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FINAL REPORT

Contract: F13P-CT920030 Sector: BlA

Title: Co-operative research on late somatic effects of ionizing
radiation in the mammalian organism

1) Maisin EULEP

I. Summary of Project Global Objectives and Achievements

The objective of the European Late Effects Project Group (EULEP)
is to improve the understanding of late biological effects of
exposure to ionising radiation. Its work consists of the
standardization and development of methodology in the member
institutions, the coordination and promotion of co-operative
research by means of task groups, and the organisation of
training activities, workshops and symposia. There are now 26
laboratories participating in this work. From these are drawn
129 Associate Members and, from other laboratories, there are
currently 57 Corresponding Members who are participating to the
work of EULEP.

Work on the Standardisation and Development of Methodology has
been carried out by the following committees:

- Committee of External Radiation Dosimetry and Techniques
- Committee of Internal Radiation Dosimetry and Techniques
- Committee on Cell and Molecular Pathology

The co-ordination of collaborative research work between the
member institutions has been organised by means of a number of
problem-orientated task groups and special task group actions,
which are devoted to specific problems and which have their own
defined goals.

A more recent objective has been the establishment of an archive
of long-term radiobiological studies, consisting of a
comprehensive database and decentralized specimen archive.

EULEP is concerned to promote the training of young
radiobiologists. High priority continues to be attached to the
support of scientific exchange visits between laboratories for
the purpose of acquiring technical expertise. The means by which
EULEP achieves its stated objectives is reviewed regularly, and
it has maintained sufficient flexibility in its organisation to
meet changing requirements.
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II. Objectives for the reporting period

(a) to develop the programme of standardisation and development
of methodology through the committees;

(b) to promote the co-ordination of research by the task groups
and special task group actions, including the review of existing
work and the establishment of new task groups and actions as
opportunities presented themselves;

(c¢) to continue the development of the European Radiobiological
Archive;

(d) to continue an ongoing review of the future structure and

activities of EULEP, in the light of changing requirements in
radiation protection research.

III. Progress achieved including publications

STANDARDISATION AND DEVELOPMENT OF METHODOLOGY

Committee of Cell and Molecular Pathology

During the passed period, the Committee of Pathology and the
Committee of Molecular Biology have merged in order to bridge the
interests of classical morphological pathology and experimental
molecular biology. The Committee has organized several symposia,
workshops and slide seminars.

The annual slide seminar of 1992 was held on November 6 at
Neuherberg on the “Pathology of immune-related diseases".
Professor Miiller-Hermelink (Wirzburg) gave an excellent overview

on the pathogenesis of immunopathic diseases. Professor Baroni
demonstrated the role of expression of cell adhesion molecules
and cytokines in human thymus and thymomas. Professor Feller

(Libeck) gave an overview of the interactions in the cytokine
network during the maturation of lymphoid cells and the role of
the disturbance of this network in the pathogenesis of malignant
lymphoma. Dr Feichtinger (Innsbruck) and Professor Boniver
(Liége) demonstrated their experimental models of AIDS. In
addition, problem cases of liver pathology in rats from Professor
Bannasch (Heidelberg) were discussed.

The slide seminar of 1993 was held in November at Neuherberg, and
dealt with the “Pathology of Certain Strains of Transgenic Mice".
Contributions included a detailed introduction to the approach of
using transgenic animals by W Engstrom; aspects of B-cell
lymphomas in mice carrying activated myc or ras oncogens by P
Pattengale; and the use of transgenic mice in the study of liver
neoplasia and pre-neoplasia by P Bannasch; mammary and urino-
genital neoplasia and hyperplasia by G W H Stamp; neurological
degeneration by A Agquzzi, and bone tumours by A Luz and J
Schmidt. In 1994, the topic of the slide seminar and workshop
was: "Pathology of Soft Tissue Tumors".
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In 1993, the committee organised at the occasion of the General
Assembly of Reisensburg a workshop on "Pathology of Transgenic
Mice". Several experts gave talks covering many aspects of the
application of transgenic mice, especially the study of the
pathogenesis of malignant lymphomas and mammary neoplasia. In
1994, the committee organized a symposium on programmed cell
death apoptosis.

The committee organised three meetings between EULEP and the
Biological Effects Task Group of the US DOE: the first one was
held in Paris, France in October 1992: the second one at
Heidelberg in April 1994 and the third one in Albuquerque, New
Mexico, USA in 1995. The meeting in Paris concerned "Acute and
Late Effects on the Lung from Inhaled Radioactive Materials and
External Radiation". The second workshop covered liver
pathology, including comparative aspects in animals and man,
caused by radiation and also chemicals. The third workshop
concerned the hematopoietic system. It included a general
discussion on the status of pathology efforts in radiation
pathology of both sites of the Atlantic.

The new colour edition of the EULEP Pathology Atlas has now been
published. It is felt that this complements other existing
pathology atlases very well. It is the intention of the
committee to proceed immediately to preparing the second volume,
which would cover all remaining topics not included in the first.

Committee of External Radiation Dosimetry

The committee of X-ray dosimetry decided that a seventh dosimetry
intercomparison would be performed, using TLD which would be read
at TNO Arnhem, now a new voting member laboratory of EULEP. It
was necessary to continue such exercises, in order to check both
the accuracy and precision of dosimetric measurements among
member laboratories, and the homogeneity of the dose delivered.
It was also essential to be able to provide special assistance
where discrepancies were discovered, so that these could be
rectified.

In addition, the activities of the committee have been focused on
the characteristics of phantoms simulating experimental animals
of various sizes. 1In this context the EULEP phantoms have also
been included in the ICRU report 48 (1993) on Phantoms and
Computational Models in Therapy, Diagnosis and Protection. As a
follow-up of the studies with the rectangular and cylindrical rat
phantoms, dose distributions have been studied in more realistic
phantoms. For unilateral and bilateral irradiation with 300 kV
X~rays of the real shape phantoms, maximum to minimum doses
values in the trunk amounted to 2.5 and 1.25 respectively. These
values are appreciably higher than those reported earlier
(Zoetelief et al, 1985, Int. J. Radiat. Biol. 47, 81-102) for
phantoms with simple geometry.
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Other activities of the EULEP Dosimetry Committee are concerned
with the assessment of dose distributions employing Monte Carlo
calculations and the introduction of new thermo-luminescent
material for the determination of the absorbed dose.

Committee of Internal Radiation Dosimetry

During this contract period, the Committee continued to support
standardisation activities by means of inter-laboratory
consultations for its five Tasks Groups.

Several members of the Committee of Internalradiation Dosimetry
have been active in assisting ICRP to revise its biokinetic
models, as required for updating different ICRP publications. As
members of the ICRP task group on internal dosimetry, and in some
cases as members of Committee 2, EULEP scientists were playing
lead roles in the development of new biokinetic models for
radionuclide behaviour in adults, children and in the fetus.
Much of this work has now been published as ICRP publications 66,
67 and 69. Members of the committee had also accepted
invitations during the year to provide specialist advice to the
CEC multi-national contract on reduction of risk.

The Committee has considered the direction which its future
activities might take during the next four years. These
activities will include the continuation of its role in the
standardization of methods and in the international work on
dosimetric models and dose coefficients, and could also include
training courses in internal dosimetry, perhaps in collaboration
with EURADOS; the preparation of state of the art reports on
topics related to internal dosimetry, for example the
uncertainties attached to dosimetric parameters; and a
feasability study of the practicability of preparing a
comprehensive international database containing all the available
information on radionuclide biokinetics in humans and animals.

EULEP Radiobiology Archive

EULEP has now established the database for the archive of long -
term animal experiments performed in European laboratories. It
has been developed in collaboration with the National
Radiobiological Archives of the US DOE. Much of the information,
and the associated histological material, is irreplaceable and
must be preserved after the scientists concerned retire or the
institutes change their interests. Moreover, the materials offer
possibilities for future use by molecular techniques.

A list of all communicated experiments has been republished,
including exposure conditions, treatments, dosimetry and species
used. The data have been computerized for 40 large-scale studies
comprising more than 70,000 animals, giving information on
survival and pathology. This is available both in a purpose-
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designed system, which facilitates browsing, combining sets of
data, and statistical evaluations, and also on Paradox software,
to make it compatible with the US DOE database. A collection of
reprints of the relevant published papers is also being made.

For the establishment of an archive of pathological materials, a
questionnaire will be circulated to establish what is available
and in what form. It will be necessary, to decide what can be
preserved, and where since a centralized compository is not
envisaged. Both paraffin blocks and slides have a limited life,
and their likely future use has to be evaluated.

Concerning the prospects of 1issuing teaching slides in
radiobiology, a first set of teaching slides is now available and
most probably the demand for such services will increase and
should be carefully considered for the future.

Symposia and training activities

A symposium entitled "Acute and Late Effects on the Lungs from
Inhaled Radicactive Materials and External Radiation" was held on
4 October 1992, during the 24th Annual Meeting of the European
Society for Radiation Biology at Erfurt, Germany. There were
eight invited presentations covering the field of acute and late
effects caused by inhaled radioactive materials as well as by
external radiation of the lung. The first part covered aspects
of the new respiratory tract dosimetry model proposed by the ICRP
task group; there were related presentations on particles
deposition and clearance and on cells at risk. The second part
of the symposium was devoted to radon, including recent animal
experiments as well as epidemiological investigations. BAbstracts
of the symposium were published in the EULEP Newsletter 73, May
1993.

In June 1994, EULEP organised a meeting entitled “Genetic

Predisposition of Radiosensitivity”. The meeting was held in
conjunction with the Annual Meeting of the European Society for
Radiation Biology in Amsterdam. There were eight invited
presentations covering cellular phenomena determining

radiosensitivity: the molecular basis of DNA repair; the role of
the P53 gene; tumourigenesis in transgenic mice; heriditary
disease; damage during prenatal development; sensitivity of human
deploid fibroblasts and lymphocytes; and the Beck With-Wiedemann
syndrome genetic predisposition to cancer.

A symposium on "Molecular Analysis of Development and Neoplasia:
Homologous Recombination and Knock-Out Approaches" was held in
March 1994 at Reisensburg during the General Assembly.

In May 1995, EULEP organised a training course in Saclay, France
on the techniques which are currently used to study cell
apoptosis.

EULEP will contribute to the ILEG symposium in Wiirzburg in 1995

-1691 -



EULEP will contribute to the ILEG symposium in Wiirzburg in 1995
on "Long-term animal studies. Archiving and results of continuum
exposure."

EULEP/EBMT Study on Late Effects after Total Body Irradiation

A retrospective study has been completed in collaboration with
the European Bone Marrow Transplantation Group, based on reports
from 29 European centres. It was based on 258 patients who
survived more than 5 years. The average whole-body dose was 9.3
Gy in a single dose or 10.9 Gy fractionated. The data were
collected on report forms drawn up by experts from the different
centres and from EULEP. They indicated full recovery of clinical
performance and social activity in 84-88% of transplanted
patients.

Late deaths caused by complications other than recurrent disease
were due to graft-versus-host disease (GVHD) with infections,
AIDS, a secondary tumour and late cardiac insufficiency. Severe
disabilities were caused by chronic GVHD, lung fibrosis, sicca
syndrome, osteoporosis, autoimmune disorders and epilepsy.
Secondary tumours were limited to skin and mucosa and were not
life-threatening; the spectrum was similar to that seen in organ
transplanted patients, indicating the importance of immune
suppression as compared to radiation.

Serious complications that occur in most patients treated with
radiation were defects in growth and development, infertility and
cataracts. There was an increased risk of chronic liver disease,
and children had a higher risk of hypothyroidism.

This retrospective analysis has provided a clear indication of
clinical performance following total body irradiation, and is of
assistance in the design of a future multi-centre prospective
study. A detailed report has been published in the EULEP
Newsletter 75 (February 1994).

Co-ordination of Collaborative Research

The future of EULEP task groups has been the subject of an in-
depth review. It was generally recognised that part or all of
the co-ordination activities of some of the former task groups
had in one sense been superseded by the establishment of multi-
national contracts. Accordingly some task groups have been
disbanded during the past years, having completed and published
their joint work - these are the groups working on osteosarcoma,
haemopoietic neoplasia, cell biology of leukaemia, CNS vascular
task group on late radiation necrosis, radon, reduction of risk,
fetal dosimetry. 1In the cases of bone, reduction of risk and
CNS, new groups have been established.
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Selected reports on progress achieved by some of the task groups
are as follows:

Radiation-Induced Carcinogenesis in the Liver

The possible combined effects of the initiator diethylnitrosamine
(DEN) and neutrons on the induction of foci adenomas and
carcinomas in C57BL/Cnb mouse liver were evaluated. The rate of
appearance of foci increased significantly at different time
intervals when a neutron dose of 0.125 Gy was administered 7 days
before or after a dose of 1.25 ug DEN. No significant
differences were observed in the total surface of foci and/or
adenomas and carcinomas when increasing doses of neutrons were
given 7 days before or after the administration of 1.25 or 2.5 ug
DEN. An additional experiment is in progress in order to
determine the relative biological effectiveness of 6.3 MeV
neutrons in the induction of liver tumours in C57BL mice exposed
at 7 and 21 days of age. Mice were exposed to increasing doses
(0.125, 0.25, 0.5 and 1.0 Gy) of 6.3 MeV neutrons and to 1, 2 and
3 Gy of X rays. Today the 1336 treated mice are dead and the
histological slides of the most important tissues and organs have
been analysed.

Pathogenesis of Fibrosis (Bladder)

The experimental planning of the comparison of strains is based
on functional, cystometric studies. One objective 1is to
correlate bladder function and morphology, i.e. to compare the
quality and degree of morphological changes in different dose
groups and at different time points with the equivalent
cystometric response in different strains of mouse. Typical
changes, observed by all three laboratories, consisted of a
thickening of different layers of the bladder wall as well as a
focal degeneration and dissection of the urothelium. It was
agreed that each laboratory will attempt to quantify these
changes morphometrically in 5 animals 180 days after irradiation
to the EDg,, compared to 5 controls, as a basis for determining
if this method of analysis is appropriate for evaluation of the
entire study.

The collagen isotype staining protocol was adapted for this
study, and the specificity of antibodies tested in a range of
control tissues. Determination of the extent and intensity of
the immunoreaction by image analysis showed that constant
conditions at every step in the procedure are required: therefore
it was decided that this part of the experiment will be performed
at Neuherberg for slides from all three laboratories. The method
for detecting TGF-B is being optimized and will be standardized.

Cell kinetic experiments have been undertaken, and different cell
labelling methods compared. The interpretation of cell kinetics
in the urothelium is complicated by the very low rate of cell
production and by the presence of multinucleated cells.
Continuous labelling experiments are therefore required for a
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meaningful analysis, covering a range of labelling time
intervals.

CNS/Vascular Task Group

Meetings were held in December 1993, March 1994 and December
1994. The former reviewed progress over a wide area of
collaborative studies, including the relationship between the B-
astrocyte and the 0-2A glial progenitor cell, studied in the
brain and spinal cord respectively. Physiological measurements
of blood flow, blood volume and permeability in the whole brain
had shown close agreement with the results of morphometric
assessment in the cortex. Regarding the tissue injury unit in
the CNS, besides a loss of endothelial cell nuclei, the
enlargement of the nucleus in approximately 50% has been noted
after 25 Gy. Lymphocytes and leucocytes migrate into the
parenchyma early during the ©pathogenesis of necrosis.
Potentially useful markers for cytokine expression would be
evaluated, one aim being to see if oligodendrites die by
apoptosis.

A proposal for a new EULEP task group on endothelial effects has
been prepared to study the mechanism of late vascular injury by
the selective irradiation of the vascular endothelium in the CNS
rat model. This can be made possible by irradiating endothelial
cells in vivo with a-particles, using the '"B(n,a) reaction.
Boronated compounds are available which do not penetrate the
blood-brain barrier, so that the dose to parenchymal cells is
some 2.5 times less then the dose to the endothelium itself. It
was agreed to begin by comparing X-rays with neutrons plus
different boron compounds, looking at changes in endothelial and
glial cell populations, scoring the tissue injury unit by
histology, and estimating clonogenic survival of glial cell
progenitors in vitro. The last of these will permit a comparison
of the Dbiological dosimetry of the parenchymal tissue
compartment, using boron compounds which do or do not penetrate
the blood-brain barrier. Additional studies using X-irradiation
will allow the evaluation of new techniques for the immunohisto-
chemical determination of apoptotic cell death in endothelial and
glial cells, and for measuring vascular permeability of amino-
isobutyric acid by quantitative autoradiography.

The objective of the joint EULEP-EURADOS Task Group on Deposition
and Clearance of Inhaled Particles in the Human Respiratory Tract
is to promote and facilitate discussion and collaboration between
European Laboratories involved in the development of improved
human respiratory tract models for intakes of radionuclides. Its
approach is to identify important areas of uncertainty, and to
stimulate experiments to address them.

The Task Group held five meetings during the period 1991-1995.

Several members of this Task Group were also members of the ICRP
Task Group on Respiratory Tract Models and considerable effort
was devoted to finalising the new Respiratory Tract Model which
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was adopted by ICRP in 1993 and published as ICRP Publication 66
in January 1995. Considerable effort was also devoted to the
further development of the personal computer software, LUDEP, to
calculate doses to organs from inhalation of radionuclides, in
particular members collaborated in the production of a French
language version. Several Task Group members are also involved in
reviewing the biokinetics of inhaled compounds of a wide range of
elements, in order to give guidance on parameters to be used in
the ICRP Respiratory Tract Model to derive inhalation doses.

Experimental studies were carried out to quantify aspects of
human respiratory tract deposition and clearance. Deposition
measurements focused on areas where data are sparse, e.g.
partition of air between nose and mouth, total deposition in
subjects with lung disease. Clearance studies continued to focus
on particle retention in the bronchial tree, because of the high
radiosensitivity attributed to the bronchial epithelium. The
most recent studies indicate that retention is related to
particle size, and this was taken into account in the ICRP model.

A standardisation exercise, sponsored by EULEP as a Task Group
activity, was successfully carried out to investigated difference
in results reported by the Karolinska Institute in Stockholm and
the GSF in Frankfurt for the deposition and bronchial clearance
of particles. The human studies were also complemented by
investigations in rats and dogs, in which the site of deposition
is more easily specified. A three-year study of the retention of
particles in the alveolar region of the human lung was also
completed.

The results of much of this work is described in the 8 papers
listed in Part A of the attached publications list.

Since inhalation represents one of the two major routes of intake
of radionuclides into the human body, there is still a vital need
for a European Task Group, such as this, to continue to gather
and interpret new information which may be used for the
improvement of dose calculations for doses from inhaled
radionuclides. It is, thus, important that the work of this Task
Group should be continued under the EULEP-EURADOS contributions
to Fourth Framework Programme.

The Task Group on the Interspecies Comparison of Lung Clearance
has as objective the coordination of multispecies comparisons of
the clearance of standardised radioactive particles from the
lungs of animals of different species, including whenever
possible Homo Sapiens, in order to demonstrate the validity, or
otherwise, of extrapolating animal data to humans. Interspecies
comparisons of the clearance of inhaled, or instilled, ionic *’Co
and monodisperse, porous- or solid ”Co§% particles have been
carried out in baboons, dogs, guinea pigs, HMT and Fischer-344
rats, hamsters and CB/H mice. These data have shown that in all
species there is a relatively large rapid clearance of material
from the lung plus a long-term retention phase of more than 100
days in all species. However, the kinetics of the long-term
phase differed significantly among the species. In all species
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ionic «cobalt is taken wup specifically by collagen in
cartilaginous structure, such as the tracheal rings.

The kinetics of intracellular particle dissolution iIn vitro has
been compared in cultured alveolar macrophages from dogs, rats,
mice, cattle, baboons and humans using uniform *'Co 50, particles.

The results have confirmed that alveolar macrophages from all
species dissolve the particles more rapidly than extracellular
fluids; but there are species differences with alveolar
macrophages from dog and baboon showing higher dissolution rates
than those from humans, cattle or rats. This interspecies
comparison of particle dissolution in alveolar macrophages in
vitro can only partially explain the observed differences in in
vivo dissolution and the subsequent absorption of dissolved
particle material from the lungs to blood.

A further interspecies comparison of the 1lung clearance of
physically and chemically uniform particles of terbium oxide,
1nvolv1ng humans, monkeys, dogs, rats and mice is now in progress
in six member laboratories wusing agreed and standardised
protocols.

This Task Group continues to carry out very valuable work some of
which have been described in the 18 papers cited in Part B of the
publications list.

The Task Group on the Evaluation of New Chelators, was originally
called the Task Group on Reduction of Risk of Late Effects from
Incorporated Radionuclides but when much of the work was
transferred to a CEC Multinational Contract in 1992, it was
renamed and the terms of reference altered to avoid overlap with
the contract. The current terms of reference are to maintain a
watching brief on developments in the whole area of treatments
designed to enhance the natural rate of elimination from the
human body of the most highly toxic radionuclides, eg. thorium,
uranium, neptunium, caesium, as well as plutonium and americium,
and to propose new studies designed to evaluate promising new
agents or approaches.

During the past four years studies, partially funded by the CEC
or under the aegis of EULEP, have resulted in considerable
progress concerning the decorporation of actinides from the body.
Attention has been devoted principally to the testing of
analogues of siderophores in the rat. The most promising
substance so far, code-named 3,4,3-LI(1,2-HOPO) is substantially
more effective than DTPA, the current agent of choice, after the
deposition of plutonium nitrate, plutonium tributylphosphate or
thorium nitrate in the 1lungs, and plutonium, americium and
thorium nitrate at simulated wound sites. The greatest
differences were observed after wound contamination. Recent
studies have shown that the ligand is also more effective than
DTPA after the intravenous injection of neptunium. Preliminary
studies of the toxicity of 3,4,3-LI(1,2-HOPO) in the baboon have
provided no evidence of adverse side effects but comprehensive
toxicity testing, now under discussion, is required before its
use in humans. Alternative syntheses of 3,4,3-LI(1,2-HOPO),
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designed to substantially increase the yield, are under
investigation. Other analogues eg. DFO-HOPO and TREN-(Me-3,2-
HOPO) have also been shown to be more effective than DTPA after
wound contamination.

The administration of Zn-DTPA in drinking water has been shown to
be an effective method for removing inhaled transportable forms
of plutonium and americium from the rat. This work, stimulated
by previous studies after intravenous injection of these
actinides, also confirmed the absence of histological damage to
the kidneys, liver and gastrointestinal tract at therapeutically
effective doses.

Several phosphonic acid derivatives have been examined for the
decorporation of uranium. Some have been partially successful in
so far that the kidney content was reduced tenfold after their
immediate administration. However, delayed treatment was not
effective and the development of more potent substances remains
an important aspect of the radiation protection of the worker.

In its work the Task Group has built up and maintained strong
links with other organisations throughout the world, notably the
University of California, Berkeley and the Lawrence Berkeley
Laboratory.

Regular reports of the Task Group meetings have appeared in the
EULEP Newsletter and some of the work is described in the 20
papers cited in Part C of the publications list.

The Task Group continues to play an important role in keeping
abreast of developments in methods for the treatment of serious
internal contamination by radionuclides and in recognising the
needs for further research and proposing appropriate experimental
programmes, and this need will continue into the period of the
Fourth Framework Programme.

A Task Group on Radon was created in 1992 with the objective of
conducting intercomparison studies in radon exposure facilities
for animals in Europe. Four standardisation exercises in which
rats were exposed to radon daughters in the exposure chambers of
the CEA at Limoges, France at TNO, Holland and AEA, Harwell, UK
and the rats were evaluated independently by each of the three
groups of workers. The results showed that the three groups were
in reasonable agreement with each other, especially 1in respect
to the measurement of the potential alpha energy concentrations
(PAEC) and that all three laboratories could produce exposure
data which were comparable to each other. The work was completed
in late 1993, at which time the group was disbanded. Some of the
results were reported in the publication listed in Part D of the
publications list.

A new Task Group on the Standardisation of Bone and Bone Marrow
Dosimetry was formed in 1993 by scientists from five laboratories
in the UK and Germany. The purpose of this Task Group is the
development of methods for determining dose distribution within
the skeleton, principally for a-particle emitting radionuclides.
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The specific work areas have included, at the GSF, Neuherberg,
Germany, the study of the effects of osteosarcomagenic doses of
24pa on the proliferation and differentiation of skeletal cells
in vitro; the retention of %y, "Er and #'Th after parenteral
administration; and the continuation of the epidemiological study
on German ankylosing spondylitis patients, and its extension to
patients from the former East Germany. AEA, Harwell, UK has
continued the studies of the comparative uptake of thorotrast in
monkey and human bone marrow, including marrow from Japanese
patients using x-ray fluorescence spectrometry.

Work at Bristol University includes examination of the
distribution of natural a-particle emitters in autopsy samples of
human bone and in children’s teeth and human fetal samples
obtained from West Cumbria, Bristol in the UK and Kiev in
Ukraine; the CD34 antibody is being used to map the distribution
of stem cell in adult and fetal bone marrow. Work is also being
undertaken at the Paterson Institute, Manchester on the
distribution of bone marrow stem cells prior to assessing the
microdistribution of a-particle doses to potential leukaemogenic
or osteosarcomagenic target cells. NRPB have continued with the
comparative study of the toxic effects of ?3u, ®%u, and %*'am in
animals; work is also in progress using autoradiography to
calculate doses to different regions of bone and to relate the
incidence of tumours with the distribution of dose.

The work of this Task Group is partly described in the 12 papers
listed in Part E of the publications list.

Publications

Part A. EULEP-EURADOS Task Group on Deposition and Clearance of

Inhaled Particles in the Human Respiratory Tract

1. Bailey M. R., EULEP-EURADOS Task Group Reports. EULEP
Newsletter 64. 46-49 (1991); 66, 5-9 (1992); 71, 29-33 (1993);
78, 15-19 (1994).

2. Bailey M. R., Bath September 1993. Radiat. Prot. Dosim., 53,
107-114 (1994).

3. Bailey M. R. and Roy M., ICRP Publication 60 Annexe E:
Clearance of Particles from the Respiratory Tract. Annals of
the ICRP, 24, 301-413 (1994).

4, Bailey M. R., Dorrian M-D and Birchall A., J. Aerosol. Med.

in the press.

5. Malarbet J. L., Bertholon J. F., Becquemin M. H., Taieb G.,
Bouchikhi A. and Roy M., Radiat. Prot. Dosim., 53, 179-182
(1994).

6. Roy M., Malarbet J. L., Becquemin M. H., Bouchikhi A. and

Bertholon J. F., Bath September 1993. Radiat. Prot. Dosim.,
53, 115-118 (1994).
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Kreyling W. G., Environ. Health Perspect., 97, 115-120,
(1992).

14. Kreyling W. G., Environ. Health Perspect., 97, 121-126,
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Environ. Health Perspect., 97, 127-130, (1992).
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Environ. Health Perspect., 97, 149-152, (1992).
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Hadnagy (Eds.)), Springer Verlag, Heidelberg, pp 19-22,
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23. Harper R. A., Stirling C., Townsend K. M, S., Kreyling W. G.
and Patrick G., Exp. Lung Res., 20 143-156 (1994).
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Hodgson A., Inhalation Toxicology, in the press (1995).
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Dosim. 41(1) (1992) (Nuclear Technology Publishing, Ashford,
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31. Stradling G. N., Gray S. A., Ellender M., Moody J. C.,
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Final Report
1992 - 1994

Contract: FI3PCT920027 Duration: 1.9.92 to 30.6.95 Sector: Bi11

Title:  Biophysical models for the effectiveness of different radiations.

) Paretzke GSF

2) Goodhead MRC

3) Terrissol ADPA

4) Leenhouts RIVM

5) Von Sonntag Max-Planck Inst.
6) Smith Univ. London

7) O'Neill MRC

I. Summary of Project Global Objectives and Achievements

The global objectives of this co-ordinated project concentrate on efforts to improve with
experimental, computational, and system analytical studies the present knowledge on the form
of the relevant biological dose-time-effect curves especially in the low dose regime of radiation
protection and its dependency on the dose rate, fractionation, type of radiation (X, gamma,
alpha, beta, neutrons and mixed fields), and on the influence of environmental factors The
scientific approach to develop an appropriate integral mechanistic model for radiation
carcinogenesis was differentiated into the development of several models for the different
levels of biological complexity, namely for the production of primary and secondary physical
and early chemical changes in the DNA (by Terrisol et al., O’Neill et al., v. Sontag et al., Smith
et al.), the formation of mutations (e.g. HPRT-) and chromosome aberrations (by Goodhead et
al.), the induction of late somatic effects in experimental animals and man by such early effects
including intercomparison with the mechanistic action of UV-light (by Leenhouts et al,
Paretzke et al.). Particular emphasis was given to the improvement of track structure
simulations codes, the study of biochemical reactions, and modelling of the induction of cancer
by alpha emitters. In all areas of research good experimental and theoretical progress could be
achieved during this period.

In project 1 (GSF) the cross section basis for the interaction of protons and electrons could be
improved by using truncated Drude functions for the fit of single shell contributions to
oscillator strength distributions for condensed water and by measuring low energy electron
emission differential in energy and angle from very clean solid target surfaces. The simulation
of the geometry of the DNA molecules in a cell nucleus was improved to form a nucleosome,
six of which are wrapped around in a spiral to form a DNA fibre, which, in turn, can even form
arbitrary “loops”. Extensive track structure calculations were performed and successfully
compared to experimental data for the absolute yields of SSBs, and DSBs, and of deletions in
DNA molecules after irradiation with photons, alpha particles, or protons of various energies.
A comprehensive literature study was made regarding existing semi-mechanistic models for
carcinogenesis including single-, two-, and multiple-step models, and tolerance distribution
models, which showed for a wide variability of parameter combinations of the same multi-step
model good agreement with existing experimental data. Finally, a comparison of models and
data was made regarding the probability of causation for lung cancer afier exposure to radon
daughter products.
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Project 2 (MRC-Phys) has achieved progress in several areas’

a) Because track structure analyses are a crucial element in the modelling of biological
effectiveness of different radiations, comparisons were made between different available
electron track simulation codes to test the robustness of conclusions drawn from their analyses.
Wide regions of close quantitative agreement were found. However, also differences became
apparent over small dimensions that may be important for chemical modelling.

b) Computational and classification methods have been developed for the quantitative
estimation of spectra of DNA-damage complexity from both direct ionizations in the DNA and
also local water radiolysis products in the highly-scavenging cellular environment. These have
been applied initially to electron irradiations, while corresponding liquid-water/chemical track
codes are being developed for heavier ions.

c) Experimental data on hprt mutagenesis, as a paradigm for modelling, have been obtained for
a variety of cell types, particularly for irradiation by slow a-particles such as from radon. These
have revealed, inter alia, the very large effect that single-track inactivation can have in
determining the frequency of viable mutants.

d) the ionization-clustering properties of radiation tracks, leading to clustered molecular
damage to DNA as well as spatial and temporal correlations over larger sub-cellular distances,
have been revealed by track analyses, and their consequences appear to be manifest
experimetally as substantial differences between slow high-LET a-particles, such as from
radon, and low-LET radiations. These quantitative, and sometimes also qualitative, differences
include spectra of initial DNA damage, its repairability, efficiency for mutation induction,
proportion of complex chromosome aberrations and induction of genomic instability These
notable features of a-particles exist even for single tracks and therefore should be directly
applicable in extrapolation to environmentally low doses and low dose rates.

