Changes in the ratios of peroxide to catalase and peroxide 

to GSH-peroxidase in MOLT4 cells treated with potassium 

chromate. 

Effect of Cr(VI) and Cr(III) on the HRP and H202- 

induced oxidation of alkaline hydrolyzed DCF-DA to DCF. 

Effect of Hydroperoxides on the Oxidation of Alkaline 

Hydrolyzed DCF-DA to DCF. 

Ratio of DCF fluorescence intensity of nucleus to 

cytoplasm in MOLT4 cells treated with potassium chromate 

for 2 hr or 6 hr. 

Potassium Chromate-Induced Protein Carbonyl Formation 

in Cultured Intact MOLT4 Cells. 

Potassium Chromate-Induced Lipid Peroxidation in 

Cultured MOLT4 Cells. 

XVil 

52 

53 

94 

129 

130 

131 

162 

163



Chapter VI 

Table 1 Molecular weight and pI of the major proteins complexed 

to DNA upon treatment of intact MOLT4 cells with Cr(VI) 

and Cr(III). 201 

Chapter VIII 

Table 1 Effect of antioxidants on the cellular uptake of 3!CrO42~. 276 

XVIll



ATSDR 

BSA 

CCH 

Cr(II) 

Cr(IV) 

Cr(V) 

Cr(VI) 

Dabco 

DCF 

DCF-DA 

DCFH 

DMPO 

DMSO 

DNA 

DNase I 

DPC 

DPC-coefficient 

DTNB 

DTPA 

EDTA 

EPR 

ESR 

G-6-PDH 

GR 

GSH 

GSH-peroxidase 

GSSG 

Gy 
HEPES 

HRP 

List of Abbreviations 

Agency for Toxic Substances and Disease Registry 

Bovine serum albumin 

Chromium(III) chloride hexahydrate 

Chromium(ITD) 

Chromium(IV) 

chromium(V) 

Chromium(VI) 

1,4-Diazabicyclo(2,2,2)octane 

Dichlorofluorescein 

2',7'-Dichlorofluorescin diacetate 

Dichlorofluorescene 

5, 5-dimethy]-1-pyrroline-N-oxide 

Dimethylsulfoxide 

Deoxyribonucleic acid 

Deoxyribonuclease I 

DNA-protein crosslink 

DNA-protein crosslink coefficient 

5, 5'-dithio-bis-2-nitrobenzoic acid 

Diethylenetriaminepentaacetic acid 

Ethylenediaminetetraacetic acid 

Electron paramagnetic resonance 

Electron spin resonance 

Glucose-6-phosphate dehydrogenase 

Glutathione reductase 

Glutathione (reduced form) 

Glutathione peroxidase 

Glutathione disulfide (oxidized form) 

Gray (= 100 rads) 

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

Horseradish peroxidase 

X1X



LSC 

MDA 
NADPt 

NADPH 

NEPHGE 

NM 

NP-40 

O2- 

-OH 

1 O7 

OSWER 

PAGE 

PBS 

PMSF 

PVDF 

Rb 

RNase A 

SDS 

SGM 

SOD 

TBE 

Tiron® 

Liquid scintillation counter 

Malonaldehyde 

Nicotinamide adenine dinucleotide phosphate (oxidized) 

Nicotinamide adenine dinucleotide phosphate (reduced) 

Non-equilibrium pH gradient electrophoresis 

Nuclear matrix 

Nonidet P-40 (detergent) 

Superoxide anion radical 

Hydroxy] radical 

Singlet oxygen 

Office of Solid Waste and Emergency Response 

Polyacrylamide gel electrophoresis 

Phosphate buffered saline 

Phenylmethylsulfonylfluoride 

Polyvinylidene difluoride 

Riboflavin 

Ribonucleic acid 

Ribonuclease A 

Sodium dodecy! sulfate 

Salts glucose medium 

Superoxide dismutase 

Tris-borate EDTA 

4,5-Dihydroxy-1,3-benzenedisulfonic acid 

Ultraviolet 

XX



Chapter I 

Introduction 

Metals and metallic compounds are among the ubiquitous environmental pollutants 

of our environment. The major problem associated with the metallic contaminants is their 

non-biodegradability. Chromium ts one of the 22 chemicals of specific interest to the 

Office of Solid Waste and Emergency Response (OSWER) and is one of the Priority List 

of Hazardous Substances identified by the Agency for Toxic Substances and Disease 

Registry (ATSDR) (Federal Register 57FR8801, 1992). It is a persistent environmental 

contaminant with human exposure occurring mainly through air, water, and food (1). The 

carcinogenicity of chromium compounds is well-established in humans, based upon 

epidemiological studies and extrapolation of carcinogenicity studies in experimental animal 

models (1). In addition to cancer, chromium compounds have been shown to cause 

nephrotoxicity, hepatotoxicity and immunotoxicity (2-4). Dermal and renal toxicity have 

also been reported in workers exposed to hexavalent chromium (5, 6). Chromium toxicity 

is aconcern because it has genotoxic effects and hexavalent chromium [Cr(V])] compounds 

are listed as Group-1 human carcinogens (1). However, the mechanism of Cr(VI)-induced 

carcinogenesis is not well established. 

According to the present day knowledge of carcinogenesis, some carcinogens 

induce a heritable change by affecting DNA. This subsequently leads to cancer (7). Cr(VD) 

compounds produce a variety of genetic lesions, including DNA-protein complexes (8, 9). 

Cr(VI) compounds have been shown to be more potent toxicants in genotoxicity and 

carcinogenicity assays as compared to trivalent chromium [Cr(II]] compounds. Cr(VI) 

compounds are actively taken into the cell by cells anion transport system (10) and are 

intracellularly reduced to the biologically more stable Cr(II]) form by intracellular enzymatic 

and non-enzymatic reductants (11, see for a review). Interestingly, Cr(VI) does not bind to 

DNA or proteins in cell free systems (12, 13) where as Cr(III) binds to DNA as well as 

proteins in cell free systems (14) and has high affinity for many other biological ligands 

(15). Cr(III), however, is poorly taken up into the cell, and is considered to be non- 

carcinogenic (10). During the intracellular reduction of Cr(VD to Cr(IID, reactive species 

such as intermediate valance states of chromium, thiy! radicals and active oxygen species 

are generated (16-18), which may, in turn, initiate the carcinogenic process by damaging 

1
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Scheme 1. The "“uptake-reduction" model for Cr(VI) carcinogenicity. Cr(VI) enters the 

cells as chromate, CrO42-, through the cell's anion transport system. Redox- 

active enzymes and small molecules react with Cr(VI) intracellularly to produce 

"reactive intermediates", such as Cr(VJ) esters, Cr(V), Cr(IV), hydroxyl and 

thiyl radicals, capable of damaging cellular constituents. The Cr(VI)-induced 

DNA damage in the form of Cr-DNA adducts, radical-DNA adducts, DNA- 

protein, DNA interstrand and intrastrand crosslinks, and DNA strand breaks, 

disrupt the normal function of the DNA as a template in transcription and 

replication. (Redrawn from Wetterhahn et al. Biol. Trace Element Res. 21: 

405-411, 1989)



cellular macromolecules such as DNA (19). While Cr(II]) formed inside the cells can 

directly mediate DNA-protein complexes leading to alterations in gene expression (20, 21), 

oxidative-stress induced poly-ADP ribosylation of chromatin (22) DNA damage and/or 

DNA-protein crosslinking (23-25) can have similar genotoxic effects by modulation of 

gene expression. Therefore, an 'uptake-reduction' model has been proposed to explain the 

genotoxicity and carcinogenicity of Cr(VI) compounds (26) (Scheme 1). However, the 

precise mechanisms of Cr(VI)-induced cytotoxicity, genotoxicity, carcinogenicity and 

DNA-protein crosslinking are unknown. 

A. Chemistry of chromium 

Chromium ([Kr]4s23d4) is a metal of first series of transition elements from Group 

VIB, and is the twentieth most abundant element in the earth's crust (27). It exists in a 

wide range of oxidation states ranging from -2 to +6. However, it is generally encountered 

in oxidation states of 0, +2, +3, and +6. Only the trivalent and hexavalent compounds of 

chromium are detected in the environment in significant quantities (28). In nature 

chromium exists in combined states and not as the free metal, at an overall crust 

concentration of 125 mg/kg (29). Hexavalent chromium compounds are combined, in 

most cases, with oxygen, and exist as chromates or dichromates. Recently, chromium 

complexes of +5 and +4 valence states have been identified (30, 31). Trivalent chromium 

[Cr(IID)] is most stable, and readily forms complexes and chelates. Cr(III) compounds are 

always octahedral (hexacoordinate), and its common ligands are water, ammonia, urea, and 

free halides. Linkage of Cr(III) with biological macromolecules occurs primarily with O-, 

N-, and S- containing moieties, in preference. The stability of Cr(III) ligands is in the 

order of F>Cl>O>S (32). 

B. Reactivity of Chromium Compounds 

Chromium compounds have varying degree of genotoxic and carcinogenic effects. 

This differential toxicity of chromium compounds can be explained by their degree of 

reactivity. Although Cr(VI) compounds are classified as Group-1 human carcinogens and 

exert a variety of genotoxic effects, they may not be the ultimate genotoxic form because 

they do not react with DNA in vitro (33). The higher toxicity of Cr(VI)-compounds as 

compared to the trivalent forms is explained by their preferential uptake into the cell. In 
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solution, the Cr(VI) exists as an oxyanion (CrO42-) and is transported into the cell through 

the sulfate anion transport system (10). This preferential transport of Cr(VI) in to cell 

could result in increased levels of the metal inside the cell. The active transport of Cr(VI) is 

inhibited competitively by sulfate and 4-acetamido-4'-isothiocyanatostil-bene-2-2'- 

disulfonic acid, and inhibitors of ATP synthesis (34, 35). 

The Cr(VI) compounds are rapidly reduced in biological systems because of their 

high oxidative potential. The major reductants of Cr(VI) compounds in extracellular fluids 

are certain proteins, amino acids, and low molecular weight antioxidants such as 

glutathione and ascorbate (36). Glutathione, ascorbate, cysteine, and ribonucleotides are 

the chief reductants of Cr(VI) within the cell (36-38). Hydrogen peroxide, riboflavin, and 

NAD(P)H-dependent enzymes such glutathione reductase, cytochrome P-450 reductase, 

NAD(P)H-quinone reductase and aldehyde oxidase have also been shown to be involved in 

the intracellular reduction of chromate (19, 36, 39-43). Thus, the pathway of intracellular 

Cr(VI) metabolism and the level of biological reductants of chromate within the cell and in 

the extracellular medium may influence the genetic damage caused by Cr(VI) compounds 

(44, 45). 

The trivalent form of chromium is relatively biologically inactive, which is probably 

due to the inability of Cr(JII) to cross cellular membranes (36). However, the water 

soluble Cr(III) compounds strongly react with biological ligands such as sulfur, oxygen, 

and nitrogen atoms of proteins and amino acids (33, 46, 47). Cr(III) also binds to the Fe- 

binding sites of transferrin and may enter the cell by endocytosis of Cr(III)-transferrin 

complexes (48). In addition to its reactivity with the phosphate backbone of DNA, it has a 

greater affinity for guanine as it preferentially reacts with the G:C rich and poly-G DNA 

(14, 49, 50). Cr(IIL) has been shown to decrease the fidelity of DNA replication perhaps 

by increasing the binding strength of DNA polymerase to DNA resulting in increased DNA 

polymerase processivity and polymerase bypass of DNA lesions (51, 52). Cr(III) is 

considered to be biologically most stable as its interaction with biological ligands is not 

dissociable by dialysis, high ionic strength, or by detergents (21, 53). However, recent 

studies show that Cr(III) complexes can serve as cyclical electron donors in Fenton-like 

reactions and cause DNA strand breakage, probably through the generation of oxygen free 

radicals (54).



C. Epidemiological and Animal Carcinogenicity Studies 

Chromium is found in the environment in two major forms such as Cr(IID) and 

Cr(VI). These two forms often co-exist in certain work places along with other 

carcinogenic agents. Therefore it is hard to distinguish the carcinogenic form of chromium 

in populations exposed to chromium in work places. Occupational exposure to Cr(III) has 

not been proven to increase cancer risk (1) where as exposure to Cr(VI) in chromate 

production industry have increased as much as 50-fold risk for occurrence of respiratory 

cancer (55). Epidemiological studies in workers of ferrochromium, chrome plating, and 

steel welding show that these workers have small or insignificant increased risk for 

development of lung cancer (56-58). 

In animal studies, Cr(VI) compounds were proven to be carcinogenic at a variety of 

routes of administration whereas Cr(II]) compounds were not carcinogenic under similar 

circumstances (57). The induction of cancer in mice exposed to Cr(VI) through inhalation 

seems to be most relevant to human carcinogenesis since exposure to chromate through 

inhalation is the most common route in humans (59). Levy et al. (60) tested a number of 

industrial Cr(VI) and Cr(II]) compounds for their potentiality to cause lung cancer by intra- 

tracheal implantation in rats and found that neither soluble, nor insoluble, but the partially 

soluble Cr(VI) compounds possess significant carcinogenic potential. 

The effects of chromium compounds in various body systems have been described 

(3). The complexity of interaction of chromium with biological processes makes it harder 

to make a risk assessment of chromium. Chromium, apart from its other biological effects, 

is well established as a human carcinogen and is regarded as such by the International 

Agency for Research on Cancer, the Environmental Protection Agency, and the World 

Health Organization. This was based on over 40 epidemiological studies. The hexavalent 

form of chromium has also been established as a carcinogen in animals and genotoxic in a 

variety of genetic bioassays (1, 3). From the standpoint of quantitative risk assessment, 

there are uncertainties in the character of the dose-response relationships at low levels of 

chromium exposure (61). One of the important uncertainties is the assumption that the 

carcinogenic potency, determined under conditions of occupational exposure where most 

workers were cigarette smokers, applies to the nonsmoking individual in the general 

population. Furthermore, the Working Group on chromium has made the overall 
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evaluation on chromium(VI) compounds on the basis of the combined results of 

epidemiological studies, carcinogenicity studies in experimental animals and several types 

of other relevant data which support the underlying concept that Cr(VI) ions generated at 

critical sites in the target cells are responsible for the carcinogenic action. The results of 

their evaluation made it clear that Cr(VI) is carcinogenic to humans (Group 1) and metallic 

chromium and Cr(III) compounds are not carcinogenic to humans (Group 3). 

D. Genotoxicity of Chromium Compounds 

The mutagenic effects of Cr(VI) and CrdIT) compounds, both in prokaryotic and 

eukaryotic systems is well documented (62-69). Almost all the hexavalent chromium 

compounds tested have been found to be mutagenic in reversion or forward mutation 

assays. Cr(VI) ions have been shown to cause frame-shift mutations or base-pair 

substitutions in several Salmonella mutant strains (65, 66). It is interesting to note that 

among all the strains of Salmonella tested, the TA 102 strain which is reverted by oxidative 

mutagens, has been found to be the most sensitive to Cr(VI) ions (68, 69). Unlike Cr(VI) 

compounds, Cr(III) compounds are usually non-mutagenic in mutagenesis assays, perhaps 

because of their inability to cross the cell membrane (36). When Cr(III) compounds are 

conjugated to organic molecules so as to facilitate their passage into the cell, they have been 

found to be mutagenic (67, 68). In a recent study, mutagenicity of Cr((II]) compounds 

have been found to be due to increased rate of DNA replications and decreased fidelity of 

DNA polymerase (51). The ability of antioxidants such as ascorbate (Vitamin C) and a- 

tocopherol (Vitamin E) to protect clastogenic and mutagenic effects of Cr(VI) compounds 

indicates the involvement of Cr(V) and/or oxygen free radicals in the genotoxicity of Cr(VI) 

compounds (69, 70). Morphological transformation of rat epithelial liver cells, Syrian 

hamster embryo cells, C3H/10T 1/2 embryonic mouse fibroblasts and BHK (baby hamster 

kidney) cells by Cr(VI) compounds have been documented (71-74). In these studies 

weakly soluble Cr(VI) compounds that enter the cell by phagocytosis have been found to 

be active transformants. Cr(VI) and Cr(II]) compounds have been known to induce sister 

chromatid exchange, chromosomal aberrations and changes in cell ploidy (75-77). Cr(VD 

compounds have been shown to induce DNA strand breaks, produce alkaline-sensitive 

sites, DNA-DNA and DNA-protein cross-links (78-82) in mammalian cells or in DNA 

isolated from these cells. The exact mechanism of the formation of the DNA lesions is not



known, however, it has been speculated that certain species of chromium and/or free 

radicals might be involved in the process (83, 26). 

E. Chromate induced DNA-protein complexes 

There are many reports on the chromate-induced DNA-protein cross-linking in 

mammalian cells (14, 26, 81, 84). However the mechanism of their formation, 

composition and biological significance is not well known, perhaps because of non- 

existence of adequate methodology to study these lesions. These DNA lesions are not 

readily repaired and are relatively persistent in cells (14, 85, 86) as compared to other DNA 

lesions such as DNA strand breaks. DNA-protein crosslinks or Cr-DNA adducts were not 

observed after exposure of Cr(VI) to isolated nuclei (12, 87) but chromium binding to 

DNA occurred in presence of glutathione (87). Chromate has been shown to complex a 

selected group of non-histone nuclear proteins (9) that are dissociated by EDTA to some 

extent suggesting that the complex might be mediated by Cr(III). Nuclear matrix proteins 

and actin have been shown to be complexed by chromate to DNA in immunoblotting 

experiment (69, 88). Although the exact composition of the complex is not known, it is 

believed that tyrosine, cysteine and histidine residues are the major amino acids involved in 

the cross linking of proteins to DNA by Cr(IIJ) (89). In a recent study, chromate exposure 

of intact mammalian cells has shown to crosslink cysteine, glutamine, glutamic acid, 

histidine, threonine, and tyrosine to DNA (90). However, these amino acids were thought 

to originate from the reaction of free amino acids or small peptides with DNA rather than 

the remnants of proteolytic degradation of chromate-induced DNA-protein crosslinks. In 

one study Cr(III) has been shown to complex with the phosphate backbone of DNA rather 

than any specific DNA base indicating that the phosphate backbone of DNA is the site for 

protein complexing (19). 

F. Chromium(VI) induced DNA damage 

There are many reports of Cr(VI) induced DNA damage in mammalian cells. It was 

suggested that Cr(VI) induced DNA damage were due to oxidation of DNA components 

directly or due to formation of apurinic and/or apyrimidinic sites that are broken during 

DNA replication/repair (79, 91, 92). In one study it was shown that incubation of 

glutathione (GSH)-Cr(VI) complex with DNA result in the formation of DNA strand 
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breaks. Interestingly, an isolated stable GSH-Cr(V) intermediate also cleaved DNA. Under 

similar conditions, neither chromate alone nor the GSH-Cr(IID end product could produce 

DNA strand breaks. Thus it was suggested that the processes involved in conversion of 

the Cr(VD to Cr(II1) were the critical steps needed for DNA damage (11). In a glutathione 

and chromate system of DNA damage, catalase and hydroxyl] radical scavengers such as 

DMSO, formate and benzoate inhibited DNA damage whereas SOD was ineffective. Since 

DNA damage was dependent on the presence of iron, it was suggested that hydroxyl 

radicals are the ultimate DNA cleaving agent (18). Reaction of hydrogen peroxide with 

chromate produced both hydroxy] radical and singlet oxygen and cleaved DNA at the 

position of every base, particularly of guanine bases (19). Thus the Cr(VI)-induced DNA 

damage seems to be dependent on the reactive intermediates i.e., Cr(V) or OH produced 

during the reduction of Cr(VI). Faux et al. (1992) reported an involvement of H2O2 in 

Cr(VI)-induced oxidation of DNA bases that resulted in the formation of 8- 

hydroxydeoxyguanosine (93). In addition, treatment of cells with catalase, a H202 

decomposing enzyme, inhibited the Cr(VI)-induced DNA-strand breaks and Cr(IID- 

induced chromosomal aberration in cultured human fibroblasts and human lymphocytes, 

respectively (83, 94). Recently, hydrogen peroxide resistant Chinese hamster ovary cells 

have been shown to have decreased levels of intracellular Cr(V) and reduced level of DNA 

single-strand breaks (95), suggesting a role of active oxygen species in the process. In 

another study co-incubation of Cr(VI) and mannitol (a -OH radical scavenger) failed to 

block strand breakage while SOD and catalase completely inhibited DNA damage (83). 

Collectively these results suggest that active oxygen species, particularly HyO2, may be 

closely associated with the mutagenic and carcinogenic effects of Cr(VI). Incubation of 

Cr(II) with ascorbate and DNA also increased DNA damage which was inhibited by 

oxygen radical scavengers (101). In recent study, SO3- radicals generated by Cr(VI) 

oxidation of SO32- has been shown to cause deoxyguanine hydroxylation and DNA double 

strand breaks (96). In a Cr(VI) and ascorbate system, Cr(V) and carbon-based radicals 

have been suggested to cause Cr-DNA adducts and DNA-single strand breaks, respectively 

(97). In a similar system, consisting of chromate and ascorbate, DNA damage has been 

suggested to occur due to formation of peroxo or superoxo complexes involving Cr(V) or 

Cr(IV) (98). |



G. Chromium(VI) and ‘Oxidative Stress' 

(1) Activation of molecular oxygen 

Increase in generation of cellular prooxidants as well as decrease in the antioxidant 

level of cells can give rise to ‘oxidative stress'. In biological systems, the term 

‘prooxidants' is generally associated with hydroperoxides and oxygen based ‘free 

radicals’. A free radical is defined as any species cable of independent existence that 

contains one or more unpaired electrons, 1.e., the electron(s) by itself occupies an atomic or 

molecular orbital (99). 

The molecular oxygen in its ground state contains two unpaired electrons, each of 

which goes into separate anti-bonding z-orbitals with parallel spins. As a result, the 

ground state molecular oxygen is in the triplet state and its reaction with most organic 

compounds (which are in the more common singlet ground state with paired electrons) is a 

spin forbidden process. In other words, the parallel electron spins in the triplet ground 

state oxygen forbid the direct entry of paired electrons, which could be possible by the 

inversion of one of the electronic spins of the two unpaired electrons. Inversion of 

electronic spin is a very slow process as compared to the life time of the collisional 

complexes. As a consequence of this spin restriction, univalent reduction of oxygen is 

favored over divalent or even tetravalent reduction and thus during the normal metabolism 

of the aerobic organisms, in addition to the reduction of oxygen to water, formation of 

several reactive oxygen species such as superoxide radical (O2--), hydrogen peroxide 

(H202), hydroxy] radical (-OH), and singlet oxygen (103) are not avoidable. 

The univalent reduction of O? results in the formation of O2- (reaction 1). 

  O72 +e > QO: (reaction 1) 

Some oxidases such as glycollate oxidase, urate oxidase, and amino acid oxidases transfer 

two electrons to each O2 molecule forming H2O3 (reaction 2). 

O» + 2e° + 2Ht > HO» (reaction 2)   

H 02 is also formed by enzymatic dismutation of O2-- by superoxide dismutase (SOD) 

(reaction 3).



SOD 

O2- + On" + 2Ht > HO» + Op» (reaction 3)   

This is a very fast reaction with a rate constant of 2 X 10? M/s at pH 7.4 (100). 

Dismutation of O2-- also occurs spontaneously with a rate several orders of magnitude 

slower than the enzyme catalyzed reaction and produces H202. Thus generated H2O2 and 

O2:-" can react together to generate -OH and this reaction, known as the 'Haber-Weiss 

reaction’, and is now believed to be catalyzed by metal salts (reaction 4). 

O2- + H2O02 ——————————> OH + -OH + QO} (reaction 4) 

Free radical-induced oxidative damage has been implicated in the etiology of a number of 

diseases (101-103) including cancer (104-107). 

However, the deleterious effects of these active molecular species of oxygen are not 

detected in the normal cell because of the presence of adequate endogenous protective 

mechanisms (108). The protective mechanisms include the enzyme superoxide dismutase 

which catalyzes the dismutation of O2- to form H202, while enzymes such as catalase and 

glutathione peroxidase decompose H2O02 to O2 and water. These reactions minimize the 

formation of -OH and 105 from the interaction among O2-~ , H2O2 and cell components. 

The other major antioxidant enzymes are glutathione reductase and glucose-6-phosphate 

dehydrogenase, which regenerate the cellular reductants such as reduced glutathione and 

NADPH, respectively. The other protective agents include a-tocopherol (scavenger of 

109, inhibitor of lipid peroxidation), ascorbic acid ( a scavenger of O2-, .OH, and !O2), 

reduced glutathione (scavenger of -OH, and !02) and many other natural and synthetic 

compounds (see Ref. 108 for a review). 

(ii) Cr( VI)-induced alterations in the antioxidant system 

Recent in vitro studies have shown that biological reduction of Cr(VI) generates 

active oxygen species such as oxygen free radicals, and enhances lipid peroxidation in cells 

and tissues (109, 110). Physiological antioxidants are also shown to modify the genotoxic 

and cytotoxic effects of Cr(VI) (111). However a detailed systematic study of the effect of 

Cr(VI) on the antioxidant system has not been elucidated. Decreased levels of glutathione 
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were reported in isolated hepatocytes (109), rat thymocytes (112) and human erythrocytes 

(113) treated with chromates. Vitamin C (ascorbate) levels were found to be decreased in 

rat and guinea pig liver upon treatment with Cr(VI) 114). Dietary pretreatment of rats and 

guinea pigs with Vitamin E protected bone marrow cells from Cr(VI) induced cytotoxicity 

(114). Glutathione reductase is known to have the ability to act as a “chromate reductase” 

(36, 41). Its selective inhibition by the metal has also been documented (16, 107 ). 

Although the exact mechanism of the inhibition of the enzyme is not known, it has been 

suggested that direct interactions of Cr(V) and/or other radical species with the enzyme 

protein may play a role in enzyme inhibition. In one study, oral administration of 

chromate decreased the level of glucose-6-phosphate dehydrogenase, glutathione reductase, 

glutathione peroxidase, superoxide dismutase and catalase in kidney epithelial cells. On 

chronic administration of chromate, however, the activity of all the above enzymes were 

augmented except that of glucose-6-phosphate dehydrogenase (82). Incubation of isolated 

rat hepatocytes with chromate diminished the activity of glutathione reductase but not that 

of glutathione peroxidase (109). 

(11) Cr(VI)-induced generation of active oxygen species 

Several studies have shown the involvement of reactive oxygen species, 

particularly, hydroxyl radical, in Cr(VI) metabolism. Most of the evidences have come 

from the reaction of Cr(VI) with physiological reductants. Reaction of glutathione with 

Cr(VI) produced Cr(V) and glutathione thiyl radical (115, 116) but no hydroxyl radical was 

detected by using 5,5-dimethyl-1,-pyrroline (DMPO) as a spin trap. However, glutathione 

thiyl radical produced in this reaction can react with oxygen to produce superoxide or other 

active oxygen species (117, 118). Reaction of H2O2 with Cr(VI) has been shown to 

produce !Oy, -OH and tetraperoxochromate(V) (115). Tetraperoxo-chromate(V) formed in 

this reaction can decompose to produce chromate, !O7 and O2~ (19). Presence of H2O? in 

reaction mixtures of Cr(VI) and GSH, NADPH, riboflavin, and cellular diols such as 

ribose, fructose and glyceraldehyde which produces Cr(V), produced hydroxy] radicals 

(12, 39, 116). Enzymatically produced Cr(V), also reacts with H2O2 to produce hydroxyl 

radicals (40). Cr(V) complex of GSH also produced hydroxyl radicals in presence of 

oxygen (119). Cr (ID and Cr(II]) were also shown to react with HQ? in acidic medium 

and in presence of cysteine or NADH to produce hydroxy] radicals (120). 
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H. Use of lymphocytes in research involving chemical exposure 

There are a number of advantages of using lymphocytes as targets for developing 

biomarkers of chemical exposure (121, 122). Many lymphocytes are long lived in the 

body and so are exposed to a longer period to certain chemicals. Lymphocytes can be 

obtained from humans and purified easily. Again, since the lymphocytes are nucleated, 

they can be utilized as biomarkers involving DNA. Therefore, lymphocytes have been 

used in investigations involving DNA-protein crosslinking by ionizing radiation (123) and 

vanidium (124). Lymphocytes may also be a good model system for investigation of 

cytotoxic and genotoxic effects of Cr(VI) because, chromium uptake has been shown to be 

more in lymphocytes than in red-blood cells following in vitro or in vivo (oral, iv.) 

exposure of chromate (125), and an increased DNA-protein crosslinking in lymphocytes of 

welders exposed to fumes of metal salts including that of chromium has been reported 

recently (126). 

I. Rationale and significance of this research 

Although DNA protein complexes induced by chromium compounds have been 

detected in a number of investigations, their mechanisms of formation, composition and 

biological significance is unknown. The DNA-protein complexing action of Cr(VI) 

compounds, however, may involve either the generation of active oxygen species and other 

radicals, or direct participation of the reduced forms of Cr(VI) that may directly complex 

proteins to DNA (115). Cr(IID ion is a likely candidate to cause DNA-protein crosslinking 

because of its stability and affinity for biological ligands (33). It has been suggested that 

chromium compounds could be reacting best with the N-7 position of guanine and bind to 

cysteinyl, methionyl and histidyl groups of proteins (9). Investigations involving 

formaldehyde and ionizing radiation have shown that DNA-protein complexes could be 

formed in two different ways: malondialdehyde was directly involved in the complex 

giving rise to the cytosine-malondialdehyde-lysine complexes while radiation-induced 

thymine-tyrosine complexes are induced by a free radical dependent mechanisms (127, 

128). Due to the persistent nature of DNA-protein cross-links, it has been suggested that 

they may be present at the time of DNA replication and may act as impediments to DNA 

polymerase processivity (129). Some experiments have shown that chromium and other 

metal compounds complexed nuclear matrix proteins to DNA, suggesting that the DNA 
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repair, replication or transcription might be involved in the process (67, 130). Actin and 

other nuclear proteins have been found to be cross-linking to DNA by cis-platinum and 

chromium compounds (92). Actin has been shown to be involved in transcription process 

and has been shown to be a transcription initiation factor for RNA polymerase B (131, 

132). In normal cells very few proteins are covalently bound to, or tightly complexed with 

DNA. Since the chromate-induced DNA-protein complexes are persistent and are bulky in 

nature, they could lead to deletions of DNA sequences during DNA replication, which in 

turn could produce carcinogenesis through the inactivation or loss of tumor suppresser 

genes (133). On the other hand, induction of an oxidative stress in cells by Cr(VI), could 

lead to activation of oncogenes (134). In fact, recently increase in the steady-state level of 

c-myc RNA has been reported in cultured human fibroblasts treated with chromate (135). 

Other possible consequences of DNA-protein complexing were illustrated by the 

relationship that the optimal dose for formation of DNA-protein complexing also produced 

highest transformation frequency (72) and that the mutation frequency of the HGPRT locus 

was related to the formation of DNA-protein complexes within this gene (136). Study of 

DNA-protein complexes may also elucidate the nuclear architecture, as has recently been 

postulated for changes in the nuclear lamines complexed by cis-platinum in differentiating 

monocytes (137). Therefore, it is important to analyze this DNA lesion and understand its 

biological importance and its involvement in metal carcinogenicity. 

The present studies not only analyzed the chromate-induced DNA-protein 

crosslinks, but also distinguished between the proteins that were crosslinked directly by 

Cr(III) participation and those that crosslink by oxidative mechanisms. These studies also 

determine the protective effects of antioxidants in chromate-induced cytotoxicity and 

genotoxicity. Fundamental knowledge derived from these studies could lead to enhanced 

functional improvement of patients exposed to this environmental toxicant. Since DNA- 

protein cross-links are persistent in nature, characterization, isolation and/or identification 

of proteins specifically complexed to DNA by chromate or by oxidative mechanism have 

important practical implication because of their utility as biomarkers. For example 

development of antibodies to a protein abundantly complexing to DNA directly via 

chromium participation can be used as biomarker of chromate exposure in human 

population. 
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Hypothesis 

Although the precise mechanisms of chromate carcinogenicity and specifically 

chromate-induced DNA-protein crosslinking are unknown, based on the above cited 

literature and our preliminary data, we hypothesized that Cr(VI)-induced DNA-protein 

crosslinks may, in part, be due to generation of active oxygen species following the 

intracellular reduction of Cr(VJ), and that antioxidants may ameliorate the genotoxic and 

carcinogenic effects of Cr(VI). 

Specific aims 

The following specific aims were proposed for a better understanding of the 

mechanisms involved in Cr(VI)-induced DNA-protein crosslinking as well as to test our 

hypothesis. 

1. To characterize the DNA-protein complexes induced by the carcinogen Cr(VI) in 

human leukemic T-lymphocyte MOLT4 cells, 

2. To investigate the effect of Cr(VI) on "oxidative-stress status" of the cell, and to 

evaluate the effect of antioxidants to ameliorate the effects of Cr(VI), 

3. To distinguish between proteins directly cross-linked by Cr(III) and those that are 

cross-linked oxidatively during intracellular Cr(VI) reduction, and 

4. To identify major proteins that are complexed to DNA by Cr(IID) or via oxidative 

mechanisms, in MOLT4 cells treated with Cr(VI). 

The following experiments provide evidences in support of our hypothesis. Also, 

we report here the possible mechanisms of Cr(VI)-induced DNA-protein crosslinking. 

14



References 

10. 

11. 

12. 

13. 

IARC monographs on the Evaluation of Carcinogenic Risk to Humans (1990). 
Chromium, Nickel and Welding. Vol. 49, Lyon, France 

Hojo, Y., Satomi, Y. (1991) In vivo nephrotoxicity induced in mice by chromium 
(VI). Involvement of glutathione and chromium (V). Biol. Trace Element Res. 31: 
21-31 

ATSDR (1993) Toxicological profiles for chromium. Report # ATSDR/TP-88/10 

Snyder, C.A., Calle, C.D. (1991) Immune function assays as indicators of 
chromate exposure. Environ. Health Perspect. 92 : 83-86 

Love, A.H.G. (1983) Chromium-biological and analytical considerations. In: 
Chromium: Metabolism and Toxicity, (Burrows, D. ed.), Boca Raton, FL, CRC 
Press, pp 1-12 

Verschoor, M.A., Barger, P.C., Herber, R. F. M., Zielhuis, R.L., Zwennis, 
W.C.M. (1988) Renal function of chrome-plating workers and welders. Int. Arch. 
Occup. Environ. Health 60: 67-70 

Loeb, L. (1989) Endogenous carcinogenesis: Molecular oncology into the twenty- 
first century. Cancer Res. 49:5489-5496 

Oleinick, N.L., Chiu, S., Ramakrishnan, N., Xue, L. (1987) The formation and 
significance of DNA-protein complexes in mammalian cells. Br. J. Cancer 55: 
135-140 

Miller III, C.A., Costa, M. (1989) Analysis of proteins cross-linked to DNA after 
treatment of cells with formaldehyde, chromate and cis-Diamminedichloroplatinum 
ll. Mol. Toxicol. 2: 11-22 

De Flora, S., Wetterhahn, K.E. (1989) Mechanism of chromium metabolism and 
genotoxicity. Life Chem. Rep. 7: 169-244 

Standeven, A.M., Wetterhanh, K. (1991) Is there a role for reactive oxygen species 
in the mechanism of chromium(VI) carcinogenesis? Chem. Res. Toxicol. 4: 616- 
625 

Fornace, A.J. Jr., Seres, D.S., Lechner, J.F., Harris C.C. (1981) DNA-protein 
cross-linking by chromium salts. Chem.-Biol. Interact. 36: 345-354 

Koster, A., Beyersmann, D. (1985) Chromium binding by calf thymus nuclei and 
effects on chromatin. Toxicol. Environ. Chem. 10: 307-313 

15



14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Tsapakos, M.J., Wetterhahn, K.E. (1983) The interaction of chromium with 
nucleic acids. Chem.-Biol. Interact. 46: 265-277 

Earley, J.E., Cannon, R.D. (1965) Aqueous chemistry of chromium(III). In: 
Transition Metal Chemistry, (Carlin, R.L. ed.) vol. 1. Marcer Dekker, New York, 
pp 33-37 

Sugiyama, M., Ando, A., Ogura, R. (1989) Effect of vitamin E on survival, 
glutathione reductase, and formation of chromium (V) in Chinese hamster V-79 
cells treated with sodium chromate (VI). Carcinogenesis 10: 737-741 

Aiyar, J., Benkovits, H.J., Floyd, R.A.G., Wetterhahn, K.E. (1991) Reaction of 
chromium (VI) with glutathione or with hydrogen peroxide: Identification of 
reactive intermediates and their role in chromium (VI)-induced DNA damage. 
Environ. Health Perspect. 92: 53-62 

Kortenkamp, A., Oetken, G., Beyersmann, D. (1990) The DNA cleavage induced 
by a chromium (V) complex and by chromate and glutathione is mediated by 
activated oxygen species. Mutat. Res. 232:155-161 

Kawanishi, S., Inoue, S., Sano, S. (1986) Mechanism of DNA cleavage induced 
by sodium chromate(VI) in the presence of hydrogen peroxide. J. Biol. Chem. 
261: 5952-5989 

Sugiyama, M., Patierno, S.R., Cantoni, O., Costa, M. (1986) Characterization of 
DNA lesions induced by CaCrO, in synchronous and asynchronous cultured 
mammalian cells. Mol. Pharmacol. 29: 606-613 

Tsapokos, M.J., Hampton, T.H., Watterhahn, K.E. (1991) Chromium (VI)- 
induced DNA lesions and chromium distribution in rat kidney, liver, and lung. 
Cancer Res. 43: 5662-5667 

Sugiyama, M., Costa, M., Nakagawa, T., Hidaka, T., Ogura, R. (1988) 
Stimulation of polyadenosine diphosphoribose synthesis by DNA lesions induced 
by sodium chromate in chinese hamster V-79 cells. Cancer Res. 48: 1100-1104 

Dizdaroglu, M., Gajewski, E., Reddy, P., Margolis, S.A. (1989) Structure of a 
hydroxy] radical induced DNA-protein cross-link involving thymine and tyrosine in 
nucleohistone. Biochemistry 28: 3625-3628 

Schuessler, H., Jung, E. (1989) Protein-DNA-crosslinks induced by primary and 
secondary radicals. Free Radic. Res. Comms. 6: 161-162 

Dizdaroglu, M. (1991) Chemical determination of free radical induced damage to 
DNA. Free. Radic. Biol. Med. 10: 225-242 

Wetterhahn, K.E., Hamilton, J.W., Aiyar, J., Borges, K., Floyd, R. (1989) 
Mechanism of chromium(VI) carcinogenesis: reactive intermediates and effect on 
gene expression. Biol. Trace Element Res. 21: 405-411 

16



27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

Westbrook, J.H. (1979) Chromium and chromium alloys. In: Kirk-Othmer 
Encyclopedia of Chemical Technology, (Mark, H.F., Othmer, D.F., Overberger, 
C.G., Seaborg, G.T., Grayson, M., eds.), 3rd ed., Vol. 6, New York, John wiley 
& Sons, pp 54-82 

Fishbein, L. (1976) Environmental metallic carcinogens: an overview of exposure 
levels. J. Toxicol. Environ. Health 2: 77-109 

National Research Council (1974) Chromium, Washington DC, National Academy 
of sciences. 

