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ABSTRACT

Chromium(V) compounds are established human carcinogens. It is now well accepted 

that chromium(V) is activated by a number of intracellular reducing agents to its 

ultimate carcinogenic form. However, despite intensive research efforts during the last 

ten years, both the nature of the ultimate DNA damaging species and the relative 

contribution of the various possible reductive pathways for the activation of 

chromium(V) remain obscure. Prompted by recent reports on the role of ascorbate as 

an important reductant of chromium(V) in vivo this study has investigated the potential 

of ascorbate to activate chromium(V) to DNA damaging species.

Single-strand breaks (SSB) and apurinic/apyrimidinic sites (AP-sites) were readily 

observed in isolated DNA of the bacteriophage PM2 which was treated with chromate 

in the presence of ascorbate levels similar to those observed in mammalian cells. The 

number of both SSB and AP-sites rose with increasing concentrations of chromate. An 

as yet unidentified intermediate formed during the reduction of chromate by ascorbate 

was found to be responsible for the DNA damage. Molecular oxygen was essential for 

the process leading to SSB and AP-sites. Both these lesions occurred with equal 

probability and their formation followed a very similar time course.

Attempts were made to probe the nature of the DNA damaging species arising from 

chromate/ascorbate. Modified DNA bases resulting from attack by hydroxyl radicals 

were not observed using Gas Chromatography-Mass Spectrometry in selective ion 

monitoring mode, ruling out hydroxyl radicals as the species causing SSB and AP- 

sites.

Finally, the potential of the DNA lesions formed by chromium(V)/ascorbate to cause 

mutations was assessed. Treatment of plasmid DNA (pUC19) with chromate and 

ascorbate gave rise to elevated mutation frequencies in the lacZ' gene, detected after 

transformation of E. coli TGI, indicating that the reductive conversion of 

chromium(V) by ascorbate may be an important pathway in the causation of 

mutations.
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LIST OF FIGURES

Figure 1.2-1: The "uptake-reduction” model, adapted from Standeven and 
Wetterhahn (1991b). Cr(V) as the tetrahedral anion chromate is able to 
cross cell membranes and once inside cells it is readily reduced by 
several cell organelles and constituents with formation of reactive 
intermediates and finally the kinetically inert Cr(III). This intracellular 
reduction represents a crucial step in the activation of chromium to its 
ultimate(s) genotoxic form(s) once Cr(V) itself does not react with 
genetic material. Chromate anions can also be reduced extracellularly 
in body fluids or in non-target cells such as blood, digestive tract and 
lumen of terminal airways (De Flora and Wetterhahn, 1989).

Figure 2.2-1: The effect of metal contaminations on single-strand breaks in 
isolated PM2 DNA (8 pg/ml) induced by AsA with (A) non- 
demetallated DNA and non-demetallated phosphate buffer, (B) non- 
demetallated DNA but Chelex-treated phosphate buffer and (C) both 
DNA and phosphate buffer demetallated as described above. Samples 
were incubated for 2 h. Lanes (A, B and C) 1 and 2, DNA alone; 3 
and 4, with 25 pM AsA; 5 and 6, with 100 pM AsA; 7 and 8, with 1 
mM AsA. The bands of the lower rows represent uncleaved closed 
circular supercoiled form I PM2 DNA. The upper ones are nicked 
circular form II PM2 DNA (see Figure 2.2-2).

Figure 2.2-2: Principles of the DNA electrophoretic assay. A. A single strand 
break in the supercoil (form I) causes the molecule to relax to the 
closed circular form (form II). B. A double strand break in the closed 
circular form induces a further conformational change to the linear 
form (form EH). C. Due to these conformational differences the three 
forms are separated by agarose gel electrophoresis (See text). Due to 
its compact conformation form I migrates fastest, form II because it is 
relatively bulky will migrate, slower in an electric field. Finally the 
form III, migrates slower than form I. The different fluorescence 
intensities of the bands (densitometry of photographs after EB staining 
and UV illumination of the gels) correspond to the relative abundance 
of the three forms (see Figure 2.2-3).
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Figure 2.2-3: Densitometric analysis of different DNA bands in a photograph 
of an agarose gel. Because the photographs were analysed in the 
cathode-anode direction the first peak corresponds to form II and the 
second to form I (migrates further). Calculations are described in the 
text.

Figure 3.3-1: DNA single strand breaks caused by varying concentrations of 
Cr(VI) in the presence of 1 mM AsA in demetallated phosphate buffer 
(pH 6.8). Data presented are corrected for the number of strand breaks 
induced in control samples containing 1 mM AsA.

Figure 3.3-2: Time course of the generation of single strand breaks induced 
by 0.5 mM Cr(VI) and 1 mM AsA in isolated PM2 DNA. Values 
depicted are corrected for the level of strand breaks in control samples 
containing 1 mM AsA.

Figure 3.3-3: The influence of varying AsA concentrations on the level of 
strand breaks when PM2 DNA was incubated with a constant 
concentration of 0.3 mM Cr(VI) and increasing concentrations of AsA 
up to 1 mM. Data presented were corrected for the number of strand 
breaks occurring in control samples incubated with 1 mM AsA.

Figure 3.3-4: DNA strand breaks caused by varying AsA concentrations in the 
presence of 50 pM Cr(VI). Control samples were incubated in the 
presence of 50 pM AsA and values depicted were previously corrected 
for the number of SSB occurring in these samples.

Figure 3.3-5: Strand breaks resulting from treatment (2 h) of PM2 DNA with 
Cr(VI)/AsA reaction mixtures (0.5 mM/1 mM) aged for the time 
intervals indicated. Control values were obtained by determining the 
number of strand breaks in samples containing 1 mM AsA and 
incubated for 2 h.

Figure 3.3-6: The effect of Cr(VI) and AsA on PM2 DNA with HEPES as the 
buffering agent. Lanes 1-15: 1 mM AsA with varying Cr(VI) 
concentrations in HEPES buffer. 1,2: 0.2 mM Cr(VI); 3,4: 0.4 mM; 
5,6: 0.5 mM; 10,11: 0.6 mM; 12,13: 0.8 mM and 14,15: 1 mM. Lanes 
8,9 are controls (1 mM AsA, no Cr(VI)). Lane 7 is a control with PM2 
DNA alone in HEPES buffer.
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Figure 4.3-1: The level of cleavage in PM2 DNA treated with Cr(VI) (0.2 
mM) and AsA (1 mM) and post-incubated (1 h) with: Exo - 
exonuclease III (1 U/pl); Put - putrescine (10 mM); Tri - Lys-Trp-Lys 
(10 mM); End - 2.5 pg/ml AP-endonuclease containing extract from 
human fibroblasts. Data shown are corrected for the level of breaks in 
control samples containing AsA and DNA (usually not exceeding 0.3 
per 10 kb). Error bars are means ± 95% confidence intervals (SEM x 
t (95%), n = 4-8 from at least 2 independent experiments). The 
differences in the level of cleavage observed upon post-incubation with 
the above agents were not significant (ANOVA).

Figure 4.3-2: The level of cleavage in PM2 DNA after treatment (2 hours) 
with increasing Cr(VI) concentrations in the presence of AsA (1 mM) 
(■) and the additional nicking observed upon post-incubation with 
exonuclease III (1 U/pl) (□). Data shown are corrected for the level of 
breaks in control samples containing AsA and DNA. Results are means 
± 95% confidence intervals (SEM x t (95%), n = 4-8 from at least 2 
independent experiments).The inset shows the same data, except that 
the number of AP-sites, as obtained by subtracting the level of SSB 
from the total cleavage after treatment with exonuclease III, is 
presented. The levels of SSB and AP-sites at each Cr(VI) concentration 
do not differ significantly (Student’s t-test).

Figure 4.3-3: The number of SSB (■) and AP-sites (□) formed in PM2 DNA 
treated with Cr(VI) (0.2 mM) and AsA (1 mM) for different time 
intervals. AP-sites were revealed by post-incubation with putrescine. 
Data were corrected for the level of breaks induced in control samples 
containing AsA and DNA and results shown are means ± 95% 
confidence intervals (SEM x t (95%), n = 4 from 2 independent 
experiments). The number of SSB was not significantly different from 
the number AP-sites (Student’s t-test).

Figure 4.3-4: Effect of catalase (10 pg/ml) and superoxide dismutase (SOD, 
10 pg/ml) on the level of SSB and AP-sites, induced by Cr(VI) (0.2 
mM) and AsA (1 mM) after 2 h incubation. AP-sites were revealed by 
post-incubation with putrescine. Error bars are means ± 95% 
confidence intervals (SEM x t (95%), n = 3-6, at least 2 independent 
experiments).
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Figure 4.4-1: Summarised reaction between putrescine and the C-1 ’ aldehyde 
group of an AP-site.

Figure 4.4-2: Schematic drawing explaining the impossibility of detecting an 
abasic-site in a molecule containing also a SSB. A) The formation of 
a SSB or the DNA scission at an AP-site upon post-incubation with 
putrescine or exonuclease III leads to the relaxation of the supercoil 
(form I) to the open circular form (form II). B) However an AP-site 
present in a molecule where a SSB has also occurred will escape 
detection, since cleavage at the AP-site upon post-incubation will not 
lead to further conformational changes.

Figure 4.4-3: Proposed mechanism for oxidation of C-4’ of the deoxyribose 
ring by neocarzinostatin depicting the pathway giving rise to single 
strand breaks (SSB) and malonaldehyde-like (MDA-like) products. 
4 ’hydroxylated AP-site can exist as the open ring structure containing 
an aldehyde group at C-1’. Adapted from Dedon and Goldberg, 1992.

Figure 5.2-1: Strategy 1 for in vitro mutagenesis experiments. pBR322 carries 
two marker genes: amp'  ̂ and tef, coding for proteins which confer 
resistance to the antibiotics ampicillin and tetracycline respectively. The 
main steps are: the in vitro treatment of plasmid pBR322 with Cr(VI) 
and AsA; double digestion of treated and untreated plasmid with two 
different restriction endonucleases in order to create two different 
complementary single stranded overhangs; separation of the two 
fragments of both treated and untreated plasmid by using agarose gel 
electrophoresis; recovery of the fragment containing the intact amp'' 
from the non-treated plasmid and the fragment carrying DNA lesions 
in the te f as a result of the in vitro treatment; ligation of the two 
fragments in a recombinant DNA molecule (reaction catalysed by T4 
DNA ligase) and transformation of competent E. coli cells; plating of 
cells in plates containing ampicillin (where the transformants are able 
to grow) and replica plating of the transformants in tetracycline 
containing plates where mutants (amp" tet )̂ will not grow.

Figure 5.2-2: Double digestion of pBR322 using HindHl and Aval and 
recovery of DNA fragments using electroelution. A. Lane 1: 0.5 pg of 
molecular weight marker; lanes 2-3: 750 ng of double digested 
pBR322. B. After electroelution, 5 pi of the total 21 pi recovered for
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each fragment was run. Lane 2: 2965 bp fragment; lane 3: 1396 bp 
fragment.

Figure 5.2-3: Results of ligation reaction of fragments recovered using 
electroelution. Ligation mixtures were incubated overnight at 16°C. 
Lane 1 contains a molecular weight marker, the following lanes are the 
results of the reactions represented in the table above in the same order.

Figure 5.3-1: Strategy 2 for in vitro mutagenesis experiments. A fragment of 
the plasmid pBR322 carrying the te f  and containing the recognition 
sites for two different restriction endonucleases is amplified by PCR, 
treated with Cr(VI) and AsA and then digested with these two 
enzymes. The plasmid vector pUC19 contains a lacZ’ (part of the lacZ 
gene) which codes for a fragment of a marker enzyme (P- 
galactosidase), and is linearised with two enzymes which create 
complementary cohesive ends to the ones generated in the PCR 
amplified fragment. The next step is to insert the fragment carrying the 
te f  treated with Cr(VI) and AsA into pUC19. The insertion of the 
fragment will lead to the inactivation of the lacZ’ gene. This insertional 
inactivation is directly recognised by the production of white colonies 
in a medium containing ampicillin and a chromogenic substrate (X-gal) 
of P-galactosidase. The white colonies (successful recombinants) are 
screened for mutants by replica plating in ampicillin and tetracycline 
plates.

Figure 5.3-2: The annealing of primers to pBR322 and the restriction sites of 
FcoRI and BspEl.

Figure 5.3-3: Gel showing the results of the PCR experiment described in 
Table 5-1. Lane 7 contains 0.5 pg of a 100 bp ladder and lane 8 
contains 800 ng of X DNA HindWl digest. Lanes 1-6 contain 10 pi of 
PCR reactions described in Table 5-1. Lane 1 is a negative control (no 
DNA template). Other lanes contain different concentrations of DNA 
template or MgCl2. All contained 5 units of enzyme (1 pi) added after 
5 min at 94°C ("hot-start").

Figure 5.3-4: Agarose gel showing the results of ligation mixtures (5 pi) of 
different pUC19:PCR amplified ratios. Lane 1-4: mixtures a)-d) (see 
page 122) ethanol precipitated + 1 pi ligation buffer (lOX) -f 400 units 
T4 DNA ligase.
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Figure 6.2-1: Principles of the forward mutation assay used to analyse the 
mutagenicity of DNA lesions caused by Cr(VI)/AsA. The lacZ' 
fragment is the target for mutagenesis. pUC19 plasmids carry two 
marker genes: amp" and lacZ\ The latter encodes the sequence of the 
amino terminal fragment of P-galactosidase. This fragment is capable 
of intra-allelic complementation with a defective form of the enzyme 
encoded by a suitable bacterial host such as E. coli TGI (see text). 
pUC19 is treated with Cr(VI) and AsA. DNA lesions are represented 
as open circles in the plasmid. The modified plasmid, carrying DNA- 
lesions, is used to transform E.coli TGI. Cells are made competent by 
CaCl2 treatment. In some experiments cells are UV irradiated for the 
induction of SOS response. After the transformation procedure the cells 
are spread on plates containing ampicillin (100 pg/ml), IPTG (0.5 mM) 
and X-gal (40 pg/ml). An active enzyme is recognised in plates 
containing X-gal by the production of blue colonies. Mutants are 
phenotypically recognised as white colonies, produced if the lacZ’ 
fragment carries a mutation which inactivates the gene.

Figure 6.3-1: Mutation frequencies of E. coli TGI transformed with pUC19 
plasmid. The column defined as control represents mutation frequencies 
obtained from transformation of competent TGI with non-treated 
plasmid (background mutation frequency). Other columns are values 
obtained from transformations with pUC19 treated with different 
concentrations of Cr(VI) in the presence of 1 mM AsA. MF are 
determined as described in 6.2.6. Values are mean ± SD. Satistics: ♦ ♦ 
group mean is significantly different (p<0.001) from control (Student’s 
t test for homogenous variances).

Figure 6.3-2: Estimation of the UV dose causing 50% killing of E. coli TGI 
cells. A - Number of bacteria in suspension with increasing times of 
UV exposure. Each point represents the mean of 2 or 3 viability 
countings of the suitable dilution. B - Same values expressed as 
percentage of survival with increasing times of UV exposure. The time 
estimated to cause that percentage of killing was 180 s.

Figure 6.3-3: The influence of SOS induction on mutation frequencies. TGI 
cells (with or without induced SOS functions) were transformed with 
untreated plasmid pUC19 or treated with 0.2 mM Cr(VI)/l mM AsA. 
MF are calculated as described in section 6.2.6.
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A adenine
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OH hydroxyl radicals

PCR polymerase chain reaction
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rpm number of rotations per minute
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SCE sister chromatid exchanges

SD standard deviation

SEM standard error of the mean

SIM selective-ion monitoring

SOD superoxide dismutase

SSB DNA single strand breaks

T thymine
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te f tetracycline resistance gene

TE Tris-EDTA
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UHQ ultra high quality

UV ultraviolet

XFE transformation efficiency
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CHAPTER 1 

GENERAL INTRODUCTION

A relationship between exposure to chromium(VI) and the development of cancer of 

the respiratory tract has been suspected since the first nasal tumours were described 

among Scottish chrome workers in the late 19“’ century (Newman, 1890). After this 

first observation a series of epidemiological studies (specially since the late 1940s) of 

the health experience of workers occupationally exposed to chromium(VI) consistently 

provided evidence for a link between exposure to certain chromium compounds by 

inhalation and cancer of the respiratory tract (Cohen et al., 1993; Lees, 1991). 

Although there is some uncertainty as to the exact nature of the compound(s) which 

cause cancer there is general agreement that the metal in its hexavalent form is 

carcinogenic. In the light of extensive evidence, supported by the outcome of animal 

studies and genotoxicity data, the International Agency for Research on Cancer 

Working Group for Evaluation of the Carcinogenic Risk of Chemicals to Humans has 

classified chromium(VI) as a Group 1 carcinogen (presenting sufficient evidence for 

carcinogenicity in humans and animals) (lARC, 1990).

Chromium(VI) is widely used in industry. The manufacture of chromate pigments, 

chrome plating, stainless steel welding and chromate production are the occupational 

settings where exposure to chromium(VI) by inhalation occurs (Stem, 1982). Other 

routes of exposure include contact with the skin during handling of cement or the 

treatment of timber with chromium(VI) compounds (lARC, 1990). It is estimated that 

several million workers come into contact with chromium(VI) during stainless steel 

welding (Stem, 1982). Toxic effects other than cancers have been reported after 

occupational exposure. Examples are necrosis and perforation of the nasal septum 

resulting from inhalation of Cr(VI) compounds and allergic dermatitis from skin 

contact (lARC, 1990).

Extensive research on the molecular mechanisms underlying chromium(VI) 

carcinogenicity has been carried out during the last decade. Despite considerable 

efforts our understanding of the mechanisms involved in genotoxicity and
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carcinogenicity of chromium is still incomplete. In particular the role of AsA in the 

generation of DNA damage has received comparatively little attention. The present 

work is intended to fill this gap.

1.1 THE CARCINOGENICITY OF CHROMIUM COMPOUNDS

1.1.1 Chemistry, Occurrence and Industrial Uses

Chromium is a transition metal with atomic number 24 and mass 52.01. It can occur 

in oxidation states ranging from -2 to +6, but only ground state 0, +2, +3 and +6 are 

common. Its aqueous chemistry is rich in oxidation states (Shupack, 1991).

In the metallic form chromium is a white, brittle and lustrous metal with a fairly high 

melting point (1903±10^C) and electron configuration 3d  ̂ 4s\

The trivalent form of chromium is the most stable, thermodynamically, and it is 

represented by thousands of compounds, due to its strong tendency to form 

coordination compounds, chelates and complexes with a coordination number of 6, 

with the directions of the ligands pointing to an octahedron. It never exists as free 

chromic ion but is always linked to water or other small molecules in coordination 

complexes. The rate of ligand exchange of Cr(III) complexes is very low. Its relative 

kinetic inertness is due to the stability of its half-filled outer electronic shell. The 

oxidation state of chromium in biological material is also the trivalent state (Mertz, 

1969).

Chromium(II) compounds are strong reductants and therefore easily oxidised to the 

inert Cr(III) in water or air (Shupack, 1991) and its existence in biological systems can 

be excluded (Mertz, 1969).

The hexavalent form of the metal is of great interest because it is the one implicated 

in causing cancer in man and in animals. In aqueous solution Cr(VI) may exist in a 

variety of oxospecies depending on the pH. At low pH values (pH < 1) H2Cr0 4  is the 

prevalent form. At 2<pH<6 Cr2 0 7 '̂ and HCrOf dominate and at higher pH values
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(pH>7) chromium(VI) exists mainly as the chromate anion (Shupack, 1991; Connett 

and Wetterhahn, 1983). Cr(VI) is a strong oxidising species which explains its strong 

tendency to be reduced to the trivalent form by several biological reducing molecules 

(Connett and Wetterhahn, 1983).

Chromium(IV) and (V) are the least frequently occurring oxidation states of this 

element. Biologically, most of these are formed as transient intermediates during the 

reduction of Cr(VI) to Cr(III). Due to their inherent instability Cr(V) and Cr(IV) are 

now considered to be responsible for the generation of cytotoxic and genotoxic 

intermediates inside cells (Connett and Wetterhahn, 1983; De Flora and Wetterhahn,

1989).

Chromium is widely distributed in the earth’s crust (Mertz, 1969). Although chromium 

is present in several minerals, chromite ore is the only source of chromium used 

commercially. Chromite ore is constituted of chromium (40 - 50%), iron, aluminium 

and magnesium oxides and is used for the production of ferrochromium alloys, 

refractory materials, chromium compounds and chromium metal. Metallic chromium, 

chromium(III) and chromium(VI) compounds have extensive use in industry. For a 

more comprehensive review see I ARC (1990).

Metallic chromium is used for the production of chromium alloys. These alloys have 

uses for instance in the production of high temperature resistant equipment, cutting 

tools and surgical implants, but the majority of chromium metal and alloys is 

consumed during the production of stainless steel.

Chromium(III) compounds such as chromic acetate, chloride, hydroxide and sulphate 

are mainly used in textile, leather tanning and chromium plating industries. Chromic 

oxide (anhydrous) is also used in the glass and ceramic industries as a pigment due 

to its resistance to heat, light and chemicals. The colouring of cement and of asphalt 

roofing, the production of chromium metal and chemical catalysts are further areas of 

use of chromium(III).
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Chromium(VI) compounds are of greater industrial importance. Chromium trioxide is 

mainly used in chromium plating in the automobile industry. Chromâtes (calcium, 

sodium, barium, lead and zinc) have wide applications as corrosion inhibitor agents, 

pigments in paints, wood preservatives, etc. Lead chromate is the main component of 

Chrome Yellow pigments, considered to be the most versatile inorganic pigment 

(many different formulations) used for instance in traffic control painting and printing 

inks. Sodium dichromate is the primary base for the manufacture of chromium 

chemicals (e.g. chromium trioxide) to be used in leather tanning, metal treatment, 

wood and water treatment.

1.1.2 Occupational Exposure and Epidemiological Studies

Potential occupational exposure to chromium compounds occurs by inhalation, 

ingestion or skin contact (Stem, 1982; lARC, 1990). Contact with the skin can cause 

severe allergic dermatitis and chronic ulcers. Absorption of chromium from the 

gastrointestinal tract is possible but it is very inefficient: 3-6 % of an ingested dose 

of chromium(VI) was reported to be absorbed (Mertz, 1969). The main reason for this 

low uptake is the reduction of chromium(VI) in the gastrointestinal tract to 

chromium(III) which is poorly absorbed (Cohen et a l, 1993). Inhalation is the most 

significant route of exposure. Particles inhaled can deposit in the airways where they 

are slowly solubilised and taken up by cells.

The highest exposures to chromium(VI) compounds occur during chromate production, 

steel smelting and welding, chrome pigment manufacture, chrome plating and spray 

painting (IARC, 1990). In these occupations chromium(VI) dusts (grinding, blending 

and packaging of chromium pigments), aerosols and mists (chromium plating and 

spray painting) or fumes (welding, especially the manual metal arc/stainless steel 

method) are inhaled (LARC, 1990; Lees, 1991).

Workers mainly exposed to trivalent compounds include ferro-chromium, steel 

production plant workers, and mining workers.

Non-occupational sources of exposure to chromium are food, water and air (IARC,
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1990), however levels are much lower than the levels found in industrial settings 

(Cohen et a l, 1993). Contamination of the environment results from industrial 

discharges (permitted or accidental) and residues from incinerations of all kinds 

(municipal, sludge, hazardous waste) (Gochfeld and Witmer, 1991), however the risk 

assessment from environmental exposure requires further study (Gochfeld and Witmer, 

1991; Cohen et ah, 1993).

A large number of epidemiological studies concerned with the health effects of 

exposure to chromium compounds has been carried out (IARC, 1990). These studies 

have established an increased risk for development of respiratory cancers in the 

chromate production and chrome-plating and pigment industry. The incidence of lung 

cancer in ferrochromium workers (exposure mainly to chromium(III) compounds) 

revealed a weaker correlation. Despite of attempts to prove a correlation between 

exposure and cancer of the gastrointestinal tract, no consistent pattern of cancer risk 

was found for cancers other than those of lungs and sinonasal cavities (reviewed in 

Cohen et ah, 1993; lARC, 1990; Magos, 1991; Lees, 1991).

High chromium concentrations in lung, lymph, blood and urine has been associated 

with chromium occupational exposure when compared to non-exposed groups (IARC, 

1990). Studies of the chromium content of lung tissue of chromium workers have 

revealed that inhaled chromium can remain in the respiratory tract long after exposure 

has ceased. A direct relationship between the chromium content and lung cancer was 

not observed. The type of cancer which developed after exposure, however, was 

suggested to be related with the type of chromium compound and duration of exposure 

(Cohen et ah, 1993).

1.1.3 Animal Carcinogenicity Studies

Some of the earliest studies carried out to prove the carcinogenicity of chromium 

compounds in animals gave negative or equivocal results. The reason for this lies in 

the choice of routes of administration which are not physiologically relevant, such as 

intramuscular or subcutaneous injection of chromium compounds (LARC, 1990). 

However, several studies have demonstrated that chromium(VI) compounds are often
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carcinogenic in laboratory animals (Magos, 1991; Cohen et a l, 1993).

Direct inhalation and intratracheal, intrapleural, or intrabronchial instillation of 

chromium compounds were the most common routes and tumour formation in animal 

models most often occurred at sites of deposition. An example of such a study is the 

intrabronchial instillation of stainless steel mesh pellets containing the compound to 

study. This method produced more reliable and reproducible results than intratracheal 

or intrapleural instillation. By slow leaching, a selected zone of bronchial epithelium 

was subjected to exposure for a continuous period of time.

In such a long-term study conducted by Levy and Venitt (1986) rat groups treated 

with hexavalent chromium containing pellets showed statistically significant increases 

in lung squamous metaplasia (a putative preneoplastic lesion). Neoplasia occurred in 

rats treated with calcium chromate, zinc potassium chromate or chromic acid. 

Trivalent compounds caused neither lung cancer nor increased incidence of metaplasia 

(Levy and Venitt, 1986).

Cr(VI) was also found to be carcinogenic in rats by inhalation, which is the most 

appropriate route to model the suggested effects in humans (Glaser et a l, 1986).

Oral exposure did not result in enhanced tumour formation in test animals when 

compared with vehicle controls. Life-long exposure (diet or drinking water) to 

chromium(III) compounds such as chromic acetate and trivalent chromium oxide did 

not result in development of tumours at rates higher than controls (reviewed in Cohen 

et a l, 1993), although similar studies with various chromium(VI) compounds are still 

lacking (Magos, 1991).

In summary, animal studies have provided sufficient evidence for the carcinogenicity 

of some chromium(VI) compounds such as calcium chromate, and several relatively 

insoluble compounds (IARC, 1990). Evidence for the carcinogenicity of other 

hexavalent compounds, metallic chromium of trivalent compounds remains limited or 

inadequate to date.
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1.1.4 Genotoxicity Studies

The observation that chromium can be carcinogenic prompted efforts to evaluate the 

possible genotoxicity of these compounds. Chromium compounds are genotoxic 

producing different genetic damage in bacterial systems, cultured mammalian cells and 

whole animals such as gene mutations, sister chromatid exchanges (SCE), 

chromosomal aberrations and DNA lesions. Unlike other heavy metals suspected or 

proven to be carcinogenic, chromium(VI) compounds are positive in most of the 

genotoxic assays in which they were tested (Magos, 1991; De Flora et a l, 1990). All 

studies which have assessed the induction of chromosomal aberrations and sister 

chromatid exchanges gave positive results: chromatid type aberrations, gaps, breaks 

and exchanges were the most frequently reported aberrations in mammalian cultured 

cells, human fibroblasts and human lymphocytes (Levis and Bianchi, 1982; lARC,

1990).

Cr(VI) compounds were found not only to induce mutations in bacteria but also in 

yeasts. Drosophila, cultured mammalian cells and laboratory animals (Levis and 

Bianchi, 1982; Bianchi and Levis, 1985; Bianchi and Levis, 1987; De Flora et al, 

1990; lARC, 1990; Cohen et al., 1993). Mutations in prokaryotes were detected 

mostly in E. coll and S. typhymurium strains. Chromium(VI) was found to be 

mutagenic using several his' strains sensitive to base-pair substitution and frame-shift 

mutations. TA104 and TA 102 have A:T base-pairs at the mutation site and were 

especially sensitive to mutagenicity by chromium(VI) (De Flora and Wetterhahn, 

1989). Sugden et al. (1990) have shown that mutagenesis by potassium dichromate in 

TA 102 was dependent on the presence of oxygen whereas in strain TA2638 this 

dependence was less marked. The mutational spectrum of chromium(VI) in cultured 

Chinese hamster ovary K1 cells at the hprt locus (Yang et al., 1992) has shown that 

the majority of mutations occurred at A:T base-pairs and the most common base 

changes were T ^ A  and T—>G transversions. The mutational spectrum found in the low 

melting domain within exon 3 of the hprt gene of human lymphoblasts (TK6) was 

very different. The most frequent mutations were base-substitutions, at preferred 

positions ("hot-spots"). Three of the four "hot-spots" occurred at G:C base pairs (Chen 

and Thilly, 1994a; Chen and Thilly, 1994b). Finally, at the molecular level

25



chromium(VI) compounds were found to induce several DNA lesions, which will be 

described in the next section.

In contrast, most genotoxicity studies with chromium(III) compounds yielded negative 

results, especially in intact cell systems. The differences in the genotoxicity of 

chromium(III) and chromium(VI) are related to their different abilities to penetrate 

biological membranes: whereas tetrahedral chromium(VI) crosses cytoplasmic 

membranes easily, octahedral chromium(III) complexes cannot be taken up by cells 

(Kortenkamp et a l, 1987; Levis and Bianchi, 1982; Bianchi and Levis, 1985; Bianchi 

and Levis, 1987).

Mostly negative results were reported for the induction of SCE in mammalian or 

human cultured cells. Chromosomal aberrations were only observed with 

chromium(III) at high concentrations (Levis and Bianchi, 1982). The occasional 

finding of both SCE and chromosomal aberrations has been ascribed to the presence 

of contaminating chromium(VI) (IARC, 1990). Mutagenic effects of Cr(III) 

compounds, when observed, were milder and required longer incubation times (Venier 

et al., 1985), or complexation of the metal with lipophilic ligands which facilitate its 

uptake (Bianchi and Levis, 1987). Some chromium(III) complexes such as 

[Cr(bipy)2Cl2]Cl and [Cr(phen)2Cl2]Cl were found to cause mutations both in 

Salmonella typhimurium (Sugden et al., 1992) and V79 cells (Beyersmann and Koster, 

1987).

It has been shown that Cr(III) bound to DNA at low concentrations could increase 

mutation rates by interacting with DNA polymerase, decreasing its fidelity (Snow and 

Xu, 1991; Snow, 1991; Snow, 1994).

1.1.5 DNA Lesions Induced by Chromium Compounds

Several DNA lesions such as single strand breaks (SSB), alkali-labile sites, Cr-DNA 

adducts and DNA-protein cross links have been observed after treatment of isolated 

DNA, cultured mammalian cells or animals with chromium compounds. DNA damage 

seems to mediate the genotoxicity and carcinogenicity of chromium compounds.
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However there are major gaps in the understanding of the biological significance of 

each DNA lesion in the overall carcinogenicity mechanism.