In project 3 (ADPA) the objective was to simulate more precisely the physical and chemical
steps of the DNA irradiation in the cell environment. For the primary interactions of radiation
higher order structures of DNA were included. To study the role of water radicals, oxygen,
scavengers and chemical repair, all chemical reactions between water radio-chemical species,
radicals and added scavengers with sub-molecular units of DNA were taken into account. The
code CPA100 was implemented in the computer of partner 2 who simulated the transport of
electron up to 100 keV in liquid water as a function of space and time. The code was also
employed for comparisons with other codes, for simulation of chemical reactions, to introduce
water shells on DNA structures, and for statistical investigations. During this contract period
our previonsly straight DNA segment model was modified into nucleosomal DNA. The
physico-chemical and chemical codes were improved to take into account large amount of
atoms, species and molecules able to diffuse and to react with each other. The nucleosome
core unit has been modelled as a 146 basepairs helical DNA, containing 9056 atoms, wound
around the histones. These latter being considered here as absorbing energy but being
chemically inactive. All the nucleosome atoms are specified by their co-ordinates and their van
der Waals radii. The yields of strand breaks for electrons were calculated for a nucleosome
target in liquid water. '’ was chosen as the source of radiation because it was possible to
localize its position in the DNA structure. Iodine atoms were consideres individually, but
uniformly distributed among all the thymine bases of the nucleosome by replacing their methyl
group (71 positions in the model).

During the physical step all events located inside the van der Waals radius of a DNA atom are
scored as direct interactions on DNA while other water interactions create new species and
radicals. Molecules of scavengers (Tris, DMSO, etc.) were “added” randomly accordingly to
the specified concentration inside a “working sphere“. To evaluate the DNA damage by
simulation we used the following assumptions: during the first 10s, when an ionisation was
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located inside the van der Waals radius of a phosphate-group or sugar atom, it was stored as a
direct single-strand break (SSB), and subsequently the event was removed from the initial
track. From 107s to 10”%s, when a deoxyribose-monophosphate reacts, it was transformed in a
sub-product and could not react twice per decay, the event was scored as an indirect SSB. The
number of damaged DNA nucleotides in the nucleosome unit per '*’I decay for the direct effect
as well as for the indirect effect resulting from later chemical reactions in the working sphere
were calculated. The results show that about 40% of the sugar-phosphate groups are dama%ed
directly during the physical phase, but only 14% react during the chemical phase (up to 107s),
mainly with OH radical, which is the reason for the SSB creation. The DMSO reduced the
number of DNA damages with a similar ratio on all nucleotides Comparison of the mean
values of the number of SSB per decay with experimental data show that the relative number
of indirect DSBs seems to be larger than that for directly produced (0.6 over 0.2) as compared
to the relative number for SSBs (2.6 over 1.5). This is due to the fact that an indirect SSB
associated with a direct one was scored as an indirect DSB. The mean value of about 1 DSB
per decay reported from many experiments results from the fact that in about 20% of all decays
more than 1 DSB was produced. Differentiating between directly and indirectly induced DSBs
leads to quite interesting results which could perhaps give hints for the assumed correlation
between the number of DSBs and cell death. We can observe here a result already mentionned
in the literature: 0.5M of DMSO reduce the indirect effect by 50%.

In the framework of project 4 (RIVM) for quantitative description of radiation effectiveness a
relatively simple model (TRAX) was developed and used to calculate the effectiveness of
different radiation types. The model provides a track segment description of the primary
particle involved in the radiation effect and of the secondary particles generated, and can
estimate the radiation effectiveness of a radiation effect for each track segment, using the
specific geometry of the target involved. A “diffusion” parameter is used to simulate the
relevant physico-chemical processes involved in the radiation action. Using TRAX the
radiation effectiveness of different effects was calculated, such as for single-hit detectors and
for DNA damages. The results show the importance both, a), of the radiation type and, b), of
the target geometry on the radiation effect. Further, the results show that the well known
“humped” behaviour of the RBE-LET relationship for cell killing and mutations, which is
primarily caused by a changing linear term of the dose-effect relationship, can be explained
assuming that DNA double strand breaks are the crucial primary lesions for these cellular
effects.

Furtheron, a stationary CHO cell system was used to especially investigate the quadratic term
of the dose-effect relationship for gamma rays, for ultraviolet radiation (UV), and for
combinations of these radiations. The results were explained assuming that the quadratic term
was caused by a dual hit mechanism for both gamma and UV radiation. The different nature of
the primary lesions involved in the effects (i.e. DNA “breaks” for gamma radiation and dimers
for UV-radiation) was reflected in differences in repair. The combined exposure experiments
showed an extra effect from interaction of gamma and UV radiation produced sublesions. This
extra lesion was not significant for lower dose rates.

Finally, in relation with carcinogenesis, RIVM investigated a two-mutation model (TMC),
which accommodates for the multi-stage character of tumour development. Several data sets
of tumour induction by radiation in animals and man for a variety of exposure conditions were
fitted using the model. Although in the current project the TMC model could only be
investigated preliminarily, the results were promising. In principle, the TMC model links DNA-
molecular and cellular damage with tumour formation. The model can show features of the
relative or the absolute age projection risk model, and sometimes of the single-somatic
mutation model, depending of the radiation and tumour involved. The model accounts for the
multistage character of carcinogenesis and links spontaneous tumour incidence with radiation
risk. The model in its present form allows investigation of the involvement of radiation in
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different stages during carcinogenesis. The model, therefore, can be of importance for the
dervation of radiation risk estimates of lifetime exposures to low doses of ionizing radiation

The work undertaken in project § (MPI) to further elucidate aspects of the chemical effects of
ionizing radiation on DNA has realized several objectives: One focus was the phenomenon of
radical-site transfer from purine-base OH-adduct radicals to transfer the radical site to the
sugar moiety, as well as the inverse event. Purine-nucleoside-derived products were identified
which result from the complex subsequent reactions.The influence exerted by the presence of a
phosphate group with respect to the propensity of an H-atom to be abstracted at the DNA
deoxyribose moiety by an OH-radical, relative to the hypothetical phosphate-free situation, is
not well known, and this question was studied in hydroxyalkyl phosphates as model
compounds. Finally, studies were performed in connection with those on the action of
dioxygen and other oxidants, notably nitroaromatic compounds, on the resulting radicals as
well as on other model-compound reaction systems.

It came as a surprise when in our study on the y-radiolysis of 2’-deoxyadenosine, two products
that must have sugar-moiety-derived radicals as their precursors were observed as major ones,
alongside the previously reported products free adenine, adenine-derived formamidopyrimidine
(A-Fapy), and 8-hydroxy-AdR. These newly-observed products are the 85’-
cyclodeoxynucleoside and the 5’-aldehyde. The total yield of these products may reach G
values close to or even exceeding G(OH), and a strong variation of their yields with the pH,
occurs in a pH range 8 to 10 where 2’-deoxyadenosine has no pK,. At the maximum of G(dA-
consumption) as a function of pH, i. e. at about pH 9.5, G(dA-consumption) is about twice
that of G(OH). This shows that there exists an important amplification effect, and it is
concluded that intermediate radicals must play a role which are capable of reacting with dA. At
present, mechanistic details are not yet clear. This conclusion is of relevance to DNA radiolysis
where products related to the 8,5’-dA-cyclonucleoside are well-documented.

A further series of experiments was devoted to the polynucleotide poly(A). The products
unaltered adenine and A-Fapy were determined straight after irradiation, as well as after
various periods of time of heating the samples to 95°C. The results show that some of the
adenine is released during and/or very shortly after irradiation, and that there is much further
release upon heating. The total G(adenine) of 1.3 x 10”7 mol J' is quite high, higher perhaps
than would be expected considering the proportion of promt OH-attack at the deoxyribose
moiety.

The rate constants for the reaction of OH-radicals with glycerol-1-phosphate and glycerol-2-
phosphate were redetermined by the thiocyanate competition method and found to be
considerably smaller than the values available to date in the literature. Our values are 1.4 x 10°
dm® mol™ s at pH 4 (for the first molecule 4=2.0 x 10° dm® mol” s at pHS; 1.1 x 10° dm’
mol™ s™ at pH 4; for the second molecule k= 1.6 x 10° dm® mol™ s at pH 8).

In order to obtain further information regarding the mode of action of oxidants on
deoxyribose-centered DNA radicals, the propensities of some model-system o-alkoxyalkyl
radicals to follow the oxidation pathway versus the fragmentation pathway, have been studied.
a-Monoalkoxyalkyl radicals from 1,4-dioxan, tetrahydrofuran, dimethyl ether (all three are
models for 2’-deoxyribose C(4’)), as well as the radicals from 1,3-dioxan (model for
deoxyribose C(4’) and C(1°), were produced radiolytically in aqueous solution. In the presence
of oxygen, these radicals are converted into the corresponding peroxyl radicals.

In response to the request from projects 1 and 3 we have been glad to supply values of the rate
constants for the reaction of the OH-radical with some DNA model compounds that we have
determined or redetermined.

The objectives of project 6 (UoL) have been to exploit thin-film technology in order to carry
out proton transmission measurements in condensed organic materials, in order to verify
experimentally those where there are deficiencies in interaction cross sections. Measurements
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were made in the energy range 3 - 15 keV in films of different thickness followed by
comparison with computed transmission factors using the TRIM-code. Langmuir-Blodgett
(LB) films were used as thin organic foils which have particular importance in microdosimetry
because they can form precisely defined nanometre thicknesses from a variety of molecules
which have biological relevance.One ultimate goal was to determine experimental W-values
over a range of charge-particle energies in a number of realistic biological systems. For this, it
was necessary to measure energy loss in the film, as well as to find ways of collecting all the
charge produced as a result of this energy loss. The novelty of this new methodology has
resulted in slow progress because of the need to produce films of the highest quality. All the
technical difficulties associated with the prime objectives have been overcome during the
reporting period. Separate measurements of proton transmission through unsupported films
and charge production in selected thicknesses of supported films have clearly shown the value
of studying these condensed organic materials. In this regard, the original aims of the project
have been met. Three areas of activity relating to radiation effects in LB films have been
persued.

(a) PROTON TRANSMISSION THROUGH NANOMETRE ORGANIC FILMS: Protons in
the energy range 3 - 15 keV were selected with an energy resolution of ~ 2% from a spectrum
of energies scattered off a heated tantalum foil. This beam was collimated down to a diameter
of 1.5 mm and restricted to a current of < 2 nA in order to prevent thermal damage to the
organic LB film samples. Transmitted protons were detected by a Single Channel Electron
Muiltiplier (SCEM) whose entrance cone was maintained at -2.5 kV, and which subtended an
angle at the sample of 27.5 £ 2.5 degrees. The response of the detector was first normalized to
the beam current measured upstream of the energy analyzer. Multilayer samples of
polymerized (12,8) diacetylene were prepared to span a 750 lines per inch copper mesh. The
coverage of the mesh by these films was 100% over an approximately circular area of diameter
~8 mm, i.e. - much larger than the beam diameter. Transmission through film thicknesses of
21,23 and 25 layers (corresponding to thicknesses of 63, 69 and 75 nm) was normalized to that
through the mesh alone. An unsupported area of film of 25 x 25 um® was therefore achievable
using support mesh wires that were 7.5 um thick. This gave an open area ratio of 55%.
Computations of proton transmission through such films was made using the lastest version
(1992) of the TRIM code. The results show significant disagreements between computed and
measured values at all energies except the lowest (3 keV), where the film ticknesses are on the
order of the proton range. The estimated magnitudes of simple corrections to the experiments
and calculations are not likely to explain the large discrepancy between measured and
calculated transmissions. More important factors are the deposition of thin carbon, or other
organic, deposits due to less-than-UHV vacuum conditions, the formation of neutral atomic
hydrogen by low energy protons on exiting the LB film, and incorrect low energy cross section
data used by TRIM.

(b) CHARGE PRODUCTION AND TRANSPORT FOLLOWING ENERGY DEPOSITION:
This aspect of the project used supported LB films in order to develop the optimum design of
electrodes and electronic amplification needed to reliably record the production of pico-
Coulombs of charge. Irradiation of the films was achieved using a 2.5 MBq source of >’ Am a-
particles. Films of (12,8) diacetylene were prepared with thicknesses of 50 layers (150 nm) on
an insulating substrate between appropriate electrodes. Application of a bias voltage between
the electrodes then enabled charge resulting from energy deposition by an ionizing particle to
be collected. The response to a-particle energies between 5.5 and 3.5 MeV, when normalised
to unit solid angle show that the larger stopping power at low energies is reflected in a larger
charge production rate in the films, as expected, and encourages the prospect of being able to
measure W-values in LB films by measuring charge production in unsupported films
simultaneously with energy loss.
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(c ) POLYMERIZATION IN NANOMETRE (12,8) DIACETYLENE FILMS USING
GAMMA RADIATION: A monomer film of (12,8) diacetylene (DA) will polymerize under
the action of both UV and gamma photons. Estimates of the sensitivity were made using *Co
photons for irradiation, and optical absorption at 490 nm as the indicator of monomer-polymer
conversion. For films having thicknesses 72 nm, 144 nm and 150 nm (24, 48 and 50 layers) the
optical density per layer shows a consistent and quasi-linear increase with absorbed dose up to
about 10 kGy, and a more gradual increase thereafter. The sensitivity of (12,8) DA films
towards polymerization, as quantified by optical absorption, is not likely to be sufficient for use
as a dosimeter at protection levels but could find use as the basis for an industrial or therapy
instrument. Radiation effects in these films for other purposes, however, have been shown to
provide dosimetric data a nanometre levels which are not otherwise obtainable in condensed
organic media.

In project 7 (MRC-Chem) the major objective of the studies was to gain a better
understanding of the influence of the chemical stages in the development of DNA damage
induced by radiation of different quality and its relationship to biological consequences.
Experimental evidence is presented for the effects of radiation on mammalian cells, that the
severity of complex damage in DNA increases with increasing LET, as predicted from
biophysical models (GSF, MRC-Phys, ADPA). The severity of the damage is decreased if
scavengers of diffusible water radicals produced in the close environment of cellular DNA are
used, and this decreased severity is reflected in reduced cellular readiosensitivity. Evidence
from plasmid DNA model system, which mimic the cellular environment, have emphasised the
increased complexity of DNA damage for high LET radiation when comparing y- to a-
radiation. From comparison of the yield of DNA-protein crosslinks(DPC) induced by y. and o-
radiation, it is inferred that they do not reflect complex damage. Furthermore, oxygen reduces
the level of DPC. The radiobiological significance of DPC is therefore open to question.
Preliminary findings on the direct effects of radiation have indicated that hole migration occurs
in DNA but only over short distance (a few base pairs) so that the track fingerprint is not lost
due to migration processes in DNA. The major type of DNA damage from ionisation of DNA
bases is base modification with a low level of strand breaks involving radical transfer
processes. These studies have also provided several benchmark quantities such as yields of
double strand breaks, DPC, and non-scavengeable yields which are essential for development
of more sophisticated models of radiation effects.
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Head of project 1: Dr. Paretzke

II. Objectives for the reporting period

1. To improve the quantification of the electron emission cross sections used in charged
particle track structure computer codes for the condensed phase in biological matter by
empirical theoretical models and by experimental data

2. To improve and to couple to the initial physical stage the computer simulation of the
diffusion and of the chemical reactions of species newly created in the physical stage of
the formation of a charged particle track.

3. To improve the geometrical description of the DNA molecule and its super-structures
in track structure codes.

4. To investigate the capabilities and problems of various approaches to the mathematical
modelling of radiation carcinogenesis by multi-step models.

5. To improve the programme structure of the track structure simulation code
PARTRAC.
6. To continue collaboration with other highly qualified partners within and outside (in

Europe and USA) this contract for improvements of the depths and widths of the
models as well as for particular applications

. Progress achieved including publications

The work performed during the reporting period covered all 6 objectives mentioned above and
consisted mainly of theoretical analyses, computations, model calculations, etc., but for topic 1
("emission cross sections") also experimental data were obtained to guide the derivation of
theoretical approximations and generalizations.

(1a) THEORETICAL ELECTRON CROSS SECTIONS IN LIQUID WATER.

Electron cross sections in liquid water are an essential ingredient to the simulation of the
effects of ionising radiation on DNA in cells, their dependence on primary electron energy T,
on energy transfer E, and on momentum transfer q was quantified. The approach was based on
a method proposed by Ritchie et al. (1978), Hamm et al. (1975), and Ritchie et al. (1991) in
which electron cross sections are derived from the dielectric function for liquid water. The
latter has been calculated by applying the Kramers-Kronig relations on the optical reflectance
of photons determined by measurements with photons in the energy range of 7.6 eV to 25.6
eV (Heller et al. 1974). The imaginary part of the dielectric function describing the light
absorption, was approximated by these authors by a sum of so-called Drude functions:

2 fnynE
€2 (E)=E5 2.
P n (Elzl ‘52)2 +Y|2152

where f, is the oscillator strength, y, the width, and Ej, the resonance energy. Ep denotes the

“plasma energy“ assumed as 6.8 eV for liquid water. Each Drude function is assumed to
represent an ionisation or excitation in water. Due to the analytical form of the Drude function,
however, there are also contributions below the resonance energy Ep. In the case of
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ionisations, this parameter is identified with the ionisation energy of the corresponding shell
Therefore, this approach is not in accordance with the law of energy conservation In our
approach this deficiency is avoided by truncating the Drude functions for the ionisation part
below the threshold energies E,. The parameters were chosen such that the following sum rule

was fullfilled

2
T(-Z'Ep.
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The binding energies for the five shells were chosen to be 109, 13.5, 16 2, 32, and 540 eV. To
avoid sharp edges at the threshold energies E;, and to simulate the width of the valence band

for the liquid, the resonance energy was identified with the threshold energy for ionisations of
shell n and it was assumed to be distributed according to a Gaussian function with a width of
1 eV. This value is in agreement with band structure calculations for cubic ice by Zaider et. al

(1989, 1994).

Another shortcomming of the method mentioned above was an unrealistic distribution of the
dielectric function over the shells of the water molecules Therefore, in the present approach
additional constraints were imposed on the parameters f;, and y,. These were derived from

experimental results obtained by X-ray electron spectroscopy (Shibaguchi et al 1977,
Berkowitz 1979, Siegbahn 1974) and the known high energy transfer behaviour of the electron
cross sections. Further, relativistic and exchange corrections were imposed.

For the contribution of excitations to the imaginary part of the dielectric function, in the
present approach a parametrisation similar to the one proposed by Kutcher and Green (1976)
was used. As there is a significant uncertainty in the partitioning into ionisations and
excitations for energy transfers larger than 12 eV, where the excitation and the ionisation levels
overlap, the parametrisation of Kutcher and Green was changed to allow a better fitting of the
ionisation part. However, the total oscillator strength attributed to excitations has not been
changed. The present approach yielded the parametric fit of the imaginary part of the dielectric
function for zero momentum transfer as shown in Fig. 1.

The real part of the dielectric function was obtained by applying the Kramer-Kronig relations
and by performing an analytical continuation in the complex E-plane. To derive cross sections
for electron scattering, the obtained approximation of the dielectric function for zero
momentum transfer had to be extrapolated to non vanishing momentum transfers For this

purpose, E; was replaced by E, + q2/(2m,), with me being the electron mass, and the
constants f; by functions of q. Here the procedure of Hamm et al. (1975) was followed

closely. Finally, the differential inverse mean free path (dimfp) or macroscopic cross section
was obtained according to Hamm et al. (1975) by

+
du_ 1 A 4q €2 (E.q) ‘
dE nTa, p- 9 €2 (E,q)+ €22 (E,q)

Results are shown in Fig. 2. The total inverse mean free path is obtained by integration over
the energy transfer. For primary energies above 100 eV, results are similar to those obtained by
Ritchie et al. (1978). However as shown in Fig. 3, for energies below 20 eV, where the
excitations contribute significantly, the results of the two approaches deviate by a factor of up
to two.
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Fig. 1 : Imaginary part of the dielectric
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(1b) EXPERIMENTAL ELECTRON CROSS SECTIONS IN CONDENSED MATTER To
guide the development of theoretical equations describing electron emission also energy and
angle differential data for low energy electron emission from clean surfaces under controlled
conditions were measured using “Time of Flight -energy analysis The pulsed particle beam
(I = 5 pA, f =2 MHz, pulse width < 0.5 ns) traversed the thin target foil positioned
perpendicular to the beam direction. Electron spectra were measured from enerergies as low as
0.1 eV up to approximately 100 eV with a resolution AE/E better than 10%. All experiments
were performed in the Radiological Physics Laboratory of Battelle Northwest Laboratories,
Richland, USA, under UHV conditions with a chamber pressure in the 10 torr region
Commercially produced, self-supporting carbon foils with nominal thicknesses of 3 pg/cm? and
5 pg/cm® were used These foils were thoroughly cleaned by sputtering with 3 kV Ar-ions until
no furhter changes in the low energy range of the spectrum could be observed. Doubly
differential secondary electron spectra were measured for impact energies from 500 keV/amu
up to 2 MeV/amu for H', H," and H;" projectiles. The electrons emerging from the target were
detected for an angular range of 25°< 0 <155°

Figures 4 and S5 display measured secondary electron emission spectra in forward
(25°< 0 <75°) and backward (105°< 8 <155°) directions obtained for 1 MeV proton impact on
a 10 pg/cm’ carbon foil The following features were observed. (a) electrons originationg from
carbon K-Auger transitions are observed at energies below 250 eV, (b) single electron
“plasmon decay“ may contribute to the ‘hump’ at about 20 eV, (c ) low energy electrons
originate from soft collisions near the surface and energy degraded high energy electrons
produced by hard collisions deeper in the material These form the ‘true secondary electron
peak’ which contains =85% of all emitted electrons. Note the energy shift of the peak
maximum with angle, (d) the hard collision component of the low energy emission primarily
contributes the low energy tail for electrons emitted in forward direction, (e) little dependence
on projectile energy is seen in the spectra

First experiments were performed using a 1.5 pm Mylar foil which was glued on a target
holder. As Mylar is an insulator, electrical charging of the target, even at beam currents lower
than 1 pA, prevented any low energy electron emission from the irradiated surface. Using a
biased filament close to the target, electrons were sprayed on the charged surface to
compensate for the remaining positive charge. The filament bias voltage was adjusted in a way
that no electrons from the filament reached the detector. The influence of the filament potential
on the electron energy distribution needs further investigation. Sputtering appeared to destroy
the insulating properties of the surface Electron emission could be observed even without
spraying additional electrons. Experiments will be conducted using lower sputtering energies,
thus damaging only a thinner surface region, in order to explore the influence of structural
damage by sputtering. Several attempts were made to mount thin DNA-foils provided by Prof.
A. Rupprecht (Univ.Stockholm, Sweden). However, unfortunately foils proved to be not
suitable in the environment neccessary for electron emission studies. During pump-down and
baking, the DNA dried and turned into brown powder. It appears to be more promissing, to
dry DNA solution in a deepening on the target holder before putting the target in the vacuum
system. Such experiments are planned for the furture
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(2) INTERACTIONS OF RADIATION INDUCED RADICALS IN WATER WITH DNA A
literature review was performed to model the interactions of radiation induced radicals in water
with DNA. The developed model consists of two submodels, the first describing the
prechemical stage (0-10"'s) and the second the chemical stage (10"%-10%s) The submodel on
the prechemical stage consists of three parts describing ionisations, excitations, and
subexcitation electrons The submodel on the chemical stage describes reactions of the radicals
with each other, with a scavenger, and with DNA molecules.

a) Prechemical stage: The submodel on the prechemical stage is mainly based on the work
performed at the Oak Ridge National Laboratory (Turner et al. 1980, 1983, 1988, Bolch et al
1988) The primary product of an ionisation HyO" was assumed to migrate before reacting
with a water molecule. The migration distance is sampled from a three-dimensional Gaussian
distribution with a standard deviation of 0 7 nm in each of the three cartesian directions. The
relative coordinates between the two reaction products H;O" and OH are sampled from a
three-dimensional Gaussian distribution with a standard deviation in each of the three cartesian
directions of 0.3 nm. Excitations of molecules in liquid water were considered to result in three
different processes: relaxation, dissociation and autoionisation. In 86 5% of all A'B,
excitations, the molecule is assumed to relax, i e. to return to its initial, unperturbed state, and
otherwise to dissociate. Two types of dissociations are considered, resulting either in H and
OH or in two OH and H, The positions of the dissociation products are sampled from
assumed distance distributions. The excitation B'A, is assumed to relax in 55% of all cases and
otherwise to lead to a dissociation. Rydberg A+B, Rydberg C+D and dissociative excitations,
and excitations of the diffuse band are assumed to relax in 49% of all cases, to lead to a
dissociation in 3.6%, and otherwise to be followed by an autoionisation. Electrons with
energies below 10 eV were considered to thermalize and then to become hydrated. The
propagation distance during thermalisation was assumed to be a function of electron energy
The distance ranges between 33 nm for an electron energy of 10 eV and negligeable distances
for energies below 0.1 eV

b) Chemical stage The chemical stage starts with a spatial distribution of the species
€., H;O", OH, H, and H, The simulation of the diffusive motion is based on the work
performed at the Oak Ridge National Laboratory (Turner et al. 1983, Wright et al. 1985,
Tumner et al. 1988, Bolch et al. 1988, Klots et al. 1990). The diffusion is modeled in discrete
time steps of 3 ps . The jump distances are calculated from known diffusion constants and are
for the initial species in the range of 0.21 nm for OH to 041 nm for H;O". Fourteen
interactions between the initial species and further reaction products are considered. The
species are assumed to interact if they are closer to each other than a given distance, calied
“reaction radius“. For a diffusion-controlled reaction the reaction radius was calculated in a
simple manner from the diffusion coefficients of the reaction partners and the reaction rate
constant. Reaction rate constants have been obtained by a literature review. The derived
reaction radii vary between 0.001 nm for the reaction between OH and H,0; and 1.3 nm for
the reaction between H3;O™ and OH'. Since the jump distances in the simulation of the diffusion
process are in the same order of magnitude as the reaction radii, the above indicated simple
model had to be modified. The concept of so called “reduced reaction radii“ was introduced
The validitiy of the concept and its parameters has still to be analysed by comparing the
calculation results with experimental results for the time-dependent yields of OH and e, after
radiation exposures of liquid water.

The presence of a scavenger was modelled by a Russian roulette process for OH in which the
probability of survival after each time step is proportional to the scavenging capacity
Reactions between radicals and e,, on one side and constituents of the DNA
(desoxyribosemonophosphate and the four bases) on the other side were also modelled by the
concept of “reduced reaction radii“. In a first step, experimental reaction constants were taken
from Buxton et. al (1988). According to these data, the most reactive constituents are guanine
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and thymine For OH the reaction radius with desoxyribosemonophosphate is by a factor of
four lower than with these two bases, for H and e, the difference is even larger In a first
approach the response of the DNA to attacks by radicals was modelled according to
discussions with C v Sonntag An OH-reaction with the sugar moiety is assumed to lead to a
strand break in 60% of the cases In the case of a reaction with a base, a probability for strand
breakage of 10% was assumed.

(3) DNA COMPUTER MODEL AND MODEL CALCULATIONS WITH PARTRAC A
comprehensive DNA target model has been developed which describes five orders of B-DNA
structure (nucleotide, helix, nucleosome, chromatin fibre and chromatin fibre loop) on an
atomic level. The DNA model starts from the atomic co-ordinates of the four nucleotides in
B-DNA stacked in a random or a selected sequence yielding the DNA helix The nucleosome
comprises 146 nucleotide pairs of a DNA helix wrapped 1.8 times around a cylindrical
representation of the histone octamer Two adjacent nucleosomes are connected by linker
DNA determined by its length and the parameters of the chromatin fibre (radius, repeat length,
number of nucleosomes in this repeat length, corresponding number of turns, the tilt angle)

Fig. 6 shows a 'zigzag' formation of a chromatin fibre with 2 nucleosomes per 20 nm repeat
length and 60 bp linker DNA. For the generation of chromatin fibre loops, one linear and two
curved fibre elements are introduced comprising the atoms inside one repeat length of a linear
chromatin fibre. These three elements can be stacked offering smooth connections of the lower
order DNA structures. Fig. 7 shows a chromatin fibre loop of 67 elements comprising together
about 90,000 nucleotide pairs in a 'cross linker' chromatin structure in which the linker DNA
traverses the chromatin fibre

The DNA model has been implemented in the biophysical model PARTRAC. In PARTRAC,
the DNA target in the cell nucleus is supeimposed with spatial patterns of ionisation and
excitation events generated in a Monte Carlo simulation of electron interactions in water

Spatial coincidences of these events with atoms of the DNA strand are further analysed in
terms of single and double strand breaks due to direct interaction. Additionally, the production
of water radicals, its time dependent evolution, and diffusion to DNA target atoms is
considered resulting in DNA lesions due to indirect interaction For the implementation of the
DNA model, much effort was necessary to limit the computing times as well as the memory
and storage space requirements to an acceptable amount. First calculations with the DNA
model in PARTRAC have been performed for two chromatin fibre structures, both of them
consist of almost 70,000 randomly distributed and oriented chromatin fibre loops of about
300 nm length and 200 nm width to describe the entire DNA (3.6:10" Dalton) inside a cell
nucleus. One target describes a solenoid type chromatin fibre structure of 6 nucleosomes per
11 nm repeat length in one turn, the other is a cross linker model of 7 nucleosomes per 13 nm
repeat length in 2 turns displayed in Fig. 7 Tracks were calculated for electrons with energies
between 100 eV and 30 keV generating random patterns of energy deposition events inside the
nucleus. In all calculations, almost 4 % of about 35,000 ionisations plus excitations were found
inside the van der Waals radii of DNA atoms. Hit atoms of the strand were considered to
produce a strand break, hits on different strands with a distance of not more than 10 nucleotide
pairs as double strand breaks (DSBs), hits at neighbouring nucleotides of the same strand were
taken as one strand break.