O'Brien, P., Barrett, J., Swanson, F. (1985) Chromium(V) can be generated by 
the reduction of Cr(VI) by glutathione. Inorg. Chim. Acta 108: L19-20 

Goodgame, D.M.L., Joy, A. M. (1987) EPR study of chromium(V) and radical 
species produced in the reduction of Cr(VI) with ascorbate. Inorg. Chim. Acta. 
135: 115-119 

Cohen, M.D., Latta, D., Coogan, T., Costa, M. (1990) Mechanisms of metal 
carcinogenesis: The reactions of metals with nucleic acids. In: Biological Effects of 
Heavy Metals, (E.C. Foulkes, ed.), Vol. Il, Metal Carcinogenesis, CRC Press, 
Boca Raton, pp 19-76 

Nieboer, E., Jusys, A. (1988) Biological chemistry of chromium In: Chromium 
in the Natural and Human Environments, Advances in Science and Technology. 
(E. Nieboer, J.O. Nriagu, eds.), J. Wiey and Sons, New York, Vol. 20, pp 21-79 

Jennette, K.W. (1981) The role of metals in carcinogenesis: Biochemistry and 
metabolism. Environ. Health Perspect. 40:223-252 

Arslan, P., Beltrame, M., Tomasi, A. (1987) Intracellular chromium reduction. 
Biochim. Biophys. Acta 931: 10-15 

Connett, P.H, Wetterhahn, K. (1983) Metabolism of the carcinogen chromate by 
cellular constituents. Struct. Bond. 54: 93-124 

Goodgame, D.M.L., Hayman, P.B., Hathway, D.E. (1982) Carcinogenic 
chromium (VI) forms chromium (V) with ribonucleotides but not with 
deoxyribonucleotides. Polyhedron 1: 497-499 

Denniston, M.L., Uyeki, E.M. (1987) Distribution and HPLC study of 
chromium-51 binding sites in Chinese hamster ovary cells. J. Toxicol. Environ. 
Health 21: 375-386 

Sugiyama, M., Ando, A., Ogura, R. (1989) Vitamin B7-enhancement of sodium 

chromate (VI)-induced DNA single strand breaks: ESR study of the action of 
Vitamin By. Biochem. Biophys. Res. Commun. 159: 1080-1085 

17



40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

Shi, X., Dalal, N.S. (1989) Chromium (V) and hydroxy] radical formation during 
the glutathione reductase catalyzed reduction of chromium (VI). Biochem. 
Biophys. Res. Commun. 163: 627-634 

Jannette, K.W. (1985) Microsomal reduction of the carcinogenic chromate 
produces chromium (V). J. Am. Chem. Soc. 104: 874-875 

De Flora, S., Morelli, A., Basso, C., Romano, M., Serra, D., De Flora, A. (1985) 
Prominent role of DT-diaphroase as a cellular mechanism reducing chromium (VI) 
and reverting its mutagenicity. Cancer Res. 45: 3188-3196 

Banks, R.B., Cooke, R.T., Jr. (1986) Chromate reduction by rabbit liver 
aldehyde oxidase. Biochem. Biophys. Res. Commun. 137: 8-14 

Sugiyama, M. (1989) Effects of vitamin E and vitamin B7 on chromate-induced 

DNA lesions. Biol. Trace Element Res. 21: 399-404 

Cupo, D.Y., Watterhahn, K.E. (1985) Modification of chromium (VI)-induced 
DNA damage by glutathione and cytochrome P-450 in chicken embryo hepatocytes. 
Proc. Natl. Acad. Sc., USA 82: 6755-6759 

Evans, C.A., Guevremont, R., Rabenstein, D.L. (1979) Metal complexes of 
aspartic and glutamic acid. In: Metal Ions in Biological Systems, (H. Siget ed.) 
Marcel Dekker, New York, Vol. 9, pp 42-75 

Gergley, A., Sovago, I. (1979) The coordination chemistry of L-cysteine and D- 
penicillamine. In: Metal Ions in Biological Systems, (H. Siget ed.) Marcel Dekker, 
New York, Vol. 9, pp 77-102 

Harris, D.C. (1977) Different metal binding properties of the two sites of human 
transferrin. Biochemistry. 16 : 560-564 

Tamino, G., Peretta, L., Levis, A.G. (1981) Effects of trivalent and hexavalent 
chromium on the physiochemical properties of mammalian cell nucleic acids and 
synthetic polynucleotides. Chem.-Biol. Interact. 37: 309-319 

Wolf, T., Kasemann, R., Ottenwalder, H. (1989) Molecular interaction of 
different chromium species with nucleotides and nucleic acids. Carcinogenesis 10: 
655-659 

Snow, E.T. (1991) A possible role for chromium (IID) in genotoxicity. Environ. 
Health Perspect. 92:75-81 

Snow, E.T. (1994) Effect of chromium on DNA replication in vitro. Environ. 
Health Perspect. 102: 41-44 

Miller, C.A., III, Costa, M. (1990) Immunodetection of DNA-protein cross-links 
by slot blotting. Mutat. Res. 234: 97-106 

18



54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

Sugden, K.D.; Geer, R.D. and Rogers, S.J.(1992) Oxygen radical-mediated DNA- 
damage by redox-active Cr(IID) complexes. Biochemistry 31: 11626-11631 

Yassi, A. and Nieboen, E. (1988) Carcinogenicity of chromium compounds. In: 
Chromium in the Natural and Human Environments, Advances in Science and 
Technology, (E. Nieboer, J.O. Nriagu eds.), J. Wiley and Sons, New York, Vol. 
20, pp 443-495 

Waterhouse, J.A.H. (1975) Cancer among chromium platers. Br. J. Cancer 32: 
262 

Langard, S., Anderson, A., Glyseth, B. (1980) Incidence of cancer among 
ferrochromium and ferrosilicon workers. Br. J. Ind. Med. 37: 114-120 

Stern, R.M. (1983) Assessment of risk of lung cancer for welders. Arch. Env. 
Health 38: 148-155 

Nettes heim, P., Hanna, Jr., M.G., Doherty, D.G., Newell, R.P., Hellman, A. 
(1971) Effect of calcium chromate dust, influenza virus, and 100 rads of whole 
body X-irradiation on the lung tumor incidence in mice. J. Natl. Cancer Inst. 47: 
1129-1144 

Levy, L.S., Martin, P., Bidstrup, P.L. (1986) Investigation of the potential 
carcinogenicity of a range of chromium containing materials on rat lung. Br. J. 
Ind. Med. 43: 243-256 

Albert, R.E. (1991) Issues in the risk assessment of chromium. Environ. Health 
Perspect. 92: 91-92 

Nieboer, E., Shaw, S.L. (1988) Mutagenic and other genotoxic effects of 
chromium. In: Chromium in the Natural and Human Environments, Advances in 
Science and Technology, (E. Hieboer and J.O. Nriagu eds.) J. Wiley and Sons, 
New York, Vol. 20, pp 399-441 

Arlauskas, A., Baker, R.S.V., Bonier, A.M., Tandon, R.K., Crisp, P.T., Ellis, J. 
(1985) Mutagenicity of metal ions in bacteria. Environ. Res. 36: 379- 388 

LaVelle, J.M. (1986) Potassium chromate potentiates frameshift mutagenesis in E. 
coli and S. typhimurium. Mutat. Res. 171: 1-10 

Levin, D.E., Hollstein, M., Christman, F., Schwiers, E.A., Ames, B.N. (1982) 
A new Salmonella tester strain (TA 102) with A-T base pairs at the site of mutation 
detects oxidative mutagens. Proc. Natl. Acad. Sci. USA 79: 7445-7448 

Bennicelli, C., Camoirano, A., Petruzzeli, S., Zanacchi, P., DeFlora, S. (1983) 
High sensitivity of Salmonella TA 102 in detecting hexavalent chromium 
mutagenicity and its reversal by liver and lung preparations. Mutat. Res. 122: 1-5 

Wedrychowski, A., Ward, W.S., Schmidt, W.N., Hnilica, L. (1985) Chromium- 
induced cross-linking of nuclear proteins and DNA. J. Biol. Chem. 260: 7150- 
7155 

19



68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

Beyersmann, D., Koster, A. (1987) On the role of trivalent chromium in 
chromium genotoxicity. Toxocol. Environ. Chem. 14: 11-22 

Sugiyama, M., Lin, X., Costa, M. (1991) Protective effects of vitamin E against 
chromosomal aberrations and mutation induced by sodium chromate in Chinese 
hamster V 79 cells. Mutat. Res. 260:19-23 

Wise, J.P., Orenstein, J.M., Patierno, S.R. (1993) Inhibition of lead chromate 
clastogenesis by ascorbate: relationship to particle dissolution and uptake. 
Carcinogenesis 14: 429-434 

Dipaolo, J.A., Casto, B.C. (1979) Quantitative studies of in vitro morphological 
transformation of Syrian hamster cells by inorganic metal salts. Cancer Res. 39: 
1008-1013 

Briggs, J.A., Briggs, R.C. (1988) Characterization of chromium effects on a rat 
liver epithelial cell line and the relevance to in vitro transformation. Cancer Res. 48: 
6484-6490 

Hansen, K., Stern, R.M. (1985) Welding fumes and chromium compounds in cell 
transformation assays. J. Appl. Toxicol. 5: 306-314 

Patierno, S.R., Bahn, D., Landolph, J.R. (1988) Transformation of C3H/10T 1/2 
mouse embryo cells to focus formation and anchorage independence by insoluble 
lead chromate but not soluble calcium chromate: relationship to mutagenesis on and 
internalization of lead chromate particles. Cancer Res. 48: 5280-5288 

Ohano, H., Hanaoka, F., Yamada, M. (1982) Inducibility of sister-chromatid 
exchanges by heavy metal ions. Mutat. Res. 104: 141-145 

Nys, M., Kirsch-Volders, M. (1986) Induction of spindle inhibition and abnormal 
mitotic figures by Cr(II), Cr(IM) and Cr(VI) ions. Mutagenesis 1: 247-252 

Sen, P., Conway, K.., Costa, M. (1986) Comparison of the localization of 
chromosome damage induced by chromate and nickel compounds. Cancer Res. 47: 
2142-2147 

Kortenkamp, A., Ozolins, Z., Beyersmann, D. and O'Brien, P. (1989) Generation 
of PM2 DNA breaks in the course of reduction of chromium (VI) by glutathione. 
Mutat. Res. 216:19-26 

Cantoni, O., Costa, M. (1984) Analysis of the induction of alkali sensitive sites in 
the DNA by chromate and other agents that induce single-strand breaks. 
Carcinogenesis 5:1207 

Venitt, S. (1985) Genetic toxicology of chromium and nickel compounds. [n: 
Health Hazards and Biological Effects of Welding Fumes and Gases. (Stern, R., 
Berlin, A., Jarvisalo, J., and Fletcher, A., eds.), ICS No. 676, Elsevier Science, 
Amsterdam, pp 249-266 

20



81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

Miller, C.A., Costa, M. (1988) Characterization of DNA-protein complexes 
induced in intact cells by the carcinogen chromate. Mol. Carcinogen. 1:125-133 

Elias, Z., Schneider, O., Aubrey, F., Daniere, M.C., Pairot, O. (1983) Sister 
chromatid exchanges in Chinese hamster V79 cells treated with the trivalent 
chromium compounds chromic chloride and chromic oxide. Carcinogenesis 4: 
605-611 

Snyder, R.D. (1988) Role of active oxygen species in metal-induced DNA strand 
breakage in human diploid fibroblasts. Mutat. Res. 193:237-246 

Hamilton, J.W., Wetterhahn, k.E. (1986) Chromium(VI)-induced DNA damage in 
chick embryo liver and blood cells in vivo. Carcinogenesis 7: 2085-2088 

Sugiyama, M.; Wang, X., Costa, M. (1986) Comparison of DNA lesions and 
cytotoxicity induced by calcium chromate in humans, mouse, and hamster cell 
lines. Cancer Res. 46:4547-4551 

Manning, F.C., Blankenship, L.J., Wise, J.P., Xu, J., Bridgewater, L.C., 
Patierno, S.R. (1994) Induction of internucleosomal DNA fragmentation by 
carcinogenic chromate: relationship to DNA damage, genotoxicity, and inhibition of 
macromolecular synthesis. Environ. Health Perspect. 102: 159-167 

Krotenkamp. A., O'Brien, P., Beyersmann, D. (1989) The reduction of chromate 
is a prerequisite of chromium binding to cell nuclei. Carcinogenesis 12: 1143-1144 

Miller, C.A., III, Cohen, M.D., Costa, M. (1991) Complexing of actin and other 
nuclear proteins to DNA by cis-diamminedichloroplatinum(I]) and chromium 
compounds. Carcinogenesis 12: 269-276 

Lin, X., Zhuang, Z., Costa, M.(1992) Analysis of residual amino acid-DNA cross- 
links induced in intact cells by nickel and chromium compounds. Carcinogenesis 
13: 1763-1768 

Voitkun, V., Zhitkovich, A., Costa, M. (1994) Complexing of amino acids to 
DNA by chromate in intact cells. Environ. Health Perspect. 102: 251-255 

Hartwig, A. (1995) Current aspects in metal genotoxicity. Biometals 8: 3-11 

Roberts, J.J. (1978) The repair of DNA modified by cytotoxic, mutagenic, and 
carcinogenic chemicals. Adv. Radiat. Biol. 7: 211-215 

Faux, S.P., Gao, M., Chipman, J.K., Levy, L.S. (1992) Production of 8- 
hydroxydeoxyguanosine in isolated DNA by chromium(VJ) and chromium(V). 
Carcinogenesis 13: 1667-1669 

Friedman, J., Shabtai, F., Levy, L.S., Djaldetti, M. (1987) Chromium chloride 
induces chromosomal aberrations in human lymphocytes via indirect action. Mutat. 
Res. 191: 207-210 

21



95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

Tsuzuki, T., Sugiyama, M., Haramaki, N. (1994) DNA single-strand breaks and 
cytotoxicity induced by chromate(VI), cadmium(ID), and mercury(I} in hydrogen 
peroxide-resistant cell lines. Environ. Health Perspect. 102: 341-342 

Shi, X., Mao, Y. (1994) 8-Hydroxy-2'-deoxyguanosine formation and DNA 
damage induced by sulfur trioxide anion radicals. Biochem. Biophys. Res. 
Commun. 205: 141-147 

Stearns, D.M., Kennedy, L.J., Courtney, K.D., Giangrande, P.H., Phieffer, 
L.S., Wetterhahn, K.E. (1995) Reduction of Cr(VI) by ascorbate leads to 
chromium-DNA binding and DNA strand breaks in vitro. Biochemistry 34: 910- 
919 

da Cruz Fresco, P., Krotenkamp, A. (1994) The formation of DNA cleaving 
species during the reduction of chromate by ascorbate. Carcinogenesis 15: 1773- 
1778 

Halliwell, B., Gutteridge, M.C. (eds.) (1989) Free Radicals in Biology and 
Medicine, Clarendon Press, Oxford 

Fridovich, I. (1976) Oxygen radicals, hydrogen peroxide and oxygen toxicity. In: 
Free Radical in Biology, Pryor, W.A., ed., Academic Press, New York, Vol. 1, 
pp 239-277 

Cross, C.E., Halliwell, B., Borish, E.T., Pryor, W.A., Ames, B.N., Saul, R.L., 
McCord, J.M., Harman, D. (1987) Oxygen radicals and human disease. Annals 
Int. Med. 107: 526-545 

Bast, A., Goris, R.J.A. (1989) Oxidative stress: Biochemistry and human disease 
Pharm. Weekbl. (sci) 11: 199-206 

Kloner, R.A., Przyklenk, K. Whittaker, P. (1989) Deleterious effects of oxygen 
radicals in ischemia/reperfusion. Circulation 80: 1115-1127 

Ames, B.N. (1989) Endogenous oxidative DNA damage, aging, and cancer. Free 
Radic. Res. Comms. 7: 121-128 

Kensler, T.W., Taffe, B.G. (1986) Free radicals in tumor promotion. Adv. Free 
Radic. Biol. Med. 2: 347-387 

Cerruti, P.A. (1985) Prooxidant states and tumor promotion. Science 277: 375- 
381 

Hochstein, P., Atallah, A.S. (1988) The nature of antioxidant systems in the 
inhibition of mutation and cancer. Mutat. Res. 202: 363-375 

Ross, D., Modeus, P. (1991) Antioxidant defense systems and oxidative stress. 
In: Vigo-Pelfrey, C., ed., Membrane Lipid Oxidation, Vol. II, CRC Press, Boca 
Raton, pp 151-170 

22



109. 

110. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

118. 

119. 

120. 

121. 

122. 

Ueno, S., Susa, N., Furukawa, Y., Akikawa, K. and Itagaki, I. (1989) Cellular 
injury and lipid peroxidation induced by hexavalent chromium in isolated rat 
hepatocytes. Jpn. J. Vet. Sci. 51:137-145 

Coudray, C., Faure, P., Rachidi, S., Jeunet, A., Richard, M.J., Roussel, A.M. 
and Favier, A. (1992) Hydroxyl radical formation and lipid peroxidation 
enhancement by chromium. In vitro study. Biol. Trace Element Res. 32:161-170 

Sugiyama, M. (1992) Role of physiological antioxidants in chromium(VI)-induced 
cellular injury. Free Radic. Biol. Med. 12: 397-407 

Debetto, P., Luciani, S. (1988) Toxic effects of chromium on cellular metabolism. 
Sci. Total Environ. 71: 365-377 

Wilgand, H.J., Ottenwalden, H., Bolt, H.M. (1984) The reduction of 
chromium(VI) to chromium(III) by glutathione: an intracellular redox pathway in 
metabolism of the carcinogenic chromate. Toxicol. 33: 341-348 

Chorvatovicova, D., Ginter, E., Kosinova, A., Zloch, Z. (1991) Effect of Vitamin 
C and E on toxicity and mutagenicity of hexavalent chromium in rat and guinea pig. 
Mutat. Res. 262: 41-46 

Aiyar, J.. Borges, K.M., Floyd, R.A., Wetterhahn, K.E. (1989) Role of 
chromium (V), glutathione thiyl radical and hydroxyl radical intermediates in 
chromium (VI)-induced DNA-damage. Toxicol. Environ. Chem. 22:135-148 

Shi, X., Dalal, N.S. (1990) On the hydroxyl radical formation in reaction between 
hydrogen peroxide and biologically generated chromium(V) species. Arch. 
Biochem. Biophys. 277: 342-350 

Misra, H.P. (1974) Generation of superoxide free radical during the autoxidation of 
thiols. J. Biol. Chem. 249 : 2151-2155 

Sevilla, M.D., Becker, D., Swarts, S., Herrington, J. (1987) Sulfinyl radical 
formation from the reaction of cysteine and glutathione thiy! radicals with molecular 
oxygen. Biochem. Biophys. Res. Commun. 144: 1037-1042 

Jones, P., Kortenkamp, A., O'Brien, P., Wang, G., Yang, G. (1991) Evidence 
for generation of hydroxyl radicals from a chromium(V) intermediate isolated from 
reaction of chromate with glutathione. Arch. Biochem. Biophys. 286: 652-655 

Ozawa, T., Hanaki, A. (1990) Spin-trapping studies on the reactions of Cr(IID) 
with hydrogen peroxide in the presence of biological reductants: Is Cr(III) non- 
toxic? Biochem. Int. 22: 343-352 

Perera, F. (1987) The potential usefulness of biological markers in risk 
assessment. Environ. Health Perspect. 76:141-145 

Lucier, G.W., Thompson, C.L. (1987) Issues in biochemical applications to risk 
assessment: When can lymphocytes be used as surrogate markers? Environ. 
Health Perspect. 76:187-191 

23



123. 

124. 

125. 

126. 

127. 

128. 

129. 

130. 

131. 

132. 

133. 

134. 

135. 

McClain, D.E., Kalinich, J.F., Poplack, J.K., Snyder, S.L. (1989) Radiation- 
induced association of B-glucuronidase with purified nuclei from irradiated MOLT-4 
and Hella cells. Radiat. Res. 117: 221-233 

Cohen, M.D., Kline, C.B., Costa, M. (1992) Forward mutation and DNA-protien 
crosslinks induced by ammonia metavadate in cultured mammalian cells. Mutat. 
Res. 269: 141-148 

Coogan, T.P., Squibb, K.S., Motz, J., Kinney, P.L., Costa, M. (1991) 
Distribution of chromium within cells of the blood. Toxicol. Appl. Pharmacol. 
108: 157-166 

Costa, M., Zhitkovich, A., Toniolo, P. (1993) DNA-protein crosslinks in welders: 
molecular implications. Cancer Res. 53: 460-463 

Summenfield, F.,Tappel, A. (1984) Detection and measurement by high 
performance liquid chromatography of malondialdehyde complexes in DNA. 
Analytical Biochem. 143:265-271 

Simic, M., Dizdaroglu, M. (1985) Formation of radical-induced complexes 
between thymine and tyrosine: possible model for cross-linking of DNA and 
proteins by ionizing radiation. Biochemistry 24: 233-236 

Bedinger, P., Hochstrasser, M., Jongneel, C.V., Alberts, B. (1983) Properties of 
the T4 bacteriophage replication apparatus: the T4 dda DNA helicase is required to 
pass a bound RNA polymerase molecule. Cell 34: 115-123 

Chiu, S., Friedman, L., Skokany, N., Xue, L., Oleinick, N.L. (1986) Nuclear 
matrix proteins are cross-linked to transcriptionally active gene sequences by 
ionizing radiation. Radiation Res. 107: 24-36 

Egly, J.M., Miyamoto, N.G., Moncollin, V., Chambon, P. (1984) Is actin a 
transcription initiation factor for RNA polymerase B? EMBO J. 3: 2363-2371 

Scheer, V., Hinssen, H., Franke, W.W., Jockusch, B.M. (1984) Microinjection 
of actin-binding proteins and actin antibodies demonstrates involvement of nuclear 
actin in transcription of lamp-brush chromosomes. Cell 39: 111-122 

Costa, M. (1990) Analysis of DNA-protein complexes induced by chemical 
carcinogens. J. Cell. Biochem. 44: 127-135 

Crawford, D., Cerutti, P. (1987) Expression of oxidant stress-related genes in 
tumor promotion of mouse epidermal cells JB6. In: Anticarcinogenesis and 
Radiation Protection, (Cerutti, P.A., Nygaard, O.F., Simic, M.G., eds.), New 
York, Plemum press, pp 183-190 

Landolph, J.R. (1994) Molecular mechanisms of transformation of C3H/10T1/2 
C1 8 mouse cells and diploid human fibroblasts by carcinogenic metal compounds. 
Environ. Health Perspect. 102: 119-125 

24



136. 

137. 

Plooy, A.C.M., Fichtinger-Shepman, A.M.J., Schutte, H.H., VanDijk, M., 
Lohman, P.H.M. (1985) The quantitative detection of various pt-DNA adducts in 
Chinese hamster ovary cells treated with cisplatin: application of immunochemical 
techniques. Carcinogenesis 6: 561-566 

Wedrychowski, A., Bohrjee, J.S., Briggs, R.C. (1989) In vivo cross-linking of 
nuclear proteins to DNA by cis-diamminedichloroplatinum(lI) in differentiating rat 
myoblasts. Exp. Cell Res. 183: 376-387 

25



Chapter II 

Mechanisms of the Carcinogenic Chromium(VI)-induced DNA-protein 

Crosslinking and their Characterization in Cultured Intact Human Cells 

(Mattagajasingh, S.N., Misra, H.P. (1994) Journal of Protein Chemistry 13: 449-450) 

and 

(Mattagajasingh, S.N., Misra, H.P. (1995) In: Methods in Proteins Structure Analysis, 

(Atassi, M.Z., and Appella, E. eds.), Plenum Press, New York, pp 295-307 

Abstract 

DNA-protein complexes were induced in human leukemic T-lymphocyte MOLT4 

cells by treatment with potassium chromate. DNA-protein complexes were isolated by 

ultracentrifugal sedimentation in the presence of 2% sodium dodecyl sulfate (SDS) and 5M 

urea. The complexes were analyzed by two-dimensional SDS-polyacrylamide gel 

electrophoresis (PAGE). Three acidic proteins of 74, 44 and 42 kD, and a basic protein of 

51 kD were primarily complexed to DNA following 25 uM chromate treatment, indicating 

selectivity in chromate-induced DNA-protein complexes. Higher concentrations of 

chromate cross-linked many other proteins to DNA. N-terminal amino acid sequencing and 

immunoblotting studies indicated that lectin, actin and aminoglycoside 

nucleotidyltransferase could be among other proteins that participate in chromate-induced 

DNA-protein crosslinking. Treatment of the complexes with DNase I, RNase and 

Proteinase K revealed that the ultracentrifugal sedimentation of the proteins was not due to 

formation of protein aggregates, but to their association with DNA. The complexes were 

disrupted, to some extent, by EDTA indicating the involvement of a chelatable form of 

chromium in the complex. Disulfide reducing agents such as B-mercaptoethanol and 

thiourea caused disruption of the complexes indicating a role of sulfhydryl groups in the 

formation of the complexes. Pretreatment of cells with antioxidants before chromate 

treatment inhibited the formation of DNA-protein complexes, measured as Kt-SDS 

precipitable proteins crosslinked to DNA, indicating that at least some of the proteins 

crosslinked to DNA via oxidative mechanisms. Because chromate causes certain nuclear 

proteins to form complexes with DNA and the complexes are resistant to treatments such as 
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2% SDS and 5 M urea, but disruptable under gel electrophoretic conditions, it is possible 

that chromium could be used as a cross-linking agent for the identification of other 

proteins, such as transcription factors, that transiently interact with DNA. 

Introduction 

DNA-protein complexes have been shown to be induced by a number of physical 

and chemical carcinogenic agents such as g-radiation and UV light (1, 2), alkylating agents 

(3), formaldehyde (4), vinyl acetate (5), and metal compounds of chromate (6, 7, 8), nickel 

(9), cis- or trans- platinum (10) and vanidium(V) (11). Hexavalent chromium [Cr(VD] 

compounds have been considered as potent human carcinogens and have been shown to 

cause different types of DNA damage including DNA-protein cross-linking in various cells 

and tissues (see Ref. 12 for a review). Interestingly, Cr(VI) does not bind to DNA or 

proteins in cell free systems (13, 14). However, Cr(VI), which exists as an oxyanion at 

physiological pH, is readily transported into the cell through the cells' sulfate anion 

transport system (15, 16). Inside the cell, Cr(VI) is believed to be reduced by the cells’ 

redox system to its biologically most stable form, chromium (III) (17, 18). Cr(IID binds to 

DNA as well as proteins in cell free systems (19) and has high affinity for many other 

biological ligands (20). Cr(III), however, is poorly taken up into the cell, and is 

considered to be non-carcinogenic (21). During the intracellular reduction of Cr(VI) to 

Crd), reactive species such as intermediate valance states of chromium and active oxygen 

species are generated (17, 22), which may, in turn, initiate the carcinogenic process by 

altering the structure of DNA (23). Hydroxyl radicals (OH), which are generated during 

the cellular reduction of chromate (24) are also capable of causing DNA-protein cross- 

linking (25, 26), and are considered as the ‘ultimate agents' in chromate carcinogenesis 

(27). Cr(IIl) and the reactive intermediate states of chromium may also be considered as 

carcinogenic because -OH radicals are shown to be generated by redox cycling of Cr(II) 

(28) and DNA damage has been shown to be caused by intermediate valence states of 

chromium, such as Cr(V) (29). 

Although chromate-induced DNA-protein complexes are implicated in chromate 

carcinogenicity, the mechanisms of their formation, composition, and biological 

significance are not well understood. It has been postulated that cross-linking of proteins 

to DNA could disrupt chromatin structure and the normal regulation of gene expression 
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(30). This, in turn, could play a role in carcinogenesis in that deletion of DNA bases may 

result when portions of replicating DNA are buried under DNA-protein complexes (31). 

Such deletions to 'tumor suppresser genes' (32) may give rise to loss or inactivation of the 

gene, leading to carcinogenesis. Furthermore, during normal regulation of gene 

expression, proteins, either alone or in cooperation of other proteins, reversibly interact 

with specific DNA sequences (33). Cross-linking of DNA with inappropriate proteins 

could disrupt the normal regulation of DNA-protein interactions, causing serious genetic 

consequences, including disruption in or alteration of gene expression. Therefore, it is 

necessary to know the identity of the proteins that participate in chromate-induced DNA- 

protein complexes, and the nature of their interaction with DNA. Identification of proteins 

cross-linked to DNA may also assist in our understanding of chromatin structure and 

protein interactions, including the three-dimensional orientation of proteins around DNA. 

In the present study, we have analyzed the proteins complexed to DNA by chromate 

treatment of MOLT4 cells. Because inappropriate complexing of proteins of structural or 

functional importance to DNA, rather than the DNA-protein complexes themselves, may 

have importance in chromate-carcinogenicity, identification of such proteins are essential 

for the better understanding the potential consequences of this lesion. We have attempted 

to identify some of these proteins by isolating and partial N-terminal sequencing of DNA- 

binding proteins, as well as using antibodies to candidate proteins. The composition and 

stability of chromate-induced DNA-protein complexes, and the effect of antioxidants on the 

formation of chromate-induced DNA-protein complexes has also been reported here. 

Materials and Methods 

Chemicals 

Highest purity grade potassium chromate (K2CrO4) was purchased from J.T. 

Baker (Phillipsburg, NJ). Protein determination kit, and all gel electrophoresis reagents 

were purchased from Bio-Rad Laboratories (Richmond, CA). Polyvinylidene difluoride 

(PVDF) membranes, 3H-thymidine, 35S-methionine, 5!Cr-potassium chromate and 

Aquassure LSC cocktail were purchased from New England Nuclear (Boston, MA). 

DNase free RNase and Proteinase K were purchased from Boehringer Manheim 

(Indianapolis, IN). All other chemicals and enzymes were purchased from Sigma 

Chemical Co. (St. Louis, MO). 

28



Cell culture and treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were purchased 

from American Type Culture Collection (Bethesda, MD) and were maintained in 

suspension at exponential growth phase in RPMI 1640 [N-2-hydroxyethylpiperazine-N’ -2- 

ethanesulfonic acid (HEPES) modified] medium supplemented with 10% heat-inactivated 

fetal bovine serum, 10 U penicillin and 10 g/ml streptomycin solution as described before 

(22). Cellular DNA and proteins were radiolabeled with 3H-thymidine and 3>S-methionine 

(0.02 uCi/ml each), respectively, for ~24 hr, in methionine free RPMI 1640 medium. 

Radiolabeled cells were collected by centrifugation, washed three times in cold Saline A (5 

mM NaHCO3, 6 mM dextrose, 5 mM KCI and 140 mM NaCl, pH 7.2) and resuspended 

in salts-glucose medium [SGM: 50 mM HEPES, 100 mM NaCl, 5 mM KCl, 2 mM CaCl, 

5 mM dextrose, pH 7.2] at a concentration of 106 cells/ml. Potassium chloride (as control) 

or potassium chromate were added to the cell suspensions from freshly prepared stock 

solutions. Following treatment, cells were collected and cytotoxicity was determined by 

exclusion of trypan blue as previously described (22). 

Isolation and quantitation of DNA-protein complexes from intact cells 

The method used to isolate DNA-protein complexes was modified from our 

previously described method (34). Potassium chromate-treated and control cells were 

collected by centrifugation at 500xg for 10 min, and were washed three times in PBS. The 

cells were lysed in 30 ml of 10 mM Tris-HCl containing 2% SDS, 1 mM PMSF (pH 7.5) 

by shaking on a platform shaker for 6 hr at room temperature. The cell lysates were 

transferred into a tight-fitting homogenizer and given ten strokes. The samples were 

sedimented at 100,000xg for 16 hr at 18°C, using a Beckman SW 27 rotor (Beckman 

Instruments, Fullerton, CA). The pellets were placed in 28 ml of 5 M urea containing | 

mM PMSF, rocked on a platform shaker at 4°C for 6 hr. The samples were again 

homogenized as above, and then SDS was added to 2% final concentration. The DNA- 

protein complexes were isolated by ultracentrifugation as above and were rinsed in 2% 

SDS. The final pellets were resuspended in 1.5 ml of 10 mM Tris-HCl containing 1mM 

PMSF (pH 7.5) in siliconized eppendroff tubes by gentle pipetting and overnight rocking 

on a Nutator at 4°C. The DNA-protein complexes were precipitated in 70% acetone at 

-20°C. The different steps in isolation of the DNA-protein complexes are summarized in 
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Scheme 1. The DNA-protein complexes were collected by centrifugation at 12,500xg for 

15 min at 4°C using a Beckman microfuge, rinsed in 70% methanol, and were resuspended 

in 1 ml of 10 mM Tris-HCl containing 1 mM PMSF (pH 7.5) by gentle pipetting or by 

shaking on a Nutator for about 16 hr at 4°C. The DNA content and the purity of the 

samples were determined by measuring the absorbance at 260 nm and 280 nm (35). Both 

3H and 35S activities were determined by dissolving the samples in Aquassure Cocktail 

(NEN, Boston, MA) and counting in a Beckman LS 5800 Liquid Scintillation counter 

(Beckman Instruments, Inc., Irvine, CA). The protein content of cell lysates were 

determined by using Bio-Rad dye and bovine gamma globulin as standards (36). 
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Isolation and quantitation of DNA-protein complexes from purified nuclei 

Cells were collected by centrifugation at 500xg for 10 min, after which cells were 

washed three times in PBS and incubated for 15 min on ice in a cold hypotonic buffer (10 

mM Tris-HCl, pH 7.5 containing 10 mM NaCl, 1.5 mM MgCl). Cells were collected by 

centrifugation at 300xg for 5 min, resuspended in the above solution supplemented with 

0.5% Nonidet P-40 and 1mM PMSF and were given 8-10 strokes in a loose-fitting glass 

homogenizer. The nuclei were sedimented at 700xg for 5 min at 4°C, resuspended in 10 

mM Tris-HCl containing 250 mM nuclease-free sucrose, 3 mM MgCl? and 1 mM PMSF 

(pH 7.5), and were layered over a similar solution but containing 880 mM sucrose. Nuclei 

were subsequently collected by centrifugation for 10 min at 1000xg at 4°C using a swing 

bucket rotor in an ICE Centra-7R refrigerated centrifuge. The nuclei were observed by 

phase contrast microscopy, Giemsa staining and Acridine orange staining, and were found 

to be free from cytoplasmic contaminations. The purified nuclei were used for isolation of 

DNA-protein complexes using the method described above. 

Analysis of Proteins by Two-Dimensional Gel Electrophoresis 

DNA-protein complexes were analyzed by nonequilibrium pH gradient 

electrophoresis as described by O’Farrell et al., 1977 (87) This procedure does not allow 

nucleic acids to enter into the first dimension focusing gel. DNA-protein complexes 

containing 150 ug of DNA were acetone precipitated or lyophilized (FTS Systems, Inc., 

Stone Ridge, NY) and solubilized in 30 Wl solubilizing buffer [9 M urea, 4% Nonidet P- 

40, 2% B-mercaptoethanol and 3% ampholines (Bio-Rad), pH range 3-10]. Isoelectric 

focusing and nonequilibrium focusing were carried out in 200 wl capillary tubes (1.5 mm 

diameter, Fisher Scientific, NJ) containing 4% polyacrylamide and 2% ampholines (pH 

range 3-10). Second dimensional separation was carried out on 10% or 12% SDS- 

polyacrylamide gels by following the method of Laemmli, 1970 (38) except that 1% B- 

mercaptoethanol was used. In some cases, the DNA-protein complexes were digested by 

DNase I or RNase and concentrated by acetone precipitation or lyophilization before 

analysis by two-dimensional gels. The gels were subjected to polychromatic silver staining 

by following the method of Sammons et al., 1981 (39). 
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Subcellular Fractionation 

Subcellular localization of the proteins complexed to DNA upon chromate treatment 

was determined by analyzing the cytoplasmic, nuclear and nuclear matrix proteins of 

MOLT4 cells by two-dimensional gel electrophoresis. The protein fractions containing the 

membrane and cytoplasmic fractions were prepared by sedimentation of nuclei after 

hypotonic lysis of cells in presence of Nonidet P-40, as described above (Nonidet P-40 

soluble cytoplasmic material). The nuclear protein fraction was prepared from the SDS 

soluble material of the isolated nuclei, or by sonication of the purified nuclei. The nuclear 

matrix fractions were prepared by digestion of the purified nuclei with DNase I and RNase, 

followed by extraction with 1.6 M NaCl, as previously described (40). The protein 

contents of different fractions were determined by the dye binding method, as described 

above. Thirty ug of protein from each fraction was acetone precipitated and solubilized in 

30 wl of the solubilizing buffer. Equilibrium or nonequilibrium focusing, separation in the 

second dimension, and silver staining of samples were carried out as described above. 

Electrophoretic transfer of proteins to PVDF membrane and amino acid sequencing 

DNA-protein complexes containing 250 ug of DNA were analyzed by two- 

dimensional gel electrophoresis and were electroblotted onto PVDF membrane as 

previously described (41). The second dimensional gel was pre-run in presence of 1 mM 

sodium thioglycolate to protect the proteins from N-terminal blocking. Proteins were 

electroblotted onto PVDF membranes in a Bio-Rad Transblot apparatus (Bio-Rad, 

Richmond, CA) using 10 mM 3-cyclohexylamino-1-propanesulfonic acid (CAPS) and 

10% HPLC grade methanol (pH 11) as the electroblotting buffer, at 50 V for 1 hr at room 

temperature. Coomassie brilliant blue R-250 (Bio-Rad, 0.025% in 40% methanol) was 

used to visualize the proteins. Acetic acid was omitted from the staining and destaining 

solution as it may cause N-terminal blocking. The protein band of interest was excised and 

automated Edman degradation was performed using an Applied Biosystems 477A protein 

sequencer equipped with a 120 A analyzer (Applied Biosystems, Inc., Foster City, CA). 
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Electroblotting of proteins to nitrocellulose and immunodetection of actin using an anti- 
actin antibody 

Following one- or two-dimensional gel electrophoresis, the proteins were 

electrophoretically transferred to nitrocellulose by following a modification of the method 

of Burnette (42). Proteins were transferred to nitrocellulose in 25 mM Tris, 100 mM 

glycine and 10% methanol overnight at 200 mA. The nitrocellulose sheet was blocked in 

20 mM Tris-HCl containing 0.05% Tween 20, 1% NaCl, 0.05% NaN3 and 4% non-fat 

dry milk (pH 7.5) for 1 hr at room temperature. Then, the blot was incubated with 1/1000 

dilution of the antibodies in blocking buffer for 3 hr with shaking. The blot was washed in 

20 mM Tris-HCl containing 0.05% Tween 20, 1% NaCl, 0.05% NaN3 (pH 7.5), and was 

reacted with 2 wCi of !2>]-protein A for 3 hr at room temperature. The unbound antibodies 

were washed off by washing the blot in 20 mM Tris-HCl containing 0.05% Tween 20, 1% 

NaCl, 0.05% NaN3 (pH 7.5) for 5 times (5 min each). The blots were blot-dried, and the 

antigens were detected by autoradiography of immunoblots using XRP-1 film (Eastman 

Kodak Co., Rochester, NY). 

DNA Sizing on Agarose Gels 

DNA-protein complexes containing 10 ug DNA from control and chromate treated 

samples were fractioned on agarose gels (0.6% w/v in 40 mM Tris, 40 mM Borate, 1 mM 

EDTA) (35) for ~ 16 hr at 50 V on a model H4 horizontal gel electrophoresis apparatus 

(Bethesda Research Laboratories, Gaithersburg, MD). The gel was staining in ethidium 

bromide (0.2 ig/ml in TBE) and DNA was visualized by ethidium bromide fluorescence at 

254 nm of UV light. 

Antioxidants treatment of cells and its effect on the formation of chromate-induced DNA- 

protein complexes 

The non-toxic level of the test compounds were determined by monitoring the effect 

of 0 —> 100 UM a-tocopherol succinate, 0 —> 5 mM sodium ascorbate, 0 —> 5 mM 

Tiron and 0 —> 100 mM mannitol, on the growth of MOLT4 cells up to 96 hr. Cells were 

treated with non-toxic levels (>98% viable) of a-tocopherol succinate (25 UM), sodium 
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ascorbate (1 mM), Tiron (1 mM) or mannitol (10 mM) for 16 hr in complete RPMI at 37°C 

before exposure to chromate in SGM for 3 hr. 

DNA-protein crosslinks were detected by modification of previously published 

methods (43, 44 and 45). Labeling of cells with 3H-thymidine and treatment with chromate 

were carried out as described above. Following treatment, cells were washed three times in 

ice-cold PBS and were frozen at -70°C for 12 to 16 hr. The cells were thawed and were 

lysed in 20 mM Tris-HCl containing 1 mM PMSF and 2% SDS (pH 7.5). The cell lysates 

were briefly sonicated on ice using a Heat System sonicator/Cell Disrupter (Model -W 225 

R, Ultrasonics, Inc., Plainview, New York) by giving ten pulses at 50% duty cycle. The 

samples were incubated at 65°C for 10 min and KCl (in 20 mM Tris-HCl, pH 7.5) was 

added to 100 mM final concentration. The samples were cooled on ice for 10 min, and the 

K*+-SDS precipitates formed were collected by centrifugation at 3000xg for 10 min at 4°C. 

The pellets were resuspended in 20 mM Tris-HCl containing 100 mM KCl. The samples 

were incubated at 65°C for 10 min, cooled on ice, and collected by centrifugation as above. 

This shearing and washing step was repeated two more times. The final pellets were 

resuspended in water and the protein bound 3H-DNA was estimated by counting the 

samples in a Beckman LS 5800 Liquid Scintillation counter (Beckman Instruments, Inc., 

Irvine, CA) using Aquassure LSC Cocktail (NEN, Boston, MA). Trichloroacetic acid- 

insoluble material from the cell lysates were used to estimate the total 3H-DNA. The ratio 

of the percentage of Kt-SDS-precipitable DNA in the treated cells to that in the control cells 

was used to estimate the DNA-protein crosslink coefficient (DPC coefficient). 

Estimation of Cellular Ascorbate and Vitamin E 

Intracellular ascorbate level of cells was estimated by using Folin Phenol Reagent as 

described before (22). The vitamin E level of cells was determined spectrophotometrically 

by using the method of Fabianek (46). 

Cellular uptake of 51CrO4” 

Cells, in SGM, were incubated with 1 uCi of K2>!CrO, at various concentrations 

for 2 hr at 37°C. Cells were collected by centrifugation, washed three times with ice-cold 

PBS and the cell number was counted in a Coulter counter (Model ZM, Coulter 

Electronics, Inc., Hialeah, Fl). The cellular uptake of chromate was determined by 
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measuring the >!Cr activity ina Beckman gamma counter (Beckman Gamma 5500 equipped 

with a DP 5500 Data Reduction System, Beckman Instruments Inc., Irvin, CA) and 

comparing to a standard curve generated by using 0O—>20 nM potassium >!chromate. 

Determination of stability of DNA-protein complexes 

DNA-protein complexes containing 100 ug DNA in 10 mM Tris-HCl, 1 mM PMSF 

(pH 7.5) were taken in siliconized microcentrifuge tubes. MgCl? was added to 5 mM final 

concentration in samples treated with DNase J and RNase. DNase I (200 ltg/ml), RNase 

(40 pg/ml), Proteinase K (2 mg/ml), EDTA (10-50 mM), thiourea (100 mM) or B- 

mercaptoethanol (2%) were added, mixed, and the tubes were incubated at room 

temperature for 3 hr. PMSF was either omitted from the samples treated with Proteinase K 

or the samples were incubated at 4°C for 24 hr before treatment with Proteinase K to allow 

inactivation of PMSF. SDS was then added to a final concentration of 0.5% to inhibit 

nonspecific crosslinking, and samples were centrifuged at 100,000xg for 16 hr at 18°C. 

The supernatants were carefully removed and the pellets were resuspended in 10 mM Tris- 

HCl (pH 7.5) by brief sonication. DNA and protein contents were determined from the 3H 

and 35s activity, respectively, by liquid scintillation counting as described above. 

Statistics 

All experiments were performed at least three times. Paired, two-tailed Students t- 

test was performed and p values < 0.05 were considered significant. 

RESULTS 

Cytotoxicity 

Exposure of MOLT4 cells to 0 — 2 mM potassium chromate in SGM for 2 hr was 

found to have little cytotoxic effects, as assessed by trypan blue exclusion (viability was 

within 98 + 2% of the control). The viability of cells treated with 200 UM chromate was 

not affected within 4 hr of treatment. The viability of cells treated with 200 UM chromate 

for 16 hr in SGM was decreased to 72 + 3% of control. 
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Effect of potassium chromate on DNA-protein crosslinking in MOLT4 cells 

Cell exposure to O—2 mM potassium chromate for 2 hr resulted in a dose- 

dependent increase in the formation of DNA-protein complexes in MOLT4 cells. Cells 

treated with 200 uM chromate for 2 hr had about 175% more DNA-protein complexes as 

compared to the control (Fig. 1). Chromate-induced DNA-protein complex formation in 

MOLTA4 cells was also found to be time dependent. As shown in Fig. 2, the DNA-protein 

complex formation increased in a time-dependent manner in cells treated with 200 uM 

chromate for different time periods and after 24 hr, a 10-12 fold increase in the formation 

of DNA-protein complexes was observed as compared to the control cells. 

Analysis of proteins complexed to DNA by Two-dimensional gels 

DNA-protein complexes isolated from both the potassium chloride (control) or 

potassium chromate treated cells were analyzed by non-equilibrium two-dimensional gel 

electrophoresis. DNA-protein complexes were loaded on the acidic end of the gel, in order 

to avoid the entry of nucleic acids into the first dimensional focusing gels. Silver staining 

of two-dimensional gels of DNA-protein complexes isolated from control cells did not 

show any protein in the gel, indicating that the SDS/urea method used for isolation of 

DNA-protein complexes effectively dissociates the background DNA-protein complexes in 

the control cells (Fig. 3 A). 

The proteins complexed to DNA, in cells exposed to 25 UM chromate for 16 hr, 

and that were resistant to SDS/urea extraction, are shown in Fig. 3 B. Three acidic 

proteins (‘a’, 'b' and 'c') and a basic protein, 'd', were primarily complexed to DNA upon 

chromate treatment. Analysis of the molecular weight and pI of these proteins showed that 

the protein 'a' has a pI of 5.2-5.6 and a molecular weight of 74 kD, the protein 'b' has a pI 

of 5.2-5.4 and a molecular weight of 44 kD, and the protein ‘c’ has a pI of ~5.8 and 

molecular weight of 42 kD, respectively. The protein ‘d’, on the other hand, is found to be 

a basic protein with a pI of 8.8-9.2 and a molecular weight of 51 kD. The number of 

proteins cross-linked to DNA upon chromate exposure was found to be dependent on the 

dose of chromate because cells treated with 200 4M chromate for 16 hr had many other 

proteins, in addition to the above proteins, complexed to DNA (Fig. 3 C). Since 25% of 

the cells were found to be killed by such treatments (200 UM chromate for 16 hr), there a 
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reason to believe that the additional proteins crosslinked with DNA could be due to dead 

cells. That this was not the case was demonstrated by using 200 UM chromate for 3 hr. 

This latter treatment does not affect the cell viability, but had same proteins complexed with 

DNA (Fig. 3 D). 

There is of course, a possibility that the cytoplasmic proteins might associate with 

DNA during the cell lysis. In order to lessen the likelihood of this subtle artifact, we 

analyzed DNA-protein complexes isolated from either whole cells or the nuclear fraction of 

cells treated with chromate. If cytoplasmic proteins become associated with DNA during 

cell lysis, additional proteins should appear in two-dimensional gels of whole cells than the 

DNA-protein complexes obtained from nuclear fractions. That this was not the case is 

illustrated by the fact that identical proteins were found to be complexed to DNA when 

either whole cells or nuclei of cells treated with chromate were used as the starting material 

(Fig. 3 D and E). Hence, it appears likely that chromate induces the cross-linking of 

nuclear proteins to DNA. 

Molecular weight and pI of the major proteins complexed to DNA upon 200 UM 

chromate treatment are listed in Table 1. These proteins were not seen in two-dimensional 

gels of DNA-proteins complexes isolated from untreated control cells, even when the initial 

DNA load was increased to visualize the background proteins. When the control material 

was digested with DNase I before analysis by two-dimensional gel, only trace amounts of 

some of the above proteins were observed (data not shown), but some of these proteins 

were also present as contaminants in DNase I (data not shown). Therefore, we assume that 

the traces of proteins observed in control cells are not from DNA-protein complexes but 

from the contaminant proteins present in DNase I. 

Subcellular Localization of Major Proteins Complexes to DNA upon Chromate Treatment 

To determine the subcellular localization of the four proteins complexed to DNA, 

cytoplasmic, nuclear and nuclear matrix protein fractions were analyzed by two- 

dimensional gel electrophoresis. As shown in Fig. 4, the purified nuclei were free from 

cytoplasmic contaminations. Proteins of similar molecular weight, isoelectric point and 

coloration after polychromatic silver staining were assumed to be the same protein. 

Proteins 'b', and 'c' were visualized and were found to correspond to proteins in the 
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cytoplasmic fraction (Fig. 5 A). Proteins ‘a’, and 'd' were predominantly present in the 

nuclear fraction (Fig. 5 B). Additional proteins found complexed to DNA (‘m’, 'n’, 'o' 

and 'p') upon treatment of cells with 200 uM chromate, were also present in the nuclear 

fraction, although they were predominantly present in the cytoplasmic fraction. Fig. 5 C 

shows the two-dimensional resolution of nuclear matrix proteins of MOLT4 cells. As 

shown in this figure, all the proteins crosslinked to DNA by 25 UM chromate treatment and 

a 63 kD acidic protein ('m’) crosslinked to DNA by higher doses of chromate, were found 

in this fraction. These results suggest that nuclear matrix proteins are the target for 

chromate-induced DNA-protein crosslinking. 

Effect of nucleases digestion on the resolution of proteins dissociated from DNA-protein 

complexes 

DNA-protein complexes were digested by DNase I or RNase A prior to analysis by 

two-dimension gels to determine if nuclease digestion would resolve the proteins 

complexed to DNA. The proteins resolved in two-dimensional gels without nuclease 

digestion of chromate-induced DNA-protein complexes are shown in Fig. 6 (A). Fig. 6 

(B) and 6 (C) show the resolution of DNA associated proteins following treatment with 

DNase I and RNase A, respectively. There was no significant difference in the resolution 

pattern of proteins dissociated from chromate-induced DNA-protein complexes with or 

without nuclease digestion. The difference in protein resolution pattern in DNase I treated 

sample [Fig. 6 ( B)] was due to the proteins in DNase I (labeled as 'D'). Similarly, RNase 

A proteins are labeled as 'R' in Fig. 6 (C). These results suggest that nuclease digestion is 

not required for the resolution of chromate-induced DNA-protein complexes in two- 

dimensional gels. The resistance of chromate-induced DNA-protein complexes to 

treatments such as 2% SDS and 5 M urea, but their resolution in two-dimensional gels 

indicates that these complexes are disruptable by the electrofocusing buffer due to the 

presence of 2% B-mercaptoethanol and/or 9 M urea. 

Identification the Proteins Complexed to DNA upon Chromate Treatment of Cells by Partial 

Amino Acid Sequencing and Immunoblotting 

Apart from the selection of candidate proteins based on similar molecular weights 

and isoelectric points, we have followed two different approaches to further characterize the 
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proteins crosslinked to DNA by chromate. In one approach, proteins were partially 

sequenced from their N-terminal ends, and the amino acid sequence obtained was used to 

search for its homology in different protein databanks. So far we have not been successful 

in identifying the proteins ‘a’, 'b’, 'c', and 'd' (Fig. 3 C) by following the above 

approach. The few amino acid sequences obtained by N-terminal sequencing of these 

proteins have not been found homologous to any proteins in the existing protein data banks 

(data not shown). However, using this method, a 43 kD protein (labeled as ‘p’ in Fig. 3 

C, p43, pl 6.0-6.5) which was predominantly detected in the cytoplasmic fraction but 

abundantly cross-linked to DNA, was identified as lectin. Thus, the N-terminal sequencing 

of p43 revealed six consecutive amino acids that have absolute homology with amino acid 

residues 24-29 of lectin bra-3 (Fig. 7 A). This sequence is also partially homologous to 

many glycoproteins and the human multidrug-resistance protein 1. Based on the partial 

amino acid sequencing and the homology of the sequence, another 49 kD protein (labeled 

as 'n' in Fig. 3 C) appears to be aminoglycoside nucleotidyltransferase. The seven amino 

acids sequenced from the N-terminal end (Fig. 7 B) were found to have absolute homology 

with the amino acids 23 to 29 of aminoglycoside nucleotidyltransferase. The other 

approach used to identify the proteins was immunoblotting, using commercially available 

antibody to candidate proteins. Using an anti-actin polyclonal antibody, the acidic 43 kD 

protein (labeled as 'b' in Fig. 3 C) has been identified as actin (Fig. 8). This protein is one 

of the most prevalent proteins complexed to DNA upon exposure of cells to chromate. 