The pattern of DNA damage generated by a carcinogen after absorption, distribution 

and metabolic activation can be substantially altered by DNA repair processes. During 

the replication of damaged DNA, the rules of complementary base pairing can be 

disrupted and incorrect bases can be incorporated. This can lead to the fixation of 

DNA damage as mutations which are passed on to all descendants of the affected cell. 

Such mutations are thought to be initiating events in the complex process of 

transformation of normal somatic cells into malignant tumour cells. Mutated cells can 

have a growth advantage over normal cells and proliferate faster. This process of 

clonal expansion of "initiated" cells is likely to be accompanied by further genetic 

changes involving gene amplifications, translocations or deletions of larger parts of 

the genome. Yet further genetic changes are required to transform such "dormant" 

cells into full blown malignant tumour cells.

Tsapakos et al. (1981) were the first to report the generation of DNA-protein cross 

links in the kidney and liver nuclei of rats injected with sodium dichromate (20 or 50 

mg/kg body weight) using the alkaline elution technique. The patterns of DNA 

damage showed tissue specificity: liver but not kidney nuclei showed single strand 

breaks, revealed after proteinase K digestion. In a later study Tsapakos et at. (1983), 

using the same methodology, reported the generation of DNA-protein and interstrand 

cross links in rat liver, lung and kidney nuclei (during the 4 h after the injection of 

sodium dichromate). This time no SSB were detected in the liver but were present in 

the lung. DNA-protein cross links persisted 36 to 40 h after injection in rat kidney and 

lung were however repaired in the liver.

Both DNA-protein cross links and single strand breaks have been observed after 

sodium chromate treatment of cultured chick embryo hepatocytes (Cupo and 

Wetterhahn, 1984) whereas DNA-protein cross links and low levels of transient SSB 

were detected after in vivo injection of sodium chromate in the inner shell of 14 days 

chick embryos (Hamilton and Wetterhahn, 1986). However, these differences in DNA
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damage could be due to different intracellular chromium concentrations.

In cultured cells DNA-protein cross links and single strand breaks were consistently 

observed (Christie et a l, 1984; Cantoni and Costa, 1984; Sugiyama et a l, 1986a; 

Cupo and Wetterhahn, 1984; Cupo and Wetterhahn, 1985a; Fomace Jr. et a l, 1981), 

the strand breaks being normally easily repaired whith DNA protein cross links being 

more persistent (Cupo and Wetterhahn, 1984; Sugiyama et a l, 1986a; Fomace Jr. et 

a l, 1981). A high level of single strand breaks in red blood cells was still observed 

24 hours after treatment of chicken embryos with sodium dichromate (Hamilton and 

Wetterhahn, 1986).

Fomace Jr. (1982) has reported the generation of extensive DNA breakage after 

treatment of both human Xeroderma pigmentosum and normal fibroblasts with 

potassium chromate showing that single strand breaks formed during chromium(VI) 

treatment did not arise as a consequence of repair of DNA protein cross links. 

Moreover, Snyder (1988), using a nucleoid sedimentation method, was able to detect 

single strand breaks in human fibroblasts after 1 hour incubation with chromium(VI) 

concentrations as low as 0.5 pM. Sugiyama et a l  (1986b) found DNA damage at 

lower chromium(VI) concentrations in human osteosarcoma cells than in mouse 

embryo or Chinese hamster ovary cells. This could only partially be explained by 

differences in uptake.

Deviations from linearity in the alkaline elution curves with DNA of Chinese hamster 

ovary cells treated with calcium chromate suggested that not all the breaks detected 

by this technique were single strand breaks. A large fraction of the breaks were 

thought to arise from a precursor lesion termed alkali-labile sites (Cantoni and Costa, 

1984). The alkaline elution technique requires alkaline conditions to separate and 

analyse the DNA strands for lesions. These alkaline conditions can lead to the 

breakage of the DNA sugar phosphate backbone at sites sensitive to high pH unlike 

DNA strands that are broken directly by chemical treatment of intact cells. These 

alkali-labile sites could be the result of apurinic/apyrimidinic sites (AP-sites: sites 

where the loss of a base has occurred) or phosphotriesters adducts. Such lesions are
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susceptible to the high pH conditions used in this technique.

Work by Sugiyama and co-workers on the influence of antioxidants on the pattern of 

DNA damage revealed that raised levels of riboflavin (vitamin B2) increased the levels 

of strand breaks and/or alkali-labile sites whereas DNA-protein cross links levels 

remained unchanged (Sugiyama et a l, 1989a; Sugiyama, 1994). Vitamin B2 was also 

found to potentiate the chromium(VI)-induced chromosomal aberrations and mutations 

in Chinese hamster V79 cells at the hypoxanthine guanine phosphorybosyl transferase 

(HGPRT) locus (Sugiyama et a l, 1992; Sugiyama, 1992; Sugiyama, 1994). Increased 

levels of a-tocopherol (vitamin E) caused lower levels of SSB/alkali labile sites 

without affecting the number of DNA-protein cross links (Sugiyama et a l, 1989a) and 

was able to suppress the clastogenic and mutagenic activity of chromium in Chinese 

hamster V79 cells (Sugiyama et a l, 1991a; Sugiyama, 1992; Sugiyama, 1994). These 

findings strongly suggest not cross links but SSB/alkali labile sites to be the lesions 

responsible for chromium(VI) mutagenicity.

Nevertheless, due to its persistence in cells, DNA-protein cross links can still be 

present during DNA replication (Fomace Jr. et a l, 1981; Oleinick et a l, 1987; Costa,

1991). DNA-protein cross links generated in cells after exposure to chromium(VI) 

could be disrupted by the chelating agents BDTA and 2-mercaptoethanol, suggesting 

that proteins are bound to the DNA via a coordination complex involving 

chromium(III) (Chen et a l, 1991; Miller and Costa, 1988). Furthermore chromium(III) 

salts and not Cr(VI) were able to generate DNA-protein cross-links in isolated nuclei 

(Fomace Jr. e ta l, 1981). By using immunological methods and two-dimensional SDS- 

polyacrylamide electrophoresis actin was found to be one of the major proteins bound 

in these complexes (Miller et a l, 1991; Costa, 1991; Miller and Costa, 1988; Chen 

e ta l ,  1991).

Cr-DNA adducts were detected both after in vivo treatment of chick embryo 

hepatocytes (Misra et a l, 1994) and treatment of cultured mammalian cells 

(Zhitkovich et a l, 1995). Such adducts were found to be formed preferentially in the 

nuclear matrix subfraction of the chromatin of Chinese hamster ovary cells
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immediately after the 2 h treatment with 150 pM sodium chromate and to persist more 

than 48 h (Xu et a l, 1994).

DNA-amino acid and DNA-GSH cross links have been recently reported to occur in 

cultured mammalian cells after treatment with chromium(VI) (Voitkun et a l, 1994; 

Zhitkovich et a l, 1995; Borges and Wetterhahn, 1989). Cysteine, glutamic acid and 

histidine are the major amino acids bound to DNA (Zhitkovich et al., 1995). The 

biological significance of these cross-links is still unknown.

1.2 MECHANISMS INVOLVED IN THE ACTIVATION OF CHROMIUM(VI) 

TO ITS ULTIMATE CARCINOGENIC FORM

While there are many reports detailing the damage to DNA and chromosomes 

following exposure of intact cells and organisms to chromium(VI), a picture as to the 

underlying mechanisms has only recently emerged. Key issues concern the way in 

which DNA lesions are formed and the steps leading to mutations and ultimately 

cancer.

1.2.1 The “Uptake-Reduction” Model

The "uptake-reduction” model (Jennette, 1979) outlines the general mechanism of 

Cr(VI) activity in cellular and subcellular systems and in simple terms the major steps 

of the genotoxicity mechanism of chromium compounds.

Based on the knowledge that a number of tetrahedral physiological anions such as 

s o /  and P O / enter cells through relatively non-selective anion channels it is 

proposed that Cr(VI) in the form of tetrahedral C rO /, the predominant form of Cr(VI) 

at physiological pH (Connett and Wetterhahn, 1983), crosses biological membranes 

using the general anion transport system (Buttner and Beyersmann, 1987; Jennette, 

1979). Several studies showed that Cr(VI) is readily taken up by mammalian cells 

(Cupo and Wetterhahn, 1985b; Langard, 1979; Jennette, 1979; Sehlmeyer etal., 1990). 

Conversely Cr(III) complexes, being predominantly octahedral can cross membranes 

only very slowly and by simple diffusion (Figure 1.2-1). It is estimated that the rate
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of uptake of chromium(III) is orders of magnitude smaller than that of Cr(VI) 

(Kortenkamp et al., 1987).

NUCLEUS EXTRACELLULARCYTOPLASM

CrjIII) - p ro M n
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Figure 1.2-1: The "uptake-reduction" model, adapted from Standeven and Wetterhahn (1991b). Cr(VI) 

as the tetrahedral anion chromate is able to cross cell membranes and once inside cells it is readily 

reduced by several cell organelles and constituents with formation of reactive intermediates and Anally 

the kineiically inert Cr(III). This intracellular reduction represents a crucial step in the activation of 

chromium to its ultimate(s) genotoxic form(s) once CifVI) itself does not react with genetic material. 

Chromate anions can also be reduced extracellularly in body fluids or in non-target cells such as blood, 

digestive tract and lumen of terminal airways (De Flora and Wetterhahn, 1989).

According to the "uptake-reduction" model (Jennette, 1979), the differences in the 

genotoxic potential chromium(VI) and (III) compounds may be explained by these 

differences in cell permeability. Once inside the cell chromium(VI) is reduced to 

Cr(in) by redox-active macromolecules and/or small molecules in the cytosol or by 

enzymes located in organelles such as the endoplasmatic reticulum and the 

mitochondria (Connett and Wetterhahn, 1983). Because the formation of 

chromium(III) complexes is rapid this reduction will lead to an accumulation of 

chromium inside cells and cell organelles. An equilibrium of chromium(VI) across the
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membrane cannot be established. Sehlmeyer et al. (1990) reported millimolar cytosolic 

and intranuclear chromium concentrations after treatment of V79 cells with levels of 

Cr(VI) as low as 10 pM.

The intracellular reductive conversion of chromium(VI) ultimately results in 

chromium(in) with concomitant production of several reactive intermediates such as 

labile Cr(V) and Cr(IV) ions or complexes, thiyl and organic radicals and reactive 

oxygen species which are thought to have genotoxic potential (Connett and 

Wetterhahn, 1983; Standeven and Wetterhahn, 1991b). This reductive conversion 

represents a crucial step in the generation of DNA damage, because chromium(VI) has 

been found not to cause DNA lesions in the absence of reducing agents (Tsapakos and 

Wetterhahn, 1983; Kortenkamp et al., 1989). However, more work is needed to define 

the mechanisms leading to the generation of DNA lesions, namely the relative 

contribution of the various intracellular reductive pathways to the generation of DNA 

damaging species and the nature of such species.

1.2.2 Important Intracellular Reductants of Chromium(VI)

In vitro studies by Connett and Wetterhahn (1983) have revealed that the redox 

potential of chromate is pH dependent and that the reduction of chromium(VI) is 

primarily determined by kinetic factors at physiological pH: reducing agents with 

redox potentials adequate to accomplish Cr(VI) reductions do that only at an 

insignificant rate. These authors extensively reviewed the reactions of hexavalent 

chromium at physiological conditions and found that cellular constituents which are 

possible reductants for Cr(VI) include amino acids and carboxylic acids, small 

peptides, such as glutathione, and proteins (see also Figure 1.2-1).

Enzyme systems with Cr(VI)-reducing ability include the cytochrome P450 (Mikalsen 

et al., 1991) and proteins of the mitochondrial electron transport chain complexes 

namely the complex I (NADH-ubiquinone oxireductase) II (succinate:ubiquinone 

oxidoreductase) and IV (ferrocytochrome c-oxygen reductase) (Rossi and Wetterhahn, 

1989). A NADPH-linked cytochrome P450 protein (NADPH-cytochrome P450 

reductase) was suggested to be responsible for chromium(VI) reduction in hepatic
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microsomes of rats (Jennette, 1979) whereas in hepatic microsomes of humans a 

flavin-containing monooxygenase was suggested to be more important (Pratt and 

Myers, 1993). Interestingly, even small concentrations of oxygen (1%) can effectively 

inhibit the reduction of Cr(VI) by cytochrome P450 (Mikalsen et a l, 1989). Therefore, 

the importance for cytochrome P450 in the reduction of Cr(VI) appears to be 

negligible for most cells, given their need to exist in an aerobic environment. 

Similarly, mitochondrial enzymes are not likely to play a major role in the activation 

of Cr(VI) since most of the reaction products will remain trapped inside these 

organelles, unable to reach the nucleus.

Studies with low molecular weight Cr(VI) reductants suggested that only ascorbate and 

thiol-containing molecules are efficient chromium(VI) reductants under physiological 

conditions (Connett and Wetterhahn, 1983; Connett and Wetterhahn, 1985). In the 

cytoplasm the significant reactive species are expected to be cysteine, glutathione 

(GSH) and ascorbate (AsA).

The in vitro studies by Connett and Wetterhahn (1983; 1985) have helped to establish 

the important role of thiols, especially GSH in the intracellular reduction of Cr(VI). 

In view of its abundance in the cytosol of mammalian cells and the rapid formation 

of a chromium(VI)-GSH thioester followed by a slow reduction step, the authors 

argued that GSH may well prolong the lifetime of Cr(VI) inside cells, thereby 

increasing the likelihood of interactions with macromolecules. Because of its lower 

cytosolic concentrations, AsA was regarded as being less important as an intracellular 

Cr(VI) reductant (Connett and Wetterhahn, 1985).

Much recent research has focused on hydrogen peroxide as a Cr(VI) reductant, in 

particular in the context of the formation of radical species which have the potential 

to damage DNA (Kawanishi et al., 1986; Shi and Dalai, 1990b). However, these 

studies were performed with added concentrations of H2O2 far too high to be 

considered of relevance to the in vivo situation. Cells are equipped with mechanisms 

which work to maintain H2O2 at very low steady-state levels (approximately lO^M) 

(Oshino et a i, 1973; Tomaszewski et a i, 1986).
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In summary, both GSH (Meister and Anderson, 1983) and AsA (Homig, 1975) exist 

in millimolar concentrations inside the cells are likely to dominate the intracellular 

reductive conversion of Cr(Vl).

Glutathione

Glutathione is ubiquitous and present at millimolar concentrations (0.5 - 10 mM) in 

almost all mammalian cells (Meister and Anderson, 1983). Due to its high intracellular 

concentration and reactivity towards chromate, GSH was suggested to be the most 

important intracellular reductant of Cr(Vl).

Intracellular levels of GSH have been correlated with Cr(Vl)-induced DNA damage 

both in vitro and in vivo. Increased levels of GSH resulted in an increase in Cr(Vl)- 

induced alkali-labile sites in cultured chick embryo hepatocytes (Cupo and 

Wetterhahn, 1985a): cells pre-treated with N-acetyl-L-cysteine (increased GSH levels), 

showed a marked elevation of the number of single strand breaks caused by Cr(Vl) 

and the depletion of cellular GSH by using buthionine sulphoxime (depletion of GSH 

levels) was associated with decreases in the level of this DNA lesion. In the same 

study, the number of DNA-protein cross-links and interstrand cross links were only 

marginally affected, suggesting different mechanisms for the formation of SSB and 

cross links. Snyder (1988) reported a similar increase of single strand breaks when 

human diploid fibroblasts were incubated in a medium supplemented with GSH. 

Although these results seem to indicate a role for GSH in the generation of Cr(Vl)- 

induced genotoxicity Cr(Vl) treatment did not cause depletions of GSH. 

Chromium(Vl) treatment of rats however induced decreases of ascorbate levels in lung 

(Suzuki and Fukuda, 1990) and kidney (Chorvaticova et a l, 1991).

GSH has been regarded as the most important intracellular reductant of chromium(Vl) 

and accordingly several works have studied this reductive pathway. This reduction has 

been found to cause DNA lesions in vitro such as Cr-DNA adducts (Borges et a l, 

1991; Aiyar et a l, 1989), DNA single strand breaks (Kortenkamp et a l 1989; 

Kortenkamp et a l 1990; Kortenkamp and O’Brien, 1994) and more recently AP-sites 

(Casadevall and Kortenkamp, 1994: Casadevall and Kortenkamp, 1995).
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Ascorbate

Ascorbate is reported to be present at millimolar concentrations in mammalian cells 

(Homig, 1975). Suzuki and Fukuda (1990) found concentrations of 2 mM in rat lung. 

However, intracellular levels are somewhat smaller than those of GSH and this was 

one of the reasons why AsA was thought to be less important in the reduction of 

chromium(VI).

Connett and Wetterhahn (1985) have reported that the reduction of chromium(VI) by 

AsA is kinetically favoured. Suzuki (1988; 1990) were the first to provide 

experimental evidence that AsA, under physiological conditions, is more reactive 

towards chromium(VI) than GSH. Suzuki (1990) showed that AsA reduces Cr(VI) at 

a faster rate than GSH and reported the occurrence of a synergism at low AsA 

concentrations.

Recent studies concerning the reduction of Cr(VI) by ascorbate have revealed it to be 

the major chromate reductant in several biological fluids and cellular systems such as 

rat lung lavage fluids (Suzuki, 1988), rat lungs (Suzuki and Fukuda, 1990; Standeven 

and Wetterhahn, 1992) and rat kidney and liver (Standeven and Wetterhahn, 1991a). 

A 30% reduction in AsA levels in rat lung was observed after intratracheal instillation 

of chromium(VI) (Suzuki and Fukuda, 1990), but no significant changes were 

observed for GSH levels. Significant decreases in kidney but not liver AsA levels 

were detected after intraperitoneal injection of potassium dichromate (Standeven and 

Wetterhahn, 1991a). In rat and kidney ultrafiltrates treated with ascorbate oxidase, 

which specifically eliminated AsA, 80% of the chromium(VI) reductase activity was 

eliminated (Standeven and Wetterhahn, 1991a). This value was even higher and 

approximately 95% for rat lung ultrafiltrates or cytosols and Cr-DNA binding returned 

to background values (Standeven and Wetterhahn, 1992). Treatment of these 

preparations with the sulfhydryl-blocking agent N-ethylmaleymide resulted in only 

15% block of chromium(VI) reductase activity. These works strongly suggest an 

important role for AsA as an important intracellular chromium(VI) reductant in vivo.
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Some works also provided evidence that extracellular ascorbate provides protection 

from chromate toxicity (Suzuki and Fukuda, 1990; Suzuki, 1990). It can play an 

important role in the antioxidant defense against Cr(VI) compounds, namely in the 

lung. The clastogenicity of particulate PbCrO^ decreased when Chinese hamster ovary 

cells were co-incubated with ascorbate, probably due to the extracellular reduction of 

solubilised Cr(VI) to Cr(III) which has little or no clastogenic effects on intact cells 

(Wise et al., 1993).

There is general agreement that a possible route of detoxification for Cr(VI) can be 

the fast reduction by AsA to less toxic Cr(III) outside the cell (Cieslak-Golonka, 

1995). Since the latter only weakly penetrates biological membranes this reduction is 

beneficial. However, as an intracellular reductant AsA was found to increase DNA 

damage. Sugiyama et al. (1991b) found that elevated levels of intracellular AsA led 

to decreases in the alkali-labile sites arising from Cr(VI) but increased the levels of 

DNA protein cross-links. In contrast, Cappellmann et al. (1995) failed to detect any 

marked influences of raised AsA on the formation of DNA protein cross-links, but 

increased levels of GSH were associated with higher levels of DNA protein cross

links.

All the evidence emerging so far points to ascorbate being potentially an important 

intracellular chromium(VI) reductant. Some relatively recent studies of the reduction 

of chromium(VI) by AsA in vitro showed that the reaction is able to cause SSB 

(Kortenkamp and O’Brien, 1994; Steams et al., 1994; Steams et al., 1995) and Cr- 

DNA adducts (Steams et al., 1994; Steams et al., 1995).

1.2.3 Studies of the DNA Damage Arising during the Reductive Conversion of 

Chromium(VI) In Vitro

It is generally accepted that the generation of intermediates such as reactive oxygen 

species or chromium species during the intracellular reduction of Cr(VI) to Cr(III) is 

responsible for DNA damage (Connett and Wetterhahn, 1983; Standeven and 

Wetterhahn, 1991b). The reduction of chromium(VI) by particular physiologically 

relevant reductants has been extensively studied trying to establish whether reactive
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intermediates capable of causing DNA damage are formed during the reduction of 

chromium(VI) in vitro. Findings concerning the relative importance of the various 

DNA lesions for chromium(VI) genotoxicity and the possible nature of the causative 

reactive species are discussed below.

Single Strand Breaks and AP-sites

Single strand breaks were observed in vitro upon reduction of chromium(VI) by H2O2 

in a 110 bp DNA fragment restricted from plasmid pCA3 (Kawanishi et al., 1986) or 

in plasmid pBR322 (Aiyar et at., 1989; Aiyar et a l, 1991). However, these studies 

used very high concentrations of hydrogen peroxide and therefore do not seem to 

represent the in vivo situation.

The in vitro reduction of chromium(VI) by GSH was found to generate SSB 

(Kortenkamp et al., 1989; Kortenkamp and O’Brien, 1994). However, other authors 

have failed to detect this DNA lesion (Aiyar et al., 1991; Borges et al., 1991). The 

presence of residual metal ions (iron or copper) and the generation of a reactive 

oxygen species in buffers without treatment for removal of catalytic metals was 

suggested by Borges et al. (1991) to be responsible for the cleavage observed by 

Kortenkamp and co-workers. However, in a later study the Wetterhahn group reported 

the generation of strand breaks by chromium(VI) by GSH in a fully demetallated 

system (Borges and Wetterhahn, 1991). Furthermore, Kortenkamp and O’Brien (1994) 

have showed that the levels of SSB remained almost unchanged after treatment for 

removal of catalytic metals. Kortenkamp et al. (1996a) suggested that the reason why 

Wetterhahn and co-workers failed to observe SSB lies in their choice of relatively 

high concentrations of Cr(VI) and GSH (1.8 mM/18 mM) combined with 30 min 

incubation times, a time too short for the complete reduction of Cr(VI). GSH at this 

high concentration is a very effective scavenger of reactive species generated during 

the reduction process and therefore SSB will not be formed. An intermediate species 

produced during the reduction was suggested to be responsible for strand breakage. 

The formation of this lesion was inhibited by catalase but unaffected by glucose, a 

strong hydroxyl radical scavenger (Kortenkamp et a l, 1990; Kortenkamp and O’Brien,

1994).
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Recently, Casadevall and Kortenkamp (1994; 1995) showed that treatment of isolated 

PM2 DNA with Cr(VI) not only induced SSB but also caused the formation of 

apurinic/apyrimidinic sites (AP-sites), suggesting that the alkali-labile sites detected 

in intact cells after Cr(VI) treatment (Cantoni and Costa, 1984; Sugiyama et a l, 

1986a; Sugiyama, 1991) were AP-sites. Similar numbers of SSB and AP-sites were 

formed and their generation followed an almost identical time course. Molecular 

oxygen was found to be essential for the process. However, hydroxyl radicals were 

not detected in such reaction mixtures (Kortenkamp et al., 1996a).

Single strand breaks were also found to be formed in isolated DNA during the 

reduction of Cr(VI) by AsA (Kortenkamp and O’Brien, 1994; Steams et a l, 1994).

Chromium-DNA adducts

Cr(III) complexes can slowly bind to isolated DNA and isolated mammalian cell 

nuclei (Tsapakos and Wetterhahn, 1983; Hneihen et a l, 1993; Kortenkamp et al., 

1991). The reactivity towards DNA is a function of ligand lability (Kortenkamp and 

O’Brien, 1991; Hneihen et al., 1993). High levels of chromium binding to isolated 

calf-thymus DNA, salmon sperm nuclei and nuclear DNA were observed after 

incubation with aquo chromium(III) complexes but binding was greatly diminished for 

chromium(III) complexed with tridentate peptides or amino acid ligands (Hneihen et 

al., 1993). The reactivity of reduced Cr(III) inside the cell in vivo was therefore 

suggested to be affected by coordination with different intracellular ligands.

Chromium-binding to isolated DNA has been observed using a variety of intracellular 

reductants such as GSH or cysteine (Aiyar et a l, 1991; Borges et al., 1991; Borges 

and Wetterhahn, 1989), rat liver microsomes in the presence of NADPH (Tsapakos 

and Wetterhahn, 1983) or AsA (Steams et a l, 1994; Steams et a l, 1995; Bridgewater 

e ta l ,  1994).

Cr(VI) was not found to bind unless a reducing agent was present (Tsapakos and 

Wetterhahn, 1983; Kortenkamp et a l, 1991; Hneihen et a l, 1993). Tsapakos and 

Wetterhahn (1983) have suggested the involvement of an intermediate species in the
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binding process based on their finding that Cr(VI) in combination with a reducing 

system was found to interact more extensively than Cr(III). The fact that chromium 

binding was detected after short incubation periods in the presence of thiols (Borges 

and Wetterhahn, 1989; Borges et a l, 1991) was also used by these authours to 

strengthen their hypothesis of an intermediate oxidation state of chromium generated 

during the reduction process to be responsible for the binding observed. In another 

study however, significantly higher Cr-DNA binding was observed for Cr(III) (from 

CrCl^.bHzO) than for equimolar amounts of Cr(VI) just 15 min after the addition of 

chromium salts in the presence or absence of rat lung cytosols (Hneihen et a l, 1993)

The site of binding on DNA is not clearly defined, although chromium seems to be 

able to bind both to bases and to the phosphate backbone of DNA. The higher binding 

observed in synthetic poly(G) polynucleotides led Tsapakos and Wetterhahn (1983) 

to suggest that chromium was bound to DNA bases (and preferentially to guanine 

bases). A recent study by Bridgewater et al. (1994) seemed to confirm this suggestion 

because the specific polymerase arrests at bases immediately preceding guanine bases 

in double stranded pSV2neoTS plasmid treated with chromate and AsA was not 

expected if chromium-binding would be occurring at the phosphate backbone. 

However, when analysing DNA extracted from cells treated with radiolabelled 

chromium(VI) using high performance liquid chromatography, Salnikow et al. (1992) 

failed to observe chromium binding to any specific DNA base. Instead it was bound 

to the DNA phosphate backbone. This observation suggests that preferential binding 

to synthetic poly(G) could be simply due to a conformational effect. The finding that 

chromium was not bound to any base is in agreement with studies by Kortenkamp and 

O’Brien (1991) using ^'P NMR spectroscopy which showed that chromium(III) 

complexes are able to interact with the phosphate groups of ATP via outer-sphere 

complexes and not to the adenine base.

Chromium(III) compounds were able to induce DNA-protein cross links (Salnikow et 

al., 1992) in plasmid DNA in the presence of BSA, actin and histones, the efficiency 

of cross links depending on the cysteine/histidine content of proteins: BSA > actin > 

histones. Borges and Wetterhahn (1989) were the first to present evidence for
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chromium to mediate Cr-GSH and Cr-cysteine cross links in calf thymus DNA or 

polynucleotides. Cr(VI) does not induce DNA-protein cross links in the absence of a 

reducing agent: microsomes/NADPH (Tsapakos and Wetterhahn, 1983) or AsA 

(Salnikow et a l, 1992).

1.2.4 Hypothesis Concerning the Ultimately Reactive Species in Chromium(VI) 

Induced DNA Damage

Despite extensive studies with isolated reductants it is not possible at present to 

delineate which of the reactive intermediates generated during the reduction of 

chromium(VI) are the ultimate carcinogenic species. Reactive intermediates generated 

during the reduction are thought to be responsible for the DNA damage because 

chromium(VI) reactivity towards DNA in the absence of reductants is very low 

(Tsapakos and Wetterhahn, 1983). It is clear that the type and relative amounts of 

reactive intermediates varies with the reductant used and specific experimental 

conditions which makes the extrapolation to the in vivo situation even more difficult. 

The reduction by AsA and GSH alone are complicated with the generation of several 

reactive intermediates and the picture can be even more complex if the reduction 

occurs in the presence of both reductants (as well as other minor reductants), as occur 

inside the cell. Different concentrations of reductants as well as DNA repair capacity 

of the tissue are major determinants of the DNA damage present when DNA 

replication takes place.

Reactive oxygen species

Due to the high reactivity of oxygen species such as hydroxyl radicals, indirect 

methods to probe the involvement of such species have to be used. The most common 

approach is to use spin trap molecules which react with hydroxyl radicals to form 

more stable radicals which are then detected by EPR. An alternative approach to 

assessing a possible involvement of hydroxyl radicals is to study the formation of 

DNA lesions (modified bases) such as 8 -hydroxydeoxyguanosine (8 -OH-dG) thought 

to arise from attack from this reactive oxygen species.
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The suggestion of an involvement of such reactive species in the induction of DNA 

lesions was based on studies of reduction of chromium(VI) by hydrogen peroxide 

(Kawanishi etal., 1986; Aiyar e ta l,  1991; Shi and Dalai, 1990a; Shi and Dalai, 1994) 

and by GSH (Kortenkamp et a l, 1989).

Kawanishi et al. (1986) detected the formation of hydroxyl radicals during the 

reduction of chromate by H2O2 in the presence of the spin traps 5,5- 

dimethylpyrrolone-N-oxide (DMPO) or a-(4-pyridyl-1 -oxide)-N-fgrr-butyilnitrone (4- 

POBN). These results were confirmed by Aiyar et al. (1991; 1989) who not only 

detected hydroxyl radicals as DMPO-OH adducts but also 8 -OH-dG. During the 

reduction of chromium(VI) by GSH hydroxyl radicals were not observed (Aiyar et al.,

1991). A mechanism proceeding via Fenton-chemistry by reaction of chromium in an 

intermediate oxidation state and H2O2 + H2O2 M"  ̂ -1- OH + OH ) was

proposed to account for the formation of hydroxyl radicals. Nevertheless the relevance 

to the in vivo situation of such studies is questionable because the H2O2 concentration 

used was 18 mM. Inside cells H2O2 is kept at very low levels (10  ̂ - lO'^M) (Oshino 

et al., 1973; Tomaszewski et al., 1986).

Jones et al. (1991) argued that the failure to observe hydroxyl radical adducts using 

the spin trap DMPO during the reduction of Cr(VI) by GSH (Aiyar et al., 1991) is not 

conclusive evidence against a possible involvement of hydroxyl radicals because the 

spectrum of the glutathionyl radical adduct of DMPO is very similar to that of 

hydroxyl radical and could be masking the latter. Using the spin trap 3,5-dibromo-4- 

nitrosobenzene sulfonate (DBNBS) and dimethyl sulfoxide (DMSO) Jones et al. 