Form the large number of numerical results, distributions of the DNA fragment size resulting
from pairs of DSBs due to direct interaction of a single primary electron are given in Fig. 8

The DNA fragment size distributions reflect the geometrical structure of the DNA target as
well as spatial distribution of the events in the tracks. The DNA fragment size distributions in
Fig. 8 are given for two chromatin fibre structures resulting from 1 keV electrons. In the
solenoid model, pronounced peaks are found at fragment lengths of about 80 bp, 180 bp and
around 1200 bp corresponding to DSBs in adjacent turns of the DNA around the nucleosome,
adjacent pieces of linker DNA and adjacent solenoidal turns. In the cross linker model, a far
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Fig. 6: Zigzag Chromatin Fibre Model

Pargmeters: 2 nucleosomes per 1 turn
0° tilt angle 60 bp linker length
20 nm repeat length 15 nm fibre radius

Fig. 7: Chromatin Fibre Loop Model

67 fibre elements in cross linker structure
Parameters:
0° tilt angle

13 nm repeat length

7 nucleosomes per 2 turns

48 bp linker length

15 nm fibre radius

Mass of DNA Fragments [arb units]
>
13

Cross Linker Mode!

0 500 1000 1500 2000 2500
DNA Fragment Length [bp]

Fig. 8: DNA Fragment Size Distribution
due to direct interaction from 1 keV electrons for a cross linker model of the
chromatin fiber (parameters as in Fig.2) and a solenoid model of the chromatin
fiber with the parameters:
6 nucleosomes per 1 turn 20° tilt angle
40 bp linker length 11 nm repeat length
15 nm fibre radius
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greater number of fragments with lengths between 200 and 1200 bp is found The help of E.
Pomplun KFA-Julich, for providing his nucleosome model being a basis of our DNA model
development is gratefully acknowledged.

(4) BIOPHYSICAL MULTISTAGE MODELLING  Several biologically motivated,
mechanistic models of tumor genesis for bridging the gap between mutation rates and observed
cancer incidence were considered This type of model was proposed e.g. by Armitage and
Doli, and by Moolgavkar, Venzon and Knudson (MVK model); their aim was a quantitative
description of tumor development in biological terms like cell growth, cell death and mutation
rates. It has been shown that they give a good description of a wide range of human and animal
tumors. In this approach the application to epidemiological data is one of the sources of input
to risk analysis. Another possible source of information is molecular biology.

The classical Armitage-Doll model assumens 7 mutational stages, not taking into account
growth and death processes of the various intermediary cells. The age dependence of the
tumor incidence in this model is a power law, with the exponent n - | The MVK model is a
special case of clonal expansion models in which intermediary cells are allowed to divide, and
die. Often, only two rate limiting mutations are considered, with one intermediary stage

We concentrated here on these clonal expansion models, of which there are two versions in

use:

o The"“epidemiological approximation, which is assumed in many studies of human cancer,
it models the net growth rate of the intermediary cells only. After an initial period it gives
an exponential growth of hazard with age.

o The “exact formulation” derived by modelling the birth-death process of the intermediate
cells. In this case the exponential growth eventually levels off to a constant hazard.

The epidemiological approximation was rederive using differential equations for expectation
values. Explicit hazard functions for short time exposure to radiation were given. Although we
restricted ourselves to modelling cancer incidence of adults, we had to model also childhood in
order to calculate the initial condition of how many intermediate cells are in the organism at the
age of 20 years (assuming an initial condition would introduce another free parameter). For
this we used linear growth from birth. An analysis was made which effects of radiation on the
parameters of the model might be determined from incidence data. It was shown that only a
subset of parameter combinations of the MVK model can be determined from epidemiological
data sets [7]. Therefore we derived hazard functions with an unconventional set of parameters
from the formulas of Moolgavkar et.al. for both, the spontaneous rate and for short time
exposure. The parameters were chosen in such a way, that each of it determined characteristics
of the hazard function which are easy to monitor. We feel this is a good safeguard against
running into local extrema in the fitting procedure. Applications of the formulas derived to
various human and animal tumors were analysed.

For analysis of the probability of causation of lung cancer by inhalation of radon and its
daughter products different models were analysed (ICRP-Report 50, NCRP, BEIR-IV-Report,
Jacobi-model). The S-cohort of the Czech Uranium miner was taken for comparison of these
models, and it was found that these models differ less from each other than the varions
epidemiological data sets for different underground miners [10]. Mathematical functions were
derived in this analysis to quantify PC-tables and figures. As an example the predictions of
Jacobi’s model for the excess relative risk after exposure to 100 WLM are given in fig. 9.
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Head of project 2: Dr. Goodhead

II. Objectives for the reporting period

1. Assess robustness of track scoring results, at the nanometre level, by comparisons

using Monte Carlo transport codes from different workers.

Extend electron transport code for electrons from 100 keV up to the MeV region.

Develop methods for incorporating main chemical pathways in track structure

modelling of damage to DNA for comparison with experimental data, for electrons

and charged particles.

4. Survey available information on Aprt mutagenesis and supplement with new
experiments where appropriate.

5. Accumulate data on track structure, DNA damage and single-track survival
probabilities required for understanding and modelling mutagenesis and related
cellufar effects.

6. Measure and evaluate role of single-track-survival factor in limiting mutation
frequencies of high-LET a-particles.

7. Continue collaborative support to partner MRC (Chem) for special radiation sources
and configurations.

8. Compare theoretical analyses from track structure with experimental data on
biological effectiveness, develop hypotheses and tests of underlying mechanisms and
consider implications.

badli g

III.  Progress achieved, including publications

The project consisted of a general strategy towards biophysical understanding and modelling
of the relative effectiveness of radiations of different qualities and extrapolation to low doses
not experimentally accessible. The related components of the work were (a) track structure
analyses of radiations of different qualities, (b) experimental investigations and data analysis
of hprt mutagenesis (as a paradigm), cell inactivation, DNA damage and other cellular effects
and (c) comparative analysis of biological effects in relation to the microscopic features of the
tracks.

(@  Track structure calculations

Our previous analyses of track structure had concentrated on frequency distributions of
energy deposition in defined small volumes for comparison with experimentally observed
biological effectiveness of different radiations. Initially these analyses were based on track
structure codes for water vapour (adjusted to unit density) because these were most firmly
founded on experimental data. Recognising that the ionization (and excitation) yields would
be substantially different in liquid water and that stochastic properties at the level of small
numbers of interactions in very small volumes would depend substantially on the water phase,
the analyses were carried out in terms of energy deposition rather than numbers of ionizations.
In this way it was anticipated that the frequency distributions for vapour would be reasonably
representative of those for liquid, except at the smallest energies (such as for single
ionizations or excitations) or smallest (nanometre) volumes. With this underlying
assumption, analyses from the vapour codes, when compared quantitatively to radiobiological
data for different radiations and conditions, led to clear hypotheses on the biological
importance of clustered damage at the DNA, or slightly supra-DNA levels [1,2]. Current
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evidence appears to justify this assumption since similar frequency spectra of energy-
deposition clusters are calculated to occur with tracks in liquid [3,4)].

Hence it has become necessary to understand in more detail the nature of the
molecular damage to DNA within the clusters. Clean double-strand breaks are just one simple
class of a spectrum of clustered DNA damage of potentiaily widely varying molecular
complexity and biological severity. In order to model quantitatively damage from radiation
tracks that lead to mutations, chromosome aberrations and other long-term biological effects it
is necessary to follow the track chemistry within and between clusters of ionizations in the
highly scavenging, short-diffusion, cellular environment.

Within this contract the justification and needs of this approach have become more
clear and tools have been developed to make it more achievable and accurate.

Before the period of this contract we had established an extensive data base on
absolute frequencies of energy deposition in cylindrical volumes of dimensions <1 to
>100 nm for a wide variety of different radiations, simulated by MOCA8b and MOCA14
Monte Carlo codes (from partner GSF), to act as a guide towards the biologically critical
features of radiation quality and the nature and quantities of relevant initial molecular damage
in cells. Calculations also included preliminary evaluations of DNA strand breakage from
direct ionizations in the DNA. As more advanced evaluations of DNA damage are
approached, including more realistic descriptions of the DNA and simulations of chemical
pathways in the cellular environments, it has become particularly important to judge the
reliability of the Monte-Carlo track-structure simulations at the very high spatial resolution
required. Our previously established data base has allowed standardised-scoring comparisons
with electron tracks from four additonal water transport codes world wide. Large-statistics
scoring routines were applied for target diameters of initially 2 and 25 nm {3] and
subsequently 10 nm as well as other criteria of comparison [4]. Good agreement was shown
between the different codes in many situations, but some substantial differences were revealed
over distances of a few nanometres, especially for larger energy depositions that may cause
more complex and biologically-severe clustered damage in DNA. These were not explicable
simply as differences between ‘vapour’ and ‘liquid’ codes, nor were they entirely eliminated
even when only relative frequencies for different electron energies were considered. The
differences are likely to be of some significance in attempts to follow the detailed chemical
processes.

In collaboration with S. Uehara, electron interaction cross sections have been extended
from 100 keV (the limit of MOCASD) up to several MeV to allow simulation of these higher
energy electrons. The new code KURBEC has been fully described [5]. This codes was
included in the above comparisons.

Initial methods have now been developed for incorporation of water radiolysis
products, from radiation tracks (using CPA100 code; with partner ADPA) in the highly-
scavenging cellular environment, into our previous evaluations of DNA strand breakage from
direct ionizations in the DNA [6a,b]. These allow qualitative and quantitative estimation of
the spectrum of types of DNA damage, including the molecular complexities of clustered
damages composed of multiple strand breaks, base damages and other chemical changes,
which may be of particular biological significance by virtue of reduced reparability and hence
greater severity [2). Much more advanced spatial descriptions of the DNA molecule have also
under developed, (in collaboration with J. Goodfellow and Y. Umrania) to include precise
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optimization of the positions of the bound water molecules as well as the DNA atoms [7a)] and
to investigate their influence on DNA damage [7b].

We have collaborated also in the development of the PITS codes as a potential
standardized code format for simulation of tracks from positive ions, comparison of
consequences of different secondary electron transport options, phase effects, etc. [8]. The
code is currently being formulated particularly to provide tracks of protons and ¢t-particles in
liquid water in both the initial form of the ‘physical’ track as ionizations and excitation, and
its conversion to the ‘chemical’ track of early reactive species. This will allow initial
simulations of molecular spectra of clustered DNA damage by direct and indirect ionizations
from these high-LET radiations for comparison with low-LET radiations and observed
biological effectiveness.

As an initial approach to incorporating track dimensions into simulations of
chromosome aberrations resulting from radiation-induced breaks, radial distributions of
ionizations around charged particle tracks have been evaluated [9] for use in simulations of
aberration formation based on the assumption of pair-wise exchanges between breaks {10].

®)  Experi | studies of radiati lity in cellul

The conventional view of radiation carcinogenesis assumes that radiation acts directly
as an initiator by a mutation, or large chromosomal rearrangement, as one of the early critical
steps in multi-stage carcinogenesis. [There is scope for alternative hypotheses based on
radiation-induced instability and experimental evidence for these are increasing. However,
such mechanisms are beyond the scope of the present contract.] The Aprt mutation system has
previously been identified as a particularly suitable paradigm for mechanistic understanding
and modelling of radiation mutagenesis because of the extensive quantitative information that
exists on radiation-parameter dependencies and molecular characterization of early mutations.
A partial literature survey was undertaken for pertinent data on hprt radiation-mutagenesis,
with emphasis on studies revealing dependence on radiation quality, dose and time (11].
Direct experiments were commenced to fill some of the notable gaps in available information.
These include the effects of reduced dose rate for high-LET radiations and dependence on
oxygenation for both low- and high-LET radiations. We have completed our experiments
with V79 cells on dose-rate dependence for high-LET a-particles (121 keV um) and
comparison with chromosome aberrations induction and cell inactivation under similar
conditions. These showed that under favourable plateau-phase culture conditions there is very
little dose-rate dependence (in the conventional direction, if at all) for Aprt mutagenesis,
although we did get anomalous results with unfavourable culture in our initial mutation
experiments with titanium-walled dishes [12]. Comparative data, obtained under similar
experimental conditions, for induction of dicentric and ring chromosome aberrations and for
cell inactivation (all in glass-walled dishes) showed small, but significant, reduction in effect
at the lower dose rates, in accordance with conventional expectations. For investigation of
modification of mutagenesis by lack of oxygen at the early chemical stage of track damage, a
20-dish system has been constructed for irradiation of cells on our a-particle irradiator under
conditions of controlled gassing, as well as control of other environmental and scavenging
conditions.

We have also measured hprt mutagenesis by o-particles in a variety of other cell
types, most notably of the haemopoietic system to ascertain the genenlity of induced
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frequencies and radiation quality dependence. Generally, induced mutation frequencies for
various developmental stages of B cells were found (in collaboration with S. Griffiths and
M. Greaves) to be similar or somewhat lower than those in human fibroblastic or V79 cells,
although in the particular radio-sensitive pre-B stage no induced mutations could be detected
with either a-particles or X-rays [13]. Notable features of X-ray dose responses at other
stages were the high-power dependence on dose (D*-D") and no evidence of a linear term.
Alpha-particle induced mutations are being measured also in L5178Y lymphoma cells and
human lymphocytes (with B. Bridges and J. Cole) following suggestions of enhanced
sensitivity to a-particles in view of observations of an association between lymphocyte
mutations and household radon concentrations. Our results to date do not indicate particularly
high mutation frequencies after in vitro irradiation [14].

For interpretation and modelling of data on mutagenesis, or other viable cellular
consequences, for o-particles it is essential to evaluate the probability (S,) that a cell will
survive the passage of a single o-particle and therefore remain capable of expressing any
genetic damage. We have established these S -factors for a wide variety of cell types for o-
particles (particularly at 121 keVum™) and we find that they vary from O (for mouse pre-B
cells) through 10-20% for mouse haemopoietic stem cells, 30-60% for mouse multipotential,
multimyeloid or transformed pre-B cell lines and normal mature B-cells, and 60->90% for
normal and established fibroblasts [13,15,16,17]. This factor can clearly have a substantial,
greater than ten-fold, influence on the final mutation frequencies for high-LET radiations. In
the extreme case of pre-B cells, that are extraordinarily prone to apoptosis after X-rays giving
a D, of only 0.3 Gy [18), apparently every o-particle is lethal, the inactivation RBE is <1 and
no induced mutants at all are detectable [13]. S -factors for radiosensitive fibroblasts, such as
human AT cells and irs hamster mutants, are also being evaluated to establish the degree to
which they may be responsible for the apparent reduced dependence of cellular effects on
radiation quality. For accurate evaluation of the S -factors, we now routinely include in our
experiments confocal microscope measurements of the dimensions of the living cells, and
their nuclei, under the conditions of irradiation.

Other cellular effects have also been investigated under our standard conditions of
121 keVpum'' o-particles in collaborative experiments to ascertain the extent to which the
track structure features relevant to mutagenesis may or may not also be relevant to other end-
points and cell types, including cell transformation [19]. Results have included the
observation that single -particles can induce in a cell, with high probability, an ongoing
genomic instability that can manifest itself as new chromosome aberrations in all subsequent
cell generations (20). This has raised the possibility, supported by some additional evidence,
that Aprt and other mutations can arise by similar delayed and untargetted mechanisms. An
additional ability of single ot-particles appears to be to induce at first metaphase a high
proportion of complex chromosome aberrations, involving three or more break points in two
or more chromosomes [21]. This observation should place particular new quantitative
coastraints on chromosome aberration mechanisms and track structure features that should aid
future modelling and understanding.

Our experimental work on radiation quality included collaborations throughout with
partaer MRC (Chem) on a variety of fronts to aid in establishment of the yield, nature and
reparability of initial radiation damage to DNA, with special emphasis on clustered damage
and the chemical environment of the DNA. Our supportiag role has been particularly with
respect to -particle irradiation configurations (see partner’s report, including references) and
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initial consideration of conditions for ultrasoft X-rays of 0.3 to 1.5 keV. These are a means of
enriching for the clustered-ionization contributions from the low-energy electrons that occur
in all low-LET irradiations [22]. It has been hypothesized from earlier evidence that these
low energy electrons are the biologically-dominant component of all low LET radiations, but
this remains controversial and the evidence to date is not yet conclusive [23].

© C . lysis of track f ith biclogical effecti

Understanding and quantification of radiation-induced mutagenesis, and other cellular
effects, requires that track features be considered at both the DNA and cellular levels
[24,25,26]. Clusterings of initial ionizations at the DNA level or slightly larger (5-10 nm)
have been suggested as important features in determining the radiation quality dependence
[2,27]. In recent years it has become apparent that the total yield of DNA double-strand
breaks, as conventionally measured by a variety of techniques, has very little dependence on
radiation quality of y-rays, hard X-rays or heavy ions even when the track properties are
varied enormously on both the cellular and molecular scales. This may be due to fairly small
clusters, such as from low energy electrons, being dominant in producing ‘dsb’ as a broad
class of measurable damage [28]. These relative numbers of initial dsb correlate very poorly
with final cellular effects, including mutations, which show high relative biological
effectiveness for densely ionizing radiations. We have suggested that this may be due to
differential reparability of clustered damage including dsb of varying degrees of severity at
the level of the DNA and immediately surrounding structures [1,2,29]. Our theoretical,
experimental and comparative work has continued attempts to refine and evaluate this
hypothesis and its implications, including in collaboration with partner MRC (Chem).
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Head of project 3: Dr. Terrissol
II. Objectives for the reporting period

Our objective was to build a model able to simulate the more precisely possible the
physical and chenucal steps of the DNA rradiation in the cell environment. For the pnmary
interactions of radiation we intended to include higher order structures of DNA instead of water
cylinder.To study the role of water radicals, oxygen, scavengers and chemical repair. we
intended to take into account all chemical reactions between water radio-chermucal species,
radicals and added scavengers with sub molecular units of DNA.

Another goal was to port our code on the MRC computer. to allow a more easy use for

the development of our common research.

III. Progress achieved including publications

We have port the code CPA100 to MRC-Phys (partner 2) who simulates the transport of
electron up to 100 keV in liquid water, as a function of space (3 co-ordinates) and time. The
code was employed for comparisons with other codes (see publication n° 4), simulate the
chemical (see publications n° 1 and 10), to begin introduction of water shells on DNA structures
(see publication n® 11), and to do statistical investigations.

During this contract period we begun to develop our straight DNA segment model
towards nucleosomal DNA. It is an important step, since the replication of nucleosom units lead
to chromatin fibre. The physico-chemical and chemical codes were improved to take into
account such large amount of atoms, species and molecules able to diffuse and react together.

The nucleosome core unit has been modelled as a 146 basepaurs helical DNA, containing
9056 atoms, wound around the histones. These latter being considered here absorbing energy
but inactive chemically. All the nucleosom atoms are known by their co-ordinates and their van
der Waals radius. The yields of strand breaks for electrons is obtained by placing the

nucleosome target in liquid water.

To build and test our model, 125I was chosen as the source of radiation because it is
possible to localise its position in the DNA structure. Jodine atoms were considered
individually, but uniformly distributed among all the thymine bases of the nucleosome by
replacing their methyl group (71 positions in the model).

Complete transport of electrons is done with a 4-dimensional (x,y,z,t) code,
previuously described and simulatiing all individual interactions. Due to lack of data, the cross-
sections for DNA were assumed to be similar to those for liquid water: at places of double helix
atoms, liquid water with density 1.3 was assumed. Slowing-down of electrons is then

simulated in the nucleosom and in the working sphere filled with liquid water at normal density.

(see Fig. 1)
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Figurel: Schematic representation of the simulation model,

During the physical step ( up to 10713 s. ) all events located inside the van der Waals
radius of a DNA atom are scored as direct interactions on DNA while other water interactions
create species and radicals.

Then, molecules of scavengers (Tris, DMSO, ...) are added randomly (accordingly to
the desired concentration) inside the working sphere. For a IM concentration, e.g., about 690
molecules of scavenger are considered. As time increases, from 10713 s. to 106 s., all water
species €aq OH:, H-, H30*, H207, OH-, H2 , HO7 diffuse and react between themselves
as well as with scavenger and DNA sub-units. For the latter reactions we adapted experimental
data (Table-1) taken from the literature.

Table I : Reactions radii tn nanometers of main water species with themselves and DNA sub-

units calculated from reaction rate constants.

OH- e-aq H- OH-
OH- 0.141 0.452 0.269
H: 0.269 0.287 0.094 0.0002
e-aq 0.452 0.08 0.287
H30+ 0.166 0.944
H202 0.0006 0.256 0.0014
Deoxyribose-
monophosphate 0.085 0.0003 0.0006
Adenine 0.288 0.265 0.0019
Cytosine 0.288 0.382 0.017
Guanine 0.425 0.413 0.000
Thymine 0.302 0.53 0.011
DMSO 0.202 0.0002
Tris 0.071
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Figure 2. Frequency distribution of the size of energy deposition events during the physical
phase (107 s) and after.

Fig. 2 shows that during the physical phase (at about 10-15 5 after the decay) only very
small amounts of energy (an average of 40 eV per decay) were deposited on DNA target atoms
whereas a large fraction of absorbed energy (about 680 eV per decay in the working sphere)
was transferred to secondary electrons interacting and depositing this energy at later times e.g.
via radicals. The number of ionisations and excitations per 123I decay created during the
physical phase is given in Table II for the nucleosome and the working sphere.

- - 125 .
Table I : Mean number of ionisations and excitations per ~ "I decay in the nucleosome and
the working sphere.

Nucleosome Working sphere
ITonisations 33 38.9 :
Excitations 1.2 20.7 !

The yield of water species, free radicals and solvated electrons created during the
physico-chemical stage in the working sphere per 1251 decay at 10-12 s and 10-8 s are shown
in Table III. These figures clearly indicate that OH radicals play an important role during the
chemical phase since more than 90% of them have reacted with other species or DNA
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nucleotides The eftect of DMSO can be seen not only directly on OH yield, but indirectly on al
other species yield.

At 10-12 4 the G-values are about § for ¢"ag, OH- and H30% and around | for H:
From Table 1. we see that nearly all reactions involving e7yq give temporary OH- ion reacting

strongly with H30% . Then ull these reactions have to be considered in a model.

5
Table I : Main water spectes present in the working sphere per l'51 decay at different times.

eaq OH- H- H3O0* Hp02 OH" H»
at 10712 g 23 31.1 14.4 273 64 0 248
at 10-8s 12 2.3 5.2 21 89 0.7 49
with 0.5M DMSO 6.5 0.0 6.4 132 67 03 42

To evaluate the DNA damage by simulation in order to compare with experiment our
model is able to do any assumptions. At present, the exact mechanisms leading to damage are
not completely elucidated and for first evaluation we used the following assumptions: during
the physical step (10-15 5). when an ionisation was located inside the van der Waals radius of a
phosphate-group or sugar atom, it was stored (time, co-ordinates and energy deposited on this
atom) as a direct single-strand break (SSB), and subsequently the event was removed from the
initial track. From 1015 5 to 10-8 s when a deoxyribose-monophosphate reacts, it was
transformed in a sub-product and could not react twice per decay. the event was scored as an
indirect SSB (time, co-ordinates and total energy deposited in the working sphere by the Auger
electrons belonging to the decay).

In Table IV, the number of damaged DNA nucleotides in the nucleosome unit per 1251

decay for the direct effect as well as for the indirect effect resulting from later chemical reactions
in the working sphere are given. The numbers show that about 40% of the sugar-phosphate
groups are damaged directly during the physical phase, but only 14% react during the chemical
phase up to 10-8 s, mainly with OH radical, which is the reason for the SSB creation. The
DMSO reduces the number of DNA damage with a similar ratio on all nucleotides.

Table IV : Number of damaged DNA nucleotides in the nucleosome unit per 1251 decay.

Phos. Sugar Aden. Cytos. Gua. Thym.

Excit. up to 10°12 s 0.17 033 0.14 009 0.12 0.26
Tonis. up to 1012 s 0.43 0.86 0.31 028 031 074
Chemical reactions up to 1085 2.65 2.59 3.31 5.02 5.40
Number of nucleotides present 292 292 73 73 73 73

-1731 -



— 1.5
> 003Fa) I795°75 5 (b b) >
O -0 8 O
O 10_08 s{b)| e | O
Q (| [(— 10_ s (a O
= -== 10" s (a 10 ()
%l_) 0.02 — —
Q o~
3\ - . ..n' N -—
) —
C .
0.01F . 405 O
D) :
=1 S B
o) ' - : %
L o
0.0 0.0
0 50 100 150

Figure 3. Spatial distribution of ssb and dsb yield as a function of the distance between
contributing ssbs. a) Distance in basepairs betweeen two dsb. b) Distance in basepairs between

two ssb forming a dsb.

A characteristic of the 125[ radiation as well as the nucleosome model can be seen in
Fig. 3. In most case when one decay induced two DSB the distance between the two DSB was
found to be less than 20 basepairs. This reflects the short range action of l251. The second
maximum at about 80 basepairs is expected from the fact that the DNA helix has completed one
turn around the histons after 80 basepairs. Quantitatively, the same results are found by
considering the calculated DSB yield as a function of the distance between the two contributing
SSB.

Fig. 4 gives the relative number of decays inducing different types of breaks per decay.
Low energy values correspond to high fractions of no break or simple SSBs whereas with
increasing amounts of energy deposited in the target the former decreases very steeply and a
more complex break pattern is observed. A continuous increase can be seen with two or more
DSB. These results are similar to those of figure 4 of Charlton and Humm (1988). However in
this study strand breaks were scored as the sum of the direct and indirect effects and the total
energy was the energy deposited in the working sphere. Charlton and Humm (1988) used the
direct action of radiation only for strand break calculations.
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Figure 4. Break pattern induced by a total number of 5680 decays. 'SSB': one single ssb;
'SSB+": two or more ssb on one strand; 'DSB': one dsb; 'DSB+": one dsb plus additional ssb;
'DSB++": two or more dsb.

Table V : Comparison of calculated mean numbers of SSB and DSB per 1251 decay with
experimental data.

Break Direct Indirect Total Experiment

SSB 1.55 2.65 4.2 3-6

DSB 0.2 0.6 0.8 09-1.2
with 0.5M DMSO  Indirect SSB: 1.3 Indirect DSB: 0.3

Comparisons of the mean values of the number of SSB per decay with experimental
data are shown in Table V. The relative number of indirect DSBs seems to be larger than that
for directly produced (0.6 over 0.2) compared to the relative number for SSBs (2.65 over
1.55). This is due to the fact that an indirect SSB associated with a direct one was scored as an
indirect DSB. The mean value of about 1 DSB per decay reported from many experiments
results from the fact that in about 20% of all decays more than 1 DSB was produced.
Differentiating between directly and indirectly induced DSBs leads to quite interesting results
which could perhaps give hints for the assumed correlation between the number of DSBs and
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cell death. We can observe here a result already mentionned in the hterature: 0.5M of DMSO

reduce by 50% the indirect effect.

An atomic scale nucleosome target model has been constructed and used with electron
track structure in order to study DNA damage. To model such a long chain of events from the
very early physical to the beginning of biological step a number of assumptions had to be
incorporated. Simulation of events until 10-6 second after irradiation requires a full set of
physical and chemical put data: (a) Geometrical data : three-dimensional co-ordinates of all
atoms and molecules involved in the structure of a nucleosome. (b) Physical data : atomic
structure, energy levels, bond strengths, van der Waals radii, reorganisation schemes,
fluorescence and Auger yields, elastic and inelastic total and double differential cross-sections
for all channels, etc. (c) Physico-chemical data : desexcitation, recombination, internal
conversion, molecular dissociation, thermalization, solvation, attachment, etc. (d) Chemical
data : complete description of reactions, diffusion coefficients and reaction rates as a function of
temperature and concentration. These parameters need to be known in the cellular environment,
e.g. the solvation of e"aq in the hydration shell of DNA which is different from bulk water.

To reflect more realistic cellular condition it is intended to use more realistic DNA
electronic interaction cross-sections, to extend the nucleosome model to simulation of the
chromatin fibre and to simulate electron transport in this complex chemical environment.
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Head of project 4: Dr H.P. Leenhouts

II. Objectives for the reporting period
The aim of the RIVM contribution to the project is to continue the development of a

comprehensive model for the analysis and interpretation of radiation effects at cellular, organ
and animal level on the basis of specific radiation damage in DNA. The model is intended to
provide a framework for analysis of the the effectiveness of different radiation types for
cellular effects and the influence of radiation on the development of tumours and cancer.

The ultimate goal is to provide insight into the dose-time-effect relationships for late
radiation effects, in general, and the extrapolation of radiation effects at high doses to the
estimated radiation risks at low doses and dose rates.

The activities are:

1. the development and application of a track structure model (TRAX) for radiation energy
deposition to calculate the effectiveness of different radiation types for different radiation
effects.

2. cellular experiments to investigate and compare the quadratic term of the dose-effect
relationship for gamma rays and ultraviolet radiation (UV) with special attention for the
influence of repair.

3. development and application of a two-mutation carcinogenesis model (TMC) to relate
cellular effects with tumour formation and to investigate the role of radiation in the
development of tumours.

III. Progress achieved including publications

Introduction

One of the most important aspects of radiation protection is the estimation of risks of low
doses and dose rates. This estimation has to be derived from epidemiological data at
relatively high doses and high dose rates. For the extrapolation to low doses use has to be
made of a dose-effect relationship. These relationships should include the different
effectiveness of different radiation types and the influence of repair, when comparing effects
at high dose rates with chronic irradiation regimes.

In a previous contract a radiobiological model (RBM) was developed to explain and interpret
cellular radiation effects on the basis of the induction of crucial DNA damage by the
radiation. In the model the crucial damage for ionizing radiation was assumed to be DNA
double-strand breaks with, in general, a linear-quadratic dose-effect relationship (oD +8D?).
The linear term is especially dependent on the type of radiation used, while the quadratic
term is primarily dependent on dose rate and repair.