Effect of antioxidants on chromate-induced DNA-protein complexes 

During the biological reduction of Cr(VI), reactive species, such as chromium(V) 

and active oxygen species, are generated. Although oxygen radicals have been shown to 

cause DNA-protein crosslinking (25, 26) and several investigators have suggested -OH 

radicals as the "ultimate carcinogen" in chromate-induced carcinogenic process (27), the 

role of oxygen radical species in chromate-induced DNA-protein crosslinking have not 

been reported. Therefore, the effect of antioxidants and free radical scavengers on 

chromate-induced DNA-protein crosslinking was investigated. Because differential uptake 

of chromate by cells would lead to alterations in chromate-induced DNA-proteins 

crosslinking, effect of antioxidants on cellular uptake of chromate was first investigated. 

As shown in Table-2, the cellular uptake of chromate increased in a dose-dependent manner 

when MOLT4 cells were exposed to 5 —> 15 nM of >!chromate. Pretreatment of cells 
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with a-tocopherol succinate (25 UM), Tiron (1 mM), mannitol (10 mM) or ascorbate (1 

mm) had no significant effect on the cellular uptake of Cr(VI). As shown in Fig. 8, 

pretreatment of cells with 25 uM a-tocopherol succinate, an antioxidant, inhibited the 

chromate induced DNA-protein crosslinking by about 50%. Pretreatment of cells with a- 

tocopherol or a-tocopherol acetate also had similar effects. Cells treated with 25 UM a- 

tocopherol succinate for 16 hr in complete RPMI medium and exhaustively washed had 

about 4-fold increase in cellular tocopherol level than the untreated controls (data not 

shown). This is consistent with findings of Sugiyama et al. (47) who have shown a 10- 

fold increase in cellular a-tocopherol level after 24 hr treatment with 25 UM vitamin E in 

Chinese hamster V 79 cells. Pretreatment of cells with 1 mM Tiron (a vitamin E analog) or 

10 mM mannitol (OH scavenger) inhibited the chromate-induced DNA-protein 

crosslinking to 45% and 20% of control, respectively. Pretreatment of cells with 1 mM 

ascorbate, on the other hand, increased the chromate-induced DNA-protein crosslinking to 

about 150% of the control (Fig. 9). Cells treated with such levels of ascorbate increased 

the intracellular level of this vitamin by more than two fold (data not shown). Since 

ascorbate had little effect on cellular uptake of chromate, and pretreatment of control cells 

with ascorbate had trivial effects on the background level of DNA-protein complexes, the 

observed augmentation of chromate-induced DNA-protein complexing following this 

antioxidant treatment may, most probably, be due to the direct reduction of Cr(VI) by 

ascorbate, giving rise to increased level of intracellular Cr(II]). 

Stability of DNA-protein complexes 

The stability of DNA-protein complexes were tested by monitoring the recovery of 

DNA and protein in the pellet following treatment of DNase I, RNase A, Proteinase K, 

EDTA, B-mercaptoethanol or thiourea. As determined by agarose gel electrophoresis, the 

average size of DNA was approximately 7500 bp. The control samples (without any 

treatment) had almost 100% recovery of both DNA and protein in the pellet following 

ultracentrifugation, as determined by 3H- and 35S-radioactivity, respectively. Treatment of 

DNA-protein complexes, isolated from both control and chromate treated cells, with 

DNase I significantly reduced the recovery of 3H and 3°S in the pellet (Fig. 10). RNase 

treatment of DNA-protein complexes did not interfere with recovery of DNA or protein . 

Proteinase K treatment dissociated most of the protein from the DNA-protein complexes 

without affecting the recovery of DNA. These data indicate that chromate treatment induces 

40



the cross-linking of proteins to DNA and does not cause sedimentable protein aggregates, 

and are consistent with previous report (8) for chromate-induced DNA-protein complexes 

in cultured Chinese hamster ovary cells. 

In order to test whether chromium is directly participating in the DNA-protein 

complexes, EDTA in excess was used as a chelating agent to examine whether chelating 

chromium would disrupt the complex. As shown in Fig. 10, EDTA (50 mM) treatment of 

DNA-protein complexes (isolated from cells labeled with 35S-methionine and 3H- 

thymidine) decreased the recovery of 35§-radioactivity without affecting the recovery of 

3H-activity. These results indicate that the decrease in 35S activity was not due to 

fragmentation of DNA. Dissociation of 3°S or 51Cr increased with EDTA concentration up 

to 50 mM and no further dissociation was observed beyond this concentration (data not 

shown). The maximum decrease in 3°S recovery after EDTA (50 mM) treatment was 

found to be approximately 18% of the control (Fig. 10). Since Cr(III) has high affinity for 

EDTA, the dissociation of some of the complexes by EDTA may, in part, be due to a 

chelatable form of chromium, such as Cr(III). Treatment of the complexes with B- 

mercaptoethanol (2%) or thiourea (100 mM) decreased the recovery of proteins to about 

50% and 45% of control, respectively, without affecting the recovery of DNA (Fig. 10), 

indicating the participation of sulfhydryl groups in chromate-induced DNA-protein 

complexes. 

DISCUSSION 

Although previous studies have shown that carcinogenic Cr(VI) induces DNA- 

protein crosslinks, little is known about the characteristics of the chromate-induced DNA- 

protein crosslinks. It has generally been believed that the reduced form of the carcinogenic 

Cr(VI), Crd), gives rise to DNA-protein crosslinks by directly mediating the crosslinking 

between the cellular DNA and protein (48). This belief is mainly based on the fact that 

chromate-induced DNA-protein crosslinks could be disrupted by EDTA, a chelator of 

Cr(UiD) but not that of Cr(VJ), and that the proteins in the DNA-protein complexes could be 

visualized on SDS-polyacrylamide gels without nuclease digestion (49). In these studies, 

chromate-induced DNA-protein complexes were only partially disrupted by EDTA. Again, 

the nature of the crosslink would not be explained by resolution of a protein on SDS- 

PAGE, if the same protein is crosslinked to DNA by different mechanisms, because a 
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single protein could possess many different reactive groups to react with different 

crosslinking agents. Most other in vitro studies supporting Cr(III) as the crosslinking 

agent are based on the fact that reducing agents are required in the reaction mixtures for 

Cr(VI)-induced crosslinking of DNA and protein to take place (13, 50), a condition that 

generates reactive species capable of causing DNA-protein crosslinking (51). Therefore, 

the nature of chromate-induced DNA-protein crosslinks are not fully resolved. We have 

previously reported that chromate induces an oxidative stress in the cells (22), and 

pretreatment of cells with vitamin E, an antioxidant, inhibits chromate-induced DNA- 

protein crosslinking (52). The results of the present study, for the first time, indicate that 

chromate-induced DNA-protein complexes may be formed by the generation of active 

oxygen species during the intracellular reduction of chromate. 

In the present study DNA-protein crosslinking increased in a dose- and time- 

dependent manner, when MOLT4 cells were treated with chromate (Fig. 1 and 2), and did 

not attain a plateau under the present experimental conditions. The increase in the 

formation of DNA-protein complexes was not due to cell death because short term 

exposure to chromate, which did not affect cell mortality, substantially increased DNA- 

protein crosslinking, and crosslinked similar proteins to DNA. A specific group of nuclear 

non-histone proteins seem to participate in chromate-induced DNA-protein complexes. 

These proteins must reside in close vicinity of DNA in relatively high concentrations, 

because a protein must reside in close proximity to DNA and its reactive groups should be 

oriented such that they are able to interact with that of DNA in order for it to be cross-linked 

to DNA by any form of cross-linking agent. Present studies show that only four proteins 

(‘a', 'bD’, ‘c’ and 'd’) were found to be primarily complexed to DNA, although several 

other proteins were seen in the nuclear protein fraction (Fig 5 B). Since chromate was 

required for the crosslinking of these proteins with DNA, it is apparent that their selective 

interaction with chromium was necessary for the crosslinking of these proteins to DNA. 

Other investigators have reported the association of a 45 kD protein (similar in mol. wt. and 

pI to protein 'b' we have detected) to DNA by chromium (53, 54, 49) platinum (8), and 

ionizing radiation (55). The identity of proteins ‘a’, 'c', and 'd’ remains to be determined. 

Although histones constitute a substantial part of the chromatin, these basic proteins were 

not complexed to DNA upon chromate treatment. This is consistent with the findings of 

Miller et al. (49). Because Cr(IID) has high affinity for sulfur-containing ligands, and there 
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is scarcity of cysteine residues among histones, it appears plausible that histones may not 

complex to DNA by chromate due to unavailability of appropriate ligands. 

We have tentatively identified three different proteins that crosslink with DNA when 

cells are exposed to chromate. Their identity and the following plausible patho- 

physiological consequences are considered. (i) The 44 kD acidic protein (protein ‘b') could 

be nuclear actin based on its identical molecular weight and isoelectric point with actin. 

Furthermore, it positively reacted with an anti-actin polyclonal antibody. This is in accord 

with the finding that actin does crosslink with DNA in chromate treated CHO cells (56). 

Actin is present in nucleus, nucleolus as well as the nuclear matrix (57). Actin has been 

shown to be associated with DNA replication, DNA repair and RNA transcription (58, 59, 

60). Hence, chromate-induced actin-DNA crosslinking may, at least in part, lead to altered 

gene expression, as it has recently been shown for inducible genes (61). (11) The homology 

of p43 (protein ‘p') microsequence with amino acids 24-29 of lectin bra-3 (Fig. 6) indicates 

that it could be a human lectin. Lectins have not been previously shown as DNA-binding 

proteins. Although lectin receptors have been found on the cytoplasmic surface of 

intracellular membranes such as the nuclear envelope and mitochondrial outer membrane, 

recent evidence indicates that lectin binding takes place on the noncytoplasmic surface of 

these organelles (62). Lectins are located in a wide variety of cells and cell membranes and 

alteration in their levels have been reported upon malignant transformation (63). Lectins are 

shown to play important roles in the developmental processes (64). Lectins have also been 

shown to function as receptors (64) and mitogenic regulators (65). (ii) The seven N- 

terminal amino acids of the 49 kD protein (labeled as n in Fig. 3 C) was found to have 

absolute homology with aminoglycoside nucleotidyltransferase. Because chromate- 

induced DNA-protein complexes predominantly occur in transcriptionally active DNA (61), 

it remains to see if these proteins are involved in the transcription process. Nonetheless, 

the cross-linking of these proteins to DNA could lead to serious physiological and genetic 

consequences. 

The nature of chromate-induced DNA-protein complexes was analyzed by enzyme 

and chemical treatment of the complexes. Treatment of DNA-protein complexes isolated 

from control or chromate-treated cell nuclei with DNase I dissociated most of the proteins 

associated with DNA (Table 1), indicating that the sedimentable nature of the proteins is 

due to the association of proteins with the genomic DNA and not due to protein aggregation 
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following chromate treatment or altered solubility of the metal bound proteins. The small 

amount of DNA-protein complexes that were sedimented after DNase I digestion appears to 

be mostly in the form of stable chromium-nucleoprotein complexes. This is consistent with 

the findings of other investigators who have demonstrated the resistance of chromium- 

bound nucleoli to nuclease digestion (66), and the cross-linking of nuclear matrix proteins 

to DNA by heavy metals and UV irradiation (54, 67). The resistance of the DNA-protein 

complexes to RNase digestion indicates that chromate treatment does not induce the 

formation of RNA-protein complexes. The stability of the DNA-protein complexes was 

further assessed by monitoring the resistance of the complexes to EDTA treatment. 

Treatment of EDTA caused dissociation of only 18% of 35S activity from the DNA-protein 

complexes. Because EDTA effectively chelates Cr(III) but poorly binds with oxyanion of 

Cr(VI), EDTA-dissociable proteins from DNA-protein complexes could have been 

mediated by a chelatable form of chromium such as Cr(III). However, the majority of the 

chromate-induced DNA-protein complexes were resistant to EDTA treatment. These data 

suggest that the predominant form of chromium in the DNA-protein complexes is not 

Cri). 

It is plausible that some direct interaction between protein and DNA occurs via the 

formation of protein or/and DNA radicals generated during the intracellular reduction of 

chromate. The dissociation of some of the chromate-induced DNA-protein complexes by 

B-mercaptoethanol or thiourea suggests that some of the crosslinks involve sulfhydry] 

groups. Although Cr(II) is known to form complexes with sulfur-containing ligands, the 

-SH groups could directly be involved in the complex via thiyl radicals or disulfides that are 

generated during chromate-induced oxidative stress. The later contention is further 

supported by the fact that pretreatment of cells with antioxidants or free radical scavengers 

such as a-tocopherol succinate, Tiron and mannitol did inhibit the chromate-induced DNA- 

protein crosslinking. The observed increase in chromate-induced DNA-protein 

crosslinking following ascorbate treatment may, in part, be due to increase in the reduction 

of Cr(VI) leading to the increased accumulation of intracellular CrdD, which may, in 

turn, give rise to DNA-protein complexes. Intracellular Cr(III) is predominately generated 

by the reduction of Cr(VJ), a process shown to generate oxygen free radicals (51, 68). 

Free radical generating systems such as ionizing radiation as well as Fenton type reactions 

have been shown to cause DNA-protein cross-linking (69, 70). Collectively, these results 
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suggest that free radicals may, at least in part, be involved in chromate-induced DNA- 

protein cross-linking. 

Free radical independent mechanisms may also play a role in some chromate- 

induced DNA-protein crosslinking, because the electrophoretic conditions would not 

disrupt the radical-induced covalent DNA-protein cross-links, and we were able to visualize 

the proteins cross-linked to DNA in two-dimensional gels without digesting DNA. 

Furthermore, nuclease digestion did not cause the appearance of additional proteins on two- 

dimensional gels. Visualization of proteins in two-dimensional gels without nuclease 

digestion of the complexes may, at least in part, be due to the reduction of sulfhydryl! 

groups of proteins by B-mercaptoethanol and presence of high concentration of salts in the 

sample buffer, leading to disruption of the complex. Such mechanisms have been shown 

to be the leading cause for chromate and cisplatin-induced DNA-protein complexes (54). 

Another possibility is that the same proteins are complexed to DNA via both the Cr(ID and 

oxidative mechanisms due to interaction of different amino acid residues with DNA. In that 

case, two-dimensional gel patterns of DNA-protein complexes may be the same with or 

without nuclease digestion. That this was the case was shown by digestion of the 

complexes with DNase I and RNase (Fig. 6). 

In view of the difficulties and limitations of the methods, it is not possible to 

propose a definite mechanism(s) of action of chromate in inducing DNA-protein complexes 

is feasible at this time. However, it is likely that chromate-induced DNA-protein 

complexes are formed via more than one mechanism and at least some of the complexes are 

noncovalent in nature. Therefore, use of the term "crosslink" to indicate the association of 

proteins with DNA may not be appropriate, even though, we have used this term to 

express the association to DNA and protein, as has been used in the literature. 

The results presented in this study indicate that chromate treatment of cells 

complexed a selected group of non-histone proteins to DNA. Actin, lectin and 

aminoglycoside nucleotidyltransferase could be among some of the proteins that participate 

in chromate-induced DNA-protein complexes. The exact nature of the interaction between 

the DNA and protein remains to be determined. However, our results suggest both the 

participation of a chelatable form of chromium such as Cr(III) as well as the involvement of 

oxidative mechanisms in the process of chromate-induced DNA-protein crosslinking. 
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Although chromate-induced DNA-protein complexes are found to be resistant to treatments 

such as 2% SDS and 5 M urea, their reversibility in the gel electrophoretic conditions 

indicates that their association is in the form of non-covalent interactions. These 

characteristics of chromate-induced DNA-protein complexes suggest that it is possible to 

use chromium in studies involving chromatin structure as well as identification of proteins 

participating in DNA-protein interactions, specifically those that undergo transient 

interaction with DNA, such as transcription factors. 
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Table-1: Molecular weight and pI of the major proteins complexed to DNA 

upon chromate treatment of intact MOLT4 cells. 

Molecular weight ( x10? ) pl 

74 = (a*) 5.2-5.6 

63 5.2-5.4 

53 5.2 

51 (d*) 8.8-9.2 
44 (b*) 5.3 
43 6.0-6.5 

42 (c*) 5.8 

40 4.8-5.0 

36 5.0-5.2 

36-38 (CNP) 5.5-7.2 

29 6.8 

25-28 (CNP) 7.0-8.5 
19 6.4-6.8P 

16 (CNP) 5.6-6.8 

  

DNA-protein crosslinks were isolated from MOLT4 cells treated with 200 uM potassium 

chromate for 16 hr as described under the Materials and the Methods. The DNA-protein 

crosslinks containing 200 ug of DNA was analyzed in two-dimensional gels and, the 

molecular weight and the isoelectric point (pl) of major proteins resolved on the gel were 

determined. * Proteins marked in Figure 3 C. The letters a, b, c, and d correspond to the 

proteins that crosslinked to DNA upon 25 UM chromate treatment of MOLT4 cells for 16 

hr. CNP: Cluster of nuclear proteins. 
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Table 2: Effect of antioxidants on the cellular uptake of 
51CrQ,42- 

  

K»°!CrO4 (nM) 

  

  

  

5 nM 10 nM 15 nM 

51CrO42- (p mol/10® cells) 

Control 1.97 + 0.94 5.18 + 0.81 6.83+0.73 

a-tocopherol succinate (25 uM) 2.26 + 0.26 4.86+0.84 7.31+ 0.89 

Tiron (1 mM) 2.15 + 0.65 5.37 + 0.79 7.17+0.82 

Ascorbate (1 mM) 1.81 + 0.50 5.29 + 0.92 6.97+0.67 

Mannitol (10 mM) 2.07 + 0.63 4.90 + 0.68 7.07+ 0.88 

  

Cells, in logarithmic growth phase, were treated with different concentrations of K2>!CrO4 

in SGM for 3 hr at 37°C. Cells were washed three times in ice-cold PBS and cellular 

51CrO42- uptake was determined as detailed under Materials and Methods. Each value is a 

mean of atleast three different experiments + SD. * Significantly different from control, p 

< 0.05 (n = 3-5). 
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Figure 1. 
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Dose dependent increase in the formation of DNA-protein complexes following 

exposure of MOLT4 cells to chromate for 2 hr in salts/glucose medium. 

Chromate treatment of cells and isolation of DNA-protein complexes by the 

SDS/urea method was followed as described under the Materials and Methods. 

*Significantly different from control, p $ 0.01 (n =5). 
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Figure 2. 
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Time dependent increase in the formation of DNA-protein complexes 

following exposure of MOLT4 cells to 200 uM chromate in salts/glucose 

medium. DNA-protein complexes were detected by the SDS/urea method 

as described under the Materials and Methods. *Significantly different from 

control, p < 0.01 (n= 5). 
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Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from whole cells or nuclei of control (potassium chloride) 

or chromate-treated MOLT4 cells. Chromate treatment of cells and isolation 

of DNA-protein complexes by the SDS/urea method was followed as 

described under the Materials and Methods. Each ge! was loaded with DNA- 

protein complexes containing 150 ug DNA. (A) Two-dimensional gel of 

DNA-protein complexes isolated from the nuclei of control cells. No 

proteins detected on the gel. (B) and (C) Two-dimensional gel of proteins 

dissociated from DNA-protein complexes (obtained from nuclei) generated by 

treatment of cells with 25 4M and 200 uM chromate for 16 hr, respectively. 

(D) Two-dimensional gel of proteins dissociated from DNA-protein 

complexes isolated from the nuclei of cells treated with 200 UM chromate for 

4 hr. (E) Two-dimensional gel of proteins dissociated from DNA-protein 

complexes isolated from intact cells treated with 200 uM chromate for 16 hr. 

The electrophocusing gel in (C) contained biolytes of pH range 3-10 and 8-10 

in aratio of 4:1. In all other gels biolytes of pH range 3-10 was used. 
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Figure 3 A. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of control (potassium chloride) MOLT4 

cells. Chromate treatment of cells and isolation of DNA-protein complexes 

by the SDS/urea method was followed as described under the Materials and 

Methods. Each gel was loaded with DNA-protein complexes containing 

150 ug DNA. No proteins were detected on the gel of control DNA-protein 

crosslinks indicating that the SDS/urea extraction method dissociated most 

of the back ground DNA-protein complexes.



Figure 3 B. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 25 uM 

potassium chromate-treated for 16 hr. Chromate treatment of cells and 

isolation of DNA-protein complexes by the SDS/urea method was followed 

as described under the Materials and Methods. Each gel was loaded with 

DNA-protein complexes containing 150 ug DNA. Three acidic proteins ‘a’, 

'b', 'c', and a basic protein ‘d' were found crosslinked to DNA that were 

resistant to the SDS/urea extraction.



Figure 3 C. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells exposed to 200 uM 

potassium chromate for 16 hr. Chromate treatment of cells and isolation of 

DNA-protein complexes by the SDS/urea method was followed as 

described under the Materials and Methods. Each gel was loaded with 

DNA-protein complexes containing 150 ug DNA. The proteins ‘a’, 'b', 

‘c', and 'd' were primarily crosslinked to DNA upon 25 uM Cr(VI) 

treatment of cells. The letters 'm', 'n'’, 'o', and 'p' refer to proteins that 

were prevalent in the cytoplasmic protein fraction but crosslinked to DNA 

after 200 uM chromate exposure of intact cells. 
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Figure 3 D. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of 200 UM potassium chromate-treated 

MOLT4 cells for 4 hr. Chromate treatment of cells and isolation of DNA- 

protein complexes by the SDS/urea method was followed as described 

under the Materials and Methods. Each gel was loaded with DNA-protein 

complexes containing 150 ug DNA. As seen in this figure, identical 

proteins were crosslinked to DNA after 200 UM chroamate treatment of cells 

either for 4 hr or 16 hr. The letters ‘a’, 'b', 'c', and 'd' refer to the proteins 

that primarily crosslinked to DNA upon 25 uM Cr(VI) treatment of cells. 

60



Figure 3 E. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from intact cells exposed to 200 UM potassiuum chromate 

for 16 hr. Chromate treatment of cells and isolation of DNA-protein 

complexes by the SDS/urea method was followed as described under the 

Materials and Methods. Each gel was loaded with DNA-protein complexes 

containing 150 ug DNA. As shown in this figure, identical proteins were 

crosslinked to DNA when DNA-protein crosslinkes were isolated from either 

whole cells or the nuclei of cells exposed to chromate. The letters ‘a’, 'b’, 

‘c', and 'd' refer to the proteins that primarily crosslinked to DNA upon 25 

uM Cr(VI) treatment of cells. 
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Figure 4: 

  
Purity of the nuclei preparation. Nuclei were prepared as described under the 

Materials and the Methods. The purity of the nuclei preparation was verified 

by staining the intact cells (A and C) and isolated nuclei (B and D) with 

Acridine orange (A and B) or Giemsa stain (C and D). 
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Figure 5: Localization of major proteins crosslinking to DNA upon chromate 

treatment of cells, in the cytoplasmic, nuclear and nuclear matrix protein 

fractions. Proteins from cytoplasmic fraction (A), nuclear fraction (B), and 

nuclear matrix fraction (C) containing 30 lg protein were analyzed by 

nonequilibrium two-dimensional gel electrophoresis and were stained with 

silver stain. The proteins '‘a', 'b', 'c' and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VJ) treatment of intact cells 

for 16 hr. 

63



  
Figure 5 A: Nonequilibrium two-dimensional gel electrophoresis analysis of cytoplasmic 

proteins of MOLT4 cells. Thirty ug proteins from cytoplasmic fraction were 

analyzed by nonequilibrium two-dimensional gel electrophoresis and were 

stained with silver stain. The proteins 'a’, 'b’, 'c' and 'd' refer to the proteins 

that primarily crosslinked to DNA with 25 uM Cr(VJ) treatment of intact cells 

for 16 hr. 
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Figure 5 B: Nonequilibrium two-dimensional gel electrophoresis analysis of nuclear 

proteins of MOLT4 cells. Thirty ug proteins from nuclear fraction were 

analyzed by nonequilibrium two-dimensional gel electrophoresis and were 

stained with silver stain. The proteins ‘a’, 'b’, 'c' and 'd' refer to the 

proteins that primarily crosslinked to DNA with 25 uM Cr(VI) treatment of 

intact cells for 16 hr. 
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Figure 5 C: Nonequilibrium two-dimensional gel electrophoresis analysis of nuclear 

matrix proteins of MOLT4 cells. Thirty ug proteins from nuclear matrix 

fraction were analyzed by nonequilibrium two-dimensional gel 

electrophoresis and were stained with silver stain. The proteins 'a’, 'b’, 'c' 

and ‘d' refer to the proteins that primarily crosslinked to DNA with 25 uM 

Cr(VI) treatment of intact cells for 16 hr. 
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Figure 6: Effect nuclease digestion on the resolution pattern of chromate-induced 

DNA-protein complexes. DNA-protein complexes (equivalent to 100 yg 

DNA) isolated from cells treated with 200 4M chromate for 16 hr were 

incubated in the presence or absence of nucleases for 2 hr at room 

temperature, concentrated and were analyzed by two-dimensional gels. (A) 

Two-dimensional gel of undigested DNA-protein complexes. (B) and (C) 

Two-dimensional gels of DNase I (300 g/ml) and RNase A (200 g/ml) 

digested DNA-protein complexes, respectively. The proteins ‘a’, 'b’, 'c’ 

and 'd' refer to the proteins that primarily crosslinked to DNA with 25 UM 

Cr(VI) treatment of intact cells for 16 hr. The proteins labeled as 'D' and 'R' 

are the proteins in DNase I and RNase A, respectively. 
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Figure 6 A: Two-dimensional gel electrophoretic analysis of DNA-protein crosslinks 

without nuclease digestion (150 ug DNA) isoalted from 200 uM potassium 

chromate treated MOLT4 cells. The proteins ‘a’, 'b', 'c' and 'd' refer to the 

proteins that primarily crosslinked to DNA with 25 uM Cr(VI) treatment of 

intact cells for 16 hr. 
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Figure 6 B: Effect DNase I digestion on the resolution pattern of chromate-induced 

DNA-protein complexes. DNA-protein complexes (equivalent to 150 ug 

DNA) isolated from cells treated with 200 uM chromate for 16 hr were 

incubated in the presence DNase I (300 ug/ml) for 2 hr at room temperature, 

concentrated and were analyzed by two-dimensional gels. The proteins ‘a’, 

'b', 'c' and 'd' refer to the proteins that primarily crosslinked to DNA with 

25 UM Cr(VI) treatment of intact cells for 16 hr. The proteins labeled as 'D' 

are the proteins present in DNase I. As seen in this picture, no new proteins 

were resolved on the gel upon DNase I digestion of chromate-induced 

DNA-protein crosslinks. 
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Figure 6 C: Effect RNase A digestion on the resolution pattern of chromate-induced 

DNA-protein complexes. DNA-protein complexes (equivalent to 150 ug 

DNA) isolated from cells treated with 200 UM chromate for 16 hr were 

incubated in the presence RNase A (200 ug/ml) for 2 hr at room 

temperature, concentrated and were analyzed by two-dimensional gels. The 

proteins 'a’, 'b', 'c' and ‘d' refer to the proteins that primarily crosslinked 

to DNA with 25 uM Cr(VJ treatment of intact cells for 16 hr. The proteins 

labeled as 'R' are the proteins in RNase A. As seen in this picture, no new 

proteins were resolved on the gel upon RNase A digestion of chromate- 

induced DNA-protein crosslinks. 
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Figure 7. 
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cleotidyltransferase     
  

N-terminal sequencing of proteins complexed to DNA upon chromate 

treatment of MOLT4 cells. Following two-dimensional gel electrophoresis, 

proteins were electroblotted to PVDF membrane. The protein band of interest 

was trimmed and Edman degradation was performed in a Applied Biosystems 

477 A protein sequencer. (A) N-terminal sequencing of p43 (B) N-terminal 

sequencing of p32. See text for details. * Can be any amino acid. Numbers 

represent the number of amino acids in respective proteins. [A = alanine, D = 

aspartic acid, F = phenylalanine, G = Glycine, M = methionine, N = 

asparagine, Q = glutamine, R = arginine, S = serine, T = threonine, W = 

tryptophan] 
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Figure 8. Two-dimensional gel analysis and immunoblotting of chromate-induced 

DNA-protein complexes for identification of actin. (A) Silver stained two- 

dimensional gel of DNA-protein complexes containing 100 ug DNA. (B) An 

autoradiogram of a duplicate gel of (A) electroblotted to nitrocellulose, reacted 

with anti-actin antibody and !25]-protein A. The proteins 'a’, 'b’, 'c' and 'd' 

in (A) refer to the proteins that primarily crosslinked to DNA with 25 uM 

Cr(VI) treatment of intact cells for 16 hr. The protein recognized by the anti- 

actin antibodies correspond to the 44 kD acidic protein 'b'. 
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Figure 9. =‘ Effect of antioxidants on chromate-induced DNA-protein complexes. Cell 

were pretreated with different antioxidants for 16 hr in complete RPMI 

medium, washed and then treated with 200 uM chromate for 3 hr. Following 

chromate treatment, cell were washed and subjected to Kt-SDS procedure 

immediately or frozen at -70°C and then subjected to Kt-SDS procedure for 

detection of DNA-protein complexes. *Significantly different from control, p 

< 0.01 (n = 5). DPC coefficient = DNA-protein crosslink coeffecient (the 

ratio of K+-SDS precipitable DNA in treated cells to that in control cells) 
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Analysis of composition and stability of chromate-induced DNA-protein 

complexes. DNA-protein complexes obtained from chromate treated cells 

were treated with different chemicals and enzymes, as shown in the figure, 

and were ultracentrifuged to determine the effect of these agents on the 

recovery of DNA and protein in the pellet. See text for details. Each value is 

a mean of five independent experiments + SD. *Significantly different from 

control p < 0.01. 
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Chapter III 

Alterations in the Prooxidant and Antioxidant Status of 

Human Leukemic T-lymphocyte MOLT4 Cells 

Treated with Potassium Chromate 

(Mattagajasingh S.N., Misra, H.P.: Molecular and Cellular Biochemistry 142: 61-70, 

1995) 

Abstract 

The involvement of reactive oxygen species in chromate-induced genotoxicity 

has been postulated. Because intracellular anti-oxidants help in eliminating the reactive 

species of oxygen, we have investigated both the prooxidant and antioxidant status of 

human leukemic T-lymphocyte MOLT4 cells exposed to nontoxic levels of chromium(V1) 

in culture. The cells treated with O—>200 UM potassium chromate in a salts/glucose 

medium for 2 h were found to contain significantly lower levels of both small molecular 

weight and macromolecular antioxidants. In particular, the levels of glutathione and 

ascorbate were found to decrease with increased doses of chromate exposure in a dose- 

dependent manner. As little as 10 UM chromate was found to decrease these small 

molecular weight antioxidants significantly (p < 0.01). The macromolecular antioxidants, 

such as glutathione peroxidase, catalase, glutathione reductase, glucose-6-phosphate 

dehydrogenase and superoxide dismutase were also significantly (p < 0.01) decreased by 

exposing the cells to as little as 10 UM chromate. Concomitantly, there was a dose- 

dependent increase in intracellular H2O2 accumulation in cells exposed to Cr(VI). These 

results indicate that chromate-induced genotoxicity my be due, at least in part, to decreased 

levels of intracellular antioxidants in conjunction with an increased production of the 

reactive oxygen species. 

Introduction 

Chromium is a major environmental contaminant with human exposure 

occurring through air, food, and water (1). Epidemiological studies have clearly shown 
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that workers exposed to hexavalent chromium compounds have an increased incidence of 

respiratory cancer and Cr(VI) compounds have been listed as Group-1 human carcinogens 

(2, 3). In addition, renal and hepatic toxicity of chromium compounds have been reported 

(4). Chromium(III), on the other hand, is believed to be relatively innocuous and is 

considered as noncarcinogenic when exposed to human population (2, 3). The differential 

biological effects of Cr(VI) over Cr(III) is believed to be related to its cellular uptake 

process. Trivalent chromium is relatively impermeable and therefore less toxic to 

organisms (5), where as Cr(VI) actively enters into the cell via the sulfate anion transport 

system and is biologically active(6, 7). Intracellular Cr(VJ) is believed to be reduced to its 

biologically most stable form, Cr(III), by cellular reductants such as ascorbate (8), 

glutathione (9-11), hydrogen peroxide (12), cysteine (13), riboflavin (14), NADPH (15), a 

number of diol sugars (16) and flavoenzymes such as glutathione reductase (8, 17), 

cytochrome P-450 reductase (18), NAD(P)H quinone reductase (19) and aldehyde oxidase 

(20). Previous studies have shown that intracellular reduction of Cr(VI) to Cr(IID gives 

rise to relatively long lived chromium(V) species and in the presence of molecular oxygen 

to reactive oxygen species (12). Chromium(VJ) is known to induce a variety of DNA 

lesions including single and double -strand DNA breaks, DNA-DNA crosslinks and DNA 

protein crosslinks (5, 12). However, Cr(VI) is unreactive towards purified DNA in vitro 

and is believed to be activated within the cell in order to cause DNA damage (21). Most of 

the genotoxic effects of Cr(VI) are believed to be associated with the generation of reactive 

species, such as Cr(V) and oxygen radical species (8). Modulation of cellular levels of 

glutathione, ascorbate, riboflavin and cytochrome P-450 reductase were found to alter the 

biological effects of chromium compounds (9, 22). Thus, it is evident that the biological 

effects of Cr(VI) are related to its cellular reactants as well as the antioxidant levels. 

Although oxygen radicals are implicated as important intermediates in the formation of 

chromium induced genotoxicity and pretreatment with certain antioxidants are reported to 

ameliorate the genotoxic effects of chromate (23), the relative importance of various 

intracellular antioxidants has not been clearly established. In the present study, we have 

examined the effect of potassium chromate (a hexavalent chromium compound) on the rate 

of generation of prooxidants and on the antioxidant system (both the small molecular 

weight compounds as well as macromolecular enzymes) in Human leukemic T-lymphocyte 

MOLT4 cells. Our results illustrate that Cr(VI) is actually acting as a "double edged 

sword" in that it not only generates reactive prooxidants, such as HO», but also affects the 

cellular antioxidant levels; thus making the cells more vulnerable to oxidative stress. 

76



Materials and Methods 

Reagents 

Highest purity grade potassium chromate was purchased from J.T. Baker 

(Phillipsburg, NJ). 2',7'-Dichlorofluorescin Diacetate (DCF-DA) was purchased from 

Eastman Kodak Company (Rochester, NY), 2-Vinyl pyridine was purchased from Aldrich 

Chemical Company, Inc. (Milwaukee, WI.), Acrylamide, N',N’,N',N'- 

Tetramethylethylenediamine (TEMED), ammonium persulfate and protein determination kit 

were obtained from Bio-Rad Laboratories (Richmond, CA). All other chemicals and 

enzymes were purchased from Sigma Chemicals Co. (St. Louis, MO). 

Cell Culture and Treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were obtained 

from American Type Culture Collection (Bethesda, MD) and were maintained at 

exponential growth phase in RPMI 1640 supplemented with 10% heat-inactivated fetal 

bovine serum and 1% penicillin/streptomycin solution (Sigma) at 37°C in a humidified 

atmosphere of 5% CO and 95% air. Cells were collected by centrifugation at 200xg for 5 

min at room temperature and washed three times with ice-cold saline A (5 mM NaHCO3, 6 

mM dextrose, 5 mM KCI and 140 mM NaCl, pH 7.2). They were resuspended in salts- 

glucose medium [SGM: 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

(HEPES), 100 mM NaCl, 5 mM KCl, 2 mM CaCl9 and 5 mM dextrose, pH 7.2], counted 

in a Coulter counter (Model ZM, Coulter Electronics, Inc., Hialeah, Fl) and cell number 

was adjusted to 1 x 106 cells/ml. Freshly prepared potassium chromate solution was added 

to the cell suspension at different concentrations in 75 cm? Falcon tissue culture flasks and 

the cells were incubated for two hours at 37°C. Cell viability was determined by the trypan 

blue exclusion, an indication of cell membrane integrity as described in Sigma cell culture 

catalogue. Under these treatment conditions, cell viability in all chromate treated samples 

was atleast 99% of control. 
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Biochemical Analyses 

All spectrophotometric analysis were performed in a Shimadzu UV-160 recording 

spectrophotometer equipped with a temperature controlled cuvette chamber. Unless 

otherwise stated all enzyme assays were performed at 30°C. 

Sample Preparation 

Chromate treated cells as well as untreated control cells were collected by 

centrifugation, rinsed three times with ice-cold saline A and resuspended in cold 0.1M 

phosphate buffer, pH 7.4. Samples were sonicated on ice using a Heat System 

Sonicator/Cell Disrupter (Model-W 225 R, Ultrasonics, Inc., Plainview, New York) by 

giving ten pulses at 50% duty cycle. The sonicated samples were centrifuged at 2200 x g 

for 10 minutes at 4°C. The supernatants were collected and used immediately or stored at 

-20°C for subsequent use. 

Estimation of Total, Oxidized and Reduced Glutathione 

Total glutathione was quantitated by the method of Tietze (24) as modified by Sies 

and Akerboom (25). One ml of reaction mixture contained 10-7>M EDTA, 120 uM 

NADPH, 100 #M DTNB, 0.15 units of glutathione reductase and 100 Wl sample in 0.1M 

potassium phosphate buffer (pH 7.0). The rate of change of absorbance at 412 nm was 

recorded at 25°C. The total glutathione content of the samples were determined by 

comparing to a standard curve generated with known concentrations of glutathione. GSSG 

content was determined according to the method of Griffith (26). The samples were 

incubated with 20 il of 2-vinyl pyridine per ml of sample for 60 minutes at 25°C prior to 

use. GSH content was estimated by subtracting GSSG content from that of the total 

glutathione. 

Estimation of Ascorbic Acid 

Ascorbic acid was estimated using Folin Phenol Reagent (27) with minor 

modifications. Cold metaphosphoric acid was added to cell homogenates to a final 

concentration of 6%. Samples were vigorously shaken, incubated for 10 minutes on ice 
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and centrifuged at 1800 x g for 10 minutes at 0°C. Two ml of the supernatant was vortexed 

with 0.2 ml of 0.2M Folin-Ciocalteu reagent and after ten minutes incubation at room 

temperature, increase in absorbance at 760 nm was measured. Ascorbic acid content was 

determined using a standard curve generated with known concentrations of ascorbate in 

place of the sample. 

Flow Cytometric Estimation of Intracellular Peroxide Level 

Peroxide levels were measured in intact cells using DCF-DA by a modification of 

the method of Bass et al. (28) in a Flow cytometer (Coulter EPICS 752 Flow Cytometer 

and Cell Sorter, Coulter Corporation, Hialeah, Fl) and data were analyzed via the Coulter 

M.D.A.D.S. program. This method is based on the principle that DCF-DA, a non- 

fluorescent probe, is hydrolyzed by intracellular esterases to a non-fluorescent analog, 

2',7'-dichlorofluorescin (DCFH) and trapped within cells. The DCFH so generated is 

oxidized to a highly fluorescent 2',7'-dichlorofluorescein (DCF) by reacting with H,O, 

and /or other peroxides within the cell. Chromate treated cells were collected and 

resuspended in PBS at a concentration of 2 x 10° cells/ml. Freshly prepared DCF-DA 

solution (in EtOH) was added to a final concentration of 5 UM and the cells were incubated 

for 20 minutes at 37°C. These treatment conditions yielded measurable fluorescence with a 

moderate background, and without detectable cytotoxicity in control cells. Shift in 

fluorescence intensity of cells was monitored using an excitation wavelength of 488 nm and 

an emission wavelength of 525 nm at a channel setting of 0 to 255 and a scale of 0 to 256. 

Estimation of Protein 

The protein concentration was determined by the Bradford method using Bio-Rad 

dye (29) and bovine plasma albumin (Bio-Rad) as a standard. 

Enzyme Assays 

Catalase (EC 1.11.1.6) activity was assayed as described by Beers and Sizer (30) 

with minor modifications. One ml of reaction mixture contained 5.3 mM H702, 50 mM 

potassium phosphate buffer (pH 7.0) and sample. Change in absorbance was monitored at 

240 nm and catalase activity was calculated using an extinction coefficient of 43.6 mM-! 
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cm! for HO at 240 nm. One unit of catalase was defined as the amount of enzyme 

required to decompose one nmol! of H2O 2 in one second. Glucose-6-phosphate 

dehydrogenase (G-6-PDH; EC 1.1.1.49) was assayed according to the method of 

Kornburg et al. (31) using a G-6-PDH assay kit (Sigma) with the following modifications. 

One ml of reaction mixture contained of 300 ul of reagent, 665 LL] of substrate and 35 ul of 

the sample. Amount of enzyme required to reduce one nmol of NADP* in one second was 

considered as one unit of G-6-PDH. Glutathione reductase (EC 1.6.4.2) activity was 

assayed according to the method of Gamble and Burkey (32) with minor modifications. 

One ml of reaction mixture contained 0.1 mM NADPH, mm oxidized glutathione and 

sample in 100 mM phosphate buffer (pH 7.6). The rate of NADPH oxidation was 

monitored at 340 nm. The enzyme activity was monitored as rate of change of NADPH 

oxidation in the presence and absence of added GSSG. Glutathione peroxidase (GSH- 

peroxidase; EC 1.11.1.9) activity was assayed according to the method of Tappel (33). 

One unit of glutathione reductase or glutathione peroxidase was defined as the amount of 

enzyme required to oxidize one nmol of NADPH in one second. The G-6-PDH, 

glutathione reductase, and glutathione peroxidase activities were calculated using an 

extinction coefficient of 6.22 mM-! cm-! for NADPH at 340 nm. Superoxide dismutase 

(SOD; EC 1.15.1.1) was assayed according to the method of McCord et al. (34). Amount 

of enzyme required to inhibit oxidation of Cyt.c (Horse heart Type III, Sigma) by 50 % 

was defined as one unit of SOD. 

Gel electrophoretic enzyme assays 

Crude extracts of control and treated samples containing equal amount of protein 

were loaded on to a 10% polyacrylamide non-denaturing gel and proteins were separated at 

18 mA constant current at 4°C using a Mini Slab Gel unit (Hoeffer Scientific Instruments, 

California). Glutathione reductase bands were identified in the gel by following the method 

of Kaplan (35) with minor modifications. After electrophoresis, the gel was soaked in 50 

mM Tris buffer, pH 8.4 containing 2 mM GSSG, 0.2 mM NADPH, 1.2 mM 3-[4,5- 

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and 0.1 mM 2,6- 

Dichlorophenol-Indophenol (DCIP) at 25°C for 5 min. Activity staining for SOD was 

made as described by Niedzwiecki et al. (36). 
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Statistical analysis 

All experiments were performed at least five times. Students t-tests (paired, two- 

tailed) were performed using Epistatistics Software (37). P values < 0.05 were considered 

significant. 

Results 

Effect of chromium(VI) on intracellular peroxide levels 

MOLT4 cells incubated under ambient oxygen found to accumulate detectable 

quantities of peroxides, measured as DCF fluorescent product, by a flow cytometer. As 

shown in Fig. 1a, the fluorescence intensity of cells treated with 200 UM chromate for 2 h 

increased significantly than the control cells (p<0.001). Fig. 1b shows intracellular 

accumulation of peroxides at different concentrations of chromate treatment. As shown in 

this figure, treatment of cells with potassium chromate increased the intracellular 

accumulation of peroxides in a dose dependent manner and at 100 uM chromate the 

peroxide content of cells were found to be almost two times that of the control cells. 

Effect of chromium( VI) on small molecular weight antioxidants 

The effect of hexavalent chromate on the levels of total, oxidized and reduced 

glutathione was examined in MOLT4 cells following 2 h of chromate treatment. As shown 

in Fig. 2, the levels of both the oxidized and reduced glutathione were decreased with 

increase in the concentration of chromate in a dose-dependent manner to 50% of control. 

Maximum decrease in total glutathione levels were observed when cells were treated with 

100 uM chromate. The GSSG levels were virtually eliminated at 100 UM chromate. The 

effect of chromate on the level of intracellular ascorbic acid (Vitamin C) has not been 

studied in intact cells before, although a loss in the ascorbate content of lungs and kidneys 

of rats exposed to chromate was reported earlier (38-40). We tested the effects of Cr(VI) 

on intracellular ascorbate levels and found that chromate treatment decreases the 

intracellular level of this vitamin in cultured MOLT4 cells in a dose-dependent manner (Fig. 

2). The amount of chromate required to cause a 50% reduction of ascorbate level was 

found to be approximately 25 uM. 
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Effect of chromium(VI) on antioxidant enzymes 

Fig. 3 shows the effect of chromate on the activity of glucose-6-PDH and 

glutathione reductase on MOLT4 cells. The activity of glucose-6-PDH declined with 

increase in concentration of chromate in a dose-dependent manner. Cells treated with 200 

UM chromate had only 62 % G-6-PDH activity of control cells. Glutathione reductase 

activity was also decreased with chromate treatment in a dose-dependent manner. The 

amount of chromate required to cause a 50% reduction of glutathione reductase activity was 

estimated to be approximately 12 uM. A maximum of 90% inhibition of glutathione 

reductase activity was observed at 100 uM chromate. These data are presented in Fig.-3. 

We further examined the effect of chromate on individual isoenzymes of glutathione 

reductase in MOLT4 cells. On activity gels, 2 bands (X, Y) corresponding to two different 

electromorphs of human glutathione reductase (41) were detected (Fig. 4). Among the two 

electromorphs, the slow-migrating band, (X) was found to be more active than the other. 

The intensity of the slow migrating electromorph decreased with increase in chromate 

concentration and 10 14M chromate reduced it to approximately 50% of control. The 

intensity of the fast migrating electromorph, (Y) was also decreased with increase in 

chromate concentration and its activity was virtually eliminated at 100 uM chromate. 