(1991) detected the formation of DBNBS-CHg adducts in the presence of a Cr(V)- 

GSH complex (Na4Cr(GSH)2(GSSG).8 H2O). This adduct can be formed by a strongly 

oxidising species able to cleave the carbon-sulfur bond of DMSO thus generating 

methyl radicals which were then trapped by DBNBS. Molecular oxygen was necessary 

for the generation of the oxidising species. At first the oxidising species was suspected 

to be OH and a mechanism involving thyil radicals and Fenton chemistry was 

suggested as being responsible for its generation (Jones et a l, 1991). Hydroxyl 

radicals were also suspected to be the cleaving species generated by chromate and
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GSH or a Cr(V)-complex in an assay using isolated supercoiled PM2 DNA 

(Kortenkamp et a l, 1990). The number of SSB was reduced by addition of hydroxyl 

radical scavengers such as DMSO, formate and benzoate and by addition of catalase 

(Kortenkamp et a l, 1990). However, this suggestion could not be reconciled with 

subsequent findings (Kortenkamp and O’Brien, 1994). Using a number of hydroxyl 

radicals scavengers and competition kinetics, Kortenkamp and O’Brien (1994) failed 

to obtain rate constants consistent with hydroxyl radicals being the species responsible 

for DNA strand breaks.

Furthermore, Cr(VI)/GSH reaction mixtures failed to induce base-modifications 

characteristic attack of DNA by OH as shown by GC-MS in selective ion-monitoring 

mode and HPLC with electrochemical detection experiments (Kortenkamp et al., 

1996a).

A strong oxidising species able to cleave DMSO and generate CH^ radicals was also 

observed during the reduction of Cr(VI) by AsA in demetallated systems (Kortenkamp 

and O ’Brien, 1994). However, spin trap adducts typical of hydroxyl radicals were not 

detected during the in vitro reduction of potassium chromate by AsA in phosphate 

buffer (Lefebvre and Pézerat, 1992). Steams and Wetterhahn (1994) and Shi and Dalai 

(1994) also failed to detect characteristic EPR signals during the reduction of 

potassium dichromate by AsA.

If hydroxyl radicals arising from chromium(VI) were the ultimately reactive species 

causing strand breaks/alkali-labile sites in vivo, modified DNA base adducts such as 

8 -OH-dG would be expected to be present in the DNA of treated cells. However, 

studies showed no significant increases in the levels of 8 -OH-dG-adducts in DNA of 

liver and kidney of rats injected with sodium dichromate (up to 40 mg/kg) (Standeven 

and Wetterhahn, 1991b), suggesting that hydroxyl radicals do not play an important 

role in chromium(VI) activation. Elevated levels of 8 -OH-dG were observed in red 

blood cells but not in liver cells of chick embryos treated with sodium chromate 

(Misra et a l, 1994). Further work is needed in order to establish the production of 

reactive oxygen species in vivo, namely in the lung (Standeven and Wetterhahn,
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1991b).

Snyder (1988) studied the DNA damage arising from exposure of human fibroblasts 

to chromium(VI) and found that when cells were treated with chromium(VI) in the 

presence of catalase (scavenges H2O2) DNA strand breaks failed to occur. Superoxide 

dismutase also had a protective effect although much less pronounced. However, the 

hydroxyl radical scavengers mannitol and potassium iodide did not affect the number 

of DNA single strand breaks generated by chromium (VI). Although hydroxyl radicals 

do not seem to be the ultimate cleaving species, strand breaks appear to be caused by 

reactive oxygen species, resulting from reduction of molecular oxygen. A crucial 

observation in this context was that mutations induced by chromium(VI) in Salmonella 

typhimurium TA102 required aerobic conditions (Sugden et al., 1990).

Thyily ascorbyl and carbon-based radicals

Thyil radicals are formed in vitro during the reduction of chromate by GSH as 

detected by ESR spin trap studies (Aiyar et a l, 1991; Shi and Dalai, 1988). The 

radical itself is not likely to cause damage to DNA, it can however initiate a series of 

radical reactions which can result in the formation of several reactive species such as 

superoxide anions, hydrogen peroxide and hydroxyl radicals (Saez, 1982).

Ascorbyl and carbon-based radicals are intermediates detected during the reduction of 

chromium(VI) by AsA (Goodgame and Joy, 1987; Steams and Wetterhahn, 1994). The 

ascorbyl radical is quite stable (Laroff et a l, 1972) and therefore not likely to be 

involved in the generation of DNA damage. Carbon based radicals were generated 

under anaerobic conditions (Steams and Wetterhahn, 1994). Steams etal. (1994; 1995) 

suggested that carbon-based radicals could be the responsible for the formation of SSB 

in supercoiled plasmid DNA (pBR322) during the reduction of chromate by AsA in 

HEPES or Tris buffers at physiological pH. This suggestion was mainly based on the 

observation that maximal numbers of SSB occurred under conditions where these 

intermediates were generated at the highest level (Steams et al., 1994; Steams et al.,

1995).
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Chromium species

Cr(V) is a common intermediate in the reduction of Cr(VI) and its formation was 

detected by ESR in several studies both in vitro and in vivo. A stable reactive Cr(V) 

species is produced during the metabolism of chromate by rat liver microsomes in the 

presence of NADPH (Jennette, 1982). Cr(V) species were also produced during the 

reduction of chromium(VI) by mitochondrial electron transfer chain complexes (Rossi 

and Wetterhahn, 1989), AsA (Goodgame and Joy, 1987; Steams and Wetterhahn,

1994), and thiol or diol containing molecules (Shi and Dalai, 1988; Shi and Dalai, 

1990b; O’Brien et a i, 1990; Kitagawa, 1988).

The in vivo treatment of chick embryos resulted in the generation of two transient 

Cr(V) signals in red blood cells but only one stable signal in liver cells (Liebross and 

Wetterhahn, 1992). Two Cr(V) signals were consistently observed after treatment of 

human red blood cells with Cr(VI), one disappearing after one hour but not apparent 

when cells had been depleted of GSH (treatment with A-ethyImaleimide), suggesting 

that at least part of the Cr(V) was complexed to GSH (Branca et a l, 1989). ESR 

spectroscopy studies of Chinese hamster V-79 cells incubated for 2 hours with 200 pM 

sodium chromate also showed Cr(V) ESR signals (Sugiyama, 1991; Sugiyama et a l, 

1989b; Sugiyama et al., 1991).

The reduction of Cr(VI) in vitro by several thiols led to the generation of Cr(V) 

intermediate species, detected by EPR spectroscopy (Shi and Dalai, 1988). The amount 

of Cr(V) and its half-lifes depended mostly on the nature of the thiol and on the buffer 

system used (Borges et at., 1991; Kitagawa, 1988).

The reduction of chromium(VI) by GSH generated Cr(V) (O’Brien et at., 1985; Shi 

and Dalai, 1988; Kitagawa, 1988) and the removal of molecular oxygen did not affect 

the formation of Cr(V) during the reduction of Cr(VI) by GSH (Kortenkamp et a l, 

1996a).

Relatively long-lived Cr(V) intermediate species were also observed during the 

reduction of Cr(VI) by AsA (Goodgame and Joy, 1987; Steams et a l, 1994; Steams
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and Wetterhahn, 1994; Steams et a l, 1995). Goodgame and Joy (1987) showed that 

Cr(V) produced a complex with a Tris-HCl buffer component (therefore this buffer 

is not convenient for such studies) and that pH influenced the spectra observed. Cr(V) 

intermediates were detected during the reduction of 10 mM potassium chromate by 

10 mM AsA at physiological pH (Lefebvre and Pézerat, 1992) and during the 

reduction by AsA of less soluble Cr(VI) compounds (Lefebvre and Pézerat, 1994). 

Cr(V) species would still be produced in the absence of oxygen (Lefebvre and Pézerat,

1992). Steams and Wetterhahn (1994) studied the reduction of Cr(VI) by AsA in 

different buffer systems (pH 7) and showed that Cr(V) species were generated 

independently of molecular oxygen but Cr(V) signal intensities were dependent on the 

AsA:Cr(VI) ratios and only observed with excess Cr(VI).

Single strand breaks were induced in isolated supercoiled PM2 DNA during incubation 

with a Cr(V)-GSH complex (Kortenkamp et a l, 1989), however based on these 

findings it is not possible to conclude that Cr(V) was the ultimate species responsible 

for DNA cleavage. Other Cr(V) complexes were shown to generate cleavage of 

isolated plasmid DNA [Cr(EHBA)2 0 ]’ and [Cr(HMBA)2 0 ]' (EHBA: 2-hydroxy-2- 

ethylbutanoato(2-); HMBA: 2-hydroxy-2-methylbutanoato(2-)) (Dillon et a l, 1993; 

Farrell e ta l, 1989). These and another Cr(V) complex [Cr(mampa-dcb)(0) ]' (mampa- 

dcb: 5,6-(4,5-dichlorobenzo)-3,8,11,13-tetraoxo-2,2,9,9-tetramethyl-12,12-diethyl-

1,4,7,10-tetratazacyclotridecane) which is, unlike the first two, substitutionally inert 

and unable to cause DNA breakage, were mutagenic in S. typhimurium TA 100 (Dillon 

et a l, 1993; Farrell et a l, 1989).

Wetterhahn and co-workers (Borges et a l, 1991; Borges and Wetterhahn, 1989; 

Hamilton and Wetterhahn, 1986; Misra et a l, 1994; Steams et a l, 1994; Steams et 

a l, 1995) repeatedly proposed that chromium(V) species mediate the binding of 

chromium to DNA. This hypothesis is based in the fact that the levels of chromium(V) 

intermediates correlated well with levels of chromium binding observed during the 

reduction of chromium(VI). During the reduction of Cr(VI) by various thiols the 

highest levels of Cr-DNA binding occurred for dithiothreitrol and P-mercaptoethanol, 

reactions which also produced higher levels of Cr(V) (Borges et a l, 1991).
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Furthermore, the formation of Cr-DNA adducts occurred in liver but not in red blood 

cells of chick embryos treated with Cr(VI), which once more correlated with longer 

half-lifes of chromium(V) species generated in hepatocytes relative to those in red 

blood cells (Misra et a l, 1994; Hamilton and Wetterhahn, 1986). Upon treatment of 

DNA with Cr(VI)/AsA in vitro the highest level of chromium-DNA binding occurred 

at low concentrations of AsA when maximum Cr(V) was produced (Steams et a l,

1995).

This hypothesis is contradicted by extensive work of Sugiyama and co-workers 

(Sugiyama et a l, 1989b; Sugiyama et a l, 1989a; Sugiyama, 1991; Sugiyama et a l, 

1991; Sugiyama, 1992; Sugiyama, 1994) on the relationship between the relative 

amounts of paramagnetic chromium species (Cr(V) and Cr(III)) and the DNA lesions 

and cytotoxicity of chromâtes in intact Chinese hamster V79 cells, upon modulation 

by a-tocopherol (vitamin E), riboflavin (vitamin B2), and ascorbic acid (AsA, vitamin 

C). All studies showed a relationship between Cr(V) and the generation of DNA 

strand breaks and/or alkali-labile sites (Sugiyama et a l, 1989b; Sugiyama et a l, 

1989a). Pre-treatment of cells with vitamin E was found to protect from sodium 

chromate (5-15 pM) induced DNA strand breaks and did not have any effect on DNA- 

protein cross links (Sugiyama et a l, 1989a). The ESR spectra of such cells showed 

decreased Cr(V) and unchanged Cr(III) signals (Sugiyama e ta l, 1989a). Pre-treatment 

of cells with vitamin B2 (which can react directly with Cr(VI) to generate Cr(V)) led 

to increased alkali-labile sites which correlated with an increased ESR Cr(V) signal 

(Sugiyama et a l, 1989b). Finally, increased DNA-protein cross links and decreased 

alkali-labile sites were found in cells pretreated with ascorbic acid which correlated 

with decreased Cr(V) and increased Cr(III) ESR signals (Sugiyama et a l, 1991). 

Although these findings suggest that Cr(V) is involved in the generation of strand 

breaks and alkali-labile sites induced by chromium(VI) it is not clear whether Cr(V) 

causes this lesion directly or needs further reaction to generate DNA damage, such as 

reaction with hydrogen peroxide to generate a Cr(V)-peroxide complex (Molyneux and 

Davies, 1995).
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Bose et al. (1992) observed the generation of a long-lived Cr(IV) intermediate during 

the reduction of chromate by GSH at acidic pH and with an excess of oxidised 

glutathione. This intermediate was established to be present by time domain magnetic 

susceptibility measurements as Cr(IV) complexes are ESR silent species.

More recently chromium(IV) intermediates were also detected in the reduction of 

Cr(VI) by AsA (Steams and Wetterhahn, 1994). The generation of this intermediate 

was monitored indirectly by reaction with Mn(II) (Mn(II) 4- Cr(IV) Cr(III) + 

Mn(III)). The decrease in the ESR signal intensity of Mn(II) was considered to be due 

to Cr(IV) intermediates. Cr(IV) levels were found to increase with higher AsA 

concentrations. Kortenkamp et al. (1996a) have used this approach to investigate the 

generation of Cr(IV) intermediates in solutions containing Cr(VI) and GSH, at neutral 

pH. A decrease in the ESR signal was taken as evidence for the generation of Cr(IV).

1.3 OBJECTIVES OF THIS THESIS

Although both AsA and GSH react readily with chromium(VI) under physiological 

conditions, there are fewer chemical studies on the interactions between chromium(VI) 

and AsA than on those between chromium(VI) and GSH (Cieslak-Golonka, 1995). At 

the time work on the present thesis began, the majority of mechanistic studies focused 

on the reduction of chromate by glutathione (Aiyar et al., 1991; Kortenkamp et a l, 

1990; Jones et al., 1991; O’Brien and Ozolins, 1989; Casadevall and Kortenkamp, 

1994; Kortenkamp and O’Brien, 1994; Kortenkamp et al., 1989; Casadevall and 

Kortenkamp, 1995).

Prompted by recent studies suggesting an important role for AsA in the intracellular 

reduction of hexavalent chromium (Susuki and Fukuda, 1990; Standeven and 

Weterhahn, 1991a; Standeven and Wetterhahn, 1992) the role of AsA in the activation 

of chromium(VI) to species able to generate DNA lesions will be investigated. 

Furthermore, attempts will be made to define the nature of the ultimate reactive 

species and to explore whether the DNA lesions generated are mutagenic.
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The objectives of the present thesis are:

1. To explore the role of ascorbate in the formation of DNA lesions (SSB and AP- 

sites) in the presence of chromium(VI).

2. To study the nature of the DNA damaging species resulting from Cr(VI) activation 

by AsA. The role of molecular oxygen and the possible formation of hydroxyl radicals 

will be explored.

3. To study the mutagenic potential of the DNA lesions produced by this reductive 

pathway. Different strategies using plasmid DNA modified in vitro replicating inside 

bacteria will be tested.

In view of the widespread industrial use of Cr(VI) compounds mechanistic studies of 

this kind are relevant. An improved understanding of the mechanisms underlying 

toxicity (and particularly genotoxicity) will aid the evaluation of occupational hazards 

associated with these compounds and the development of effective approaches for the 

biomonitoring of exposed individuals.
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CHAPTER 2 

MATERIALS AND GENERAL METHODS

2.1. MATERIALS

Water purified by reverse osmosis and ion exchange was passed through an 

ELGASTAT OPTION 4 purification system resulting in ultra high quality (UHQ) 

water, with a resistivity > 18 MO/cm and then used throughout the experiments. 

Materials used in the experiments and their respective suppliers are presented in the 

following tables:

Table 2-1: Materials used in Agarose Gel Electrophoresis

DESCRIPTION SOURCE

Agarose type II SIGMA Chemical Co., Poole, Dorset, UK

Polaroid film type 665 t l

Ethylenediaminetetraacetic acid 

(EDTA)

I I

Tris [hydroxymethyl] amino methane

Orthophosphoric acid BDH Ltd., Lutterworth, Leicestershire, UK

Glacial acetic acid I I

Low melting point agarose Life Technologies, GIBCO BRL, Paisley, UK

Bromophenol blue BioRad Laboratories, Hemel, Hempstead, UK

Ethidium bromide I I
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Table 2-2: Materials used in the study of SSB and AP-sites

DESCRIPTION SOURCE

L-ascorbic acid SIGMA Chemical Co., Poole, Dorset, UK

Glutathione (y-Glu-Cys-Gly; GSH) I I

N - [2-hy droxyethy l]piperazine-N ’ - [2- 
ethanosulfonic acid] (HEPES)

I I

Lysinyltryptophanyllysine
(Lys-Trp-Lys)

I t

Putrescine I I

Catalase from bovine liver 
(EC 1.11.16)

I t

Superoxide dismutase from bovine 
kidney (EC 1.15.1.1)

I I

Streptomycin I I

Sodium borohydride I I

Potassium chromate BDH Ltd., Lutterworth, Leicestershire, UK

H2O2 30% (w/v) I I

Chelex 100 resin (200-400 mesh, BioRad Laboratories, Hemel, Hempstead,
sodium form) UK

2-ethyl-2-hydroxybutyric acid (EHBA) Aldrich, Gillingham, Dorset, UK

PM2 DNA from bacteriophage PM2 Boehringer Manheim, Lewes, East Sussex, 
UK

Exonuclease III from Escherichia coli I t

Dulbecco’s modified Eagle medium Life Tecnologies, GIBCO BRL, Paisley, UK

Microcon 30, microconcentrators Amicon, Stonehouse, Gloucestershire, UK

Human fibroblasts A kind gift from Dr. Andrew Shaw, School o f  

Pharmacy, University o f London
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Table 2-3: Materials used in GC/MS-SIM studies

DESCRIPTION SOURCE

8-azaadenine SIGMA Chemical Co., Poole, Dorset, UK

6-azathymine

8-bromoadenine M

5-hydroxy uracil I I

4,6-diamino-5-formamidopyrimidine

(FAPy-adenine)

I I

Calf thymus DNA I I

2-amino-6,8-dihydroxypurine 

(8-hydroxy guanine)

Aldrich, Gillingham, Dorset, UK

Dihydrothymine ICN Biomedicals Ltd., Thame, Oxforshire, UK

Acetonitrile (silylation grade) I I

bis(trimethylsily)trifluoroacetamide 

(BSTFA) containing 1% trimethyl_ 

chlorosilane

Pierce Chemical Co., Chester, UK

Dialysis membranes 

(MWCO 3500)

Spectrum, NBS Biologicals, Hatfield, UK

6 -aminohydroxypurine (8 -hydroxyadenine) was synthesised by treatment of 8 - 

bromoadenine with concentrated formic acid (95%) at 150°C for 45 min and purified 

by crystallisation from water.

2,6-diamino-4-hydroxy-5-formamidopyrimidine (FAPY-guanine) was 

synthesised by treatment of 2,5,6-triamino-4-hydroxypirimidine with concentrated 

formic acid and recrystallised from water.
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Table 2-4: Materials used in mutagenicity studies

DESCRIPTION SOURCE

Plasmid pUC19 Life Technologies, GIBCO BRL, Paisley, UK

Select agar I I

Bacto-tryptone I t

Bacto-yeast extract I I

Isopropylthio-p-D-galactoside

(IPTG)

I I

5-bromo-4-chloro-3-indolyl-P-D- 

galactoside (X-gal)

I I

N,N ’ -dimethylformamide SIGMA Chemical Co., Poole, Dorset, UK

Tetracycline.HCl

HindlW. A.DNA digest

Sodium ampicillin (D[-]-a- 

aminobenzylpenicillin)

0 .2 2  pm sterile filters Whatman, Maidstone, Kent, UK

90 mm Petri dishes Greiner, Labortechnik, Stonehouse, 

Gloucestershire, UK

LB medium LBlOl, Stratech Scientific, Luton, Beds, UK

Plasmid pBR322 NEB, New England Biolabs, Hitchin, 

Hertforshire, UK

Restriction endonucleases

T4 DNA ligase

E. coli TGI A kind gift from Dr. Andrew Wilderspin, School 

o f Pharmacy, University o f London
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Table 2-5: Materials used in PCR experiments

DESCRIPTION SOURCE

MgCb (100 mM) SIGMA, Chemical Co., Poole, Dorset, UK

dNTPs mixture (25 mM each) I t

100 bp ladder Life Technologies, GIBCO BRL, Paisley, UK

Taq DNA polymerase Stratagene, Milton Road, Cambs, UK

GENECLEAN II kit LBlOl, Stratech Scientific, Luton, Beds, UK

PCR primers OSWELL DNA Service, University of 

Edinburgh, Edinburgh, UK

All other reagents were of analytical grade and were purchased from SIGMA or BDH, 

Ltd.

2.1.1 Reagents for the Bradford Method of Protein Estimation 

Reagent I: 100 mg of Coomassie Blue 0250 was dissolved in 50 ml of UHQ water 

and the solution filtered in order to remove any undissolved material. After filtration 

a 500 ml volume was completed with UHQ water.

Reagent II: 17% orthophosphoric acid (commercial 85% orthophosphoric acid was 

diluted 1:5 with UHQ water).

The two reagents were mixed (1:1) prior to use, forming the colour reagent/diluent. 

A calibration curve was made by using samples (100 pi) containing known amounts 

of protein. These samples were prepared from a stock solution of bovine serum 

albumin standard using the same buffer as the unknown protein sample. To each 

sample 1 ml of colour reagent/diluent (acid/dye solution) was added. The absorbance 

at 595 nm was read immediately.
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2.1.2 Recipes for Media, Plates and Stock Solutions

LB Medium (Luria-Bertani Medium)

Per litre:

To 950 ml of UHQ water was added: 

bacto-tryptone 1 0  g

bacto-yeast extract 5 g

NaCl 10 g

The volume was adjusted to 1 1 after dissolution of these solutes and the pH adjusted 

to 7.0 with 5 N NaOH (approximately 0.2 ml). The solution was sterilised by 

autoclaving for 20 min at 15 Ib/sq. in. on liquid cycle.

In some cases, pre-prepared LB medium (solids) were dissolved in UHQ water and

autoclaved as before.

LB plates

LB medium was prepared as described. Prior to autoclaving, bacto-agar (15 g/1) was 

added. The medium was then autoclaved and allowed to cool to approximately 50°C 

before any thermolabile substance was aseptically added (antibiotics, X-gal or IPTG). 

Plates were placed on a even surface and LB agar was then poured slowly from the 

flask to avoid formation of air bubbles and, once the medium had hardened 

completely, stored at 4°C until needed. Plates were removed from storage a few hours

before use and incubated at 37°C in an inverted position in order to avoid

condensation.

M-9 minimal glucose plates

Per litre:

15 g of bacto-agar was dissolved in 750 ml of UHQ water and the solution 

autoclaved. After cooling to 50°C or less, the following solutions were added:
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M-9 salts (5X) 2 0 0  ml

1 M MgS04 2  ml

2 0  % glucose 2 0  ml

1 M CaClz 0 .1  ml

IM thiamine-HCl 2  ml

UHQ water to 250 ml

M-9 salts (5X) were prepared by dissolving the following salts in UHQ water to a 

final volume of 1 litre:

Na^HPO^JH^O 64 g

KH2PO4 15 g

NaCl 25 g

NH4CI 5.0 g

The sait solution was divided into 200 ml aliquots and sterilised by autoclaving. The 

MgS0 4  and CaCl2 solutions were prepared separately, sterilised by autoclaving, and 

added after diluting the M-9 salts (5X). Glucose and thiamine solutions were sterilised 

by filtration (0.22 pm sterile filters) before addition. Plates were prepared as before.

X-gal solutions

Stock solutions of X-gal were prepared by dissolving 50 mg/ml in N,N'- 

dimethylformamide. The glass container was wrapped in aluminium foil in order to 

protect the solution which is light sensitive. The solution does not need to be filter 

sterilised. Aliquots were stored at -20°C. A volume of these solutions was added to 

LB agar to a final concentration of 40 pg/ml before pouring plates.

IPTG solutions

Stock solutions prepared by dissolving 40 mg/ml in UHQ water (0.2 M final 

concentration). Solutions were filter sterilised (0.22 pm sterile filters) and aliquots 

stored at -20°C. 0.5 mM was added to LB agar before pouring plates.
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Ampicillin solutions

Stock solutions were prepared by dissolving 10 mg/ml in UHQ water. The antibiotic 

solution was then filter sterilised (0.22 pm) and aliquots stored at -20°C. For pouring 

plates 100 pg/ml were added. For overnight cultures of mutants, 50 pg/ml was added 

to LB medium.

Tetracycline solutions

Solutions were prepared by dissolving 20 mg of tetracycline hydrochloride in 5 ml 

ethanol (4 mg/ml). The solution does not need to be filter sterilised. 20 pg/ml was 

added to LB agar before pouring the plates.

2.2 GENERAL METHODS

2.2.1 Removal of Catalytic Metals from Buffers

In buffers contaminated with traces of metal ions such as iron and copper, AsA alone 

is able to cause DNA strand breaks (Kortenkamp and O’Brien, 1994). This process is 

thought to be the result of the formation of reactive oxygen species arising from the 

oxidation of AsA by molecular oxygen (Morgan et a l, 1976; Kalus et a l, 1982). The 

reaction is catalysed by metal ions (Buettner, 1990; Buettner, 1988; Buettner, 1986) 

and can be prevented from occurring at appreciable rates, at neutral pH, by keeping 

the level of contaminating metal ions to a minimum (Buettner, 1988).

All buffer solutions to be used during reactions involving AsA were therefore treated 

as follows: 5 g of the chelating (sequestering) resin Chelex 100 were added per 100 

ml of buffer, stirred overnight and finally filtered (Buettner, 1988). The successful 

removal of metal ions was ascertained by monitoring the stability of ascorbate 

(absorbance at 265 nm). Metal contamination was regarded as minimal if AsA was 

stable in chelex-treated buffers for at least 30 min (loss of absorbance < 0.5% 

(Buettner, 1988) monitored on a SHIMADZU MPS-2000 Spectrophotometer.
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2.2.2 Removal of Metals from DNA

One A260 Unit of PM2 DNA (50 pg) was left overnight at 4°C in the presence of 2 

mM of the chelating agent DTPA in demetallated phosphate buffer (0.1 M, pH 6.8) 

or HEPES buffer (0.015 M HEPES, 0.15 M NaCl, pH 7). Following this incubation 

the DNA was washed with, and resuspended in, the respective demetallated buffer to 

a final concentration of 80 pg/ml. This step was accomplished by using ultrafiltration 

devices (Microcon 30). Aliquots were prepared, stored at -20°C and used throughout 

the experiments. The DNA was considered free of metals if AsA, at 1 mM, did not 

induce single strand breaks (SSB). Figure 2.2-1 shows that phosphate buffer was the 

main source of metal contamination.

1 2  3 4

mm mm

Figure 2.2-1: The effect of metal contaminations on single-strand breaks in isolated PM2 DNA (8 

pg/ml) induced by AsA with (A) non-demetallated DNA and non-demetallated phosphate buffer, (B) 

non-demetallated DNA but Chelex-treated phosphate buffer and (C) both DNA and phosphate buffer 

demetallated as described above. Samples were incubated for 2 h. Lanes (A, B and C) 1 and 2, DNA 

alone; 3 and 4, with 25 pM AsA; 5 and 6, with 100 pM AsA; 7 and 8, with 1 mM AsA. The bands 

of the lower rows represent uncleaved closed circular supercoiled form I PM2 DNA. The upper ones 

are nicked circular form II PM2 DNA (see Figure 2.2-2).
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The plasmids pUC19 or pBR322 were incubated at 4°C overnight in the presence of 

2 mM DTPA and then washed with and resuspended in chelexed phosphate buffer. 

The final concentration depended on the specific experiment being carried out.

Metals were removed from the highly polymerised calf thymus DNA used in the 

measurements of GC-MS as follows: to 4 ml of stock solution (2.77 mg/ml), 1 ml of 

a concentrated solution of DTPA (31 mM) and 0.5 ml of chelexed phosphate buffer 

(0.1 M, pH 6.8) were added and the solution was left overnight at 4°C. The DNA was 

then transferred to dialysis bags (MWCO 3500) and dialysed against chelexed 

phosphate buffer for 12 h at 4°C, the buffer was then exchanged and dialysis carried 

out for further 12 h at the same temperature. Demetallation was confirmed by the 

Buettner test (as above) and the final concentration of DNA was estimated at A260 to 

be 1.73 mg/ml ( A260I.O = 50 pg/ml).

2.2.3 Agarose Gel Electrophoresis

Agarose gel electrophoresis is a technique of high resolving power for the analysis of 

DNA structure and function (Johnson and Grossman, 1977). The electrophoretic 

migration rate of a macromolecule moving through a gel matrix under the influence 

of an electric field is dependent on molecular size, conformation and net charge. DNA 

molecules, negatively charged at neutral pH, migrate towards the anode.

The location of DNA within the gel can be easily determined by staining the gels with 

low concentrations of the fluorescent intercalating dye ethidium bromide. Bands 

containing as little as 10 ng of DNA can be detected by direct examination of the gel 

in UV light (Sambrook et a l, 1989). This molecule contains a planar group that 

intercalates between the stacked bases of DNA. The fixed position of this group and 

close proximity to bases causes the dye bound to DNA to display increased 

fluorescence yield compared to that of the dye in free solution (Brunk and Simpson, 

1977). The complex formed between ethidium bromide and DNA has a fluorescence 

excitation spectrum with a maximum at 302 nm. UV irradiation at 254 nm is absorbed 

by DNA and transmitted to the dye at 302 and 366 nm and is absorbed by the dye
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itself. In both cases the energy is re-emitted at 590 nm (maximum of fluorescence 

spectrum of free ethidium bromide) in the red orange zone of the visible spectrum 

(Sambrook et a l, 1989; Sealey and Southern, 1990).

A gel loading buffer is added to the samples before these can be loaded and serves 

the following purposes:

- it stops the reaction

- increases the density of the sample so it drops evenly into the well

- adds colour to the sample which simplifies the process of loading

- contains dyes that in an electric field move toward the anode at predictable rates.

Preparation of Gels

Gels were prepared by melting 0.8 g of agarose in the presence of 100 ml of TPE IX 

(90 mM Tris-phosphate, 2 mM EDTA, pH 8.2-8.6) by heating the mixture until it 

became a clear solution. The solution was left to cool to approximately 60°C and 

poured into gel trays sealed with autoclave tape and with combs in position. Mini-gels 

were prepared in a similar way but only 25 ml of running buffer IX is needed and 

therefore 1/4 of the amount of agarose. The gels were allowed to settle for at least two 

hours before use.

Electrophoresis

Gels were submerged in running buffer (TPE IX, unless stated otherwise) in an 

horizontal apparatus (BioRad Subcell) and samples with added loading buffer (0.25% 

bromophenol blue, 40% sucrose (w/v) in water) were loaded onto the wells. Current 

was applied using a power supply (BioRad model 200/2.0, which delivers up to 200 

mA DC at 200 V). Normally, gels were run at 70 V for 1.5 h at a voltage gradient of

2.2 V/cm. After electrophoresis was stopped gels were soaked for 15 min in a solution 

containing 1 pg/ml of ethidium bromide and destained in UHQ water or TPE buffer, 

overnight, in order minimize background fluorescence.
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Transillumination and Photography

Stained gels were transilluminated using a 302 nm emitting UV lamp (FLOWGEN). 

Illumination at 254 nm causes photo-nicking, dimerization and rapid bleaching of the 

complex. The use of the 302 nm for exciting EB-DNA complexes was found to cause 

a relatively low amount of DNA damage and improved sensitivity compared to lower 

wavelengths (Brunk and Simpson, 1977). Photographs were taken using a Polaroid 

MP-4 camera, combined with an orange filter (Kodak 23A) and using Polaroid film 

type 665.