In the reported period the relation between the linear term and radiation type was
investigated using the track structure model TRAX (section 1). The applicability of the RBM
model and especially the behaviour of the quadratic dose term (8D?) with repair was
experimentally investigated using stationary CHO-cells (section 2). In these experiments
radiation effects of gamma radiation were compared with effects of ultraviolet radiation
(UV). Further, a relation between cellular effects and tumour development was investigated
using a two-mutation model for radiation tumour induction (section 3). The organisation of a
scientific seminar is described in section 4.
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1. Radiation track structure model TRAX

As the energy absorption after exposure to ionizing radiation is not homogeneous, the
radiation effectiveness varies with the type of radiation and depends on the distribution of
energy deposition and the type of sensitive target. For quantitative description of this
radiation effectiveness use of a single parameter, such as stopping power or LET, seems to
be too simple. For this problem Monte Carlo methods are used for a complete slowing down
of energy events and all physico-chemical products involved in the radiation effect are
followed for their contribution in the radiation effect (see ref. 5 and the activities of partners
1 and 3). These procedures are very time consuming and difficult to perform for all radiation
types. In this project RIVM used an intermediate method to calculate the effectiveness of
different radiation types. The model TRAX (ref. 17) uses the following concepts:

1. the model provides a track segment analysis of the primary particle(s) involved in the
radiation effect as it slows down and also of the secondary particles generated;

2. for each track segment a calculation is made of the average stopping power, track radius
and energy loss per event, and its dose contribution in the radiation effect;

3. for an given type of effect, the effectiveness per unit dose is calculated, using the specific
geometry of the target, the characteristics of the track segment, and a "diffusion” parameter
to simulate the physico-chemical processes involved in the radiation effect;

4. the effectiveness of the radiation ultimately is calculated as the dose average of the
effectiveness of all track segments.

The mathematical concepts of TRAX were justified by comparing some of the intermediate
radiation-physical results, such as stopping power and slowing down spectrum, with literature
data. Using TRAX the effectiveness of single-hit detectors for electrons, protons and ions of
various energies relative to gamma rays could be calculated (ref. 14). An example is shown
in fig. 1.
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Fig. 1. Relative effectiveness of several radiation types for FWT 60 dye film calculated using
TRAX. In the corer some model parameters used in the fit are given.

The resuits show that stopping power is not sufficient to define the radiation effectiveness,
but that different particles of the same stopping power showed different effectiveness. TRAX
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turned out to be rather flexible to simulate this behaviour. The mode! was used to calculate
cellular effects, assuming that cell killing and mutations are caused by DNA double-strand
breaks. In fig. 2 the relative effectiveness of radiation induced cell killing for a spectrum of
stopping powers and particles is shown (ref. 14).
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Fig. 2. Relative effectiveness of inactivation of human fibroblasts for heavy ions,
experimentally and calculated using TRAX. Some model parameters are given in the corner.

The results clearly show the importance both of the radiation type and of the target geometry
in the radiation effect. Further the results show that the well known humped behaviour of the
RBE-LET relationship for cell killing and mutations, which is primarily caused by a
changing linear term of the dose-effect relationship, can be explained assuming that DNA
double strand breaks are the crucial primary lesions for these cellular effects.

2. CHO cell experiments

An experimental approach was used to investigate the influence of time on the dose-effect
relationships for cell killing and mutations with emphasis on the quadratic term (3D? of the
general linear-quadratic dose-effect relationship. An important question to be answered is,
whether the quadratic term can be described by a two-hit phenomenon and how repair
changes this term. To avoid influence of the variation of radiation sensitivity in different
phases of the cell cycle a stationary cell system was necessary.

An experimental method of Nelson et al. (Cell Tissue Kinet. 17 (1984) 411-425) was used to
bring the CHO cells in a stationary phase, which lasted for several days. In this phase the
CHO cells were suitable for irradiation procedures up to several days without changes in the
cell sensitivity. The cells were irradiated with ®Co gamma rays, or with ultraviolet radiation
(UV), with a wavelength of about 300 nm, or with combinations of these radiations.
Standard experimental procedures were designed to investigate cell killing and the induction
of HPRT mutations after immediate and delayed plating (ref. 16).
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Important conclusions of the experiments were:
- The experimental results of gamma radiation could well be explained using RBM. In the

model it is assumed that DNA double strand breaks are responsible for cell killing and
mutations, and have, in general, a linear-quadratic dose-effect relationship (aD+5D?).

The dominating effect of time was a change of the 8-term. In the present project the effect
of time was studied experimentally for cell killing using two or more irradiation fractions
given after each other. If the time between the fractions was small (i.e. within several
minutes), the irradiation effect of the two fractions was more than the sum of the effect of
each fraction given separately (i.e. synergism). The synergism decreased, when the time
between the fractions was increased. The results could be explained assuming interaction
of the B-terms of the fractions. The change of effect with time (halve value time about 2
h) was in agreement with the change of the radiation effect with dose-rate as found by
Metting et al. (Radiat. Res. 103 (1985) 204-212) in the same cell system (ref. 2 and 24).
UV-effects could be described assuming, in principle, purely quadratic exposure-effect
relationships. For cell killing in stationary cells two cell populations with distinct
sensitivity difference were detected. For mutation induction these sensitivity differences
were not showing up (see figure 3). These results could be explained using an extension
of the RBM model for UV-effects. The primary lesions of UV are assumed to be
pyrimidine dimers, i.e. single strand DNA lesions. Cell killing and mutations of UV are
assumed to be caused by pairs of pyrimidine dimers, which have a purely quadratic
exposure-effect relationship.
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Fig. 3. Mutation rate, corrected for survival, of stationary CHO cells after exposure to UV.

- Repair invoived in delayed plating experiments resulted in a lower radiation effect
similarly for mutations and cell killing, both for gamma rays and for UV radiation. For
gamma radiation the change of delayed plating repair was only 30% and had a halve value
time of about 3 h, but for UV the change was more than 90% with a halve value time of
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about 30 h. This difference can be ascribed to the different primary lesions involved.

- The effect of combined exposure to gamma rays and UV was investigated especially for
mutations. When the time between the fractions is small (within several minutes) the effect
of the combined exposure was more than the sum of the effects of the UV and gamma
rays separately (synergism). The synergistic contribution was proportional with the
product of UV exposure and gamma dose (see fig. 4).
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Fig. 4. The synergistic contribution of the mutation rate after combined exposure to gamma
rays and UV.

The observed effects could be explained assuming interaction of gamma ray induced single

strand damage (i.c. single-strand "breaks") and UV induced single strand lesions (i.e.

pyrimidine dimers). An attempt was made to characterize the interaction damage as UV type

or gamma type of damage, on the basis of its behaviour with delayed plating. The results

were not conclusive, but in favour of a UV type of damage.

- When the time between the gamma and UV fraction was long enough (i.e. more than 24
h) a significant synergism could not be detected any more. This implied that interaction at

cellular level is not expected to be important when long irradiation exposures are
involved.

In relation with the experimental results attention was paid to the problem of the linear-
quadratic form of the dose relationship of the induction of DNA double-strand breaks at
doses relevant for cellular radiobiology, as proposed by RBM. It was found from analysis of
literature, that, the interaction of single strand “"breaks" necessary for the quadratic term
could well take place over distances larger than a few DNA base pairs on the basis of
biological processes such as the processing of DNA repair and replication. This may lead to
a quadratic term which is larger than estimated on the basis of purely physical considerations
(ref. 6, 11). Also the involvement of other types of single strand damage than single strand
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breaks in the §-term cannot be excluded. These processes should be taken into account when
modelling cellular dose-effect relationships from first principles.

The results of the TRAX model and CHO cell experiments support the assumption that the

dose-effect relationship for radiobiological effects could readily be explained assuming a

double-hit radiation mechanism. The molecular model for ionising radiation and its extension

for UV is very suitable for describing dose-effect relationships of cell killing and mutations.

For application of cellular dose-effect relationships in e.g. carcinogenesis models (see section

3) the most important conclusions are:

- the dose-effect relationship for ionising radiation, in general, is linear-quadratic
(«D+BD?), both for cell killing and mutations;

- for lower dose rates the B-term becomes lower, and § is negligible for dose rates lower
than 0.1 Gy per hour;

- for low dose rates the linear term (aD) is dominating;

- different radiation types are characterised by different a-coefficients;

- for more densely ionising radiation the o-term is larger than for sparsely ionising
radiation;

- aclose correlation can be expected between cell killing and mutation induction;

- for UV radiation a purely quadratic exposure-effect relationship is expected, both for cell
killing and mutations;

- the effect of combined exposure to ionizing radiation and UV can be more than the sum of
the effects of each radiation separately, when a significant quadratic term for both types of
fractions is observed and the time between the fractions is small;

- synergistic interaction between UV and gamma radiation is negligible, when the time
between the fractions is large (more than 1 day) or when low dose rates are invoived.

3. Two-mutation carcinogenesis model (TMC)

For radiation protection purposes the extrapolation of epidemiolological data of relatively
high doses to estimation of risks at low doses, in general, is made using a linear dose
relationship. However, many animal experimental results on radiation tumours indicate non-
linear dose-effect relationships. Further, a linear dose relationship does not take account of
the multi-stage nature of carcinogenesis.

In this project a two-mutation model (TMC) is used as a relatively simple model to
accommodate for the multi-stage character of tumour development, with a limited number of
parameters to be fitted. A schematic diagram of the model is given in figure 5 (ref. 2, 7,
12).

Fig. 5. Schematic diagram of the two-mutation carcinogenesis model TMC.
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Shortly, the carcinogenic process can be described as follows: a normal cell has to be
transformed by two distinct mutations (probabilities u, and u,) to become malignant; in the
intermediate stage (I) cells undergo clonal expansion (e) resulting in an increased number of
cells or may die (probability v) in the course of time; once a cell is malignant, after a distinct
time period the cell grows into a detectable tumour. Radiation interacts with this process by
changing (increasing) the mutation probabilities and, possibly, by changing the expansion
rate. In the model the age and dose dependence of tumour formation are defined. The model
predicts an intimate relation between spontaneous tumours and radiation sensitivity, and gives
a relation between the cellular radiation effect and radiation induced tumours. The RBM
model of cellular effects (see section 2) was used to define the influence of radiation at

cellular level.

In the current project period the TMC model could only be investigated preliminary. The
following results are reported:

- the model could be used to describe dose-effect relations of lung tumours in two types of
animals and for different radiations (X-rays, gamma rays, neutrons and radon) (ref. 2, 7).
Only limited age dependent tumour incidence data were available for this analysis. In the
model, the changes of cellular effects for different radiation types and different dose rates
were reflected in the tumour formation, in agreement with exprimental data.

the model was used to explain the age dependent bone tumour formation after injection of
beagles with various levels of internal a-emitters (e.g. ?°Ra) with lifetime irradiation of
the animal (ref. 9, 12). In this case both the age and dose dependence could be well fitted

(see fig. 6).
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Fig. 6. Age dependence of osteosarcoma’s in beagles for 8 injections of Ra and control,
fitted by the TMC model.

The conclusion of these results was that the spontaneous incidence of bone tumours is
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very important for the radiation sensitivity, and a non-linear, almost purely quadratic
dose-effect relationship for bone tumours was found using the model, although the
dominant radiation is o-radiation and the radiation induced mutations were assumed to be
linearly related with dose.

- the TMC model was used to test the possibility to describe skin tumours in mice exposed

to 6 levels of continuous exposure to UV radiation (ref. 15) (see figure 7).
In this case of UV exposure using a quadratic dose-effect relationship for cell mutations in
the model resulted in a significantly better fit than using a linear one. Note that a purely
quadratic dose-effect relationship for UV induced HPRT-mutations in CHO cells was
found experimentally (see section 2).

- the model also was used to describe the dose-effect relationship of bone tumour induction
tumours in female radium dial painters, who ingested large amounts of radioactive radium
(ref. 7, 13). A strong quadratic dose dependence of tumour induction was observed, in
accordance with the epidemiological data.

The first investigations to describe radiation induced tumours using the TMC model were
very promising and deserve further attention. The model was fitted to several data sets with a
variety of exposure conditions. Further research on the model for understanding of radiation
induced carcinogenesis and for the risk estimation of radiation risks is recommended. Up to
now, no significance could be attached to the parameters found in the analyses.

In principle, the TMC model links DNA-molecular and cellular damage with tumour
formation. The model shows features of a relative and absolute age projection risk model,
and of a single-somatic mutation model, depending of the radiation and tumour involved. The
model accounts for the multistage character of carcinogenesis and links spontaneous tumour
incidence with radiation risk. The model in its present form allows an easy investigation of
the involvement of radiation in different processes during carcinogenesis. The model,
therefore, can be of invaluable importance for the derivation of radiation risks of lifetime
exposures from acute and high dose epidemiological data.

4. Symposium on Molecular Mechanisms in Radiation Mutagenesis and Carcinogenesis

During the contract period a symposium on "Molecular Mechanisms in Radiation
Mutagenesis and Carcinogenesis" was organised in Doorwerth from 19-23 April 1993, with a
significant involvement of RIVM. The proceedings were issued in 1994 (ref. 3).

Publications

1. H.P. Leenhouts and K.H. Chadwick. Radiation cancer risk: implications from a two-stage
model of carcinogenesis. In: Proceedings of Fukui Workshop on Health Risks: Perspectives
and Research. T. Sugahara, K. Torizuka et al., eds. Health Research Foundation, Kyoto
(1993) pp.83-87.

2. H.P. Leenhouts and K.H. Chadwick. A two-mutation model of carcinogenesis: analysis of
radiation induced lung tumours in animals an implications for risk evaluation. RIVM report
no. 749251001, Bilthoven (1993).

3. Molecular Mechanisms in Radiation Mutagenesis and Carcinogenesis. K.H. Chadwick, R.
Cox, H.P. Leenhouts and J. Thacker, eds. EUR 15294, Luxembourg (1994).
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Fig. 7. Skin tumours in mice after lifetime exposure to 6 levels of UV, experimentally and
fitted by the TMC model, using a linear (upper panel) or a quadratic (lower panel) dose-

mutation relationship.
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biological basis and implications for risk analysis. In: Molecular Mechanisms in Radiation
Mutagenesis and Carcinogenesis. K.H. Chadwick, R. Cox, H.P. Leenhouts and J. Thacker,
eds. EUR 15294, Luxembourg (1994), pp. 299-304.

5. D.T. Goodhead, H.P. Leenhouts, H.G. Paretzke, M. Terrisol, H. Nikjoo and R.
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14, 115-130 (1994).

8. H.P Leenhouts and K.H. Chadwick. Analysis of radiation induced carcinogenesis using a
two-stage carcinogenesis model; implications for dose-effect relationships. Radiat. Prot.
Dosim. 52, 465-469 (1994).

9. H.P. Leenhouts, L.B. Venema, G.M.H. Laheij and K.H. Chadwick. Use of a two-
mutation carcinogenesis model for the analysis of bone tumours induced by internal emitters:
implications for low dose risks. In: Health Effects of Internally Deposited Radionuclides:
emphasis on radium and thorium. G. van Kaick, A. Karaoglou and A.M. Kellerer, eds.
World Scientific, Singapore (1995) pp. 197-201.

10. K.H. Chadwick, H.P. Leenhouts, G.M.H. Laheij and L.B. Venema. The implications of
a two-mutation carcinogenesis model for internal emitters. In: Health Effects of Internally
Deposited Radionuclides: emphasis on radium and thorium. G. van Kaick, A. Karaoglou and
A M. Kellerer, eds. World Scientific, Singapore (1995) pp. 353-360.

11. K.H. Chadwick and H.P. Leenhouts. On the linearity of the dose-effect relationship of
DNA double strand breaks. Int. J. Radiat. Biol. 66, 549-552 (1994).

12. L.B. Venema and H.P. Leenhouts. A two-mutation model of carcinogenesis: application
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(1994).

13. G.M.H. Laheij and H.P. Leenhouts. Beschrijving van een twee-staps carcinogenese
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14. R.O. Blaauboer and H.P. Leenhouts. TRAX: a track structure model for nanometer
resolution in calculating the response of several single-hit and biological detectors to different
radiations. RIVM report no. 610065002, Bilthoven (1994).

15. L.B. Venema and H.P. Leenhouts. Analysis of UV skin carcinomas using a two-
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Head of Project 5 : Prof. v. Sonntag

[1. Objectives for the reporting period

The work undertaken in the effort to further elucidate aspects of the chemical effects of
ionizing radiation on DNA has realized several objectives. One focus has been the phenomenon
of radical-site transfer from purine-base OH-adduct radicals to transfer the radical site to the
sugar moiety, as well as the inverse event. Purine-nucleoside-derived products have been
identified that result from the complex subsequent reactions.

The influence exerted by the presence of a phosphate group with respect to the propensity
of an H-atom to be abstracted at the DNA deoxyribose moiety by an OH-radical, relative to
the hypothetical phosphate-free situation, is not well known, and this question was to be
studied in hydroxyalkyl phosphates as model compounds. These studies in connection with
those on the action of dioxygen and other oxidants, notably nitroaromatic compounds, on the
resulting radicals as well as on other model-compound reaction systems, constitute a further

focus.

IIL. Progress achieved, including publications.

It is generally accepted that in their reactions with DNA and its low-molecular-weight models
the 2'-deoxynucleosides, OH-radicals add mainly to the base moiety, and only a relatively small
fraction abstract an H-atom from the sugar moiety Hence it came as a surprise when in our
study on the y-radiolysis of 2'-deoxyadenosine, two products that must have sugar-moiety-
derived radicals as their precursors were observed as major ones, alongside the previously
reported products free adenine, adenine-derived formamidopyrimidine (A-Fapy), and 8-
hydroxy-AdR. These newly-observed products are the 8,5'-cyclodeoxynucleoside 1 and the 5'-

aldehyde 2.
NH; NH,
Y NJI:}
kN o OH I\‘N 0 CHO
1 2
H H
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Material isolated from N.O-saturated irradiated solutions and characterized by 'H- and
C-nmr has been used for reference in the quantification of these products Figures 1 and 2

show their G values as a function of the pH.
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Figure 1. pH Dependence of the G value of adenine 8,5'-cyclodeoxynucleoside 1.
Figure 2. pH Dependence of the G value of adenine 2'-deoxynucleoside-5'-aldehyde 2.

It can be seen from these Figures that (i) the total yield of these products may reach G values
close to or even exceeding G(OH), and that (ii) a strong variation of their yields with the pH
occurs in a pH range (8 to 10) where 2'-deoxyadenosine has no pK,. Further information is
contained in Figure 3 where G(dA-consumption) is plotted as a function of pH. At the
maximum, i.e. at about pH 9.5, G(dA-consumption) is about twice that of G(OH). This shows
that there exists an important amplification effect, and it is concluded that intermediate radicals
must play a role which are capable of reacting with dA. At present, mechanistic details are not
yet clear. Attempts to obtain potentially valuable information using the pulse radiolysis
technique failed because the relevant first-order reactions are too slow to be monitored by this
fast technique (reactions kinetically of second order, i.e. radical-termination, predominate over
the relatively slow first-order ones which are of interest here). However, it can be firmly stated
that the first step of these reactions must be the addition of the OH-radical to the nucleobase,
and that radical transfer to the sugar moiety (intra- or intermolecularly) occurs at a subsequent
stage. This conclusion is of relevance to DNA radiolysis where products related to the 8,5'-dA-
cyclonucleoside are well-documented.
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The formation of 1 is considered to be by way of the C(5')-radical which may add to
the N(7)-N(8) double bond (reaction 1) In a subsequent step the N(7) radical thus formed
disproportionates with other radicals, giving rise to the 8,5'-cyclodeoxynucleoside 1 (reaction
2) We have further isolated an additional product whose 'H- and '>C-nmr data are compatible
with the 5-aldehyde 2. It is formed in a disproportionation reaction (reaction 3) It is
noteworthy that this compound gives a positive thiobarbituric-acid test for "malonaldehyde”
with 30% efficiency. To rationalize this reaction, one may consider acid hydrolysis of 2
followed by a retroaldol reaction (overall reaction 4) These results pose the interesting
question as to whether processes similar to those formulated here contribute to the so-called

“malonaldehyde” found in y-irradiated DNA.

In the case of the 2'-deoxyguanosine, Buchko et al (/nt. J Radiat. Biol 63, 669
(1993)) have reported the formation of (25)-2,5'-anhydro-1-(2'-deoxy-B-D-erythro-penta-

furanosyl)-5-guanidinylidene-2-hydroxy-4-oxoimidazolidine 3 in the presence of 02
0
N. O
0]
H
(0]
H
3 2
H

This product can be assayed with 1,2-naphthoquinone-4-suifonate (formation of a fluorescent
dye). We have now shown on the basis of this assay that the yield of this product is about the
same in N>O/O, (4:1) and O,-saturated solutions, despite the fact that under the latter
conditions the OH-radical yield is only half of the former. This indicates that a further
intermediate is required for the formation of 3 which is more abundant in O -saturated
solutions. As this is likely to be O,", experiments have been carried out in the presence of the
enzyme superoxide dismutase which reduces the steady-state concentration of O,". Under
these conditions 3 is no longer formed. This is an important finding with respect to the
potential role of O, of taking part in the radical-induced degradation of DNA under oxic
conditions. The superoxide radical is known to be potentially a2 major intermediate under these
conditions, and the observation reported here may be the key to an explanation of the
contribution of O,” to oxic DNA degradation by ionizing radiation. )

A further series of experiments was devoted to the polynucleotide poly(A). The
products unaltered adenine and A-Fapy were determined straight after irradiation, as well as
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after various periods of time of heating the samples to 95 °C The data are shown in Figures 4

and 5
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Figure 4 Instant appearance and delayed release of unaltered adenine upon heating at 95 °C.
Inset" the release reaction is approximately first-order (A = adenine concentration).
Figure 5 Instant appearance and delayed release of the product A-Fapy upon heating at 95 °C.

Inset. the release reaction is not monophasic first-order (F = A-Fapy concentration).

It is seen that some of the adenine is released during and/or very shortly after
irradiation, and that there is much further release upon heating The total G(adenine) of 1 3 x
10”7 mol J' is quite high, higher perhaps than would be expected considering the proportion of
prompt OH-attack at the deoxyribose moiety, and the question arises as to whether there is
more than one type of precursor. The trivial case would be OH-radical-induced damage at the
deoxyribose moiety, followed by immediate as well as delayed base release, phenomeno-
logically similar to what we have previously observed with poly(U) where, however, there are
several kinetic components and deoxyribose radicals are formed by radical transfer from uracil-
OH-adduct radicals. This kind of sequence is doubtful in the case of poly(A). Here, only two
kinetic components, one immediate and one delayed, are in evidence. The latter may be linked
to unstable, altered sugars or adenine hydrates which may also be the precursors of the A-
Fapy.

Compared to the direct attack of the OH-radical at hydroxyl-group-bearing molecules
such as deoxyribose, unaffected by phosphate-ester functions, the presence of such fuactions,
as in DNA, is bound to have an effect on the distribution of the H-atom abstraction reaction at
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the various positions, by activating certain C-H bonds in the sugar moiety while deactivating
others. A number of alkyl and hydroxyalkyl phosphates, being relatively simple model
compounds in this respect, were chosen for this study It is possible to differentiate between
the different positions of attack by examining the reducing (toward tetranitromethane or
nitroaromatic compounds) or oxidizing (toward N,N.N'N'-tetramethylphenylene-diamine)
nature of the resulting radicals. To this effect, the rate and extent of the buildup of a
characteristic spectral absorbance, depending on the probe reagent, is measured by pulse
radiolysis.

With alkyl phosphates, the OH-radical reacts preferentially by H-atom abstraction a to
the phosphate function. The resulting a-phosphatoalkyl radicals are moderately efficient one-
electron-reducing agents toward nitro compounds They react with tetranitromethane by
addition to form transient adducts with absorption maxima near 300 nm. The rate constants for
the decay of these adducts which is reflected by the appearance of the corresponding a-
hydroxyphosphates and of nitroform anion, have been determined by optical and/or electric-
conductance detection. The stability of these tetranitromethane adducts varies considerably
with the chain length (methyl > ethyl > isopropyl) and their number (trialkyl > dialkyl >
monoalkyl) of the substituents. Additional formation of conductance due to proton formation
during or after the decay of the tetranitromethane-adduct radicals is tentatively attributed to
the hydrolysis of the a-hydroxyphosphates. a-Phosphatoalkyl radicals derived from trimethyl,
triethyl, triisopropyl, and diethyl phosphates also react with p-nitroacetophenone, though much
more slowly than diffusion-controlled (k < 5 x 10’ dm’ mol” s™), possibly through adduct
formation, as one-electron reduction of the nitroacetophenone to its transient anion radical was
not observed (witness the absence of its characteristic absorption spectrum in pulse radiolysis).

The rate constants for the reaction of OH-radicals with glycerol-1-phosphate 4 and
glycerol-2-phosphate 5§ have been redetermined by the thiocyanate competition method and
found to be considerably smaller than the values available to date in the literature. Qur values
are 1.4 x 10° dm’ mol™ s at pH 4 (4: k=2.0 x 10° dm’ mol” s™ at pH 8; 1.1 x 10° dm® mol™
s at pH 4; 5: k= 1.6 x 10° dm® mol™* s at pH 8). Using the chemical probes N,N,N’, N'-tetra-
methylphenylenediamine and tetranitromethane, the distribution of OH-attack over the carbon
atoms of the glycerol moiety can be obtained. In contrast to the alkyl phosphates, the a
position is disfavoured in the glycerophosphates. One may therefore say that the tendency to
undergo H-atom abstraction increases along the series -CHR- < -CH(OPO;*)- < -CH(OH)-.
The radical distribution for the glycerol monophosphates is shown in Table 1.
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Table I Relative abundances of carbon-centered radicals formed through H-atom abstraction

by the OH-radical from glycerol-1-phosphate 4 and glycerol-2-phosphate § at the time of their

generation

Compound pH a (%) B (%) ¥ (%)
Glycerol-1-phosphate 4 4 15 35 50
Glycerol- 1-phosphate 4 8 11 39 50
Glycerol-2-phosphate § 8 7 93 -

As in the case of the alkyl phosphates, these a-phosphatoalkyl radicals react with
tetranitromethane by forming transient adducts which have nitroxyl radical character The §-
phosphatoalkyl radicals eliminate inorganic phosphate in a fast process (k > 10° s™). The y-
phosphatoalky! radical undergoes base-catalyzed dehydration (ks = 1 8 x 10’ s at pH 10 6).

In order to obtain further information regarding the mode of action of oxidants on
deoxyribose-centered DNA radicals, the propensities of some model-system «-alkoxyalkyl
radicals to follow the oxidation pathway versus the fragmentation pathway, have been studied.
a-Monoalkoxyalkyl radicals from 1,4-dioxan, tetrahydrofuran, dimethyl ether (all three are
models for 2'-deoxyribose C(4"), as well as the radicals from 1,3-dioxan (model for
deoxyribose C(4') and C(1"), were produced radiolytically in aqueous solution. In the presence
of oxygen, these radicals are converted into the corresponding peroxyl radicals. In the case of
1,4-dioxan, the bimolecular decay of the latter gives rise to 1,4-dioxan-2-one (G value in terms
of 10”7 mol J.;: 0.4), 2-hydroxy-1,4-dioxan (0.4), ethane-1,2-diol monoformate (0.6), ethane-
1,2-diol diformate (2.8), and formaldehyde (0.6), as well as to traces of peroxidic products.
The action of the oxidant 4-nitrobenzonitrile shows some resemblance to that of oxygen in that
the formation of an adduct is observed as well (one might have expected outright electron
transfer to prevail in the case of the nitroaromatic). The adducts are N-alkoxyaminoxyl-type
radicals, which show absorption maxima near 310 am and decay very slowly, with rate
constants in the range 0.4 - 1.0 ™. In contrast, the reaction of the a-dialkoxyalkyi radical from
1,3-dioxan (formed in a proportion of 32%) with 4-nitrobenzonitrile leads to the rapid
formation ot; the radical anion of this nitroaromatic.

The N-alkoxyaminoxyl-type radicals react with ascorbate (k = 2 x 10* dm® mol” s™*) and
show a very low reactivity toward O, (k < 10° dm’ mol” s), but are rapidly reduced by the
radical anion of 4-nitrobenzonitrile (k = 10° dm™ mol s™).

The products from 1,4-dioxan irradiated in the presence of 4-nitrobenzonitrile in N;O-
saturated aqueous solution are 1,4-dioxan-2-one (G value, 0.3), 2-hydroxy-1,4-dioxan (2.5),
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The products from |,4-dioxan irradiated in the presence of 4-nitrobenzonitrile in N;O-
saturated aqueous solution are 1,4-dioxan-2-one (G value, 0.3), 2-hydroxy-1,4-dioxan (2 5),
ethane-1,2-diol monoformate (2 1), ethane-1,2-diol diformate (0 7), formaldehyde (2.1), as
well as 4-nitrosobenzonitrile and other reduction products of the nitroaromatic. The products
can be accounted for on the basis of a fragmentation of the aminoxyl radical by (i) heterolysis
of the (ether)C-ON(aromatic) bond (corresponding to 45% one-electron oxidation of 1,4-
dioxan-2-yl) and (ii) homolysis of the (ether)CO-N(aromatic) bond (corresponding to 55%
formation of 1,4-dioxan-2-oxyl which undergoes further fragmentation). The situation is
similar in the case of the alkoxyalkyl radicals derived from the other substrates investigated.

The results indicate that fragmentation reactions involving the carbon skeleton of
organic radicals are important not only in the case of peroxyl radicals, but that they can also be
induced by nitroaromatic sensitizers. In the living cell, the reduction of the long-lived sensitizer
radical-adducts by compounds such as ascorbate, giving rise to (toxic) hydroxylamine-type
products, may compete with the homolytic or heterolytic fragmentation of the N-

alkoxyaminoxyl radicals.

The radiation-induced formation of malonaldehyde and malonaldehyde-like products in
DNA (oxygenated aqueous solution) is still not entirely understood. These products are
assayed by means of the thiobarbituric-acid (TBA) test, Essentially all of the TBA-reactivity
attributable to low-molecular-weight (DNA-free) material is represented by malonaldehyde,
with no tndication of the formation of any base propenals which, in contrast, in the form of the
thymine and adenine propenals, are the main products of bleomycin/Fe/O; action on DNA. A
considerable part of the TBA-reactive material remains bound to the DNA.

The kinetics of the colour formation in the TBA-assay reveals an interesting
complexity. Oxygen-satureted and N,O/O; (4:1)-saturated solutions behave differently. In O-
saturated solution, the kinetics is practically the same as that observed with malonaldehyde
alone. Since from y-irradiated DNA, the amounts of free malonaldehyde and DNA-bound
TBA-reactive material are of roughly comparable size, the kinetics of the colour formation
would have deviated markedly from the observed first-order behaviour if the DNA-bound
material were reacting as fast as the base propenals do, or as slowly as the material from
monomeric purine deoxynucleosides does. N;O/O, (4:1)-saturated DNA solutions, on the
other hand, while following the same kinetics initially, then show a further increase of colour
formation that continues at a very slow rate, without reaching a well-defined endpoint. This
indicates that here the TBA-reactive DNA-bound products must be different from those under
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O, alone. The suggested explanation is that in Op-saturated solution the superoxide radical
takes part in the transformation of the oxygen-fixated lesions effected by the OH-radical, and
that these products are different from those produced where the peroxyl radicals mainly react
with each other.

In response to the request from a fellow research group also participating in this
network project, we have been glad to supply values of the rate constants for the reaction of
the OH-radical with some DNA model compounds that we have determined or redetermined,

see Table 2.