Catalase and GSH-peroxidase activities were minimally affected. At lower 

chromium concentrations (up to 20 UM), catalase and glutathione peroxidase activities were 

sharply decreased with chromate treatment in a dose dependent manner (Fig. 5). The 

maximum decrease in catalase and GSH peroxidase activities was obtained at 20 uM 

chromate and were found to be 80 and 70% of the control, respectively. Although there 

was an apparent recovery of catalase and GSH-peroxidase activities observed at higher 

doses of chromate, the ratio of the cellular level of peroxide to catalase and GSH- 

peroxidase increased with increase in the chromate concentration (Table-1). 

The activity of total SOD decreased with increased concentration of chromate (Fig. 

6). The Cu-Zn SOD showed a similar trend in activity and at 200 mM chromate its activity 

was about 68 % of the control. The Mn-SOD activity was also inhibited by chromate 

treatment. The effect of chromate on SOD activity was further analyzed by polyacrylamide 

gel eletrophoresis (Fig. 7). On the activity gel, 3 different electromorphs of Cu-Zn SOD 

were detected (A, B, C). Among these electromorphs, the strongest activity was associated 
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with the moderately migrating SOD band, (B) on the gel. The intensity of all the three 

electromorphs were found to decrease with increase in chromate concentration in a dose 

dependent manner. Beyond 50 uM chromate an apparent recovery of SOD activity was 

consistently observed. Only one cyanide-insensitive (2 mM CN7) band, corresponding to 

Mn-SOD, was observed in MOLT4 cells. The decrease in the intensity of the Mn- 

SOD electromorph of cells treated with chromate were more profound than Cu-Zn SOD 

indicating that Mn-SOD was preferentially inhibited, and as little as 10 uM chromate 

virtually eliminated its activity. 

Discussion 

Previous studies have demonstrated that some physiological antioxidants, such as, 

vitamin C, vitamin E, glutathione, SOD and catalase, modulate the Cr(VI)-induced damage 

in various cells and tissues (9, 42-50). Ascorbate in the extracellular system is considered 

to be an antitoxic agent against Cr(VI) compounds (8, 51) but increasing the levels of 

intracellular ascorbate was shown to enhance the cytotoxic action of Cr(VI) in Chinese 

Hamster V-79 cells (52). However, little is known about the effects of chromium on the 

intracellular antioxidants. The results of the present study elucidate the effects of non-toxic 

levels of a Cr(VI) compound on intracellular generation of prooxidants such as H2O2, and 

on the levels of antioxidants, both the low molecular weight antioxidants and antioxidant 

enzymes, in MOLT4 cells in culture. Our data indicates that Cr(VI) behaves like a “double 

edged sword" in that it not only decreases the levels of both low molecular weight 

antioxidants and antioxidant enzymes, it also stimulates the generation of prooxidants such 

as hydrogen peroxide. 

The present study demonstrates, for the first time, that intracellular accumulation of 

hydrogen peroxide increases with increased dose of Cr(VI) exposed to MOLT4 cells in 

culture (Fig. 1). This is consistent with the recent report that a decrease in the formation of 

DNA single strand breaks seen in H2O?-resistant cell lines treated with Cr(VI) as compared 

to the parental cells (53). Because Cr(VI) is known to be reduced by cellular NADPH- 

dependent flavoenzymes to generate Cr(V) radicals which in turn could react with H202 to 

generate hydroxy] radicals (54), and DNA-damage caused by Cr(VI) has been shown to be 

associated with formation of Cr(V) (55, 56), the levels of intracellular H2O?2 could be an 

important factor associated with the deleterious effects of Cr(VI) compounds. 
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The mechanism of chromate-induced H2O, formation is not known. One 

possibility is the high oxidation state of chromium, such as Cr(V), could react with 

molecular oxygen to generate O,” radicals 

Cr(V) + O,  ------ > Cr(VI) + 0,” 

and the O,” so generated could spontaneously dismutate to generate HO, : 

20," + 2H* ------ > HO, + O, 

Furthermore, reduced glutathione (GSH), an abundant low molecular weight biological 

antioxidant (57), has been shown to reduce Cr(VI) producing Cr(V)-glutathione complexes 

(9-11) and glutathione thiyl radicals (58, 55). Therefore, an alternate pathway for the 

formation of HzO could be by the Cr-catalyzed oxidation of GSH , as proposed by Misra 

(59): 

RSH + Cr™* ---> RS + Cr Dy At 

RS'+ RSH + 0, ----> RSSR + 0,” + Ht 

20,” + 2H* ---> H,O, + O, 

The hydrogen peroxide formed in these pathways can generate more potent oxidative 

species such as hydroxyl radicals through chromium catalyzed Fenton type reaction (56): 

H202+O2°" ------ > -OH+OH™ +!0, 

Several investigators have speculated ‘OH to be the ultimate carcinogen" in Cr(VI)- 

induced carcinogenic process (14, 60, 16, 61). It is tempting to speculate that 

accumulation of peroxides in the cells could be one among the several steps in the initiation 

of this process. 

Intracellular antioxidants are believed to be important in removing reactive species 

of oxygen as well as breaking the free radical initiated chain reactions. Reduced glutathione 

(GSH) and ascorbate are the most abundant low molecular weight physiological 

antioxidants in biological system(57, 62) and these compounds are thought to modulate 

Cr(VI)-induced cytotoxicity. The present study demonstrate that intracellular glutathione, 

both the GSH and GSSG, and ascorbate levels were decreased with increased levels of 

Cr(VI) exposure to MOLT4 cells in culture (fig. 2). Furthermore, the activities of the two 

key enzymes, G-6-PDH and glutathione reductase, responsible for keeping glutathione in 

reduced state (Scheme 1) were also decreased with increased levels of chromium exposure 

to these cells. 
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Scheme 1 

The activity of G-6-PDH was found to decrease at higher levels of chromium in a dose 

dependent manner after a slight increase at 10 UM Cr(VI) exposure (Fig. 3). This is 

consistent with the previous report of Sengupta et al. (63) who have shown similar trend in 

G-6-PDH activity in the rat kidney epithelial cells when the animals were administrated 

chromate compounds per os. Much importance has been given to the effect of Cr(VI) on 

the activity of glutathione reductase because of its ability to act as a chromate reductase (8, 

19) as well as its selective inhibition by the metal (45, 50, 63-66). In the present study 

glutathione reductase activity was found to rapidly decrease with increased levels of 

chromate exposure in MOLT4 cells in culture (Fig. 3). The decrease in the glutathione 

reductase activity of isolated rat hepatocytes (50), erythrocytes (64, 65) and Chinese 

Hamster V-79 cells (45) treated with hexavalent chromium were reported before. Oral 

administration of potassium dichromate was also shown to decrease the glutathione 

reductase activity in epithelial cells of kidneys and intestine of rats (63, 66). We have 

further examined the effects of chromate on the activities of individual electromorphs of this 

enzyme. Chromate treatment was found to decrease the activity of both the electromorphs 

of glutathione reductase in a dose dependent manner in MOLT4 cells and the activity of the 

fast migrating electromorph was virtually eliminated at 100 uM chromate (Fig. 4). 

Treatment of MOLT4 cells for 16h with 25 uM a-tocopherol succinate prior to chromate 

treatment prevented the loss of glutathione reductase activity (data not shown). Although 

the exact mechanism of the inhibition of this enzyme has not been thoroughly investigated, 

because a-tocopherol protected the enzyme, it is possible that the reactive intermediates 

produced during cellular metabolism of the metal may, in part, be involved in the 

inactivation of this enzyme. 
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The accumulation of toxic species of oxygen in the cell is not only dependent upon 

the rate of their formation but also on the intracellular levels of three key enzymes such as 

SOD, catalase and GSH-peroxidase (Scheme 2). 

HO + O, 

Catalase 

SOD 
2 0," _ H,O, + O, 

2 H* 
GSH 

GSH-peroxidase 

GSSG 
HO 

"OH + ‘0, 

Scheme 2 

These enzymes not only efficiently remove the O2-~ and H2O> from the intracellular fluid 

but also prevent the formation of more potent oxidants such as -OH and !O,_ The present 

study demonstrates that all the isoenzymes of SOD were decreased significantly (Fig. 6 & 

7) in MOLT4 cells exposed to Cr(VI). The catalase and GSH-peroxidase were also found 

to decrease at low levels of chromium (20 4M) exposure. Higher concentrations of 

chromate consistently showed activity higher than that of lower levels of exposure, but 

remained lower than the control cells (Fig. 5). Sengupta et al. (63, 66) reported that oral 

administration of potassium chromate decreased the activities of catalase and GSH- 

peroxidase in the epithelial cells of intestine and kidney of rats. However, chronic 

administration of the metal elevated the levels of both the enzymes. Therefore, it is 

possible that chromate at lower doses inactivates the enzymes and at higher doses, probably 

to maintain cellular homeostasis, induces their formation. The levels of enzyme activity 
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observed may be net of synthesis and degradation by chromate. The ratio of cellular levels 

of HzO: catalase and H2O2 : GSH-peroxidase increased with increase in the chromate 

concentration (Table 1), indicating that there is a progressive accumulation of H2O> inside 

the cells by chromate exposure, which may be regarded as progressive increased levels of 

oxidative stress. 

The reactive species of oxygen has been implicated in oxidative tissue injury 

including damage to plasma membrane (67), nuclear membrane (68), microsomal 

membranes (69) and mitochondria (70). These reactive species have also been implicated 

in the DNA strand breaks (71, 72) and in the etiology of cancer (73, 74). Hence, the 

chromate-induced cell transformation reported earlier (10, 75) may, in part, be due to the 

oxidative stress imposed by this metal. There is substantial evidence favoring the 

hypothesis that free radicals are involved in the initiation, promotion, and/or progression 

stages of chemical carcinogenesis (74, 76), while Cr(VI) could initiate the process by 

directly affecting the DNA bases (77), the accumulation of H2O> and other reactive species 

in the cell would certainly promote the process by creating a net cellular prooxidant status. 

In summary, chromate was found to deplete the intracellular low molecular weight 

antioxidants such as glutathione and ascorbate, inhibit the activity of antioxidant enzymes 

and increase the formation of active oxygen species inside the cell. Such alterations in the 

oxidative metabolism of cell would lead to "oxidative stress". Although the mechanisms of 

the chromate induced cytotoxicity and carcinogenicity are not well understood, the results 

of the present study force us to think in a new light regarding the possibility that Cr(VI) 

actually alters the oxidative status of the cell and this may, in part, be responsible for the 

cell dysfunction. 
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Table-1: Changes in the ratios of peroxide to catalase and peroxide to 

GSH-peroxidase in MOLT4 cells treated with potassium 

  

  

chromate. 

Potassium chromate Peroxide: Peroxide: 

(uM) Catalase glutathione peroxidase 

0 263.25 50.07 

10 372.39 69.24 

20 462.39 98.07 

50 557.42 113.14 

100 571.92 122.26 

200 603.36 128.60 
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Representative histograms of DCF fluorescence of control cells and cells treated 

with 200 uM potassium chromate are presented. (b) The chromate dependence 

of peroxide formation as detected by DCF fluorescence intensity. 

*Significantly different from control, p < 0.01. 
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Effect of potassium chromate on the peroxide level of MOLT4 cells. Cells were 

treated with various concentration of potassium chromate in SGM for 2h and 

were then treated with DCF-DA for 20 min at 37°C. Shift in fluorescence 

intensity of cells was monitored in a Flow Cytometer as described under 

Materials and Methods. [Peroxide content was expressed in terms of DCF 
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Effect of potassium chromate on the level of total glutathione, GSH, GSSG 

and ascorbic acid. Cells were treated with various concentrations of 

potassium chromate in SGM for 2h. Following treatment the levels of total 

glutathione, GSH, GSSG and ascorbic acid were estimated as described in 

Materials and Methods. Each value is a mean of at least five independent 

experiments. Vertical bars represent standard deviations. ¥ Significantly 

different from control, p < 0.05. *Significantly different from control, p < 

0.01. 
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Effect of potassium chromate on glucose-6-PDH and glutathione reductase 
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Figure 3: 
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Figure 4: Polyacrylamide gel analysis of glutathione reductase activity in MOLT4 cells 

treated with potassium chromate. Crude extracts of all samples containing 

15g protein were loaded on a 10 % polyacrylamide gel and electrophoresis 

was carried out as described under Materials and Methods. The position of 

the two electromorphs of glutathione reductase (X,Y) are shown. 
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Chapter IV 

Increased Production of Oxidants and Their Localization in the Nucleus 

of Cultured Human Leukemic T-lymphocytes Treated with 

the Carcinogenic Chromium(VI) 

[Mattagajasingh, S.N., Misra, H.P. (1995) Toxic Substances Mechanisms (submitted)] 

Abstract 

Treatment of human leukemic T-lymphocyte MOLT4 cells with potassium 

chromate, a chromium(VI) compound, increased the formation of the oxidized compound, 

dichlorofluorescein (DCF), a highly fluorescent compound, from the parent nonfluorescent 

compound, 2,7-dichlorofluorescin diacetate. No such increase in dichlorofluorescein 

formation was observed when cells were treated with Cr(III) compounds. In cell free 

systems, dichlorofluorescin diacetate was also oxidized to DCF by strong oxidants (such as 

hydrogen peroxide and hydroperoxides) in the presence of peroxidase, suggesting that 

Cr(VI) increased the intracellular level of these peroxides in MOLT4 cells. Because other 

oxidants, such as hydroperoxides also oxidized dichlorofluorescin diacetate to DCF in cell 

free systems, Cr(VI) treatment of cells may induce the intracellular level of such 

hydroperoxides in intact cells. Fluorescence microscopic studies showed that the oxidized 

fluorescent DCF was predominantly localized in the nucleus of cells treated with Cr(VI). 

Treatment of cells with antioxidants such as a-tocopherol, Tiron, ascorbate, mannitol and 

riboflavin, prior to chromate treatment inhibited the oxidation of dichlorofluorescin 

diacetate without altering the activity of hydrogen peroxide decomposing enzymes, such as 

catalase and glutathione peroxidase, while pretreatment of cells with aminotriazole, a 

catalase inhibitor, reversed this effect. These results suggest that Cr(VI) increases the 

intracellular level of strong oxidants and add to the emerging concept that chromium- 

induced genotoxicity and cytotoxicity may be mediated via oxidative mechanisms. 
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Introduction 

Epidemiological and animal studies indicate that chromium(VI) [Cr(VI)] 

compounds are potent mutagens and carcinogens (1). Previous studies have shown that 

intracellular reduction of Cr(VI) to Cr(II]) gives rise to relatively long lived Cr(V) species, 

and in the presence of oxygen to reactive oxygen species (2). Active oxygen species such 

as superoxide radical (O-~), hydroxyl radical (.OH), singlet oxygen (102), and H2O2 are 

well known for their ability to cause cellular injury (3). Although H20O2 is not a free 

radical like other reactive oxygen species, it is a potent cellular toxicant. It is generated by 

dismutation of superoxide radicals, and by enzymes such as glycollate oxidase, urate 

oxidase and D-amino acid oxidases during the normal cellular metabolism (4). Unlike the 

other active oxygen species, H2O2 is lipophilic and can therefore cross the biological 

membranes and, once inside the cell, can interact with intracellular transition metals and 

produce the potent oxidant, -OH, via "Fenton" and "Haber-Weiss Reactions" (3, 5). 

The involvement of oxidative mechanisms in the chromate-induced mutagenic and 

carcinogenic process have been documented (see Ref. 6 and 7 for review). Chromium(VI) 

is known to induce a variety of DNA lesions including single and double -strand DNA 

breaks, DNA-DNA crosslinks and DNA protein crosslinks (8, 9). Based on the recent 

evidences, -OH radicals have been considered as the "ultimate mutagenic and carcinogenic 

agent" (10, 11), although the exact mechanism is unknown. Reaction of Cr(VI) with H202 

which produces O2:~, !O2, and tetraperoxochromate(V), causes strand breaks in PVA3 

DNA (2). Biologically generated Cr(V) reacts with H2O?2 producing -OH in a Fenton-type 

mechanism (10, 12). Faux et al. (1992) reported the involvement of H202 in Cr(VI)- 

induced oxidation of DNA bases that resulted in the formation of 8- 

hydroxydeoxyguanosine (13). In addition, treatment of cells with catalase, a H2O02 

decomposing enzyme, inhibited the Cr(VI)-induced DNA-strand breaks and Cr(III)- 

induced chromosomal aberration in cultured human fibroblasts and human lymphocytes, 

respectively (14, 15). Recently, H2O»-resistant Chinese hamster ovary (CHO) cells have 

been shown to exhibit an increase in catalase activity and intracellular level of GSH, and 

have shown to have less total Cr(V) and DNA breaks when treated with Cr(VI) (16). 

Collectively these results suggest that active oxygen species, particularly H2O2, is closely 

associated with the mutagenic and carcinogenic effects of Cr(VI). However, the effect of 
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Cr(VI) on the production of intracellular levels of this active oxygen species has not been 

investigated. 

We, for the first time, reported the chromate-induced increase in the intracellular 

level of hydrogen peroxide in cultured intact human cells (17). In the present paper we 

have further investigated the mechanism of chromate-induced oxidant production, and the 

effects of various antioxidants on the rate of their production, using 2',7'- 

dichlorofluorescin diacetate (DCF-DA) as a fluorescent probe. The principle of the test is 

based on the fact that, DCF-DA, a nonfluorescent stable molecule, being non-polar enters 

the cells and is hydrolyzed by esterases to polar non-fluorescent 2, 7-dichlorofluorescin 

(DCFH), and thus trapped within the cells (18). DCFH is then oxidized to highly 

fluorescent 2,7-dichlorofluorescein (DCF) by strong oxidants such as hydrogen peroxide. 

Chromate treatment of cells increased the oxidation of DCF-DA suggesting that chromate 

increased the production of such oxidants in intact cells. Our results suggest that Cr(VI) 

induces the generation of oxidants such as H2O2 and/or other hydroperoxides in the cells, 

probably through the direct interaction of a reduced form of the metal with molecular 

oxygen. 

Materials and Methods 

Chemicals 

Potassium chromate was purchased from J.T. Baker (Phillipsburg, NJ). 

Chromium(IID) acetate hydroxide and chromium(IID) chloride hexahydrate were obtained 

from Aldrich Chemicals Company, Inc. (Milwaukee, WI). 2',7'-Dichlorofluorescin 

Diacetate (DCF-DA) was purchased from Eastman Kodak Company (Rochester, NY). 

Dichlorofluorescein (DCF) was obtained from Polysciences, Inc. (Washington, PA). 

Protein determination kit was obtained from Bio-Rad Laboratories (Richmond, CA). All 

radioactive chemicals and Aquassure LSC cocktail were purchased from New England 

Nuclear (Boston, MA). All other chemicals and enzymes were purchased from Sigma 

Chemicals Co. (St. Louis, MO). 
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Cell culture and treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were obtained 

from American Type Culture Collection (Bethesda, MD) and were maintained at 

exponential growth phase in RPMI 1640 supplemented with 10% heat-inactivated fetal 

bovine serum and 1% penicillin/streptomycin solution (Sigma) at 37°C in a humidified 

atmosphere of 5% CO, and 95% air. Cells were collected by centrifugation at 200xg for 5 

min at room temperature and washed three times with ice-cold saline A (5 mM NaHCO3, 6 

mM dextrose, 5 mM KCl and 140 mM NaCl, pH 7.2). They were resuspended in salts- 

glucose medium [SGM: 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

(HEPES), 100 mM NaCl, 5 mM KCI, 2 mM CaCly and 5 mM dextrose, pH 7.2], counted 

in a Coulter counter (Model ZM, Coulter Electronics, Inc., Hialeah, Fl) and cell number 

was adjusted to 1 x 10° cells/ml. Freshly prepared potassium chromate solution was added 

to the cell suspension at different concentrations either in 75 cm? Falcon tissue culture 

flasks or Corning 24 well-plates. Cells were incubated for various time periods at 37 C. 

Cell viability was determined by the trypan blue exclusion as described previously (17). 

Under these treatment conditions, cell viability in all chromate treated samples was at least 

99% of control. 

Oxidation of DCF-DA in aqueous solution 

Chemical oxidation of DCF-DA in aqueous solution was modified from the method 

of Cathcart et al. (19). The DCF-DA (10 mM in MeOH) was deacetylated in 0.01 M 

NaOH for 30 to 45 min at room temperature (22-23°C) in dark, and then the pH was 

adjusted to 7.5 with 25 mM HEPES buffer (pH 7.6). After deacetylation, the solution was 

always kept on ice in the dark. The reaction mixture contained 2 UM DCFH (deacetylated 

DCF-DA) in 25 uM HEPES buffer (pH 7.5) with or without the following: Horseradish 

peroxidase (HRP), Cr(VI) or Cr(III), H2O2 or cumen hydroperoxide or benzoyl 

hydroperoxide. All the reactions were carried out at room temperature. The shift in 

fluorescence was monitored using a Perkin-Elmer LS-5 Luminescence Spectrometer 

(Perkin-Elmer Corp., Norwalk, CT), with excitation wavelength at 502 nm (band-width 3 

nm) and emission wavelength at 522 nm (band-width 5 nm). Spectral characterization of 

DCF, and cells treated with DCF-DA, were made by alternatively changing the excitation 

and emission wavelength at 20 nm intervals and recording the shift in fluorescence. 
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Estimation of oxidants and their subcellular localization 

Cells were either simultaneously treated with chromium compounds and DCF-DA 

or were first treated with chromium compounds and then treated with DCF-DA for an 

additional hour, in SGM at 37°C in a humidified atmosphere of 5% CO, and 95% air. To 

study the effect of antioxidants or other test compounds on the chromate-induced cellular 

production of oxidants, cells were pretreated with the respective test compounds for 6 hr or 

12 hr in complete medium. Cells were then washed twice in ice-cold Saline A and 

resuspended in SGM at a concentration of 10 cells per ml. The relative fluorescence was 

monitored using a CytoFluor™ 2300 Fluorescence Measurement System (Millipore Corp., 

Bedford, MA) with an excitation wavelength of 485 nm (bandwidth 20 nm) and emission 

wavelength of 530 nm (bandwidth 25 nm), at different sensitivities. 

For subcellular localization of oxidants, cell suspensions were observed on slides 

fitted with cover slips using a Nikon Diaphot (Nippon Kogaku K.K., Tokyo, Japan) 

inverted microscope fitted with an EPI-Fluorescence attachment and, 460-485 nm 

excitation and 515-545 nm Barrier filters. The photographs were taken using Kodak 

Etachrome 400 film at 100x oil magnification. 

The relative distribution of DCF fluorescence was monitored in the cytosol and the 

nuclei. Following DCF-DA treatment, cells were collected by centrifugation, resuspended 

in 50 mM Tris-HCl containing 0.5% Triton X-100, 1 mM phenylmethanesulfony] fluoride, 

3 mM CaCly, 0.1 mM dithiothreitol and 250 mM sucrose (pH 7.5) for 10 min, layered 

over a solution containing 50 mM Tris-HCl, 1 mM phenylmethanesulfonyl! fluoride and 2 

M sucrose (pH 7.5). The nuclei were collected by centrifugation at 1700xg for 10 min at 

4°C. The nuclei were observed under phase contrast microscope and were found to be free 

of cytoplasmic contaminations. The fluorescence of the nuclear and cytoplasmic fractions 

were monitored as above. Nuclei isolated from control and chromate-treated cells were 

photographed as above. 

Enzyme assays 

Catalase (EC 1.11.1.6) activity was assayed as previously described (17). 

Glutathione peroxidase (GSH-peroxidase; EC 1.11.1.9) activity was assayed according to 
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the method of Tappel (20) with the following modifications. One ml of reaction mixture 

contained 0.25 mM reduced glutathione, 0.15 mM NADPH, 2 U glutathione reductase, 6 

uM cumene hydroperoxide and the sample. The rate of oxidation of NADPH was 

monitored at 340 nm using a Shimadzu UV-160 recording spectrophotometer equipped 

with a temperature controlled cuvette chamber. Glutathione peroxidase activity was 

calculated from the difference between rate of oxidation of NADPH in the presence and 

absence of added cumene hydroperoxide at 30°C, using an extinction coefficient of 6.22 

mM-! cm-! for NADPH at 340 nm. One unit of glutathione peroxidase was defined as the 

amount of enzyme required to oxidize one nmol of NADPH in one second. 

Cellular uptake of 5!Cro4” 

Cells, in SGM, were incubated with 1 Ci of K2°!CrO, at various concentrations 

for 2 hr at 37°C. Cells were collected by centrifugation, washed three times with ice-cold 

PBS and the cell number was counted in a Coulter counter (Model ZM, Coulter 

Electronics, Inc., Hialeah, Fl). The cellular uptake of chromate was determined by 

measuring the >!Cr activity in a Beckman gamma counter (Beckman Gamma 5500 

equipped with a DP 5500 Data Reduction System, Beckman Instruments Inc., Irvin, CA) 

and comparing to a standard curve generated by using 0 —> 20 nM potassium >!chromate. 

Estimation of Cellular Ascorbate and Vitamin E 

Intracellular ascorbate level of cells was estimated by using Folin Phenol Reagent as 

described before (17). The vitamin E level of cells was determined spectrophotometrically 

by using the method of Fabianek (21). 

Results 

Detection of DCF fluorescence in cell free systems 

Using commercially available DCF in 25 mM HEPES buffer (pH 7.6), the 

maximum excitation and emission wavelength for DCF was found to be 502 nm and 522 

nm, respectively (Fig. 1). Since cells treated with DCF-DA displayed similar excitation 
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and emission maxima, the fluorescence of cells may have been due to the formation of the 

fluorescent DCF inside the cells, due to oxidation of DCF-DA. 

The DCFH formed by alkaline hydrolysis of DCF-DA was not oxidized to its 

fluorescent analog, DCF, when incubated at room temperature under atmospheric oxygen 

or in the presence of Cr(VI) and Cr(IID compounds. H202 alone only minimally oxidized 

DCFH. In the presence of HRP (Horseradish Peroxidase), the fluorescence intensity of 

DCFH increased about nine times that of DCFH alone in 25 min, indicating the oxidation 

of DCFH to DCF by HRP. The oxidation of DCFH was further accelerated when both 

HRP and H202 were present in the reaction medium (Fig. 2). The level of oxidation of 

DCFH was dependent on the concentration of HRP (Fig. 3), and as little as 800 ng/ml of 

HRP caused 20 fold increase in fluorescence intensity. At lower doses of HRP (200 

ng/ml), the oxidation of DCFH was time dependent (Fig. 2). 

Neither Cr(VI) nor Cr(II]) compounds were able to oxidize DCFH by themselves, 

but in the presence of H2O02, both Cr(VI) and Cr(III) compounds were able to oxidized 

DCFH to DCF (Table 1). Chromium (VI) had little effects on the DCFH oxidizing activity 

of HRP when the enzyme was incubated for 10 min at room temperature before addition of 

DCFH, but under similar conditions, 1 UM of either of the Cr(III) compounds inhibited 

HRP activity to about 85% of control. No further inhibition of HRP activity was observed 

with increase in the concentration of Cr(III) compounds from 1 UM to 50 uM (Table 1). 

These data indicate that biologically generated Cr(II), by intracellular reduction of Cr(VJ), 

may inhibit cellular peroxidase activity. The oxidation of DCFH in presence of HRP was 

dependent on the concentration of hydroperoxides such as H2O2, cumene hydroperoxide or 

benzoyl hydroperoxide (Table 2). Because different hydroperoxides are capable of 

oxidizing DCFH, it is possible that chromate treatment of cells could increase the cellular 

level of other hydroperoxides, in addition to H2OQ2. 

Optimization of DCF fluorescence detection in intact cells 

As shown in Fig. 4, the fluorescence intensity of cells increased with increase in 

DCF-DA concentration in a dose-dependent manner. Under the conditions of these 

experiments, up to 10 UM DCF-DA was found to be nontoxic to the cells. The 

cytotoxicity, however increased with increase in the concentration of DCF-DA above 10 
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uM in a dose-dependent manner (Fig. 4). The fluorescence of cells also depended on the 

incubation period (Fig. 5). Since 5 uM of DCF-DA produced no cytotoxicity, minimal 

background and measurable fluorescence within 0.5—>6 hr of treatment, this 

concentration of DCF-DA was used for all other experiments involving cells. 

Effect of chromium compounds on the oxidant level of MOLT4 cells 

Level of intracellular oxidants, as measured by DCF fluorescence, increased with 

increase in concentration of potassium chromate [a Cr(VI) compound] in a dose-dependent 

manner (Fig. 6). This effect was not observed when cells were treated with Cr(II]) 

compounds (either Chromium(III) chloride hexahydrate or chromium(III) acetate 

hydroxide). There was no increase in fluorescence when DCF-DA was incubated with any 

of the chromium compounds without the cells, indicating the involvement of cellular 

processes in the oxidation of DCF-DA. When cells were first treated with Cr(VI) for 

different periods of time and then treated with DCF-DA for the same period of time, the 

fluorescent intensity of cells depended on the period of exposure to chromate (lines A and 

B on Fig. 6), further supporting our contention that chromate treatment of cells increased 

the intracellular level of oxidants. The fluorescence intensity of control cells also depended 

upon their incubation period with DCF-DA. Such alteration in the fluorescence intensity of 

control cells indicated that DCF-DA could be metabolized to DCF by MOLT4 cells. 

Subcellular localization of oxidants in MOLT4 cells treated with Cr(VI) 

Cells treated with 2 uM DCF-DA alone for 2 hr exhibited diffuse fluorescence 

throughout the cell (Fig. 7 A & B). Treatment of cells with chromate (200 UM) for 2 hr 

prior to DCF-DA treatment showed intense fluorescence at the nucleus and the region close 

to the nuclear membrane (Fig. 7 C & D), indicating that the of oxidants are predominately 

generated in those locations of the cell. The ratio of nucleus to cytosol fluorescence of 

cells treated with Cr(VI) is shown in Table 3. The fluorescence microscopy of the nuclei 

isolated from the control and chromate treated cells also showed that nuclei isolated from 

chromate treated cells were more fluorescent than that of control cells (Fig. 8). 
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Effect of antioxidants and intracellular chromate reductants on the formation of DCF in 

MOLT4 cells 

Treatment of cells with 25 UM a-tocopherol or 1 mM Tiron (4,5-dihydroxy-1,3- 

benzenedisulfonic acid) prior to chromate treatment inhibited the effect of chromate by 38% 

and 33%, respectively. These treatments also inhibited DCF formation in control cells by 

10% and 6%, respectively (Fig. 9). Pretreatment of cells with ascorbate (1 mM) or 

mannitol (10 mM) which did not affect the DCF formation in control cells, inhibited 

chromate-induced DCF formation by 16% and 10%, respectively. Riboflavin (200 uM, an 

antioxidant and intracellular chromate reductant) or aminotriazole (3 mM, a catalase 

inhibitor) preteatment of cells increased the DCF formation to 115% and 148% of the 

control, respectively (Fig. 9). 

Effect of antioxidants and intracellular chromate reductants on catalase and GSH- 

peroxidase in MOLT cells 

Although the formation of DCF is dependent on the levels of H2O 2 and other 

hydroperoxides, alterations in the level of DCF formation may occur due to alterations in 

the intracellular activity of HyO2-decomposing enzymes, such as catalase and GSH- 

peroxidase. Therefore, the effect of a-tocopherol, Tiron, ascorbate, mannitol, riboflavin 

and aminotriazole on catalase and GSH-peroxidase activity was studied. Pretreatment of 

MOLT4 cells with the above compounds for 8 to 12 hr did not affect chromate uptake of 

the cells (data not shown). Treatment with ascorbate (1 mM) and a-tocopherol (25 UM) 

increased the intracellular level of ascorbate and tocopherol to more than 2 fold and 4 fold 

of control, respectively (data not shown). Treatment of cells with a-tocopherol, ascorbate 

and mannitol increased the activity of catalase in chromate treated cells while riboflavin and 

aminotriazole had the reverse effects. Treatment of cells with Tiron had no significant 

effect on catalase activity of MOLT4 cells treated with chromate (Fig. 10). Pretreatment of 

cells with a-tocopherol increased the activity of GSH-peroxidase, where as riboflavin and 

aminotriazole pretreatment of cells reduced the activity of GSH-peroxidase in chromate 

treated cells to 85% and 70% of control, respectively. Pretreatment of cells with 

ascorbate, mannitol and Tiron had no significant effects on the activity of GSH-peroxidase 

on chromate treated MOLT4 cells (Fig. 11). 
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Discussion 

A number of in vitro and in vivo studies favor the involvement of active oxygen 

species, in particular H2O2 in chromium-induced mutagenic and carcinogenic processes. 

However, the effect of Cr(VI) on the intracellular level of this active oxygen species has not 

been investigated. The results presented here, for the first time, show that Cr(VI) induces 

the generation of oxidants such as H2O2 and/or other hydroperoxides in the cells, probably 

through the direct interaction of a reduced form of the metal with molecular oxygen. 

The present study shows that peroxidase alone is capable of oxidizing DCFH to 

DCF. It also clearly shows that in addition to H2O2, other hydroperoxides can also 

oxidize DCFH to DCF. Since other oxidants such as hydroperoxides are also capable of 

oxidizing DCFH to DCF (19, 22), it is not possible at this time to specify the actual 

oxidizing agent(s) that oxidize DCF-DA inside the cell. The increase in the fluorescence 

intensity of cells treated with Cr(VI) indicates that Cr(VI) increases the intracellular level of 

oxidants in MOLT4 cells. The inability of Cr(III) compounds, on the other hand, to 

produce such effects could be due to their inaccessibility into the cells (23). Although 

DCF-DA has been used as a fluorescent probe for detection of H202 primarily in 

neutrophils (16), and other cells (17, 24), its oxidation by peroxidases and increased 

oxidation in presence of iron (21) indicate that the increased intracellular DCF may, in part, 

be due to activation of peroxidase or generation of other oxidant species inside the cells. 

However, the complexity of the reaction suggests the involvement of free radical 

mechanisms and multiple cascade of reactions in the process. It is also possible that 

chromate treatment of cells could increase the intracellular level of lipid hydroperoxides in 

addition to H202, but we believe that majority of intracellular DCF-DA oxidation would 

occur by H202 because of its higher oxidative potential than that of lipid hydroperoxides 

(25). 

The mechanism by which chromate increases the intracellular level of hydrogen 

peroxide or hydroperoxides is not known. It is our view that reduced species of Cr(VI) 

such as Cr(V) and Cr([V) may react with molecular oxygen giving rise to O2-~ radicals: 

Cr-1402 —>Cm+02- (a) 
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The O2- thus formed can give rise to H2O2 by spontaneous dismutation and/or by SOD. 

202° +2Ht—>H202 + 02 (b) 

Thus, trace amounts of chromate may be present inside the cell at any given time, we think, 

it may under go redox-cycling causing a significant increase in the cellular level of H202. 

Other evidences also support such regeneration of Cr(VI) (26). GSH, an abundantly 

intracellular antioxidant, also reacts with chromate generating thiyl radicals (27, 28). 

Therefore, H2O2 may also be formed by oxidation of GSH, as proposed by Misra (29): 

RSH + Cr) —> RS- + Cri) (c) 

RS- + RSH + O2 —>RSSR + O2- + Ht (d) 

In this way, a transition metal such as Cr(VI) can initiate thiol oxidation as in reaction (c). 

Superoxide can be generated by a thiyl radical as in reaction (d), and/or by the reduced 

transition metal as in reaction (a). The O2-~, so generated, dismutates to produce H2O> as 

in reaction (b). Because H2O2 is generated during the normal metabolism of the cell, and 

chromate treatment of cells inhibited both the H202 decomposing enzymes (catalase and 

GSH-peroxidase) in MOLT4 cells (Fig. 10 & 11), one may anticipate that the elevation in 

the intracellular level of H2O2 could be due to its accumulation inside the cell. However, 

we have previously shown that chromate-induced increase in the intracellular level of H2O2 

was not due to the inactivation of catalase and GSH-peroxidase but due to its increased 

production inside the cell (17). In the present study, pretreatment of cells with antioxidants 

such as Tiron or ascorbate significantly (p < 0.01) inhibited the chromate-induced oxidant 

production without increasing the activity of catalase and GSH-peroxidase, further 

supporting our contention that chromate-induced increase in intracellular level of oxidants 

may not be due to the inactivation of HyO2-decomposing enzymes. Pretreatment of cells 

with a-tocopherol or mannitol also significantly (p < 0.01) decreased the levels of oxidants 

in chromate treated cells, probably by inhibition of thiol oxidation (29). When cells were 

treated with 200 UM riboflavin (an antioxidant as well as an intracellular chromate 

reductant) prior to chromate treatment, fluorescence intensity of cells increased, indicating 

an increase in the cellular production of oxidants. The mechanism by which riboflavin 

increases hydrogen peroxide or other peroxides in chromate-treated cells is not known. 

Using EPR spectrometer we have observed that riboflavin reduces Cr(VI) to Cr(V), and the 
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resulting Cr(V) species is very long lived (detectable after several hours of reaction, data 

not shown). Riboflavin has been shown to reduce Cr(VI) to Cr(V) but not Crd (30, 

our unpublished data). Therefore, we believe, in presence of chromate, riboflavin (Rb) 

may give rise to H2O? by the following reactions: 

Rbreg. + Cr(VI) =§ —> RDoxa, + Cr(V) 

Cr(V) + Oo —> Cr(VI) + O2° 

O7- + O7- + 2H*t —>H 02 + O» 

The increase fluorescence of riboflavin treated cells could also be due to inactivation of 

catalase and GSH-peroxidase with concomitant increase in the cellular H2O 2 level. 

Treatment of cells with aminotriazole, a known inhibitor of catalase, inhibited the activities 

of both catalase and GSH-peroxidase activity. The increase in the fluorescence intensity of 

cells treated with aminotriazole prior to chromate treatment further supports the fact that 

HO, is the oxidant produced by the chromate treatment of cells. 

Although the fluorescence microscopy studies show that chromate-induced oxidants 

are predominantly produced in the nucleus and the fluorescence of nuclear fraction also 

increases with increase in chromate concentration, it appears possible that, chromate- 

induced H2O2 and/or other peroxides could be generated in the cytoplasm and are then 

diffused or transported into the nucleus via hydrogen peroxide adducts as described before 

(31). Recent studies show that H2O02 forms a stable bridging hydrogen-bonded complex 

with nucleic acid-base pairs with comparable energy of stabilization and no bond strain 

(32). H2O02 may also bind to DNA by hydrogen bonds and then generate .OH radicals by 

‘Fenton-type’ reactions (31). Since .OH radicals are very short lived and can only diffuse 

about 5-10 molecular diameters before they react (33), and Cr(VI) has been shown to cause 

DNA damage without concomitant cytotoxicity (16, our unpublished data), it is our view 

that a potent carcinogen such as Cr(VI) could be exerting its mutagenic and carcinogenic 

effect by the aforesaid mechanism, without producing overt cytotoxicity. Chromate has 

been shown to localize in both the cytoplasm and nucleus within 3 hr of exposure (34), and 

reaction of Cr(VI) or Cr(II) with H2O2 generates -OH radicals (2, 35-36). Therefore it 

appears likely that chromate-induced increase in intracellular hydroperoxides is an 

important mechanism in the formation of DNA-protein crosslinks, because both the protein 

and DNA radicals could be formed by reaction of protein and DNA with -OH radicals, 

respectively, giving rise to DNA-protein crosslinks, via radical-radical or radical addition 

reactions (37, 38). 
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We are now forced to think of the biological effects of Cr(VD) in a new light. Thus 

reduction of Cr(VI) not only produces reactive species of oxygen but also the H2O2 so 

generated accumulates at or near the nucleus of the cell. Since Cr(VI) is known to be a 

potent carcinogen and induces DNA-protein crosslinks that are partially inhibited by 

antioxidants (39, 40), the present study provides further support to the contention that the 

genotoxicity of Cr(VI), may at least in part, be attributed to the reactive oxygen species 

produced during its intracellular reduction. 
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Excitation and emission spectra of DCF. Cells were pretreated with Cr(VI) 

for 1.5 hr and then treated with DCF-DA for 30 min. Curves A and B denote 

excitation (Aem = 522 nm) and emission (Aex = 502 nm) spectra of 

commercial DCF in HEPES buffer, respectively. Curves C and D denote 

excitation (Aem = 522 nm) and emission (Aex = 502 nm) spectra of DCF 

formed in MOLT4 cells, respectively. 

118



Figure 2. 
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Oxidation of alkaline hydrolyzed DCF-DA by HRP and H202. All 

experiments were carried out at room temperature. The concentration of 

DCFH, HRP, and H202 were kept constant at 2 WM, 200 mg/ml, and 10 

mM, respectively. Each value is a mean of at least three independent 

experiments and expressed as mean + SD. 
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Figure 3. 
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Concentration-dependent oxidation of alkaline hydrolyzed DCF-DA by HRP. 

The DCF-DA concentration was kept constant at 2 UM. All incubations were 

performed at room temperature for 10 min. Each value is a mean of at least 

three independent experiments and expressed as mean + SD.
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Figure 4. Cytotoxicity and fluorescence intensity of MOLT4 cells treated with DCF-DA. 

The measurement of fluorescence intensity and cytotoxicity of MOLT4 cells 

loaded with DCF-DA were as described under Materials and Methods. (lines a 

and b) Fluorescence intensity of cells after 1 and 3 hr of treatment, respectively. 

(line c) Surviving cell fractions after 4 hr of treatment. Each value is a mean of 
at least three independent experiments and expressed as mean + SD.
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Figure 5. Time-dependent oxidation of DCF-DA in MOLT4 cells. MOLT4 cell 

suspensions were incubated with different concentrations of DCF-DA at 37°C 

for different periods of time. The fluorescence intensity of the DCF formed 

was measured as described under the Materials and Methods. Each value is a 
mean of at least three independent experiments and expressed as mean + SD,
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Figure 6. Effect of potassium chromate on the formation of DCF in intact MOLT4 cells. 

Curves A and B, MOLT4 cell suspensions were treated with different 

concentrations of potassium chromate for 1 hr and 3 hr, respectively. Then, the 

cells were incubated with 5 u1M DCF-DA for 1 hr. Curve C, Cells were 

simultaneously treated with potassium chromate and 5 uM DCF-DA for 4 hr. 

Curve D, Cells were treated with different concentrations of chromium(III) 

chloride hexadydrate for 1 h and then incubated with 5 UM DCF-DA for an 

additional hour, Each value is a mean of at least three independent experiments 

and expressed as mean + SD, ¥Significantly different from control, p < 0.05, 

«Significantly different from control, p < 0.01,



  
Figure 7. _ Distribution of DCF fluorescence in intact MOLT4 cells. (A & B) Cells 

treated with 2 UM DCF-DA alone for 2 hr. (C & D) Cells treated for 2 hr 

with 200 UM potassium chromate and 2 uM DCF-DA. 
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Figure 8. 

  

Formation of DCF in nuclei of MOLT4 cells treated with 200 uM potassium 

chromate for 4 hr. Treatment of cells with chromate and DCF-DA, and 

purification of nuclei were as described under Materials and Methods. (A) 

Nuclei from control cells photographed under blue fluorescence light. (B) 

Nuclei from 200 uM potassium chromate treated cells (for 4 hr) 

photographed under blue fluorescence light. 
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Figure 9. 
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Effect antioxidants on the formation of DCF in MOLT4 cells. Pretreatment of 

cells with antioxidants, treatment with chromate and DCF-DA, and 

measurement of fluorescence intensity were as described under the Materials 

and Methods. Each value is a mean of at least three independent experiments 

and expressed as mean + SD, *Significantly different from control, p < 0.05, 

«Significantly different from control, p $ 0.01 (n = 3-5). 
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Figure 10. Effect of antioxidants on the catalase activity in MOLT4 cells. Pretreatment of 

cells with antioxidants, and estimation of catalase activity were as described 

under the Materials and Methods. Each value is a mean of at least three 

independent experiments and expressed as mean + SD, ¥ Significantly 

different from control, p $ 0.05, *Significantly different from control, p < 

0.01, 
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Figure 11. Effect of antioxidants on the GSH-peroxidase activity in MOLT4 cells. 

Pretreatment of cells with antioxidants, and estimation of catalase activity 

were as described under the Materials and Methods. Each value is a mean of 
at least three independent experiments and expressed as mean + SD. 

¥Significantly different from control, p < 0.05, *Significantly different from 

control, p < 0.01, 
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Table 1: Effect of Cr(VI) and Cr(II) on the HRP and H20)-induced oxidation 

of alkaline hydrolyzed DCF-DA to DCF 

  

  

Experimental condition* p mol DCF formed 
in 10 min** 

DCFH alone 31.7421 

DCFH + Cr(VI)4 20 uM 32.4 + 3.2 

DCFH + Cr(III)> 20 pM 31.5+2.8 

DCFH + Cr(III)¢ 20 uM 30.5 + 3.3 

DCFH + H202 32.8 43.5 
DCFH + H202 + Cr(VI)? 10 uM 39.2 + 2.1*** 
DCFH + H202 + Cr(VI)4 20 uM 43.5 + 4.2*** 

DCFH + H202 + Cr(III)® 10 uM 36.7 + 3.2*** 

DCFH + H202 + cr? 20 uM 38.4 + 2.3*** 

DCFH + H202 + Cr(IIt)* 10 uM 36.6 + 2.3*** 

DCFH + H202 + Cr(III)* 20 uM 39.4 + 2.7*** 

HRP + DCFH 131.2+5.6 
HRP + Cr(VID21 uM + DCFH 131.7£7.7 
HRP + Cr(VI)2 50 uM + DCFH 134.8 + 8.2 
HRP + Cr(II)® 1 uM + DCFH 109.9 + 4.1*** 
HRP + Cr(III)® 50 uM + DCFH 111.7£5.3*** 
HRP + Cr(IID)° 1 pM + DCFH 112.5 +5.1*** 
HRP + Cr(III)¢ 50 uM + DCFH 110.6 + 7.8*** 

  

* All experiments were performed at room temperature. The concentration of DCFH, 

HRP, and H202 were kept constant at 2 uM, 200 mg/ml, and 10 mM 
respectively. All measurements were made as described under Materials and 

Methods. 