2.2.4 Quantification of Strand Breaks

The principles of the electrophoretic assay used to quantify SSB are outlined in 

Figure 2.2-2.

F o r m  I
(supercoil)

SSB

F o r m  II

DSB
O

Agarose gel , 

electrophone^

(closed circular form)
F o r m  III

(linearform)

Form II

Form III

o
0.8% agarose gel

Figure 2.2-2: Principles of the DNA electrophoretic assay. A. A single strand break in the supercoil 

(form I) causes the molecule to relax to the closed circular form (form II). B A double strand break 

in the closed circular form induces a further conformational change to the linear form (form III). C. Due 

to these conformational differences the three forms are separated by agarose gel electrophoresis (See 

text). Due to its compact conformation form I migrates fastest, form II because it is relatively bulky will 

migrate slower in an electric field. Finally the form III, migrates slower than form I. The different 

fluorescence intensities of the bands (densitometry of photographs after EB staining and UV 

illumination of the gels) correspond to the relative abundance of the three forms (see Figure 2.2-3).
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Figure 2.2-3: Densitometric analysis o f different DNA bands in a photograph of an agarose gel. 

Because the photographs were analysed in the cathode-anode direction the first peak corresponds to 

form II and the second to form I (migrates further). Calculations are described in the text.

The DNA of Pseudomonas PM2 bacteriophage is a supercoil of 10 250 base pairs 

(bp). The occurrence of a single strand break in supercoiled DNA causes this very 

compact molecule (form I) to relax to the open circular form (form II). These two 

different DNA forms are therefore easily separated by using agarose gel 

electrophoresis. The relative intensity of the resulting bands is a measure of the 

number of breaks per DNA molecule.

The photographs of agarose gels were analysed with a densitometer equipped with 

digitalized image analysis. This consists of a video camera (JBC colour video camera 

head, model TK870-E), a monitor SONY and a program for image analysis (PC-Image 

Plus for Windows 3.0). Figure 2.2-3 represents a typical result of this analysis.

Peaks (corresponding to the two forms) were integrated and the fraction f̂  of unbroken 

(supercoiled) DNA molecules estimated to be:

f, = form I/(0.8 form II + form I).
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A correction factor of 0.8 was used to account for the higher fluorescence of the open 

circular DNA (form II) when compared to intact supercoiled DNA (form I) 

(Kortenkamp et al. 1989).

Assuming that the distribution of SSB among individual DNA molecules follows a 

Poisson distribution, the parameter f̂  can be used to calculate the average number of 

SSB per DNA molecule. As f̂  expresses the probability P(0) of no SSB occurring, the 

mean of the corresponding Poisson distribution is 

P(0) = f̂  = e'"’

where m is the average number of SSB per DNA molecule. Thus 

m = SSB = -In f̂

Because PM2 DNA is ca. 10"̂  bp long, m is equivalent to the number of DNA 

modifications per 10"̂  bp. It is important to emphasise that at the level of an individual 

DNA molecule one break is sufficient to accomplish the relaxation of a supercoil to 

the open circular form. An additional break will not lead to further conformational 

changes.

2.2.5 Quantification of DNA-Base Damage

The yield of modified DNA bases in samples of calf-thymus DNA treated with 

chromate and AsA as described in Chapter 4, section 4.3.6 was estimated by 

determining the area under the peaks of the different DNA-bases adducts in the SIM 

spectra. The retention times for the different peaks and the mass of each silylated 

DNA adduct are indicated in the table below. The response factor (K) was calculated 

from the slopes of calibration curves constructed using known concentrations of 

internal standards and synthesised base-adducts.

62



The yield of product (nmol/mg DNA) was calculated for each sample according to the 

following equation:

product yield = (1/K) x IS x (A/Ajs)

IS = concentration of internal standard (12.5 nmol/mg DNA)

A = peak area of the product 

Ajs = peak area of internal standard 

K = relative molar response factor

Damaged base product Retention time 
(min)

Mass ion 
selected

Response factor
(K)

6-Azathymine (Int. Std) 2.75 256 1
5-Hydroxyuracil 4.00 329 3.31
5-(Hydroxymethyl)uracil 4.85 358 2.56

8-Azaadenine (Int. Std.) 6.40 265 1
FAPy-adenine 6.85 354 3.38
8-Hydroxyadenine 7.50 352 8.75
FAPy-guanine 8.05 442 0.99
8-Hydroxyguanine 8.40 440 3.53
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CHAPTER 3

THE GENERATION OF SINGLE STRAND BREAKS DURING 

THE REDUCTION OF CHROMIUM(VI) BY ASCORBATE

3.1. INTRODUCTION

Although it is generally accepted that the intracellular reduction of chromium(VI) is 

crucial for the induction of DNA lesions (Bianchi and Levis, 1987; Connett and 

Wetterhahn, 1983; Connett and Wetterhahn, 1985), the mechanisms underlying the 

generation of these lesions and their relevance to the known mutagenicity and 

carcinogenicity of chromium(VI) still remain unclear.

Results of in vitro kinetic studies, at physiological pH, point to cysteine, GSH, and 

AsA as the most important reductants of Cr(VI) in the cytoplasm (Connett and 

Wetterhahn, 1983). Both GSH (Meister and Anderson, 1983) and AsA (Homig, 1975) 

are present at millimolar concentrations in the cytosol of mammalian cells. Whilst the 

involvement of GSH in the generation of DNA damage has been extensively studied 

(Kortenkamp et ah, 1989; Kortenkamp e ta l,  1990; Cupo and Wetterhahn, 1985a), the 

significance of AsA as an intracellular reductant of Cr(VI) has received, until recently, 

comparatively little attention.

Connett and Wetterhahn (1985) demonstrated that the reduction of Cr(VI) by AsA 

proceeds at a faster rate than by GSH. Subsequent in vitro studies by Suzuki (1990) 

showed that the rate of reduction of Cr(VI) by AsA is higher than by GSH. Suzuki 

and Fukuda (1990) reported a 30% depletion of pulmonary AsA levels after 

intratracheal instillation of sodium dichromate in rats, whereas the levels of GSH 

remained unchanged, providing evidence for AsA as the principal reductant of Cr(VI) 

in rat lung lavage fluids. Standeven and Wetterhahn, working with ultrafiltrates and 

cytosols prepared from rat lung (1992) confirmed the predominant role of AsA in the
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reduction of Cr(VI) and suggested that this reductant mediates the binding of 

chromium to nuclear DNA in vitro. Taken together, these observations suggest an 

important role for AsA in the intracellular metabolism of Cr(VI) in lung, the target 

organ for Cr(VI) carcinogenesis and prompted us to investigate the possibility that 

chromium(VI) reduction by AsA generates DNA lesions.

In this chapter the results of detailed studies on the induction of DNA strand breaks 

during the reduction of chromium(VI) by AsA are presented. Experiments were 

designed in order to obtain information about the nature of the reactive species 

responsible for the DNA cleavage.

3.2. METHODS 

3.2.1. Removal of Metals from Buffers and DNA

Buffers and DNA used were treated for removal of catalytic metals as described in 

Chapter 2, sections 2.2.1. and 2.2.2.

3.2.2. Treatment of PM2 DNA

Supercoiled circular phage PM2 DNA (8  pg/ml) was treated with AsA and potassium 

chromate or with each reactant alone in sodium phosphate buffer (0.1 M, pH 6 .8 ) or 

HEPES buffer (15 mM HEPES/ 0.15 M NaCl, pH 7.0) for 2 h at room temperature 

(close to 20°C). Incubations were stopped by the addition of electrophoresis loading 

buffer and samples were immediately loaded onto gels. DNA gel electrophoresis was 

carried out and the number of strand breaks determined as described above.

Solutions of AsA were always freshly prepared in order to avoid autoxidation of the 

compound. AsA stock solutions 0.1 M were prepared in U.H.Q. water and these could 

be kept for several days or even weeks. The low pH and the use of relatively air tight 

flasks stabilizes ascorbate (Buettner, 1990).
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H2O2 stock solutions 10 mM were freshly prepared by diluting 5 pi 30.0% w/v 

solution in 5 ml U.H.Q. water.

In order to probe the possible involvement of chromium(V) species, 2-ethyl-2- 

hydroxybutyric acid which complexes chromium(V), was added to incubation mixtures 

to give a final concentration of 1.5 mM (Krumpolc and Rocek, 1985).

Stock solutions of catalase from bovine liver (2 mg/ml) and of superoxide dismutase 

(1 mg/ml) were prepared in chelex treated phosphate buffer. The enzymes were added 

to samples containing Cr(VI) and AsA to give the final concentrations indicated in 

Table 3-2. Inactivation of catalase and superoxide dismutase was achieved by heating 

for 10 min at 65°C (Deisseroth and Dounce, 1970).

In order to establish a possible role of oxygen, experiments were carried out in a 

nitrogen atmosphere. Buffers, AsA and Cr(VI) solutions were degassed for at least 45 

min under mild vacuum (water pump) in an ultrasonic bath and then transferred to a 

glove bag ("Hands in bag" from JV Manufacturing Company, Inc.) which was purged 

with oxygen free nitrogen. DNA solutions were washed three times under nitrogen 

with degassed phosphate buffer using an ultrafiltration device (Microcon 30).

3.3 RESULTS

3.3.1 The Reduction of Cr(VI) by AsA Induces SSB in Isolated PM2 DNA

In demetallated buffer solutions, Cr(VI) in combination with AsA caused single strand 

breaks in isolated supercoiled circular PM2 DNA. As shown in Figure 3.3-1, the 

number of breaks per DNA molecule increased with increasing Cr(VI) concentrations 

(0.1 - 1 mM) in solutions containing 1 mM AsA, when incubated for 2 h. The AsA 

concentration employed in these experiments falls in the range of the reported 

cytoplasmic levels in the rat lung (Suzuki and Fukuda, 1990). At Cr(VI)
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concentrations higher than 0.5 mM, the DNA cleavage exceeded 1.5 breaks per DNA 

molecule, a level too high to be reliably determined using the method described for 

the quantification of the number of single strand breaks. In contrast, neither Cr(VI), 

nor AsA, when administered individually in demetallated buffer, produced any DNA 

single strand break.
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Figure 33-1: DNA single strand breaks caused by varying concentrations of Cr(VI) in the presence of 

1 mM AsA in demetallated phosphate buffer (pH 6.8). Data presented are corrected for the number of 

strand breaks induced in control samples containing 1 mM AsA.

In order to obtain more information on the reaction leading to DNA damage the time 

course of the generation of single strand breaks by 1 mM AsA and 0.5 mM Cr(VI) 

was followed. As shown in Figure 3.3-2, the level of strand breaks increased with 

incubation time and then reached a plateau. Incubation periods of more than 90 min 

did not, apparently, lead to further increases in the level of breakage.
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Figure 3.3-2: Time course of the generation of single strand breaks induced by 0.5 mM Cr(VI) and 1 

mM AsA in isolated PM2 DNA. Values depicted are corrected for the level of strand breaks in control 

samples containing 1 mM AsA.

3.3.2 The Influence of Varying Levels of AsA on the Number of Strand Breaks

Figure 3.3-3 shows the results of experiments carried out to establish whether the 

level of strand breaks generated during the reduction of Cr(VI) could be affected by 

varying AsA concentrations. At a fixed Cr(VI) concentration of 0.3 mM a decrease 

in the level of DNA cleavage with increasing concentrations of AsA up to 1 mM was 

observed. AsA concentrations ranging from 0.075 mM to 0.5 mM resulted in DNA 

damage too extensive for quantitation of the number of breaks (i.e. exceeding 1.5 

breaks per DNA molecule).

In a similar series of experiments, but employing the lower Cr(VI) concentration of 

50 pM, we were able to establish that the DNA cleavage first rose as the 

concentrations of AsA increased, with maximum DNA cleavage occurring at a 

concentration ratio of 1:1 (50 pM Cr(VI), 50 pM AsA), and then declined at higher
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concentrations of AsA (Figure 33-4). Suzuki (1990) observed an increase in the 

reduction rate of Cr(VI) with increasing concentrations of AsA. Consequently, our 

findings could be indicative of an inverse relationship between the rate of reduction 

and the generation of DNA damage. The faster the reduction proceeds, the less DNA 

damage occurs. Alternatively, the observed decrease in DNA cleavage with increasing 

AsA concentrations could be due to the ability of AsA to act as an antioxidant, 

scavenging reactive intermediate(s) (Shamberger, 1984; Coassin et al., 1991; Fischer- 

Nielsen et al., 1992; Njus and Kelley, 1991).
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Figure 3.3-3: The influence of varying AsA concentrations on the level of strand breaks when PM2 

DNA was incubated with a constant concentration of 0.3 mM Cr(VI) and increasing concentrations of 

AsA up to 1 mM. Data presented were corrected for the number of strand breaks occurring in control 

samples incubated with 1 mM AsA.
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Figure 3.3-4: DNA strand breaks caused by varying AsA concentrations in the presence of 50 pM 

Cr(VI). Control samples were incubated in the presence of 50 pM AsA and values depicted were 

previously corrected for the number of SSB occurring in these samples.

3.3.3 Species Responsible for DNA cleavage: Final Product versus Intermediates 

Formed During the Reaction

The possible involvement of an intermediate species, generated during the reduction, 

in the steps leading to DNA cleavage was explored by ageing reaction mixtures of 

Cr(VI) and AsA for different time periods before administration to DNA. If the final 

product of the reaction was the cleaving species, the level of strand breaks would be 

expected to build up as the reaction progresses. Figure 33-5  shows that the number 

of breaks declined the longer the reaction between Cr(VI) (0.5 mM) and AsA (1 mM) 

was allowed to proceed in the absence of DNA. Reaction mixtures aged for 

approximately 25 - 30 min before exposure to DNA induced only à slight increase in 

the number of strand breaks when compared to untreated controls. These results are 

easily explained if it is assumed that an intermediate produced during the reduction 

is responsible for the DNA damage: The longer the reduction proceeds in the absence
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of DNA, the less of the intermediate remains to react with DNA.

It is worth noting that the initial level of strand breaks in Figure 3.5. reaction time O’:

0.64 ± 0.11 breaks per DNA molecule (mean ± SEM x t(95%), n = 3) is considerably 

lower than would be expected from the results shown in Figure 3.3-1 at 0.5 mM 

Cr(VI)/l mM AsA (1.15 ± 0.35 breaks per DNA molecule (mean ± SEM x t(95%), 

n = 6 ). However, this inconsistency is easily explained by a dilution effect which 

occurred when aliquots (18 pi) of the original reaction mixture containing 0.5 mM 

Cr(VI) and 1 mM AsA were administered to DNA (2 pi).
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Figure 3.3-5: Strand breaks resulting from treatment (2 h) of PM2 DNA with Cr(VI)/AsA reaction 

mixtures (0.5 mM/1 mM) aged for the time intervals indicated. Control values were obtained by 

determining the number of strand breaks in samples containing 1 mM AsA and incubated for 2 h.

3.3.4 Experiments carried out in HEPES buffer

Kortenkamp et a l  (1989) reported that the nature of the buffering agent strongly 

influenced the DNA damage induced by Cr(VI) and GSH. We therefore studied the 

effect of different buffering agents on the Cr(VI)/AsA induced DNA damage. To our

71



surprise, single strand breaks failed to occur when DNA incubations were carried out 

in 15 mM HEPES buffer (pH 7.0) containing 0.15 M NaCl. As shown in Figure 3.3- 

6 , at Cr(VI) concentrations of 0.5 mM and above, the electrophoretic mobility of the 

supercoiled PM2 DNA started to decrease significantly in the presence of 1 mM AsA. 

In addition, the DNA bands appeared slightly blurred. AsA was stable in HEPES 

buffer for more than 2  h under our reaction conditions as measured by monitoring the 

absorbance at 265 nm (see 2.2.1). This observation rules out interactions between AsA 

and HEPES as an explanation for the lack of ability of Cr(VI)/AsA to induce DNA 

cleavage in HEPES buffer.

5 b 7 X Q in n  19 n  14 is

Figure 3.3-6: The effect of Cr(Vl) and AsA on PM2 DNA with HEPES as the buffering agent. Lanes 

1-15: 1 mM AsA with varying Cr(VI) concentrations in HEPES buffer. 1,2: 0.2 mM Cr(VI); 3,4: 0.4 

mM; 5,6: 0.5 mM; 10,11: 0.6 mM; 12,13: 0.8 mM and 14,15: 1 mM. Lanes 8,9 are controls (1 mM 

AsA, no Cr(VI)). Lane 7 is a control with PM2 DNA alone in HEPES buffer.

3.3.5 The Involvement of Cr(V) Species in the Steps Leading to DNA Cleavage

The addition of 2-ethyl-2-hydroxybutyric acid (1.5 mM), an agent which forms 

complexes with chromium(V), to samples containing 0.4 mM or 0.5 mM Cr(VI) and 

1 mM AsA led to significant reductions of the level of DNA strand breaks (Table 3- 

1). This finding points to chromium(V) as an intermediate participating in the 

processes leading to SSB.
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T able 3-1: Effect of 2-ethyl-2-hydroxybutyric acid (1.5 mM) on the yield of PM2 DNA single strand 
breaks induced by AsA (1 mM) and increasing Cr(VI) concentrations

Cr(VI) 
cone (mM)

N° of strand breaks in 
presence of AsA"

N° of strand breaks in 
presence of AsA and 

EHBA"
% decrease

0.4 0.734 ± 0.235 (8) 0.415 ± 0.06 (2) 43.4'’

0.5 1.14 ± 0 .1 2 (3 2 ) 0.545 ± 0.32 (2) 52.2"

values presented are mean ± SEM x t (95%), numbers in parenthesis indicate number of samples 
 ̂ means of groups are significantly different (Cochran’s t test for heterogenous variances and n, 

different from n^)
" means of groups are significantly different (Student’s t test - unpaired t test)

3.3.6 The Possible Involvement of a Reactive Oxygen Species

It is well established that hydrogen peroxide is produced during oxidations of AsA 

(Kalus et a l, 1982; Baldea and Munteanu, 1980; Shamberger, 1984; Morgan et a l, 

1976). Thus, in an attempt to further elucidate the nature of the intermediate 

responsible for the formation of DNA cleavage, we investigated the effect of catalase 

on the induction of strand breaks.

In incubation mixtures containing 0.5 mM Cr(VI) and 1 mM AsA the induction of 

single strand breaks was almost completely inhibited by the addition of catalase 

(Table 3-2). Heat inactivated catalase did not affect the level of strand breaks induced 

by Cr(VI) and AsA, indicating that the protective influence observed with the active 

enzyme was not due to unspecific scavenging by the protein. Superoxide dismutase 

left the levels of DNA strand breaks unchanged (Table 3-2).

Control experiments were carried out to assess the ability of different H2O2 

concentrations (50 pM, 100 pM and 1 mM) in combination with 1 mM AsA to induce 

single strand breaks in PM2 DNA. In contrast to the process occurring in systems 

containing metals, where AsA or other reducing agents are able to cause extensive 

DNA damage, our results showed that neither H2O2 nor AsA + H2O2 are able to 

induce SSB in our demetallated systems.
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Table 3-2: The influence of catalase and superoxide dismutase on the induction of strand breaks by 
Cr(VI) and AsA

Enzyme Concentration
(pg/ml)

Number of breaks per 
DNA molecule"

Percentage
decrease*

Catalase 10 0.087 92.4

100 0.058 95

Superoxide 10 1.061
dismutase

100 1.13 ~0

“ mean of 4 - 5 determinations
 ̂in relation to as much as 1.14 ± 0.12 breaks per DNA molecule in samples containing 0.5 mM Cr(VI) 

and 1 mM AsA; mean ± SEM x t (95%), n = 32

The inhibitory effect of catalase on the formation of strand breaks by Cr(VI) and AsA 

prompted us to study the role of molecular oxygen in the steps leading to DNA 

cleavage. When DNA was incubated with deaerated solutions of Cr(VI) (0.5 mM) and 

AsA (1 mM) under a nitrogen atmosphere, a significant reduction in the number of 

strand breaks relative to samples treated under aerobic conditions was observed (Table 

3-3). It is intriguing that the inhibition of DNA breakage did not exceed 56%. In 

contrast, samples containing Cr(VI) and GSH showed an almost complete suppression 

of DNA degradation under identical experimental conditions (Casadevall and 

Kortenkamp, 1995).

Table 3-3: Influence of oxygen on the generation of strand breaks by 0.5 mM Cr(VI) Cr(VI) and 1 mM 
AsA in isolated PM2 DNA

Presence of O2" Absence of Og* Percentage decrease

1.14 ± 0 .1 2 0.497 ± 0 .1 2 56.4

“ number of breaks per DNA molecule: mean ± SEM x t (95%), n = 32 
* number of breaks per DNA molecule: mean ± SEM x t (95%), n = 8
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3.4 DISCUSSION

3.4.1 The Reduction of Cr(VI) by As A Generates Intermediates Able to Induce 

Single Strand Breaks

We have shown that the reductive conversion of Cr(VI) by As A, in the absence of 

catalytic metals, has the potential to generate species which are able to cleave DNA. 

Experiments using aged reaction mixtures of Cr(VI) and ascorbate have yielded 

compelling evidence that the final product of this reaction is not involved in the 

induction of these effects and that the cleaving species is an intermediate generated 

during the reduction.

3.4.2 Oxygen Plays a Role in the Generation of SSB

The observation that catalase prevented DNA single-strand breaks from occurring in 

the Cr(VI)/AsA system leads us to suggest that peroxidic species are formed in the 

reaction mixtures. These species appear to be essential intermediates for the formation 

of the cleaving species since scavenging by catalase almost completely prevented the 

DNA cleavage.

However, H2O2 is not the ultimately cleaving agent as it is, in the absence of catalytic 

metals such as iron (II) or copper (II), unreactive towards DNA (control experiments; 

Morgan et a l, 1976; Muiras et al. 1993; Rowley and Halliwell, 1983; Aruoma et al. 

1989a). Furthermore, H2O2 in the presence of AsA was unable to cause SSB which 

is indicative of the absence of catalytic metals in the reaction mixtures. Several studies 

suggested the generation of hydroxyl radicals if catalytic metals are present due to the 

fact that AsA is able to reduce iron(III), recycling the Fenton-active metal and 

producing hydroxyl radicals which then would cause DNA strand breaks (Aruoma et 

a l, 1991; Imlay and Linn, 1988).

Molecular oxygen seems to be the source of the peroxidic species as shown by the 

significant decrease in the number of strand breaks under anoxic conditions. However, 

it remains unclear whether these peroxidic species arise from an initial one-electron 

or two-electron reduction of molecular oxygen. Unfortunately it is not possible to
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resolve this question by using superoxide dismutase as a scavenger since this enzyme 

catalyses the conversion of superoxide anion to hydrogen peroxide and therefore will 

be expected to leave the level of strand breaks unchanged. This expectation was 

confirmed by our results.

The removal of oxygen was less effective in protecting from DNA cleavage than the 

addition of catalase. Several suggestions could be put forward to explain this 

phenomenon:

1. There could be two distinct pathways leading to the formation of the cleaving 

species, only one of them being dependent on oxygen. This suggestion is however 

hard to reconcile with the finding that catalase caused an almost complete inhibition 

of DNA cleavage.

2. Alternatively, incomplete removal of oxygen under our experimental conditions 

could explain the observed results. On the other hand, with samples containing Cr(VI) 

and GSH, we were able to achieve a complete protection from the formation of DNA 

strand breaks under identical experimental conditions (data not shown). Nevertheless, 

it is possible that the Cr(VI)/AsA reaction is much more sensitive to oxygen than the 

Cr(VI)/GSH system. Even traces of oxygen could be sufficient for the generation of 

the cleaving species.

There is a controversy concerning the role of oxygen in the reduction of Cr(VI) by 

AsA. Lefebvre and Pézerat (1992) reported the activation by molecular oxygen of an 

intermediate generated during the reduction of Cr(VI) by AsA and Dixon et al (1993) 

reported a reaction rate 1 0  times higher in the absence of molecular oxygen whereas 

Steams and Wetterhahn (1994) could not detect any difference in the intermediates 

generated in the presence or absence of dioxygen. Although probably not necessary 

for the reduction (Steams and Wetterhahn, 1994) our results suggest the involvement 

of molecular oxygen either in the generation of the cleaving species or in some step 

of the mechanism which leads to strand breakage.
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3.4.3 Cr(V) Alone Is Not the Species Responsible for DNA Cleavage

Cr(V) species were found to be produced during reduction of Cr(VI) by AsA in vitro 

(Goodgame and Joy, 1987; Steams etal., 1994; Steams and Wetterhahn, 1994; Steams 

et a l, 1995; Lefebvre and Pézerat, 1992; Lefebvre and Pézerat, 1994). Chromium(V)- 

complexes were also detected during the reduction of Cr(VI) in a variety of biological 

systems including rat liver microsomes and NADPH (Wetterhahn, 1982), mitochondria 

(Rossi and Wetterhahn, 1989), chick embryo red blood cells (Liebross and 

Wetterhahn, 1992), human red blood cells (Branca et al., 1989) and Chinese hamster 

V79 cells (Sugiyama et al., 1989a; Sugiyama et al., 1989b). In view of the lability of 

Cr(V) intermediates it seems reasonable to consider chromium(V) as a participating 

agent in the formation of the DNA damage. The EPR spin-trapping studies 

communicated by Lefebvre and Pézerat (1992) further detail this idea. These authors 

observed, during the reduction of chromium(VI) by AsA in phosphate buffer, the 

production of an intermediate with a strongly oxidising behaviour, able to oxidise 

formate anions. The formation of this species was dependent on molecular oxygen and 

could be prevented by the addition of catalase, pointing to hydrogen peroxide as an 

important intermediate. Chromium(V) or a chromium(V)-ascorbate complex were ruled 

out as the oxidising species as the chromium(V) signal still occurred in the absence 

of molecular oxygen. Nevertheless, chromium(V) played a role in the generation of 

this electrophile as the addition of the chromium complexing agent EHBA led to a 

decrease in the level of carboxylate radical. Lefebvre and Pézerat suggested a 

chromium(V)superoxo complex as a possible candidate.

Our results are in line with these proposals. The observation of a protective influence 

of the addition of the chromium(V)-complexing ligand 2-ethyl-2-hydroxybutiric acid 

in the generation of DNA strand breaks indicates the involvement of Cr(V) in the 

steps leading to DNA cleavage. However, the fact that no strand breaks occurred in 

HEPES buffer, although chromium(V) is generated under these conditions (Goodgame 

and Joy, 1987; Steams et al., 1994; Steams et al., 1995), supports the suggestion that 

chromium(V) alone is not the cleaving species.
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The effects observed in HEPES buffered medium are indicative of the formation of 

Cr-DNA adducts which lead to an unwinding of the supercoiled PM2 DNA rendering 

it relatively bulky thereby causing retardations in migration velocity. These are similar 

to the effects reported to occur during the reduction of Cr(VI) by dithiotheitrol or 

beta-mercaptoethanol (Borges et a l, 1991). Similar results have been obtained earlier 

with Cr(VI) and GSH (Kortenkamp et a l, 1989) and seem to be typical of carcinogens 

known to form adducts with DNA (Thielmann and Hecht, 1980). One example is the 

binding of the antitumor drug c/5 -diamminedichloroplatinum(II) (cisplatin) to plasmid 

DNA which caused changes in the electrophoretic mobility and the appearance of 

diffuse bands. These effects were explained by the unwinding of the DNA caused by 

intrastrand cross-links between adjacent guanine bases (Pinto and Lippard, 1985).

Standeven and Wetterhahn (1992) showed that chromium-binding occurred in isolated 

nuclei upon the addition of Cr(VI) to suspensions in HEPES-buffered rat lung cell 

cytosols. As it is difficult to completely remove protein from these incubation mixtures 

these authors were not able to delineate between the formation of chromium-DNA 

adducts and some form of chromium-mediated DNA-protein cross links. Our 

observations provide indirect evidence that Cr(VI), upon reduction by AsA in HEPES, 

has the ability to form species which bind to DNA in the absence of proteins and that 

proteins are not necessary in mediating this binding. More recently these findings were 

confirmed by Steams et a l  (1994; 1995). Other DNA adducts, suggested to be 

interstrand cross links, able to stop DNA replication in vitro were also reported to 

occur after incubation of plasmid pSVneoTS with Cr(VI)/AsA in HEPES buffer 

(Bridgewater et a l, 1994). It is striking that the observed retardations in migration 

velocity did not occur in phosphate buffer, suggesting that binding to DNA either does 

not occur or is minimal. Detailed binding studies are necessary to clarify this question. 

It is likely that the reduction of Cr(VI) by AsA in HEPES proceeds via a mechanism 

different from the one occurring in phosphate buffered solutions.

The results presented here lead us to propose that the species causing DNA single 

strand breaks in our system is similar to the formate oxidising species identified by 

Lefebvre and Pézerat (1992). The strong oxidative behaviour of Cr(VI) upon reduction
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by AsA seems to result from activation of molecular oxygen. We suggest a superoxo- 

or a peroxo-complex involving chromium in intermediate oxidation states V or IV as 

the cleaving species in Cr(VI)/AsA systems.

This proposal, in contrast to the much publicised "tetraperoxochromium(V) theory" 

(Shi and Dalai, 1990a; Aiyar et a l, 1991; Shi and Dalai, 1990b; Kawanishi et ah, 

1986), is able to explain the oxidative behaviour of Cr(VI) in the absence of added 

hydrogen peroxide. These workers used very high concentrations of hydrogen peroxide 

in order to detect significant strand breakage (Kawanishi et a l, 1986). This does not 

resemble biological conditions once several intracellular defense mechanisms keep the 

intracellular levels of hydrogen peroxide at very low levels (between 10  ̂and lO'^M) 

as shown by studies of perfused rat livers (Oshino et a l, 1973; Tomaszewski et a l, 

1986). Furthermore tetraperoxochromate ions are not stable at neutral pH (O’Brien and 

Kortenkamp, 1994). On the other hand, molecular oxygen is present in large quantities 

in all cells, especially in the lung tissue.

The proposed species are difficult to study and have not yet been chemically 

characterised. It would be interesting to investigate if this species can also cause other 

DNA lesions such as AP-sites.
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CHAPTER 4

THE GENERATION OF AP-SITES DURING THE REDUCTION 

OF CHROMIUM(VI) BY ASCORBATE

4.1 INTRODUCTION

We have provided evidence for the ability of Cr(VI) in combination with AsA to 

cause extensive DNA cleavage (Chapter 3). Earlier reports of the formation of alkali- 

labile sites in chromium(VI)-treated mammalian cells (Sugiyama e ta l,  1986a; Cantoni 

and Costa, 1984) and the observation of an induction of apurinic/apyrimidinic sites 

(AP-sites) by chromium(VI) and GSH in isolated PM2 DNA (Casadevall and 

Kortenkamp, 1994, Casadevall and Kortenkamp, 1995) have led us to explore a 

possible role for AsA in the formation of this DNA lesion. There is considerable 

evidence that AP-sites, under appropriate conditions, can be highly mutagenic (Loeb 

and Preston, 1986; Gentil et a l, 1984).