Table 2. Determination of rate constants for the reaction of hydroxyl radicals with DNA model
compounds. The literature values are taken from G. V. Buxton, C. L. Greenstock, W P
Helman, and A. B. Ross, J. Phys. Chem. Ref. Data, 17, 513-886 (1988)

Substrates k(OH + S) Method Literature values

dm’ mol” s dm’ mol 5™
2-Deoxyribose 23x 107 KSCN 25x10°
Thymine 55x 10’ KSCN 64x10°
Thymidine 51x10° KSCN 46x10°
Thymidine-5’-phosphate 44x10° KSCN 52x10°
2’-Deoxyguanosine 6.7x 10° Buildup kinetics at 520 nm not available
2’Deoxyguanosine-5’- 6.1x10° | Buildup kinetics at 520 nm 68x10°
phosphate
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The following papers have grown out of our work funded under the auspices of the Network

Project

(1) C. von Sonntag Topics in free-radical-mediated DNA damage. purines and damage
amplification - superoxide reactions - bleomycin, the incomplete radiation mimetic. /nt. J.

Radiat. Biol. 66, 485-490 (1994).

(2) C Nese, M N. Schuchmann, S. Steenken, and C von Sonntag. Oxidation vs.
fragmentation in radiosensitization. Reactions of a-alkoxyalkyl radicals with 4-nitrobenzonitrile
and oxygen. A pulse radiolysis and product study. J. Chem. Soc. Perkin Trans. 2, 1037-1044
(1993).

(3) M. N. Schuchmann, M. L Scholes, H. Zegota, and C. von Sonntag. Reaction of hydroxyi
radicals with alkyl phosphates and the oxidation of phosphatoalkyl radicals by nitro
compounds. /nt. J. Radiat. Biol., in the press.

(4) D. Langfinger, R. Wagner, R. Rashid, H-P Schuchmann, and C. von Sonntag. Bleomycin
vs. OH-radical-induced malonaldehydic-product formation from DNA. In preparation.

(5) M. Hess, M. N. Schuchmann, R. Wagner and C. von Sonntag. Radiolysis of 2’-

deoxyadenosine in aqueous solutions - a model for OH-radical-induced purine damage in

DNA. In preparation.
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Head of Project 6. Dr Smith.
I1. Objectives for the reporting period

The objectives have been to exploit thin-film technology in order to carry out charged particle
(proton) transmission measurements in condensed organic materials, in order to verify
experimentally those areas where there are deficiencies in interaction cross sections. Measurements
will be made in the energy range 3 - 15 keV in films of different thickness, to be followed by
comparison with computed transmission factors using up-to-date (TRIM) codes

Methods are to be developed for the detection of ionization charge in such films, as a prelude
towards the determination, in later projects, of W-values in condensed quasi-biological material.

III. Progress achieved, including publications

The intention behind this contribution has been to use nanometre thick organic films, prepared by
the Langmuir-Blodgett (LB) method, as the basis for measuring quantities which have relevance to
the microdosimetry of charge-particle-induced radiation damage. LB films have particular
importance in microdosimetry because they can form condensed, organic films of precisely defined
nanometre thicknesses from a variety of molecules which have biological relevance. In certain
cases these films can be made to conduct charge, thereby leading to the possibility of developing a
new form of dosimetry based on condensed organic material. It is, furthermore, possible to attach
other biological molecules to such films and to form molecular layers of molecules which do not
otherwise lend themselves to the LB technique.

One ultimate goal is to advance the determination of experimental W-values over a range of
charge-particle energies in a number of realistic biological systems. For this, it is necessary to
measure energy loss in the film, as well as to find ways of collecting all the charge produced as a
result of this energy loss. The work done so far is a preparation towards the achievement of this
goal. The first steps have been the selection of precise incident proton energies and beam currents
together with some initial progress towards the development of methods for the collection of
secondary charge. Future activity will be directed towards the analysis of transmitted proton
energy and to the bringing together of those techniques for making simultaneous measurements

Two major objectives have therefore been set in the present work:-

1) the measurement of charged particle (proton) transmission at low energies in condensed organic
systems together with a comparison with the best available codes and

2) a refinement of the techniques for extracting charge produced by incident charged particles in
thin LB films.

In both cases, the novelty of this new methodology has resulted in slow progress because of the
need to produce films of the highest quality. All the technical difficulties associated with the prime
objectives have been overcome during the reporting period. Separate measurements of (1) proton
transmission through unsupported films and (2) charge production in selected thicknesses of
supported films have clearly shown the value of studying these condensed organic materials in the
context of the overall aim of the program, and have pointed the ways forward for future, and more
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sophisticated, measurements In this regard, the original aims of the project have been met Three
areas of activity relating to radiation effects in LB films have been persued.

Proton transmission through nanometre organic films

Protons in the energy range 3 - 15keV were selected with an energy resolution of ~2% from a
spectrum of energies scattered off a heated tantalum foil This beam was then collimated down to a
final diameter of 1.5mm and restricted to a current of < 2nA in order to prevent thermal damage to
the organic LB film samples. Transmitted protons were detected by a Single Channel Electron
Multiplier (SCEM) whose entrance cone was maintained at -2.5kV, and which subtended an angle
at the sample of 27.5 £ 2.5 degrees. The response of the detector was first normalized to the beam
current measured upstream of the energy analyzer.

Multilayer samples of polymerized (12,8) diacetylene were prepared to span a 750 lines per inch
copper mesh. The coverage of the mesh by these films was 100% over an approximately circular
area of diameter ~8mm, i.e. - much larger than the beam diameter. Transmission through film
thicknesses of 21,23 and 25 layers (corresponding to thicknesses of 63, 69 and 75 nm) was
normalized to that through the mesh alone. An unsupported area of film of 25 x 25 um? was
therefore achievable using support mesh wires that were 7 5 pm thick. This gave an open area ratio
of 55%.

Computations of proton transmission through such films was made using the lastest version (1992)
of the TRIM code together with the appropriate geometry and beam parameters used in the
measurements.
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Figure 1. Fractional transmission of protons through unsupported (12,8) PDA films of

thickness 630nm (0), 690nm (A) and 750 (0) nm. Upper curves (open symbols) are TRIM
computations. Lower curves (solid symbols) are experimental results
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Figure 1 shows the significant disagreements between computed and measured values at all
energies except the lowest (3 keV), where the film thicknesses are on the order of the proton
range. Error bars on the measured values reflect the reproducibility of several experimental runs,
while uncertainties in the computed values reflect imprecise knowledge of:

(a) beam spread of the incident beam between final collimator and sample. An increase of 100% in
beam diameter above 1.5mm will increase the solid angle subtended to 32 degrees (from 27.5), and
increase transmission by ~15% at the lowest energy. Any effect will be much reduced at higher
energies.

(b) geometrical solid angles between sample and detector. Errors here could arise because of an
overestimated sensitive area of detector cone which, in any case, cannot be greater than 11.4mm.
Any reduction in the area of the detector will decrease the solid angle and with it, the transmission.
Errors which arise due to (a) and (b) go in opposite directions and would tend to cancel out if both
were present.

(c) proton scatter off the mesh wires after transmission through the film. Typical values of proton
energy loss in the film, as calculated by TRIM, suggests that any such effect of scatter would not
be least at the lowest energy of 3 keV, which is what is observed.

(d) error in the scatter geometry due to attraction by -2 5kV into the detection cone of low energy
protons which would otherwise have remained undetected. Substantial error here would be
corrected by decreasing the experimental transmission, thereby leading to a larger discrepancy
between computed and experimental values.

The estimated magnitudes of corrections (a-d) are therefore not likely to explain the large
discrepancy between measured and calculated transmissions. More important factors are the
following:

(e) deposition of thin carbon, or other organic, deposits due to less-than-UHV vacuum conditions.
Visual inspection of the films after each series of run showed no evidence of either damage or
deposit, although a discolouration was observed many weeks after measurements had been taken.
It was not possible to produce a consistent agreement between the TRIM and experimental results
over this energy range using any thickness, or any likely composition, of a carbonaceous deposit.
However, there is approximate agreement at 3 keV, where the proton range is comparable with the
film thicknesses. Disagreement caused by an increase in the effective thickness of the LB film
system due to any unwanted deposit would be likely to be most pronounced at the lower energies.
This is not what is observed.

(f) the formation of neutral atomic hydrogen by low energy protons on exiting the LB film.
Although the sensitivity of the SCEM towards neutral species is not known, it is likely to be
negligible for slow, ground state hydrogen but could be significant for fast or excited state atoms.
The largest difference between experimental and calculated transmission is observed at about 7
keV and decreases up towards 15 keV but also down towards 3 keV. This effect has to be
considered as a possible reason for the disagreement showing, perhaps, a highest rate of hydrogen
production at 7 keV where the energy on exit is ~ 2 keV.

(g) incorrect low energy cross section data used by TRIM.

The variation in transmission with film thickness provides the most significant difference between
experimental data and TRIM calculations. As the incident proton energy increases above 3 keV,
the TRIM calculations show a decreasing discrimination between thicknesses, while the
experimental data show an increasing effect, even though there is an overall increase in
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transmission with energy in both cases. Since the film thicknesses are incremented by only 8 - 10%
each time, any effects due to possible surface contamination of the films or the production of
atomic hydrogen should be negligible. It is therefore likely that there are some deficiencies in the
cross section data used by TRIM at these energies.

Charge production and transport following energy deposition

This aspect of the project used supported LB films in order to develop the optimum design of
electrodes and electronic amplification needed to reliably record the production of pico-Coulombs
of charge. Irradiation of the films was achieved using a 2.5 MBq source of 24! Am a-particles

Films of (12,8) diacetylene were prepared with thicknesses of 50 layers (150nm) on an insulating
substrate between appropriate electrodes. When polymerized with uv light, the conjugated bonds
made an easy conduction path within the layers. Application of a bias voltage between the
electrodes then enabled charge resulting from energy deposition by an ionizing particle to be
collected.

Figure 2 shows the response to a-particle energies between 5.5 and 3.5 MeV when normalised to
unit solid angle . The larger stopping power at low energies is reflected in a larger charge
production rate in the films, as expected, and encourages the prospect of being able to measure W-
values in LB films by measuring charge production in unsupported films simultaneously with
energy loss.
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Figure 2: Collected current normalised to unit solid angle, from 150 nm of (12,8) PDA
irradiated by a-particles from a 2.5 MBq 2! Am source.

A monomer film of (12,8) diacetylene (DA) will polymerize under the action of both uv and
gamma photons. Estimates of the sensitivity were made using %Co photons for irradiation, and
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optical absorption at 490nm as the indicator of monomer-polymer conversion. For films having
thicknesses 72nm, 144nm and 150nm (24, 48 and 50 layers) the optical density per layer shows a
consistent and quasi-linear increase with absorbed dose up to about 10 kGy, and a more gradual
increase thereafter.

0 006 — — — —
L8 48 o
0 004 L /gf ]
e2s Vg :O/ Le 50
e

Net optical
density/layer

oooz# / 4

0 000 . : ' —
(o] S0 100 150 200 250

Dose (kGy>

Figure 3: Normalized response of (12,8) DA films composed of 24,48 and 50 layers to
89Co y-rays. Optical Density is measured at 490nm.

The sensitivity of (12,8) DA films towards polymerization, as quantified by optical absorption, is
not likely to be sufficient for use as a dosimeter at protection levels (Figure 3) but could find use as
the basis for an industrial or therapy instrument.

Radiation effects in these films for other purposes, however, have been shown to provide
dosimetric data at nanometre levels which are not otherwise obtainable in condensed organic
media.

PUBLICATIONS;

1. "Monte Carlo calculations of radical proximity functions around thermalizung positrons in water
M A Hill and F A Smith, Materials Science Forum 105 1581 (1992)
2. "Calculation of initial and primary yields in the radiolysis of water"
M A Hill and F A Smith, Radiat. Phys. Chem 43(3) 265 (1994)
3. "Is the response of the Fricke dosimeter constant for high energy electrons and photons?"
M A Hill and F A Smith, to be published in Radiat.Phys.Chem (1995)
4. "Consideration of radiation-induced polymerization of diacetylene LB films for dosimetry”
N Mod Ali, C E Tucker and F A Smith, to be published in Thin Solid Films (1995)
5. "Nanometre organic films in the service of radiation dosimetry”
F A Smith, M A Hill, C E Tucker and J Oriel, 10th ICRR (1995)
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Head of project 7: Dr. O'Neill

1} Objectives for the reporting period

1) To establish the yield for the induction of double strand breaks (dsb) in V79-4 and
CHO cells using y- and a-irradiation and to assess their repairability.

2) To assess the influence of radical scavengers on the induction and reparability of
DNA double strand breaks (dsb) by a- and y-irradiation of V79-4 mammalian cells and
its relevance to damage complexity.

3 To determination the yield of DNA- protein crosslinks induced in V79-4 mammalian
cells by a- and y-irradiation to assess the influence of target volume.

4) To compare damage induced in plasmid DNA under various radical scavenger
conditions which mimic the cellular environment.

5) To gain insight into DNA damage induced by ionisation using 193nm light as model for
direct effects of radiation.

These approaches yield information on the complexity of DNA damage and the influence of the
chemical environment {2]. The information is being used to develop models (with MRC (Phys)
and ADPA) to simulate the chemical processes in the development of track structure
modelling.

IIL Progress Achieved, including Publications

These studies have been carried out in collaboration with MRC (phys) who provide the
expertise for a-irradiations of mammalian cells and dosimetry.

() The effects of radiation quality on cellular DNA damage

The radiobiological effectiveness (RBE) for the induction of dsb in V79-4 mammalian cells by
a-particles was established using three different methods for the analysis of dsb, namely
sedimentation, non-denaturing elution and pulsed field gel electrophoresis (PFGE). The
induction of DNA dsb was determined in V79-4 mammalian cells following irradiation by
60Co y-rays or 238Py a-particles (average LET 120 kev um-1) under acrobic conditions. The
induction of dsb was found to be linearly dependent on the dose with the RBE for a-particles
of 0.85 + 0.14 (sedimentation) and 0.68 + 0.12 (elution) compared with 0Co y-rays [1].

A discrepancy which has existed in the literature concerning the RBE for dsb induction by a-
particles has been suggested to reflect the method of dsb determination. The method of PFGE
for determination of dsb induction was set-up to enable access to dose ranges which approach
those used for cellular inactivation. Using the PFGE method [3,10], the RBE for induction of
dsb in V79-4 and CHO cells by a-particles has been verified to be ~ unity at radiation doses of
< 10 Gy. Therefore, the RBE for dsb induction by a-particles is~1 and independent of the
method for assaying for dsb. A possible discrepancy between these findings and those of
Kampf and Eichom is the centrifugation speed and the absence of proteinase k in their lyse
solution so that the DNA may still be associated with protein.
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The tmecourse and extent of rejoining of radiation-induced dsb were determined overa 3 hr
period at 310K following irradiation of V79-4 cells under acrobic conditions. With low LET
radiation, > 90% of the dsb are rejoined within the 3 h repair period. The ability of the cells to
rejoin dsb induced by a-irradiation is significantly reduced with only 30-50% rejoined within 3
hr. With low LET radiation, the kinetics of rejoining is distinctly multi-component whereas
with high LET radiation the majority of dsb rejoining occurs within 1 hr (1,3}.

The RBE for cellular inactivation at the 1% survival level was determined to be 4.0, a value
which is comparable with that obtained from comparison of the residual yields of dsb. From
the Dy-value of 0.68 Gy for a-irradiation, the average number of tracks which pass through
the nucleus is calculated to be 4.7 tracks/lethal lesion. Therefore the average number of tracks
which pass through the cell is significantly greater than the average number of lethal lesions per
cell. Further, based upon the residual yield of dsb at 3 hr it is estimated that ~ 7 residual
dsb/cell nucleus/lethal event, are produced for a-irradiation. Under hypoxic conditions, the
RBE-values for induction of dsb and cellular inactivation (10% level) by a-particles are ~ 3.0
and ~ 11.8 respectively.

It is suggested that the yield of residual damage reflects the lesion severity whereby it has been
hypothcmsed that the clustering of damage from the energy deposition events increases with
increasing LET of the radiation (MRC (phys)). Therefore different types of dsb are produced
whereby chemical modifications of the DNA in the vicinity of the breaks may influence their
subsequent reparability. With a-irradiation, the proportion of these more complex damages is
greater than those produced by low LET radiation [1,3]. Therefore different types of dsb are
produced with differences in the associated damage (base modifications, ssb) in the vicinity of
the dsb.

2)

This study was undertaken to assess the protective effect of dimethyl sulphoxide (DMSO)
against both high and low linear energy transfer (LET) radiations on the induction and
rejoining of DNA double strand breaks (dsb) and inactivation of V79-4 Chinese hamster cells
[4,9]. The cells were exposed under acrobic conditions as monolayers to cither low LET
photons (80Co y-rays) or high LET alpha particles (238Pu) at 277K. Prior to determination of
DNA dsb, it was necessary to establish the effect of additives upon the ability of the cells to
remain as monolayers using confocal microscopy. The effect of DMSO upon V79-4 cells as
monolayer was found to cause the cells to round up from a cell thickness of ~ 5 pm to a
thickness of ~ 14 um but still remain attached. The optimum concentration of DMSO was

established to be 0.5 mol dm-3 since at higher concentrations, the cells detached.

The initial yield of DNA dsbs, determined by clution under non-denaturing conditions, are
linearly dependent on dose. When the irradiation was carried out in the presence of DMSO (0
- 0.6 mol dm"3), the initial yields of dsb induced by both - and o-irradiation decrease. Since
DMSO changes the morphology of the cell, this protection by DMSO with a-particles may be
due to chemical scavenging or dose attenuation. The scavenger, 2-methyl-2-propanol (t-
BuOH), which is ~ 10 less effective at scavenging water radicals was used as the control to
check the effect of morphological changes of the cells. At a low concentration of 0.1 mol dm-

3 of -BuOH, the morphology of the cells is similar to that in the presence of DMSO. From
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the negligible effects of t-BuOH on cell survival , it is confirmed that the effect of DMSO is
chemical protection through scavenging of water radicals, namely OH radicals. With y-

irradiation at [DMSO] > 0.6 mol dm-3, a further decrease in the yield of dsb occurs. DMSO

(0.5 mol dm-3) reduces the initial yield of dsb by (50£5)% and (32+4)% for photons and alpha
particles respectively. DMSO protects more cffectively against cellular inactivation and dsb
induction at low LET compared with a-irradiation with protection factors (P.F.) of 1.7 and 1.4
respectively for survival and 2.0 and 1.5 respectively, for dsb.

After incubation of the irradiated cells for 3h at 310K following high LET irradiation, the
residual yield of dsb is reduced by < 13% (from 70% to 60% of the initial yield) when the
irradiations were carried out in the presence of 0.5 mol dm"3 DMSO. With Y-irradiation in the
presence of 0.5 mol dm™ DMSO, 90% of the dsb are rejoined by 3h incubation at 310K.
Therefore, the non-scavengeable dsbs ( do not involve water radicals to produce the actual
breaks) induced by a-particles are not significantly rejoined within 3h in contrast to rejoining
of the majority of the non-scavengeable dsb induced by y-irradiation. From comparison of the
dsb and survival data for o-irradiation, it is inferred that the damage severity is reduced by
DMSO through minimising the formaton of OH-induced sugar/base modifications in the
vicinity of non-scavengeable dsbs.

It is suggested that only the scavengeable (and less severe) damage is rejoined in the absence of
DMSO and that this component of damage involves the OH radical as a precursor. From a
comparison of the dsb and survival data, these studies give indirect support for the increased
severity of damage induced by a-particles. It is inferred that DMSO reduces the severity of dsb
induced by radiation, especially a-radiation, through minimising the formation of hydroxyl
radical-induced sugar/base modifications in the vicinity of dsbs. These shifts in damage
severity to less complex damage are reflected in the radiosensitivity of the cells to a-
irradiation. These studies raise the question as to whether the changes in the spectrum of
damage severity is subtle and may only involve moderate increases in the number of localised
lesions.

3) P S

It has been proposed from track structure approaches that the critical target volume and the
size of the ionisation cluster increase with increasing LET of the radiation. These studies were
undertaken to assess the induction of radiation-induced DNA- protein crosslinks in V79-4 cells
with ¥- and o-irradiations {5, 6]. This type of damage would represent a target size for the
energy deposition events of 5-10nm. The technique for determination of DNA- protein
crosslinks (DPC) is based upon the nitrocellulose filter binding assay used by Oleinick and co-
workers.

The induction of DPC in V79-4 cells under hypoxic conditions by a- and y- radiation is similar
with an RBE of 0.93 for a-particles as shown in Figure 1. For both radiations the yield of DPC
is reduced in the presence of oxygen with oxygen enhancement ratios (OER) of 0.8 and 0.5 for
¥ and o-irradiations respectively. As shown in Figure 1, the RBE for induction of DPC under
aerobic conditions by a-particles is 0.5. To overcome any problems in the size of DNA
involved in DPC due to dsb, the average size of the DNA attached to the protein was
determined to be ~15kb pairs for both radiations. This size is restricted through shearing and
not the accumulation of dsb.
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Figure 1 The dose dependence for the induction of DPC in V-79 mammalian celis by y- and o-
radiation

Although the yields of DPC under hypoxic conditions are similar for both radiations, oxygen
appears to protect partially against the formation of DPC especially for a-particles. This
reduction occurs for radiations which produce more severe damage. The RBE for a-particle
induction of DPC is in contrast to the RBE values generally determined for cell inactivation,
mutations and several other biological end-points. The mechanism remains outstanding for
their formation although oxygen may act by intercepting the radical species involved in the
formation of DPC , thereby reducing the efficiency for their production. Whether the precursor
radicals to DPC results from species produced on DNA or protein by less severe events
remains an open question. For instance, the yield of single strand breaks, an indicator of less
severe damage, decreases on increasing LET of the radiation.

8y F ion of <l { lesions by radiation - induction of S1 nucl -
s lian cell Sensiave

From our experimental studies and track modelling (MRC-Phys) [1,7,9], high LET radiation is
thought to produce more complex DNA damage. If these more complex DNA damages,
which do not contain a dsb, are partially denatured, it is thought that they may be substrates for
the enzyme, S1 nuclease. These S1 nuclease sensitive sites (sss) may result in an enhanced
level of dsb. Monolayers of V79-4 cells were exposed to ¥- and a-irradiation, lysed and
treated with S1 nuclease to convert sss into dsb assayed by neutral filter clution. With high
LET radiation the dsb yield is increased by ~40% following the S1 nuclease treatment.
Contrastingly, the yield of dsb from y-irradiation is essential independent of S1 nuclease
treatment. It was inferred from these studies [8] that the complexity of DNA damage increases
with increasing LET of the radiation. With a-radiation, base damages associated with other
base damage or ssb on the complementary strand may be converted to dsb. Since the yield of
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base damage is expected to be much greater than that for dsb, it is inferred that only very
severe complex damage is recognised as sss and that less severe clustered damage (e.g.
invoiving base modifications) are not recognised by S1 nuclease.

5)

The induction of DNA dsb and ssb in plasmid DNA under different scavenger conditions has
been determined following y-and o-irradiatdon as shown in Figure 2. At low scavenger
concentrations, the major damage is induced by the OH radical. Evidence for increased density
of clustered events in the aqueous phase is obtained from the lower yield of ssb/Gy with a-
irradiation since fewer OH radicals escape the cluster and become homogeneously distributed
in the solution when compared with y-irradiation. The yield of ssb and dsb decrease on
increasing scavenging capacity of the solution. Increasing the scavenging capacity reduces the
diffusion distance of water radicals. Under conditions of high scavenger concentrations, which
mimic the scavenging capacity of the cellular environment, the ratio of dsb:ssb is greater for a-
irradiations than for y-irradiations as shown in Figure 3. These differences are indirect
evidence for increases in probability that energy deposition events yield a dsb, a very simple
form of complex damage. The RBE for dsb induction by a-particies under conditions that
mimic the cellular environment is ~ unity. The yields of dsb at high scavenger are similar to
those determined in V-79 cells and this similarity adds weight to the assumption on cell
mimetic conditions. Treatment of the radiation damage DNA with S1 nuclease does not lead to
increased levels of strand breakage, indicating that sss are not produced in significant yields.
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Figure 2 The dependence of the yield of ssb (closed symbols) and dsb ( open symbols) on
scavenging capacity for irradiadon of plasmid DNA with ¥ ( squares) and a- (circles)
radiation

The change in DNA damage severity is mirrored in these solution studies and provide a useful
method to examine in more detail damage complexity, a factor which may influence
significantly the efficiency of DNA damage processing.
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Figure 3 The ratio of ssb:dsb on scavenging capacity for plasmid DNA irradiated with ¥-
(open) and a- (hatched) radiation. Tris was used as the scavenger in aqueous solution.

6) Damage induced in DNA by 193nm light- models for direct effects

At present very little information exists on the properties of the species and chemical events
which occur following ionisation of DNA. To simulate ionisation events in DNA and establish
the chemical pathways of the resulting radicals, photo-ionisation of DNA with 193nm light has
been used to model direct events of radiation. These studies give insight into the free radical
chemistry following ionisation and in particular, the potential for oxidised DNA base moieties
to act as precursors to strand breakage.

Irradiation of DNA with 193nm light results in its photo-ionisation involving a monophotonic
process with the formation of a base radical cation and a hydrated electron (¢ p[=0.048-0.065)
[11,12). Although > 50% of the photo-ionisation events initially occur at guanine in DNA,
migration of the ‘hole’ from the other bases to guanine occurs to yield predominantly its
radical cation or its deprotonated form. From sequence analysis, the data reveals that 193nm
light induces single strand breaks (ssb) in double stranded DNA preferential 3’ to a guanine
residue. However it has previously been reported that 193nm light yields very low yields of
ssb (2% of the yield of e’aq). The distribution of these ssb at guanine is non-random,
showing a dependence on the neighbouring base moiety. The efficiency of ssb formation at
non-guanine sites is estimated to be at least one order of magnitude lower. With single

stranded DNA, the ssb occur also preferentially at guanine but the distribution between the
different guanine sites is different to that with double stranded DNA. The preferred cleavage
at guanine is coasistent with migration and localisation of the electron loss centre at guanine.
It is argued that singlet oxygen and the photo-ionised phosphate group of the sugar moiety are
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not major precursors to ssb. At present, the mechanisms of strand breakage is not known
although a guanine radical or one of its products remain potential precursors. Therefore
ionisation of the bases leads to hole migration over a few base pairs with localisation at
guanine predominantly. The guanine species or a product lead with low efficiency to strand
breakage. From these preliminary findings, it appears that ionisation events in the bases lead to
base damage.
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I. Summary of Project and Global Objectives

The common aim of this international research group is “research concerning the best possible
way of specifying radiation quality for radiobiology and radiation protection by a single physical
parameter expressing the track structure”. The quoted definition of the group’s aim can be easily
recognised as an old but urgent target because the application fields of radiation protection and
radiotherapy require a physical parameter which can predict its biological efficiency. That aim is
difficult because the parameters studied in the past, especially the unrestricted LET and the lineal
energy y for a reference volume size of about 1pum, have been proven to be too “rough” to play a
role as indicators of track structure at nanometre level. But nanometre is the scale of the critical
target of radiation effects, as both molecular biology and radiobiological analysis suggest.

The renewal of this old aim was motivated by new ideas which appeared to describe more
adequately the meaningful track parameters at nanometre level (restricted LET and linear primary
ionisation ) The research on the gas detector physics allows to design microdosimetric instruments
able to measure jonisation distributions near the particle track with nanometre resolution and the
recent advances in technology suggests the possibility to develop a nano-dosimeter in condensed
phase. Modern Monte-Carlo codes, are able to simulate the interaction of particles with the matter at
nanometre level. This supports both experimental and theoretical research.

Global objectives of the project concern:

i) to study a gas detector able to measure the ionisation produced by a charged particle in
nanometric volumes in order to validate, on experimental bases, the invariance theorem;

ii) to study the possibility to manufacture tissue-equivalent gas counters able to simulate nanometric
volumes;

iii) to assess the consequences of the assumption of the linear primary ionisation as quality
parameter for radiobiology and radioprotection;

iv) to asses the consequences of the assumption of the restricted LET as quality parameter for
radiobiology and radioprotection;

v) to investigate the feasibility of an absolute dosimeter based on linear primary ionisation as
radiation quality parameter;

vi) to investigate the physical bases of the so called invariance theorem;

vii) to calculate, by using Monte Carlo energy transport codes, the ionisation induced in nanometric
volumes by charged particles of different energy and charge;

viii) to investigate the possibility to measure radical separation at nanometer level by using ESR
technique;

ix) to evaluate existing experimental data and perform new measurements of double differential 8-
electron emission cross-sections in heavy ion atom collisions in order to improve our knowledge
of the physical phenomena which underlie the radiobiological radiation damage;

x) to improve the Jet Counter experimental set-up to performe nanodosimetric measurements (PECO
project).
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Calculations performed have confirmed that the fluctuations of the energy deposition in nanometre-
sized targets traversed by charged particles are peculiar. Long-range &-rays escape from very small

targets, so that the 8-ray contribution to energy deposition is dominated by short-range 8-rays with
energies not larger than about 100 eV. Thus the fluctuations of energy deposition is described by the
Poissonian distribution of the number of the primary particle combined with the energy deposition

distribution of the low-energy 3-rays. Since the low-energy 8-ray component results to be identical
for all types and energies of the primary particle (invariance theorem), the absorbed energy
fluctuations per traversing particle can be described by only one variable, namely the linear primary
ionisation density of the primary particle. Monte Carlo calculations have shown that these findings
are valid for a very wide range of proton energies, namely from few hundred of keV to 100 MeV.

As first step to extend the investigation to solid state targets, calculation have been performed to

simulate d-ray emission induced by ions passing thin foils of low-Z material. Calculations have
been compared with experimental data. Comparison points out that the error induced by the
assumption of gas phase cross-section for simulation of solid state media is tolerable in first order.
These findings suggest that the energies fluctuation peculiarities calculated in nanometre gas targets
could occur similarly in condensed target.

A well-known representative for linear primary ionisation density is the restricted LET, (with A =
100 eV). Therefore calculations have been performed to evaluate the dose-mean values of restricted
LET both for the core and the 8-ray halo of charged particle tracks. Moreover radiobiological data

have plotted against LET .

Averaged values of physical track structure (linear primary ionisation density and restricted LET
included) and microdose parameters, important e.g. in radiobiology, nuclear medicine, high and
low LET radiotherapy, radiochemistry and radiological protection, have been compiled as a ready
reference for use in the interpretation of damage mechanisms and for quantifying radiation effects.
Moreover, from study of quality parameters active at nanometre level, a new interpretation, based
on the primary ionisation density, has been made of the main mechanisms of the radiation action.
Validation has been found in the ability to explain unusual radiation effects. A new system of
unified dosimetry has been suggested and described quantitatively.