**Each value is a mean of atleast three independent experiments and expressed as 

mean + SD. ***Significantly different from control p < 0.01 

4Potassium chromate. 

bChromium(III) chloride hexahydrate. 
CChromium(III) acetate hydroxide.
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Chapter V 

Increased Protein Oxidation and Lipid Peroxidation 

in Cultured Human Leukemic T-lymphocytes Treated with 

the Carcinogenic Chromium(VI) 

[Mattagajasingh, S.N., Misra, H.P. (1995) J Biol Chem (submitted)] 

Abstract 

Hexavalent chromium-induced oxidative damage to lipids and proteins has been 

analyzed in human leukemic T-lymphocyte MOLT4 cells or cell homogenates. Potassium 

chromate induced the formation of malonaldehyde (MDA) and protein carbony] in a dose- 

dependent manner, indicating oxidation of lipids and proteins, respectively. Treatment of 

cells with chromate also increased the formation of DNA-protein crosslinks in a dose- 

dependent manner. Reaction of Cr(VI) with NADPH or glutathione reductase generated 

Cr(V), and in presence of H2O> produced -OH radicals. Reaction of Cr(VI) with NADPH 

and glutathione reductase augmented the generation of Cr(V) as well as -OH radicals 

without the extraneous addition H202. -OH radicals were also produced in reaction 

between H2O2 and Cr(III), Cr(V) (generated by reaction of Cr(VI) with NADPH) or 

Cr(VD, at physiological pH. Pretreatment of cells with various antioxidants inhibited 

chromate-induced lipid peroxidation, protein oxidation and formation of DNA-protein 

crosslinks. However, pretreatment of cells with riboflavin or aminotriazole prior to 

chromate treatment increased the formation of MDA, protein carbonyl, and DNA-protein 

crosslinks. The potential of chromate to oxidize bovine serum albumin (BSA) in presence 

of H2O02 was also compared with other metals. Thus, Cr(VI), Cr(IID, V, Cu, Fe and Co 

oxidized BSA in presence of H202, while Hg, Zn, and Al were without effect. These 

results suggest that MDA may not be involved, at least, in initiating the chromate-induced 

DNA-protein crosslinking, where as some of the DNA-protein crosslinking may be formed 

via the formation of protein carbonyls. The results of this study also support to our 

contention that chromium-induced genotoxicity and cytotoxicity may be mediated via 

oxidative mechanisms. 
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Introduction 

Chromium(VI) [Cr(VI)] compounds are considered as potent mutagens and 

carcinogens (1, 2). In addition, dermal, renal, and hepatic toxicity have been reported in 

workers exposed to Cr(VI) (3, 4, 5). The involvement of oxidative mechanisms in the 

chromate-induced mutagenic and carcinogenic process have been documented (see Ref. 6 

and 7 for review). Chromium(VIJ) is known to induce a variety of DNA lesions including 

single and double -strand DNA breaks, DNA-DNA crosslinks and DNA protein crosslinks 

(8, 9). 

Cr(VI) has been shown to be more toxic than Cr(IIT) (10) because of its preferred 

cellular uptake (11, 12). Intracellular Cr(VI) is believed to be reduced to its biologically 

more stable form, Cr(II), by cellular reductants such as ascorbate (13), glutathione (14- 

16), hydrogen peroxide (17), cysteine (18), riboflavin (19), NADPH (20), a number of 

diol sugars (21) and flavoenzymes such as glutathione reductase (13, 22), cytochrome P- 

450 reductase (23), NAD(P)H quinone reductase (24) and aldehyde oxidase (25). 

Previous studies have shown that intracellular reduction of Cr(VI) to Cr(II) gives rise to 

relatively long lived Cr(V) species and in the presence of molecular oxygen to reactive 

oxygen species (17). Reaction of Cr(VI) with H2O2 has been shown to produce O°", 

105, and tetraperoxochromate(V), and cause strand breaks in PVA3 DNA (26). 

Biologically generated Cr(V) has also been shown to produce -OH radical when reacted 

with HO? in a Fenton-type mechanism (27, 28). 

DNA damage, such as oxidation of DNA bases has been the primary concern in 

understanding the mechanism of carcinogenicity induced by many physical and chemical 

agents. Oxidative damage to lipids and proteins, the building blocks of biological 

membranes that play important roles in the maintenance of structural and functional 

integrity of the cell, may lead to cellular dysfunction and cell death. Oxidative damage to 

proteins has been shown to be associated with a number of pathological situations, such as 

atherosclerosis and arthritis (29). Recently, it has been suggested that oxidative damage to 

protein may play a role in the carcinogenic process (30). Nonetheless, all the 21 protein 

amino acids are prone to oxidative damage, and may generate protein carbonyls upon 

oxidation, which in turn, may react with DNA, causing DNA-protein crosslinking (31). 
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Furthermore, oxidation of proteins involved in gene regulation may lead to severe genetic 

consequences as has been suggested for transcription factors, API and NFKB (32, 33). 

Similarly, malonaldehyde, a lipid peroxidation product, may give rise to DNA-protein 

crosslinking (34). However, Cr(VI) compounds have received much less attention with 

regard to their effect on cellular macromolecules such as lipids and proteins. 

In the present paper we have examined the effect of Cr(VI) on lipid peroxidation 

and protein oxidation in MOLT4 cells and cell homogenates, and the relation of such 

oxidative processes with chromate-induced DNA-protein crosslinking. Cr(VI) and CrdID 

induced the oxidation of BSA in presence of H2O2 in a cell free system. Cr(VI) induced 

both the lipid peroxidation and protein oxidation in intact cells and cell homogenates, 

probably due to generation of reactive oxygen species during reaction of a reduced form of 

Cr(VI) such as Cr(V) with molecular oxygen. Cr(VI) also increased the formation of 

DNA-proteins crosslinks, which could, at least in part, be due to interaction of carbonyl 

groups of oxidized proteins with nitrogen groups of DNA. 

Materials and Methods 

Chemicals 

Potassium chromate was purchased from J.T. Baker (Phillipsburg, NJ). 

Chromium(III) acetate hydroxide and Cr(III) chloride hexahydrate were obtained from 

Aldrich Chemicals Company, Inc. (Milwaukee, WI). 2',7'-Dichlorofluorescin Diacetate 

(DCF-DA) was purchased from Eastman Kodak Company (Rochester, NY). 

Dichlorofluorescein (DCF) was obtained from Polysciences, Inc. (Washington, PA). 

Protein determination kit was obtained from Bio-Rad Laboratories (Richmond, CA). All 

radioactive chemicals and Aquassure LSC cocktail were purchased from New England 

Nuclear (Boston, MA). All other chemicals including 2,4-dinitrophenylhydrazine (DNPH) 

were purchased from Sigma Chemicals Co. (St. Louis, MO). 

Cell culture and treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were purchased 

from American Type Culture Collection (Bethesda, MD) and were maintained in 
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suspension at exponential growth phase in RPMI 1640 [N-2-hydroxyethylpiperazine-N’ -2- 

ethanesulfonic acid (HEPES) modified] medium supplemented with 10% heat-inactivated 

fetal bovine serum and 10 U penicillin and 10 {g/ml streptomycin solution as described 

before (35). Cellular DNA and proteins were radiolabeled with 3H-thymidine and 35S- 

methionine (0.02 Ci/ml each), respectively, for ~24 hr, in methionine free RPMI 1640 

medium, when cells were used for isolation of DNA-protein complexes. Cells were 

collected by centrifugation, washed three times in cold Saline A (5 mM NaHCO3, 6 mM 

dextrose, 5 mM KCI and 140 mM NaCl, pH 7.2) and resuspended in salts-glucose 

medium [SGM: 50 mM HEPES, 100 mM NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM 

dextrose, pH 7.2] at a concentration of 106 cells/ml. Potassium chloride (as control) or 

potassium chromate were added to the cell suspensions from freshly prepared stock 

solutions. Following treatment, cells were collected and cytotoxicity was determined by 

exclusion of trypan blue as previously described (35). 

Protein carbonyl formation in cell free system 

Protein carbonyls were generated by incubation of metal salts with bovine serum 

albumin (BSA) in presence or absence of H2O2, by modification of a previously described 

method (36). The BSA solutions containing 1 mg protein were taken in 1.7 ml microfuge 

tubes, and metal solutions and H2O2 were added to 200 UM and 3 mM respectively. The 

reaction mixtures were incubated for 3 hr at room temperature. Either 0.8 ml of 1 N HCl 

or 10% DNPH (in 1 N HCl) were added to samples and the samples were incubated for an 

additional hour. Then the samples were precipitated by addition of cold TCA to 10% final 

concentration. The pellets were collected by centrifugation at 5000xg for 10 min at 4°C, 

and washed three times in a solution of ethanol : ethyl acetate (1:1). The supernatants were 

carefully removed and the pellets were dissolved in 0.6 M guanidine-HCl (in 20 mM 

HEPES buffer, pH 7.0). The absorbance of DNPH-treated samples were recorded at 370 

nm using the respective HCI treated sample as reference. The protein carbonyl content was 

calculated by using an extinction coefficient of 2.2 x 104 M-! cnr! for protein carbonyls at 

360-390 nm (36). 
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Estimation of protein carbonyl formation in MOLT4 cells 

Chromate treated cells as well as untreated control cells were collected by 

centrifugation, rinsed three times with ice-cold saline A and resuspended in cold 20 mM 

HEPES buffer, pH 7.0. The samples were sonicated on ice using a Heat System 

Sonicator/Cell Disrupter (Model-W 225 R, Ultrasonics, Inc., Plainview, New York) by 

giving ten pulses at 50% duty cycle. The sonicated samples were centrifuged at 3000 x g 

for 10 minutes at 4°C. The supernatants were collected and streptomycin sulfate (in 20 mM 

HEPES buffer, pH 7.0) was added to 1%. The samples were incubated for 15 min at 

room temperature and then centrifuged at 16,000xg for 10 min at 4°C. The pellets were 

discarded and the protein content of the supernatants were determined by using Bio-Rad 

protein determination kit (37). Samples containing 1 mg of protein were used for 

determination of protein carbonyls as described above. 

Estimation of lipid peroxides 

Chromate treated cells as well as untreated control cells were collected by 

centrifugation, rinsed three times in ice-cold saline A and resuspended in cold 100 mM 

Tris-HCl containing 1 mM diethylenetriaminepentaacetic acid (DTPA), pH 7.4. The cells 

were sonicated on ice using a Heat System Sonicator/Cell Disrupter (Model-W 225 R, 

Ultrasonics, Inc., Plainview, New York) by giving ten pulses at 50% duty cycle. 0.1 ml 

of the samples were removed and used for the estimation of protein content, as described 

above. The remaining part of the sample was used for measurement of lipid peroxides. 

Lipid peroxides were measured as the formation of thiobarbiturate (TBA) reactive products 

by following a modification of the method of Ohkawa et al. (38). To the cell homogenates, 

SDS was added to 0.2% final concentration, and the samples were allowed to stand at 

room temperature for 10 min. To each sample, 1 ml of 0.6% TBA in 5% TCA was added, 

and the samples were incubated at 95°C for 60 min. The samples were then cooled and 

extracted with 4 ml of n-butanol. The absorbance of the organic phase was measured at 

532 nm and 600 nm in a Shimadzu UV-160 spectrophotometer. The difference in 

absorbance at 532 nm and 600 nm was used to calculate the formation of malonaldehydes 

by using an extinction coefficient of 1.55 mM-! cm:! for malonaldehyde at 532 nm. 
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ESR Spectrometry 

Chromate treated cell suspensions were collected by centrifugation and washed 

three times in cold saline A. Cell number was counted in a Coulter counter (Model ZM, 

Coulter Electronics, Inc., Hialeah, Fl) and 50 X 10° cells were taken in the ESR-tubes, 

and centrifuged at 4°C. The supernatants were removed and the cell pellet was frozen in 

liquid nitrogen and ESR spectra were immediately recorded using a Bruker D-200 ESR 

spectrometer. The ESR setting were: receiver gain 5 X 10°, modulation amplitude 10 G, 

time constant 1.25s, scan time 200 s, field 3483 + 50 G. 

Isolation and quantitation of DNA-protein complexes 

DNA-protein crosslinks were detected by modification of previously published 

methods (39-41). Labeling of cells with 3H-thymidine and treatment with chromate were 

carried out as described above. Following treatment, cells were washed three times in ice- 

cold PBS and were used immediately or frozen at -70°C for future use. The cells were 

thawed and were lysed in 20 mM Tris-HCl containing 1 mM PMSF and 2% SDS (pH 

7.5). The cell lysates were briefly sonicated on ice using a Heat System sonicator/Cell 

Disrupter (Model -W 225 R, Ultrasonics, Inc., Plainview, New York) by giving ten pulses 

at 50% duty cycle. The samples were incubated at 65°C for 10 min and KCI (in 20 mM 

Tris-HCl, pH 7.5) was added to 100 mM final concentration. The samples were cooled on 

ice for 10 min, and the K+-SDS precipitates formed were collected by centrifugation at 

3000xg for 10 min at 4°C. The pellets were resuspended in 20 mM Tris-HCl containing 

100 mM KCl. The samples were incubated at 65°C for 10 min, cooled on ice, and 

collected by centrifugation as above. This shearing and washing step was repeated two 

more times. The final pellets were resuspended in water and the protein bound 3H-DNA 

was estimated by counting the samples in a Beckman LS 5800 Liquid Scintillation counter 

(Beckman Instruments, Inc., Irvine, CA) using Aquassure LSC Cocktail (NEN, Boston, 

MA). Trichloroacetic acid-insoluble material from the cell lysates were used to estimate the 

total 3H-DNA. The ratio of the percentage of Kt-SDS-precipitable DNA in the treated cells 

to that in the control cells was used to estimate the DNA-protein crosslink coefficient (DPC 

coefficient). 
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Studies on the effect of antioxidants on chromate-induced DNA-protein crosslinking 

The non-toxic level of the test compounds were determined by monitoring the effect 

of 0 —> 100 uM a-tocopherol succinate, 0 —> 5 mM sodium ascorbate, 0 —> 5 mM 

Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid), 0 —> 100 mM mannitol, 0 —> 2 mM 

riboflavin and 0 —> 10 mM aminotriazole on the growth of MOLT4 cells up to 96 hr. 

Cells were treated with non-toxic levels (>98% viable) of a-tocopherol succinate (25 1M), 

sodium ascorbate (1 mM), Tiron (1 mM), mannitol (10 mM), riboflavin (200 uM), or 

aminotriazole (2 mM) for 16 hr in complete RPMI at 37°C before exposure to chromate in 

SGM for 3 hr. The effect of antioxidant treatment on chromate-induced lipid peroxidation, 

formation of protein carbonyls and DNA-protein crosslinks were detected as described 

above. 

Estimation of Cellular Ascorbate and Vitamin E 

Intracellular ascorbate level of cells was estimated by using Folin Phenol Reagent as 

described before (35). The vitamin E level of cells was determined spectrophotometrically 

by using the method of Fabianek (42). 

Cellular uptake of >! Cro4” 

Cells, in SGM, were incubated with 1 uCi of K2>!CrO, at various concentrations 

for 2 hr at 37°C. Cells were collected by centrifugation, washed three times with ice-cold 

PBS and the cell number was counted in a Coulter counter (Model ZM, Coulter 

Electronics, Inc., Hialeah, Fl). The cellular uptake of chromate was determined by 

measuring the 5!Cr activity in a Beckman gamma counter (Beckman Gamma 5500 equipped 

with a DP 5500 Data Reduction System, Beckman Instruments Inc., Irvin, CA) and 

comparing to a standard curve generated by using 0 —> 20 nM potassium >!chromate. 

Results 

Cytotoxicity 

Exposure of MOLT4 cells to 0 —> 400 IM potassium chromate in SGM for 2 hr 

was found to have little cytotoxic effects, as assessed by trypan blue exclusion (viability 

138



was within 98 + 2% of the control). The viability of cells treated with 200 uM chromate 

was not affected within 4 hr of treatment. The viability of cells treated with 400 uM 

chromate for 6 hr in SGM was found to be 93 + 2% of the control cells. 

ESR Studies 

Reaction of potassium chromate with H2O2 in 50 mM Tris-HCl (pH 7.4) 

gave ESR signals characteristic of Cr(V) species (g=1.976) (Fig. 1, lines b, c), but when 

the ratio of H2O2 to chromate was increased above 1, ESR signal characteristic of two 

different species of Cr(V) (g=1.976 and 1.972) were obtained (Fig. 1, lines d and e, 

respectively). Reaction of potassium chromate with NADPH in 1:1 ratio also gave rise two 

different species of Cr(V) (Fig. 1 line f). 

ESR spectra characteristic of DMPO-OH adduct were obtained in the reaction 

between Cr(VI) (in 50 mM Tris-HCl, pH 7.4), 3 mM NADPH, 10 U/ml glutathione 

reductase and H2O3, in presence of 40 mM DMPO (Fig. 2 line a), indicating the generation 

of -OH radicals. The size of the signal was reduced when either glutathione reductase or 

NADPH was removed from the reaction mixture (Fig. 2, lines b and c, respectively). The 

DMPO-OH signal was completely abolished by removal of chromate form the reaction 

medium (Fig. 2 line d). The removal of HzO? from the reaction mixture modified the 

characteristic of the spectra by producing additional signals characteristics of Cr(V) DMPO 

adduct ( Fig. 2 line e). These results are similar to those reported earlier (43, 44). The 

removal of both H2O2 and DMPO gave signals characteristic of Cr(V) only (Fig. 2 line f). 

These results suggest that once Cr(V) is generated, it can produce .OH radicals by 

interacting with H7O? or molecular oxygen. 

The ESR spectra of potassium chromate, Cr(III) chloride hexahydrate, or H202 

alone, or in presence of 40 mM DMPO in 50 mM Tris-HCl (pH 7.4), did not give any 

signal characteristic of Cr(V) or -OH radicals (Fig. 3 lines a-d). Addition of NADPH to 

potassium chromate either in presence or absence of DMPO gave an ESR signal 

characteristic of Cr(V). When H20> was added to the reaction of NADPH and chromate in 

presence of DMPO, an ESR spectrum consisting of a 1:2:2:1 quartet characteristic of 

DMPO-OH adduct was obtained (Fig. 3 line h). Reaction of potassium chromate or Cr(II) 

chloride hexahydrate with H2O9 also resulted in ESR spectra characteristic of DMPO-OH 
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adduct, indicating the generated of -OH radicals (Fig. 3, lines g and i, respectively). These 

results suggest that reaction of Cr(VI), Cr(V), or Cr(JII), with H2O2 generates -OH 

radicals at physiological pH. 

Further support for the generation of .OH radicals in the reaction of chromate with 

NADPH, glutathione reductase and H2O2 was obtained by using .OH radical scavengers. 

As shown in Fig. 4, addition of 100 mM ascorbate completely inhibited the DMPO-OH 

signal (Fig. 4 line b), while 100 mM thiourea completely inhibited the DMPO-OH signal 

and gave rise to signals characteristic of two different species of Cr(V) (Fig. 4 line c). 

Addition of 1O mM DMSO or 30% ethanol also suppressed the DMPO-OH signal produced 

by chromate (Fig. 4, lines d and e, respectively). 

Effect of potassium chromate in inducing protein oxidation, lipid peroxidation, and DNA- 
protein crosslinking in intact MOLT4 cells or cell homogenates 

Table 1 shows the formation of protein carbonyls in intact MOLT4 cells following 

treatment with 0 —> 400 UM potassium chromate in SGM for 2 hr or 4 hr. Within 2 hr of 

chromate treatment, formation of protein carbonyls increased in a dose-dependent manner, 

and cells treated with 200 UM and 400 UM chromate had 152% and 180% more protein 

carbonyl that of the control, respectively. Formation of protein carbonyls increased to 

240% and 292% of control, in cells treated with 200 UM and 400 WM chromate for 4 hr, 

respectively. 

Fig. 5 compares the protein (BSA) oxidizing potential of Cr(VI) and Cr(III) to that 

of other metals, in presence and absence of H2O2. As shown in this figure, Cr(IID), 

Cr(VI), Fe, Co and Cu were strong oxidants of protein in presence of H2O2, where as Zn, 

Ba, Hg and Al were less active in oxidizing proteins. Vanadium(V), on the other hand, 

showed only moderate protein oxidizing potential. Because DNA-protein crosslinks may 

be generated by the formation of protein carbonyls (discussed later), effect of chromate in 

inducing DNA-protein crosslinks was monitored in intact cells. Treatment of MOLT4 cells 

with 0 —> 400 UM potassium chromate in SGM resulted in a dose-dependent increase in 

DNA-protein crosslinking within 2 hr of treatment (Fig. 6), and cells treated with 400 UM 

chromate had about three fold increase in DNA-protein crosslinking as compared to the 

control cells. 
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No lipid peroxidation was observed by treatment of MOLT4 cells with 0 —> 400 

uM chromate in SGM for up to 3 hr. After 4 hr chromate treatment, however, a dose 

dependent increase in lipid peroxidation was observed only at higher doses of chromate, 

and cells treated with 400 UM chromate had about 129% more lipid peroxidation than that 

of control cells, as measured by formation of thiobarbiturate reactive products (Table 2). 

Lipid peroxidation increased to 131% and 142% of control, in cells treated with 200 uM 

and 400 uM chromate for 6 hr, respectively. 

Exposure of MOLT4 cell homogenates to potassium chromate also resulted in 

increased lipid peroxidation and formation of protein carbonyls. However, significantly 

more (p < 0.05) lipid peroxidation occurred only at higher doses of chromate (2100 [1M), 

whereas as low as 10 [1M chromate was capable of inducing protein oxidation significantly 

(p $0.05) in cell homogenates (Fig. 7). 

Effect of antioxidants on chromate-induced protein oxidation, lipid peroxidation, and DNA- 
protein crosslinking in MOLT4 cells 

As shown in Fig. 8, pretreatment of MOLT4 cells with a-tocopherol, Tiron, 

DABCO, ascorbate, and mannitol inhibited the chromate-induced lipid peroxidation, where 

as riboflavin and aminotriazole (a catalase inhibitor) augmented the effect of chromate. 

These antioxidants had trivial effects on the formation of lipid peroxides in control cells. 

Pretreatment of MOLT4 cells with the above agents had no significant effect on the 

chromate uptake of cells (data not shown). Upon pretreatment of cells with 25 UM a- 

tocopherol succinate or 1 mM ascorbate, their intracellular level increased by four fold and 

two fold, respectively (data not shown). Antioxidant pretreatment of cells had similar 

effects on the chromate-induced protein oxidation and lipid peroxidation. Pretreatment of 

cell with a-tocopherol or Tiron inhibited the effect of chromate significantly (p < 0.05), 

while riboflavin and aminotriazole significantly (p < 0.05) increased both the lipid 

peroxidation and protein carbonyl] formation (Fig. 9). 

Discussion 

A number of in vitro and in vivo studies have illustrated the involvement of active 

oxygen species, in chromate-induced cytotoxicity and genotoxicity (see Ref. 6, 7, and 45 

for reviews). Recently, the involvement of oxidative processes in the molecular 
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mechanisms of chromate toxicity and carcinogenicity has become more evident (35, 46). 

DNA damage or oxidation of DNA bases have been the primary focus in most of the 

Studies in understanding the carcinogenic process induced by chromate, and other physical 

and chemical carcinogens (47-49). Although DNA-protein crosslinks are shown to be 

caused by oxidative processes (50, 51), and these DNA lesions are implicated in chromate 

carcinogenicity (52, 53), effect of chromate in inducing oxidation of cellular proteins has 

not been investigated. Until recently, attention was not given to the involvement of protein 

oxidation in the carcinogenic processes (30). Furthermore, malonaldehyde, a product of 

lipid peroxidation, may also cause DNA-protein crosslinking (34). Although there are a 

few studies on chromate-induced lipid peroxidation (54-56) in different cells and tissues, 

the results have been inconsistent. Therefore, further studies on chromate-induced lipid 

peroxidation were needed, specifically, to elucidate the role of physiological antioxidants in 

protecting against the toxicity and carcinogenicity of Cr(VI) compounds. In the present 

study we have demonstrated the generation of Cr(V) by reduction of Cr(VJ) in biological 

systems, and its ability to induce lipid peroxidation and protein oxidation in intact cells and 

cell homogenates. The involvement of such oxidative processes in chromate-induced 

DNA-protein crosslinking has also been proposed. 

The present study shows that not only biological reductants such as NADPH and 

H 02 are able to reduce Cr(VI) to Cr(V), but Cr(VI) may also be metabolized enzymatically 

to Cr(V) with concomitant generation of -OH radicals. Under in vivo conditions, similar 

reactions may be playing an important role in chromate toxicity and carcinogenicity, 

considering the fact that chromate treatment of cells also induced the intracellular level of 

H 202 (35). Because .OH radicals are potent oxidants, and they may be formed during 

intracellular reduction of chromate, it appears likely that exposure of cells to chromate may 

lead to oxidation of macromolecules such as proteins, lipids and nuclei acids, due to -OH 

radicals. 

In the present study we have demonstrated for the first time that chromate induces 

the formation of protein carbonyls in intact cells and cell homogenates without extraneous 

addition of H202. The generation of protein carbonyls were found to be due to the 

oxidation of proteins by chromate. However, the increase in carbonyl formation may not 

be a specific measurement for oxidation of proteins per se, because amino acids and 

peptides could also form carbonyls. It is also possible that oxidative damage to proteins 
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may occur without formation of protein carbonyls (30). Examples of such oxidative 

damage to amino acids involve conversion of methionine to methionine sulfoxide, histidine 

to aspartic acid, and conversion of cysteine to disulfide derivatives. Carbonyls may also be 

formed during oxidation of any amino acid by .OH radical, if the later is generated in close 

proximity of the molecules. Because Cr(VIJ) is reduced in biological systems to Cr(V) and 

Cr(I1), and both Cr(V) and Cr(HI) have been shown to form complexes with proteins and 

peptides, it is possible that the reduced forms of chromate may bind to amino acid residues 

in proteins and give rise to protein carbonyls, as depicted in Scheme 1. Once protein 

carbonyls are formed by oxidation of protein, they may give rise to DNA-protein 

crosslinks by reacting with the exocyclic nitrogen groups of DNA (31). 
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Scheme 2 illustrates the possible interaction of protein carbonyls with N1 position of 

guanine or with N2 (exocyclic) nitrogen of DNA bases, that could cause DNA-protein 
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crosslinking. We have shown that both the cellular level of protein oxidation and DNA- 

protein crosslinking were increased upon chromate treatment in a dose-dependent 

manner. Pretreatment of cells with antioxidant such as a-tocopherol and Tiron inhibited 

both the protein oxidizing and DNA-protein crosslinking effect of chromate, indicating a 

correlation between the two events. 
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Although riboflavin has been shown to protect cells from oxidative injury (57, 58), 

pretreatment of cells with 200 1M riboflavin 12—>16 before chromate treatment actually 

increased both the protein oxidizing and DNA-protein crosslinking effect of chromate. 

Although the exact cause of riboflavin effect is not known, because pretreatment of cells 

with riboflavin has been shown to increase the intracellular level of Cr(V) in chromate 
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treated cells (59, our unpublished data), it is possible that riboflavin (Rb) may react with 

Cr(VI) to generate H2O2 by the following reactions: 

Rbyeg. + Cr(VD = —> Rboxa, + Cr(V) 

Cr(V) + O2 —> Cr(VI) + O27 

O2- + O° + 2Ht —> H702+ O02 

Hydrogen peroxide, thus generated, can generate -OH radicals by metal catalyzed Fenton 

type reaction. We have also observed an increase in the cellular level of H202 when cells 

were treated with riboflavin prior to chromate treatment (unpublished data). In cell free 

systems, riboflavin has been shown to potentiate the formation of Cr(V) and generation of 

‘OH radicals in the reaction between H2O2 and chromate (59). Therefore, it appears that 

the observed increase in the formation of chromate-induced protein carbonyl] and DNA- 

protein crosslinking following riboflavin pretreatment could have been due to increased 

accumulation of intracellular hydrogen peroxide, and concurrent generation of .OH 

radicals. Increase in the chromate-induced protein carbonyl formation and DNA-protein 

crosslinking following pretreatment of cells with aminotriazole, a known inhibitor of 

catalase, further support our contention. 

Increased production of malonaldehyde (MDA), a product of lipid peroxidation, 

may also give rise to DNA protein crosslinking by the reaction of aldehyde groups of MDA 

with the nitrogen groups of DNA bases and proteins, as illustrated in Scheme 3. In the 

present study, lipid peroxidation was observed only after 4 hr of chromate treatment 

whereas both the formation of protein carbonyls and DNA-protein crosslinking were 

observed within 2 hr of treatment. Therefore, it appears that chromate-induced increased 

production of MDA may not have any significant role in inducing DNA-protein crosslinks, 

at least in initiating the process, whereas some of the DNA-protein crosslinks could be 

formed via formation of protein carbonyls. The increase in MDA formation upon chromate 

treatment of cells could have been due to the generation of -OH radicals during reduction of 

Cr(VI). In the present study, pretreatment of cells with antioxidants such as a-toco-pherol, 

Tiron, ascorbate; or mannitol (a -OH radical scavenger) and DABCO (a singlet oxygen 

scavenger) inhibited the chromate-induced lipid peroxidation. But pretreatment of cells 

with riboflavin (an antioxidant) or aminotriazole (a catalase inhibitor) further enhanced the 

chromate-induced lipid peroxidation. Such effect of riboflavin and aminotriazole could be 

due to increase in the intracellular level of H2O2 and concomitant generation of .OH 

radicals as described above. Chorvatovicova' (53) showed that vitamin E alone did not 
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protect against lipid peroxidation but simultaneous treatment of vitamin E and vitamin C 

protected against chromate induced lipid peroxidation in rat liver. However, vitamin E and 

mannitol inhibited Cr(VI)-induced lipid peroxidation in isolated hepatocytes, although in 

contrast to our results, DABCO was not able to protect against Cr(VI)-induced lipid 

peroxidation (60). 
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Scheme 3 

An interesting observation of the present study is that chromate alone was able to oxidize 

the lipids and proteins in MOLT4 cell homogenates, and the degree of oxidation was 

depended on the dose of chromate. Therefore, it appears that reduction of Cr(VI) to Cr(V) 

has an important role in chromate-induced protein and lipid oxidation. Nevertheless, 
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NADPH and glutathione reductase were able to reduce Cr(VI) to Cr(V), and were capable 

of generating -OH radicals without exogenous addition of HO. Thus, cellular reductants 

in cell homogenates could reduced Cr(VI) to Cr(V), which in turn could generate H2O> and 

.OH radicals by interacting with molecular oxygen, and Fenton reactions, respectively. 

Proteins and lipids are building blocks of biological membranes and, proteins have 

an important functional role as enzymes. Therefore, inactivation or degradation of such 

macromolecules including DNA, as is seen following chromate treatment of cells, may lead 

to seriously affect the structural and functional integrity of the cells. Oxidation of important 

proteins, such as chromatin proteins could pose an impediment to DNA replication, and 

could result in loss or inactivation of genes (61) by formation of DNA-protein crosslinks. 
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Although the precise mechanism of chromate-induced DNA-protein crosslinking is 

unknown, it is conceivable that these DNA lesions could be formed by many different 

mechanisms as depicted in Scheme 4. Inhibition of chromate-induced DNA-proteins 

crosslinking, lipid peroxidation and protein oxidation by antioxidants indicate that they may 

be very useful in providing protection against chromate-induced cytotoxicity and 

genotoxicity. 
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Figure 1: | ESR spectra recorded after 1 min of mixing of (a) 3 mM potassium chromate, 

(b) potassium chromate:H7Q3 :: 3:1, (c) potassium chromate:H2Q} :: 1:1, (d) 

potassium chromate:H 202 :: 1:3, (e) potassium chromate:H2O2 :: 1:9, (f) 

potassium chromate:NADPH :: 1:1, in a solution of 50 mM Tris-HCl (pH, 

7.4). ESR settings: receiver gain 5 E+5, modulation amplitude 10 G, time 

constant 1.25 s, scan time 200 s, field 3525+50 G 
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ESR spectra recorded after 1 min of mixing in 50 mM Tris-HCl (pH 7.4) of 

(a) 3 mM potassium chromate, 3 mM NADPH, 3 mM H202, 10U/ml 

glutathione reductase, and 40 mM DMPO, (b) same as (a) but without 

glutathione reductase, (c) same as (a) but without NADPH, (d) same as (a) 

but without potassium chromate, (e) same as (a) but without H203, (f) same 

as (a) but without DMPO and H20 2, ESR settings: receiver gain 5 E+5, 

modulation amplitude 10 G, time constant 1.25 s, scan time 200 s, field 

3483+50 G. Field for (e) and (f) were 34834100 G. 
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Figure 3. ESR spectra of (a) 3 mM potassium chromate, (b) same as (a) but contained 

40 mM DMPO, (c) 1mM chromium chloride hexahydrate and 40 mM 

DMPO, (d) 3 mM H202 and 40 mM DMPO, (e) 3 mM NADPH, 3 mM 

H202 , 40 mM DMPO, (f) 3 mM potassium chromate, 2 mM NADPH and 

40 mM DMPO, (g) same as (d) but contained 3 mM potassium chromate, (h) 

same as (d) but contained 1mM chromium chloride hexahydrate, (i) same as 

(d) but contained 3 mm potassium chromate and 2 mM NADPH, recorded 

after 1 min after mixing. All solutions were made in Tris-HCl (50 mM, pH 

7.4). ESR settings: receiver gain 5 E+5, modulation amplitude 10 G, time 

constant 1.25 s, scan time 200 s, field 3483450 G. 
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ESR spectra recorded after 1 min after mixing in 50 mM Tris-HCl (pH 7.4) of 

(a) 3 mM potassium chromate, 3 mM NADPH, 3 mM H202, 10U/ml 

glutathione reductase, and 40 mM DMPO, (b) same as (a) but contained 100 

mM ascorbic acid, (c) same as (a) but contained 100 mM Thiourea, (d) same 

as (a) but contained 10 mM DMSO, (e) same as (a) but contained 30% EtOH. 

ESR settings: receiver gain 5 x10°, modulation amplitude 10 G, time constant 

1.25 s, scan time 200 s, field 3483+50 G. 
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Figure 5: | Comparison of the protein oxidation induced by different metal compounds. 

One mg BSA in 20 mM HEPES buffer (pH 7.0) was incubated with one of 

the above metals (100 uM) in presence or absence of H2O2 (2 mM) for 2 hr. 

The carbonyl content of oxidized proteins were determined using 2,4- 

dinitrophenylhydrazine as described under the Materials and Methods. 
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Effect of potassium chromate on the formation of DNA-protein cross-links in 

MOLT4 cells. Cells labeled with 35S-methionine and 3H-thymidine were 

treated with 0-400 uM chromate in salts/glucose medium for 2 hr. DNA- 

protein cross-links were isolated and quantitated as described under the 

Materials and Methods. 
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Potassium chromate-induced lipid peroxidation and protein oxidation in 

MOLT4 cell homogenates. (A) Effect of potassium chromate in inducing lipid 

peroxidation on MOLT4 cell homogenates. Cell homogenates containing 1 

mg protein were incubated with chromate for 1 hr at room temperature. Lipid 

peroxidation was measured as the formation of thiobarbiturate products as 

described under the Materials and Methods. (B) Effect of potassium chromate 

in inducing protein oxidation in MOLT4 cell homogenates. Cell homogenates 

containing | mg protein were incubated with chromate for 1 hr at room 

temperature. Protein oxidation was measured using 2,4-dinitro- 

phenylhydrazine as described under the Materials and Methods. Each value is 

a mean of four independent experiments + SD. *Significantly different from 

control, p < 0.05. 
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Figure 8: 
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Effect of antioxidants on chromate-induced lipid peroxidation. Cell were 

pretreated with different antioxidants in complete RPMI for 12 hr. Cells were 

repeatedly washed, treated with chromate for 8 hr in SGM, and lipid 

peroxidation was measured as the formation of thiobarbiturate reactive 

products as described under the Materials and Methods. Each value is a mean 

of four independent experiments + SD. *Significantly different from control, 

p<0.01. **Significantly different from control, p < 0.05. 
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Figure 9: Effect of antioxidants and cellular chromate reductants on chromate-induced 

protein oxidation and DNA-protein cross-linking. Cell were pretreated with the 

respective agents in complete RPMI for 12 hr, washed, and then treated with 200 

UM chromate for 2 hr in SGM. Formation protein carbonyls and DNA-protein 

cross-links was measured as described under the Materials and Methods. Each 

value is a mean of four independent experiments + SD. *Significantly different 

from control, p < 0.01. 
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Chapter VI 

Analysis of Proteins Crosslinked to DNA Upon Treatment of 

Cultured Human Leukemic T-lymphocytes with 

Chromium(VI), Chromium(III), Formaldehyde, and X-ray 

[Mattagajasingh, S.N., Misra, H.P. (1995) Molecular Carcinogenesis (submitted)] 

Abstract 

DNA-protein complexes were induced in human leukemic T-lymphocyte MOLT4 

cells treated with potassium chromate, chromium(III) chloride hexahydrate, x-ray or 

formaldehyde. The proteins complexed to DNA were analyzed by two-dimensional SDS- 

polyacrylamide gel electrophoresis (PAGE) and immunoblotting. The stability of such 

complexes to disruptive enzymes and chemicals was also analyzed. A selected group of 

nonhistone proteins was found to commonly crosslink to DNA by potassium chromate, 

chromium(III) chloride hexahydrate, and x-ray. In addition, a 51 kD basic protein was 

found to complex to DNA when either potassium chromate or chromium(III) chloride 

hexahydrate was the crosslinking agent. The chemical stability of this protein suggests the 

direct involvement of Cr(III) in crosslinking of this protein to DNA. Formaldehyde, in 

contrast, crosslinked two-nonhistone proteins of 26 kD and 49 kD to DNA, in addition to 

predominant histones-DNA crosslinking. Immunoblotting experiments illustrated the 

differential reactivity of the antigens complexed to DNA by these crosslinking agents to an 

antiserum raised against chromate-induced DNA-protein complexes. The DNA-protein 

complexes induced by formaldehyde required DNase I digestion for resolution of proteins 

on two-dimensional gels and were found to be resistant to EDTA, B-mercaptoethanol and 

thiourea, indicating the covalent nature of such complexes. Potassium chromate, 

chromium(III) chloride hexahydrate and x-ray-induced DNA-protein complexes were 

partially disrupted by B-mercaptoethanol and thiourea, suggesting the participation of 

sulfhydryl groups in the formation of these complexes. The metal-induced complexes were 

also disrupted by EDTA, indicating the physical participation of the metal in the 

crosslinking process. The stable and reversible nature of the chromate-induced DNA- 
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protein complexes suggest that chromium could be used as a cross-linking agent for the 

identification of other proteins that interact with or reside in close viscinity of DNA. 

Introduction 

DNA-protein complexes have been shown to be induced by a number of physical 

and chemical agents (1). Many therapeutic agents such as radiation treatment and drugs 

such as cis-platinum and bifunctional alkylating compounds are also shown to cause DNA- 

protein crosslinking. Such crosslinking activity of physical and chemical agents have been 

used as a powerful tool in understanding molecular interactions. The t-RNA and ribosomal 

interactions have been studied using trans-platinum as the crosslinking agent (2). 

Interaction in the active and inactive regions of chromatin have been studied by using x-ray 

and formaldehyde (HCHO) as the crosslinking agents (3, 4). DNA-protein interaction and 

RNA transcription has also been studied by using UV light to crosslink histones, RNA 

polymerase and high mobility group proteins to DNA (5, 6). 

Hexavalent chromium [Cr(VI)] compounds have been considered as potent human 

carcinogens and have been shown to cause different types of DNA damage including DNA- 

protein cross-linking in various cells and tissues (7). However, the exact nature of 

chromate-induced DNA-protein crosslinks and the reactive sites for chromate on DNA and 

protein are unknown. Although Cr(VJ) does not bind to DNA or proteins in cell free 

systems (8, 9) it exists as an oxyanion at physiological pH, and is readily transported into 

the cell through the cells’ sulfate anion transport system (10, 11). Inside the cell, Cr(VI) is 

believed to be reduced by the cells' redox system to its biologically most stable form, 

Crd) (12, 13), which binds to DNA as well as proteins in cell free systems (14). 

During the intracellular reduction of Cr(VI) to Cr(II), reactive species such as intermediate 

valance states of chromium and active oxygen species are generated (12, 15). Hydroxyl 

radicals (-OH), which are generated during the cellular reduction of chromate (16) have 

also been shown to cause DNA-protein cross-linking (17, 18). Reaction of Crd) with 

hydrogen peroxide produces -OH radicals (19), and thus in biological systems, Cr(III)- 

induced DNA-protein complexes could also be formed, at least in part, by the generation 

-OH radicals. X-ray induces DNA-protein crosslinking by producing DNA and protein 

radicals via the generation of -OH radicals (20). On the other hand, formaldehyde (HCHO) 

causes DNA-protein crosslinking by reacting with the unpaired nucleic acid and proteins at 
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the amine positions (21). Therefore, it is conceivable that Cr(VI, Cr(III) and x-ray would 

crosslink similar proteins to DNA while HCHO may crosslink different proteins. 

Because Cr(VIJ)-induced DNA-protein crosslinks can be formed via direct 

participation of Cr(III) and/or through generation of reactive oxygen species generated by 

intracellular reduction of Cr(VD), in the present study we have made a comparative analysis 

of the cellular proteins complexed to DNA after treatment of MOLT4 cells with potassium 

chromate (a Cr(VI) compound), chromium(III) chloride hexahydrate (CCH, a Cr(III) 

compound), x-ray and HCHO. The crosslinks were analyzed by two-dimensional gel 

electrophoresis, immunoblotting, and the stability of the crosslinks to disruptive chemicals 

and enzymes have also been examined. Our results indicate that a selected group of 

proteins crosslink to DNA by a particular type of crosslinking agent that are specific to the 

chemical reactivity of the crosslinking agent. The utility of such chemical specificity in 

protein-protein and nucleic acid-protein interactions has been discussed. 

Materials and Methods 

Chemicals 

Potassium chromate was purchased from J.T. Baker (Phillipsburg, NJ). Protein 

determination kit, nitrocellulose membrane, and all gel electrophoresis and immunoblotting 

reagents were purchased from Bio-Rad Laboratories (Richmond, CA). 3H-thymidine, 

35S-methionine, 51Cr-potassium chromate and Aquassure LSC cocktail were purchased 

from New England Nuclear (Boston, MA). DNase free RNase and Proteinase K were 

purchased from Boehringer Manheim (Indianapolis, IN). All other chemicals and enzymes 

were purchased from Sigma Chemical Co. (St. Louis, MO). 

Cell culture and treatment 

Hunan leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were purchased 

from American Type Culture Collection (Bethesda, MD) and were maintained in 

suspension at exponential growth phase in RPMI 1640 [N-2-hydroxyethylpiperazine-N’ -2- 

ethanesulfonic acid (HEPES) modified] medium supplemented with 10% heat-inactivated 

fetal bovine serum, 10 U penicillin and 10 ug/ml streptomycin solution as described before 

(22). Cellular DNA and proteins were radiolabeled with 3H-thymidine and 35s- 
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methionine (0.02 wCi/ml each), respectively, for ~24 hr, in methionine free RPMI 1640 

medium. Radiolabeled cells were collected by centrifugation, washed three times in cold 

Saline A (5 mM NaHCO3, 6 mM dextrose, 5 mM KCl and 140 mM NaCl, pH 7.2) and 

resuspended in salts-glucose medium [SGM: 50 mM HEPES, 100 mM NaCl, 5 mM KCl, 

2 mM CaCl2, 5 mM dextrose, pH 7.2] at a concentration of 10© cells/ml. Potassium 

chloride (as control) or potassium chromate were added to the cell suspensions from 

freshly prepared stock solutions. Formaldehyde treatment was made in serum free RPMI 

medium for 2 hr at 37°C in a humidified atmosphere of 5% CO? and 95% air. For x-ray 

treatment, cells were suspended in SGM at a concentration of 2x10® cells/ml in 50 ml 

polypropylene centrifuge tubes and were exposed to x-ray on ice in a TFI cabinet X-ray 

system (TFI Corporation, Model M-110-NH, West Haven, CT). Following treatment, 

cells were collected and cytotoxicity was determined by exclusion of trypan blue as 

previously described (22). Since Cr(IID is poorly taken into the cells (23), nuclei were 

first isolated from cells (using the hypotonic lysis method in presence of Nonidet P-40 as 

detailed below) and then treated with CCH for 24 hr at 4°C. 

Isolation and quantitation of DNA-protein complexes 

The method used to isolate DNA-protein complexes was modified from our 

previously described method (24). Cells were collected by centrifugation at 500xg for 10 

min, after which cells were washed three times in PBS and incubated for 15 min on ice in a 

cold hypotonic buffer (10 mM Tris-HCl, pH 7.5 containing 10 mM NaCl, 1.5 mM 

MgCl2). Cells were collected by centrifugation at 300xg for 5 min, resuspended in the 

above solution supplemented with 0.5% Nonidet P-40 and 1mM PMSF and were given 8- 

10 strokes in a loose-fitting glass homogenizer. The nuclei were sedimented at 700xg for 5 

min at 4°C, resuspended in 10 mM Tris-HCl containing 250 mM _ nuclease-free sucrose, 3 

mM MgCl? and 1 mM PMSF (pH 7.5), and were layered over a similar solution but 

containing 880 mM sucrose. Nuclei were subsequently collected by centrifugation for 10 

min at 1000xg at 4°C using a swing-bucket rotor in an ICE Centra-7R refrigerated 

centrifuge. The nuclei were observed by phase contrast microscopy, Giemsa staining and 

Acridine orange staining, and were found to be free from cytoplasmic contaminations. The 

purified nuclei were used for isolation of DNA-protein complexes as described below. 

Nuclei incubated with Cr(III) were washed three times in 10 mM Tris-HCl containing 250 
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mM _ nuclease-free sucrose, 3 mM MgCl and 1 mM PMSF (pH 7.5), and were then 

processed for isolation of DNA-protein complexes. 