In order to reveal AP-sites in isolated DNA we made use of the fact that certain 

endonucleases (AP-endonucleases, involved in the repair of AP-sites) and polyamines 

such as putrescine or the tripeptide Lys-Trp-Lys, incise the DNA sugar-phosphate 

backbone at sites where the loss of a base has occurred. This experimental approach 

has been successfully used to detect AP-sites caused by acid treatment (Behmoaras et 

al, 1981; Haukanes et a l, 1990; Malvy et a l, 1986), bleomycin and neocarzinostatin 

(Povirk and Steighner, 1989; Povirk and Houlgrave, 1988) and X-rays (Wallace, 

1983).

In an attempt to define the nature of the oxidising species produced in these systems, 

where hydroxyl radicals have been suggested as the species responsible for the DNA 

damage (Shi et a l, 1994), we have studied the influence of molecular oxygen in the 

generation of DNA lesions in this system. We have also studied whether a range of 

modified base products reported as diagnostic of hydroxyl radical attack on DNA
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(Dizdaroglu, 1985; Aruoma et a l, 1989a; Aruoma and Halliwell, 1995; Halliwell and 

Dizdaroglu, 1992) were formed in calf thymus DNA treated with chromium(VI) and 

AsA in concentrations known to cause extensive DNA damage. The nature of 

modified base products thought to be typical of DNA attack by OH became apparent 

in studies of DNA base-products formed by OH producing systems such as ionising 

radiation, hypoxanthine/xanthine oxidase or hydrogen peroxide in the presence of 

transition metals by using GC/MS-SIM after acidic hydrolysis and derivatisation of 

the treated DNA. This study is intended to clarify whether pseudo-Fenton reactions 

are important in the formation of DNA lesions by chromium(VI) in combination with 

AsA.

4.2 METHODS 

4.2.1 Isolation of a Protein Extract from Human Fibroblasts Containing AP- 

endonuclease Activity

Human fibroblasts were grown to confluency in Dulbecco’s Modified Eagle Medium 

supplemented with glutamax and fetal bovine serum (37°C, 5% carbon dioxide 

atmosphere). After trypsinization, the cells were harvested by centrifugation for 5 min 

at 1000 g. The pellet was resuspended in buffer A containing 100 mM NaCl, 200 mM 

KCl, 50 mM Tris-HCl, 1 mM EDTA and 5 mM mercaptoethanol (pH 7.7), kept on 

ice and cells were lysed by sonication ten times for ten seconds (30 seconds intervals, 

ultrasound at maximal resonance, Soniprep 150, MSE, U.K.). Streptomycin was added 

to give a final concentration of 0.25% (w/v) and the solution kept on ice for 30 min. 

Cell debris and organelles were removed by centrifugation at 105,000 g for 20 min. 

The resulting supernatant was dialysed overnight against buffer B (100 mM NaCl, 50 

mM Tris-HCl, 1 mM EDTA, 5 mM mercaptoethanol, pH 7.7) and the protein content 

determined using the Bradford method of protein estimation (see section 2.1.1).

4.2.2 Removal of Metals from Buffers and DNA

Buffers and DNA used were treated for the removal of catalytic metals as described 

in Chapter 2, Sections 2.2.1 and 2.2.2.
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4.2.3 Treatment of PM2 DNA

Supercoiled PM2 DNA (8  pg/ml, in a final volume of 20 pi) was treated with K2Cr0 4  

(0.1 - 0.3 mM) in the presence of AsA (1 mM), or with each reactant alone, for 2 h 

in phosphate buffer at room temperature (close to 20°C). Incubations were terminated 

by the removal of residual reactants using microfiltration devices (Microcon 30). The 

resulting filtration concentrate was resuspended in a buffer containing 5 mM trisodium 

citrate, 10 mM HEPES, 0.5 mM calcium chloride and 1 mM mercaptoethanol (pH 

7.4), and then incubated for 1 h with exonuclease III (final concentration 1 U/pl, at 

room temperature).

When putrescine or the tripeptide Lys-Trp-Lys, both at final concentrations of 10 mM, 

were used to reveal AP-sites, the DNA was resuspended in HEPES buffer (15 mM, 

pH 7.0, incubation time 1 h). In another series of experiments, DNA was post

incubated for 1 h with the protein-extract from human fibroblasts containing AP- 

endonuclease activity (final concentration 2.5 pg protein/ml), in a buffer with 100 mM 

NaCl, 50 mM Tris.HCl, 1 mM EDTA and 5 mM mercaptoethanol (pH 7.2).

Time course studies were carried out by treating PM2 DNA with Cr(VI)/AsA (0.2 

mM/1 mM) for time periods ranging from 2 - 3 0  min. AP-sites were revealed using 

putrescine as described above. In some experiments, catalase or SOD (both at 10 

pg/ml) were added to incubation mixtures containing 0.2 mM Cr(VI) and 1 mM AsA. 

Where indicated, catalase was denatured by heating to 65°C for 10 min.

In order to investigate the role of molecular oxygen in the induction of AP-sites, 

reagents and buffers were degassed for 45 min under vacuum in an ultrasonic bath. 

Sample handling was carried out under nitrogen in a glove bag as in Chapter 3. Prior 

to use, PM2 DNA was washed three times with degassed phosphate buffer and then 

treated with Cr(VI)/AsA for two hours. AP-sites were revealed by using putrescine or 

exonuclease III.
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4.2.4 Reduction of AP-sites by Sodium Borohydride

After treatment with Cr(VI)/AsA, the DNA was washed three times with 0.5 M 

phosphate buffer (pH 6.9) using microfiltration devices and the resulting filtration 

concentrate was treated with NaBH^. Aliquots of freshly prepared NaBH^ (0.4 M 

initial concentration, in U.H.Q. water) were added three times at 30 min intervals, 

until a final concentration of approximately 0.2 M was reached. Following an 

incubation for 90 min, NaBH^ was removed by extensive washing with HEPES buffer 

(15 mM, pH 7.0) (microfiltration). The DNA was then treated with putrescine or 

exonuclease III as described.

4.2.5 Treatment of Calf Thymus DNA

Reaction mixtures in a volume of 1.0 ml contained the following reagents at the final 

concentrations given in parenthesis: demetallated calf thymus DNA (0.5 mg/ml); 

demetallated phosphate buffer (0.1 M, pH 6.8) and where indicated FeSO^-EDTA (to 

a final Fe(II) concentration of 25 pM), H2O2 (100 pM); AsA (1 mM); K2Cr0 4  (0.5 

mM).

Reaction mixtures were incubated for 2 h at room temperature (close to 20°C). 

Immediately after incubation reaction mixtures were placed in an ice bath and then 

extensively dialysed against U.H.Q. water at 4°C. The amount of DNA recovered from 

each sample was determined spectrophotometrically at 260 nm (1 A260 unit = 50 pg 

DNA/ml). One nmol of 6-azathymine and 2 nmol of 8-azaadenine were added as 

internal standards to each aliquot containing 0.1 mg of DNA. Aliquots were then 

lyophilised.

4.2.6 Hydrolysis of Calf Thymus DNA

DNA aliquots were hydrolysed with 0.5 ml of formic acid (60%) in evacuated and 

sealed tubes for 45 min at 150°C. Samples were lyophilised and then trimethylsilylated 

in poly(tetrafluoroethylene)-capped hypovials (Pierce) with 0.1 ml of 

BSTFA/acetonitrile (4:1 v/v) mixture by heating at 90°C for 60 min.
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4.2.7 Gas Chromatography - Mass Spectrometry

GC-MS experiments were carried out at the Neurodegenerative Disease Research 

Centre, Pharmacology Department, King’s College, University of London.

Derivatised samples were analysed using a Hewlett-Packard 5971A mass selective 

detector with a Hewlett Packard 5890II gas chromatograph and equipped with an 

automatic sampler and a computer work station. The injection port and the GC-MS 

interface were kept at 250°C and 280°C respectively. Separations were carried out on 

a fused silica capillary column (12 m x 0.2 mm i.d.) coated with cross-linked 5% 

phenylmethylsiloxane (film thickness 0.33 pm) (Hewlett Packard). Helium was the 

carrier with a constant flow rate of 0.91 ml/min. Derivatised samples (4 pi) were 

injected into the GC injection port using the split mode. A split ratio of 8:1 was used, 

resulting in approximately 0.5 pg DNA loaded onto the column. The column 

temperature was increased from 145°C to 190°C at 10°C/min after 2 min at 145°C. 

Subsequently the temperature was further increased from 190°C to 270°c at 30°C/min 

and then kept at 270°C for 2 min. Selected-ion monitoring was performed using the 

electron-ionisation mode at 70 eV with the ion source maintained at 180°C.

4.3 RESULTS

4.3.1 Increased Cleavage in PM2 DNA Treated with Cr(VI)/AsA and Post

incubated with Agents Known to Incise DNA Strands at AP-sites

The post-incubation of Cr(VI)/AsA-treated PM2 DNA with exonuclease III, putrescine, 

Lys-Trp-Lys or AP-endonuclease from human fibroblasts lead to a substantial increase 

in DNA cleavage relative to non-post-incubated samples (Figure 4.3-1). All the agents 

employed in the post-incubation step were equally effective at inducing additional 

nicking. It is striking that the level of cleavage induced upon post-incubation was 

almost twice as high as the number of SSB caused by Cr(VI) and AsA. Both SSB and 

additional DNA cleavage failed to occur in samples which were treated with Cr(VI) 

or AsA individually.
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Figure 4 J -1 : The level of cleavage in PM2 DNA treated with Cr(VI)(0.2 mM) and AsA (1 mM) and 

post-incubated (1 h) with: Exo - exonuclease III (1 U/pl); Put - putrescine (10 mM); Tri - Lys-Tip-Lys 

(10 mM); End - 2.5 pg/ml AP-endonuclease containing extract from human fibroblasts. Data shown 

are corrected for the level of breaks in control samples containing AsA and DNA (usually not exceeding 

0.3 per 10 kb). Error bars are means ± 95% confidence intervals (SEM x t (95%), n = 4-8 from at least 

2 independent experiments). The differences in the level of cleavage observed upon post-incubation with 

the above agents were not significant (ANOVA).

4.3.2 Probing the Presence of Aldehyde Groups in AP-sites Formed by

Cr(VI)/AsA

In order to substantiate that the additional DNA cleavage observed upon post

incubation with AP-endonucleases and amines arose from AP-sites, the presence of 

aldehyde groups was probed by using sodium borohydride treatment. AP-sites formed 

by hydrolysis of the N-glycosidic bond or by hydrogen abstraction from C-4’ of the 

sugar moiety are known to contain aldehyde groups at C - l \  Amines such as 

putrescine or Lys-Trp-Lys form Schiff bases with these aldehyde groups and can 

cleave the DNA phosphodiester backbone by subsequent ^-elimination (Pierre and 

Laval, 1981). Sodium borohydride reduces the aldehydes to alcohols thereby 

preventing the amines from forming Schiff bases. Consequently, p-elimination and
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DNA cleavage at AP-sites can not occur. In contrast, exonuclease III from E. coli 

recognizes the absence of a base stereochemically and would therefore be expected 

to remain active at reduced AP-sites (Rogers and Weiss, 1980; Kow, 1989; Bose et 

al. 1980).

Putrescine induced only very little additional cleavage in DNA samples which were 

treated with Cr(VI) (0.2 mM) and AsA (1 mM) and subsequently exposed to sodium 

borohydride. Exonuclease III however, was still able to cause DNA cleavage in these 

samples (Table 4-1). This finding suggests that aldehydic AP-sites arising from 

Cr(VI)/AsA treatment are the cause of the additional DNA cleavage observed upon 

post-incubation with the enzymes or the polyamines.

Table 4-1: The influence of NaBH^ on the number of AP-sites in samples treated with 0.2 mM Cr(VI) 
and 1 mM AsA

AP-SITES"

Exonuclease IlP Putrescine*
(1 U/pl) (10 mM)

Cr/AsA
0.45 ± 0.059 0.561 ± 0.074

Cr/AsA/NaBH/ 0.417 ± 0.055 0.098 ± 0.078

" The level of AP-sites after post-incubation with either exonuclease III or putrescine was obtained as 
described. Data shown are corrected for the level of breaks in control samples containing DNA and AsA 
(1 mM).

* Means ± 95% confidence intervals (SEM x t (95%), n = 4, 2 independent experiments).

® PM2 DNA was treated with Cr(VI) and ascorbate for 2 h and reduced with NaBH^ prior to the post
incubation step to reveal AP-sites.
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4.3.3 The Generation of SSB and AP-sites in the Presence of Increasing 

Chromium(VI) Concentrations

The number of both SSB and AP-sites (revealed using exonuclease XU) increased with 

rising concentrations of Cr(VI) in the presence of 1 mM AsA (Figure 4.3-2). Within 

the concentration range studied, the additional cleavage induced by the enzyme was 

almost twice as high as the number of strand breaks occurring with Cr(VI)and AsA 

alone. This observation suggests a 1:1 ratio of the number of AP-sites to the number 

of SSB and raises the question whether there is an association between the formation 

of the two DNA lesions or whether they are generated independently.
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Figure 4 3 -2: The level of cleavage in PM2 DNA after treatment (2 hours) with increasing Cr(VI) 

concentrations in the presence of AsA (1 mM) (■) and the additional nicking observed upon post

incubation with exonuclease III (1 U/pl) (□). Data shown are corrected for the level of breaks in 

control samples containing AsA and DNA. Results are means ±95%  confidence intervals (SEM x t 

(95%), n = 4-8 from at least 2 independent experiments).The inset shows the same data, except that the 

number of AP-sites, as obtained by subtracting the level o f SSB fi’om the total cleavage after treatment 

with exonuclease III, is presented. The levels of SSB and AP-sites at each Cr(VI) concentration do not 

differ significantly (Student’s t-test).
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4.3.4 Is there a Relationship between the Formation of SSB and AP-sites?

Time course studies were carried out in order to address this question. As illustrated 

in Figure 4.3-3, the treatment of PM2 DNA with Cr(VI) (0.2 mM) and AsA (1 mM) 

for increasing periods of time gave rise to a steady increase in the level of both SSB 

and AP-sites (revealed using putrescine). Interestingly, the formation of the two DNA 

lesions followed a similar temporal pattern with the earlier observed 1:1 ratio still 

occurring.
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Figure 4.3-3: The number of SSB (■) and AP-sites (□) formed in PM2 DNA treated with Cr(VI) (0.2 

mM) and AsA (1 mM) for different time intervals. AP-sites were revealed by post-incubation with 

putrescine. Data were corrected for the level of breaks induced in control samples containing AsA and 

DNA and results shown are means ± 95% confidence intervals (SEM x t (95%), n = 4 from 2 

independent experiments). The number of SSB was not significantly different from the number AP-sites 

(Student’s t-test).
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4.3.5 The Possible Involvement of Reactive Oxygen Species in the Formation of 

SSB and AP-sites

Attempts were made to assess the involvement of reactive oxygen species in the 

formation of AP-sites and SSB by Cr(VI) and AsA. We have been able to demonstrate 

that catalase has a protective influence on the formation of SSB arising from Cr(VI) 

and AsA (Chapter 3). As shown in Figure 4.3-4, the presence of catalase in 

incubation mixtures containing 0.2 mM Cr(VI) and 1 mM AsA not only prevented 

SSB from occurring but almost completely inhibited the formation of AP-sites. Heat- 

inactivated catalase failed to protect DNA from Cr(VI)/AsA-induced damage, 

indicating that the protective influence observed with the active enzyme was not due 

to non-specific radical scavenging by the protein. In contrast, superoxide dismutase 

had no effect on the level of both DNA lesions.
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Figure 4J-4: Effect of catalase (10 pg/ml) and superoxide dismutase (SOD, 10 pg/ml) on the level 

of SSB and AP-sites, induced by Cr(VI) (0.2 mM) and AsA (1 mM) after 2 h incubation. AP-sites were 

revealed by post-incubation with puüescine. Error bars are means ± 95% confidence intervals (SEM 

X t (95%), n = 3-6, at least 2 independent experiments).

In order to probe the origin of the peroxidic species which may be involved in the 

steps leading to DNA damage, DNA was exposed to Cr(VI)/AsA in a nitrogen
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atmosphere. The results shown in Table 4-2 suggest that molecular oxygen is 

necessary for the formation of both AP-sites and SSB by Cr(VI) and AsA. With 

Cr(VI) and AsA at 30 pM and 100 pM, respectively, the exclusion of oxygen led to 

a marked reduction in the levels of both AP-sites and SSB. At the higher AsA 

concentration of 1 mM however, the removal of oxygen was considerably less 

effective in protecting DNA from Cr(VI)/AsA-induced AP-sites and SSB (data not 

shown).

Table 4-2: The influence of molecular oxygen on the induction of SSB and AP-sites by Cr(VI) and 
AsA

SSB AP-sites

Aerobic conditions" 0.246 ± 0.047 (4)'’ 0.256 ± 0.078 (4)

Anaerobic conditions" 0.008 ± 0.003 (4) 0.011 ± 0.043 (3)

“The level of SSB and AP-sites per 10'* bp induced by Cr(VI) (30 pM) and AsA (100 pM). The level 
of AP-sites was obtained as described. Data shown are corrected for the level of breaks in controls 
containing DNA and AsA and are mean ± SEM x t(95%).

'The number of samples is given in parenthesis.

4.3.6 Are Hydroxyl Radicals the Oxygen Species Involved in the DNA Damage?

Shi et al. (1994) reported the generation of hydroxyl radicals during the reduction of 

Cr(VI) by AsA in the presence of added H2O2, through a pseudo-Fenton mechanism 

involving Cr(V) and Cr(IV).

This finding and the observation of a role to molecular oxygen in the generation of 

SSB and AP-sites led us to investigate the possibility that chromium in high oxidation 

states might react with traces of H2O2 produced during the oxidation of AsA to form 

hydroxyl radicals.

Were hydroxyl radicals the species responsible for the DNA damage one should be 

able to detect, using Gas Chromatography-Mass Spectrometry, a plethora of modified 

base products reported as typical of hydroxyl radical attack on DNA (Halliwell and
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Dizdaroglu, 1992; Aruoma and Halliwell, 1995; Aruoma et a l, 1989a; Aruoma e ta l,  

1989b; Aruoma et a l, 1991; Dizdaroglu, 1985). These modified base-products were 

5-hydroxy uracil (5-OH-Ura), 5-(hydroxy-methyl)-uracil (5-0H,Me-Ura), 4,6-diamino- 

5-formamidopyrimidine (FAPy-Ade),2,6-diamino-4-hydroxy-5-formamidopyrimidine 

(Fapy-Gua) and 8 -hydroxyadenine (8 -OH-Gua).

In order to study this possibility, calf thymus DNA samples were incubated with 

Cr(VI) and AsA (0.5 mM/lmM), conditions that cause extensive DNA damage. The 

samples were further analysed for chemical changes typical of oxidative damage using 

GC-MS with selected-ion monitoring after acidic hydrolysis and trimethylsilylation of 

treated and untreated calf thymus DNA. The yields of these base products for the 

different DNA treatments are presented in Table 4-3.

Table 4-3: Yields of base products formed in DNA after treatment with the Cr(VI)/AsA system

Yield of modified base (nmol/mg of DNA)“

Base-product DNA only DNA/Fe(Iiy

HjOj/AsA

DNA/Cr(VI) DNA/AsA DNA/Cr(VI)

/AsA

5-OH-Ura” 0.034±0.015 0.383±0.046 0.035±0.011 0.036±0.010 0.061 ±0.005

5-0H,M e-Ura 0.017±0.004 0.085±0.015 0.026±0.001 0.022±0.008 0.031 ±0.001

FAPy-Ade 0.182±0.036 1.177±0.230 0.202±0.052 0.212±0.070 0.224±0.055

8-OH-Ade 0.151 ±0.009 0.673±0.209 0.278±0.030 0.286±0.068 0.279±0.042

FAPy-Gua 0.478±0.114 5.744±0.831 0.552±0.060 0.826±0.287 1.070±0.204

8-OH-Gua 0.137±0.058 2.950+0.499 0.606±0.104 1.019±0.415 0.623±0.224

“All values represent the mean ± SD of results from four separate reaction mixtures for each column.

’’Abbreviations: 5-OH-Ura, 5-hydroxyuracil; 5-0H,M e-Ura, 5-(hydroxy-methyl)-uracil; PAPy-Ade, 4,6- 
diamino-5-formamidopyrimidine; 8-OH-Ade, 8-hydroxyadenine; FAPy-Gua, 2,6-diamino-4-hydroxy-5- 
formamidopyrimidine; 8-OH-Gua, 8-hydroxyguanine

Concentrations of reagents in treatments: Fe(II)-EDTA - 25 pM; - 100 pM; AsA 1 mM; Cr(VI) - 
0.5 mM.
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The levels of modified base products in DNA incubated with 0.5 mM of Cr(VI) and 

1 mM AsA, were not significantly different from those obtained with AsA or with 

Cr(VI) individually. However, the levels of modified base products, in particular 8 - 

OH-Gua, in samples containing AsA or chromium(VI) individually were slightly 

elevated when compared with samples of DNA alone. This effect is reminiscent of the 

hydroxylation of guanosine, at position 8 , by ascorbic acid in the presence of catalytic 

metals (Kasai and Nishimura, 1984), and might indicate incomplete removal of traces 

of metals in our systems.

The yields of all base products were largely increased in samples where the DNA was 

incubated with Fe(II)-EDTA, H2O2 and AsA. Hydroxyl radicals or some other highly 

oxidising species are thought to be produced by H2O2 in the presence of transition 

metal ion-chelates, the so called Fenton-active metal ions (Spencer et al., 1994; 

Aruoma and Halliwell, 1995; Fischer-Nielsen et al., 1992; Aruoma et al., 1991). The 

reduced forms of these metals generate such species more effectively than the higher 

oxidation states (Aruoma and Halliwell, 1995). Ascorbate is the reducing agent 

ensuring the recycling of reduced Fenton-active metal ions (Spencer et al., 1994; 

Aruoma and Halliwell, 1995; Fisher-Nielsen et a l, 1992; Aruoma et al., 1991).

The amount of 8 -OH-Gua in untreated calf thymus DNA was 0.137 ± 0.058, well 

within the range reported as background levels. Commercial calf thymus DNA was 

previously reported to contain already 0.5-1.0 nmol of 8 -OH-Gua per mg as measured 

by the method used in this study (Aruoma et al., 1989a; Aruoma et ah, 1989b; 

Aruoma and Halliwell, 1995; Halliwell and Dizdaroglu, 1992; Dizdaroglu and 

Bertgold, 1986).
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4.4 DISCUSSION

4.4.1 Aldehydic AP-sites Are Generated during the Reduction of Cr(VI) by AsA

The present investigation has yielded convincing evidence that the reductive 

conversion of Cr(VI) by AsA can give rise to the formation of AP-sites. A number of 

agents known to cleave DNA at AP-sites, including polyamines such as putrescine and 

the tripeptide Lys-Trp-Lys, as well as nucleases with AP-endonuclease activity, 

induced additional DNA nicking upon post-incubation with Cr(VI)/AsA treated PM2 

DNA. These AP-sites could be protected from putrescine-mediated DNA cleavage by 

prior reduction with sodium borohydride indicating the presence of aldehyde groups. 

As expected, such a protective effect failed to occur upon post-incubation with 

exonuclease in. Unlike amines such as putrescine, exonuclease IE, a class H 

endonuclease, recognises the absence of a DNA base stereochemically and cleaves at 

the 5’ side of an AP-site. In contrast, the reaction of amines with aldehydic AP-sites 

proceeds via formation of a Schiff’s base, and subsequent ^-elimination leads to 

cleavage at the 3’ side of an AP-site (Pierre and Laval, 1981; Kow, 1989), see Figure 

4.4-1.
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Figure 4.4-1: Summarised reaction between putrescine and the C-T aldehyde group of an AP-site.
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4.4.2 Single Strand Breaks and AP-sites Are Generated with Equal Probability

Time course studies revealed that the formation of AP-sites and SSB by Cr(VI)/AsA 

followed a very similar temporal pattern. It is intriguing that the two kinds of lesions 

were induced with equal probability resulting in a 1:1 ratio of AP-sites to SSB. This 

observation suggests that there is a link in the generation of the two DNA lesions.

One possibility worth considering is that the SSB induced in the Cr(VI)/AsA reaction 

mixtures originally derived from AP-sites or vice versa. Although the susceptibility 

of AP-sites to alkaline hydrolysis, resulting in DNA chain cleavage, is well 

documented, this reaction proceeds at very low rates in neutral buffers (Lindahl and 

Andersson, 1972). We therefore suggest that the number of SSB arising from AP-sites 

is negligible under our experimental conditions.

Moreover, the idea that one type of lesion evolves from the other is unlikely given the 

nature of the assay system we used to determine the DNA damage. At the level of a 

single DNA molecule, the relaxation of a supercoil caused by the formation of a nick 

is an all-or-none response. A further nick in an already relaxed supercoil will not 

cause additional conformational changes of the DNA molecule. An AP-site formed 

(and subsequently converted into a nick by AP-endonucleases or polyamines) in a 

DNA molecule already containing a SSB will thus escape detection (Figure 4.4-2).

AP-sites which became apparent upon post-incubation with AP-endonucleases or 

polyamines therefore must have been generated in unbroken DNA molecules. These 

features lead us to suggest that some species deriving from Cr(VI)/AsA induce a 

lesion which subsequently gives rise to the formation of either an AP-site or a SSB.
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Figure 4.4-2: Schematic drawing explaining the impossibility of detecting an abasic-site in a molecule 

containing also a SSB. A) The formation of a SSB or the DNA scission at an AP-site upon post

incubation with putrescine or exonuclease III leads to the relaxation of the supercoil (form I) to the open 

circular form (form II). B) However an AP-site present in a molecule where a SSB has also occurred 

will escape detection, since cleavage at the AP-site upon post-incubation will not lead to further 

conformational changes.

A possible explanation for the observed similar temporal pattern in the induction of 

AP-sites and SSB could be that a single reactive species attacks DNA at one single 

site with a partitioning of degradation products to form either an AP-site or a SSB. 

The question arises as to the location of the site of attack and to possible routes 

leading to the generation of both kinds of DNA damage.
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We consider it unlikely that the AP-sites produced by Cr(VI)/AsA arise by cleavage 

of bases from the sugar moiety, e.g. via formation of chromium-base adducts with 

subsequent hydrolysis of the N-glycosidic bond. Although AP-sites generated in such 

a way are aldehydic (Povirk and Steighner, 1989), there is no evidence to suggest that 

SSB can be induced via this route. (An exception are alkali-labile sites, but such AP- 

sites would not be detected in our assay system, as discussed above). Thus, for AP- 

sites to be generated by base-adduct formation, it would be necessary to postulate the 

attack of a reactive species deriving from Cr(VI)/AsA not only at bases, but also at 

another site of the DNA molecule (e.g. sugar moiety, phosphate groups), in order to 

explain SSB formation. However, considering that the time course of induction of both 

lesions by Cr(VI)/AsA was very similar, such a proposal seems to be highly unlikely.

Research into the mode-of-action of antitumour antibiotics such as neocarzinostatin 

(reviewed by Dedon and Goldberg, 1992), has uncovered a mechanism for the 

formation of AP-sites and SSB providing an attractive model which can be used to 

explain our observations. Neocarzinostatin causes the formation of AP-sites and SSB 

which was shown to require the presence of oxygen and is thought to proceed via 

hydrogen-abstraction from C-4’ of the DNA sugar moiety. Subsequent to the initial 

attack there appears to be a partitioning of degradation products along two pathways, 

one giving rise to a 4’-hydroxylated AP-site, the other to a SSB with 3’- 

phosphoglycolate- and 5’-phosphate-ended fragments and a base propenal (Dedon and 

Goldberg, 1992) (Figure 4.4-3).

If a similar sequence of reactions is occurring in the Cr(VI)/AsA system, the formation 

of AP-sites and SSB should result in release of base-propenals or malonaldehyde-like 

products. Kortenkamp et al. (1996b) have reported the results of experiments designed 

to test this hypothesis. The treatment of calf thymus with increasing concentrations of 

Cr(VI) in the presence of AsA resulted in the formation of malonaldehyde-like 

coloured products upon reaction with thiobarbituric acid. This finding helps to 

substantiate the hypothesis that AP-sites and SSB might be formed by oxidation at the 

C-4’ of the DNA sugar moiety (Kortenkamp et a l,  1996b).
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Figure 4.4-3: Proposed mechanism for oxidation of C-4’ of the deoxyribose ring by neocarzinostatin 

depicting the pathway giving rise to single strand breaks (SSB) and malonaldehyde-like (MDA-like) 

products. 4 ’-hydroxylated AP-site can exist as the open ring structure containing an aldehyde group at 

C - r .  Adapted from Dedon and Goldberg, 1992.

4.4.3 Hydroxyl Radicals Are Not Responsible for the DNA Damage Observed

Although there is a body of evidence pointing to the ability of chromium in higher 

oxidation states, in combination with added hydrogen peroxide, to form spin trap 

adducts which are regarded as deriving from hydroxyl radicals (Kawanishi et al., 

1986; Shi and Dalai, 1990b; Molineux and Davies, 1995), it remains unclear whether 

such a reaction route is relevant to Cr(VI)/AsA systems with no added hydrogen 

peroxide. Lefebvre and Pézerat (1992), Steams and Wetterhahn (1994) as well as Shi 

and C O  workers (1994) failed to observe hydroxyl radical spin adducts in solutions 

containing 10 mM Cr(VI)/ 10 mM AsA, 9.2 mM Cr(VI)/ 9 mM AsA or 20 mM 

Cr(VI)/ 10 mM AsA, respectively, but no added hydrogen peroxide. These findings 

indicate that either hydroxyl radicals are not formed in these systems or are effectively 

scavenged by excess AsA or other agents.

The lack of elevated levels of modified DNA bases typical of hydroxyl radical attack, 

measured by GC-MS in calf thymus DNA treated with Cr(VI) and AsA, also 

corroborates the idea that hydroxyl radicals are not responsible for the DNA damage
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observed. Furthermore, were hydroxyl radicals involved in the formation of SSB and 

AP-sites arising from Cr(VI)/AsA, the observed 1:1 ratio of SSB:AP-sites would not 

be expected to occur. It has been shown that hydroxyl radicals generated by ionizing 

radiation cause much higher numbers of SSB than AP-sites (Villaume, 1987).

Our finding of an oxygen dependence of the formation of both SSB and AP-sites 

indicates that the peroxidic species implicated in the steps leading to DNA damage 

arise from molecular oxygen (see also Chapter 3).

At higher concentrations of Cr(VI) and AsA the removal of oxygen was less effective 

in protecting DNA from SSB and AP-sites when compared to low concentrations of 

both reactants (0.2 mM/1 mM vs. 30 pM/100 pM). Similar observations were made 

earlier in relation to the formation of SSB (Chapter 3) and could be interpreted as 

pointing to two important pathways in the formation of DNA damaging species, only 

one of them being dependent on oxygen. However, we consider the poor protection 

from DNA damage at the higher concentrations of Cr(VI)/AsA to be due to 

incomplete removal of oxygen because catalase caused an almost complete inhibition 

of AP-sites and SSB under these conditions. If there were an oxygen-independent 

pathway one would expect catalase to exhibit only partial protection against DNA 

damage. It therefore seems conceivable that at high AsA concentrations, residual 

levels of oxygen present after ’deoxygenation’ are sufficient to be activated by AsA 

to generate DNA damaging species.