As consequence of these calculated data and phenomenological modelling of the radiation action, a
new generation of instruments should be required to assess the radiation risk. However, before of
investing in that, it is necessary to validate on experimental bases the calculation data which support
the thesis that linear primary ionisation density or LET,, are the best parameters to use for the
radiation risk assessment,

Gas detectors have been designed and manufactured to investigate experimentally the ionisation
distributions in nanometric volumes positioned at variable nanometric distances from a charged

particle track. The mean ionisation yield in nanometric volumes around an o-particle track has been
measured. This experimental investigation, which we call track-nanodosimetry, has been performed
with two different detectors and a third detector is under preliminary experimental testing. This
technological effort is due to the necessity to minimise the ionisation spectral distortions due to
boundary effects, like secondary electron emission from detector walls, and due to the statistical
fluctuation in the electronic avalanche inside the counter. The experimental results suggest that it is
possible to perform track-nanodosimetry, with an electron counter, with sensitive volumes as small
as 10-20 nanometres in diameter. For investigating the ionisation track with smaller volumes, a
positive ion counter is necessary.

In the last period of the contract the experimental vatidation of calculated data at nanometre scale has
been enriched by the work performed with a jer-counter-based device. This experimental set-up has
been shown to be able to measure the mean energy deposition in nanometric gas volumes.

Parallel to ionisation measurements in gas devices, the possibility to investigate the track structure in
solid DNA on a nanometre scale has been studied. This approach is based on local electron-spin
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densities measurements. The experimental tools used have been the ESR and the observation of fast
and slow components of the radiophotoluminescence decay.

Finally some basic physics characteristics, on which the future risk assessment monitors will be
designed, have been studied both for scintilator and gas devices. For gas devices, both Monte
Carlo calculations and experimental investigation has been performed to study the behaviour of
electrons in radial electrical fields at low gas pressures. The role of the electrical field gradient has
been understood and a simple analytical model, to take it into account, has been proposed.
Moreover the so-called non-equilibrium behaviours of the electron swarm near the anode and the
cathode walls have been investigated. The findings will allow to design gas devices able to measure
propetly the ionisation created in nanometric volumes by an external radiation field.
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Head of project 1: dr. P. Colautti
II. Objectives for the reporting period

To study a gas detector able to measure the ionisation produced by a charged particle in nanometric
volumes in order to validate, on experimental bases, the invariance theorem.

To study the possibility to manufacture tissue-equivalent gas counters (TEPC) able to simulate
nanometric volumes.

IIL. Progress achieved including publications

We will show hereafter the progress achieved in the two lines of research: study and development
of an experimental set-up able to perform track-nanodosimetry and study of TEPC physics.

TRACK-NANODOSIMETRY

Measuring single ionisation events in nanometric gas volumes is in principle possible with gas
counters. Gas detectors working in pulse mode can measure ionisation distributions. The two main
experimental problems are:

- to measure few electrons, possibly one;

- to obtain the information on the initial position of the electron within a few nanometres of
uncertainty.

INLET
|
550
i :
mm

Figure 1

The last problem is fundamentally related to the diffusion of electrons in gas which depends on the
gas pressure (P) and the path travelled (X). The standard deviation of the diffusion probability

around the electron is given by the relation: o V E_PI -4/ 2 where E/P is the reduced

electrical field. However in microdosimetry we are interested in the simulated lengths rather than in
the real lengths in the gas. Therefore the equivalent diffusion is:

o(nm) = 0.316.D- Eq VX P M

where X (mm) is the length travelled in the gas by the electron, P is the gas pressure in Torr, D is
the diffusion constant in mm for 1 cm of drift at 1 Torr of pressure and Eq is the equivalence ratio
for the gas used, namely Eq:dg((r:—r:ll) at unity of pressure. Equation (1) shows that the detection
precision of the single electron improves by decreasing the gas even if the electron diffusion
increases at low pressures. That means that is a good policy decreasing the gas pressure to perform
track-nanodosimetry. The factor before the squared root in the equation (1) is a characteristic of the
counting gas and its value has a minimum for E/P near to 1 volt /em Torr and it is 2.1 for
propane, 1.5 for methane, 1.4 for the carbon dioxide and 1.2 for DME (dimethylether). That
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means that in order to obtain a position uncertainty of-about 1 nanometre it is necessary to work at
about 1 Torr of pressure or less and with drift lengths of about 1 millimetre.
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Figure 2

Following these considerations we have manufactured the track detector of figure 1. It is made up
of two parts: a small drift region to minimise the electron diffusion and a relative large
multiplication region to get a gain high enough at low pressure. A stainless steel block has been
drilled to obtain a cylindrical cavity of 20.4 mm in diameter. The proportional counter is almost
tangent to the lower side of the block in which a 25 mm long, 1 mm large and (0.5 mm thick slit has
been milled. Through the slit, the multiplication region communicates with the drift region which
is 4 mm deep. Behind there is a 10 mm deep well to trap the scattered electron. An electroformed
mesh of copper with 45 wires per inch and 88% of transparency closes the well and defines the
lower side of the diffusion region; an identical mesh is attached on the upper side in order to
prevent the electrical field distortions due to slit. The particle beam travels at the centre of the drift
region parallel to the slit and it hits a solid state detector, the signal of which opens a coincidence
gate for the proportional counter. The counter pulses are produced by the ionisation events which
are in the region defined by the projection of the slit into the drift region. All the track detector can
be moved in the direction perpendicular to the beam by means of a micrometric screw, so that the
distance between the particle track and the slit can be determined with a precision better than 0.01
mm.

With this detector we measured the ionisation yielded by a **Cm o-particle at different distances
from the track (pub. 1). In figure 2 the measured mean ionisation is plotted towards the mean
distance of the sensitive volume from the particle track. The plot is the sum of three different
measurements made at three different pressures of the propane-based tissue-equivalent gas
mixture. This was necessary because of the relevant electronic noise due to backscatiered and
secondary emitted electrons. The electronic noise in fact increased with R for a given gas pressure,
preventing to measure far from the particle track. By increasing the gas pressure the electron
diffusion changes and the sensitive volume increases, because of that the ionisation fluctuations are
different. Therefore with this detector it was not possible to evaluate the consistency of the data (by
comparing data collected at the same position but with different gas pressures) and the relevance of
the electron diffusion in the measurements

A second detector was manufactured (figure 3). The stainless steel block was dug out all around
the proportional counter. The new counter had a new drift region with an high transparency. The

electronic background due to 3-ray backscattering and to secondary electron emission (SEE) from
the drift region walls was calculated. The calculated data showed that the electronic background
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increases with the distance from the track, as in the previous measurements and in agreement with
the new experimental data, but it was estimated to be less than 7%. The electron noise was in fact
rather low, allowing even for measurements rather far from the particle track (pub. 5). Thanks to
that, it was possible to compare measurements collected at different gas pressures.

Gas inlet -
N

Figure 3

Figure 4 shows the mean ionisation against R for a *Cm a-particle in propane gas at three
different gas pressures. Since the proportional counter gas gain was not known with enough
precision, the data are relative and only the curve shapes are meaningful. The lines in figure 4 are
power best fits of the data. For the two lower pressures the ionisation decreases with the square
root of R, for the highest pressure with a power of R bigger than 2. This suggest that at low
pressure there is a smoothing effect due to the electron diffusion.
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Because of that some features of the experimental curves, like the broad maximum at 10-15 nm at
227 Pa of pressure, are doubtful. Moreover the electronic pulse fluctuations were clearly
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dominated by the electronic avalanche statistics inside the proportional counter rather than by the
absorbed energy fluctuations inside the sensitive volume.

In order to understand better the electron transport in low-pressure gas detectors, we have therefore
opened a collaboration with the research group of P.Segur of the Centre de Physique des Plasmas
of Toulouse. Monte Carlo calculations show that the electrons move not in equilibrium with the
electrical field when they are close to the electrode walls. This phenomenon increases at low gas
pressures. Therefore the electron transmission efficiency through a slit can not be studied by using
only the Einstein's relation about the electron diffusion (on which is based the equation 1). More
sophisticated Monte Carlo calculations are necessary to optimise the detector resolution.

The other problem risen from the data was the very poor energy resolution of the proportional
counter. In order to overtake this problem, we have opened a collaboration with the research group
of A.Breskin of the Physics Department of the Weizmann Institute of Science of Rehovot. A
single-electron counter (SEC) has been manufactured. It is capable of measuring the ionisation
yield by separately counting each single electron, released in the ionisation process. It is free of gas
gain fluctuations of the counter. It can therefore efficiently measure the ionisation yield in
nanometric volumes and its fluctuations. This could also allow for a better evaluation of the SEE
contribution to the ionisation yield and for better data analysis (slit electron transmission efficiency
evaluation, discrimination by spurious events and so on). The SEC will substitute the cylindrical
proportional counter of the detectors in figures 1 and 3.

The SEC (figure 5) consists of a long drift column with a conical part at the bottom, connected
through a small aperture to the SV (sensitive volume). An electron multiplier based on the principle
of a multistep avalanche chamber (MSAC) detects the electrons which arrive one by one at the end
of the column. In figure 5 the SEC and its counting system are sketched. Electrons created within
the SV are collected into the drift volume and diffused under a suitable reduced electric field. Due
to longitudinal diffusion the electrons arrive at the MSAC at different time intervals. The MSAC is
made of four meshes which define three regions of different reduced electric fields: when an
electron arrives at the first region an electronic avalanche is generated, due to the high reduced
electric field. The avalanche is then transferred through the second region, without further
multiplication, into the third region where it is multiplied again. In such a manner a very high gas

gain ( > 106) can be obtained, which allows for an efficient detection of the electron. Other
configurations, which use more meshes, can be used in order to maximise the gas gain and to
minimise the secondary electron emission.

Figure 5
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The final signal from the MSAC has a width of-only a few tens of nanoseconds, therefore two
electrons separated in time by the same order as the pulse width produce avalanches which can be
detected separately with a fast digitizer. A long drift column, in our case 200 millimetres, ensures
good separation by diffusion and therefore high detection efficiency. The column diameter has to
be large enough to minimise the probability of electron loss because of the lateral diffusion. The
column we have manufactured is made of a stack of stainless-steel disks of 90 mm internal
diameter. The 2 mm thick stainless-steel discs are separated by 3 mm insulator discs. The
uniformity of the electric field inside the column is assured by a voltage divider. The electron drift
uniformity assures low electron losses. These are checked experimentally with a UV laser beam
which diagonally crosses the drift column, passing through two holes opened in the drift column
wall. In figure S the electrons created by the laser along its track are plotted versus their arrival
time. The electrons randomly created near the MSAC arrive after about 1 pis and the last electrons,
created near the bottom of the drift column, after about 5 ps. All the electrons created in between
these two extreme positions expand over intermediate time intervals. The plateau, in the counted
electrons against time plot, indicates that, on the average, the same number of electrons arrives per
unit of time, which means that no distortions occurred along the drift path. This experimental test is
able to evaluate even the electron losses due to attachment.

The counting electron efficiency of the SEC depends on the gas used and on its pressure, on the
reduced electrical field of the drift column and on its length. In figure 6 the counting efficiency of a
200 mm drift column is plotted against the initial number of electrons released at the bottom of the
column (pub. 8). The gas was pure propane at 400 Pa of pressure. Figure 6 shows that with low
values of E/p there is a good and constant efficiency up to 15 electrons. That means that the
sensitive volume can not contain more than 15 electrons, otherwise we loose resolution. The SEC
puts an upper limit for the simulated volume and for ionisation density. This limit can be overtaken
by increasing the drift column length or by using a "colder” gas like dimethylether.
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Figure 6

The efficiency of a track-nanodosemeter depends even on the efficiency of collecting the electrons,
generated inside the sensitive volume, through the slit. Figure 4 suggests that the electron
transmission efficiency depends on the gas pressure. Monte Carlo models have been developed to
simulate the electron transmission efficiency trough a slit. Calculations have been compared with
experimental data.

The experiments were made with pure propane at 300 Pa (2.25 Torr). A small quantity of TMAE
under controlled flow conditions was added in order to increase the ionisation yield. Then the
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sensitive volume has been scanned with a Nd-YAG laser beam of 0.5 mm of diameter. In such a
manner, free electrons of 4 eV of energy have been generated along the laser track (pub. 12).
Figure 7 shows the efficiency of transferring electrons through a slit of 6 mm. The agreement with
calculated data is good. The little bit higher efficiency measured inside the slit is probably due to
secondary effects due to TMAE.

The status of art of this experiment suggests that the experimental track-nanodosimetry is feasible
with simulated volumes not smaller than 10-20 nm. At smaller simulated volumes a smoothing
effect occurs, due to non-equilibrium phenomena. The minimum volume, which can be used,
depends on the gas, being close to 20 nm for propane and perhaps close to 10 nm for
dimethylether. These conclusions are qualitative since the work on the detector is in progress.
However this resolution seems to be already enough to check experimentally the so called
"invariance theorem", which states that the ratio between the total ionisation and the primary
ionisation is constant, in volumes less than about 20 nm of size, with respect to charge and velocity
of the primary particle.

This experimental set-up can measure nanodosimetric track features both in the penumbra and in
the core of charged particles. However some limitations come from the upper measurable number
of electrons. When propane gas is used, the track core is open to the experimental investigation
only for protons (E > 200 keV) and alpha particles (E > 1 MeV). These performances can be
improved by increasing the length of the SEC, by using other gases and by substituting the MSAC
with a position-sensitive detector, so that the electrons arriving at the same time, but in different
positions, can be separately measured.
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Figure 7

In order to investigate experimentally the ionisation fluctuation features about a charged particle
track with simulated volumes smaller than 10 nm, another technique is advisable. We have
investigated with Monte Carlo simulations the possibility to measure the ionisation distribution by
counting the single positive ions instead of the electrons (publ.13). This experimental technique,
which will use a differential pumping system to maintain a good vacuum in the ion counter and few
hundreds of Pa in the sensitive volume, looks to be very promising for very small volumes since it
should have a spatial resolution much better than 1 nm.

MICRODOSIMETRY AT NANOMETRE LEVEL WITH TEPCs
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As far as nanodosimetric track features are relevant for the biological radiation action (hence for the
radiation quality), it is necessary to monitor the radiation field with detectors sensitive to
nanometric features. A good monitor of the radiation quality is the tissue-equivalent proportional
counter (TEPC). However in order to simulate nanometric dimensions TEPCs have to work at
very low gas pressures or they have to be very small. In both cases the reduced electrical field
inside the detector is not constant and it reaches very high values.

All the gas gain models, used to describe the electron avalanche inside a TEPC, assume that the
electron swarm is in equilibrium with the electrical field. This assumption was soon recognised to

be valid only for reduced fields of less than few hundreds Volt cm-! Torr-!. TEPCs able to simulate
nanometric dimensions work very beyond this limit; near their anode wires the reduced electrical

field reaches values up to 105 Td (1Td=0.33 V/cm-torr) and the field gradients are very high.

Based on the experimental set-up developed in the previous European project, experimental
measurements about the variation of the gas gain inside a TEPC have shown that the reduced

ionisation coefficient /N does not depends only on the reduced electrical field E/N (pub. 3).
During this project an extensive study has been performed to investigate the features of the electron
avalanche inside a TEPC (pub. 4, 7, 9). First aim was to understand the role of the electrical field
gradient in a TEPC.

The gain of a cylindrical proportional counter at the equilibrium can be written as:

sl
mo . [THD Lo
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where K =
In —

a
¢ and a are the cathode and anode radius respectively, Sq is the reduced electrical field at the

anode surface Sj is the reduced electrical field for which oo/N is zero, oo/N is the reduced
ionisation coefficient and N is molecular density of the counter gas.

0.05 . A . S —
L U .{
K [V] ]
F ]
0.04 194 ]
162 4
129 ]
E 97 4
~ 0.03 ~
M ]
a L J
-1 0.02 I ]

—y

0.01 {
0 " —— N MU | " ——— WU W S ST ﬁ

10? 103 10t

Sa [V/cm Torr]

Figure 8
-1778 -



On the other words, the total gain in a cylindrical gas counter is the integration of the reduced
ionisation coefficient over the avalanche size, which occupies a volume going from the anode
surface to the avalanche limit ry (where the reduced electrical field has the value of Syp). Since the
value of the reduced ionisation coefficient at Sy is zero by definition, the reduced gain is a function
of Sa only: InG/K=f(Sg). However experimental data and Monte Carlo calculations suggest
that the reduced gain depend not only on Sa but even on K.

In figure 8 the experimental data collected with a TEPC (open circles) are plotted against the
reduced electrical field at the anode surface for different K values (pub. 9). The data stay clearly on
different curves; the equilibrium equation (Campion's) gives on the contrary only one curve (thick
line). In order to take into account the experimental data, a new model has been developed which is
in good agreement with the experimental data. In this model ( thin lines in figure 6) the reduced
gain depends on K as it follows:

ing _ L (e_,,s:-x _ e_“s:q)
where M is:
M = ——x(e"*’“ 1)
vy

v, is the effective ionisation potential of the gas, L and m are constants depending only on the gas
used.

Monte Carlo calculations confirm the findings of this model. Therefore in general we can write that
InG /K is a function both of Sa and K, namely: In G/K = f{Sa, K). When the electron swarm
energy depends only on the reduced electrical field and on its gradient, we can say thatitis in a
quasi-equilibrium situation. However near the cathode and anode walls other physical phenomena
take place, which prevent so far the use of simple analytical formulas to describe satisfactorily the
electronic transport inside the TEPC.
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In figure 9 the values which the reduced ionisation coefficient takes at different radial positions
inside a cylindrical proportional counter are plotted against the values of the reduced electrical field
at those radial positions. Symbols are experimental data, thin lines calculated Monte Carlo data and
the thick line points out the expected equilibrium behaviour (pub. 7). The TEPC was filled with a
gas mixture Ar-CH, (90-10); for this gas mixture we know in fact very well the basic physical data
and therefore Monte Carlo data are more reliable. Experimental data could be collected only for low
and intermediate values of E/N. The agreement with calculated data is good (the hooks of the
experimental data at the end of the curves are artefacts due to limitations of the experimental
approach). Both experimental and calculated data were collected at the same value of K.

Clearly the electron swarm does not follow the equilibrium curve. However, since all the data were
taken at the same K value, the data were expected to stay on a single quasi-equilibrium curve. This
is the case indeed, but only for intermediate values of E/N (calculated data between 10° and 10*
Td). That means that the electron swarm is in quasi-equilibrium condition only in the intermediate
region between the cathode wall and the anode wire. Near the two electrodes other non-equilibrium
phenomena occur, because of them the gain depends even on the gas pressure and on S,
independently.

These findings say that the electronic avalanche, when the gas pressure decreases, starts at higher

E/N values than expected at the equilibrium and the gain around the anode wire is higher. On the
other words, in a TEPC working at low pressure the electronic avalanche is more confined than
expected, with respect both to equilibrium and to quasi-equilibrium equations, around the anode
wire.

In this part of the project we aimed to study the physics of a TEPC, in order to design TEPCs able
to simulate properly equivalent lengths less than 1 wm. The analytical model which takes into
account the electrical field gradient, and gives the first quasi-equilibrium equation to calculate the
gas gain, improves considerably the Campion's formula. Experimental work is necessary to
evaluate better the range of validity of this model. The non-equilibrium effects near the detector
boundaries are relevant at very low gas pressure. A further effort is necessary to determine the
physical parameters which govern these effects.
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Head of project 2: Dr. Watt

IL Objectives for the reporting period.  1992-1995.

The overall objectives for improved radiation protection were broad, aimed at determining the
dommant biophysical mechanisms responsible for induction of biological effects n mammalian
cells and to define better quality parameters. The detailed objectives were:

(1) to explore methods of validating the quality parameter ‘the mean free path for linear
primary 1onisation, A’ proposed along with dose-restricted LET, Ly, 1, as a fundamental
descriptor of radiation effects.

(1) to complete a model for biological effectiveness to be applied to ‘umified' dosimetry.
(iii)  to define the desired response for, and explore approaches to the design of, a new
generation of instrumentation to measure the new quantities.

(iv)  to re-appraise the consequences of the results for the current ICRP system of risk
control.

118 Progress achieved including publications.

Fundamental to the success of the program is the establishment of a reliable biological data
base and a compilation of all quantities likely to be required for the analysis of track structure
and radiation quality. Some of these quantities e.g ' the mean free path for linear primary
ionisation’ and the dose restricted LET, Ly, p, are not available in the literature for the range
of radiation types to be analysed.

31 Data-base of radiobiological effects [1].

A data-base has been compiled of survival, transformations, mutations, dicentric chromosomes
aberrations and DNA dsb's induced by 1onising radiations has been compiled for a number of
cell lines. The literature survey is up to 1995. The data-base 1s in two major parts.

@) Physical parameters.

This includes the radiation type and energy at the relevant point of biological impact; the dose
and dose-rate; the appropnate track parameters of dose and track average LET and their
restricted values, B2 , z/B?, charged particle range, -ray maximum energy and maximum
range.

QY Radiobiological data

From the curves of biological effect are determined the: inrtial and final slopes: o (Gy™), B
(Gy® The slopes quoted are as determined by the original authors whenever available,
whereas for other older data linear quadratic fitting is used to determne the initial slope [ ]

3.2 Quantities for the generalised dosimetry of ionising radiations [2-7].

Averaged values of physical track structure and microdose parameters, important e g. in
radiobiology, nuclear medicine, high and low LET radiotherapy, radiochemistry and
radiological protection, have been compiled as a ready reference for use in the mterpretation of
damage mechanisms and for quantifying radiation effects The calculated results are for a liquid
water medium which 1s also a good analogue to soft tissue and light organic media. In the
tables are hsted quantities for electrons, 50 eV to 30MeV; charactenistic K, X-rays from carbon
to uranium; commonly used radioisotope sources of **'Am, *’Cs, ®Co gamma rays and for
continuous X-ray spectra (up to 300kVand for 26MV); Auger electron and beta-emitter
radionuclides including tritium and carbon-14, heavy charged particles having specific energies
of 0.1 keV/u to 1 GeV/u for 74 ion types ranging from protons, deuterons, tritons, “He and
alpha-particles to uranium ions. Aggregate effects in liquid water are taken into account
implicitly in the calculations. Novel methods have been developed to determine mformation at
low velocities where experimental mformation is sparse. Results are presented for
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instantaneous particle energies and for averages over the charged particle equilibrium spectra.
The latter are of special relevance to radiation dosimetry. Quality parameters calculated are B2,
z*/B? , linear pnmary ionisation and the mean free path between 1onisations; LET; track and
dose-restricted LET with 100 eV cut-off, relative vanances, delta-ray energies and ranges; ion
energies and ranges and kerma factors. The microdose quantities of lineal energy and specific
energy and their dose distributions are included. Concentrations of charged particles are given
because of their relevance to estimating indirect effects in radiochemistry. A complete
compilation of the data is to be published by Taylor and Francis (early 1996) to make the
information generally available. Of particular mterest in the present project are the quality
parameters A, and Ly, p

3.3 Preliminaries to modelling.

Prior to modelling, and as a guide to the direction it should take, information was sought
directly from published cell survival data for various biological end-points e.g. inacttvation,
chromosome aberrations, mutations and oncogenic transformations. The approach used was to
extract cross-sections for induction of the specified end-points by tracks 1n the charged particle
equilibrium spectrum generated by the incident radiation field. Use of effect cross-sections
has two distinct advantages: (i) they provide a means of using the tracks as probes to search
for structure within the sub-cellular targets and (ii) they can be expressed as functions of
various possible contenders for quality parameters to determine which best unifies the data for
all radiation types. Furthermore the data for different biological targets can be umified by
taking ratios with respect to the recorded saturation cross-sections thereby providing a means of
grouping all the mformation mto the minimal number of curves.  These results, obtained
solely from the experimental data, provide a clear indication of the quantities and mechanisms
to be used in modelling of radiation effects in a generalised way.  The relevance to
development of a better system of risk control in radiation protection and of the response
functions for the required new related instrumentation are obvious.

Conclusions reached from the analyses are:

1. Radiation quality 1s best expressed in terms of the 'mean free path for primary
ionisation’. Loy  is closely related to this parameter (Harder).
2. Double strand breaks (dsbs) in the intracellular DNA of mammalian cells are the

dominantly important lesion for the end-points of cell inactivation, chromosome aberrations,
mutations and oncogenic transformations

3. There are multiple sensitive sites, identified as DNA segments, amounting to 15-20 sites
at nsk upon a charged particle track traversal of the cell nucieus. The probability of damaging
all sites is an order of magnitude larger for fast heavy charged particles than for electrons -
because of the interplay of particle range and the value of the mean free path for damage
(averaged over the spectrum of equilibrium electrons generated).

4, Action is found to be caused by single tracks, at doses up to several tens of grays.
Consequently the concept of an «D+BD? response has no scientific basis except possibly at
very large doses If it 15 accepted that action 1s due to single tracks, then a mechanism must be
proposed to explain the observation of sigmoid cell survival curves. Repair has been widely
suggested as the explanation for the curved response. For electrons and photons, 1t 1s well-
established that the shape of survival curves 1s dose-rate dependent - attributable to indirect
(scavengable) action. In the present contract, a time-dependent repair capability, linked to the
cell cycle, is hypothesised and is being explored (see section 3.4.3 below).

5. The magnitude of the saturation (‘overkill') effect cross-section for normal mammahan
cells 1s determmed by the projected cross-sectional area of the DNA at nisk multiplied by the
multiplicity factor for segment overlap (see 3 4.4) ie. ~ 50 um? for fast heavy particles and ~ 4
um? for equilibrium electron spectra.
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6. For fast heavy charged particles, delta-rays are found to have almost neglgible effect <
10 per electron.  For slower, heavy particles (Z > 6), in the saturation region, the delta ray
yield becomes so large that the effect cross-section ncreases by up to a factor of three times
the saturation level. However the damage efficiency of an individual §-ray remams at < 10
The reason proposed is that electrons are only efficient at inducing DNA dsbs at the very end
of their range when the mean free path for primary ionisation is near 2nm (~ 100 eV); their
range 1s only a few nm, they have to stop in the DNA and they have to produce two
1onisations which correlate exactly with the double-strands in the DNA. The very smalil
probability of achieving all these requirements is consistent with the < 10™* quoted above.

7. As the 3-rays normally play such a mmnor role and since the ‘mean free path for
primary ionisation' (the zeroth moment of energy transfer) is found to be the optimal quality
parameter it follows that absorbed dose and therefore LET are not relevant parameters for
specifying the direct (unscavengable) effects of ionising rachations. This 1s probably true also
for indirect (scavengable) action because of the combined effects of geometrical proximity, the
line source of radicals, competing reactions, and intrinsic efficiency for single strand breakage
m the DNA.

8. RBE's plotted conventionally as a function of LET are shown to lie on independent
curves for each radiation type and, therefore, it is invalid to draw a single curve through values
of RBE obtamed for different radiation types (and different LET's). In the past it has been
demonstrated that RBE reaches a maximum value, for any fast heavy charged particle type,
when z%p% ~2000.  z%B? is not applicable to siow heavy particles. However this can now be
replaced by the more general rule that maximum RBE for any specified end-point for
mammalian cells, will occur when the net 'mean free path for primary ionisation' is equal to 2
nm. For mean free paths less than 2nm, saturation occurs and so the 8-ray effects discussed
m 6 above for slow particles do not aiter this conclusion.

9. As the effect-crossection 1s an absolute measure of the biological effect for the
irradiation conditions used, hence a system of dosimetry based on the equilibrium charged
particle fluence weighted appropriately for the quality defined in terms of the ‘mean free path
for pnimary ionisation’ will provide a measure of the absolute biological effectiveness. Better
control over the effectiveness of radiation fields of any type should be attamable. RBE's,
quality factors and radiation weighting factors in their present form should become redundant.
10. Consideration of the foregoing conclusions implies strongly that the basic mechanism of
radiation damage to normal mammalian cells is due to the correlation between randomly
produced ionisations spaced at ~2 nanometres along single charged particle tracks in the
equilibrium spectrum with the similarly spaced strands of the intranuclear DNA. A template
action 1s proposed. lonisations at other orientations do not fuifill this requirement and so
absorbed dose and conventional microdosimetry, even at the nanometre level, do not comply
with the requirement although it may be possible to derive approximate adjustments usmg
probability functions. The biological effect is found to depend on the number of such events,
the energy transfer per event (and therefore absorbed dose and LET) plays no role.  On the
basis of the present argument 1t seems unlikely that clustering plays a special role beyond that
found for the singly spaced ionisations, except possibly in the severity of damage at the break.

These resuits are deduced directly from the trend of effect cross-sections derived from analyses
of the extensive literature on cell surviva curvesl.

Modelling the proposed mechanism is of value to indicate methods of testing the conclusions
reached, to provide a scientific framework for specifying strument response functions and
design; for resolving the extrapolation to low doses near environmental levels and to indicate
the direction and requirements for validating a new system of risk control in radiation
protection

1784 -



34 Modelling of Biological Effectiveness. {8,9]

Basically the problem 1s to determme the yield of DNA double strand breaks for single tracks.
Damage is presumed to be caused by direct ionisation, indirect radical action and combined
direct and indirect action.

3.4.1 Direct (non-scavenging) action.

The biological effect cross-section is given as:

oy =05.8(A) ----- )

The meaning of the quantities in equation (1) are gtven in section 3.4 4

3.4.2 Indirect (radical) scavenging action.

The modelling scheme used to determine the indirect contribution to strand damage in the
DNA in mammalian cell nuclet is based on analogy with damage to enzymes in solution.
First the transition of damage from the solid to liquid phases at different concentrations of
enzyme targets (known to be inactivated by single target, single hit kinetics) was investigated.
The respective contributions from direct and indirect action can then be separated. Results
obtained in this laboratory for the mactivation of dihydro-orotate dehydrogenase by Cu K, X-
rays at different doses and dose-rates and for the inactivation of ribonuclease by X-rays of
various LET, for a range of concentrations in solution and in the dry state, have been
supplemented by data taken from the Iiterature. A simple model of the radiation action has
been derived. The cross-section for enzyme inactivation by indirect action, C,,4 , 1s obtamed
by solving the differential rate equations to get:

Opg = OVt Ligg 7.Gx10° - - - - - )

Equation (2) allows for decay of radicals after the end of the irradiation time. o, is the
interaction inactivation cross-section for radicals having mean diffusion velocity v,. t, is the
mean lifetime of radicals = 1/(k,C, gtk;Q) where C, , is the initial concentration of enzyme
targets, Q is a radical scavenger of arbitrary concentration and the k's are reaction rate
constants. G is the value for production of the relevant radicals per 100 eV energy
expenditure in the solution. Ly, 1 is the restricted LET in keV/um averaged over the
equulibrium charged particle field. Equation (2) succeeeds 1n correlating all the data within the
range of concentrations, radical scavenger, and LET tested. Further attentton to dose rate
effects 1s required. From the results, information is obtained on the role of the dose-rate; on
diffusion lengths, on the type of radical predommantly responsible (OH) for the inactivation
and on scavenging of radicals. Since water radicals are thought to be the mamn cause of
indirect damage in mammalian cells it is a simple step to deduce from the enzyme results the
probability of induction of single and double strand breaks in the DNA by making the
assumption that basically the same radical kinetics are involved and then applying Poisson
probabilities Certain parameters are left 'free’ to enable transfer from the enzyme m solution
to the intra-cellular fluid. The results can be tested agamnst reported experimental
measurements of the yields of DNA double-strand breaks.