The nuclei were lysed in 30 ml of 10 mM Tris-HCl containing 2% SDS, 1 mM 

PMSF (pH 7.5) by shaking on a platform shaker for 6 hr at room temperature. The nuclear 

lysates were transferred into a tight-fitting homogenizer and given ten strokes. The 

samples were sedimented at 100,000xg for 16 hr at 18°C, using a Beckman SW 27 rotor 

(Beckman Instruments, Fullerton, CA). The pellets were placed in 28 ml of 5 M urea 

containing 1 mM PMSF, rocked on a platform shaker at 4°C for 6 hr. The samples were 

again homogenized as above, and then SDS was added to 2% final concentration. The 

DNA-protein complexes were isolated by ultracentrifugation as above and were rinsed in 

2% SDS. The final pellets were resuspended in 1.5 ml of 10 mM Tris-HCl containing 

1mM PMSF (pH 7.5) in siliconized eppendroff tubes by gentle pipetting and overnight 

rocking on a Nutator at 4°C. The DNA-protein complexes were precipitated in 70% 

acetone at -20°C for 12 to 16 hr, and were collected by centrifugation at 12,500xg for 15 

min at 4°C using a Beckman microfuge, rinsed in 70% methanol, and were resuspended in 

1 ml of 10 mM Tris-HCl containing 1 mM PMSF (pH 7.5) by gentle pipetting or by 

shaking on a Nutator for about 16 hr at 4°C. The DNA content and the purity of the 

samples were determined by measuring the absorbance at 260 nm and 280 nm (25). The 

protein content of cell lysates were determined by using Bio-Rad dye and bovine gamma 

globulin as standards (26). Both 3H and 39S activities were determined by dissolving the 

samples in Aquassure Cocktail (NEN, Boston, MA) and counting in a Beckman LS 5800 

Liquid Scintillation counter (Beckman Instruments, Inc., Irvine, CA). The DNA-protein 

complexes were estimated from the amount of protein complexed to unit DNA, based on 

3H and 35S specific activities. 

Analysis of Proteins by Two-Dimensional Gel Electrophoresis 

DNA-protein complexes were analyzed by nonequilibrium pH gradient 

electrophoresis by following the O’Farrell et al., 1977 (27), as it allows the maximum 

resolution of acidic and basic proteins. DNA-protein complexes were loaded as equal 

amount of DNA rather than protein. DNA-protein complexes containing 150 ug of DNA 

were acetone precipitated or lyophilized (FTS Systems, Inc., Stone Ridge, NY) and 

solubilized in 30 ul solubilizing buffer [9 M urea, 4% Nonidet P-40, 2% B-mercaptoethanol 

168



and 3% ampholines (Bio-Rad), pH range 3-10 J. Isoelectric focusing and nonequilibrium 

focusing were carried out in 200 pl capillary tubes (1.5 mm diameter, Fisher Scientific, 

NJ) containing 4% polyacrylamide and 2% ampholines (pH range 3-10). Second 

dimensional separation was carried out on 10% or 12% SDS-polyacrylamide gels by 

following the method of Laemmli, 1970 (28) except that B-mercaptoethanol was reduced to 

1%. In some cases, the DNA-protein complexes were digested by DNase I and 

concentrated by acetone precipitation or lyophilization before analysis by two-dimensional 

gels. The gels were subjected to polychromatic silver staining by following the method of 

Sammons et al., 1981 (29). 

Subcellular Fractionation 

Subcellular localization of the proteins complexed to DNA upon treatment of 

crosslinking agents was determined by analyzing the cytoplasmic, nuclear and nuclear 

matrix proteins of MOLT4 cells by two-dimensional gel electrophoresis. The protein 

fractions containing the membrane and cytoplasmic fractions were prepared by 

sedimentation of nuclei after hypotonic lysis of cells in presence of Nonidet P-40, as 

described above (Nonidet P-40 soluble cytoplasmic material). The nuclear protein fraction 

was prepared from the SDS soluble material of the isolated nuclei, or by sonication of the 

purified nuclei. The nuclear matrix fractions were prepared by digestion of the purified 

nuclei with DNase I and RNase, followed by extraction with 1.6 M NaCl, as previously 

described (30). The protein contents of different fractions were determined by the dye 

binding method, as described above. Thirty ug of protein from each fraction was acetone 

precipitated and solubilized in 30 wl of the solubilizing buffer. Equilibrium or 

nonequilibrium focusing, separation in the second dimension, and silver staining of 

samples were carried out as described above. 

DNA Sizing on Agarose Gels 

DNA-protein complexes containing 10 ug DNA from control and chromate treated 

samples were fractioned on agarose gels (0.6% w/v in 40 mM Tris, 40 mM Borate, 1 mM 

EDTA) (25) for ~ 16 hr at 50 V on a model H4 horizontal gel electrophoresis apparatus 

(Bethesda Research Laboratories, Gaithersburg, MD). The gel was staining in ethidium 
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bromide (0.2 tg/ral in TBE) and DNA was visualized by ethidium bromide fluorescence at 

254 nm of UV light. 

Determination of composition and stability of DNA-protein complexes 

DNA-protein complexes containing 100 ug DNA in 10 mM Tris-HCI, 1 mM PMSF 

(pH 7.5) were taken in siliconized microcentrifuge tubes. MgCl? was added to 5 mM final 

concentration in samples treated with DNase I and RNase. DNase I (200 ug/ml), RNase 

(40 pg/ml), Proteinase K (2 mg/ml), EDTA (10-50 mM), thiourea (100 mM) or B- 

mercaptoethanol (2%) were added, mixed, and the tubes were incubated at room 

temperature for 3 hr. PMSF was either omitted from the samples treated with Proteinase K 

or the samples were incubated at 4°C for 24 hr before treatment with Proteinase K to allow 

inactivation of PMSF. SDS was then added to a final concentration of 0.5% to inhibit 

nonspecific crosslinking, and samples were centrifuged at 100,000xg for 16 hr at 18°C. 

The supernatants were carefully removed and the pellets were resuspended in 10 mM Tris- 

HCl (pH 7.5) by brief sonication. DNA and protein contents were determined from the 3H 

and 35§ specific activity, respectively, by liquid scintillation counting as described above. 

Preparation of antiserum to DNA-protein complexes 

DNA-protein complexes isolated from chromate treated cells containing 150 wg 

DNA in 0.5 ml PBS were thoroughly mixed with 0.5 ml Titor Max and injected s.c. into 

multiple sites in the hind legs and neck of a New Zealand White rabbit. Three weeks after 

immunization, antiserum was collected by bleeding through the ear vein. The collected 

blood was allowed to clot, and the antiserum was separated by centrifugation. The 

antiserum was stored at -70°C for future use. The preimmune serum was also prepared by 

following the above method and was found to have no reactivity to MOLT4 cell antigens. 

Immunodetection of DNA-protein Complexes by Dot-blotting 

DNA-protein complexes containing equal amount of DNA from different samples 

were applied on to nitrocellulose membrane in 50 —-> 100 pl volumes using a Bio-Rad 

Dot-blott apparatus. The solutions were allowed to drain by gravity and then the 

nitrocellulose sheet was blocked in 20 mM Tris-HCl containing 0.05% Tween 20, 1% 
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NaCl, 0.05% NaN3 and 4% non-fat dry milk (pH 7.5) for 1 hr at room temperature. 

Following blocking, the blot was incubated with 1/400 dilution of preimmune serum or 

anti-DPC antiserum in blocking buffer for 3 hr with shaking. The blot was washed in 20 

mM Tris-HCl containing 0.05% Tween 20, 1% NaCl, 0.05% NaN3 (pH 7.5), and was 

reacted with 2 uCi of 125]-protein A for 3 hr at room temperature. The unbound 

antibodies were washed off by washing the blot in 20 mM Tris-HCl containing 0.05% 

Tween 20, 1% NaCl, 0.05% NaN3 (pH 7.5) for 5 times (5 min each). The blots were 

blot-dried, and the antigens were detected by autoradiography of immunoblots using XRP- 

1 film (Eastman Kodak Co., Rochester, NY). 

Results 

Cytotoxicity 

Exposure of MOLT4 cells to 200 UM potassium chromate for 4 hr in SGM or to 

200 Gy x-ray was found to have no detectable cytotoxic effects, as assessed by trypan blue 

exclusion (viability was within 98 + 2% of the control), an index of membrane integrity. 

The membrane integrity of cells treated with 13 mM HCHO for 2 hr in serum free RPMI 

medium was also not altered. 

Effect of Cr(VI), Cr(1Il), formaldehyde or X-ray on DNA-protein crosslinking 

Exposure of cells to 30—>200 UM potassium chromate for 4 h resulted in a dose- 

and time-dependent increase in the formation of DNA-protein complexes in MOLT4 cells 

(data not shown). A similar pattern was also observed when isolated nuclei were treated 

with 0.2 —> 1 mM CCH (data not shown). Exposure of cells to 1.5 —> 13 mM HCHO 

also caused dose dependent increase in DNA-protein crosslinking (data not shown). 

Exposure of cells to 0 —> 50 Gy x-ray also resulted in a dose-dependent increase in DNA- 

protein crosslinking, but higher doses of x-ray (>50 Gy) did not cause a proportionate 

increase in DNA-protein crosslinking (Fig. 1), probably due to severe DNA fragmentation 

(Fig. 2) resulting in loss of protein-bound DNA during the isolation of DNA-protein 

complexes. 
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Analysis of proteins complexed to DNA by Two-dimensional gels 

X-ray and Cr(III) have been shown to cause DNA-protein crosslinking through 

oxidative mechanisms and by the direct participation of Cr(II]), respectively (35, 46). 

Because Cr(VI)-induced DNA-protein complexes could be formed by direct participation of 

the metal as well as through the generation of reactive species of oxygen during the 

intracellular reduction of Cr(VJ), the nature of chromate-induced DNA-protein crosslinks 

was examined by two-dimensional gel electrophoresis and was compared to those induced 

by CCH and x-ray. Silver staining of the two-dimensional gels of DNA-protein complexes 

isolated from control cells did not show any protein in the gel, indicating that the SDS/urea 

method used for isolation of DNA-protein complexes effectively dissociates the 

background DNA-protein complexes in the control cells (Fig. 3 A). Exposure of cells to 

50 4M chromate for 4 hr resulted in crosslinking of four acidic proteins (‘a’, 'b', 'c', and 

'm') and a basic protein, 'd' to DNA (Fig. 3 B). Using immunoblotting techniques, we 

have identified the protein 'b' as the nuclear actin (data not shown). The identity of the 

proteins ‘a’, 'c’, 'd', and 'm' remains to be ascertained. When the chromate concentration 

was reduced to 30 UM, all the above proteins were crosslinked to DNA except the protein 

‘m' (data not shown). The selective crosslinking of these proteins indicates a specificity in 

the chromate-induced DNA-protein crosslinking. As shown in Fig. 3 C, treatment of cells 

with 200 4M chromate crosslinked many other proteins, in addition to those that were 

complexed by 50 UM chromate indicating that the number of proteins cross-linked to DNA 

upon chromate exposure is dependent on the dose of chromate. DNA-protein complexes 

induced by treatment of cells with 200 UM chromate was also digested with DNase I prior 

to electrophoresis to free any undissociable proteins by fragmenting DNA. DNase I 

digestion did not resolve any new protein on the gel except the extraneously added DNase I 

proteins (labeled as 'D') (Fig. 3 D). Analysis of Cr(III)-induced DNA-protein crosslinks 

revealed proteins identical to those crosslinked to DNA by Cr(VI) (Fig. 3 E). The 

molecular weight and pI of the major protein complexed to DNA by Cr(VI) and Cr(IID is 

presented in Table 1. These proteins were not seen in two-dimensional gels of DNA- 

proteins complexes isolated from untreated control cells, even when the initial DNA loads 

were increased to visualize the background proteins, or by digesting the control material 

DNase I (data not shown). 
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In order to distinguish the proteins that crosslink to DNA via oxidative mechanisms 

upon chromate treatment of cells from other proteins, x-ray was used as a positive control 

for oxidatively crosslink proteins to DNA. All the proteins complexed to DNA by Cr(VD) 

and Cr(III) were also complexed to DNA by x-ray, and were dissociated under gel 

electrophoretic conditions, except the 51 kD basic protein (protein 'd') (Fig. 3 F). 

However, as shown in Fig. 3 G, when x-ray-induced DNA-proteins were first digested by 

DNase I and then analyzed by two-dimensional gels, traces of protein 'd' was visible on 

the gel. Analysis of DNase I revealed that protein 'd' was not a constituent of DNase I 

(data not shown). These results suggest that some of the protein 'd' may also be 

complexed to DNA by oxidative mechanisms, although the chemical nature of its 

interaction with DNA may be different than that when complexed by the metal. It is 

interesting to note that all the above three crosslinking agents, Cr(V1), Cr(IID), and x-ray, 

complexed similar proteins to DNA, and that these complexes are resistant to treatments 

such as 2% SDS and 5 M urea. However, the resolution of proteins complexed to DNA by 

these agents in two-dimensional gel electrophoretic conditions, which contains 6B- 

mercaptoethanol, indicates that sulfhydryl groups are involved in the crosslinking process. 

The subcellular localization of the major proteins primarily complexes to DNA by 

Cr(VD, Crd), and x-ray was determined. Fig. 4 A & B show the two-dimensional gel 

electrophoretic separation of proteins from nuclear and nuclear matrix fractions, 

respectively. It was assumed that proteins of similar molecular weight, isoelectric point 

and coloration after polychromatic silver staining are the same protein. As shown in Fig. 4 

A, all the proteins crosslinked to DNA by chromate including actin, and those the do not 

complex to DNA by chromate such as histones, are present in the nuclear fraction. The 

nuclear matrix proteins include all the proteins crosslinked to DNA by 50 LM chromate 

treatment (Fig. 4 B). The proteins complexed to DNA by Cr(III) and x-ray are also seen in 

the nuclear matrix fraction. These results suggest that nuclear matrix proteins are the target 

for Cr(VI), Crd), and x-ray, and is consistent with the notion that these proteins are the 

target for many chemical and physical carcinogens (4, 31). 

The chemical nature of chromate-induced DNA-protein crosslinks was further 

examined by comparing it to that induced by HCHO. The resolution, in two-dimensional 

gels, of proteins complexed to 200 ug DNA by 13 mM HCHO treatment are illustrated in 

Fig. 5. No proteins were resolved in two-dimensional gels when HCHO-induced DNA- 
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protein complexes were analyzed without DNase I digestion (Fig. 5 A). However, DNase 

I digestion of HCHO-induced DNA-protein complexes prior to electrophoresis revealed 

traces of very basic proteins on the gel similar in molecular weight, pI, and coloration to 

core histones, and two acidic proteins of 26 kD and 49 kD, which were not present in 

DNase I (Fig. 5 B). Proteins that appeared on the gel due to the exogenous addition of 

DNase I are marked as 'D'. Crosslinking of proteins of similar molecular weight to DNA 

by HCHO was also reported by O'Connor et al. (32). However, as reported by O'Connor 

et al. (32), the 26 kD protein does not appear to be a histone dimer, because histone dimers 

would dissociate under two-dimensional gel electrophoretic conditions which contain B- 

mercaptoethanol and 9 M urea. Histones were found to crosslink DNA by as little as 1.5 

mM HCHO (data not shown), indicating that histones are the primary target of HCHO. 

Therefore, the chemical nature of HCHO-induced DNA-protein complexes appears to be 

different from that of Cr(VI), Cr(III) and x-ray, because HCHO crosslinked histones to 

DNA, and DNase I digestion was required to resolve the proteins in two-dimensional gels. 

These data suggest that the HCHO-induced DNA-protein complexes may be covalent in 

nature because of their resistance to treatments such as 2% SDS and 5 M urea, B- 

mercaptoethanol, thiourea, and their need for nuclease digestion to free proteins that were 

complexed to DNA. 

In another approach, the specificity of crosslinking agents to induce DNA-protein 

crosslinks of differential chemical nature was further confirmed by using an antiserum 

raised against potassium chromate-induced DNA-protein complexes (Anti-DPC serum). 

The immuno-reactivity of Cr(VI)-, CrdID)-, x-ray-, and HCHO-induced DNA-protein 

complexes to the anti-DPC serum was compared to test if the differential chemical nature 

of the crosslinks could be reflected in their reactivity to the antiserum. As shown in Fig. 6, 

DNA-protein complexes induced by Cr(VJ), Crd), and x-ray containing only 5 ug DNA 

strongly reacted with the anti-DPC serum and the reaction was also proportional to the dose 

of the crosslinking agent. The DNA-protein complexes isolated from control cells were not 

detected on the autoradiogram. DNA-protein complexes induced by HCHO reacted poorly 

with the antiserum, further suggesting that the proteins participating in HCHO-induced 

DNA-protein complexes were different from those crosslinked to DNA by other 

crosslinking agents tested here. 
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Stability of DNA-protein complexes 

The stability of DNA-protein complexes induced by potassium chromate, CCH, x- 

ray, and HCHO was tested by monitoring the recovery of DNA and protein in the pellet 

following treatment of DNase I, RNase A, Proteinase K, EDTA, B-mercaptoethanol or 

thiourea. The control samples (without any treatment) had almost 100% recovery of both 

DNA and protein in the pellet following ultracentrifugation, as determined by the recovery 

of 3H- and 35§-radioactivity, respectively (data not shown). Treatment of DNA-protein 

complexes with RNase, Proteinase K, EDTA, thiourea, or B-mercaptoethanol had little 

effects on the stability of the complex as monitored by 3H recovery. However, the 

recovery of DNA was substantially reduced by DNase I treatment of DNA-protein 

complexes isolated from both the control and treated cells (Fig. 7 A). The recovery of 

proteins depended on the type of disruptive agent used as well as the crosslinking agent 

used to induce the complex. DNase I or Proteinase K treatment dissociated most of the 

protein from the DNA-protein complexes, but RNase treatment did not interfere with 

recovery of proteins (Fig 7 B). The stability of proteins in the DNA-protein complexes 

induced by Cr(VJ), Cr(IID), x-ray, and HCHO were similar with respect to their reactivity 

with DNase I, RNase A and Proteinase K. 

In order to test whether chromium is directly participating in the DNA-protein 

complexes, excess amounts of EDTA were used to examine whether chelating chromium 

with EDTA would disrupt the complex. As shown in Fig. 7, EDTA (50 mM) treatment of 

DNA-protein complexes (isolated from cells labeled with 35S-methionine and 3H- 

thymidine) decreased the recovery of 35S-radioactivity without affecting the recovery of 

3H-activity. These results indicate that the decrease in 35S activity was not due to 

fragmentation of DNA but due to dissociation of proteins complexed to DNA. The 

dissociation of 35S increased with EDTA concentration up to 50 mM and no further 

dissociation was observed beyond this concentration (data not shown). The maximum 

decrease in 35S recovery after EDTA (50 mM) treatment was found to be approximately 

18% of the control (Fig. 7 B). Since Cr(II) has high affinity for EDTA, the dissociation 

of some of the complexes by EDTA may, in part, be due to chelatable forms of chromium, 

such as Cr(II]) in the complex. However, treatment of Cr(III)-induced DNA-protein 

complexes with EDTA only dissociated about 16% proteins, indicating that all the proteins 

complexed to DNA may not be mediated by Cr(IIf) (data not shown). This may also 
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happen if all the Cr(IITI) in the DNA-protein complexes is not assessable to EDTA or if the 

EDTA chelation of Cr(HT) can not disrupt all the complexes. EDTA treatment of x-ray- and 

HCHO-induced DNA-protein complexes did not reduce the recovery of proteins, indicating 

that a chelatable form of chromium was not involved in the crosslinking process of these 

agents. Treatment of the DNA-protein complexes with B-mercaptoethanol (2%) or thiourea 

(100 mM) decreased the recovery of proteins in Cr(VI), Cr(IIl), and x-ray-induced 

crosslinks, indicating the participation of sulfhydryl groups in the DNA-protein complexes 

induced by these agents. However, sulfhydryl groups may not be involved in HCHO- 

induced crosslinks because they were resistant to treatments such as B-mercaptoethanol 

(2%) or thiourea (100 mM) (Fig. 7 B). 

Discussion 

The results of the present study show that the nature of DNA-protein complexes 

induced by Cr(VJ) or Cr(IID is similar to those that are formed by x-ray, but different from 

those that are induced by HCHO. These results also indicate that majority of DNA-protein 

complexes induced by either Cr(VI) or Cr(III) may not be mediated by the direct 

involvement of Cr(IID) in the complex. 

We have shown that DNA-protein crosslinking increased in a dose- and time- 

dependent manner, when MOLT4 cells were treated with Cr(VI), HCHO and x-ray, 

without producing immediate cytotoxicity. DNA-protein crosslinking also increased in a 

dose- and time-dependent manner when isolated nuclei were incubated with CrdII). 

Although active oxygen species are not shown to be involved in chromate-induced DNA- 

protein complexes, and these complexes are believed to be mediated by Cr(III) (33), our 

results show that the major proteins crosslinked to DNA by chromate and x-ray (which 

crosslinks proteins to DNA by oxidative mechanisms) are identical. A specific group of 

nuclear non-histone proteins seem to participate in chromate-induced DNA-protein 

complexes. These proteins must reside in close vicinity of DNA in relatively high 

concentrations, because a protein must reside in close proximity to DNA and its reactive 

groups should be oriented such that they are able to interact with that of DNA in order for it 

to be cross-linked to DNA by any form of cross-linking agent. Present studies show that 

only five proteins (‘a’, 'b’, 'c’, 'd', and 'm') were found to be primarily complexed to 

DNA with low concentrations of chromate, although several other proteins were seen in the 
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nuclear protein fraction (Fig 4 B). Other investigators have reported the association of a 45 

kD protein (similar in mol. wt. and pI to protein ‘b’ we have detected) to DNA by 

chromium (35, 38, 39) and ionizing radiation (30). 

The most interesting finding of the present study is that Cr(VD, Cr(IID and x-ray 

complexed identical proteins to DNA. Since x-ray induced DNA-protein complexes are 

shown to be mediated by oxidative mechanisms, it is reasonable to assume that chromate 

and Cr(III) induce DNA-protein crosslinks via similar mechanisms. This is in contrast to 

the contention of Standeven and Wetterhahn (33). Another important finding of the present 

study is that although the protein 'd' is resolved in two-dimensional gels of both the Cr(VI) 

and Cr(HI)-induced DNA-protein complexes, this protein was not resolved when x-ray 

induced DNA-protein complexes were analyzed by two-dimensional gels, suggesting that 

the protein 'd' may be crosslinked to DNA exclusively by Cr(III). In order to confirm this 

finding, we analyzed the post-EDTA pellet and supernatant of chromate-induced DNA- 

protein complexes by two-dimensional gels. Protein 'd’' appeared in the post-EDTA 

supernatant, but was completely absent in post-EDTA pellet, further supporting our 

contention that this protein is complexed to DNA by the direct involvement of Cr(I]) (data 

not shown). However, when the x-ray-induced DNA-protein complexes were digested 

with DNase I prior to analysis by two-dimensional gels, traces of protein 'd' appeared on 

the gel and were found to be resistant to SDS/urea extraction and needed nuclease digestion 

in order to release it by fragmenting DNA. These results suggest that unlike chromium, x- 

ray induced protein 'd'-DNA crosslink may be covalent in nature. These results also 

suggest that a particular protein may crosslink to DNA by different crosslinking agents, 

probably because of the interaction of the different amino acid residues of the same protein 

with DNA bases by different crosslinking agents. 

Although histones constitute a substantial part of the chromatin, these basic proteins 

were not complexed to DNA upon chromate treatment, but were predominantly crosslinked 

to DNA when HCHO was the crosslinking agent, suggesting chemical specificity of 

HCHO for histones. This is consistent with the findings of O'Connor et al. (32). 

Similarly, although actin is abundantly present in the nucleus and reversibly crosslinked to 

DNA by Cr(VD, Crd, and x-ray, it was not crosslinked to DNA by HCHO, further 

suggesting a degree of chemical specificity. Because Cr(IID has high affinity for sulfur- 

containing ligands, and there is scarcity of cysteine residues among histones, it appears 

177



plausible that histones may not complex to DNA by chromate due to unavailability of 

appropriate ligands. Histones reside in close viscinity of DNA and are strongly bound to 

DNA by electrostatic interactions. Actin is present in nucleus, nucleolus as well as in the 

nuclear matrix (40), and has been shown to be associated with DNA replication, DNA 

repair and RNA transcription (41, 42, 43), indicating that it too resides in close proximity 

to DNA. 

Further evidence for the specificity of different crosslinking agents was obtained 

from the reactivity of anti-DPC serum (Fig. 6). Cr(VD), CrdID, and x-ray crosslinked 

identical antigens to DNA, where as HCHO crosslinked different antigens, and thus, the 

chemical reactivity of HCHO seems to be different from that of Cr(VI), Cr(III), and x-ray. 

In the present study, a specific group of proteins seemed to be crosslinked to DNA 

by a particular crosslinking agent indicating that DNA-protein crosslink is dependent on the 

chemical reactivity of the agent. Cr(VI)-induced DNA-protein crosslinks could be mediated 

by the direct involvement of the metal in the crosslink because Cr(VI) and Cr(III) 

crosslinked similar proteins to DNA. This is consistent with the present notion that Cr(VD- 

induced DNA-protein crosslinks are mediated by the participation of a reduced form of the 

metal such as Cr(II]). However, Cr(VI)-induced DNA-protein crosslinks could also have 

been formed via oxidative mechanisms because, in the present study Cr(VJ) and x-ray 

crosslinked identical proteins to DNA, and x-ray induced DNA-proteins crosslinks have 

been shown to be mediated by -OH (46, 47). We have recently shown that chromate 

treatment of cells increases the intracellular level of H2O2 (22), which, in turn, reacts with 

Cr(VI), Cr(V), or Cr(IID generating -OH (hydroxyl radical) and this reactive species are 

shown to cause DNA-protein crosslinking (46, 47). Therefore, it is plausible that Cr(VI) 

Cr(I]), and x-ray may exert common reactivity in respect to DNA-protein crosslinking. 

Formaldehyde, on the other hand, is a short-range crosslinking agent, which binds 

across approximately 2 A, and joins sites by inter-position of a one-atom bridge (32, 48). 

Formaldehyde crosslinks amine-rich proteins such as histone to the amine position of 

unpaired DNA bases (3). Therefore, as expected, HCHO-induced DNA-protein crosslinks 

were different from that of Cr(VI), Cr(III) and x-ray. The stability of HCHO-induced 

chromate-induced DNA-protein crosslinks to SDS/urea extraction, EDTA, B- 

mercaptoethanol and thiourea treatment, and their need for nuclease digestion to free the 
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protein component of the complex indicates the covalent nature of their interaction. DNA- 

protein complexes induced by Cr(VJ), Cr(IID), and x-ray were stable to SDS, urea, and 

RNase, but were dissociated by disulfide reducing agents. Both the Cr(VI), Cr(IIl)- 

induced DNA-protein complexes were further dissociated by EDTA. Such reversibility of 

chromate-induced DNA-protein complexes indicates that their association is in the form of 

non-covalent interactions. The stability of chromate-induced non-covalent DNA-protein 

interaction urges their application in studies involving chromatin structure as well as 

identification of proteins participating in DNA-protein interactions, specifically those that 

undergo transient interaction with DNA, such as transcription factors. 
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Induction of DNA-protein complexes by x-ray in intact MOLT4 cells. Cells 

labeled with 39S-methionine and 3H-thymidine, were exposed x-ray in 

SGM, and then DNA-protein complexes were isolated by following the 

SDS/urea extraction as described under the Materials and Methods. Each 

value is a mean of three independent experiments + SD. ¥ Significantly 

different from control, p < 0.05. *Significantly different from control, p < 

0.01. 
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Figure 2. 

  
Analysis of DNA from x-ray exposed cells by agarose gel electrophoresis. 

MOLT4 cells were exposed to different doses of x-ray and 10 ug DNA was 

extracted and analyzed on 0.6% agarose gels as described under the 

Materials and Methods. Shown is a photograph of the ethidium bromide 

stained gel. Lane 1: 123 bp molecular weight marker ladder. Lane 2 —> 6: 

DNA from MOLT4 cells exposed to 0, 25, 50, 100 and 200 Gray of x-ray, 

respectively. 
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Figure 3. Two-dimensional gel electrophoretic analysis of proteins complexed to DNA 

by Cr(VI), Crd) and x-ray. Shown are silver stained gels of DNA-protein 

complexes containing 150 ig DNA isolated from (A) control (untreated) 

cells, (B) cells exposed to 50 UM potassium chromate, (C) and (D) 200 uM 

potassium chromate, (E) 0.6 mM chromium(IJ]) chloride hexahydrate, (F) 

and (G) 50 Gy x-ray. Gels in (D) and (G) were digested with DNase I prior 

to electrophoresis. The proteins ‘a’, 'b’, 'c’ and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells for 

16 hr. The proteins labeled as 'D' are the proteins in DNase I. [Data 

presented in this figure were from the present work and previous works 

(Mattagajasingh and Misra, 1995).] 
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Figure 3 A. Two-dimensional gel electrophoretic analysis of proteins complexed to 150 

ug DNA of control (untreated) cells. No protein was seen on the gel 

indicating that the back ground DNA-protein crosslinks were dissociated by 

the SDS/urea extraction method used to isolate the complexes. 
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Figure 3 B. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 50 uM 

potassium chromate-treated for 4 hr. Chromate treatment of cells and 

isolation of DNA-protein complexes by the SDS/urea method was followed 

as described under the Materials and Methods. Each gel was loaded with 

DNA-protein complexes containing 150 ug DNA. Four acidic proteins ‘a’, 

'b', 'c', 'm' and a basic protein 'd' were found crosslinked to DNA that 

were resistant to the SDS/urea extraction. 
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Figure 3 C. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 200 uM 

potassium chromate for 4 hr. Chromate treatment of cells and isolation of 

DNA-protein complexes by the SDS/urea method was followed as 

described under the Materials and Methods. DNA-protein complexes 

containing 150 ug DNA were analyzed in two-dimensional gels. The three 

acidic proteins ‘a’, 'b’, 'c', and the basic protein 'd' were found primarily 

crosslinked to DNA when cells were treated with 25 UM chromate. 
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Figure 3 D. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 200 uM 

potassium chromate-treated for 16 hr. Chromate treatment of cells and 

isolation of DNA-protein complexes by the SDS/urea method was followed 

as described under the Materials and Methods. DNA-protein complexes 

containing 150 ug DNA were digested with DNase I, and were then 

analyzed by two-dimensional gel electrophoresis. Three acidic proteins ‘a’, 

'b', 'c', and a basic protein 'd' refer to the proteins that were primarily 

crosslinked to DNA and were resistant to the SDS/urea extraction when 

cells were treated with 25 uM chromate for 16 hr. No new proteins were 

seen on the gel following DNase I digestion except the contaminating 

proteins in DNase I (labeled as 'D'). 
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Figure 3 E. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes induced by incubation of isolated MOLT4 nuclei with 0.6 mM 

chromium(III) chloride hexahydrate for 24 hr at 4°C. DNA-protein 

complexes containing 150 ug DNA were analyzed by two-dimensional gel 

electrophoresis. Three acidic proteins ‘a’, 'b', 'c', and a basic protein 'd' 

refer to the proteins that were primarily crosslinked to DNA and were 

resistant to the SDS/urea extraction when cells were treated with 25 uM 

chromate for 16 hr. 
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Figure 3 F. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 50 Gy x-ray. 

Chromate treatment of cells and isolation of DNA-protein complexes by the 

SDS/urea method was followed as described under the Materials and 

Methods. DNA-protein complexes containing 150 ug were analyzed by 

two-dimensional gel electrophoresis. Three acidic proteins ‘a’, 'b'and 'c' 

refer to the proteins that were primarily crosslinked to DNA and were 

resistant to the SDS/urea extraction when cells were treated with 25 uM 

chromate for 16 hr. The 51 kD basic protein 'd' which was complexed to 

DNA by the metal was not seen on the two-dimensional gel of x-ray- 

induced DNA-protein crosslinks. 
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Figure 3 G. 

  
Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells treated with 50 Gy x-ray. 

X-ray treatment of cells and isolation of DNA-protein complexes by the 

SDS/urea method was followed as described under the Materials and 

Methods. DNA-protein complexes containing 150 ug were digested with 

DNase I and then analyzed by two-dimensional gel electrophoresis. Three 

acidic proteins ‘a’, 'b', 'c' and the basic protien 'd' refer to the proteins that 

were primarily crosslinked to DNA and were resistant to the SDS/urea 

extraction when cells were treated with 25 uM chromate for 16 hr. The 51 

kD basic protein 'd', which was complexed to DNA by the metal, was seen 

on the two-dimensional gel of x-ray-induced DNA-protein crosslinks only 

after digestion of the complexes by DNase I. The proteins in DNase I are 

labeled as 'D'. 
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Figure 4. Nonequilibrium two-dimensional gel electrophoresis of nuclear and nuclear 

matrix proteins. Nuclear (A) and nuclear matrix (B) proteins fractions were 

isolated from MOLT4 cells and 30 wg proteins from each fraction were 

analyzed by nonequilibrium two-dimensional gel electrophoresis, as 

described under the Materials and Methods and were stained with silver 

stain.. The proteins ‘a’, 'b’, 'c' and 'd' refer to the proteins that primarily 

crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells for 16 hr. 
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Figure 4 A. Nonequilibrium two-dimensional gel electrophoresis analysis of nuclear 

proteins of MOLT4 cells. Thirty ug proteins from nuclear fraction were 

analyzed by nonequilibrium two-dimensional gel electrophoresis and were 

stained with silver stain. The proteins ‘a’, 'b', 'c' and 'd' refer to the 

proteins that primarily crosslinked to DNA with 25 uM Cr(VI) treatment of 

intact cells for 16 hr. 
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Figure 4 B. Nonequilibrium two-dimensional gel electrophoresis analysis of nuclear 

matrix proteins of MOLT4 cells. Thirty ug proteins from nuclear matrix 

fraction were analyzed by nonequilibrium two-dimensional gel 

electrophoresis and were stained with silver stain. The proteins 'a’, 'b’, 'c' 

and 'd' refer to the proteins that primarily crosslinked to DNA with 25 uM 

Cr(VI) treatment of intact cells for 16 hr. The protein 'm' was crosslinked 

to DNA at higher doses of chromate (2 50 uM), and was found to be 

abundantly present in the nuclear matrix fraction. 
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Figure 5: Two-dimensional gel electrophoretic analysis of proteins complexed to 

DNA by formaldehyde. (A) Shows the silver stained gel of DNA-protein 

complexes containing 150 ug DNA isolated from cells treated with 13 mM 

HCHO for 2 hr. No proteins entered the gels without DNase I digestion. 

(B) The same as (A) except that the DNA-protein complexes were digested 

with DNase I prior to electrophoresis. Histones (H), the 26 kD and 49 kD 

proteins were seen on the gel when HCHO-induced DNA-protein 

complexes were digested by DNase I. 
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Figure 5 A: Two-dimensional gel electrophoretic analysis of proteins complexed to DNA 

by formaldehyde. DNA-protein complexes containing 150 ug DNA isolated 

from cells treated with 13 mM HCHO for 2 hr were analyzed by two- 

dimension gel electrophoresis. No proteins entered the gels. 
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Figure 5 B: Effect of DNase I digesion on the resolution of HCHO-induced DNA-protein 

crosslinks on two-dimensional gels. DNA-protein complexes were isoalted 

from cells treated with 13 mM HCHO for 2 hr as described under the 

Materials and the Methods. DNA-protein complexes containing 150 ug DNA 

were digested with DNase I and then analyzed by two-dimensional gels. 

Histones (H), the 26 kD and 49 kD proteins were seen on the gel when 

HCHO-induced DNA-protein complexes were digested by DNase I. The 

proteins labeled as 'D' are the protiens in DNase I. 
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Figure 6. 

  
Detection of DNA-protein crosslinks with an antiserum to chromate-induced 

crosslinks by dot-blotting. Isolated DNA-protein cross-linked were spotted 

onto nitrocellulose and reacted with the antiserum. The blots were then 

reacted with !25]-protein A, and the reactivity to the antiserum was detected 

by autoradiography. 
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Figure 7. Analysis of the stability of DNA-protein complexes induced by Cr(VJ), 

Cr(II]), x-ray and formaldehyde to chemicals and enzymes. DNA-protein 

complexes were treated with different enzymes and chemicals, as shown in 

the figure, and were then sedimented. The recovery of DNA (A) and 

protein (B) in the pellet was estimated as described under the Materials and 

Methods. Each value is a mean of at least three independent experiments + 

SD. *Significantly different from control, p < 0.01. 
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Chapter VII 

Analysis of EDTA-Chelatable Proteins from DNA-protein Crosslinks 

Induced by the Carcinogenic Chromium(VI) in Cultured Intact Human Cells 

[Mattagajasingh, S.N., Misra, H.P. (1995) Carcinogenesis (to be submitted)] 

Abstract 

DNA-protein crosslinks were induced in intact human leukemic T-lymphocyte 

MOLT4 cells or isolated nuclei by treatment with potassium chromate, chromium(III) 

chloride hexahydrate or x-ray. The proteins complexed to DNA were analyzed by two- 

dimensional SDS-polyacrylamide gel electrophoresis (PAGE). A group of identical 

nonhistone proteins were crosslinked to DNA by potassium chromate, chromium(III) 

chloride hexahydrate, and x-ray except that a 51 kD basic protein was additionally 

complexed to DNA when either potassium chromate or chromium(IID chloride hexahydrate 

was the crosslinking agent. Treatment of chromate-induced DNA-protein crosslinks with 

EDTA or thiourea followed by ultracentifugation dissociated the major proteins from the 

complexes to DNA by chromate indicating that those proteins were crosslinked by direct 

participation of an EDTA-chelatable form of chromate such as Cr(IID) through sulfur 

containing amino acid residues. The 51 kD protein was not seen in the post-EDTA pellet 

but was present in the post-thiourea pellet, indicating that it was also crosslinked by Cr(II) 

through non-sulfur-containing amino acids. Digestion of x-ray-induced DNA-protein 

complexes by DNase I also revealed this protein on two-dimensional gels indicating that the 

51 kD protein was also crosslinked by oxidative mechanisms. The majority of proteins that 

were crosslinked to DNA were resistant to EDTA and thiourea treatment, and were also 

crosslinked by x-ray, indicating the involvement of oxidative mechanisms in the process. 

These results suggest that the chromate-induced DNA-protein crosslinks are formed by the 

generation of active oxygen species during the intracellular chromate reduction as well as 

by the biologically generated Cr(II). 
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Introduction 

Hexavalent chromium [Cr(VI)] compounds have been considered as potent human 

carcinogens and have been shown to cause different types of DNA damage including DNA- 

protein cross-linking in various cells and tissues (1, 2). However, the exact nature of 

chromate-induced DNA-protein crosslinks and the reactive sites for chromate on the 

macromolecules are not known. Although Cr(VI) does not bind to DNA or proteins in cell 

free systems (3, 4) it exists as an oxyanion at physiological pH, and is readily transported 

into the cell through the cells' sulfate anion transport system (5, 6). Inside the cell, Cr(VI) 

is believed to be reduced by the cellular reductants such as ascorbate (7), glutathione (8- 

10), hydrogen peroxide (11), cysteine (12), riboflavin (13) and flavoenzymes such as 

glutathione reductase (7,14), cytochrome P-450 reductase (15), NAD(P)H quinone 

reductase (16) and aldehyde oxidase (17) to its biologically most stable form, Cr(III) (18, 

19), which, in turn, binds to DNA as well as proteins in cell free systems (20). Therefore, 

it has generally been believed that the reduced form of the carcinogenic Cr(VD, Cr(IID, 

gives rise to DNA-protein crosslinks by directly mediating the crosslinking between the 

cellular DNA and protein (21). This is also supported by the fact that chromate-induced 

DNA-protein crosslinks could be disrupted by EDTA, a chelator of Cr(IID but not that of 

Cr(VD, and that the proteins in the DNA-protein complexes could be visualized on SDS- 

polyacrylamide gels without nuclease digestion (22). However, during the intracellular 

reduction of Cr(VI) to Cr(II]), reactive species such as intermediate valance states of 

chromium and active oxygen species are generated (23, 24, 25). Hydroxyl radicals (OH), 

which are generated during the cellular reduction of chromate (25) have also been shown to 

cause DNA-protein cross-linking (26, 27). Reaction of Cr(III) with hydrogen peroxide 

produces -OH radicals (28). Therefore, in biological systems, it is possible that -OH 

radicals generated during Cr(VI) metabolism could participate in the formation of Cr(IID- 

induced DNA-protein complexes. Furthermore, the chemical nature of chromate-induced 

DNA-protein crosslinks as well as the proteins that crosslink to DNA by the involvement of 

Cr(iIl) are not well characterized. Chromate-induced DNA-protein crosslinks are shown to 

be persistent DNA lesions, and a specific group of non-histone proteins are shown to 

crosslink to DNA by chromate, therefore, it is important to know the identity of the 

protein(s) that crosslink to DNA by direct involvement of the metal, because of its potential 

application as a biomarker of chromate exposure. 
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In the present study, we have analyzed the cellular proteins that were complexed to 

DNA upon treatment of MOLT4 cells with potassium chromate (a Cr(VI) compound). 

Proteins that were dissociated from chromate-induced DNA-protein complexes by EDTA 

and those that were resistant to EDTA treatment, are also analyzed. DNA-protein 

complexes induced by chromium(III) chloride hexahydrate (a Cr(III) compound), and that 

induced oxidatively by exposure of cells to x-ray, are analyzed and compared to EDTA- 

chelatable proteins from chromate-induced DNA-protein complexes. Our results, for the 

first time, indicate that a 51 kD basic protein predominantly complexes to DNA by direct 

involvement of Cr(IID, following chromate treatment of intact cells. The results of the 

present study also indicate that chromate-induced DNA-protein complexes may be formed 

by the generation of active oxygen species during the intracellular chromate reduction as 

well as by the biologically generated Cr(III). 

Materials and Methods 

Chemicals 

Potassium chromate was purchased from J.T. Baker (Phillipsburg, NJ). 

Chromium(IID chloride hexahydrate were obtained from Aldrich Chemicals Company, Inc. 

(Milwaukee, WI). Protein determination kit, and all gel electrophoresis reagents were 

purchased from Bio-Rad Laboratories (Richmond, CA). 3H-thymidine, 35S-methionine 

and Aquassure LSC cocktail were purchased from New England Nuclear (Boston, MA). 

DNase free RNase and Proteinase K were purchased from Boehringer Manheim 

(Indianapolis, IN). All other chemicals and enzymes were purchased from Sigma 

Chemical Co. (St. Louis, MO). 

Cell culture and treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were purchased 

from American Type Culture Collection (Bethesda, MD) and were maintained in 

suspension at exponential growth phase in RPMI 1640 [N-2-hydroxyethy]piperazine-N’ -2- 

ethanesulfonic acid (HEPES) modified] medium supplemented with 10% heat-inactivated 

fetal bovine serum, 10 U penicillin and 10 ug/ml streptomycin solution as described before 

(24). Cellular DNA and proteins were radiolabeled with 3H-thymidine and 3°S-methionine 

(0.02 Ci/ml each), respectively, for ~24 hr, in methionine free RPMI 1640 medium. 

204



Radiolabeled cells were collected by centrifugation, washed three times in cold Saline A (5 

mM NaHCO3, 6 mM dextrose, 5 mM KCl and 140 mM NaCl, pH 7.2) and resuspended 

in salts-glucose medium [SGM: 50 mM HEPES, 100 mM NaCl, 5 mM KCl, 2 mM CaCl, 

5 mM dextrose, pH 7.2] at a concentration of 10° cells/ml. Potassium chloride (as control) 

or potassium chromate were added to the cell suspensions from freshly prepared stock 

solutions. For X-ray treatment, cells were suspended in SGM at a concentration of 2x 10° 

cells/ml in 50 ml polypropylene centrifuge tubes and were exposed to X-ray on ice in a TFI 

cabinet X-ray system (TFI Corporation, Model M-110-NH, West Haven, CT). Following 

treatments, cells were collected and cytotoxicity was determined by exclusion of trypan 

blue as previously described (24). Since Cr(IID is poorly taken into the cells (29), nuclei 

were first isolated from cells (using the hypotonic lysis method in presence of Nonidet P- 

40 as detailed below) and then treated with chromium(IID chloride hexahydrate for 24 hr at 

4°C, for induction of DNA-protein crossinks by Cr(IIl). 

Isolation and quantitation of DNA-protein complexes 

The method used to isolate DNA-protein complexes was modified from our 

previously described method (30). In brief, following treatment, cells were collected by 

centrifugation, washed three times in PBS. Nuclei were prepared by hypotonic lysis in 

0.5% Nonidet P-40 detergent and purified over sucrose gradients in presence of 1 mM 

phenylmethylsulfonylfluoride (PMSF, a Proteinase inhibitor). The nuclei were observed 

by phase contrast microscopy, Giemsa staining and Acridine orange staining, and were 

found to be free from cytoplasmic contaminations. The purified nuclei were used for 

isolation of DNA-protein complexes as described below. Nuclei incubated with Cr(III) 

were washed three times in 10 mM Tris-HCl containing 250 mM nuclease-free sucrose, 3 

mM MgCl» and 1 mM PMSF (pH 7.5), and were then processed for isolation of DNA- 

protein complexes. 

The DNA-protein complexes were isolated by repetitive extraction in presence of 

SDS in urea as described before (30). The nuclei were lysed in 10 mM Tris-HCl 

containing 2% SDS, 1 mM PMSF (pH 7.5) by rocking on a platform shaker for 6 hr at 

room temperature, the lysates were homogenized and sedimented at 100,000xg for 16 hr at 

18°C, using a Beckman SW 27 rotor (Beckman Instruments, Fullerton, CA). The pellets 

were again extracted with 5 M urea, by rocking on a platform shaker in presence of 1 mM 
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PMSF at 4°C for 6 hr. The samples were homogenized, and SDS was added to 2% final 

concentration. The DNA-protein complexes were isolated by ultracentrifugation as above 

and were rinsed in 2% SDS. The final pellets were resuspended in 1.5 ml of 10 mM Tris- 

HCl containing 1mM PMSF (pH 7.5) in siliconized eppendroff tubes by gentle pipetting 

and overnight rocking on a Nutator at 4°C. The DNA-protein complexes were precipitated 

in 70% acetone and were collected by centrifugation at 12,500xg for 15 min at 4°C using a 

Beckman microfuge, rinsed in 70% methanol, and were resuspended in | ml of 10 mM 

Tris-HCl containing 1 mM PMSF (pH 7.5) by gentle pipetting or by shaking on a Nutator 

at 4°C. The DNA content and the purity of the samples were determined by measuring the 

absorbance at 260 nm and 280 nm (31). The protein content of cell lysates were 

determined by using Bio-Rad dye and bovine gamma globulin as standards (32). Both 3H 

and 358 activities were determined by dissolving the samples in Aquassure Cocktail (NEN, 

Boston, MA) and counting in a Beckman LS 5800 Liquid Scintillation counter (Beckman 

Instruments, Inc., Irvine, CA). The DNA-protein complexes were estimated from the 

amount of protein complexed to unit DNA, based on 3H-thymidine and 35S-methionine 

specific activities. 