4.4.4 Which of the Reactive Species Generated during the Reduction of 

Chromium(VI) by AsA is the Ultimate DNA Damaging Species?

Recent research of the chemistry of Cr(VI) reduction by AsA has shown that a large 

number of reactive species are generated during the course of this reaction, including 

chromium(V) (Goodgame and Joy, 1987) and probably chromium(IV) (Steams and 

Wetterhahn, 1994). ESR spin-trapping studies in buffers which were treated to remove 

iron have revealed the presence of a species which is able to oxidise formate to the 

carboxylate radical (Lefebvre and Pézerat, 1992; Lefebvre and Pézerat, 1994; O’Brien 

and Kortenkamp, 1994). The ascorbate radical and carbon-based radicals including
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carboxylate radicals, hydroxyalkyl fragments and an unidentified fragment were 

detected in spin-trapping studies by the Wetterhahn group (Steams and Wetterhahn, 

1994). The question arises as to which of these reactive species are involved in the 

formation of DNA damage.

Although the scavenging of chromium(V) by the complexing ligand 2-ethyl-2- 

hydroxybutyric acid led to a substantial decrease in the level of SSB caused by 

Cr(VI)/AsA (Chapter 3), pointing to an involvement of chromium(V) in the steps 

leading to DNA damage, there is evidence to suggest that chromium(V) alone is not 

the ultimately damaging species. Under experimental conditions which caused high 

levels of DNA cleavage in phosphate buffered or unbuffered solutions (0.2 - 1 mM 

Cr(VI), 1 mM AsA) no SSB were observed in HEPES buffer (Chapter 3). However, 

Steams and Wetterhahn (1994), in their ESR study, found strong chromium(V) signals 

of similar intensity in both HEPES- and phosphate-buffered Cr(VI)/AsA systems. This 

same line of argumentation would imply that neither ascorbate radicals nor carbon- 

based radicals, all formed in similar quantities by Cr(VI)/AsA in HEPES and 

phosphate buffer (Steams and Wetterhahn, 1994), are the species responsible for SSB 

and AP-sites. Moreover, the ascorbate radical was found to be very stable (Laroff et 

al, 1972) and carbon-based radicals were found to be produced independent of the 

presence of molecular oxygen (Steams and Wetterhahn, 1994).

The hypothesis put forward on the basis of our findings is that the DNA damaging 

ability of Cr(VI)/AsA systems is the result of complex interactions between some 

reactive species formed by Cr(VI) and AsA, and molecular oxygen. The possibility 

that chromium(IV), in combination with oxygen, might be the ultimately damaging 

species should not be overlooked.
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In conclusion, the results of our study demonstrate that

1. Cr(VI) and AsA have the potential to generate aldehydic AP-sites,

2. there is a common cause underlying the formation of SSB and AP-sites, indicating 

that both lesions arise from attack by a single reactive species on one site of DNA, 

possibly C-4’ of the deoxyribose,

3. the formation of both lesions is dependent on molecular oxygen and can be 

suppressed by addition of catalase, and

4. hydroxyl radicals are not the ultimate DNA damaging species.
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CHAPTER 5

STRATEGIES FOR THE STUDY OF THE PREMUTAGENICITY 

OF DNA LESIONS INDUCED BY CHROMIUM(VI) AND

ASCORBATE

5.1 INTRODUCTION

The mutagenicity of chromium(VI) compounds has been extensively studied (Levis 

and Bianchi, 1982; Bianchi and Levis, 1985; Bianchi and Levis, 1987; Cohen et al., 

1993; lARC, 1990) and the different DNA lesions formed during the reductive 

conversion of chromium(VI) in mammalian cells have been well characterised 

(Standeven and Wetterhahn, 1991b; Cohen et a l, 1993). Although there is general 

agreement that the DNA lesions generated during the intracellular reduction of 

chromium(VI) are the cause of its genotoxicity and carcinogenicity, no attempts have 

yet been made to establish which of the DNA lesions formed have the potential to 

cause mutations. From the viewpoint of both fundamental and applied research it is 

important to identify the nature of the DNA lesions which are involved in the 

generation of mutations.

After treatment of animals or cultured mammalian cells with chromium(VI) DNA- 

protein cross links, DNA interstrand cross links, strand breaks and/or alkali-labile sites 

have been observed (Cohen et al., 1993). Sugiyama and co-workers (Sugiyama, 1992; 

Sugiyama, 1994) have suggested that strand breaks and/or alkali-labile sites are the 

lesions responsible for mutations. The alkali-labile sites, which are detected as DNA 

lesions sensitive to the high pH values of the buffers used in alkaline elution, could 

have arisen from AP-sites (where the loss of a base has occurred) or from 

phosphotriester adducts. The lesions occurring during reduction of chromium(VI) by 

AsA were recognised and cleaved by AP-endonucleases, enzymes involved in the 

repair of AP-sites (Lindahl, 1982), which represent unambiguous evidence for being 

AP-sites (Drinkwater et a l, 1980).

101



AP-sites are considered to be one of the major lesions which occur in the mammalian 

genome (Gentil et a l, 1984) by spontaneous hydrolysis of the N-glycosidic bond 

(Lindahl and Andersson, 1972; Lindahl and Nyberg, 1972). DNA exposure to various 

damaging agents such as acids and chemicals which bind covalently to the nucleoside 

bases can increase largely the rate of generation both by increasing the lability of the 

N-glycosidic bond (Margison and O’Connor, 1973; Loeb and Preston, 1986) and by 

enzymatic removal of damaged bases by DNA glycosylases (Lindahl, 1982; Loeb and 

Preston, 1986). Free radicals can also induce AP-sites by oxidising DNA sugars 

(Povirk and Steighner, 1989).

Although cells have evolved DNA repair mechanisms for these lesions (Lindahl, 

1982), their efficiency might not be complete and replication of DNA containing 

unrepaired AP-sites can lead to mutations. Unlike miscoding lesions, which have 

modified base-pairing properties and can be copied with insertion of incorrect 

nucleotides, AP-sites are non-coding lesions, i.e cannot be copied under normal 

conditions. They terminate DNA synthesis (Shaaper et a l, 1983; Sagher and Strauss 

et a l, 1983). However, DNA synthesis was found to proceed past AP-sites in vitro 

with isolated DNA polymerases or in vivo under an error-prone repair system (Loeb 

and Preston, 1986).

The first demonstration of the mutagenic potential of AP-sites came from 

quantifications of misincorporated nucleotides during replication in vitro of a 

depurinated (acid-heated) polynucleotide, poly(A-T) (Shearman and Loeb, 1977). 

Infidelity of DNA synthesis in vitro using purified avian myeloblastosis virus (AMV) 

DNA polymerase was proportional to the degree of depurination and was abolished 

by alkali treatment of the polynucleotide. Further evidence came from assays using 

acid-heat denatured single stranded DNA. Kunkel et a l  (1981) using single stranded 

^X174 am^ phage DNA showed that, during replication in vitro, purified E. coli DNA 

polymerase I was able to copy past apurinic sites. The transfection of this DNA into 

E. coli SOS induced spheroblasts led to an increased mutagenicity of the phage 

(Kunkel et a l, 1981; Shaaper et a l, 1983; Shaaper and Loeb, 1981). Increased 

mutation frequencies were abolished when the depurinated phage was treated with
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alkali (Shaaper and Loeb, 1981; Kunkel et a l, 1981) or with an AP-endonuclease 

(Shaaper et a l, 1983; Kunkel et a l  1983), treatments known to cleave DNA at AP- 

sites (Loeb and Preston, 1986). Furthermore, the mutagenic consequences of damage 

to DNA by low pH and high temperature (depurination) were determined by Kunkel 

(1984) in a forward mutation assay able to detect all classes of mutagenic events, after 

DNA sequencing of mutants. Single base-substitutions, mainly transversions, were the 

most frequent mutations, with a strong preference for inserting adenine residues 

opposite apurinic sites when depurinated single stranded DNA from bacteriophage 

M13mp2 was used to transfect SOS induced E. coli spheroblasts (Kunkel, 1984). This 

confirmed the preference of adenine incorporations found in assays using single 

stranded 0X774 am^ DNA (Sagher and Strauss, 1983; Shaaper et a l, 1983). It has also 

been suggested that AP-sites are intermediate lesions in chemical mutagenesis, based 

largely on the characteristics of mutagenesis shared by AP-sites and certain bulky 

mutagens such as aflatoxin B, and benzo[fl]pyrenediolepoxide (BPDE): many 

chemicals induce the same types of mutations as those induced by heat- and acid

generated AP-sites (predominantly G:C^T:A and A:T—>T:A transversions and G:C-^A:T 

transitions) (Loeb and Preston, 1986). Gentil et a l (1984) reported increased mutation 

frequencies after transfection of monkey kidney cells with depurinated double stranded 

SV40 virus. However, in contrast to the observations by Kunkel with single stranded 

DNA and bacterial assays, UV irradiation of cells did not increase the prevalence of 

mutations. Pre-treatment of depurinated SV40 DNA with an AP-endonuclease did not 

abolish mutagenesis (Gentil et a l, 1984). This study suggests that mammalian cells 

process AP-sites in a way different from microorganisms.

While strand breaks cannot be excluded as potentially mutagenic DNA lesions there 

is no experimental model available which would help assessing whether strand breaks 

could cause mutations. Furthermore, strand breaks occurring in vivo induced by 

chromium(VI) are reported to be easily repaired (see 1.1.4). The possibility that other 

lesions such as Cr-DNA adducts which are also formed during the reduction of Cr(VI) 

by AsA (Steams et a l, 1994; Steams et a l, 1995) are mutagenic should not be 

overlooked.
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An improved understanding of the nature of the DNA lesions generated by 

chromium(VI) upon reduction which play a role in the causation of mutations would 

greatly aid the biological monitoring of exposed individuals.

The data presented so far in this thesis provide evidence for the generation of an 

intermediate species able to induce DNA lesions in vitro (SSB and AP-sites) during 

the reductive conversion of chromium(VI) by AsA. Attempts to probe the 

premutagenicity of these lesions and therefore the importance of this reductive 

pathway in the overall mechanism of carcinogenicity of chromium(VI) are timely. The 

aim of the experiments described here is to devise a method to test the ability of these 

lesions to cause mutations.

5.1.1 DNA Damage, Mutations and Cancer

A mutation is an heritable change of the genetic material, which causes alterations in 

the amino acid sequences of the polypeptide gene-products. These in turn may lead 

to changes in the phenotype of the affected organism which is then recognised as a 

mutant. Therefore, DNA damage resulting in the generation of mutations must be 

"fixed" or imprinted during DNA replication before it can be expressed in succeeding 

generations.

DNA repair mechanisms can modulate the amount of damage initially introduced to 

the DNA of target cells. DNA damage can either be recognised and accurately 

repaired or left unrepaired. In man unrepaired DNA damage can lead to cancer as 

suggested by the autosomal recessive hereditary disease Xeroderma pigmentosum in 

which a deficiency in DNA repair is related to an increased susceptibility to sunlight 

induced carcinomas and melanomas of the skin (Villaume, 1987).

During the replication of insufficiently repaired DNA, the rules of complementary base 

pairing can be disrupted and incorrect bases can be incorporated. This will lead to the 

fixation of DNA lesions as mutations which are passed on to all descendants of the 

affected cell. Such mutations are considered to be the initiating event in the complex 

process of transformation of normal somatic cells into malignant tumour cells.
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Initiated cells may have a growth advantage relative to normal cells and may, as a 

result, proliferate faster. This clonal expansion of "initiated" cells is likely to be 

accompanied by further genetic changes involving gene amplifications, translocations 

or deletions of larger parts of the genome. Finally, further genetic (or epigenetic) 

changes are required to transform such "dormant" tumour cells into malignant tumour 

cells.

5.1.2 Suitable Approaches for the Study of the Premutagenicity of DNA Lesions

The systems normally used for the detection of mutagens, such as bacterial mutation 

assays or mutation assays using cultured mammalian cells, identify particular 

phenotypes which have arisen from characteristic mutational changes in specific genes 

(Levis and Bianchi, 1982; Venitt et ah, 1984). For instance, the his' strains of 

Salmonella typhimurium used in the Ames assay (Levis and Bianchi, 1982; Standeven 

and Wetterhahn, 1991b; Sugden et a i, 1990; I ARC, 1990) revert to prototrophy by 

either a base substitution or a frame-shift mutation at one base-pair only. This reverse 

mutation assay utilises mutant phenotypes of Salmonella typhimurium and screens for 

mutations which restore the original nucleotide sequence (wild-type). However, 

because different strains can be used which revert to prototrophy through base-pair 

substitutions or frame-shift mutations or have specific defects in DNA repair systems, 

these assays can provide some clues as to the type of mutation involved (Levis and 

Bianchi, 1982; Venitt et a l, 1984). These tests have been useful in providing evidence 

for the ability of chromium compounds to generate point mutations, both base-pair 

substitution and frameshift mutations in Salmonella typhimurium (Levis and Bianchi, 

1982; Cohen et ah, 1993; Standeven and Wetterhahn, 1991b). Sugden et al. (1990) 

have used the Ames assay to show that molecular oxygen is necessary for the 

mutagenicity of chromium(VI) compounds. However, this type of assay does not yield 

any information about the kind of DNA lesions involved in the generation of 

mutations.

Conversely, the in vitro assay using isolated PM2 DNA allowed the quantitative 

analysis of DNA lesions generated during the reduction of Cr(VI) by AsA (Chapter
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3 and Chapter 4) but did not yield any data on the fate of such lesions after DNA 

repair, replication and transcription.

A suitable approach to study the premutagenicity of DNA lesions generated in vitro 

by AsA and chromium(VI) needs to combine features of both test systems described 

above. Such models are called in vitro mutagenesis assays. Unlike cellular mutation 

assays, these assays provide evidence that mutations result from direct interaction with 

DNA. In in vitro mutagenesis assays isolated DNA is treated with a test compound 

and is then transferred to a living cell. Using such an approach, a defined DNA lesion 

can be induced (such as a specific DNA-adduct, caused by a chemical carcinogen) and 

the mutagenic effects of such lesion be studied either in vitro, measuring 

misincorporations by purified polymerases, or in vivo after introduction of the 

modified DNA inside bacteria.

A useful technique to study mutations resulting from DNA damage is to use in vitro 

modified plasmid DNA carrying two marker genes to transform competent bacteria 

(Koffel-Schwartz et a l, 1984; Fuchs et al. 1981; Melchior Jr. et a l, 1994). After 

identification of mutants and extraction of plasmid DNA the target for mutagenesis 

can be sequenced to reveal the type, location and frequency of mutations. Plasmids 

are circular double stranded DNA molecules which are accessory genetic units that 

replicate independently from the bacterial genome but are dependent on bacterial host 

enzymes for replication and transcription. After transformation, plasmid DNA 

molecules replicate and are passed on to the progeny during cell division. 

Commercially available plasmids are constructs which carry one or more suitable 

marker genes. Marker genes (also called selectable genes) code for a protein which 

provides the transformed bacteria with a new phenotypically recognisable feature. This 

is advantageous because it facilitates the selection of transformed bacteria (which have 

taken up DNA). The absence of a different characteristic passed on to transformed 

bacteria by a second selectable marker is an indication that the second marker gene 

is inactivated by a mutation, and allows the screening of mutants. The most widely 

used marker genes are genes coding for proteins which confer resistance to antibiotics. 

For instance, bacteria transformed with a plasmid carrying the ampicillin resistance
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gene will be able to grow in media containing ampicillin because this gene codes for 

P-lactamase, an enzyme able to inactivate ampicillin. Nontransformed bacteria will not 

be able to grow.

An example of such an assay was communicated by Fuchs et a/. (1981) and was used 

for the study of the mutations generated by chemical treatment of a plasmid fragment 

with N-acetoxy-2-acetylaminofluorene (thought to be the ultimate metabolite of the 

rat liver carcinogen 2-acetylaminofluorene). The plasmid used was a pBR322 construct 

containing a fragment carrying N-deoxyguanosin-8-N-acetyl-2-aminofluorene (AAF) 

adducts (small restriction fragment BamHi-Sall, 275 bp long) of the tetracycline 

resistance gene {tef) inserted in an untreated pBR322 fragment. This plasmid was then 

used to transform competent E. coli and ampicillin resistant tetracycline sensitive 

mutants were isolated. If the chemical modification rendered the te f inactive, 

tetracycline sensitive mutants would be expected to occur (the restriction fragment of 

tetracycline resistance gene carrying adducts is the target for mutagenesis). This 

approach, with minor modifications, was subsequently used by other authors in order 

to study mutations generated by the DNA-adducts mediated by several electrophilic 

aromatic amines (Melchior Jr. et al., 1994).
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5.2 STRATEGY 1

Figure 5.2-1 gives an outline of the experimental approach initially used in our 

studies, based on the assay developed by Fuchs et al. (1981).

pBR322

• H m d l l l

y /----

f  1 . 7 - 1
amp'

H in d l l la
pBR322

(C r(V I)/A sA )

A v a l

H in d l l l

H in d l l l

0,8%  o garos«  g#l ^

Competent
Y  E.coli

TransformaHon

Ampicillin plafvs

Replica plaHng 
+ T4 D N A  on tetracycline plate*  

liga*e ^

Mutant clones |am p ' tet*)

Figure 5.2-1: Strategy 1 for in vitro mutagenesis experiments. pBR322 carries two marker genes: amp' 

and let', coding for proteins which confer resistance to the antibiotics ampicillin and tetracycline 

respectively. The main steps are: the in vitro treatment of plasmid pBR322 with Cr(VI) and AsA; 

double digestion of treated and untreated plasmid with two different restriction endonucleases in order 

to create two different complementary single stranded overhangs; separation of the two fragments of 

both treated and untreated plasmid by using agarose gel electrophoresis; recovery of the fragment 

containing the intact amp' from the non-treated plasmid and the fragment carrying DNA lesions in the 

tef as a result of the in vitro treatment; ligation of the two fragments in a recombinant DNA molecule 

(reaction catalysed by T4 DNA ligase) and transformation of competent E. coli cells; plating of cells 

in plates containing ampicillin (where the transformants are able to grow) and replica plating of the 

transformants in tetracycline containing plates where mutants (amp' tet') will not grow.

108



For this approach the plasmid pBR322 was used, a double stranded supercoiled 

circular DNA molecule of 4361 bp (Watson, 1988) harbouring two marker genes: the 

tetracycline resistance gene {tef) and the ampicillin resistance gene (amp'^ (Watson, 

1988; Pouwels, 1991; Sambrook et al., 1989). Bacteria which have taken up the 

plasmid (transformed cells) will therefore be able to grow in medium containing both 

ampicillin and tetracycline. This strategy has as the target for mutagenesis the te f 

gene, meaning that only this marker gene and not amp’’ will be treated with 

Cr(VI)/AsA to form DNA lesions. This is achieved by removing a DNA fragment 

containing the gene of interest from a pBR322 treated with Cr(VI)/AsA (carrying 

DNA lesions), by using restriction endonucleases, and replacing the te f  in an 

undamaged plasmid with the te f  incubated with Cr(VI)/AsA. By using this approach 

the occurrence of mutations at the ampicillin gene caused by the Cr(VI)/AsA treatment 

is prevented. The induction of mutations in this gene is not desirable as bacteria 

transformed with plasmids carrying inactivated amp" will not be able to grow in 

ampicillin containing plates (first plating. Figure 5.2-1). In other words, only the 

target for mutagenesis {tef) is treated with Cr(VI) and AsA.

Mutants will be recognised by a forward mutation assay, i.e. the inactivation of the 

tetracycline resistance gene. Since te f  is an essential gene, mutants have to be 

recognised by replica plating: mutants will not be able to grow in tetracycline 

containing media (Bichara and Fuchs, 1985; Fuchs et a l, 1981; Koffel-Schwartz et al., 

1984). Replica plating is needed when studying mutations in essential genes (required 

for viability) and involves plating the colonies in the same orientation and position in 

restrictive conditions (in this case, medium containing tetracycline) and in permissive 

conditions (without tetracycline). All transformants need to be replica plated.

5.2.1 Methods

Treatment o f Demetallated pBR322 with Cr(VI) and AsA

The plasmid pBR322 was treated for removal of catalytic metals as described in 

Chapter 2, Section 2.2.2. Demetallated DNA was then incubated, for two hours, with 

different concentrations of Cr(VI) and 1 mM AsA. Each sample contained 200 ng in
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a final volume of 10 pi of chelexed phosphate buffer (0.1 M, pH 6 .8 ). Reactions were 

terminated by removing residual reductants using microfiltration devices (Microcon 

30). The resulting filtration concentrate was resuspended in TE buffer (Tris-HCl 10 

mM, EDTA 1 mM, pH 7.8).

Double Digestion of pBR322

Restriction reactions employing HindlM and Aval were initially carried out with 

untreated plasmid DNA. The enzymes Hindlll and Aval cleave the plasmid into two 

fragments (a fragment of 1396 bp containing the te f  and a fragment of 2965 bp 

carrying the amp’̂ . Hindlll recognises and cleaves the sequence 5’A>IAGCTT3’ 

present at position 29 bp in the plasmid pBR322 and Aval 5’CvLCCGGG3’, present 

at position 1425 bp.

Restriction mixtures were prepared using a buffer containing 50 mM NaCl, 10 mM 

Tris-HCl, 10 mM MgCl2, 1 mM DDT (pH 7.9 at 25°C). Preliminary experiments 

(non-treated plasmid) showed that 15 units of Aval and 10 units of Hindlll were 

sufficient to cleave 1.5 pg of pBR322 in a total volume of 20 pi, after incubation at 

37°C for one hour. After cleavage the enzymes were heat-inactivated (65 °C for 20 

min). Fragments were separated by agarose gel electrophoresis. Because gel 

electrophoresis was normally carried out in low melting point (LMP) agarose gels, 

TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) was used as the 

electrophoresis buffer (Sambrook et a l, 1989).

The size of the obtained fragments was estimated by co-electrophoresis of molecular 

weight markers (k DNA Hindlll digest).

Several commercially available kits were tried for the recovery of DNA fragments 

from agarose gels. Micropure (Amicon) used in combination with Microcon 30 

concentrators, SpindBind recovery systems from agarose gels (Flowgen) and 

Ultrapure-MC filter units (Millipore) were used according to the manufacturers 

instructions.
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In addition, an electroelution protocol using ion-exchange DE-81 paper (Whatman) as 

described by Towner (1991), with minor modifications was employed. This required 

double digestions to be run on an 0.8% LMP agarose gel (Figure 5.2-2, A). Using EB 

staining and a transillumination system the bands of interest were identified. An 

incision was made with a scalpel on the anode side of each band of interest. A piece 

of DE81 (ion-exchange) paper, slightly wider than the band, was introduced in each 

slit. Electrophoresis was resumed and the DNA migration was monitored. The 

fluorescent band disappeared from the gel and was adsorbed by the paper. Each paper 

containing a fragment was placed in an Eppendorf tube and 1 ml isopropanol (propan- 

2-ol) was added. The tubes were inverted several times to encourage EB dissolution. 

Supernatants were removed and discarded and the extraction step was repeated. 1 ml 

of wash buffer (TE, pH 7.8 containing 0.2 M NaCl) was added and tubes incubated 

at 37°C for 10 min. Supernatants were removed and discarded, and the operation 

repeated. Papers were placed in new Eppendorf tubes and sufficient volume to cover 

the area of the paper of elution buffer (TE, pH 7.8 + 2 M NaCl) was added. Finally, 

tubes were incubated at 45°C for 1 h. Supernatants were removed and desalted by 

using Microcon 30 devices. DNA was dissolved in a volume of 21 pi by adding TE, 

pH 7.8. Aliquots of fragment recoveries were finally run on another agarose gel in 

order to check recoveries (Figure 5.2-2, B).

Ligation o f DNA Fragments

A protocol for rapid cloning, using excised slices of low melting point (LMP) agarose 

containing the DNA fragments of interest (without recovery from the agarose gel), 

with minor modifications was used (Sambrook etal ,  1989). A preparative low melting 

point (LMP) agarose mini-gel (0.8%) was run. Double digestions (after heat 

inactivation of restriction endonucleases) of both pBR322 non-treated and pBR322 

treated with 0.8 mM Cr(VI) and 1 mM AsA were loaded. Each lane contained 200 ng 

of double digested plasmid DNA. After EB staining and transillumination of the gel, 

the slices of agarose containing the 1396 bp fragment (from the treated plasmid) and 

the 2965 bp fragment (from the untreated plasmid) were excised with the help of a 

scalpel. Each slice was placed in labelled clean Eppendorf tubes and heated at 70°C 

for 10-15 min. Aliquots of the melted gel slices were combined (the final volume
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should be less or equal to 10 pi) in a clean pre-warmed (37°C) Eppendorf tube. In 

other prewarmed tubes, 10 pi of the two different fragments alone were placed. Tubes 

were incubated for 5-10 min at 37°C before addition to each tube of 10 pi of ice-cold 

2X bacteriophage T4 DNA ligase mixture and mixed before the agarose hardened. 

Reactions were incubated overnight (12-16 h) at 16°C. Finally, agarose was remelted 

and 15 pi of each ligation reaction was run on a new agarose gel.

The ligation mixture was prepared from the concentrated solution (10 X) supplied with 

the enzyme as a lOX stock concentrate, just before ligation mixtures were set up. 

Typically, 40 pi of ligation mixture (2X) were prepared by adding 8  pi of ligation 

buffer (lOX) to 31 pi of UHQ water. Finally, 1 pi of T4 DNA ligase (400,000 

units/ml) was added. The composition of the ligation mixture (2X) is 100 mM 

Tris.HCl, 20 mM MgCl2, 20 mM DTT, 2 mM ATP and 50 pg/ml of BSA and 

contained 100 cohesive-end units per 10 pi. One cohesive-end ligation unit is defined 

as the amount of enzyme required to give 50% ligation of Hind HI digested A.DNA 

in 30 min at 16°C in 20 pi at a 5’-termini concentration of 0.12 pM (about 330 

pg/ml). One Weiss unit is equivalent to 60 cohesive-end units and is defined as the 

amount of enzyme that catalyses the exchange of 1 nmole of from pyrophosphate 

into [y,p-^^P]ATP in 20 minutes at 37°C (Sambrook et a l, 1989).

Other ligation reactions were set up using the fragments recovered from the gels by 

electroelution. The DNA volume did not exceed 10 pi and 10 pi of the ligation 

mixture (2X) containing 100 NEB (cohesive ends) units was added. A final volume 

of 20 pi was completed. Incubations were carried out overnight either at room 

temperature or at 16°C in the hot plate of a thermocycler (Model PTC-100, M.J. 

Research Inc., USA).
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5.2.2 Results and Discussion

The double digestion of pBR322 with HiruRll and Aval was successful (Figure 5.2-2, 

A). Two fragments of sizes close to those theoretically expected (1396 and 2965 bp) 

were observed. Their size was estimated by constructing a linear plot of logarithm of 

the size of bands of a molecular weight marker (k DNA digested with one restriction 

enzyme) against their relative migration distances (Alexander and Griffiths, 1993). 

Similar results were also obtained with pBR322 previously treated with Cr(VI)/AsA. 

Both treated and untreated pBR322 could be digested by the two enzymes using the 

conditions described under 5.2.1. The resulting fragments could be easily separated on 

0.8% LMP agarose gels.

Attempts to recover the plasmid fragments from gels using the commercially available 

kits gave very low yields of recovery. A method based on the electroelution of DNA 

on to ion-exchange paper, washes with low salt, elution with high salt buffer and 

desalting of the eluted DNA gave better, although still unsatisfactory yields (Figure 

5.2-2, B).

In order to achieve DNA recombination, the 2965 bp fragment from the untreated 

plasmid harbouring the amp’̂ and the 1396 bp fragment containing te f  from the 

damaged plasmid needed to be ligated. Theoretically, this step should be easily 

performed because each fragment contains two different single stranded overhangs 

which are complementary to each other. Such a cloning strategy is called directed 

insertion due to the fact that a position for ligation is favoured while the likelihood 

of religation of individual fragments is kept to a minimum (Sambrook et al., 1989).
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23.130 bp 
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6.557 bp 
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2.027 bp
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2.322 bp 
2.027 bp
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B

Figure 5.2-2: Double digestion of pBR322 using HindiW and Aval and recovery of DNA fragments 

using electroelution. A. Lane 1: 0.5 pg of molecular weight marker; lanes 2-3: 750 ng of double 

digested pBR322. B. After electroelution, 5 pi of the total 21 pi recovered for each fragment was run. 

Lane 2: 2965 bp fragment; lane 3: 1396 bp fragment.

Attempts to use the slices of LMP agarose containing the fragments formed during the 

double digestion of pBR322 directly for ligation (a rapid cloning protocol) were 

unsuccessful. There was no DNA visible on the gels run to estimate the success of the 

ligation, except from control pBR322. This is likely to be due to insufficient amounts 

of DNA present in the ligation mixtures.

Unfortunately, ligations with DNA fragments recovered by electroelution also proved 

not to be successful. As can be seen in Figure 5.2.3, the fragments which are the 

substrate of T4 DNA ligase were still present after incubation with the enzyme. The 

low recovery of fragments and therefore low concentrations of DNA in the ligation 

mixtures is the likely reason for this failure. Another reason can be the occurrence of 

agarose gel contaminants or solvents used during recovery which might inhibit T4 

DNA ligase (Sambrook et al., 1989; Towner, 1991). The possibility that T4 DNA 

ligase was not active could be ruled out as it was possible to religate a linearised 

plasmid in similar experimental conditions, not recovered from agarose gels.
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A dditions (fil)

2965 bp fragment

1396 bp fragment

UHQ water

LM 2X 10 10 10

2 3 ,1 3 0  bp
9,416 bp 
6,557 bp 
4,361 bp

2,322 bp 
2,027 bp

564 bp

Figure 5.2-3: Results of ligation reaction of fragments recovered using electroelution. Ligation mixtures 

were incubated overnight at 16°C. Lane 1 contains a molecular weight marker, the following lanes are 

the results of the reactions represented in the table above in the same order.

Due to the difficulties both in recovering fragments from agarose gels and in the 

ligation reaction, transformations could not be carried out using this first strategy. 

None of the many methods described to recover DNA from gels has proved entirely 

satisfactory (Sealey and Southern, 1990) and one of the problems described in the 

literature is the insufficient recovery of small amounts of DNA (Sambrook et al., 

1989; Towner, 1991). Another problem arises from contaminants of agarose, able to 

retard or prevent the ligation (Towner, 1991; Gannon and Powell, 1991).