3.4.3 Repair of damage, U(t/t) function [20].

The duration of the irradiation, the nature of the cell population, whether 1t 1s synchronised or
asynchronised, and the link to the position m the cell cycle are important factors in determming
the shape of the cell survival curve in the present model.  Further study is being pursued to
investigate the vahdity of the proposed function and to extract values for the mean repair times.
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3.4.4 Model for cell inactivation by ionising radiation: probability of double-strand breaks
in intracellular DNA [20].

YO_B = [gd‘b(l) + (—o.;'“—b)2 + 2.8m(l)-(g§.;)]'u(tiltr)
s 5 §
o = [°g,mu'"o'§ I ---0

n, = number of dsb segments at risk per track traversal ( ~ 15 for fast 10ns).

d = mean chord length through the cell nucleus.

R = the mean projected range of the relevant tracks. If R > d, R/d =1 which allows for the
reduced number of DNA segments at risk for 'stopper’ and 'insider' tracks (in
microdosimetry terminology).

Oy pna = the projected area of the intranuclear DNA - varies with cell type.

Og = the saturation cross-section = &, py, Ny R/d

€4(A) = the efficiency of dsb production by direct action.

Ea(A) = e (1-¢! %2 . Ay=1.8 nm and A = mfp for linear primary 1omsation.

(M) = 1-e1%* = efficiency for ssb production by direct action in a single DNA strand.
O, = a.¢"2(1-e™*"). a, is a radical interaction cross-section determined by the diffusion
length. a, is a scavengng efficiency for radicals and a; Ly 4 is the mean number of
reactions with DNA strands.

U(t, / t,) = probability that dsb's remain unrepaired. t, = duration of irradiation; t, = mean
repair time.

3.4.5 Discussion of models [10,29].

An extensive review of the many models of radiation damage was completed, attention
being given to 5 main types: lethal and potentially lethal (Curtis); pairwise lesion
interaction (Harder); cellular track structure (Katz); hit-size effectiveness (Bond and
Varma) and the present linear ionisation model (Watt). Test criteria used for comparison
were, the induced initial slopes and final slopes of the survival curves; the number of
parameters and their meaning, the basic concepts involved. Further mathematical
techniques were applied to enable the calculated results from the models to be compared
on a unified plot to explore deviations from the straight line thereby emphasising regions
of difference and the degree of importance. Fits of the models were made to bench-mark
data to identify the suitability of parameters used and for intercomparison of the models
Comparisons were also made of the first and second derivatives of the calculated survival
curves. The conclusions were not encouraging. Most of the models can fit the
expenimental data by adjusting free parameters. Most of the models are suitable for
interpolative purposes but not suitable for extrapolation to low doses. The linear
ionisation model is selected here because it is derived directly from the experimental
observations and has a repair component. Testing the validity of models has long been
known to be a major problem. Some support for the validity of a model can be found in
its ability to predict and explain unusual dosimetric observations as described below.

With the acceptance that double-strand breaks in the DNA are key lesions, 1t would appear
that a good test for models can now be made against the expertmental data for single and
double strand break production now becoming available.
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3.4.6 Applications as test of validity.

34.6.1 Inverse dose-rate effect [11].

An explanation for the mechanism of the so-called 'inverse dose-rate effect' (IDRE)
observed by (Hill et al in 1982) for transformations in mouse fibroblasts irradiated with
fisston neutrons emerges naturally from the proposed model using A, as a quality
parameter. The effect is attributable to the different degree of damage caused by direct
and indirect action and to the duration of the irradiation linked to the position in the cell
cycle combined with the repair capability. IDRE is expected to occur only for neutrons
and fast heavy charged particles in unsaturated damaging conditions. Consequently it
should not be observed for natural alpha particles at energies near or < 4.0 MeV but
should be seen for accelerated alpha particles Also it is not expected to be detectable for
photon and electron irradiations because the yield of dsb's per track is much lower, repair
is more efficient and therefore the overall effect 1s lost in the statistical errors. Dose-rate
is not directly concerned in the effect. It is the duration of the irradiation that is
predicted to be important combined with the relative proportions of direct and indirect
effects. For low dose-rates , the irradiation time 1s usually extended compared with that
at higher dose-rates. The role of time could be tested by fixing the dose-rate but varying
the irradiation time and expressing the results for equal doses.

34.6.2 Auger electron cascades from incorporated radionuclides and resonance
absorption in bound phosphorus [12,13; 19-21].
Electron-emutting radionuclides, especially those decaying by Auger-electron emission, are
known to be excessively damaging when incorporated into the nuclear component of
mammalian cells. The subject is of considerable topical interest because of the
importance in nuclear medicine as well as the general implications for radiation protection.
Conventional dosimetry is widely recognised as being inadequate to quantify the observed
effects. The claim 1s made that Auger electron emitters such as '*°I exhibit the damage
properties of high LET particles. ~ When the cell survival curves are interpreted using
effect cross-sections 1t 1s found that 7’Br and '**I produce saturation damage thereby
reducing their observed effectiveness which when compared external beam irradiations in
the unified scheme leaves a satisfactory safety factor for radiation protection purposes.
The apparently excessively large effectiveness found in the conventional system is stmply
due to the multiplicity of electrons emutted in the Auger electron cascade, some of which
are in the saturation region (A~ 2nm). These factors are automatically allowed for in the
fluence-based system used here. The efficiency of dsb production per decay due to direct
effects by '’ incorporated into the DNA of mammalian cell nuclei is about 1.25%
In collaboration with Kobayashi et al, two key experiments were analysed n terms of
track structure parameters to obtain mformation on the excesstve damage observed upon
the production of inner shell vacancies at the resonance energy of bound phosphorus and
for bromine incorporated into DNA  The relative damage enhancement factor due to
resonance in phosphorus is 1.32. Additional Auger electron cascade events induced at
resonance contribute about 35% to the total effect cross-section. In the bromine
experiments, the intrinsic effectiveness 1s shown to be less than that for phosphorus  The
effects were adequately quantified by the equilibrium electron fluences generated,
combined with a quality spectfication determined from the net mean free path for linear
pnimary tonisation. This was not possible with conventional dosimetry.
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3.46.3 High LET therapy [14].

Much discussion has ensued on the optimum type of accelerated ion to be used n high
LET particle therapy. From the mechanisms proposed here, the maximum RBE will
always occur when the mean free path for linear primary 1onisation of the charged particle
1s uniquely equal to ~2nm in the cell nucleus. [The corresponding LET's are multi-valued
viz. p, 75 keV/ipm; o, 125 keV/um; 12C, 217 keV/um; *°®Ne, 254 keV/um; “Ar, 340
keV/um}. Consequently the same bio-physical therapeutic advantage will be the same for
any ion type under the foregoing conditions. Other factors to be considered are the
ranges over which the 2nm spacing can be sustained in the cell nucleus and the possible
effects on surrounding healthy tissue of the delta-ray penumbra emitted by slow 1ons in the
region of saturated damage. The delta ray contribution does not alter the position of the
maximum RBE.

34.6.4 Proposed system of risk control for Radiological Protection [18,22,28].

On the basis of the unified system of 'dosimetry' proposed an improved system of 'dose’
limitation based on fluence can be constructed for better risk control. When compared
with the current legally adopted system, points of anomaly emerge e.g. the
inappropriateness of the same ICRP radiation weighting factor of 20 for fast neutrons,
heavy accelerated ions and natural alpha particles. Neutrons at their most damaging can
never be as effective as the most damaging heavy particles, for equal fluences. The
significant differences in effectiveness with photon energy for X and gamma rays and fast
electrons per unit fluence is appropriately quantified. In the case of neutron irradiations,
the evaluation leads to a simple smooth effect curve which harmonises with the histogram
of radiation weighting factors recommended by ICRP making the latter step function
obsolete.

The ICRP nsk coefficients, Rycgp are currently:

1) for radiation workers the risk which corresponds to a dose limit of 20 mSv per year
1s determined from the cancer risk coefficient (Rycgp) of 4x10? Sv! (called the 'nomnal
probability coefficient' by ICRP) to be equal to 20x103x4x? = 8x10™ per year

2) for the general population the dose limit is 1 mSv per year and the cancer risk
coefficient (Rycgp) 15 5%10°2 Sy which corresponds to a risk of 1x103x5x1072 = 5x10°
per year.

Risk factors, Ry per unit fluence, proposed in the new system, are related to the current
ICRP risk factors by .

K_fv'Qv

& Y = RICRP.__’._‘_E.O

B,y
9p

c

@,
an Riycge f,nca -"a,n

o Isﬁv"d) &,n - - - (4)

where K's are kerma factors, Q's are quality factors for the reference radiations, subscript
'c'. Ry , the net risk for a mixed field of photons and neutrons., can be obtained by
substituting the cross-section ratios determined from equation (5).
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3.5  Instrumentation for absolute dosimetry [15,27].
From the cross-sections for inactivation of mammalian cells, empirical response functions
can be dertved in the form:

valid for A> 1.8 nm, where a (~0.34 for photons; 1.84 for heavy particles) and b (~-1.28 for
photons and -1.18 for heavy particles) are constants. This response is obtained directly
from the biological data and is independent of modelling. On the other hand, from the
model, one can conclude that an instrument designed to have an appropriate number of
pairs of sensitive sites (~20) spaced at about two- nanometres and triggered by coincident
ionisations in a pair will have a response equal to the initial damage to a sensitive site in a
mammalian cell.  The response will be independent of radiation type. It is the number
of pairs triggered that appear to matter, not the energy deposition. Initial approaches to
achieving such a detector, within limited available resources, have concentrated on studies
in nanometre depletion layers in n-type MOSFET semi-conductors.

Another device oeing studied utilises the doping concentration of thin scintillators to
achieve the desired spacing of two nanometres combined with mathematical interpretation
of the probability of the approprniate pairs of scintillation centres being triggered. A
feasibility study on the likelihood of success has been published and experimental work is
proceeding.
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Head of project 3: Prof. Harder
Introduction

‘The dose-effect reiationships for all known biological effects of ivnizing tadiation - from long-
known eftects like radiation-induced mutations or cell death up to effects studied more recently
such as cell transformation or change of gene expression - show a well-established common
phenomenon: they depend on , radiation quality", i. ¢. on the composition of the given radiation
field from particles of various types and energies {1, 2]. Consequently, it is generally accepted
that radiation quality has to be accounted for in practical decisions such as the setting of dose
limits for radiation protection or the prescription of target doses in radiotherapy. There is also
common agreement that the key to understand the mechanism(s) causing these influences, and
to quantify these influences more specifically than by the statement of particle types and ener-
gies, has to be found by accounting for the ,track structure®, i. e. the topologic pattern of the
ionizations and excitations produced along the pathes of these particles through matter.

But this general insight is aiready the cssence of what has been commonly accepted. Still not
solved in a satisfying way is the question whether the pattern of energy deposition along par-
ticle pathes can be effectively represented by a widely applicable and commonly acceptable
quamtitanve parameter of radiation quality. Remarkable changes of opinion have recently oc-
curred. The parameter unrestricted linear energy transfer*, L., frequently abbreviated as

~LET*, by which ICRP had characterized radiation quality over many years [3], was criticized
in a common task group report of ICRP and ICRU (4], and a few years {ater ICRP abandoned

its long-standing practice of associating the ,.quality factor”, by which body doses of different
radiation qualities are weighted, with LET [5]. ICRU maintained the Q(LET) approach for the
realm of radiation protection measurement [S]. After this, the community of microdosimetry
has been left with the unsolved question whether some more suitable physical parameter of
particle track structure could be found to do the service in which LET has failed.

Figure l a
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The idea of the present research project, grown during the history of microdosimetry [6], was
10 make a new attempt into the task of finding a commonly acceptable parameter of radiation
quality. There were new, encouraging facts, namely the observation that the important topolo-
gical effects of track structure, such as the proximity between physical energy deposition
events or of the molecular lesions arising from them, are to be sought on the nanometre scale.
This was indicated by the structures of DNA and other biomolecules and was shown specifi-
cally by biophysical experiments with uitrasoft X-rays [7], whose photoelectrons have ranges
of the order of 10 nm, If nanometres were the reievant scale for the track structure pattern to
be resolved, it became immediately clear that the role of the long-range delta rays, which are
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carried away from the path of the primary particie (tite Jtrack core”) over micrometer or even
millimeter distances, had to be reconsidered. The resulting idea was to modify the LET con-
cept by exciuding kinetic energies transferred to delta rays if these energies exceed a cni-off
value A, thus arriving at the definition of restricred linear energy transfer, L (see fig. 1).In
this concept, going back to Burch [8] but left aimost unconsidered for many years, the short-
range delta rays are treated as an integral part of the ,track core®, but the long-range delta rays
are approximetely regarded as if they constitute an independent, superimposed electron radia-
tion field with own values of restricted LET, and their statistical correlation with the primary
particles’ pathes is treated as negligible. It has been the task of the present research project,
which came out of discussions on the symposium on microdosimetry in Rome, 1989, to invest-
igate the implications and the range of applicability of the restricted LET concept [16},

Thus the present report aims at the question whether restricted LET has the desirable proper-
ties enabling it to take over the role left open after the abandonment of unrestricted LET, i. e.
to serve as a physical parameter of radiation quality able to predict the magnitude of effects for
a given dose of any type of radiation. Fortunately, a theoretical background represented by the
sindependence theorem™ and by the regularities of the compound Poisson distribution has been
available, and there has been invaluable help from other members of the EC research project
group coordinated by Dr. Colautti. As we will see, restricted LET is showing the features of a
widely useful physical parameter of radiation quality,

Theory

There is more than one biophysical mode] of the mechanism by which particle track structure
may influence the yield per unit dose of radiobiological effects. The , threshold model requires
a minimum of energy deposition per particle traversal through a target. The ,.interaction” mo-
del makes the efficiency of a particle traversal dependent on the probability of pairwise inter-
action between primary molecular lesions, i. e. of a second order reaction. The model of
Lmultiply damaged sites* attributes enhanced molecular effects to particle traversals with
higher degree of localized molecular damage. These models have in common that the efficiency
of a particle traversal does not simply depend on the mean value, but on the stochastic distri-
bution or , fluctuation” of energy deposition per particle traversal. Even at a low mean value of
energy deposition, the distribution function would attribute some probability to traversals with
sufficiently high amount of energy deposition, for instance due to low-energy delta rays ac-
companying the traversal of high-energy electrons.

Thus, the demand to be put on a useful physical parameter of radiation quality would be to
represent the fluctuation, not only the mean value of energy deposition per particle traversal, It
is long known [9] that the main features of the track structure of an ionizing particle are (1) the
pearl-chain-like sequence of the interactions of the primary particle with matter, whose number
on a given track segment is Poisson distributed, and (2) the branch tracks of the secondary
electrons or delta rays, whose initial energies are distributed according to collision kinematics
(see fig. 1). Therefore, the distribution of the energy deposition in a given target due to a par-
ticle traversal is a compound Poisson distribution, whose variance is given by twg factors, the
mean value of the Poisson distribution of the number of primary ionizations, and the variance
of the energy deposition associated with a delta ray branching off from the spot of a primary
ionization. In a paper of fundamental importance, Kellerer and Chmelevsky [9] have shown
that the latter variance is strongly increasing with increasing maximum energy of the delta rays
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and therefore with increasing energy of the primary particle (see fig. 2). After this analysis, it
appeared hopeless to characterize the whole of the fluctuation of energy deposition per particle
traversal by the single parameter uprestricted LET, and this caused the verdict of the latter by
ICRU 40 [4].

However, Kellerer and Chmelevsky had treated & special geometrical case, namely a target of
laterally infinite width, able to completely reabsorb all delta rays originating from the path of
the primary particle (see fig. 1), and already in their Monte Carlo calculations for varying tar-
get diameters the picture changed. The other extreme, targets with diameters of the order of
ten nanometres, was treated by our group, which was interested in radiation action on biomo-
lecules and had seen the expression of track structure effects of ultrasoft X-rays {7]. For target
cylinders of 10 and 20 nm diameter, our Monte Carlo calculations showed a completely new
reguiarity, namely the independence of the delta-ray fluctuation contribution from the energy
of the primary particle {10]. This striking new feature (see fig. 2) was due to the escape of the
long-range delta rays from the target in which they were generated, so that their influence on
the fluctuation of energy deposition within this target was practically eliminated. The domina-
ting part of the fluctuation of energy deposition per delta ray which now remained was made
up from short-range delta rays compietely reabsorbed in the nanometre target.

This constancy of the delta-ray contribution to the fuctuation of energy deposition in a nano-
metre target meant that the second of the two above-mentioned contributions to the variance
of the compound Poisson distribution, the delta-ray contribution, was rmvariable, so that only
the contribution of the fluctuation of the number of primary ionizations remained as a variable
depending on type and energy of the primary particle. But since the number of primary ioniza-
tions on a given track segment is Poisson distributed, and Poisson distributions have only one
parameter (the mean value), the only remaining variable parameter is their mean number, which
is simply the product of the mean linear primary ionization density and the mean target thick-
ness, Therefore, the specific geometrical feature of nanometre targets, namely the escape of the
long-range delta rays, eliminates the fundamental difficulty treated by Kellerer and Chme-
levsky, and it re-establishes the notion that radiation quality can be described by a single physi-
cal parameter, aithough full account is given to the fluctuation of energy deposition per particle
traversal through the target.
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Initial spectrum of secondary electrons released from water vapor by light ions
of charge Ze and specific cnergy 0.5 - 20 MeV/u [14].

Therefore, the most direct choice of a suitable parameter would certainly be the mean linear
primary ionization density, but we have chosen {0 use a parameter practically proportional to it
[11], the restricted linear energy transfer with a low value of the cut-off energy A, for instance
A =100 eV. Restricted LET does not present difficulties with the definition of ionization which
may arise in the case of non-gaseous materials, furthermore it is well tabulated in applications
of the Bethe theory [12, 13], and it is a known concept introduced already in ICRU 16 {1].
The delta rays with initial kinetic energies exceeding value A are treated as an independent
admixture to the radiation field, which is justified due to their longer ranges. The choice of the
cut-off energy A has to warrant both that restricted LET is closely proportional to linear pri-
mary ionization density, and that the tracks of delta rays with higher initial energies are suffi-
ciently delocalized from their place of otigin; therefore A = 0 would not be a good choice,

But before we embark into practical applications, there is the necessity to check that the con-
stancy of the delta-ray contribution to the fluctuation of energy deposition is a phenomenon of
sufficient generality This important check has been performed in various ways. The main trend
of the spectral cross section for the generation of delta rays is shown in fig. 3. At initial delta-
ray energies below 100 eV the relative spectral shape is practically independent from the
energy (and also from the kind) of the primary particle (. invariance theorem™). That this must
be systematically so is shown by Bethe-type collision theory [15]; the unspecific shape of the
initial spectrum of low-energy delta rays is caused by the mechanism of , glancing collisions"
between the primary particle and the atoms with which it interacts. Furthermore, we have eva-
luated Monte Carlo results from other groups, which had calculated the energy deposition in
nanometre targets, to demonstrate the correctness of our conclusion that there exists a unique
dependence of the energy deposition spectrum per particle traversal on linear primary ionjza-
tion density respectively restricted LET (fig. 4).

We can therefore conciude that, for nanometre targets, the unspecific shape of the spectrum of
the not-escaping, low-energy delta-rays causes the delta-ray contribution to the fluctuation of
energy deposition per particle traversal to be practically imvariamt, so that linear primary ioni-
zation density, respectively restricted LET, remains as the single variable parameter of this
fluctuation and thereby of radiation quality.
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Applications

In order to support the practical use of restricted LET, part of this project was devoted to
supply numerical values of restricted LET and its mean values for given radiation fields, We

started from extensive tabulauons of the track core values Lm "for various jons {13]. The

elta re a
dose-mean values Cioop and Tiap were then calculated and tabulated [17, 18], since
the dose mean is of interest in relation with radiation yields per unit dose, which are linearly
related with restricted LET. The delta particle values were obtained from Monte Carlo
calculations. The resulting restricted LET was calculated as

— care + delta L€ core L dell,
Lioon "("'l]:u: ) Lioe +(1-- _;o_o) Lioo'

Some examples of the resulting values are given in figs. 5 - 7

In order to test the applicability of Liw,p as a parameter of radiation quality, the linear yield
coefficients a for some well-known cellular endpoints (dicentric chromosomes, cell transfor-
mation and vield of DNA. double-strand breaks) were plotted in dependence upon Lagoy, (figs.
8 - 10). According to biophysical theory {16], the slope with increasing restricted LET reflects
intratrack pairwise lesion interaction along the tracks of the primary ions and the long-range
delta rays, while the amplitude of the ordinate intersection reflects LET-independent contribu-
tions such as pairwise interaction along the short-range delta-ray tracks. The linear shape of
these plots - more or less precisely confirmed, dependent on data accuracy - supports the theo-
retical model of pairwise lesion interaction [19), because this predicts the linear dependence of
yield coefficient o0 on dose-mean restricted LET, and simplifies interpolation for other radia-
tions, e. g. for neutrons with any given spectra.
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Conclusions

The long-standing task of representing particle track structure by a single microdosimetric pa-
rameter able to predict RBE values is going to be solved. The reason is that, for particle tracks
traversing nanometre targets, the fluctuation of energy deposition obeys a simple regularity:
Long-range delta rays escape from very small targets so that the delte-ray contribution to
energy deposition is dominated by the short-range delta rays with energies not larger than
about 100 eV. Their initial spectra, however, are almost independent from type and energy of
the primary particle, due to the mechanism of ,glancing collisions“. Thus the fluctuation of
energy deposition per particle traversal is described by a Poisson distribution of the number of
primary ionizations, combined with an energy deposition distribution per low-energy delta ray,
which is identical for all types and energies of the primary particle (invariance theorem).

This permits to describe the fluctuation of energy deposition by e single variable, the linear
primary ionization density or the restricted LET of the primary particle respectively the separa-
tely treated long-range delta ray. For practical applications, tabulations of Lisp have been
prepared, and Licop has been successfirlly used as a parameter to systematize the radiation
quality dependence of the radiobiological yields for certain well-known endpoints. Especially
for neutrons, a clear system for the specification of radiation quality has thereby been deve-
loped, Other endpoints will be analyzed in continuation of this work.

Finally, we should consider the relationship with other proposed methods of quantifying par-
ticle track structure for biophysical purposes. Monte Carlo patterns of inelastic interactions of
ionizing particles of varying type and energy in and around biomolecules such as the DNA, the
nucleosome, the chromatin fiber etc. have repeatedly been compared with product yields such
as the yield of DNA double strand breaks, but the general law behind the dependence of these
yields on particle track structure has not become obvious. The present result, that restricted
LET is the only parameter with which the pattern of these interactions in a nanometre region is
varying, might be helpful to systematize these results.

Another proposal for a parameter which might possess predictive power with respect to the
changes of radiobiological yields with radiation quality is ,Jineal energy” [2]. It is well known
that this parameter suffers from the ,insider artefact if the reference volume is of the usual
order of | um, but there are ongoing attempts to minimize the reference volume down into the
region of tens of nanometres. At this level, lineal energy should converge with restricted LET
| 11] and might well be regarded as its experimental equivalent.
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Head of project 4: Dr. Leuthold

IL. Objectives of the reporting period.

The energy range for the Monte-Carlo calculations of ionisation distributions by single secon-
dary electrons in small nanometer volumes was extended from 10 MeV up to 100 MeV and
from 200 keV down to 10 keV proton energy

IIL. Progress achieved and final report.

Microdosimetric regularities of nanometer regions (E.R. Bartels and D. Harder Rad. Protec.
Dos. Vol. 31 No 1/4 p. 211-215 (1990)) deal with the contribution of secondary electrons and
was formulated in the 'invariance theorem'.

The 'invariance theorem' predicts the independence of some moments of the ionisation
distribution of single secondary electrons in nanometer volumes with proton energy. This
concerns the first moment, i.e. the mean number of ionisations in the target and the ratio of the
second moment of the distribution to the first moment.

Monte-Carlo calculations were performed to simulate the random passage of protons through
small spherical targets with diameters from 2 nm up to 50 nm. The target material is water
vapor. Below 100 keV proton energy the analytical functions given by M.E. Rudd (Rad.
Protec. Dos. Vol.31, p.17-22, (1990)) for the ejection of secondary electrons from different
shells were used. Above 10 MeV the differential ionisation cross sections calculated with a
computer code by B. Senger (B. Senger, Z. Phys. D, Vol. 9, p.79-89 (1988)) were applied.
The proton started uniformly distributed from a circular area of the same diameter as the
sphere. Below 1 MeV proton energy 10000 proton tracks were generated for each sphere
diameter, above 1 MeV 20000 tracks and at 100 MeV 50000 tracks.

From the ionisation distributions the moments were calculated. Figure 1 and 2 show the results
of the calculations for the mean number of ionisations and the ratio of the second moment to
the first moment of the distributions in the proton energy range from 10 keV up to 100 MeV
for sphere diameters from 2 nm up to 50 nm. A constant behaviour can be seen for small
diameters over nearly the whole range of proton energy. For higher target diameters a
systematic deviation is found due to the deminished kinetic energy of the secondary electrons
with decreasing proton energy. Therefore the mean number of ionisations decreases and the
ionisation distributions become narrower. At 10 keV the datapoints coincide independent of
the sphere diameter.

In conclusion, the 'invariance theorem' is fulfilled over a wide range of proton energies and is a
contribution to specify radiation quality at nanometer level by a single parameter (e.g. primary
ionisation). Deviations at lower proton energies play no important role as in this region primary
ionisation is predominant.
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as function of proton energy in spherical targets.
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energy in spherical targets.
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Head of project 5 : Dr. Izzo
I1I.0bjectives for the reporting period

The main objective was study of the track structure in solid DNA on a
nanometer scale by physical techniques which included ESR spectroscopy
optical spectroscopy and electrical conductivity measurements. The
particular focus of research was the relation between the Radiation
Quality and the local spin densities. The local spin densities were to be
investigated by means of spin resonance and by observation of fast and
slow components of radiophotoluminescence (scintillation) decay. The
programme provided for doing the measurements on samples of dried DNA
with light, medium and heavy mass ions as well as gamma rays

III. Progress achieved including publications.
1. ESR Measurements
1.a. General

The group in Rome has based its investigations of track structure on the
measurement of the local quantities, such as the mean path between
ionizing interactions A (as diverse from global quantities), which was
proposed as the single physical parameter expressing the track structure
The experiments particularly dealt with the changes in the properties of
ESR spectral 1lines (shapes, widths and relaxation times). The ESR
techniques complement and supplement the computational and experimental
techniques used by other teams in the group. The use of ESR in studies of
tracks left in solids by heavy charged particles has been expanded and
further developed by us. The technique used by the group in Rome is one
of the ‘post mortem' analyses on an irradiated specimen, when fast
processes following immediately the act of deposition of energy, have run
their courses. What remain are processes characterized by time
constants sufficiently long to be resolved by the available equipment. We
have tried these techniques first on polyethylene, before trying the
natural polymer, DNA.

It is possible to measure the mean spacing of radicals in the cluster
or,in case of heavy ionizing particles 1n which the individual clusters
are overlapping, mean spacing within the track. The ESR investigations
need to be compared and correlated with the results of Monte Carlo
computation of the spatial distribution of radicals as discrete events of
high energy deposition. In Rome there were developed some novel methods
of interpretation of annealing of radicals. Annealing, which can be
closely controlled removes the pairs of radicals, separated by a distance
less than a certain length,selected at will,thus permitting the
experimenter to estimate not only the mean spacing in the cluster but
also the first moment of the interradical spacing distribution. With the
extension 1in the future of the existing set of measurements we hope to
find what law is followed by the radical spacing as a function of
restricted energy loss. Furthermore, the information on the linear free
radical density on a local scale gives an estimate of the indirect action
of radiation, which may interest those who are concerned with the study
of absolute biological effectiveness of radiation.

The cluster sizes were obtained from the measurements of local and mean
spin densitles, because a difference between these two quantities is an
evidence of clustering. We have repeated the measurement of clustering
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for a variety of DNA as well as other materials (nucleotides and
nucleosides). The clustering measurements were poorly reproducible, until
it was found that the dominant factor controlling the changes was amount
of water in the structure of DNA. The sizes of clusters for a given
radiation dose can be used as sensitive probes for the amount of water
molecules attached to the various parts of DNA structure. This discovery
was not pursued, however, because it falls completely outside the scope
of the project.

2. Study of irradiated DNA.

2.a. Materials and methods

Studies were carried out on the formation and disappearance of trapped
radicals and electrons in solid DNA at temperatures of liquid nitrogen
This is important for radiobiology, because of the key-role of DNA damage
for the induction of cancer, for the mutations and for the reproductive
cell death. The DNA was exposed in vacuo at about 90 K to beams of 40 and
60 MeV protons, 40 MeV alpha particles, as well as 1.25 MeV photons. The
bulk radiation doses for charged particles ranged from about 0.05 kGy to
about 0.5 MGy. For y-ray irradiations with 1.25 MeV photons the doses
were contained in the range from about 10 Gy to 50 kGy. The DNA from
herring sperm was dried and moisture content checked by conductivity
measurement according to and also chemically by Karl Fisher method. The
sodium salts of calf thymus DNA and herring testes DNA were also, less
extensively, studied.

The ESR spectrometry of the irradiated DNA and its constituents has been
already studied for many years and we were interested in the ESR spectra
only so far as they provided information on the track structure. The
samples during the irradiation, storage and the read-out were kept at
temperatures slightly above 90 K. In particle irradiations the samples in
form of lightly compressed powder were placed in metal target holders
covered with very thin Havar foll beam window and exposed to accelerator
vacuum. The only contact of 1irradiated material with air was when the
powder was transferred after irradiation to the ESR silica tubes, a
procedure performed manually under liquid nitrogen and lasting 10 - 20
seconds. The silica tubes were then sealed. In y-ray irradiations , on
other hand, the samples remained all time in sealed tubes. Some
measurements were carried out also on frozen wet DNA with an access of
oxygen.