Analysis of stability of Cr(VI) and Cr(III)-induced DNA-protein complexes and Extraction 

of EDTA dissociable proteins 

DNA-protein complexes containing 100 ug DNA in 10 mM Tris-HCl, 1 mM PMSF 

(pH 7.5) were taken in siliconized microcentrifuge tubes. MgCl was added to 5 mM final 

concentration in samples treated with DNase I and RNase. DNase I (200 g/ml), RNase 

(40 pg/ml), Proteinase K (2 mg/ml), EDTA (50 mM), thiourea (100 mM) or 6- 

mercaptoethanol (2%) were added, mixed, and the samples were either treated with 

Proteinase K or were incubated at 4°C for 24 hr before treatment with Proteinase K to allow 

inactivation of PMSF. SDS was then added to a final concentration of 0.5% to inhibit 

nonspecific crosslinking, and samples were centrifuged at 100,000xg for 16 hr at 18°C. 

The supernatants were carefully removed and the pellets were resuspended in 10 mM Tris- 

HC] (pH 7.5) by brief sonication. DNA and protein contents were determined from the 3H 

and 35S specific activity, respectively, by liquid scintillation counting as described above. 

Because it has been suggested that chromate-induced DNA-protein complexes are 

formed by a reduced form of chromate such as Cr(II]) which directly mediates the linkage 
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between DNA and protein (21), excess amounts of EDTA was employed to examine 

whether chelating chromium would disrupt the complex, as well as to extract the EDTA- 

dissociable proteins from the chromate-induced DNA-protein complexes. To determine the 

concentration of EDTA that would dissociate the maximum number of DNA-protein 

complexes by chelating chromium, DNA-protein complexes isolated from cells treated with 

35S-methionine and chromate, or potassium >!chromate, were treated with O—>100 mM 

EDTA, as described above. The proteins in supernatant (post-EDTA supernatant) and 

pellet (post-EDTA pellet) were acetone precipitated and analyzed by two-dimensional gels 

as described below. Because intracellularly generated Cr(II1) may also cross-link -SH 

groups of proteins to DNA (22), proteins in post-thiourea supernatant and pellet were also 

analyzed by two-dimensional gels. 

Subcellular Fractionation 

Subcellular localization of the proteins complexed to DNA upon treatment of 

crosslinking agents was determined by analyzing the cytoplasmic and nuclear proteins of 

MOLT4 cells by two-dimensional gel electrophoresis. The protein fractions containing the 

membrane and cytoplasmic fractions were prepared by sedimentation of nuclei after 

hypotonic lysis of cells in presence of Nonidet P-40, as described above (Nonidet P-40 

soluble cytoplasmic material). The nuclear protein fraction was prepared from the SDS 

soluble material of the isolated nuclei, or by sonication of the purified nuclei. The protein 

contents of different fractions were determined by the dye binding method, as described 

above. Thirty pg of protein from each fraction was acetone precipitated and solubilized in 

30 Ll of the solubilizing buffer. Equilibrium or nonequilibrium focusing, separation in the 

second dimension, and silver staining of samples were carried out as described below. 

Resolution of Proteins in DNA-protein complexes by Two-Dimensional Gel 
Electrophoresis 

DNA-protein complexes were analyzed by nonequilibrium pH gradient 

electrophoresis as described before (30, 33), as it allows the maximum resolution of acidic 

and basic proteins. DNA-protein complexes were loaded as equal amount of DNA rather 

than protein. We have repeatedly noticed that presence of excess amounts of EDTA in 

samples leads to breakage of focusing gels due to precipitation of EDTA at the acidic end of 

the gel. Therefore, post-EDTA supernatants were forced-dialyzed in Centricon microfuge 
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tubes with 10 kD cut off membranes at 4°C, and acetone precipitated prior to analysis by 

two-dimensional gels. Post-EDTA pellets and DNA-protein complexes (containing 150- 

200 ug of DNA) were acetone precipitated or lyophilized (FTS Systems, Inc., Stone 

Ridge, NY) and then solubilized in 30 wl solubilizing buffer [9 M urea, 4% Nonidet P-40, 

2% B-mercaptoethanol and 3% ampholines (Bio-Rad), pH range 3-10 ]. Non-equilibrium 

focusing were carried out in 200 pl capillary tubes (1.5 mm diameter, Fisher Scientific, 

NJ) containing 4% polyacrylamide and 2% ampholines (pH range 3-10) for 1200 v/hr or 

2100 v/hr, for optimal resolution of acidic and basic proteins in the same gel. Second 

dimensional separation was carried out on 10% or 12% SDS-polyacrylamide gels as 

previously described (30, 34) except that B-mercaptoethanol was reduced to 1%. In some 

cases, the DNA-protein complexes were digested by DNase I and concentrated by acetone 

precipitation or lyophilization before analysis by two-dimensional gels. The gels were 

stained with silver (35). 

DNA Sizing on Agarose Gels 

DNA-protein complexes containing 10 ug DNA from control and chromate treated 

samples were fractioned on agarose gels (0.6% w/v in 40 mM Tris, 40 mM Borate, 1 mM 

EDTA) (31) for ~ 16 hr at 50 V on a model H4 horizontal gel electrophoresis apparatus 

(Bethesda Research Laboratories, Gaithersburg, MD). The gel was staining in ethidium 

bromide (0.2 ug/ml in TBE) and DNA was visualized using 254 nm of UV light. 

Results 

Cytotoxicity 

Exposure of MOLT4 cells to 200 .M potassium chromate for 4 hr or 200 g x-ray in 

SGM was found to have little cytotoxic effects, as assessed by trypan blue exclusion 

(viability was within 98 + 2% of the control). Cytotoxicity of potassium chromate upon 

longer exposure to MOLT4 cells is described in our earlier publications (24, 30). 
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Effect of Cr(VI), Cr(III) and X-ray on DNA-protein crosslinking 

Exposure of cells to potassium chromate resulted in a dose- and time-dependent 

increase in the formation of DNA-protein complexes in MOLT4 cells (data not shown). 

Chromium(III) chloride hexahydrate was more effective in inducing DNA-protein 

complexes than potassium chromate in isolated MOLT4 nuclei (Fig. 1). Cr(III)-induced 

DNA-protein complexes in MOLT4 nuclei increased in a time- and dose-dependent manner 

(Fig. 2 A & B). Exposure of cells to x-ray also caused dose-dependent increase in DNA- 

protein crosslinking (data not shown). However, higher doses of x-ray (> 50 Gy) did not 

result in proportionate increase in DNA-protein crosslinking probably, due to severe DNA 

fragmentation, as seen on agarose gels of x-ray-induced DNA-prtein crosslinks (not 

shown) resulting in loss of protein bound DNA during ultracentrifugal sedimentation of the 

DNA-protein complexes. 

Stability of Cr(VI) and Cr(III)-induced DNA-protein complexes 

The stability of DNA-protein complexes induced by potassium chromate and 

chromium(III) chloride hexahydrate was tested by monitoring the recovery of DNA and 

protein in the pellet following treatment of DNase I, RNase A, Proteinase K, EDTA, 6- 

mercaptoethanol or thiourea (Fig. 3). The control samples (without any treatment) had 

almost 100% recovery of both DNA and protein in the pellet following ultracentrifugation, 

as determined by 3H- and 35§-radioactivity, respectively (data not shown). The recovery 

of DNA and proteins from DNA-protein complexes isolated from control or chromate 

treated cells was found to be dependent on the type of disruptive agent used. DNase I or 

Proteinase K treatment reduced the recovery of most of the proteins in the DNA-protein 

complexes, but RNase treatment did not interfere with recovery of proteins (Fig. 3 B). 

None on the disruptive agents used had significant effect on DNA recovery except that the 

recovery was substantially reduced only when DNase I was the disruptive agent (Fig. 5 

A). These data indicate that Cr(VD or Cr(1ID induce the cross-linking of cellular proteins 

to DNA and do not cause sedimentable protein aggregates or RNA-protein crosslinks. The 

stability of proteins in the DNA-protein complexes induced by Cr(VJ) or Cr({I]) was 

similar with respect to their reactivity with DNase I, RNase A and Proteinase K. 
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In order to test whether chromium is directly participating in the DNA-protein 

complexes, and to extract such proteins by chelating chromium, EDTA was used as a 

chelating agent. Dissociation of 35S-labeled proteins or >!chromium increased with 

increase in EDTA concentration up to 50 mM, and no further dissociation was observed 

beyond this concentration, indicating that EDTA extraction was complete (data not shown). 

A maximum dissociation of 18% 3>S-labeled proteins was obtained with 50 mM EDTA 

without affecting the recovery of 3H-activity. These results indicate that the decrease in 

35§ activity was not due to fragmentation of DNA. Since Cr(III) has high affinity for 

EDTA (Kp=1024), the dissociation of some of the chromate-induced DNA-protein 

complexes by EDTA may, in part, be due to the presence of a chelatable form of 

chromium, such as Cr(IT) in the complex. However, maximum dissociation achieved by 

EDTA was about 18% proteins, indicating that only a small fraction of all the proteins 

complexed to DNA may be mediated by Cr(IIl). It is possible that all the Cr(III) in the 

DNA-protein complexes is not assessable to EDTA. Treatment of the DNA-protein 

complexes with B-mercaptoethanol (2%) or thiourea (100 mM) decreased the recovery of 

proteins in Cr(VID) and Cr(II)-induced crosslinks, indicating the participation of sulfhydryl 

groups in the formation of DNA-protein complexes induced by these agents. 

Analysis of proteins complexed to DNA by Two-dimensional gels 

Fig. 4 A illustrates the two-dimensional gel electrophoretic separation of proteins 

from nuclear fraction of MOLT4 cells. Histones and a number of non-histone proteins 

were seen in this fraction that are found to cross-link by crosslinking agents. DNA-protein 

complexes isolated from potassium chloride (control), potassium chromate and 

chromium(IID chloride hexahydrate were analyzed by non-equilibrium two-dimensional gel 

electrophoresis. Silver staining of the two-dimensional gels of DNA-protein complexes 

isolated from control cells did not show any protein in the gel, indicating that the SDS/urea 

method used for isolation of DNA-protein complexes effectively dissociates the 

background DNA-protein complexes in the control cells (data not shown). The proteins 

complexed to DNA, in cells exposed to 200 UM chromate for 4 hr, and that were resistant 

to SDS/urea extraction, are shown in Fig. 4 B. As shown in this figure, a number of 

proteins were crosslinked to DNA, but the three acidic proteins (labeled as ‘a’, 'b’, and 'c’) 

and the basic protein, ‘d', were primarily complexed to DNA upon treatment of cells with 

20 uM chromate (not shown). These proteins were not seen in two-dimensional gels of 
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DNA-proteins complexes isolated from untreated control cells, even when the initial DNA 

loads were increased to visualize the background proteins. When the control material was 

digested with DNase I before analysis by two-dimensional gel, only trace amounts of some 

of the above proteins were observed (data not shown), but those proteins were also present 

as contaminants in DNase I (data not shown). Therefore, we assume that the traces of 

proteins observed in DNase I digested control samples were from the contaminant proteins 

present in DNase I. Fig. 4 C shows the proteins in post-EDTA supernatant of chromate- 

induced DNA-protein complexes. As seen in this figure, the proteins ‘a’, 'b’, 'c', and ‘d' 

which were primarily crosslinked to DNA by chromate, are also present in the post-EDTA 

supernatants, indicating that these proteins are crosslinked to DNA via Cr(II). Analysis of 

the post-EDTA pellets, on the other hand, revealed the presence of proteins ‘a’, 'b', and 

'c’, but not protein 'd' (Fig. 4 D). Analysis of DNA-protein complexes induced by 

exposure of isolated nuclei to 200 4M Cr(III) for 24 hr revealed all the proteins complexed 

to DNA by Cr(VI) including the proteins ‘a’, 'b’, 'c', and 'd’ (Fig. 4 E). All the major 

proteins complexed to DNA by Cr(VI) and Cr(IID) were also complexed to DNA when the 

cells were irradiated with 25 Gy of x-ray. These proteins were dissociated under gel 

electrophoretic conditions, except the 51 kD basic protein (protein ‘d') (Fig. 4 F). 

Collectively these results suggest that the proteins 'a’, 'b', and 'c' are complexed to DNA 

by Crd) as well by involvement of sulfhydryl groups, but protein 'd' is predominantly 

crosslinked by Cr(I). 

Protein in chromate-induced DNA-protein complexes that were dissociated from 

DNA by 100 mM thiourea and that were resistant to such treatment are shown in Fig. 5 A 

& B, respectively. As shown in these figures, proteins ‘a’, 'b’, and 'c' are seen in both the 

post-thiourea supernatant and post-thiourea pellet, but protein 'd’ was predominantly seen 

in the post-thiourea supernatant, suggesting the involvement of sulfhydry! groups in 

crosslinking of protein 'd' to DNA. However, the presence of protein ‘d' in the post- 

thiourea pellet indicates that chromate-induced protein 'd'-DNA crosslink is also mediated 

by non-sulfur containing amino acids. 

The effect of DNase I digestion of DNA-protein complexes on the resolution of 

protein 'd' in two-dimensional gels is illustrated in Fig. 6. Although protein 'd' was not 

seen on the gels without DNase I digestion, digestion of post-EDTA pellet (Fig. 6 A), and 

x-ray-induced DNA-protein crosslinks (Fig. 6 B) with DNase I revealed protein ‘d' in two- 
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dimensional gels. Digestion of post-thiourea pellet (Fig. 6 C) also resolved this protein on 

the gel. Two-dimensional gel electrophoretic analysis of DNase I indicated that protein ‘d’ 

is not a constituent of DNase I (data not shown). These results suggest that protein 'd’ 

may also be covalently crosslinked to DNA by Cr(VI), although it is predominantly 

complexed by an EDTA-chelatable form of chromium, such as Cr(III). 

Discussion 

Although it has generally been believed that the carcinogenic Cr(VI)-induced DNA- 

protein crosslinks are formed by the direct involvement of a reduced form of Cr(VI), such 

as Cr(Il), the exact chemical nature of the chromate-induced DNA-protein crosslinks is not 

clear. We have observed that chromate-induced DNA-protein complexes were only 

partially disrupted by EDTA, and pretreatment of cells with antioxidants also inhibited 

chromate-induced crosslinking of cellular proteins to DNA (30, 36, unpublished data). 

Collectively, these results suggest the existence of inconclusive evidence regarding the 

chemical nature of chromate-induced DNA-protein complexes. Again, neither the 

biological significance of chromate-induced DNA-protein complexes nor their involvement 

in the chromate-induced carcinogenic process are established. Because these DNA lesions 

are long-lived as compared to other DNA lesions (37, 38) and are only partially repaired 

(39), it has been suggested that they may be present during the DNA replication and may 

exert their carcinogenic effect by altering DNA polymerase processivity (40). Again, 

crosslinking of DNA with inappropriate proteins could disrupt gene expression and 

chromatin structure, and could have importance in carcinogenesis because deletions of 

DNA bases may result from replicating DNA buried in such DNA-protein complexes. 

Such deletions may result in the loss or inactivation of tumor suppresser genes or genes 

involved in their regulation, and may play an important role in the carcinogenic process. 

Because chromate-induced DNA-protein complexes are persistent and specific in nature, 

identification of protein(s) which is/are crosslinked by direct involvement of the metal have 

potential application such as biomarkers of chromate exposure. In this study, for the first 

time, we have analyzed the proteins that are complexed to DNA by direct involvement of 

the metal upon exposure of intact cells to the carcinogenic chromate, by high resolution 

two-dimensional gels. 
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In the present study, exposure of intact MOLT4 cells or isolated nuclei to Cr(VI) 

resulted in increased formation of DNA-protein crosslinks over the control. Because 

Cr(VI) does not bind to DNA or protein in cell free systems (3, 4), and it must be reduced 

in order to cause DNA-protein crosslinking (20), these results suggest that Cr(VI) can be 

reduced by intact cells as well as isolated nuclei. Although chromate-induced DNA-protein 

complexes are believed to be mediated by Cr(IID, this is the first study which clearly 

shows the direct involvement of the metal in the crosslink by comparing the major proteins 

that are released from Cr(VI) induced DNA-protein complexes by EDTA to that crosslinked 

to DNA by incubation of isolated nuclei with Cr(I]). A selected group of nuclear non- 

histone proteins seem to participate in chromate-induced DNA-protein complexes, although 

several other proteins were seen in the nuclear protein fraction. These proteins must reside 

in close vicinity of DNA in relatively high concentrations, because in order for a protein to 

be cross-linked to DNA by any form of cross-linking agent and to be detected by silver 

Staining, it must reside in close proximity to DNA and its reactive groups should be 

oriented such that they are able to interact with that of DNA. 

The insight into the direct participation of chromium in the chromate-induced DNA- 

protein complexes comes from the dissociation of certain proteins by a chelating agent of 

Cr(IlI), such as EDTA. The dissociation, by EDTA, of all the proteins primarily 

complexed to DNA by chromate, as well as other proteins, indicate that these proteins are 

crosslinked to DNA by Cr(IIl), following the intracellular reduction of Cr(VI) (Fig. 4 ©). 

The absence of the 51 kD basic protein, protein ‘d', in the post-EDTA pellet (Fig. 4 D) but 

its abundance in the post-EDTA supernatant indicates that it must be predominantly 

complexed to DNA by an EDTA-chelatable form of chromium, such as Cr(III). This is 

further supported by the crosslinking of this protein to DNA by Cr(IID) (Fig. 4 E), and its 

absence in the two-dimensional gels of x-ray-induced DNA-protein complexes (Fig. 4 F). 

The presence of protein ‘d' predominantly in the post-thiourea supernatant further suggests 

that the crosslinking of protein 'd' to DNA involves sulfhydryl groups, however its 

presence in the post-thiourea pellet indicates that chromate-induced protein ‘d'-DNA 

crosslink is also mediated by non-sulfur containing amino acids. Because ligands of 

Cr(II1) include those of platinum compounds in addition to oxygen of carboxyl and 

phosphory] groups (19, 20), and platinum compounds predominantly react with the N-7 

position of guanine and histidyl, methionyl, and cysteinyl groups of proteins (41), it is 

conceivable that Cr(III) mediated crosslinking of proteins to DNA would involve both 
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sulfur and non-sulfur containing amino acids. This is also consistent with the results of 

Salnikov et al. (42) who reported the involvement of sulfur and non-sulfur containing 

amino acids in chromate-induced DNA protein crosslinks. 

The involvement of oxidative mechanisms in chromate-induced DNA-protein 

complexes have been ruled out by Standeven and Wetterhahn (21). However, it is 

interesting to note that Cr(VI), Cr(lII) and x-ray complexed similar proteins, including 

proteins ‘a’, 'b’, 'c', to DNA. Since X-ray is known to induce DNA-protein crosslinks by 

oxidative mechanisms (43), our data indicate that oxidative mechanisms are, at least in part, 

responsible for induction of chromate-induced DNA-protein complexes. Further more, 

DNase I digestion of the post-EDTA pellet and x-ray-induced DNA-protein complexes 

revealed the protein 'd' on the gel, indicating that in addition to crosslinking by CriID, 

protein 'd' may also be crosslinked to DNA by covalent linkage. This was further 

supported by the evidence that protein 'd' was found to be resistant to SDS/urea extraction 

and it needed nuclease digestion to be released from the complex by fragmentation of 

DNA. These results suggest that unlike chromate, x-ray-induced protein 'd'-DNA 

crosslink may be covalent in nature. 

Collectively, it appears that specific proteins may crosslink to DNA by different 

crosslinking agents, and the chemical nature of the linkage may be different, probably 

because of the interaction of the different amino acid residues of the same protein with 

DNA bases by different crosslinking agents. 

In the present study, EDTA-chelatable proteins from chromate-induced DNA- 

protein complexes were analyzed. Although EDTA dissociated only 15-18% proteins 

complexed to DNA by Cr(VJ) or Cr(III), the proteins that were primarily complexed to 

DNA by low concentrations of chromate were dissociated by EDTA. A 51 kD basic 

protein appears to be predominantly crosslinked to DNA by Cr(IID), following intracellular 

generation of Cr({I] from Cr(VI). The chemical interaction of Cr(III)-mediated 

crosslinking of the 51 kD protein to DNA seems to predominantly involve sulfur containing 

residues, although some non-sulfur containing amino acids may also be involved. Some of 

the chromate-induced DNA-protein crosslinks also appear to be formed through 

involvement of oxidative mechanisms and are consistent with redox metabolism of 

chromate. 
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Formation of DNA-protein complexes in isolated MOLT4 nuclei exposed to 

Cr(If) and Cr(VI). Nuclei were isolated from cells labeled with 35S- 

methionine and 3H-thymidine as described under the Materials and Methods 

and incubated with the metals for 24 hr on ice. DNA-protein complexes 

were isolated by following the SDS/urea extraction as described under the 

Materials and Methods. Each value is a mean of four independent 

experiments + SD. *Significantly different from control, p < 0.01. 
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Induction of DNA-protein complexes by Cr(III). Nuclei were isolated from 

cells labeled with 35S-methionine and 3H-thymidine, incubated with Cr(II), 

and then DNA-protein complexes were isolated by following the SDS/urea 

extraction as described under the Materials and Methods. (A) Dose dependent 

formation of DNA-protein complexes by Cr(III). (B) Kinetics of DNA- 

protein complex formation by 1 mM Chromium(II) chloride hexahydrate. 

Each value is a mean of three independent experiments + SD. ¥Significantly 

different from control, p< 0.05. *Significantly different from control, p < 

0.01. 

Figure 2. 
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Figure 3. 
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Analysis of the stability of DNA-protein complexes induced by Cr(VI) and 

Cr(II}) to chemicals and enzymes. DNA-protein complexes were treated 

with different enzymes and chemicals, as shown in the figure, and were 

then sedimented. The recovery of DNA (A) and protein (B) in the pellet 

was estimated as described under the Materials and Methods. Each value is 

a mean of three independent experiments + SD. ¥Significantly different 

from control, p< 0.05. *Significantly different from control, p < 0.01. 
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Figure 4. Two-dimensional gel electrophoretic analysis of DNA-protein complexes 

induced by Cr(VD, Cr(IID and x-ray. Shown are silver stained gels of (A) 

30 pg nuclear proteins, (B) DNA-protein complexes containing 150 bg 

DNA isolated from cells exposed to 200 UM potassium chromate for 4 hr, 

(C) proteins dissociated by 50 mM EDTA from chromate-induced DNA- 

protein complexes, (D) proteins that were resistant to EDTA treatment. (E) 

and (F) show proteins complexed to DNA by 0.6 mM Cr(III) and 50 Gy x- 

ray, respectively. The proteins 'a’, 'b’, 'c’ and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VD) treatment of intact cells 

for 16 hr. [Data presented in this figure include present work and previous 

works (Mattagajasingh and Misra, Mol. Carcinogenesis, 1995 (submitted)] 
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Figure 4 A. Nonequilibrium two-dimensional gel electrophoresis analysis of nuclear 

proteins of MOLT4 cells. Thirty ug proteins from nuclear fraction were 

analyzed by nonequilibrium two-dimensional gel electrophoresis and were 

stained with silver stain. The proteins ‘a’, 'b’, 'c' and 'd' refer to the proteins 

that primarily crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells 

for 16 hr. 
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Figure 4 B. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of MOLT4 cells exposed to 200 UM 

potassium chromate for 16 hr. Chromate treatment of cells and isolation 

of DNA-protein complexes by the SDS/urea method was followed as 

described under the Materials and Methods. Each gel was loaded with 

DNA-protein complexes containing 150 ug DNA. The proteins 'a’, 'b’, 

‘c', and 'd' were primarily crosslinked to DNA upon 25 uM Cr(VI) 

treatment of cells. [Reproduced with permission from Mattagajasingh and 

Misra: Molecular Carcinogenesis, 1995 (submitted)] 
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Figure 4 C: Two-dimensional gel electrophoretic analysis of proteins released from 

Cr(VI)-induced DNA-protein complexes by 50 mM EDTA. Treatment of 

DNA-protein crosslinks with EDTA and isolation of EDTA-chelatable 

proteins were as described under the Materials and Methods. The proteins 

‘a’, 'b' and 'd' refer to the proteins that primarily crosslinked to DNA with 

25 uM Cr(VI) treatment of intact cells for 16 hr. 
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Figure 4D: Two-dimensional gel electrophoretic analysis of proteins that were not 

released from Cr(VI)-induced DNA-protein complexes by 50 mM EDTA. 

Treatment of DNA-protein crosslinks with EDTA and isolation of EDTA- 

resistant proteins were as described under the Materials and Methods. The 

proteins 'a'and 'b' refer to the proteins that primarily crosslinked to DNA 

with 25 uM Cr(VI) treatment of intact cells for 16 hr. 
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Figure 4 E. Two-dimensional gel electrophoretic analysis of DNA-protein complexes 

induced by incubation of isolated MOLT4 nuclei with 0.6 mM Cr(II) for 24 

hr at 4°C. The proteins ‘a’, 'b', 'c' and 'd' refer to the proteins that primarily 

crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells for 16 hr. [In 

this figure Cr(IID) is used as a positive control for Cr(II)-mediated DNA- 

protein crosslinks and is reproduced with permission from Mattagajasingh 

and Misra: Molecular Carcinogenesis, 1995 (submitted)] 
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Figure 4 F. Two-dimensional gel electrophoretic analysis of proteins complexes induced 

by 50 Gy x-ray. X-ray treatment of cells and isolation of DNA-protien 

complexes were as described under the Materials and Methods. The proteins 

‘a’, 'b', 'c' and 'd' refer to the proteins that primarily crosslinked to DNA 

with 25 4M Cr(VI) treatment of intact cells for 16 hr. [Used as a positive 

control for DNA-protein crosslinking via oxidative mechanisms and is 

reproduced with permission from Mattagajasingh and Misra: Molecular 

Carcinogenesis, 1995 (submitted)] 
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Figure 5. Two-dimensional gel electrophoretic analysis of proteins in chromate induced 

DNA-protein complexes that were dissociated by thiourea (A) and those that 

were resistant (B) to thiourea treatment. DNA-protein complexes isolated from 

chromate treated cells were treated with 100 mM thiourea for 3 hr at room 

temperature as described under the Materials and the Methods. Following 

ultracentrifugation, proteins in the supernatant and pellet were analyzed by two- 

dimensional gel electrophoresis as described under the Materials and the 

Methods. The proteins 'a’, 'b’, 'c' and ‘d' refer to the proteins that primarily 

crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells for 16 hr. 
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Figure 5 A. Two-dimensional gel electrophoretic analysis of proteins in chromate 

induced DNA-protein complexes that were dissociated by thiourea. DNA- 

protein complexes isolated from chromate treated cells were treated with 100 

mM thiourea for 3 hr at room temperature as described under the Materials 

and the Methods. Following ultracentrifugation, proteins in the supernatant 

were collected, concentrated by acetone precipitation and analyzed by two- 

dimensional gel electrophoresis as described under the Materials and the 

Methods. The proteins ‘a’, 'b', 'c' and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells 

for 16 hr. 
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Figure 5 B. Two-dimensional gel electrophoretic analysis of proteins in chromate 

induced DNA-protein complexes that were resistant to thiourea treatment. 

DNA-protein complexes isolated from chromate treated cells were treated 

with 100 mM thiourea for 3 hr at room temperature as described under the 

Materials and the Methods. Following ultracentrifugation, proteins in the 

pellet were collected, rinsed in 10 mM Tris-HCl (pH 7.5), concentrated by 

acetone precipitation and analyzed by two-dimensional gel electrophoresis 

as described under the Materials and the Methods. The proteins ‘a’, 'b', 'c' 

and 'd' refer to the proteins that primarily crosslinked to DNA with 25 uM 

Cr(VI) treatment of intact cells for 16 hr. 
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Figure 6. Effect of DNase I digestion of DNA-protein complexes on the resolution of 

protein 'd' in two-dimensional gels. Shown are DNase I digestion of (A) 

post-EDTA pellet, (B) x-ray-induced DNA-protein crosslinks, (C) post- 

thiourea pellet. The proteins ‘a’, 'b’, 'c’ and ‘d’ refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VJ) treatment of intact cells 

for 16 hr. The proteins in DNase I are labeled as 'D'. [Data presented in 

this figure include present work and previous works (Mattagajasingh and 

Misra, Mol. Carcinogenesis, 1995 (submitted)] 
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Figure 6 A. Effect of DNase I digestion of DNA-protein complexes on the resolution of 

protein 'd' in two-dimensional gels of post-EDTA pellet. Isolation of 

EDTA-resistant proteins from chromate-induced DNA-protein crosslinks, 

and digestion with DNase I were as described under the Materials and 

Methods. The proteins ‘a’, 'b', 'c' and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VJ) treatment of intact cells 

for 16 hr. The proteins in DNase I are labeled as 'D'. 
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Figure 6 B. Effect of DNase I digestion of DNA-protein complexes on the resolution of 

protein 'd' in two-dimensional gels induced by X-ray. Exposure of cells to 

x-ray, isolation of DNA-protein crosslinkd and digestion with DNase I were 

as described under the Materials and Methods. The proteins ‘a’, 'b’, 'c' 

and 'd' refer to the proteins that primarily crosslinked to DNA with 25 uM 

Cr(VI) treatment of intact cells for 16 hr. The proteins in DNase I are 

labeled as 'D'. 
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Figure 6 C. Effect of DNase I digestion of DNA-protein complexes on the resolution of 

protein ‘d' in two-dimensional gels of post-thiourea pellet. Isolation of 

thiourea-resistant proteins from chromate-induced DNA-protein crosslinks, 

and digestion with DNase I were as described under the Materials and 

Methods. The proteins 'a’, 'b', 'c' and 'd' refer to the proteins that 

primarily crosslinked to DNA with 25 uM Cr(VI) treatment of intact cells 

for 16 hr. The proteins in DNase I are labeled as 'D' 
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Chapter VIII 

The Role of Active oxygen Species in Carcinogen Chromium(VI)-induced 

DNA-protein Crosslinking in Intact Human Cells 

[Mattagajasingh, S.N., Misra, H.P. (1995) J Biol Chem (to be submitted)] 

Abstract 

Treatment of human leukemic T-lymphocyte MOLT4 cells with potassium chromate 

increased in the formation of DNA-protein complexes with a concomitant increase in 

intracellular oxidants. The DNA-protein crosslinks were detected as K*-SDS precipitable 

proteins and accumulation of oxidants were monitored as the oxidative products of the 

nonfluorescent 2',7'-dichlorofluorescin diacetate to highly fluorescent dichlorofluorescein. 

Pretreatment of cells with antioxidants such as a-tocopherol, Tiron, and mannitol inhibited 

both the chromate-induced generation of oxidants as well as formation of DNA-protein 

crosslinks, but pretreatment of cells with riboflavin or aminotriazole potentiated these 

effects of chromate. However, pretreatment of cells with ascorbate, an antioxidant, 

partially inhibited the accumulation of oxidants, but potentiated the formation of DNA- 

protein crosslinks in cells exposed to Cr(VI). ESR spectrometric studies showed that 

riboflavin increases the intracellular level of Cr(V) without affecting the level of CrdId), 

while ascorbate reduces the intracellular level of Cr(V) and increases that of Cr(III). The 

generation of -OH radicals was detected during the reaction of H2O2 with Cr(VI), Crdif) 

or Cr(V). DNA-protein crosslinks were also isolated by repeated ultracentrifugal 

sedimentation in the presence of 2% sodium dodecyl] sulfate (SDS) and 5 M urea. Analysis 

of chromate-induced DNA-protein crosslinks from cells with or without a-tocopherol 

pretreatment by one and two-dimensional gels showed that the crosslinking of a 49 kD 

acidic protein was predominantly suppressed upon a-tocopherol treatment, indicating that it 

was primarily crosslinked to DNA by oxidative mechanisms. However, crosslinking of 

many other proteins was also partially suppressed by a-tocopherol pretreatment. 

Chromate-induced DNA-protein crosslinks isolated from a-tocopherol pretreated cells 

exhibited an increased fractionation of DNA by restriction enzymes as compared to DNA- 
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protein crosslinks isolated from cells treated with chromate alone. The results presented 

here, for the first time, illustrate the direct evidence of the involvement of active oxygen 

species in the chromate-induced DNA-protein crosslinks. 

Introduction 

Chromium(VJ) [Cr(VD] compounds have been considered as potent mutagens and 

human carcinogens (1, 2). Although the exact mechanism of chromium carcinogenicity is 

not understood, chromate-induced DNA lesions such as DNA strand breaks, DNA-DNA 

crosslinks and DNA-protein crosslinks (3) are implicated in the process. Recently much 

importance has been given to DNA-protein crosslinks as it is one of the most predominant, 

persistent and yet least characterized DNA lesion observed after chromate exposure (4). 

Because these DNA lesions are persistent as opposed to other DNA lesions that are repaired 

with time (5), they may be present during the DNA replication. Thus they may exert their 

carcinogenic effects by altering DNA polymerase processivity (6), via the existence of 

undissociable proteins on the DNA template. It has also been suggested that crosslinking 

of DNA with proteins could disrupt gene expression (6) and chromatin structure, and 

could have importance in carcinogenesis as deletions of DNA bases may result from 

replicating DNA buried in such DNA-protein complexes (7). Such deletions may give rise 

to carcinogenesis by the loss or inactivation of important genes such as tumor suppresser 

genes or genes regulating them (8). However, the mechanism of chromate-induced DNA- 

protein crosslinking in not well understood. 

In cell free systems Cr(V1) does not bind to DNA or proteins (9, 10). However, 

Cr(VI), which exists as an oxyanion at physiological pH, readily enters into the cell 

through the cells’ sulfate anion transport system (11, 12). Inside the cell, Cr(VD) is 

believed to be reduced by the cells’ redox system to its biologically most stable form, 

Crd) (13, 14). Cri), on the other hand, binds to DNA as well as proteins in cell free 

systems (15) and has high affinity for many other biological ligands (16). Cr(IIJ), 

however, is poorly taken up into the cell, and is considered to be non-carcinogenic (17). 

During the intracellular reduction of Cr(VI) to Cr(IID, reactive species such as intermediate 

valance states of chromium and active oxygen species are generated (13, 18), which may, 

in turn, initiate the carcinogenic process by altering the structure of DNA (19). Hydroxyl 

radicals (OH), which are generated during the reduction of chromate (20) are also capable 
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of causing DNA-protein cross-linking (21, 22), and are considered as the ‘ultimate agents' 

in chromate carcinogenesis (23). -OH radicals are also shown to be generated by redox 

cycling of Cr(II) (24) and DNA damage has been shown to be caused by intermediate 

valence states of chromium, such as Cr(V) as well (25). Faux et al. (26) reported the 

involvement of H2O2 in Cr(VI)-induced oxidation of DNA bases that resulted in the 

formation of 8-hydroxydeoxyguanosine. In addition, treatment of cells with catalase, a 

H 202 decomposing enzyme, inhibited the Cr(VI)-induced DNA-strand breaks and Cr(IID- 

induced chromosomal aberration in cultured human fibroblasts and human lymphocytes, 

respectively (27, 28). Recently, H202-resistant Chinese hamster ovary (CHO) cells have 

been shown to have less total Cr(V) and DNA breaks than the normal CHO cells when 

treated with Cr(VJ) (29). Collectively these results suggest that active oxygen species, 

particularly H2Og, is closely associated with the mutagenic and carcinogenic effects of 

chromium(VI). However, the involvement of active oxygen species in chromate-induced 

DNA-protein crosslinking has not been investigated. 

In the present study, we have examined the effect of potassium chromate in 

inducing the formation of DNA-protein crosslinks, and generating oxidants in cultured 

human leukemic T-lymphocyte MOLT4 cells. Protein complexed to DNA by chromate 

treatment of MOLT4 cells and the effect of an antioxidant, such as a-tocopherol on the 

crosslinking of such proteins, have been analyzed by high resolution two-dimensional gels. 

We also have analyzed DNA-protein crosslinks induced by x-ray irradiation of cells, as a 

positive control for oxidative crosslinking of proteins to DNA. Effect of antioxidants on 

the intracellular level of Cr(V) and Cr III) following Cr(VID) treatment, and generation of 

active oxygen species in the reaction of different oxidation states of chromium with H2O2, 

have been studied by EPR spectrometry. Alteration in the restriction enzyme pattern of 

chromate-induced DNA-protein complexes following a-tocopherol pretreatment of cells has 

also been reported here. We report here, for the first time, direct evidence of the 

involvement of active oxygen species in the chromate-induced DNA-protein crosslinks. 

Materials and Methods 

Chemicals 

Potassium chromate was purchased from J.T. Baker (Phillipsburg, NJ). Protein 

determination kit, and all gel electrophoresis reagents were purchased from Bio-Rad 
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Laboratories (Richmond, CA). 3H-thymidine, 35S-methionine, 5!Cr-potassium chromate 

and Aquassure LSC cocktail were purchased from New England Nuclear (Boston, MA). 

2',7'-Dichlorofluorescin Diacetate (DCF-DA) was purchased from Eastman Kodak 

Company (Rochester, NY). Dichlorofluorescein (DCF) was obtained from Polysciences, 

Inc. (Washington, PA). DNase free RNase and Proteinase K were purchased from 

Boehringer Manheim (Indianapolis, IN). The spin trap, 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO), and all other chemicals and enzymes were purchased from Sigma Chemical Co. 

(St. Louis, MO). 

Cell culture and treatment 

Human leukemic T-lymphocyte MOLT4 cells (ATCC CRL 1582) were purchased 

from American Type Culture Collection (Bethesda, MD) and were maintained in 

suspension at exponential growth phase in RPMI 1640 [N-2-hydroxyethylpiperazine-N’ -2- 

ethanesulfonic acid (HEPES) modified] medium supplemented with 10% heat-inactivated 

fetal bovine serum, 10 U penicillin and 10 g/ml streptomycin solution as described before 

(18). Cellular DNA and proteins were radiolabeled with 3H-thymidine and 3>S-methionine 

(0.02 pCi/ml each), respectively, for ~24 hr, in methionine free RPMI 1640 medium, 

when cells were used for isolation of DNA-protein complexes. Radiolabeled cells were 

collected by centrifugation, washed three times in cold Saline A (5 mM NaHCO3, 6 mM 

dextrose, 5 mM KCI and 140 mM NaCl, pH 7.2) and resuspended in salts-glucose 

medium [SGM: 50 mM HEPES, 100 mM NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM 

dextrose, pH 7.2] at a concentration of 10° cells/mJ. Potassium chloride (as control) or 

potassium chromate were added to the cell suspensions from freshly prepared stock 

solutions. Following treatment, cells were collected and cytotoxicity was determined by 

exclusion of trypan blue as previously described (18). 

Estimation of intracellular oxidants 

Intracellular peroxide levels of cells were measured in intact cells using DCF-DA 

by a modification of the method of Bass et al. (30) in a Flow cytometer (Coulter EPICS 

752 Flow Cytometer and Cell Sorter, Coulter Corporation, Hialeah, Fl) and data were 

analyzed via the Coulter M.D.A.D.S. program. This method is based on the principle that 

DCF-DA, a non-fluorescent probe, is hydrolyzed by intracellular esterases to a non- 
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fluorescent analog, 2',7'-Dichlorofluorescene (DCFH) and trapped within cells. The 

DCFH so generated is oxidized to a highly fluorescent 2',7'-dichlorofluorescein (DCF) by 

reacting with H,O, and/or other peroxides within the cell. Chromate treated cells were 

collected and resuspended in PBS at a concentration of 2 x 10° cells/ml. Freshly prepared 

DCF-DA solution (in EtOH) was added to a final concentration of 5 uM and the cells were 

incubated for 20 minutes at 37°C. These treatment conditions yielded measurable 

fluorescence with a moderate background, and without detectable cytotoxicity in control 

cells. Shift in fluorescence intensity of cells was monitored using an excitation wavelength 

of 488 nm and an emission wavelength of 525 nm at a channel setting of 0 to 255 and a 

scale of 0 to 256. 

Peroxide levels of cells were also measured using a CytoFluor™ 2300 

Fluorescence Measurement System (Millipore Corp., Bedford, MA). Cells were treated 

with potassium chromate and then treated with DCF-DA for an additional hour, in SGM at 

37°C in a humidified atmosphere of 5% CO» and 95% air. To study the effect of 

antioxidants or other test compounds on the chromate-induced cellular production of 

oxidants, cells were pretreated with the respective test compounds for 6 hr or 12 hr in 

complete medium. Cells were then washed twice in ice-cold Saline A and resuspended in 

SGM at a concentration of 10® cells per ml. The relative fluorescence was monitored at an 

excitation wavelength of 485 nm (bandwidth 20 nm) and emission wavelength of 530 nm 

(bandwidth 25 nm), at different sensitivities. 

ESR Spectrometry 

Chromate treated cell suspensions were collected by centrifugation and washed 

three times in cold saline A. Cell number was counted in a Coulter counter (Model ZM, 

Coulter Electronics, Inc., Hialeah, Fl) and 50 X 10° cells were taken in the ESR-tubes, 

and centrifuged at 4°C. The supernatants were removed and the cell pellet was frozen in 

liquid nitrogen and ESR spectra were immediately recorded using a Bruker D-200 ESR 

spectrometer with 100 KHz field modulation. The ESR recordings were performed at 

9.78 GHz microwave frequency and 20 mW microwave power. 
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Isolation and quantitation of DNA-protein complexes 

DNA-protein crosslinks were detected by modification of previously published 

methods (43, 44 and 45). Labeling of cells with 3H-thymidine and treatment with chromate 

were carried out as described above. Following treatment, cells were washed three times in 

ice-cold PBS and were used immediately or frozen at -70°C for future use. The cells were 

thawed and were lysed in 20 mM Tris-HCl containing 1 mM PMSF and 2% SDS (pH 

7.5). The cell lysates were briefly sonicated on ice using a Heat System sonicator/Cell 

Disrupter (Model -W 225 R, Ultrasonics, Inc., Plainview, New York) by giving ten pulses 

at 50% duty cycle. The samples were incubated at 65°C for 10 min and KCI (in 20 mM 

Tris-HCl, pH 7.5) was added to 100 mM final concentration. The samples were cooled on 

ice for 10 min, and the Kt-SDS precipitates formed were collected by centrifugation at 

3000xg for 10 min at 4°C. The pellets were resuspended in 20 mM Tris-HCI containing 

100 mM KCl. The samples were incubated at 65°C for 10 min, cooled on ice, and 

collected by centrifugation as above. This shearing and washing step was repeated two 

more times. The final pellets were resuspended in water and the protein bound 3H-DNA 

was estimated by counting the samples in a Beckman LS 5800 Liquid Scintillation counter 

(Beckman Instruments, Inc., Irvine, CA) using Aquassure LSC Cocktail (NEN, Boston, 

MA). Trichloroacetic acid-insoluble material from the cell lysates were used to estimate the 

total 3H-DNA. The ratio of the percentage of Kt-SDS-precipitable DNA in the treated cells 

to that in the control cells was used to estimate the DNA-protein crosslink coefficient (DPC 

coefficient). 

Although the above method is simple and rapid, it can not be used for the 

characterization of the specific proteins that crosslink to DNA following chromate 

exposure, because it precipitates most of the cellular proteins as Kt-SDS salts. Therefore, 

for characterization of chromate-induced DNA-protein complexes, 'SDS/urea' method was 

used to isolate DNA-protein complexes, and was modified from our previously described 

method (32). Cells were collected by centrifugation at 500xg for 10 min, after which cells 

were washed three times in PBS and incubated for 15 min on ice in a cold hypotonic buffer 

(10 mM Tris-HCl, pH 7.5 containing 10 mM NaCl, 1.5 mM MgCl). Cells were 

collected by centrifugation at 300xg for 5 min, resuspended in the above solution 

supplemented with 0.5% Nonidet P-40 and 1mM PMSF and were given 8-10 strokes in a 

loose-fitting glass homogenizer. The nuclei were sedimented at 700xg for 5 min at 4°C, 
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resuspended in 10 mM Tris-HCl containing 250 mM nuclease-free sucrose, 3 mM MgCl? 

and 1 mM PMSF (pH 7.5), and were layered over a similar solution but containing 880 

mM sucrose. Nuclei were subsequently collected by centrifugation for 10 min at 1000xg at 

4°C using a swing bucket rotor in an ICE Centra-7R refrigerated centrifuge. The nuclei 

were observed by phase contrast microscopy, Giemsa staining and Acridine orange 

staining, and were found to be free from cytoplasmic contaminations. The purified nuclei 

were used for isolation of DNA-protein complexes as described below. 