The limiting step of this strategy was, in our opinion, the recovery of the DNA 

fragments in insufficient amounts (or purity) to allow the formation of recombinant 

DNA molecules. Alternative recovery processes for the fragments obtained by double 

digestion such as sucrose density gradients (Fuchs et al., 1981) or size gel 

chromatography (Sambrook et al., 1989) should be employed in order to solve these 

problems. Fuchs et al. (1981) did not reveal the yields of their recoveries using 

electroelution, nor was the success of ligation monitored. Furthermore, the absolute 

numbers of colonies obtained and transformation efficiencies were not presented.
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Some cloning strategies allow the selection of transformants carrying recombinant 

DNA by direct selection against the parent plasmid which does not carry inserted 

DNA. If the inserted DNA has been modified in vitro mutants can be screened in the 

population of transformant clones and be recognised as carrying the insert.

Furthermore, Polymerase Chain Reaction (PGR) can be used to amplify the fragment 

of interest to be inserted so that low yields of recovery are no longer a problem.
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5.3 STRATEGY 2

The strategy outlined in Figure 5.3-1 was employed to overcome the difficulties in 

the recovery of the different DNA fragments from agarose gels. In the modified 

experimental approach described here, the mutational target is the same as the one in 

the first strategy (tef)- However, the fragments containing the te f gene are inserted 

in a so-called direct selection vector, pUC19, which allows recombinant plasmids to 
be recognised against the parent plasmid, after transformation.

E co R I te t ' BspEI

7

amp'

PCR amplifiad 
Cr(VI) /  AsA

h c Z 'O
pUC 19

E co R I
-^A va l

+ T4 D NA  
ligase

Transformation
C om petent

If.co /i
Ampicillin

Plates

Each white colony

Ampicillin + X-gal plates  
W hite colonies
{ a m p '  l a c Z  )

Tetracycline 
Plates

mutants (te f)

Figure 53-1: Strategy 2 for in vitro mutagenesis experiments. A fragment of the plasmid pBR322 

carrying the tet" and containing the recognition sites for two different restriction endonucleases is 

amplified by PCR. treated with Cr(VI) and AsA and then digested with these two enzymes. The plasmid 

vector pUC19 contains a lacZ" (part of the lacZ gene) which codes for a fragment of a marker enzyme 

(P-galactosidase), and is linearised with two enzymes which create complementary cohesive ends to the 

ones generated in the PCR amplified fragment. The next step is to insert the fragment carrying the tef 
treated with Cr(VI) and AsA into pUC19. The insertion of the fragment will lead to the inactivaticMi of 

the lacZ’ gene. This insertional inactivation is directly recognised by the production of white colonies 

in a medium containing ampicillin and a chromogenic substrate (X-gal) of p-galactosidase. The white 

colonies (successful recombinants) are screened for mutants by replica plating in ampicillin and 

tetracycline plates.
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The plasmid pUC19 is 2686 bp in size (Yanisch-Perron et a l, 1985). It provides a 

histochemical selection system based on the plasmid borne lacZ' gene coding for the 

amino-terminal fragment of the enzyme P-galactosidase, the enzyme responsible for 

converting lactose to glucose in the normal E. coli bacterium (Sambrook et a l, 1989; 

Pouwels, 1991). The expression of lacZ’ can be induced by isopropylthio-p-D- 

galactoside (IPTG). The peptide encoded by the lacZ' gene is not sufficient for 

catalysing the conversion but it complements a host encoded fragment (lacking the 

lacT) to produce the active enzyme. The enzyme activity can be assayed using the 

colourless substrate 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-gal) which is 

converted to an intense blue product by p-galactosidase. The lacZ’ fragment contains 

multiple cloning sites (a "polylinker") and insertion of DNA fragments into one of 

these sites disrupts the coding information of the gene leading to the loss of a 

functional lacZ’ gene product. Strategy 2 used the plasmid pBR322 as a template for 

polymerase chain reaction (PCR) to amplify the te f  gene. The amplified fragment was 

digested with two restriction enzymes in order to create two different cohesive ends 

for ligation and was then inserted in the polycloning site of lacZ’ in pUC19. This 

process is called insertional inactivation. Because pUC19 also contains an ampicillin 

resistance gene (amp'), plating of transformed bacteria in medium containing 

ampicillin and X-gal will permit the selection of transformed clones (growth in 

ampicillin containing medium) as well as selection of bacteria containing recombinant 

plasmid DNA (white colonies: amp  ̂ lacZ ). Bacteria carrying the parent plasmid will 

produce blue colonies (amp"̂  lacZ^) (Brown, 1991).

However, because the target for mutagenesis is an essential gene it is still necessary 

to ascertain whether the white colonies can survive in tetracycline containing plates 

(replica plating of the white colonies) (Sambrook et a l, 1989; Micklos and Freyer, 

1990). Clones carrying inactivated te f  will not be able to grow in tetracycline 

containing medium.
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5.3.1 Methods

Polymerase Chain Reaction (PCR)

The required double stranded fragment containing the tetracycline resistance gene {tef) 

and a unique recognition site at each end was obtained by PCR amplification of the 

pBR322 plasmid gene. The DNA template for PCR was prepared by restriction of 

pBR322 with PstEl which has a unique recognition site and nicks the plasmid at bp 

3607. Primers were designed to be complementary to the pBR322 strands and each 

contained a unique restriction recognition site so that the amplified fragment could be 

digested generating single stranded overhangs (cohesive ends) complementaiy to those 

generated in pUC19 (Figure 5.3-2).

primer clockwise - Primer 1 (with the EcoRI restriction sequence underlined). 

5MrCTTCAAGAATTCTCATGTTTGACAGC)3*

primer anticlockwise - Primer 2 (with the BspEl restriction sequence underlined) 

5’d(TGCAGATÇÇGGAACATAATGGTGGCA)3’

4359

4084

EcoRI

primer 1

ampH

pBR322

1268

3296

primer 2

BspEI

1664

Figure 5.3-2: The annealing of primers to pBR322 and the restriction sites of EcoRI and BspEI.
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An optimisation of PCR was carried out in order to establish the required 

concentrations of DNA template, dNTPs, primers, Taq DNA polymerase, cation 

and a suitable annealing temperature (Innis and Gelfand, 1990).

The following components were then added sequentially to an Eppendorf tube: Taq 

buffer (100 mM Tris-HCl pH 8 .8 , 500 mM KCl, 15 mM MgCl2, and 0.1 % w/v of 

gelatin, 10 pi), deoxynucleotide mixture (10 mM each, 1 pi), primers (0.1 nmol/ pi, 

1 pi), sterile water (for a total final volume of 100 pi) and DNA template (around 25 

ng, 1 pi). Control samples did not contain DNA template. The samples were placed 

on a thermocycler (Model PTC-100, MJ. Research Inc., USA) and after a hot start 

(94°C for 5 min), Taq polymerase (5 units, 1 pi) was added. Each temperature cycle 

was as follows: 1 minute at 94°C (dénaturation), 2 minute at 65°C (annealling) and 

4 minutes at 72°C (extension). The cycle was repeated 29 times with a final step of 

10 min at 72°C. The size of the amplified PCR fragment is expected to be 1680 bp. 

PCR products were purified using GENECLEANII kit according to the manufacturers 

instructions.

Double Digestion o f PCR Products and Plasmid pUC19

PCR products were digested following the procedure described by Scharf (1990) for 

the cloning of PCR amplified DNA fragments. EcoRI recognises and cleaves the 

sequence 5’GvtAATTC3’at position 4359 of the pBR322 map. BspEI recognises and 

cleaves the sequence 5TvLcCGGA3’at the bp 1664. The restriction buffer (RB) used 

for double digestion was the buffer supplied with EcoRI as a lOX concentrated 

solution and diluted 1:10 in restriction mixtures to give 50 mM NaCl, 10 mM Tris- 

HCl, 10 mM MgCl2, pH 7.5 (25°C). Restriction mixtures were prepared as follows:

PCR sam ple-------------------25 pi

RB (lO X )---------------------  10 pi

BspEI 50 units--------------- 5 pi (10 u/pl)

EcoRI 20 un its---------------  1 pi (20 u/pl)

UHQ water t o ----------------  100 pi

Enzymes were added last and restriction mixtures were mixed by finger flicking the
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tubes or carefully pippeting the mixtures up and down. Digestion mixtures were 

incubated for 3 h at 37°C. After digestion, enzymes were inactivated by heating at 65° 

for 20 min (Alexander and Griffiths, 1993; Micklos and Freyer, 1990). BspEI is not 

totally inactivated by heat but once the single stranded overhang has ligated to the 

compatible Aval the new sequence will no longer be recognised by this enzyme. In 

some experiments the GENECLEAN II kit was used as a way to remove proteins as 

an alternative to the hazardous phenol:chloroform extraction, which then would require 

a further purification step because residual organic solvents can prevent ligation 

(Sambrook et ah, 1989).

The plasmid pUC19 was double digested for directed insertion of the PCR amplified 

fragment, as follows:

pU C19------------------------------2 pi (1 pg/pl)

RB (2X )----------------------------25 pi

EcoRI 20 un its-------------------  1 pi (20 u/pl)

Aval 40 units----------------------4 pi (10 u/pl)

UHQ water t o -----------------------50 pi

Restriction mixtures were incubated at 37°C for 3 h and heated for destruction of 

restriction enzymes at 65°C for 20 min. The restriction buffer used was the same as 

for the restriction digestions above. Aval recognises and cleaves in pUC19 the 

sequence 5’C>lCCGGG3’ at bp 412 which provides a single stranded overhang 

complementary to the one produced by BspEI in pBR322. EcoRI cleaves pUC19 at 

position 396 bp.

An agarose gel was run to estimate concentrations of both PCR digests and of the 

plasmid vector by constructing a standard curve after EB staining of bands containing 

known amounts of X DNA (10 - 160 ng) or by using different dilutions of X DNA 

Hmdlll digest (0.5 - 2 pg). Bands corresponding to the intensity of the unknown 

amounts were determined and DNA concentrations estimated using the formula 

(Alexander and Griffiths, 1993):

(size of band of comparable intensity)x(amount of X DNA)/X Size (49 Kb)
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The concentrations were estimated to be 10 ng/pl for PCR amplified fragment and 

approximately 40 ng/pl for the double digested pUC19 which is in good agreement 

to the initial concentration of plasmid (2 pg/50 pi). Both approaches gave similar 

results.

Insertion (ligation) of PCR Amplified Fragment into pUC19

The double digested pUC19 is 2670 bp long, the double digested PCR fragment is a 

linear double stranded DNA fragment of 1667 bp. Because under standard conditions, 

the success of the ligation reaction solely depends on the concentration of compatible 

termini, a series of different ligation reactions was set up in order to establish optimal 

concentrations and ratios of plasmid DNA: PCR amplified fragment.

a) 100 ng double digested pUC19 + 250 ng PCR digest 

(molar ratio vector:insert =1:4)

b)100 ng double digested pUC19 + 500 ng PCR digest 

(molar ratio vector:insert = 1 :8 )

c)200 ng double digested pUC19 + 500 ng PCR digest 

(molar ratio vector:insert =1:4)

d)200 ng double digested pUC19 + 1000 ng PCR digest 

(molar ratio vector:insert = 1 :8 )

Double digested pUC19 and double digested amplified PCR fragments were ethanol

precipitated (Sambrook et al., 1989, pp E.12) and resuspended in 8  pi of TE buffer.

In other experiments the GENECLEAN purification was performed. Ligation mixtures 

were then prepared as follows:

DNAs (a, b, c, d) 8  pi

Ligation buffer (lO X )---------------  1 pi

T4 DNA ligase-----------------------  1 pi (400 units/pl)

An agarose gel was run to assess successful ligation.
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Transformation of Competent E. coli TGI and Selection of Transformants

100 pi of competent E.coli TGI were transformed with increasing volumes (1, 3, 10 

pi) of the different ligation mixtures (see protocols used for induction of competency 

and for transformation in sections 6.2.2 and 6.2.3). After transformation, 400 pi of 

pre-warmed LB medium was added and the transformation mixture was incubated at 

37°C, for 60 min, in an orbital shaker for cells to recover and to allow the plasmid to 

be expressed. Aliquots of 100 pi of transformation mixtures were then spread on LB 

agar plates containing ampicillin (100 pg/ml), IPTG (0.5 mM) and X-gal (40 pg/ml). 

Plates were then incubated at 37°C overnight.

A positive control was prepared by transforming cells using 10 ng of plasmid pUC19, 

as well as a negative control (no plasmid was added) and in both cases cells were 

spread in plates containing X-gal, IPTG and ampicillin in the concentrations given 

above.

Replica Plating

After transformation, replica plating was carried out in order to establish the successful 

insertion of the tetracycline resistance gene and to exclude the possibility that the 

white colonies are simply the result of religated or dimerised pUC19 (carrying intact 

am/7'’ but disrupted lacT). Each white colony was replica plated (with the help of 

sterile toothpicks) on fresh LB plates containing ampicillin (100 pg/ml) and LB plates 

containing 2 0  pg/ml tetracycline.

5.3.2 Results and Discussion

A DNA fragment containing the te f  gene was successfully amplified from pBR322 

DNA. Table 5-1 represents a typical experiment carried out for optimization of PCR 

conditions and Figure 5.3-3 the gel run to visualise the results. The size of the 

fragment amplified was estimated to be approximately 1700 bp which is in good 

agreement with the expected value of 1680 bp (Figure 5.3-2).

123



Table 5-1: PCR optimizing for DNA template and MgCl; concentrations

Additions(pl)^ 1 2 3 4 5 6

Taq polymerase 
buffer (lOX)

10 10 10 10 10 10

MgClz
(100 mM)

2 2 2 2 - 2

dNTP mix 
(10 mM each)

1 1 1 1 1 1

primer 1 
(0.1 nmol/pl)

1 1 1 1 1 1

primer 2 
(0.1 nmol/pl)

1 1 1 1 1 1

DNA template 
(10 ng/pl)

- 2.5 2 1 2.5 2.5

UHQ water 85 82.5 83 84 84.5 82.5

After 5 min at 94°C (hot-start) 5 units of Taq DNA polymerase was added to all PCR reactions

23.130 bp
9,416 bp
6,.557 bp

2,322 bp
2,027 bp

Figure 5.3-3: Gel showing the results of the PCR experiment described in Table 5-1. Lane 7 contains 

0.5 pg of a 100 bp ladder and lane 8 contains 800 ng of X DNA Hindlll digest. Lanes 1-6 contain 10 

pi of PCR reactions described in Table 5-1. Lane 1 is a negative control (no DNA template). Other 

lanes contain different concentrations of DNA template or MgClg. All contained 5 units of enzyme (1 

pi) added after 5 min at 94°C ("hot-start").
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The PCR product was overdigested with the restriction endonucleases EcoRl and 

BspEl as described and the plasmid vector pUC19 was treated with EcoRI and Aval 

to generate cohesive ends. Different ratios of PCR fragment:linearised pUC19 were 

used for ligation mixtures (Figure 5.3-4).

In order to establish the feasibility of the present approach treatment of the amplified 

te f  fragment with Cr(VI) and AsA was omitted. Separation of the ligation mixtures 

on agarose gels after incubation with T4 DNA ligase revealed several DNA fragments 

(Figure 5.3.4) indicating a low efficiency of recombination accompanied by formation 

of probably recircularised plasmid and concatamers (linear multimers of DNA 

segments linked end to end (Gannon and Powell, 1991)).

Figure 5.3-4: Agarose gel showing the results of ligation mixtures (5 pi) of different pUC19:PCR 

amplified ratios. Lane 1-4: mixtures a)-d) (see page 122) ethanol precipitated + 1 pi ligation buffer 

(lOX) 4- 400 units T4 DNA ligase.

Figure 5.3-4 also shows that during ethanol precipitation loss of DNA occurred: in 

lane 1 only a smear could be observed (very low amounts of different sizes DNA). 

Other ligation mixtures showed bands of higher intensity (more DNA is present) and 

of higher molecular weight. Because the expected recombinant is a closed circular 

DNA molecule of 4337 bp, a suitable marker for the new recombinant DNA could be 

the plasmid pBR322. A band co-migrating with the relaxed form of the plasmid
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should represent the recombinant plasmid. Definitive proof of the generation of such 

recombinant DNA molecules will be to obtain bacteria transformed with plasmids 

expressing tetracycline resistance.

The various ligation mixtures were used to transform competent E. coli TGI. In 

general, only a few colonies harbouring the recombinant plasmid were observed 

(Table 5-2). When 10 pi of ligation mixture a) was used to transform 100 pi of 

competent cells and 1/5 of the volume of the ligation mixture (100 pi) was spread on 

a plate containing ampicillin and X-gal only 52 blue and 5 white colonies were able 

to grow. Thus a total of 57 colonies yielded only 5 successful recombinants. The same 

was true for mixtures b), c) and d).

Table 5-2; Number of white and blue colonies obtained after transformation of competent E.coli TGI 
with different volumes of ligation mixtures of the PCR amplified fragment and double digested pUC19

DNA used in 
transform ation

blue colonies 
(intact lacZ’)

white colonies 
(recom binants)

T ransform ation efficiency*
(n° of colonies/pg in tact plasmid)

10 ng pUC19 1760 0 8 . 8  X 10"

negative control 0 0

a) 1 pi 4 0 ND**

3 pi 22 2 ND

10 pi 52 5 ND

b) 1 pi 10 1 ND

3 pi 74 7 ND

10 pi 210 15 ND

c) 1 pi 36 3 ND

3 pi 45 30 ND

10 pi 103 3 ND

d) 1 pi 40 1 ND

3 pi 72 6 ND

10 pi 130 10 ND

“ only 1/5 (100 pi) of the volume of transformation mixture was plated (100 pi cells + 400 pi of LB 
medium)

*’ transformation efficiencies could not be determined because the concentration of intact plasmid in the 
ligation mixtures was not known.
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In negative controls, with no DNA added to cells, colonies failed to grow, as was 

expected. The transformation efficiency of the positive control was estimated (see 

section 6.3.6) to be 8 .8  x 10̂  (number of colonies/pg plasmid), well within the values 

reported in the literature for the method used to induce competency (Cohen et al., 

1972; Sambrook et ah, 1989). The transformation efficiencies obtained using the 

ligation mixtures, however, were difficult to estimate because the mass of recombinant 

plasmid which transformed the cells could not be determined.

The number of white colonies is a measure of the number of successful recombinants 

as insertion of PCR fragments will lead to the inactivation of the lacZ’ gene, which 

prevents the complementation between the two peptides, encoded by the plasmid and 

the F’ episome in E. coli TGI, from occurring and consequently leads to the 

production of an inactive enzyme. All white colonies, after replica plating in 

ampicillin and tetracycline containing plates, were found to be able to grow in 

tetracycline containing plates. Thus, they descended from cells which had taken up 

recombinant plasmid molecules (pUC19 + PCR amplified DNA fragment) containing 

an active amp" and the tetracycline resistance gene was not inactivated.

Using this strategy it was possible to successfully insert the PCR amplified fragment 

containing the te f  in a linearised plasmid by two different restriction enzymes. The 

use of two different restriction enzymes for the linearisation of plasmid pUC19 is 

reported to prevent the plasmid to religate and encourage the formation of a new 

recombinant molecule by ligation of fragments carrying complementary ends 

(Sambrook et ah, 1989). Moreover, it was possible to use the ligation mixtures to 

transform competent E. coli. The number of colonies obtained from bacteria carrying 

recombinant plasmids was, however, very small (white colonies: amp  ̂ lacZ ).

Colonies carrying plasmids with DNA lesions which are fixed as mutations would 

have to be recognised by probing the inactivation of the tetracycline resistance gene 

(replica plating). Given the fact that mutation rates (frequencies) are likely to be in 

order of 1 x 1 0  \  the screening for mutants (tetracycline sensitive colonies) among 

such a small number of recombinants is impractical.
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In molecular cloning experiments the production of a single clone can be regarded as 

successful. A single colony identified as carrying the DNA sequence of interest 

incubated in appropriate growth medium can amplify a gene sequence by a factor of 

several hundred billion: E. coli replicates once every 22 min, generating therefore 

more than 10̂  cells overnight in a volume of 1 ml only (Micklos and Freyer, 1990). 

Furthermore, plasmids can be present up to several hundred copies inside bacteria. In 

contrast, in experiments where mutations are to be screened a much larger number of 

recombinant colonies has to be available. It is therefore necessary to devise a method 

for in vitro mutagenesis which yields a substantially larger number of transformed 

clones. From the experiments with the two strategies (experimental approaches) 

described here, it would seem that the key to success lies in simplifying procedures 

as much as possible.
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CHAPTER 6

INVESTIGATIONS OF THE PREMUTAGENICITY OF THE 

DNA LESIONS INDUCED BY CHROMIUM(VI) AND 

ASCORBATE

6.1 INTRODUCTION

In view of the difficulties described in Chapter 5, a simplified strategy was used in 

order to establish the premutagenicity of DNA lesions generated during the in vitro 

reduction of Cr(VI) by AsA. In outline, the method involves the in vitro modification 

of plasmid DNA, transformation of competent E. coli and phenotypical selection of 

mutants (blue/white selection). A comparison of the mutation frequencies observed 

after transformation of bacteria with modified plasmids with those obtained with 

untreated plasmids should give an indication of the mutagenic potential of the DNA 

lesions involved.

pUC19 is a high copy number plasmid (Yanisch-Perron et a l, 1985) which carries the 

ampicillin resistance gene (amp’’) and a segment of the lacZ gene of E. coli coding for 

the enzyme P-galactosidase. This fragment is called lacZ' and codes for the amino 

terminal portion of P-galactosidase (Yanisch-Perron et a i, 1985; Sambrook et a i, 

1989).

E.coli TGI (genotype: supE hsdA5 thi A(lac-proAB) F'[traD36 proAB^ lacT 

lacZAM15]) (Sambrook et a l, 1989) was used as the bacterial host. This strain carries 

a chromosomal deletion à(lac-proAB) which is partially complemented by an 

engineered F’ episome, which carries lacZAMlS (the lac operon minus the lacZ' 

fragment). Bacteria will produce an inactive marker P-galactosidase due to the AM 15 

deletion. In addition, F’ also carries lacP, a mutation in the lac operon that results in 

over-expression of the lac operon.
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Neither the host-encoded nor the pUC19 plasmid encoded peptides are active on their 

own, can however associate by intra-allelic a-complementation (Welply et a l, 1981a; 

Welply et a l, 1981b; Sambrook et a l, 1989) to form an enzymatically active protein 

(P-galactosidase).

When bacteria carrying pUC19 are exposed to IPTG (a non-metabolizable lac operon 

inducer) and plated on a medium containing ampicillin and the chromogenic substrate 

of the enzyme p-galactosidase, 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-gal), 

they produce blue colonies. The appearance of blue colonies is due to the ability of 

the enzyme to cleave X-gal giving rise to 5-bromo-4-chloro-indigo, which has a very 

dark blue colour. Clones harbouring non functional lacZ’ genes (mutants) will lack P- 

galactosidase activity and will therefore appear as white colonies in X-gal containing 

medium, thus indicating the possible inactivation of the lacZ' gene on pUC19 due to 

in vitro modification by chromium(VI) and AsA.

In contrast to the strategies described in Chapter 5, this in vitro mutagenesis assay is 

not gene-directed. By exposing pUC19 to Cr(VI)/AsA, DNA lesions will be generated 

randomly distributed over the sequence of the plasmid. As a result, mutations can 

conceivably be formed at every position in the whole plasmid, including the lacZ' 

gene and the amp’’ gene which is used to ascertain successful transformation. The 

chosen selection method however can only detect non-lethal mutations which have 

inactivated the lacZ' gene. Bacteria harbouring plasmids which carry a mutation in the 

amp'' gene are unable to survive in the selective medium and cannot be scored. Whilst 

elevated mutation rates in the amp'' gene will result in slightly reduced transformation 

efficiencies, the assay system is unable to detect inactivations of both the lacZ' and 

amp'' genes. However, the systematic underestimation of mutation rates in the lacZ' 

gene thus inherent in the assay system can conveniently be ignored given that such 

an event is likely to occur with only very low probability.

The main advantage of the present approach is that it allows to screen for mutations 

in the lacZ’ gene in one single step without the need for replica plating and without 

time consuming DNA extractions and purification steps which inevitably lead to losses
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of material. Furthermore, the assay allows different types of mutations to be screened 

because it is a forward mutation assay (McBride et a l, 1991). For the analysis of 

type, frequency and location of mutations (mutational spectrum) sequencing of the 

lacZ' gene in pUC19 by both the chain termination method or Maxam-Gilbert 

procedure is possible (Pouwels, 1991).

The experimental approach used to study the mutagenic potential of DNA lesions 

generated by Cr(VI) and AsA is outlined in Figure 6.2-1.
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Figure 6.2-1: Principles of the forward mutation assay used to analyse the mutagenicity of DNA lesions 

caused by Cr(VI)/AsA. The lacZ' fragment is the target for mutagenesis. pUC19 plasmids carry two 

marker genes; amp' and lacZ’. The latter encodes the sequence of the amino terminal fragment of P* 

galactosidase. This fragment is capable of intra-allelic complementation with a defective form of the 

enzyme encoded by a suitable bacterial host such as E. coli TGI (see text). pUC19 is treated with 

Cr(VI) and AsA. DNA lesions are represented as open circles in the plasmid. The modified plasmid, 

carrying DNA-lesions, is used to transform E.coli TG I. Cells are made competent by CaClj treatment. 

In some experiments cells are UV irradiated for the induction of SOS response. After the transformation 

procedure the cells are spread on plates containing ampicillin (100 pg/ml), IPTG (0.5 mM) and X-gal 

(40 pg/ml). An active enzyme is recognised in plates containing X-gal by the production of blue 

colonies. Mutants are phenotypically recognised as white colonies, produced if the lacZ' fragment 

carries a mutation which inactivates the gene.
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6.2 METHODS

Aseptic technique was used when manipulating live bacteria.

6.2.1 Treatment of DNA

Plasmid pUC19 (final concentration of 8  pg/ml, the same DNA-P concentration as 

used in the previous experiments with PM2 DNA) was treated with DTPA for removal 

of transition metals (see 2 .2 .2 ) and then incubated with different concentrations of 

K2Cr0 4  (0.2 - 1 mM), in the presence of 1 mM AsA, for two hours in a final volume 

of 100 pi. The incubations were carried out at room temperature (close to 20 °C) in 

chelex treated phosphate buffer (0.1 M, pH 6 .8 ). Reactions were stopped by removing 

residual reactants by microfiltration (Microcon 30). The resulting filtration concentrate 

was resuspended in TE buffer (Tris-HCl 10 mM, EDTA 1 mM, pH 7.6) and used to 

transform E. coli.

Reactive species arising from the oxidation of Fe(II) by hydrogen peroxide are known 

to cause premutagenic lesions (Fischer-Nielsen et al., 1992; Imlay and Linn, 1988). 

Therefore, pUC19 treated with H2O2 (50 pM) and Fe(II)-EDTA (25 pM) for 2 h, 

served as a positive control.

6.2.2 Chemical Induction of Competence in E, coli TGI

E. coli TGI cells were made competent using a CaCl2 method based on the classical 

procedure described by Cohen et al. (1972) for the transformation of E.coli by plasmid 

DNA, with minor modifications. An overnight culture of E. coli was prepared by 

inoculating 10 ml of LB medium with a single isolated TGI colony streaked out from 

an M-9 glucose minimal plate (isolated colonies were prepared by streaking M-9 

glucose minimal plates directly from a frozen stock and incubating overnight at 37°C). 

This culture was incubated overnight at 37°C with agitation (200 rpm) on an orbital 

shaker. The overnight culture was then used to inoculate 500 ml of LB medium and 

cells were grown with aeration until logarithmic growth was reached (Â qo 0.45 - 

0.55). Cells were incubated on ice for two hours, transferred to two sterile centrifuge 

tubes each containing approximately 250 ml cell suspension and centrifuged at 2400

133



g for 25 min at 4°C. Supernatants were discarded and cells in each tube resuspended 

in 250 ml of ice-cold calcium chloride solution (100 mM CaCl2, 70 mM MgCl2), and 

incubated on ice for at least 45 min. Cells were then centrifuged as before and finally 

resuspended in a small volume of the calcium chloride solution and pooled (total 

volume 3 ml). Glycerol 60% (v/v) was added with gentle swirling to give a final 

concentration of 15% (v/v). Aliquots (200 pi) were prepared, snap-frozen on dry-ice 

and stored at -80°C, until used for transformations.

6.2.3 Transformation of Competent E. coli TGI

Competent cells were thawed on ice. Approximately 8  - 16 ng (1-2 pi) pUC19 was 

added per 100 pi of a suspension of competent cells. Transformation mixtures were 

incubated on ice for 45 min and then heated to 42°C for exactly 90 s before being 

returned to the ice-bath for 1 - 2 min. To each transformation mixture 400 pi of LB 

medium was added and cells were incubated at 37°C with vigorous shaking in an 

orbital shaker ( 2 0 0  rpm) for 1 h to allow cells to recover and express the plasmid.

Negative controls (transformation mixtures without DNA) were spread on LB plates 

and LB + Amp 4- IPTG + X-gal plates (1.5% agar LB plates containing 100 pg/ml 

ampicillin, 0.5 mM IPTG, and 40 pg/ml X-gal). The volume spread was 100 pl/plate.

All other transformation mixtures were spread on LB + Amp + IPTG + X-gal plates, 

after dilution with LB medium (1:5 - 1:10) to obtain a convenient number of colonies 

per plate (100 colonies). After spreading the plates were allowed to dry for 5 - 10 min 

at room temperature and then incubated at 37°C, overnight, in an inverted position.

6.2.4 SOS Induction of E, coli TGI

In some experiments cells were UV irradiated before the transformation step in order 

to induce SOS repair functions. Preliminary experiments were carried out in order to 

establish the dose of UV light that results in 50% cell survival. To this end a 0.5 ml 

aliquot of a TGI overnight culture was used to inoculate 25 ml of LB medium. Cells 

were grown at 37°C with aeration until logarithmic growth was reached (A^qo 0.45 -
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0.55), chilled on ice for at least 5 min and then transferred to a sterile glass Petri dish 

containing a magnetic stirrer. The cell suspension was irradiated for different time 

intervals (0 - 240 s) with a UV lamp (15W) operating at a dose of 1 J/m^/s. The 

dishes were gently swirled to ensure that all cells were equally irradiated. At the 

indicated times aliquots were taken, diluted sufficiently ( 1 0   ̂to 1 0 ^) and then used to 

inoculate well dried LB plates according to the Miles and Misra (1938) technique for 

viability counting. After overnight incubation at 37°C, viability countings were carried 

out and the UV dose resulting in 50% cell killing estimated (Witkin, 1976). This 

estimated dose was then used for SOS induction (Figure 6.3-2).

In subsequent experiments logarithmically growing cells were chilled on ice, UV 

irradiated with the dose causing 50% cell killing, transferred to a new sterile flask 

wrapped in aluminium foil in order to prevent photoreactivation (Dale, 1994), and 

incubated for 30 min at 37°C to allow recovery and SOS expression (Fuchs et al., 

1981; Dale, 1994; Bichara and Fuchs, 1985; Melchior Jr. et al., 1994). After UV 

irradiation TGI cells were treated for competence and transformed, essentially as 

described above, in under two hours to minimise the potential loss of SOS functions 

(Fuchs et a i, 1981; Melchior Jr. et al., 1994).

6.2.5 Selection and Isolation of Mutants

Putative mutants, with loss of a-complementation (Welply et a l, 1981a; Welply et al., 

1981b), were identified as white colonies in LB plates containing X-gal and IPTG. 

The presence of inactive P-galactosidase was further confirmed by streaking each 

putative mutant colony on fresh 1.5% agar LB plates containing Amp + IPTG 4- X- 

gal, and incubating overnight at 37°C.

After this step, well defined white colonies from each plate were used to inoculate 3 

ml of LB medium containing ampicillin (50 pg/ml) (to ensure that only cells resistant 

to ampicillin survive) and grown overnight with aeration at 37°C. Glycerol 60% (v/v) 

was added, with vortexing to a final concentration of 15% (1 ml). 0.5 ml aliquots were 

prepared in Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80°C 

(Sambrook et ah, 1989; Hanahan et al., 1991).
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6.2.6 Determination of Transformation Efficiency (XFE) and Mutation Frequency 

(MF)

Transformation efficiencies (XFE) were determined as the number of colonies 

obtained per microgram of plasmid used in the transformation:

XFE = total number of colonies / pg plasmid pUC19

Mutation frequencies (ME) were calculated as the ratio of the number of white 

colonies (amp*̂  lacZ ) over the total number of colonies (amp").

MF = n- of amp" lacZ colonies / n- of amp" colonies

6.3 RESULTS

6.3.1 The In Vitro Modification of Plasmid pUC19 with Cr(VI)/AsA Causes 

Mutations in lacZ^

Cells transformed with pUC19, which was modified in vitro with Cr(VI)/AsA, showed 

increased mutation frequencies relative to cells transformed with untreated plasmid 

(background mutation frequency or frequency of spontaneous mutations). The mean 

values of background mutation frequencies in the presence or absence of SOS 

functions were 3.9 x lO '^and 5.4 x 10 \  respectively. Similar background mutation 

frequencies have been reported to occur in assays which scored mutations in the lacZ' 

fragment present in single stranded M13mp2 DNA after transformation of SOS- 

induced and non SOS-induced E. coli (Kunkel, 1984; McBride et a l, 1991).

The treatment of the plasmid with Cr(VI)/AsA under conditions which resulted in the 

generation of SSB and AP-sites (see Chapter 3 and Chapter 4) led to significant 

increases in the prevalence of "mutant" ampicillin resistant, lacZ deficient clones (amp" 

lacZ ) (Table 6-1 and Figure 6.3-1:). This effect became more pronounced with rising

136



concentrations of Cr(VI). The highest observed mutation frequency was obtained with 

0.8 mM Cr(VI) and 1 mM AsA. At the higher Cr(VI) concentration of 1 mM, when 

an optimum of DNA lesions was shown to occur (Chapter 3), the mutation frequency 

decreased slightly.

In order to relate the mutation frequencies in lacZ' to the level of DNA lesions arising 

from in vitro modification, the number of strand breaks after treatment with 

Cr(VI)/AsA was determined, as described (see 2.2.4). The number of single strand 

breaks in plasmid treated with 0.8 mM Cr(VI) and 1 mM was estimated to be 1.05 ± 

0.15 (mean ± SEM x t(95%), n=3), in good agreement with the results obtained with 

PM2 DNA (Chapter 3).

The treatment of pUC19 with Fe(II)-EDTA/H2 0 2 , (25 pM/50 pM) used as a positive 

control, yielded elevated mutation frequencies (Table 6-1). The mutation frequency 

obtained after transformation of bacteria with treated plasmid was more than 9 fold 

higher than the one observed after transformation of cells with untreated plasmids. The 

oxidation of Fe(II) by H2O2 is assumed to generate reactive oxygen species which 

induce DNA damage including SSB (Imlay and Linn, 1988; McBride et al. 1991), AP- 

sites (Povirk and Steighner, 1989) and oxidative modifications of DNA bases (Fischer- 

Nielsen et al. 1992; Aruoma et al., 1989a; Aruoma et al. 1989b; Aruoma and 

Halliwell, 1995) as well as mutations (McBride et al., 1991; Reid et al., 1994). 

McBride et al. (1991) reported that in non-SOS induced E. coli, the mutation 

frequency increased from 4 x ICf̂  after incubation of single stranded M13mp2, in the 

absence of Fe(II), to 3.2 x 10  ̂ ( 8  fold increase) when DNA was incubated with 10 

pM Fe(II) in aerobic conditions.

As shown in Table 6-1, the simple protocol chosen for induction of competency gave 

sufficiently high transformation efficiencies (XFE) throughout all experiments. 

Furthermore, the XFE values agreed well with those reported in the literature for the 

CaCl2 method (Cohen et a l, 1972; Sambrook et a l, 1989). Under some experimental 

conditions, however, the transformation efficiencies decreased dramatically. This 

occurred when after treatment of plasmid DNA with Cr(VI) and AsA unreacted
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chromium(VI)/AsA was not removed. Transformation efficiencies then dropped to 

1250 colonies/pg plasmid. Similarly, transformation efficiencies of less than 100 

colonies/pg plasmid were observed when the plasmid was filtered after modification, 

resuspended in TE buffer and frozen for later transformation. The reasons for this are 

presently unknown.

As expected, non-transformed bacteria were unable to grow on plates containing 

ampicillin (absence of the ampicillin resistance gene), but grew as a lawn on LB 

plates. These negative controls (non-transformed E. coli TGI) were performed for each 

experiment, to ensure that cells were not contaminated (LB plates containing 

ampicillin - restrictive conditions) and were still viable (LB plates - permissive 

conditions).

3.0

m

2.0 -

0.0
1.0 mMCrlYI) 

/ I  mM AsA
control 02 0.80.4

Figure 6J-1: Mutation frequencies of E. coli TGI transformed with pUC19 plasmid. The column 

defined as control represents mutation frequencies obtained from transformation of competent TGI with 

non-treated plasmid (background mutation frequency). Other columns are values obtained from 

transformations with pUC19 treated with different concentrations of Cr(VI) in the presence of 1 mM 

AsA. MF are determined as described in 62.6. Values are mean ± SD. Satistics: ♦ ♦ group mean is 

significantly different (p<0.001) from control (Student’s t test for homogenous variances).
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Table 6-1: Mutation Frequencies after different in vitro treatments of pUC19

pUC19
Treatment*^

8 0 S
induction'*^

Transformation 
Efficiency 

(colonies/pg plasmid)

Mutation Frequency 
(amp' lacZ' colonies/ 

total colonies)'^

None No 1.5 X 10" 
1.3 X 10" 
4.0 X 10"

6.1 X 10\1 /1649)
6.0 X  10 ^1/1669)
4.0 X 10 ^18/44878)

Yes 1.4 X 10^
1.4 X 10^
1.5 X  10"

5.8 X 10 ^8/13810)
2.1 X 10^3/14410)
2.2 X  10 ^2/9238)

AsA/Cr(VI)
(lmM /0.2mM )

No 3.9 X 10" 1.4 X  10 "(9/6231)

Yes 2.8 X 10" 
3.1 X 10"

3.2 X  10 "(9/2810) 
4.5 X 10 "(14/3080)

AsA/Cr(VI)
(lmM /0.4mM )

No 1.5 X 10" 4.0 X IO V /17503)

AsA/Cr(VI)
(lmM /0.8mM )

No 2.1 X 10" 
4.8 X 10" 
2.5 X 10"

2.0 X  10 "(1/496)
1.8 X  10 "( 1/542)
1.8 X  10 "(4/2276)

AsA/Cr(VI)
(Im M /lm M )

No 2.5 X 10" 
5.1 X 10"

1.8 X  10 "(4/2174) 
6.3 X  10 \3 /4749)

Fe(II)(25pM)/ 
H 2O2 (50 pM)

No 2.5 X 10" 5.9 X 10"(3/507)

before transformation plasmid pUC19 was treated in vitro with Cr(VI)/AsA or with FeCIiyHjOjat the 
indicated concentrations.

cells were UV irradiated for the induction of SOS response as described in Methods in this Chapter, 
numbers in parenthesis are absolute numbers of mutant colonies and total colonies obtained in each 

experiment.

6.3.2 Mutation Frequencies in SOS-induced cells

E. coli displays a myriad of coordinately induced cellular responses after UV 

irradiation or treatment with other agents that damage DNA or interrupt DNA 

replication (Witkin, 1976). These responses collectively known as SOS system, include 

enhanced DNA repair and mutagenesis, inhibition of cell division and prophage 

induction (Litle and Mount, 1982; Witkin, 1976). SOS response includes the induction
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of genes involved in excision repair (uvrA,B), in recombination (recAJ^,Q) and 

mutagenesis {umuC,D; recA) as well as a number of din (damage inducible genes) 

whose functions remain unknown (Litle and Mount, 1982; Sancar and Sancar, 1988; 

Dale, 1994; Yasbin and Miehl-Lester, 1991). Although the exact nature of the 

inducing signal is still not known (Litle and Mount, 1982; Sancar and Sancar, 1988) 

it seems to originate from DNA degradation products. The error-prone repair 

mechanism, part of the SOS response, results in the alteration of one or more of the 

components of the replication complex, probably decreasing the fidelity requirements 

of DNA polymerases, thereby allowing it to continue synthesising DNA across non

coding lesions (Dale, 1994; Yasbin and Miehl-Lester, 1991).

In order to study the effect of SOS response on the mutagenicity of DNA lesions 

induced by Cr(VI) and AsA, in vitro mutagenesis experiments were carried out after 

induction of SOS repair functions, by UV irradiation of cells. A UV dose resulting in 

50% survival of E. coli has been reported to fully induce SOS functions (Witkin, 

1976) and such a dose has been used in other mutagenesis studies (Fuchs et at., 1981; 

Melchior Jr. et at., 1994). This dose was estimated to be 180 J/m^ under our 

experimental conditions. Figure 6.3-2 represents the effect of different UV doses on 

the survival of TGI cells.

SOS induction is suggested to be required for the mutagenesis of AP-sites in E. coli 

(Loeb and Preston, 1986). The induction of SOS repair functions in E.coli is known 

to lead to considerable increases in mutation frequencies after introduction of in vitro 

modified DNA, carrying apurinic sites (Shaaper et a l, 1983; Kunkel, 1984; Shaaper 

and Loeb, 1981) or bulky adducts resulting from attack of aromatic amines on DNA 

(Fuchs et a l, 1981; Melchior Jr. et a l, 1994; Koffel-Schwartz et a l, 1984; Bichara 

and Fuchs, 1985; Gupta et a l, 1988).
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Figure 63-2: Estimation of the UV dose causing 50% killing of E. coli TGl cells. A - Number of 

bacteria in suspension with increasing times of UV exposure. Each point represents the mean of 2 or 

3 viability countings of the suitable dilution. B - Same values expressed as percentage of survival with 

increasing times of UV exposure. The time estimated to cause that percentage of killing was 180 s.
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When SOS-induced TGI cells were transformed with pUC19, which has been treated 

with 0.2 mM Cr(VI) and 1 mM AsA, a 4 fold higher mutation frequency was obtained 

relative to the values obtained with non-SOS induced TGI cells (values corrected for 

background mutation frequencies) (Table 6-1 and Figure 63-3).

5.0

4.0 -

u
a> 3.0 -

O '0>
2.0 H

5  1.0 -

non SOS induced 

I I  SOS induced cells

control
i
0 2  mM Cr(VI) 
/ I  mM AsA

Figure 6.3-3: The influence of SOS induction on mutation frequencies. TGI cells (with or without 

induced SOS functions) were transformed with untreated plasmid pUC19 or treated with 0.2 mM 

Cr(VI)/l mM AsA. MF are calculated as described in section 62.6 .

Taken together, these findings demonstrate that the in vitro modification of pUC19 

with chromate/AsA inactivates the lacZ' gene and are good evidence that the DNA 

lesions produced in this system have the potential to induce gene mutations. 

Furthermore, SOS response increased its mutagenicity, suggesting that these lesions 

may act as blocking (non-coding) lesions. These observations suggest that AP-sites are 

the DNA lesions causing elevated mutation rates in our experiments.
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6.4 DISCUSSION

The experiments described in this Chapter show that the DNA lesions induced in vitro 

by Cr(VI) and AsA in pUC19 can be fixed into mutations during DNA replication. A 

non-lethal DNA lesion carried by plasmid pUC19 can be processed by bacterial 

enzymatic systems and either be correctly repaired or in some conditions be converted 

into a stable mutation.

In view of the known mutagenicity of AP-sites (Loeb and Preston, 1986; Shaaper et 

al, 1983; Kunkel et a l, 1981; Shaaper and Loeb, 1981; Kunkel, 1984) it is tempting 

to attribute the increased prevalence of mutant ampicillin resistant, lacZ deficient E. 

coli clones (amp^ lacZ ) observed after in vitro modification of pUC19 with 

chromate/AsA, to the formation of this type of DNA lesion.

It has been shown that apurinic sites are premutagenic lesions that can be converted 

to mutations under the control of SOS functions (Loeb and Preston, 1986; Kunkel, 

1984). There is evidence to suggest that a similar "error-prone" mechanism exists in 

mammalian cells (Sarasin and Hanawalt, 1978; Laval, 1980; Radman, 1980). However, 

in monkey kidney cells, SOS response or other related repair pathways did not prove 

essential for mutagenicity after transfection of these cells with depurinated double 

stranded tsB201 SV40 DNA (Gentil et al., 1984). Depurination-induced mutagenesis 

was found to be more frequent after replication with eukaryotic DNA polymerases 

(which are less accurate and lack proofreading activity) (Kunkel et a l, 1983; Echols 

and Goodman, 1991), suggesting that these DNA lesions may represent a major 

mutagenic challenge in eukaryotic cells.

SOS functions increase the mutagenicity of several lesions including AP-sites (Shaaper 

and Loeb, 1981; Kunkel, 1984; Loeb and Preston, 1986). The stringent requirements 

for normal replicating complexes may not allow the stable incorporation of a 

nucleotide opposite the lesion. Therefore, if the AP-sites generated upon treatment of 

pUC19 are the premutagenic DNA lesions, then the induction of SOS repair functions 

should increase mutation frequencies. The increase in mutation frequencies in the
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absence of SOS induction may result from rare bypasses of AP-sites, which distort the 

sugar-phosphate backbone to a lesser extent than certain bulky adducts (Kunkel, 1984). 

Alternatively, the AP-sites might themselves act as the inducing signal for the error 

prone repair, as suggested before (Shaaper and Loeb, 1981; Loeb and Preston, 1986) 

as they are able to obstruct DNA synthesis (Sagher and Strauss, 1983). The induction 

of SOS response in the absence of UV irradiation was previously reported after 

treatment of Salmonella typhimurium with potassium dichromate (Nakamura et al., 

1987).

The mutation frequency obtained with plasmid pUC19 treated with 0.2 mM Cr(VI) 

and 1 mM AsA was 4 fold increased after SOS induction of E. coli cells. Kunkel 

(1984) found an approximately 7 fold increase in mutation frequencies after 

transfection of E. coli with depurinated (acid-heat treated) single stranded M13mp2 

viral DNA containing an average of 3.2 apurinic sites per DNA molecule (3600 

purines) after induction of SOS repair by UV irradiation of cells. The mutation 

frequency in M13mp2 single-stranded DNA was found to be 2.5 fold higher than the 

mutation frequency in its complementary double stranded form (RF, replicative form) 

in the same mutagenesis assay at equivalent levels of DNA damage (AF-adducts, 

thought to cause mutations through the formation of intermediate AP-sites) (Gupta et 

al., 1988). On the basis of such observation, a 2.8 fold increase in mutation frequency 

would be expected for double stranded pUC19 at a similar level of DNA damage in 

SOS induced cells. Under conditions resulting in 0.4 AP-sites per 10"̂  bp (0.2 mM 

Cr(VI)/l mM AsA, Chapter 4) and therefore only approximately 0.1 AP-site per 

pUC19 molecule (2686 bp), SOS induction caused a 4 fold increase in mutation 

frequency. This seems to agree reasonably well with the expected value and points to 

a role for SOS functions in the processing of the premutagenic lesions. An experiment 

which would lend further support to this hypothesis would be the use of E. coli strains 

defective for SOS-dependent mutagenesis (umuC, recA ), where no damage-dependent 

increase in mutation frequency should be observed (Kunkel, 1984; Koffel-Schwartz 

et al., 1984).
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Studies aimed at establishing a role for AP-sites in the mutagenicity of heat-acid 

treated single-stranded DNA made use of the fact that both alkali treatment and AP- 

endonucleases cleave the DNA at AP-sites (Loeb and Preston, 1986). Such treatments 

caused the abolition of mutagenesis in single stranded phage ^X174am^ (Shaaper and 

Loeb, 1981; Kunkel et a l, 1981) or single stranded M13mp2 phage DNA (Kunkel, 

1984). Such effect is due to the fact that induction of breaks at AP-sites in single 

stranded DNA eliminated DNA molecules containing AP-sites from the total 

population of surviving molecules.

However, a similar approach cannot be used to probe the premutagenicity of AP-sites 

in double stranded pUC19. During the incubation of modified DNA in alkaline 

conditions or with an AP-endonuclease single strand breaks are induced at AP-sites, 

causing the plasmid to relax. This form of DNA is still able to transform bacteria 

carrying AP-sites as non-coding lesions. This explains why mutation frequencies 

observed after transfection of monkey kidney cells with depurinated double stranded 

tsB201 SV40 DNA were not affected by treatment of DNA with endonuclease V 

(Gentil et a l, 1984).

We therefore believe that an alternative experiment should be carried out in order to 

assess whether increased mutation frequencies are related to the generation of AP-sites 

by Cr(VI)/AsA on the plasmid pUC19. Catalase has been shown to prevent the 

induction of SSB and AP-sites in supercoiled DNA by Cr(VI) and AsA (Chapter 3 and 

Chapter 4). Therefore, if the presence of catalase in plasmid treatments would abolish 

increased mutagenesis this would present strong evidence for SSB or AP-sites to be 

the premutagenic lesions. In view of AP-sites mutagenic potential, these are the most 

plausible candidate.

Although the mutagenic potential of DNA lesions other than AP-sites or SSB has not 

been directly assessed, the possibility that these are involved in the formation of 

mutations needs further consideration. Our experiments were inadequate to rule out 

the possibility that Cr-DNA adducts, which were reported to occur as a result of 

treatment of DNA with Cr(VI) and AsA in vitro (Steams et a l, 1995; Steams et a i,
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1994), might be the cause for the observed elevated mutation frequencies.

Cr(III) bound to DNA was found to be mutagenic by increasing the procdssivity and 

decreasing the fidelity of DNA polymerases, when single stranded M13mp2 DNA was 

treated with low concentrations of CrClg in vitro prior to transfection of E. coli (Snow, 

1994; Snow, 1991; Snow and Xu, 1991). Under such conditions DNA polymerases 

were able to bypass oxidative DNA lesions which under normal conditions would stop 

DNA replication (Snow, 1994). Therefore, low concentrations of Cr(III) bound to the 

DNA template can act synergistically to increase mutagenesis by AP-sites or other 

non-coding DNA lesions generated during the reductive conversion of chromium(VI) 

and at least partially account for the high mutagenic and carcinogenic potential of 

Cr(VI) in vivo. Higher concentrations of Cr(III) however, led to the generation of 

DNA-DNA cross-links and an inhibition of polymerase activity (Snow and Xu, 1991).

Bridgewater et al. (1994) also observed the occurrence of Cr-binding to DNA treated 

with Cr(VI) and AsA in HEPES buffer. These DNA lesions were able to obstruct 

replication as measured in an in vitro assay using purified DNA polymerase. The 

lesions causing DNA polymerase arrest were intrastrand cross-links rather than Cr- 

DNA monoadducts. At high AsA to Cr(VI) ratios, Cr-DNA binding was not altered 

but intrastrand cross-links were decreased, as were DNA polymerase arresting lesions. 

In cells such cross-links may interfere with DNA replication and/or transcription by 

triggering DNA repair mechanisms, which may decrease the fidelity of replication. In 

E. coli lesions which cause the replication machinery to stop, induce SOS response 

which allows synthesis to bypass non-coding lesions such as AP-sites (Dale, 1994). 

There is evidence that error-prone repair pathways are also present in mammalian cells 

(Sarasin and Hanawalt, 1978; Laval, 1980; Radman, 1980).

Chen and Thilly (1994a; 1994b) have established that Cr(VI) induces non-random 

mutational "hot-spots" in human cells. The majority of mutations observed in a 104 

bp fragment of the low melting domain within exon 3 of the hprt gene of human 

lymphoblasts were base-substitutions. The four mutational hot-spots were G:C-^A:T 

and A:T—>T:A transversions and G:C—>A:T and C:G—>T:A transitions. This recently
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established mutational spectrum of Cr(VI) in human cells (Chen and Thilly, 1994a; 

Chen and Thilly, 1994b) shares several features of mutations observed with 

depurinated DNA and chemical mutagens which form AP-sites as an intermediate 

lesion and can be explained by the incorporation of deoxyadenosine residues opposite 

a putative AP-site, the proposed mechanism for mutagenesis of this lesion (Shaaper 

et a l, 1983; Loeb and Preston, 1986). These striking coincidences suggest an 

important role for AP-sites as premutagenic lesions in human cells.

It would be worthwhile to sequence the lacZ' gene obtained from the mutants isolated 

in these experiments and to establish the mutational spectrum {i.e. the types, positions, 

and frequencies of occurrence of mutations within a segment of DNA) of this 

reductive pathway.

The in vitro mutagenesis assay described in the present Chapter can be used in future 

both for the study of premutagenicity of different DNA lesions generated by the 

different reductive pathways of Cr(VI) and to establish which of the wide range of 

DNA lesions generated by Cr(VI) are mutagenic in vivo. Furthermore, the relative 

importance of the different reductive pathways in the causation of mutations could be 

established. Mechanistic studies of this kind are indispensable for the development of 

suitable approaches to the biomonitoring of exposed individuals and will help to 

elucidate the complex processes involved in the intracellular activation of Cr(VI) to 

its ultimate genotoxic form.
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CHAPTER 7 

CONCLUDING REMARKS

Chromium (VI) compounds are well established human carcinogens (lARC, 1990). 

Because these compounds are positive in most genotoxic assays it is conceivable that 

their carcinogenic effects result from direct damage to DNA. There is general 

agreement that the intracellular reduction represents a crucial step in the activation of 

chromium(VI) to its ultimate DNA damaging form(s). The results of this thesis show 

that AsA too plays an important role in the activation of chromium(VI) to 

genotoxic species.

Using a well defined in vitro system with isolated supercoiled PM2 DNA it was 

demonstrated that the reduction of chromium(VI) by AsA gives rise to reactive 

intermediate(s) of as yet unidentified nature, which cause DNA single strand breaks 

and aldehydic AP-sites. A reactive intermediate was found to be responsible for the 

DNA damage observed. Furthermore, because the generation of both lesions followed 

a very similar temporal pattern and they were produced with equal probability there 

is the possibility that both lesions are generated by attack of DNA by a single 

oxidising species, at the sugar moiety, probably at the C-4’.

Although the nature of this intermediate could not be established there is good 

evidence that oxygen, peroxidic species (scavenged by catalase) and partially reduced 

chromium species (chromium(V) or chromium(IV)) are involved in the generation of 

the ultimately DNA damaging species. Attempts to probe the involvement of hydroxyl 

radicals by analysing the formation of modified DNA bases such as 8-OH-dG, 

characteristic of DNA attack by such radicals, have yielded negative results. This 

finding is consistent with the absence of the hydroxyl radical characteristic ESR spin 

trap adducts in chromium/AsA solutions reported by Steams and Wetterhahn (1994). 

Furthermore, Chen and Thilly did not find the mutational spectrum typical of hydroxyl 

radicals in chromate treated cells (Chen and Thilly, 1994b).
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Cr(V), unless activated by oxygen was also found not to be responsible for the DNA 

damage observed because such intermediates were generated in the absence of oxygen 

(Lefebvre and Pézerat, 1992; Steams and Wetterhahn, 1994). An intermediate species 

resulting from complex interactions of chromium in high oxidation states, possibly 

Cr(V) or Cr(IV), with molecular oxygen to form superoxo- peroxo- or oxo complexes 

was proposed to be the ultimate DNA damaging species. Such a proposal requires 

further study, due to the absence of chemical literature on such a novel pathway. 

Evidence pointing to the relevance of non-Fenton pathways both in our system and 

in systems using GSH as the reducing agent is accumulating (Kortenkamp et a l, 

1996a).

A role for molecular oxygen in chromium(VI) genotoxicity is in line with the finding 

that aerobic conditions were essential for chromium(VI) mutagenesis in Salmonella 

typhimurium strains (Sugden et al., 1990). The protective role of catalase but not of 

hydroxyl radical scavengers in the generation of strand breaks in cultured human 

fibroblasts is also in agreement with our findings (Snyder, 1988).

AP-sites were also found to be generated in isolated DNA upon in vitro reduction of 

chromium(VI) by GSH (Casadevall and Kortenkamp, 1994; Casadevall and 

Kortenkamp, 1995). As GSH and AsA are considered to be the most important 

cytosolic reductants of chromium(VI), AP-sites could be responsible for the alkali- 

labile sites consistently observed in intact cells exposed to chromate (Cantoni and 

Costa, 1984; Sugiyama gr a/., 1986a; Sugiyama, 1991; Sugiyama, 1992). The extensive 

work of the Sugiyama group suggests that these are the lesions involved in 

chromium(VI) induced mutagenesis (Sugiyama, 1991; Sugiyama, 1992; Sugiyama,

1994).

A strategy was developed in order to assess the premutagenicity of the DNA lesions 

generated during this reductive pathway. A simple experimental approach employing 

plasmid pUC19 to transform competent E. coli cells was used. Increased mutation 

frequencies were observed when the plasmid was treated in vitro with Cr(VI) and 

AsA. SOS functions increased its mutagenicity.
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AP-sites are DNA lesions with reported mutagenic activity (Kunkel, 1981: Loeb and 

Preston, 1986) and it is likely that they are the cause of the mutations leading to the 

inactivation of lacT  gene in the present system. However, in order to unambiguously 

establish that the mutations are being mediated by AP-sites it is necessary to 

determine the DNA sequence of the mutants obtained. The mutation spectrum for this 

reductive pathway might provide clues as to which DNA lesion is of importance in 

the generation of mutations.

The fact that after a single administration of chromium(VI) DNA strand breaks are 

rapidly repaired in animals and cultured mammalian cells should not distract from the 

role these lesions can play in the mutagenicity of chromium(VI) compounds, 

especially abasic-sites, although cells have repair enzymes for such lesions. The 

inhaled particles of chromium(VI) compounds (particularly from sparingly soluble 

compounds) can stay in the lungs for very long periods, even decades after the 

exposure has ceased (Cohen et a l, 1993). Post-mortem analysis of lung tissue from 

chromium workers who have died of lung cancer showed that most of the chromium 

remained in the respiratory tract while only small amounts were present in the liver 

and kidneys. It is conceivable that continuous exposure of cells to low levels of 

solubilised chromate anions over long periods of time can lead to an overload of 

cellular DNA repair mechanisms and unrepaired strand breaks and abasic sites can 

accumulate.

Considering that a mammalian cell has to cope with 10"̂  spontaneously arising AP- 

sites per day (Lindahl and Nyberg, 1972) and that this number can be increased even 

more by exposure to several alkylating compounds (Margison and O’Connor, 1973), 

it is likely that unrepaired AP-sites will accumulate. During the replication of these 

unrepaired non-coding DNA lesions in E. coli, bypass is likely to occur, especially in 

conditions of relaxed stringency for fidelity requirements, with insertion of non- 

complementary nucleotides (error-prone DNA repair mechanism, part of SOS 

response). There is evidence for the existence of a similar inducible error-prone 

mechanism in mammalian cells (Radman, 1980). Furthermore, there is the possibility 

that bypass of these lesions in animal cells does not require error-prone DNA repair
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mechanisms due to the fact that eukaryotic polymerases are less faithful than 

prokaryotic polymerases and lack proofreading activity (Echols and Goodman, 1991; 

Kunkel et a l, 1983).

The extracellular reduction of AsA is a detoxifying pathway since Cr(III) does not 

readily cross biological membranes. In the alveloar lining fluids of rats there are 

considerable amounts of AsA (Willis and Kratzing, 1974) which prevent chromate 

anions from penetrating epithelial cells (Suzuki, 1990; Suzuki, 1988; Suzuki and 

Fukuda, 1990). Extracellular ascorbate was also found to inhibit the dissolution of lead 

chromate particles and could therefore protect Chinese hamster ovary cells from 

clastogenesis induced by solubilised Cr(VI) anions (Wise et al., 1993).

At present there are no data available on the AsA levels of human alveolar lung fluids. 

Humans lack the ability of synthesising AsA, and if they are deficient in this vitamin 

due to some disturbance such as low intake, stress or smoking, then chromate anions 

can enter the cells and undergo intracellular reduction (Suzuki, 1990). Moreover, in 

vivo experiments showed that the extracellular reduction of AsA in lungs left 

considerable amounts of unreduced Cr(VI) (Suzuki and Fukuda, 1990). It is 

conceivable that particles of chromium(VI) compounds can lead to the depletion of 

extracellular AsA thus facilitating Cr(VI) uptake in the long-term.

However, while the extracellular reduction seems to be a detoxifying pathway, the 

intracellular reduction of chromium(VI) by AsA represents a toxifying pathway 

causing the generation of reactive intermediates inside the cell which can lead to DNA 

damage. The generation of Cr(V) species has been consistently observed during the 

reduction of chromium(VI) by AsA in vitro with an half-life of about 15 min 

(Goodgame and Joy, 1987). Of importance might be the finding that when the 

reduction reaction takes place in cell culture media, the half-life of chromium(V) 

species is increased (Lefebvre and Pézerat, 1994). This observation suggests that in 

vivo chromium(V) species might be present during longer periods of time and be able 

to reach the cell nucleus. The generation of a strongly electrophilic species, in reaction 

mixtures of Cr(VI)/AsA, which are able to oxidise formate, seemed to require some
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degree of stabilization of Cr(V) (Lefebvre and Pézerat, 1994). Although Cr(V) alone 

does not seem to be the cause of SSB and AP-sites, once near or inside the nucleus 

it can mediate the generation of the ultimate DNA damaging species.

Increased levels of intracellular ascorbate were found to decrease the levels of alkali- 

labile sites but raised levels of DNA-protein cross links in mammalian cells (Sugiyama 

et a l, 1991b). Intracellular levels of AsA are probably crucial for the pattern of DNA 

damage observed. In in vitro studies we and others (Steams et a i, 1994; Steams et a i,

1995) have found that maximum DNA damage occurred at the AsA:chromium(VI) 

ratio of 1:1. This ratio can be of biological significance if intracellular AsA levels are 

diminished. Exposure to chromium(VI) was found to decrease lung ascorbate levels 

in rats (Standeven and Wetterhahn, 1992; Suzuki and Fukuda, 1990) and this may 

represent an increased risk to exposed workers. It is necessary to obtain more 

information about the extra and intracellular levels of ascorbate in the lungs of 

humans, in order to more closely assess the risk associated with exposure to 

chromium(VI) by inhalation.
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