The nuclei were lysed in 30 ml of 10 mM Tris-HCI containing 2% SDS, 1 mM 

PMSF (pH 7.5) by shaking on a platform shaker for 6 hr at room temperature. The nuclear 

lysates were transferred into a tight-fitting homogenizer and given ten strokes. The 

samples were sedimented at 100,000xg for 16 hr at 18°C, using a Beckman SW 27 rotor 

(Beckman Instruments, Fullerton, CA). The pellets were placed in 28 ml of 5 M urea 

containing 1 mM PMSF, rocked on a platform shaker at 4°C for 6 hr. The samples were 

again homogenized as above, and then SDS was added to 2% final concentration. The 

DNA-protein complexes were isolated by ultracentrifugation as above and were rinsed in 

2% SDS. The final pellets were resuspended in 1.5 ml of 10 mM Tris-HCl containing 

ImM PMSF (pH 7.5) in siliconized eppendroff tubes by gentle pipetting and overnight 

rocking on a Nutator at 4°C. The DNA-protein complexes were precipitated in 70% 

acetone at -20°C for 12 to 16 hr, and were collected by centrifugation at 12,500xg for 15 

min at 4°C using a Beckman microfuge, rinsed in 70% methanol, and were resuspended in 

1 ml of 10 mM Tris-HCl containing 1 mM PMSF (pH 7.5) by gentle pipetting or by 

shaking on a Nutator for about 16 hr at 4°C. The DNA content and the purity of the 

samples were determined by measuring the absorbance at 260 nm and 280 nm (32). The 

protein content of cell lysates were determined by using Bio-Rad dye and bovine gamma 

globulin as standards (33). Both 3H and 35S activities were determined by dissolving the 

samples in Aquassure Cocktail (NEN, Boston, MA) and counting in a Beckman LS 5800 

Liquid Scintillation counter (Beckman Instruments, Inc., Irvine, CA). The DNA-protein 

complexes were estimated from the amount of protein complexed to unit DNA, based on 

3H and 35s specific activities. 
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Analysis of Proteins by Two-Dimensional Gel Electrophoresis 

DNA-protein complexes were analyzed by nonequilibrium pH gradient 

electrophoresis as described by O’ Farrell et al., 1977 (34) This procedure does not allow 

nucleic acids to enter into the first dimension focusing gel. DNA-protein complexes 

containing 150-200 ug of DNA were acetone precipitated or lyophilized (FTS Systems, 

Inc., Stone Ridge, NY) and solubilized in 30 11 solubilizing buffer [9 M urea, 4% Nonidet 

P-40, 2% B-mercaptoethanol and 3% ampholines (Bio-Rad), pH range 3-10]. Isoelectric 

focusing and nonequilibrium focusing were carried out in 200 pl capillary tubes (1.5 mm 

diameter, Fisher Scientific, NJ) containing 4% polyacrylamide and 2% ampholines (pH 

range 3-10). Second dimensional separation was carried out on 10% or 12% SDS- 

polyacrylamide gels by following the method of Laemmli,1970 (35) except that 1% B- 

mercaptoethanol was used. In some cases, the DNA-protein complexes were digested by 

DNase I or RNase and concentrated by acetone precipitation or lyophilization before 

analysis by two-dimensional gels. The gels were subjected to polychromatic silver staining 

by following the method of Sammons et al., 1981 (36). 

Subcellular Fractionation 

Subcellular localization of the proteins complexed to DNA upon chromate treatment 

was determined by analyzing the cytoplasmic, nuclear and nuclear matrix proteins of 

MOLT4 cells by two-dimensional gel electrophoresis. The protein fractions containing the 

membrane and cytoplasmic fractions were prepared by sedimentation of nuclei after 

hypotonic lysis of cells in presence of Nonidet P-40, as described above (Nonidet P-40 

soluble cytoplasmic material). The nuclear protein fraction was prepared from the SDS 

soluble material of the isolated nuclei, or by sonication of the purified nuclei. The nuclear 

matrix fractions were prepared by digestion of the purified nuclei with DNase I and RNase, 

followed by extraction with 1.6 M NaCl, as previously described (37). The protein 

contents of different fractions were determined by the dye binding method, as described 

above. Thirty pg of protein from each fraction was acetone precipitated and solubilized in 

30 wl of the solubilizing buffer. Equilibrium or nonequilibrium focusing, separation in the 

second dimension, and silver staining of samples were carried out as described above. 
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DNA Sizing on Agarose Gels 

DNA-protein complexes containing 10 ug DNA from control and chromate treated 

samples were fractioned on agarose gels using TBE buffer (0.6% w/v in 40 mM Tris, 40 

mM Borate, 1 mM EDTA) (32) for ~ 16 hr at 50 V on a model H4 horizontal gel 

electrophoresis apparatus (Bethesda Research Laboratories, Gaithersburg, MD). In some 

cases, DNA-protein complexes were digested with the restriction enzymes, EcoRI or 

Hina (3 units of enzyme/ug DNA in each case) in 50 mM Tris, 10 mM MgCl, and 0.1 

M NaCl (pH 7.5) for 5 hr at 37°C, and then fractioned on agarose gels. The gel was 

stained in ethidium bromide (0.2 ug/ml in TBE) and DNA was visualized by ethidium 

bromide fluorescence at 254 nm of UV light. 

Studies on the effect of antioxidants on chromate-induced DNA-protein crosslinking 

The non-toxic level of the test compounds were determined by monitoring the effect 

of 0 —> 100 UM a-tocopherol succinate, 0 —> 5 mM sodium ascorbate, 0 —> 5 mM 

Tiron (4,5-Dihydroxy-1,3-benzenedisulfonic acid), 0 —> 100 mM mannitol, 0 —> 2 mM 

riboflavin and 0 —> 10 mM aminotriazole on the growth of MOLT4 cells up to 96 hr. 

Cells were treated with non-toxic levels (>98% viable) of a-tocopherol succinate (25 4M), 

sodium ascorbate (1 mM), Tiron (1 mM), mannitol (10 mM), riboflavin (200 4M), or 

aminotriazole (2 mM) for 16 hr in complete RPMI at 37°C before exposure to chromate in 

SGM for 3 hr. DNA-protein crosslinks were detected by following the 'Kt-SDS method’ 

described above. 

Estimation of Cellular Ascorbate and Vitamin E 

Intracellular ascorbate level of cells was estimated by using Folin Phenol Reagent as 

described before (18). The vitamin E level of cells was determined spectrophotometrically 

by using the method of Fabianek (41). 

Cellular uptake of 51CrO4” 

Cells, in SGM, were incubated with 1 wCi of K2>!CrO,4 at various concentrations 

for 2 hr at 37°C. Cells were collected by centrifugation, washed three times with ice-cold 

PBS and the cell number was counted in a Coulter counter (Model ZM, Coulter 
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Electronics, Inc., Hialeah, Fl). The cellular uptake of chromate was determined by 

measuring the *!Cr activity in a Beckman gamma counter (Beckman Gamma 5500 equipped 

with a DP 5500 Data Reduction System, Beckman Instruments Inc., Irvin, CA) and 

comparing to a standard curve generated by using 0 —> 20 nM potassium >!chromate. 

Results 

Detection of DCF fluorescence in cell free systems 

Exposure of MOLT4 cells to 0 —> 200 LM potassium chromate in SGM for 4 hr 

was found to have little cytotoxic effects, as assessed by trypan blue exclusion (viability 

was within 98 + 2% of the control). Cytotoxicity of potassium chromate upon longer 

exposure to MOLT4 cells was described in our earlier publications (18, 31). 

Effect of potassium chromate on the intracellular oxidant level and DNA-protein 

crosslinking in MOLT4 cells 

MOLT4 cell exposed to 0 —» 200 uM potassium chromate for 2 hr produced 

increased levels of oxidants as well as DNA-protein complexes in a dose-dependent 

manner. Cells treated with 200UM chromate for 2 hr had about 2.5 fold increased DNA- 

protein complexes and about 220% more oxidants as compared to the controls (Fig. 1 A). 

The DNA-protein complexes and oxidant levels were measured by DNA complexed to Kt- 

SDS precipitable proteins and DCF fluorescence, respectively. The intracellular oxidant 

levels as well as the formation of DNA-protein complexes were found to markedly increase 

upon chromate exposure and there was a positive correlation (r = 0.938) with the level of 

intracellular oxidants (Fig. 1 B). 

Effect of antioxidants on the intracellular oxidant level and DNA-protein crosslinking 

During the biological reduction of Cr(VI), reactive species, such as Cr(V) and 

active oxygen species, are generated (13, 18). Although oxygen radicals have been shown 

to cause DNA-protein crosslinking (21, 22) and several investigators have suggested -OH 

radicals as the “ultimate carcinogen” in chromate-induced carcinogenic process (23), the 

role of oxygen radical species in chromate-induced DNA-protein crosslinking have not 
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been reported. Therefore, the effect of antioxidants and free radical scavengers on 

chromate-induced DNA-protein crosslinking and intracellular oxidant level was 

investigated. Because differential uptake of chromate by cells would lead to alterations in 

chromate-induced DNA-protein crosslinking, the effect of antioxidants on cellular uptake of 

chromate was first investigated. As shown in Table-1, the cellular uptake of chromate 

increased in a dose-dependent manner when MOLT4 cells were exposed to 5 —> 15 nM of 

Slchromate. Pretreatment of cells with a-tocopherol succinate (25 UM), Tiron (1 mM), 

mannitol (10 mM), ascorbate (1 mm) or riboflavin (200 1M) had no significant effect on 

the cellular uptake of Cr(VIJ). 

As shown in Fig. 2, pretreatment of cells with 25 UM a-tocopherol succinate, an 

antioxidant, inhibited the chromate induced DNA-protein crosslinking and oxidant 

formation by 47% and 38%, respectively. Similar effect of a-tocopherol was also 

observed when the oxidant level of intact cells was measured in a Flow cytometer. The 

comparative histograms are presented in Fig. 3. Cells treated with 25 uM a-tocopherol 

succinate for 16 hr in complete RPMI medium and exhaustively washed had about 4-fold 

increase in cellular tocopherol level than the untreated controls (data not shown). This is 

consistent with the findings of Sugiyama et al. (42) who have shown a 10-fold increase in 

cellular a-tocopherol level after 24 hr treatment with 25 uM vitamin E in Chinese hamster V 

79 cells. The effect of other antioxidants and a catalase inhibitor was tested in this system. 

As shown in Fig. 2, pretreatment of cells with 1 mM Tiron (a vitamin E analog) inhibited 

the chromate-induced DNA-protein crosslinking and oxidant production to 58% and 67% 

of control, respectively. Pretreatment of cells with 1 mM ascorbate, on the other hand, 

increased the chromate-induced DNA-protein crosslinking to about 150% of the control, 

but inhibited the chromate-induced oxidant production by 16% of control. Cells treated 

with such levels of ascorbate increased the intracellular level of this vitamin by more than 

two fold (data not shown). Since ascorbate had little effect on cellular uptake of chromate, 

and pretreatment of control cells with ascorbate had trivial effects on the background level 

of DNA-protein complexes, the observed augmentation of chromate-induced DNA-protein 

complexing following this antioxidant treatment may, be due to increase in intracellular 

Cr(1Il) through the reduction of Cr(VI) by increased levels of ascorbate. Pretreatment of 

cells with 10 mM mannitol (a -OH scavenger) caused a decrease in oxidants and DNA- 

protein complexes, by 10% and 18% respectively, as compared to the controls. 

Pretreatment of cells with 200 UM riboflavin (an antioxidant and an intracellular chromate 
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reductant) or 2 mM aminotriazole (a catalase inhibitor) increased the formation of oxidants 

to 115% and 148% of the control, respectively. Pretreatment of such concentrations of 

riboflavin or aminotriazole also increased the chromate-induced DNA-protein crosslinking 

to 127% and 143% of control, respectively (Fig. 2). 

ESR spectrometry 

ESR spectra of cells treated with 200 4M potassium chromate for 2 hr in SGM 

illustrated ESR spectra characteristic of Cr(V) (Fig. 4 and 5). As shown in Fig. 4 ‘d’ and 

Fig. 5 'd', pretreatment of cells with | mM ascorbate before chromate treatment reduced the 

first signal height characteristic of Cr(V), indicating a decreased in intracellular level of 

Cr(V), but increased the peak height of second signal corresponding Cr(III) as compared to 

that of the control cells treated with chromate alone. No signal characteristic of either Cr(V) 

or Cr(IID) was obtained from untreated control cells or treatment of cells with ascorbate or 

riboflavin alone. Treatment of cells, on the other hand, with 200 uM riboflavin prior to 

chromate treatment increased the intracellular level of Cr(V) without affecting the level of 

the Crd] (Fig. 4 'c' and Fig. 5 'c’). 

The ESR spectra of potassium chromate, Cr(III) chloride hexahydrate, or H202 

alone, or in presence of 40 mM DMPO in 50 mM Tris-HCl (pH 7.4), did not give any 

signal characteristic of Cr(V) or -OH radicals (our unpublished data). Addition of NADPH 

to potassium chromate either in presence or absence of DMPO gave an ESR signal 

characteristic of Cr(V). When H»O> was added to the reaction of NADPH and chromate in 

presence of DMPO, an ESR spectrum consisting of a 1:2:2:1 quartet with An = AHg = 

14.929 was obtained, characteristic of DMPO-OH adduct (our unpublished data). Reaction 

of potassium chromate or Cr(III) chloride hexahydrate with HO? also resulted in ESR 

spectra characteristic of DMPO-OH adduct, indicating the generated of -OH radicals (our 

unpublished data). These results suggest that reaction of Cr(VI), Cr(V), or Crd), with 

H 02 generates -OH radicals at physiological pH. 

Analysis of proteins complexed to DNA by Two-dimensional gels 

Fig. 6 A illustrates the proteins in the nuclear fraction of MOLT4 cells separated in 

two-dimensional gels. Histones and a number of non-histone proteins were seen in this 
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fraction that are potentially cross-linkable by any form of crosslinking agent. Silver 

staining of the two-dimensional gels of DNA-protein complexes isolated from control 

(potassium chloride treated) cells did not show any protein in the gel, indicating that the 

SDS/urea method used for isolation of DNA-protein complexes effectively dissociates the 

background DNA-protein complexes in the control cells (Fig 6 B). The proteins 

complexed to 50 tg DNA isolated from cells exposed to 200 UM chromate for 4 hr, and 

that were resistant to SDS/urea extraction, are shown in Fig 7 C. The three acidic proteins 

(labeled as ‘a’, 'b', and 'c') and the basic protein 'd', were primarily complexed to DNA 

upon treatment of cells with 20 UM chromate (not shown). As described before (43) the 

molecular weights of proteins ‘a’, 'b' and 'c’ are 74 kD, 44 kD and 42 kD, and their 

isoelectric points are 5.2-5.6, 5.2-5.4 and ~5.8, respectively. The moleculr weight and pI 

of protein 'd' is found to be 51 kD and 8.8-9.2, respectively. These proteins were not seen 

in two-dimensional gels of DNA-proteins complexes isolated from untreated control cells, 

even when the initial DNA loads were increased to 500 ug per gel to visualize the 

background proteins. 

Fig. 7 D shows the proteins complexed to 25 ug DNA isolated from cells pretreated 

with 25 uM a-tocopherol succinate before exposure to 200 1M chromate for 4 hr, and that 

were resistant to SDS/urea extraction. Comparison of results presented in Fig. 7 C & D 

indicates that a-tocopherol treated samples contain less protein than the chromate-treated 

sample although both the gels contained equal amount of DNA, indicating the overall 

inhibition of chromate-induced DNA-protein crosslinking by a-tocopherol. As seen in 

these figures, crosslinking of several proteins was suppressed by a-tocopherol treatment. 

The positions of such proteins are represented by empty circles in Fig. 7C. Fig. 7E& F 

show the resolution of proteins complexed to 100 ug DNA isolated from a-tocopherol 

pretreated cells or chromate-treated control cells, respectively. As seen in these figures, the 

49 kD acidic protein (p49, pI 5.2~5.4) 1s predominantly suppressed by a-tocopherol 

pretreatment of chromate treated cells, indicating its crosslinking to DNA is primarily by 

oxidative mechanisms. 

Although a-tocopherol inhibited the formation of DNA-protein complexes, at 

least in two different assays, there is still reason to believe that some of the DNA-protein 

crosslinks mediated by oxidative mechanisms may not dissociate under gel electrophoretic 

conditions (22), because of the formation of radical-induced covalent bonding between 
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DNA and protein without the involvement of sulfhydryl groups. Therefore, chromate- 

induced DNA-protein crosslinks were digested with DNase I prior to electrophoresis to 

release DNA-bound proteins by fragmenting DNA (Fig. 8 A). Although DNase I 

digestion of chromate-induced DNA-protein crosslinks did not resolve any new proteins on 

the gel, the comparative intensity of p49 increased, suggesting that p49, at least in part, 

may be covalently bound to DNA, probably via oxidative mechanisms. The nature of 

crosslinking of p49 to DNA was further analyzed by using x-ray as a positive control for 

inducing DNA-protein crosslinks via oxidative mechanism (44). Analysis of x-ray-induced 

DNA-protein crosslinks by two-dimensional gels revealed many identical proteins that were 

crosslinked to DNA by chromate, except a 51 kD basic protein (protein 'd’) (Fig. 8 B). 

These proteins could have been complexed to DNA oxidatively through the involvement of 

sulfhydryl groups and thus they were dissociated from DNA in two-dimensional gel 

electrophoretic conditions which comprised §-mercaptoethanol and 9 M urea. The p49 was 

seen only in trace amounts in two-dimensional gels of x-ray-induced DNA-protein 

crosslinks. Digestion of x-ray induced DNA-protein complexes with DNase I prior to 

electrophoresis increased the intensity of p49 on the gel (Fig. 8 C). Two-dimensional gel 

electrophoretic analysis showed that p49 was not a constituent of DNase I used to digest 

DNA-protein crosslinks. These results further support our contention that chromate- 

induced crosslinking of p49 to DNA is primarily via oxidative mechanisms. 

Effect of restriction-enzymes on the mobility of DNA-protein crosslinks on agarose gels 

Fig. 9 represents the fractionation of DNA-protein crosslinks with or without 

restriction enzyme digestion. Lanes 2, 5, and 9 represent DNA-protein complexes isolated 

from control cells. In lanes 3, 6, and 10, DNA-protein complexes were isolated from 

chromate treated cells and those in lanes 4, 7, and 11 were isolated from cells pretreated 

with a-tocopherol succinate prior to chromate treatment. In lanes 5 —> 7 DNA-protein 

crosslinks were digested with EcoRI, and with HindIII in lanes 9 —> 11. As seen in this 

figure, there is little difference in the mobility of DNA-protein crosslinks isolated from 

chromate treated cells or cells pretreated with a-tocopherol (lanes 2 & 3). When the same 

samples are digested with either EcoRI or HindIII, the mobility of DNA-protein complexes 

isolated from a-tocopherol pretreated samples was faster than that obtained from chromate 

treated cells, indicating that a-tocopherol treatment actually inhibited the number of DNA- 

protein crosslinks formed by chromate, so that more restriction sites were available for 
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restriction enzymes. These results suggest that chromate-induced DNA-protein crosslinks, 

at least in part, are formed via oxidative mechanisms and can be suppressed by pretreatment 

of cells with antioxidants. 

Discussion 

The chemical nature of chromate-induced DNA-protein crosslinks has not been well 

understood, although many previous studies have reported the induction DNA-protein 

crosslinks by this metallic carcinogen (see Ref. 1 and 2 for review). It has generally been 

believed that a stable and reduced form of the carcinogenic Cr(VJ), such as Cr(II), gives 

rise to DNA-protein crosslinks by directly mediating the crosslinking between the cellular 

DNA and protein (45). However, recent studies have shown that chromate-induced DNA 

strand breaks could be mediated by oxidative mechanisms (46, 47). The generation of 

oxygen radicals during the reductive metabolism of chromate inside the cell has been 

attributed to -OH radicals(13, 18) and -OH radicals have been considered as the ultimate 

agents in chromate-induced carcinogenic process (23). However, the exact mechanism(s) 

of chromate-induced carcinogenic processes remains to be unveiled. Pretreatment of cells 

with antioxidants have also shown to inhibit the chromate-induced DNA damage (48), 

mutation, and chromosomal aberration (49). Furthermore, we have recently shown that 

chromate induces an oxidative stress in the cells (18), and pretreatment of cells with 

vitamin E, an antioxidant, inhibits chromate-induced DNA-protein crosslinking (50). The 

results presented here, for the first time, differentiate the proteins that are predominantly 

crosslinked to DNA by oxidative mechanisms from other proteins following chromate 

treatment of intact cells, and indicate that chromate-induced DNA-protein crosslinks may, at 

least in part, be formed by the generation of active oxygen species during the intracellular 

chromate reduction. 

In the present study DNA-protein crosslinking and intracellular level of oxidants 

increased in a dose-dependent manner in MOLT4 cells with increase in the concentration of 

chromate (Fig. 1), without causing immediate cytotoxicity. Treatment of MOLT4 cells 

with 0 —> 200 LM potassium chromate in SGM increased the level of intracellular 

oxidants and DNA-protein crosslinking to 220% and 253% of control, respectively. A 

close quantitative correlation (r = 0.938) was observed between the level of intracellular 

oxidants and DNA-protein crosslinking upon chromate treatment. Although the mechanism 
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of chromate-induced increase in the intracellular level of oxidants such as hydrogen 

peroxide or hydroperoxides, which are shown to oxidize DCFH to DCF, is not known, we 

believe, Cr(V) generated by intracellular reduction of Cr(VI) may react with molecular 

oxygen giving rise to superoxide anion (O7--)- Superoxide so generated can dismutate 

spontaneously or by superoxide dismutase, giving rise to strong oxidants such as hydrogen 

peroxide. Therefore, although only a trace amounts of chromate may be present inside the 

cell at any given time, it is possible that chromate may undergo redox-cycling causing a 

significant increase in the cellular level of H2O2. The possibility of such regeneration of 

Cr(VI) has been suggested before (51). The hydrogen peroxide thus formed can generate 

more potent oxidative species such as hydroxy] radicals through chromium catalyzed 

Fenton type reaction (52): 

H202 +0." ------ > -OH + OH- + !09 

As shown in Fig. 5, the reaction of Cr(VI), Crd) or Cr(V) with H202 generates -OH 

radicals. Similar results were also reported from other studies (2, 32-33). In the present 

study, because chromate increased the intracellular level of hydroperoxides as well as 

DNA-protein crosslinks, and a close positive correlation was observed between the two 

events, it appears likely that chromate-induced increased DNA-protein crosslinking could 

be due to generation of protein- and/or DNA-radicals by the reaction of protein and/or DNA 

with -OH radicals, respectively, which may then cause DNA-protein crosslinking, via 

radical-radical or radical addition reactions (21, 22). 

The oxidative nature of chromate-induced DNA-protein crosslinking is also 

supported by the inhibition of DNA-protein crosslinking by pretreatment of cells with 

antioxidants or free radical scavengers such as a-tocopherol, Tiron and mannitol, which 

not only suppressed DNA-protein crosslink formation but also inhibited chromate-induced 

intracellular accumulation of oxidants (Fig. 2 and 3). Unlike other antioxidants, 

pretreatment of cells with ascorbate inhibited the chromate-induced increase in the 

intracellular accumulation of peroxides by 16% but increased DNA-protein crosslinking by 

140%. Because Cr(III) has been shown to bind DNA and proteins in vitro (15), and 

generate DNA-protein crosslinking when incubated with purified DNA and protein (53), 

the observed increase in chromate-induced DNA-protein crosslinking following ascorbate 

pretreatment of cells may, in part, be due to increase in the reduction of Cr(VI) leading to 

the increased accumulation of intracellular Cr(HI). Although riboflavin has been shown to 
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protect cells from oxidative stress (54), pretreatment of cells with this antioxidant 

potentiated the effect of chromate on the intracellular level of oxidants and DNA-protein 

crosslinking in MOLT4 cells. Thus, cells pretreated with 200 UM riboflavin prior to 

chromate treatment caused increase in DNA-protein crosslinking and the level of oxidants 

increased by 127% and 117%, respectively (Fig. 2). The mechanism by which riboflavin 

increases the production of hydrogen peroxide or other peroxides, and DNA-protein 

crosslinking in chromate-treated cells is not known. In the present study, pretreatment of 

cells with riboflavin increased the intracellular level of Cr(V) in chromate treated cells 

without affecting the level of Cr(III) (Fig. 4 and 5). Therefore, we propose, in presence of 

chromate, riboflavin (Rb) may give rise to H2O2 by the following reactions: 

Rb + Cr(VI) —> Rb- + Cr(V) 

Cr(V) + O2 —> Cr(VI) + Oo- 

Oo + O27 + 2H* —> H202 + On 

Hydrogen peroxide, thus generated, can generate -OH radicals by metal catalyzed Fenton 

type reaction, as mentioned above. In cell free systems, riboflavin has been shown to 

potentiate the formation of Cr(V) and generation of -OH radicals in the reaction between 

H202 and chromate (55). Therefore, we hypothesize that the potentiation of chromate- 

induced DNA-protein crosslinking in intact cells, by riboflavin may, in part be due to 

increased generation of H2O2 which, in turn, could generate -OH radicals with concomitant 

formation of DNA-protein crosslinks. Treatment of cells with aminotriazole, a known 

inhibitor of catalase, increased the chromate-induced DNA-protein crosslinking and 

accumulation of oxidants by 143% and 149%, respectively, further supporting our 

contention that intracellular generation of Cr(V) and the concurrent generation of active 

oxygen species, in particular H2O> are closely associated with DNA-protein crosslinking 

induced by the carcinogenic Cr(VJ). 

Treatment of MOLT4 cells with potassium chromate resulted in the crosslinking of 

a specific group of nuclear non-histone proteins DNA. Pretreatment of cells with a- 

tocopherol succinate, an antioxidant, resulted in general inhibition of chromate-induced 

DNA-protein crosslinks as well as the inhibition of crosslinking of specific proteins to 

DNA. These results are significant considering the enhanced resolution of proteins in two- 

dimensional gel electrophoresis which allows quantitative comparisons to be made for all 

the crosslinked proteins, including those of similar molecular weights. This is the first 

study which differentiates the proteins that are crosslinked to DNA via oxidative 
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mechanisms from those that are crosslinked via other mechanisms upon chromate 

exposure of intact cells. Although crosslinking of many other proteins was inhibited by o- 

tocopherol treatment, preferential inhibition of p49, its crosslinking to DNA by x-ray as 

well as the need for nuclease digestion to be released from the DNA indicate that it was 

predominantly crosslinked by oxidative mechanisms. 

Evidence for the involvement of oxidative mechanisms in the chromate-induced 

DNA-protein crosslinks also comes from the alteration in the restriction enzyme digestion 

pattern of DNA-protein crosslinks isolated from control chromate-treated cells and cells 

pretreated with a-tocopherol. The increased mobility of DNA-protein crosslinks isolated 

from a-tocopherol pretreated cells than that of cells treated with chromate alone, following 

digestion with EcoRI and Hindlll indicates that «-tocopherol treatment of cells inhibits the 

number of DNA-protein crosslinks formed per unit DNA by chromate, there by exposing 

more cleavage sites for restriction enzymes. Because a-tocopherol is an antioxidant, and 

pretreatment of cells with «a-tocopherol prior to chromate treatment inhibits the chromate- 

imduced DNA-protein crosslinking without affecting the cellular uptake of chromate, the 

inhibition of DNA-protein crosslinking by a-tocopherol could be due to scavenging of 

reactive oxygen species generated by cellular reduction of chromate. Collectively, these 

results demonstrate that oxygen free radicals are involved in certain chromate-induced 

DNA-protein crosslinks. 

The fact that antioxidants inhibited both the accumulation of peroxides and 

formation of DNA-protein crosslinks, and there is a clear close dose-dependency of each 

events for chromate exposure suggest that these two events may be interrelated. However, 

it does not conclusively establish a cause-effect relationship between the two phenomena. 

Pretreatment of cells with aminotriazole, a catalase inhibitor, however potentiated both the 

accumulation of peroxides as well as DNA-protein crosslinks (Fig. 2) again suggesting that 

reactive oxygen species are formed during chromate metabolism and these species may be 

involved in the process of DNA-protein crosslinking. a-tocopherol, an antioxidant, has 

been shown to inhibit the crosslinking of specific proteins to DNA by chromate and the 

crosslinking of a 49 kD acidic protein to DNA appears to be predominantly by oxidative 

mechanisms. a-tocopherol pretreatment was found to expose more cleavage sites for 

restriction enzymes per unit DNA, probably by inhibition of oxidatively generated 
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chromate-induced DNA-protein crosslinks. Although the exact nature of the interaction 

between the cellular DNA and protein in chromate-induced DNA-protein crosslinks remains 

to be ascertained, our results strongly suggest that active oxygen species, at least in part, 

are involved in the process. 
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Figure |. Correlative changes in the formation of DNA-protein crosslinks and level of 

oxidants in MOLT4 cells exposed to chromate. The MOLT4 cells were 

exposed to chromate for 2 hr in salts/glucose medium, and the level of 

oxidants and DNA-protein complexes were estimated as described under the 

Materials and Methods. (A) Chromate-dependent in intracellular oxidant 

level and DNA-protein crosslinking. (B) Correlation between chromate- 

induced DNA-protein crosslinking and intracellular oxidant level. Each value 

is a mean of atleast three independent experiments and expressed as mean + 

SD. “Significantly different from control, p < 0.01, 
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Figure 2. 
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Effect of antioxidants on chromate-induced DNA-protein complexes and 

intracellular oxidant level. Cell were pretreated with different antioxidants 

for 12 to 16 hr in complete RPMI medium, washed and then treated with 200 

uM chromate for 2 hr. Following chromate treatment, cell were washed and 

the level of oxidants and DNA-protein complexes were estimated as 

described under the Materials and Methods. Each value is a mean of at least 

three independent experiments and expressed as mean + SD, *Significantly 

different from control, p < 0.05, *Significantly different from control, p < 

0.01, 
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Figure 3. 
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Flow cytometric determination of potassium chromate-induced increase in 

intracellular level of oxidants in MOLT4 cells. Cells were pretreated with 

DMSO or 25 UM a-tocopherol (in DMSO) for 16 hr and then treated with 

various concentration of potassium chromate in SGM for 2hr. Oxidant level 

of cells was measured using DCF-DA by monitoring the shift in fluorescence 

intensity of cells in a Flow Cytometer, as described under the Materials and 

Methods. [Peroxide content was expressed in terms of DCF fluorescence as 

percent over control. Vertical bars, SD (n = 5)}. (a) Effect of a-tocopherol 

on chromate-induced increase in oxidant formation. (b) Representative 

histograms of DCF fluorescence of control cells, cells treated with a- 

tocopherol alone, or both chromate and a-tocopherol. * Significantly 

different from control, p < 0.01.



Figure 4. 

  
ESR spectra of chromium(V) in MOLT4 cells. Cells were pretreated with 

200 uM riboflavin (c) and 1 mM ascorbate (d), and then treated with 400 uM 

potassium chromate for 2 hr in SGM (b, c, d). (a) represents ESR spectra of 

untreated control cells. Following treatment, 50 x 10® cells were taken in 

ESR tubes and frozen in liquid nitrogen, and ESR measurements were 

made as described under the Materials and Methods. 
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Figure 5. ESR spectra of chromium(III) in MOLT4 cells. Cells were pretreated with 

200 uM riboflavin (c) and 1 mM ascorbate (d), and then treated with 400 uM 

potassium chromate for 2 hr in SGM (b, c, d). (a) represents ESR spectra of 

untreated control cells. Following treatment, 50 x 10° cells were taken in 

ESR tubes and frozen in liquid nitrogen, and ESR measurements were 

made as described under the Materials and Methods. 
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Figure 6. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from control or chromate-treated MOLT4 cells with and 

without a-tocopherol pretreatment. Chromate treatment of cells and isolation 

of DNA-protein complexes by the SDS/urea method was followed as 

described under the Materials and Methods. (A) Two-dimensional gel of 

DNA-protein complexes (equivalent to 200 ug DNA), isolated from nuclei of 

control cells. (B and C) Two-dimensional gels of proteins dissociated from 

30 tg DNA-protein complexes obtained from nuclei of MOLT4 cells treated 

with 200 WM chromate in SGM for 4 hr with or without a-tocopherol 

pretreatment, respectively. (D and E) Two-dimensional gels of proteins 

dissociated from 100 ng DNA-protein complexes obtained from nuclei of 

MOLT4 cells treated with 200 {1M chromate in SGM for 4 hr with or without 

a-tocopherol pretreatment, respectively. 
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Figure 6 A. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes isolated from nuclei of control (potassium chloride) MOLT4 

cells. Chromate treatment of cells and isolation of DNA-protein complexes 

by the SDS/urea method was followed as described under the Materials and 

Methods. DNA-protein complexes containing 150 ug DNA were analyzed 

by two-dimensional gels. No proteins were detected on the gel of control 

DNA-protein crosslinks indicating that the SDS/urea extraction method 

dissociated most of the back ground DNA-protein complexes. 
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Figure 6 B. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes containing 25 ug DNA isolated from nuclei of MOLT4 cells 

treated with 25 uM a-tocopherol succinate prior to treatment with 200 uM 

potassium chromate for 4 hr. Chromate treatment of cells and isolation of 

DNA-protein complexes by the SDS/urea method were followed as described 

under the Materials and Methods. The proteins labeled as ‘a’, 'b'and 'c', 

were found primaly crosslinked to DNA with treatment with 25 uM chromate 

for 16 hr. The proteins 'm' and 'n' were abundantly croslinked to DNA at 

higher doses of chromate (>50 uM). The empty circles represent the 

positions of different proteins whose crosslinking to DNA was suppressed 

by pretreatment of cells with a-tocopherol. 
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Figure 6 C. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes containing 25 ug DNA isolated from nuclei of MOLT4 cells 

treated with 200 uM potassium chromate for 4 hr. Chromate treatment of 

cells and isolation of DNA-protein complexes by the SDS/urea method was 

followed as described under the Materials and Methods. The proteins labeled 

as ‘a’, 'b', 'c' and 'd' were found primaly crosslinked to DNA with 

treatment with 25 uM chromate for 16 hr. The proteins 'm' and 'n' were 

abundantly croslinked to DNA at higher doses of chromate (>50 UM). The 

crosslinking of protein 'x' to DNA was predominantly suppressed by 

pretreatment of cells with a-tocopherol. 
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Figure 6 D. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes containing 100 ug DNA isolated from nuclei of MOLT4 cells 

treated with 25 uM a-tocopherol succinate prior to treatment with 200 uM 

potassium chromate for 4 hr. Chromate treatment of cells and isolation of 

DNA-protein complexes by the SDS/urea method was followed as described 

under the Materials and Methods. The proteins labeled as 'a’, 'b', 'c' and 

‘d' were found primaly crosslinked to DNA with treatment with 25 uM 

chromate for 16 hr. The proteins 'm' and 'n' were abundantly croslinked to 

DNA at higher doses of chromate (>50 UM). The crosslinking of protein 'x' 

to DNA was predominantly suppressed by pretreatment of cells with a- 

tocopherol. 
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Figure 6 E. Nonequilibrium two-dimensional gel electrophoresis of DNA-protein 

complexes containing 100 ug DNA isolated from nuclei of MOLT4 cells 

treated with 200 UM potassium chromate for 4 hr. Chromate treatment of 

cells and isolation of DNA-protein complexes by the SDS/urea method was 

followed as described under the Materials and Methods. The proteins labeled 

as ‘a’, 'b', 'c' and 'd' were found primaly crosslinked to DNA with 

treatment with 25 uM chromate for 16 hr. The proteins 'm' and 'n' were 

abundantly croslinked to DNA at higher doses of chromate (>50 UM). The 

crosslinking of protein 'x' to DNA was predominantly suppressed by 

pretreatment of cells with a-tocopherol. 
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Figure 7. Nonequilibrium two-dimensional gel electrophoretic analysis of DNA-p49 

complexes induced by chromate and x-ray. Chromate and x-ray treatment of 

cells and isolation of DNA-protein complexes by the SDS/urea method were 

followed as described under the Materials and Methods. (A) Two- 

dimensional gel of DNA-protein complexes (equivalent to 100 tug DNA), 

isolated from nuclei of chromate treated cells and digested by DNase I. (B 

and C) Two-dimensional gel of DNA-protein complexes (equivalent to 100 

tg DNA), isolated from nuclei of x-ray (25 Gy) treated cells with and 

without DNase I digestion, respectively. Proteins labeled as ‘a’, 'b’, 'c’, 

and 'd' were found primarily crosslinked to DNA that were resistant to the 

SDS/urea extraction when cells were treated with 25 uM chromate for 16 hr. 

Proteins labeled as 'D' were due to extraneous addition of DNase I. [Data 

presented here include the present work and previous works (Mattagajasingh 

and Misra, Molecular Carcinogenesis, 1995, submitted). | 
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Figure 7 A. 

  
Effect of DNase I digestion of chromate-induced DNA-protein crosslinks on 

the resolution of p49 on two-dimensional gels. Chromate treatment of cells 

and isolation of DNA-protein complexes by the SDS/urea method were 

followed as described under the Materials and Methods. DNA-protein 

complexes containing 100 ug DNA, isolated from nuclei of chromate treated 

cells were digested by DNase I and then analyzed by two-dimensional gel 

electrophoresis. The proteins labeled as 'a', 'b', 'c’ and 'd' were found 

primaly crosslinked to DNA when cells were treated with 25 uM chromate 

for 16 hr. Proteins labeled as 'D' were due to extraneous addition of 

DNase I. 
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Figure 7 B. 

  
Effect of DNase I digestion of x-ray-induced DNA-protein crosslinks on the 

resolution of p49 on two-dimensional gels. X-ray treatment of cells and 

isolation of DNA-protein complexes by the SDS/urea method were followed 

as described under the Materials and Methods. DNA-protein complexes 

containing 100 ug DNA, isolated from nuclei of x-ray treated cells were 

digested by DNase I and then analyzed by two-dimensional gel 

electrophoresis. The proteins labeled as ‘a’, 'b', 'c' and 'd' were found 

primaly crosslinked to DNA when cells were treated with 25 uM chromate 

for 16 hr. The arrow indicates the position of protein 'x' which was poorly 

resolved on the gel without DNase I digestion and was also predominantly 

suppressed by a-tocopherol pretreatment of cells. Proteins labeled as 'D' 

were due to extraneous addition of DNase I. 
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Figure 7 C. 

  
Nonequilibrium two-dimensional gel electrophoretic analysis of x-ray- 

induced DNA-protein crosslinks. X-ray treatment of cells and isolation of 

DNA-protein complexes by the SDS/urea method were followed as described 

under the Materials and Methods. DNA-protein complexes containing 100 

ug DNA, isolated from nuclei of x-ray treated cells were analyzed by two- 

dimensional gel electrophoresis. The proteins labeled as 'a', 'b'and 'c' were 

found primaly crosslinked to DNA when cells were treated with 25 uM 

chromate for 16 hr. The arrow indicates the position of protein 'x' which 

was poorly resolved on the gel without DNase I digestion and was also 

predominantly suppressed by o-tocopherol pretreatment of cells. 
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Figure 8: 

  
Differential fragmentation of chromate-induced DNA-protein crosslinks 

isolated from cells with or without a-tocopherol pretreatment. In lanes 2, 5 

and 9 show DNA-protein crosslinks isolated from control cells. In lanes 3, 6 

and 10 show DNA-protein crosslinks isolated from chromate-treated cells, 

and in lanes 4, 7 and 11 DNA-protein crosslinks were isolated from cells 

treated with 25 uM a-tocopherol prior to chromate treatment. DNA-protein 

crosslinks in lanes 5—>7 and 9—11 were digested with EcoRI and Hindill, 

respectively. All lanes contained DNA-protein crosslinks equivalent to 10 ug 

DNA. 
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Summary 

DNA-protein crosslinks induced by Cr(VI) treatment of human leukemic T- 

lymphocyte MOLT4 cells were characterized and the possible mechanisms involved in the 

crosslinking process were investigated. Effect of Cr(VI) on the ‘oxidative stress status' of 

the cells were also studied. Our results indicate that: 

(1) 

(2) 

Three acidic proteins of 74, 44 and 42 kD, and a basic protein of 51 kD were 

primarily complexed to DNA following 25 uM chromate treatment. Higher 

concentrations of chromate cross-linked many other nuclear proteins to DNA. 

Treatment of the complexes with DNase I, RNase and Proteinase K revealed 

that the ultracentrifugal sedimentation of the proteins was due to their 

association with DNA. The complexes were partially (18%) disrupted by 

EDTA indicating the participation of a chelatable form of chromium such as 

Cr(IIf) in the complexes. Disulfide reducing agents such as B-mercaptoethanol 

and thiourea caused a partial disruption (approximately 50%) of the complexes 

which indicated the the involvement of sulfhydryl groups in the crosslinking 

process. Pretreatment of cells with antioxidants before chromate treatment 

partially inhibited the formation of DNA-protein complexes suggesting that 

some of the complexes could have been formed via oxidative mechanisms due 

to generation of reactive oxygen species during the intracellular reduction of 

Cr(VI). Therefore, we conclude that Cr(VD crosslinks a selected group of non- 

histone proteins to DNA and sulfhydry] groups of proteins are involved in the 

crosslinks. A chelatable form of chromium such as Cr(IID as well as oxidative 

mechanisms may be involved in chromate-induced DNA-protein complexes. 

Cr(VI) treatment of cells significantly lowered the levels of both the low 

molecular weight antioxidants and antioxidant enzymes. In particular, the levels 

of glutathione and ascorbate were found to decrease with increased doses of 

chromate exposure in a dose-dependent manner. As little as 10 uM chromate 

was found to decrease these small molecular weight antioxidants significantly (p 

< 0.01). The antioxidant enzymes, such as glutathione peroxidase, catalase, 

glutathione reductase, glucose-6-phosphate dehydrogenase and superoxide 

dismutase were also significantly (p < 0.01) decreased by exposing the cells to 
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(3) 

(4) 

as little as 10 uM chromate. Concomitantly, there was a dose-dependent 

increase in intracellular oxidants such as H2O2 and/or other hydroperoxides, 

and the oxidants were predominantly localized in the nucleus of cells treated 

with Cr(VI). Treatment of cells with antioxidants such as a-tocopherol, Tiron, 

ascorbate, mannitol and riboflavin, prior to chromate treatment inhibited the 

oxidant inducing effect of chromate. We propose that chromate-induced 

genotoxicity may, at least in part, be due to decreased levels of intracellular 

antioxidants in conjunction with an increased production of the reactive oxygen 

species. 

Potassium chromate treatment of cells induced the formation of lipid peroxides, 

protein carbonyls and DNA-protein crosslinks in a dose-dependent manner. 

Reaction of Cr(VI) with cellular reductants such as NADPH and glutathione 

reductase generated Cr(V) and Cr(II)), and in presence of H2O2 produced -OH 

radicals. Pretreatment of cells with various antioxidants inhibited chromate- 

induced lipid peroxidation, protein oxidation and formation of DNA-protein 

crosslinks. Pretreatment of cells with a-tocopherol predominantly suppressed a 

49 kD acidic protein. However, crosslinking of many other proteins was also 

partially suppressed by a-tocopherol pretreatment. Chromate-induced DNA- 

protein crosslinks isolated from a-tocopherol pretreated cells exhibited an 

increased fractionation of DNA by restriction enzymes as compared to DNA- 

protein crosslinks isolated from cells treated with chromate alone. These 

results, for the first time, demonstrate the direct evidences of the involvement of 

active oxygen species in the chromate-induced DNA-protein crosslinks. We 

conclude that chromate-induced DNA-protein crosslinks are mediated by 

oxidative mechanisms including the formation of protein carbonyls, and the 

genotoxic and cytotoxic action of Cr(VJ may, at least in part, be mediated via 

oxidative mechanisms. 

Potassium chromate, chromium(II) chloride hexahydrate and x-ray crosslinked 

a selected group of nonhistone proteins to DNA that was common to all the 

three crosslinking agents. In addition, a 51 kD basic protein was found to 

complex to DNA when either potassium chromate or chromium(IID chloride 

hexahydrate was the crosslinking agent. The 51 kD protein was dissociated by 
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(5) 

EDTA from chromate-induced DNA-protein crosslinks which suggests that this 

protein is primarily crosslinked to DNA through a chelatable form of chromium 

such as Cr(IIl) following exposure of intact cells to Cr(VI). In contrast, two- 

nonhistone proteins of 26 kD and 49 kD, and histones were crosslinked to 

DNA by formaldehyde. Formaldehyde-induced DNA-protein complexes were 

resistant to treatments such as EDTA, B-mercaptoethanol and thiourea, and 

DNase I digestion was required to resolve the proteins on two-dimensional gels 

indicating that these complexes may be formed by covalent crosslinking of 

proteins to DNA without the involvement of sulfhydryl groups and therefore, 

these complexes are different from those that are induced by Cr(VJ), Cr(ID, or 

x-ray. Potassium chromate, chromium(III) chloride hexahydrate and x-ray- 

induced DNA-protein complexes were partially disrupted by B-mercaptoethanol 

and thiourea, and the metal-induced DNA-protein crosslinks were additionally 

disrupted by EDTA. We conclude that Cr(V1)-induced DNA-protein crosslinks 

are formed by both the generation of active oxygen species during the 

intracellular chromate reduction as well as by the biologically generated Cr(II). 

The Cr(VI)-induced DNA-protein crosslinks involve sulfhydryl groups, and are 

different from those generated by amine-amine interaction as has been shown 

for formaldehyde. Based on these results, we propose that the 51 kD basic 

protein is a potential candidate for a biomarker of chromium exposure. 

However, this protein may not be unique to chromate. 

N-terminal amino acid sequencing and immunoblotting studies illustrated that 

lectin, actin and aminoglycoside nucleotidy]-transferase could be among other 

proteins that participate in chromate-induced DNA-protein crosslinking. We 

conclude that chromate exposure may affect the structural and functional aspects 

of the cell associated with these proteins, and some of the cytotoxic and 

genotoxic effect of chromate could have been produced by the crosslinking of 

these proteins to DNA. 

The above results shed new light on the mechanism of chromate-induced DNA- 

protein crosslinking. In contrast to the present notion, our results show that chromate- 

induced DNA-protein crosslinks are not only formed by the direct involvement of Cr(IID), 

but also through oxidative mechanisms. Identification of the three nuclear proteins, actin, 

lectin and aminoglycoside nucleotidyl-transferase opens up new aspects of chromate 
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toxicity for investigation. The crosslinking of the 51 kD and the 49 kD protein to DNA by 

the metal and oxidative mechanisms, respectively, distinguish them from other nuclear 

proteins, and suggest their utility as biomarkers for respective pathological situations. Ours 

results also suggest that antioxidants may be useful for ameliorating the cytotoxic and 

genotoxic effects of chromium compounds. 
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