The samples stored after irradiation in liquid nitrogen were read by
an X-band double cavity ESR spectrometer (Bruker ED200) with variable
temperature cavity attachment.

The moisture content of the samples designated as 'dry' was below 2%.
The samples were dried by gentle heating (40°C) in vacuum for at least
three days, sometimes accompanied by ultrasonic agitation.

The ESR readout of radical concentration was done using a dual cavity
and a freshly prepared DPPH substandard for comparison. The substandard
itself was checked against the ruby standard provided by NBS. Corrections
were applied for the nonuniformity of the microwave field, for the changes
in the filling factor and for the nonuniformity of the modulating field
along the cavity height.

2.b. Linewidth determination
It is well known that the radicals are accumulated in local separate
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groupings (clusters) and that with an Increase in absorbed dose the
clusters grow, and are coming closer to each other before they start to
overlap. This is illustrated in Figure 1 which shows the build-~up curves
of local (upper curve) and average (lower curve) spin densities for dry
herring sperm DNA exposed to 40 MeV protons. The average radical density
or bulk density is the total number of free spins divided by the mass of
the sample, while the local density corresponds to the density within the
clusters. The local density can be found from the broadening of the ESR
lines or from the values of characteristic relaxation times Figure 2
shows parts of the build-up curves (average densities only) for wet
frozen herring sperm DNA bombarded with 40 MeV protons. Percentages
indicate the amounts of water. The wet DNA hopefully approximates better
the nucleic acid in vivo than the dry preparation. These curves were
obtained after heating the ice to about 140 K, which procedure eliminates
the OH: radicals. For both dry and wet DNA the signal saturation of
carbon radicals is reached at about 2-10% Gy

The width of the line AH_appears in the graphs as dX . The doses are
correspondingly 5 kGy, 0.2 MGy and 0.5 MGy. The approximate local radical
densities C can be found from C=AH_/k ,where k = 3.3:10-24 [Tesla.cm®]

2.c.Saturation behaviour

The microwave power saturation curves indicate that the dry herring sperm
DNA saturates at the microwave power levels of about 120 mW after proton
irradiation and at 160 mW after y-ray irradiation. This difference may be
Just an experimental error, as the estimated uncertainty of these
determinations is %15 %. Measurement of microwave power saturation levels
in dry herring testes Na-DNA and also in dry calf thymus Na-DNA gave
similar results.

2.d. Thermal annealing of the samples

The 1sochronous annealing curves (2 hrs intervals) were obtained for
herring sperm and for calf thymus varieties of DNA (y-ray dose).In the
herring sperm DNA, after warming from -117 °C to -10°C, the radical
density was reduced 11 times from the initial value. No single Arrhenjus
activation energy could be sensibly attributed to this process of fading.
However, investigations using the data for herring sperm DNA irradiated
with 60 MeV protons in a slightly narrower range of temperatures
indicate that the Arrhenius activation energy changes apparently from
0.52 eV to 0.39 eV. The non-constancy of activation energy eliminates a
possibility of a monomolecular reaction eliminating the radicals (e.g.
auto-fragmentation) and we interpret the process of thermal fading as a
recombination between a pair of radicals originally separated by a few
interstitial distances or, more probably, as a a recombination between a
radical and detrapped electron, the traps having a spectrum of depths

3. Observation of trapped electrons in solid DNA

The electrons are created in abundance during the irradiation, slowed
down and stored, most likely, 1in intermolecular traps. Dry DNA is not a
glass, but most of conclusions, excluding those referring to the trapping
in 1ices, are applicable to dry solids as well. We have observed the
trapped electrons in the irradiated dry and wet species of DNA, using the
ESR as well as an optical detector (PM tube) and observed their release
from traps in the temperature range 390 - 200 K, accompanied by light
emission in the visible part of the spectrum and near UV. It is suggested
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that this 1light emission is associated with the radical-electron
recombination, which leaves in situ a non-radical anion. The electron
trap depth depends upon sample thermal history, which is most likely a
consequence of an initlal broad spectrum of trap depths. The ESR spectrum
of a sample of DNA shows a narrow electron peak superposed on the
spectrum of carbon radicals in DNA. This peak fades with an increase in
the temperature and the activation energy for this process changes with
the radiation dose received by sample.

4 Scintilation monitors sensitive to dE/dx.

4.a. Introduction.

The scintillations produced by charged particles in organic phosphors can
be decomposed into two components, which do not differ in respect of
wavelength of emitted 1light, but which decay according to different
kinetic laws. One of these two components, called the °‘fast', decays
exponentially with a time constant in the range from a few units to about
100 of nanoseconds, depending upon the molecular structure of the
emitter, being almost independent of the initial ionization density. The
second component, which follows, has a decay waveform generally not
exponential. Among the various approximations to the actual shape of
decay I(t) frequently employed is (1)

(1) I = M/ {[1+Alog (14t /t 0 ]=x (1+t/t )

where constants A and M depend upon the scintillator and, to some extent,
also on the nature of the exciting and ionizing particle.

The parameters of the track of the charged particle and the structure of
ionization clusters enter the eq. (1) through the characteristic time t,,
(2)  ta =0.25 r 2/Dy

where r. is mean radius of the particle track and Dy 1s the diffusion
coefficient of molecules of the scintillator in the excited triplet
state. The parameters of the track, specific energy loss, effective
charge of the particle are thus influencing the decay characteristics of
the slow component of scintillations. A very useful summary of dependence
of specific intensities of both components of luminescence on the
stopping power for ions with Z= 1,2 and 7 has been, given by Lopez da
Silva. The ratio of intensities of these components determines the shape
of the scintillation pulse and serves as the base for discrimination
between the signals from heavy charged particles and those of photons or
electrons.
This report describes progress in the development of a scintillation
radiation monitors capable of indicating the flux of heavy charged
particles and their specific energy loss dE/dx. One 1is a ‘direct'
digitizer. The other one, far more complex is based on a single photon
counting principle (SPC) and permits to observe the shape of light pulses
too fast to be directly digitized.

4.b. Technical description of direct digitizer.

For recording of the scintillation waveform a very fast transient capture
system (direct digitizer) has been built. It is based on an Analog-to-
Digital converter, which digitizes the signal from a PM tube and stores
it in Random Access Memory. The conversion starts on arrival of a trigger
signal and continues for 5-10 ps, depending on amount of RAM on board.
After the digitization of a pulse, the data are transferred to the
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computer and eventually reconstructed off line and processed by
decomposition of the sampled decay curve into components. The fastest ADC
tried had a sampling rate of 100 MHz, with the resolution of 8 bits i.e.
4 L accuracy. With a train of samples in 10 ns intervals the computer
resolved the fast and slow decays in naphtalene ( 90 ns and 330 ns
respectively) and was Jjust able to resolve both components in anthracene
(36 ns and 410 ns). The speed of ADC appears sufficient only for the slow
component in many other scintillators. With arrival of faster ADCs (400
MHz sampling rate) a large number of available scintillators will fall
into the range of the instrument. In reconstruction were used the
algorithms for deconvolution and decomposition of Marquardt. The value
dE/dx can be found from formulas and graphs given by Lopez da Silva, if
integrals of both light components are known
4.c. Single Photon Counting Lifetime Measurements
The single photon counting measurement relies on the concept that the
probability distribution for emission of a single photon, following an
excitation event, yields the time dependence of luminescence intensity
arising as a result of the excitation {i.e. particle induced
scintillation. By sampling the single photon emission following a large
number of excitations of scintillation it is possible to construct then
the probability distribution of light emission as the function of time
elapsed after excitation . This 1is done with the help of a time-to-
heightconverter and a multichannel analyzer so that the PM tube is used
solely to determine the instant of arrival of photon at the photocathode
The timing arrangement was that of the 'start' being determined by a Thin
Film Detector (TFD) while the 'stop' was obtained from a PM tube coupled
to the scintillating materisml wunder test.The actual arrtangementof
components was dictated by the need to optimize the timing resolution
(2.6 ns) and the signi-to noise ratio. The stop detector was based on a
fast phototube, it could use a small piece of solid scintillator or a
liquid. The electronic system of the SPC was assembled from NIM modules.
The accumulated spectrum, stored in the memory of computer acting as a
multichannel analyzer, was subject to processing, including shift of time
origin, smoothing and optional deconvolution and, finally, separation
into fast and slow scintillation components

4. d. Experimental Test Of Equipment.

The directly digitized detector was tested with a number of scintillators
including anthracene, naphthalene, a solution of fluoranthene in xylene
and others, including a commercial scintillator NE213. While the slow
component of scintillations could be always digitized and integrated,
particularly under proton and alpha particle bombardment, only for
naphthalene there was a satisfactory resolution of both emissions ,as
liquid scintillators, outgassed and kept under argon were poured into a
small cylindrical silica vessel. The tests were performed with photon
radiations and also with a particles from a #4'Am source. The use of SPC
yielded a number of 1light decay <curves for solid and 1liquid
scintillators. The wuse of SPC provides, at least in principle, an
accurate determination of the both components of scintillation. The
characterization of the radiation is thus possible if the medium has some
scintillating properties, far from being a good scintillator in a sense
used in the technology of detectors

- 1807 -



5.Discussion and conclusions

From the physical point of view it was necessary to find indicators of
action of radiation resulting in a single or multiple ionization within a
sensitive volume of the target. Looking for such indicators we have
chosen formation of radicals, stable on a time scale which permits to
make the measurements. We have assumed that in the conditions prevailing
during the irradiations with unpolarized targets or ©beams the
distribution of radicals has the same form as that of jonizations or
excitations. Radicals sufficiently close together, of the order of
nanometers or tens of nanometers interact between themselves sufficiently
strong bto modify the easily observable ESR spectrum. Being so close
together the radicals themselves are becoming distorted and their
equilibrium shape undergoes change. More information can be made
available with the judicious application of annealing: In annealing the
radicals which are sufficiently close recombine i.e. vanish as entities
detectable by ESR. One should keep in mind that in irradiated DNA and
related compounds electrons are stored in electron traps, which after
release can replace the electron missing from the bond. This type of
recombination process has been 1little studied and requires not only
fulfillment of quantum mechanical conditions but also a penetration of a
potential barrier by tunnelling. By taking the census of radicals before
and after the annealing we had obtained the information on the distances
between the radicals.

The second technique which has been used by the group of Rome was related
to the scintillation method of detecting radiation and and to the process
of energy transfer between the molecules of scintillator .The use is made
of the two components of radiophotoluminescence. The fast or ‘prompt'
component comes from the deexcitation of scintillation solute. The
properties of the scintillator ‘have no time' to be reflected in the
characteristics of 1light emitted as the fast component. According to the
model of mechanism of scintillation of Voltz and Lopes da Silva the ratio
of intensities of prompt (fast) and delayed (slow) components depends
upon dE/dx of the heavy charged particle beam. The quantities dE/dx and X
are closely related. Determination of the A of unknown radiation requires
thus simple measurements of the components of radiophotoluminescence. We
have reported here the work on development of a prototype of a device
which can perform this task.

So far we have reported the work in which only light ions were involved

We were unable to gain access to heavy ion beams during the duration of
the project.
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Head of project 6: Dr. Kraft

I1. Objectives for the reporting period

o Measurement of double differential é-electron emission cross sections in heavy ion atom
collisions. Comparison with theoretical descriptions.

o Development of semi-empirical formulae for emission cross sections with reasonable
accuracy to be used as input to MC calculations.

o MC calculations of radial dose distributions and specific energy deposition in small sites
with theoretical and semiempirical heavy-ion cross sections.

ITI. Progress achieved including publications

o Experimental:

The emission of é-electrons in collisions of heavy ions with atoms and simple molecules
was systematically investigated. Electron production cross sections differential in elec-

tron energy and emission angle were measured using ions from Neon up to Lead with
charges from 7t up to 26%,

¢ Theoretical:

Semiempirical formulae have been developed to describe the double-differential é-electron
emission cross section for collisions of light ions with various noble gas and water vapour

targets. Monte Carlo simulations have been performed using the improved cross sections
as well as theoretical ones.
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Measurements of the S-electron emission in heavy ion atom collisions

The process of electron emission in the intermediate projectile energy range of the UNILAC-
accelerator at the GS/ in Darmstadt ( FRG) have been investigated. The double differential
cross sections, d>c /dE.dS., from heavy ion atom collisions has been measured systematicaily
as a function of the electron emission energy, E. and the electron emission angle, 9., for vari-
ous collision systems. Various projectiles (Ne, Ar, Ni, Kr, Xe, Au, Bi, Pb) and gas targets (He,
Ne, Ar, Xe, SFg, H20, CsHy2) were used. The projectile energy, Ep was chosen in the narrow
range between 5.4 and 6.0 MeV/u. The projectile charge states, ¢, spanned a wide range
from Ne™ up to Pb?*. The energy spectra of the electrons emitted in the heavy ion atom
collisions were collected with two electrostatic hemispherical sector analysers in the energy
range 0.3 < E. < 12 keV. The detectable emission angles cover the range 27.5° < 4, < 145°
with respect to the beam axis.

The experimental results can be described by incoherent addition of Binary Encounter and
Three Body Encounter processes,

Binary Encounter electron emission from collisions with fully stripped ions up to Ar!®+
shows the expected scaling behaviour. The cross sections scale with (Ep/q)? and can be
described with theories like the Impulse Approximation.

For highly charged and partially stripped ions unexpected structures in the double differ-
ential cross sections have been observed. The spectral shape differs considerably from bare
projectiles with the same net charge. An enhancement of Binary Encounter electrons in forward
direction was observed. This dramatic deviation from simple theories like Binary Encounter
Approximation and First Born Approximation were attributed to quantum mechanical inter-
ferences of the scattered target electrons in the screened Coulomb potentials of the projectile
(Rainbow and Glory scattering). Thus, in the case of partially stripped heavy ions (Zp > 10)
colliding with gaseous targets for the electron emission cross sections no simple semi—empirical
formulae could be obtained so far.

The internal structure of the target is of minor importance. Both single and double differ-
ential cross sections scale linearly with the number of target electrons.

The process of Three Body Encounter electron emission can be described as multiple scat-
tering of target electrons in the two centre potential of target and projectile nucleus. It results
in the production of low energy electrons at large impact parameters so that partially stripped
ions can be viewed as a point charge. The Three Body Encounter double differential cross
section can be described by an empirical expression.

Semi-empirical formulae

In addition to the formula derived for the Three Body Encounter electrons semiempirical
expressions were developed to describe the double differential cross section in collisions of
protons and light ions such as helium, carbon, oxygen and neon with He, Ne, Ar and H,0O
targets. They are based on the Binary Encounter Approximation cross sections with semi-
empirical corrections to better describe backward and forward emission as well as the creation
of low-energy electrons. The corrections were fitted to achieve a reasonable agreement over a
wide range of experimental data.

For protons this was done in accordance with Rudd’s recommendations for energy—differential
proton cross sections. The cross sections for helium and heavier ions were then multiplied with
an effective projectile charge according to the Barkas formula.
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The total §-electron cross section can change as much as 50% when going from theoretical
values to semiempirical ones. This is mainly due to the reduction of electrons with energies
below the ionization maximum of water. Hence this would not affect the radial dose distri-
bution very much but it does well influence the mean free path between subsequent primary
ionizations. Therefore the precise knowledge of the §-electron cross section at low electron
energies is of great importance because it enters directly into the probability of primary ion-
ization by the heavy projectile.

MC calculations

Based on the semi-empirical cross sections MC calculations were performed in order to
obtain radial dose distributions. Compared with calculations based on the Binary Encounter
Approximation the differences are about 5-20% at distances of 1nm.

In addition simulations of the specific and dose-mean lineal energy deposition in smail
sites corresponding to sub-micrometer spheres and cylinders were performed as a function of
the distance from the ion path. The results were compared with measurements reported in
the literature. The projectiles comprise protons, Li, Ge and U. The calculations for light ions
reproduce within 20% the observed long-range flat tail caused by far reaching é-electrons. Good
quantitative agreement can also be obtained for very small and zero distance. For the heavier
projectiles large discrepancies of a factor of 2-3 (overestimation at small, underestimation at
large distances) were found that could be attributed to the inaccurately known primary cross
section as well as to potential saturation effects in the detectors at zero distance.

As a first step to extend our investigations to solid state targets additional calculations
have been performed to simulate é-electron emission induced by ions passing thin foils of
low-Z material like carbon. The simulations were compared with §-electron spectra under 42°
after 0.5 and 1.5 MeV/u alpha particle impact reported in literature. Although gas-phase
cross sections are used the quantitative agreement between MC and experiment is quite good.
The improvements in the description of the primary §-electron angular distribution have been
important to make this comparison possible. These findings indicate that the error induced
by the assumption of gas phase cross sections for simulation of solid state media is tolerable
in first order.

Publications

M. Kramer, G. Kraft, Calculations of heavy ion track structure, Radiat Environ Biophys
(1994) 33:91-109.

U. Ramm, Ph.D. thesis, Univ. Frankfurt/Main, 1994.

U. Ramm, Binary encounter electron emission in collisions of highly charged ions with He
gas targets, NIM B98 (1995) 359-362.

U. Ramm et al., Abnormal q%-scaling of electron emission in high energetic argon-helium
collisions, in preparation for J. Phys. B.

U. Ramm et al., Projectile charge state dependence of binary encounter electron emission
in heavy-ion helium-collisions, in preparation for J. Phys. B.
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Head of project 7: Dr. Pszona Stanislaw

IL.

III.

Objectives for the reporting period

To improve the quality of the equipments incorporated in the experimental set up.

To assembly a new modified experimental set up, Jet Counter (JC), for the

nanodosimetric studies.

To study the characteristics of the simulated nanometre sizes in a modified Jet Counter.

To achieve the experimental readiness for two types of the experiments, namely:

- for measuring the delta electron spectra generated by charged particles interacting
with a nanometre site size,

- for deternination of the frequencies of creation of single and multiple number of

ions within the nanometre size sites.

Progress achieved including publications

(Ad 1) Modernization of the Jet Counter

The following basic replacements and modifications were done:

turbo-molecular pump 200 I/s has been installed (which replaced the 2000P type diffusion
pump). By this the “clean vacuum”, which is necessary for the proper functioning of an
electron multiplier “channeltron” has been achieved.

the deflecting electrodes were added to the electron gun for the optimalization of electron
beam position in respect to gas jet.

the PC based multiscaler device was applied which replaced the old inoperative
equipment.

the new power stabilized electronic system for the electron gun was elaborated and
instatled.

All these steps improved the quality of the components and allowed to modity the

experimental set up, for studies the characteristics of simulated nanometre sites and which in the
next period,the basic nanodosimetric experiment will be carry out.
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(Ad 2) Description of the modified Jet Counter

The general idea of JC is explained on Figure 1. A simulated nanometre size, SNS, is
obtained by a short lasting gas jet. The gas jet is created due to pulse operated valve, PZ, which
injects gas from a volume, R, over a valve, trough a nozzle with a 1| mm diameter orifice to an
interaction chamber, IC, placed below a valve. A gas jet instead of constant flow gives higher
instant gas density without disturbing the work of the counting devices and without necessity of
using a pumping unit with high speed. Furthermore, placing the counting devices close to SNS
gives a better chance as compared to previous attempt to handle efficiently the transport of ions
and electrons to the detecting systems. The SNS is adjusted by changing the gas pressure in
volume, R, or as it has been verified during recent experiments by varying the amplitude of
pulse wich control a valve (with constant gas pressure in volume, R). The range of SNS, in unit
density scale, has been determine experimentally by the transmission method applied to known
energy monoenergetic electron beam. It has been shown (1) that the possible range of simulated
nanometre sizes obtained by this technique extend to up to 250 nm.

When a SNS is irradiated by a charged particles, positive ions created within this
nanometre site are directed by an electric field Ew with weak electric field strenght (to avoid
secondary ionisations) toward the another area with Eh where they are accelerated and detected
by a channeltron. The time sequences of the pulses from a channeltron, CH2, are registered by
a fast digitizing osciloscop, D, and than analysed by a PC computer. The ions have to reach the
acceleration area after a time when the gas pressure inside the IC is enough low. For this purpose
the distance between the SNS and a detector of ions, CH2, will be experimentally verified.

(Ad 3) Characteristics of nanometre simulated size

In an experiment, done with JC, the geometrical characteristics of the SNS have been
studied. For this purpose an electron gun, EG, was madified by adding the deflection plates
which make possible to identify the shape of gas jet. The experiment can be explained based on
in Fig.1. The pencil beam of 1 keV electrons travers the gas jet (air in this experiment) and the
transmitted electrons are detected by an electron multiplier “:channeltron®, CHI, and than
recorded by a multiscaler. Because of the pulse character of the gas jet, the electron beam and
a multiscaler are synchronized in time. By deflecting of electron beam with respect to an orifize
of a nozzle and corresponding positioning of a channeltron, CHI, (on Fig.l1 at plane
perpendicular to gas jet stream) the transmission ratio of passed electrons can be found. Based
of such procedure the profile of a gas jet has been found. For simplicity the measurements were
done for air. The results are shown on Fig.2. Horizontal axis - x/d, vertical axis - t/r., where x
is linear deflection of electron beam with respect of the nozzle axis, d - is the diameter of an
orifice of the nozzle, t- is the thickness of air jet and r - is the range of 1 keV electrons in air.
The t/r values are derived from transmission curve of Rao (see references in (1)). As seen from
this figure the air jet has pronounced component straight ahead of a nozzle within two diameter
of the orifice and a “plateau “ for x/d > than 2. This simply means that the jets are expanding
but the total mass of injected gas remain constant. In the next experimental step a system of an
additional diaphragme will be applied to modify the shape of molecular beam to get higher
directional effect.

In a second experiment, the range of SNS around 2 -5 nm, has been investigated in order
to check a method of monitoring such thicknesses. For this purpose 100eV electron beam was
applied for studying an attenuation effect of air jet which was controlled by pressure in R
chamber. The results are seen on Figure 3. for different air pressure in R. From data of Iskef,
range, r, of 100eV electron in air is 0.5 u_cm? (with precision of 25%), this is equivalent to
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5 nm in unit density scale. From the transmission curves, Fig. 3. a ratio of t/r has been
calculated and the thicknesses of air jets for 20, 50 and 100 Torr were calculated to be 2.4 nm,
4 nm and 5.6 nm respectively. This means that with 100eV electrons we can firmly control the
SNS in the range of single nanometre (in unit density scale).

When a pressure of gas in the chamber, R, over the valve is controlled then for known
number of jets the pressure of gas is changing to a new lower value. The resulting p can be
converted to a number of mollecules injected in each jet to interaction chamber, IC. The results
for air gives 3.7 10" molecules per jet, for 1013 hPa of an initial pressure in R. This gives
20 pg per jet. This is the upper limit of mass of gas which correspond to about 250 nm simulated
size. The lower limit is of mass of gas in a single jet can be adjusted on the level of ng and this
correspond to a tenth of nanometre.

(Ad 4) Delta- electron spectra - the experiments with Jet Counter

The delta-rays spectra generated by charged particles especially at the lower part of
electron energy spectra i.e below 100 eV are of special interest for studies the validity of the
“invariance theorem” which has been postulated by D. Harder. The performances of JC for delta
- electron spectra measurements have been tested by scattering experiment of 1000eV
monoenergetic electrons on thick carbon foil. In such experiment, the electron energy analyser
was installed inside a 1C chamber in position of CH1. (see Fig.1). The results is shown on
Fig.4. The experiments with monoenergetic electrons of 700 eV interacting with SNS of 11 and
36 nm have been done and the results reported in (1). Based on these experiments the L, (LET
restricted with locality r) were estimated equal to 15.5 and 14.4 eV/nm respectively. The
experiments with protons is planned in the next framework.

Set up for investigation of the number of ionisations within a nanometre
site

For proper interpratation of the biological effects of ionising radiations of the different
qualities the detailed description of interaction pattern at nanometre sized volumes is of great
importance. At these sub-cellular sized volumes the number of interactions per particle passage
are low, therefore the number of created ions instead of energy deposition have to be
investigated. (1).

A set up as schematically shown on Fig.1 has been assembled for testing as a device for
registration of the ionisations created in SNS by a charged particle. A 1keV electron beam was
used to generate the ionisations in 50nm SNS in nitrogen. The first results have confirmed that
the most critical parameters for such measurements is the efficiency of registrations of ions by
a channelrton CH2. The efficiency of ions counting by a channeltron has been thoroughly
analysed as a crucial for this method because it needs to be close to 100 %. Otherwise the
efficiency for counting a group of n ions will be low according to dependence " where % is
the counting efficiency for counting of single ion. Based on the data of manufacturers of the
channeltrons, around 50% efficiency for a 5keV ions is declared, which means 25% for double
and 12,5 % for triple ions counting efficiency respectively. Therefore in the course of this
investigations the modification as shown on Fig. 5 has been foreseen, which will be tested in the
next phase of the experiment.
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Publications

1. S.Pszona and R. Gajewski, An approach to experimental microdosimetry at the nanometre
scale. Radiat. Prot. Dosim. 52(1-4), 427-430 (1994).
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Figure 1. Schematic view of the Jet Counter; EG, electron gun; CH1, electron multiplier;
PZ, valve; CH2, ion detector; D, digitizer; PC, personal computer.
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Figure 2. The profile of air jet, x/d - ratio of a linear deflection of electron beam from a
nozzle axis to diameter of an orifice; t/r - ratio of thickness of gas jet to range,
1, of electrons.
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Figure 3. Attenuation effects of 100eV electrons by air jets - timing chart, for different air
pressure in volume R above the valve PZ.
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Figure 4. The energy spectrum of scattered electrons from a thick carbon foil irradiated by
1keV monoenergetic electrons. Scattering angle 130 deg.
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Figure 5. The modification of a detecting system for ions, SE - secondary emmission foil,

SSD - silicon pin diode.
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L. Summary of Project Global Objectives and Achievements
Global objectives

@) Identification of radiosensitive individuals both in the normal population and with
known radiosensitive genetic disorders.

(ii) Understanding of the cellular response to radiation.

Achievements

@ The single cell microgel (comet) assay has been successfully employed to demonstrate
individual sensitivity to induction of radiation induced DNA strand breaks in human T-
lymphocytes, and to investigate the role of radical scavengers to counteract strand break
formation. The latter has been achieved by modulation of dietary levels of vitamin C in a panel
of normal volunteers. In addition, radiation induced cytotoxicity and micronuclei have been
assayed to investigate potentially lethal and clastogenic damage to identify radiosensitive in-
dividuals in the normal population as well as ataxia-telangiectasia (AT) heterozygotes. With
respect to AT, evidence has been gained from a panel of 16 probands, their sibs and parents
that mutation frequency in T-cells might be of prognostic value. A collection of radiation
sensitive fibroblast cell lines has been established to investigate the possibility that
chromosome damage can provide an early measurement of individual radiosensitivity. Three
unique radiosensitive individuals have been identified not exhibiting the clinical features of AT.
Analysis of their fibroblasts reveals AT-like radiosensitivity and in one case defective double
strand break rejoining. These individuals probably carry mutations in human genes (different
from AT) which affect radiosensitivity.

In Fanconi anemia (FA) cells an unbalanced cytokine production was demonstrated. In
particular abnormalities in tumor necrosis factor o (TNFo) appear to be a general characteristic
associated with FA and FA heterozygous individuals as revealed from a systematic study in FA
families. The abnormally high production of TNFa is also seen in AT cell lines and might
contribute to the enhanced apoptotic response of FA and AT cell lines. Surprisingly the
induction of apoptosis by radiation was drastically reduced in AT and FA compared to normal
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cells and this was associated with a lack of p53 induction. Altered expression of p53 may
affect genes that regulate genomic stability and therefore be relevant to the phenotype of FA
and AT syndromes.

(ii) Different and complementary strategies have been used in the different laboratories to
study cellular responses to radiation.

A. Cloning of repair genes.

Mammalian genes

Isolation of genes relevant for cellular responses, is indispensible to understand the mechanisms
of radiation sensitivity. During the course of the project a comprehensive set of radiosensitive
mutants has been isolated. These mutants have been used to clone DNA repair genes by DNA
transfection or positional cloning. The human gene correcting the radiosensitive XRS mutants
is located on chromosome 2. Yeast artificial chromosomes (YACs) from this region of
chromosome 2 were isolated and the complementing YAC identified. During the course of this
work a candidate gene (Ku80) mapping to this region, was identified; analysis of human-
hamster hybrids confirmed that Ku80 was consistently present in complementing hybrids.
Expression of Ku80 in XRS cells was shown to complement all the defects characteristic of
these mutants. Taken together these results identify Ku80 as the the product of XRCCS.

Ku 80 is a subunit of the heterodimer Ku protein being the DNA-end binding component of
DNA dependent protein kinase (DNA-Pk). This raises the possibility that either Ku70 (the
other subunit of Ku) or DNA-Pk itself, might be defective in mutants (Ionising Radiation
complementation groups 4,5 and 7) exhibiting a similar phenotype to XRS mutants. Mutants
lacking DNA-Pk activity (complementation group 7) were used to introduce YACS encoding
DNA-Pk: two YACs were able to complement and the results therefore identify DNA-Pk as the
product of XRCC7.

The human gene complementing irs] radiosensitive cells is located on chromosome 7. The
region of chromosome 7 carrying the gene, was mapped and the location of the putative
XRCC2 gene was refined to an interval of 7q36. YACs of these region were isolated and one
YAC was shown to complement.This YAC was used to identify PCR derived c-DNA clones.
which are currently being employed to isolate the gene.

In the yeast S.cerevisiae the RAD 6 gene plays a central role in postreplication repair,
mutagenesis and sporulation. The gene encodes a ubiquitin-conjugating enzyme. Sequence
homology to the RAD6 yeast repair gene has been exploited to clone human homologs
HHRO6A and B. Using a similar approach 7 additional human repair genes were cloned: two
human homologs of the yeast nucleotide excision repair (NER) gene RAD23 (HHR23A and B)
and the human counterparts of the yeast recombination repair genes RADS52 (HHRS2) and
RADS54 (HHR54). Very recently two human homologs of the recombination repair gene rad
21* from the yeast S.pombe were identified and c¢-DNAs cloned. Presently the possibility is
investigated that the HHSR21A gene is involved in the radiosensitive Nijmegen Breakage
Syndrome because the gene maps to a candidate genomic region for this disorder.

The human homolog of the_S.cerevisiae crosslink repair gene PSD2/SNM1 was cloned.
Expression vectors carrying the full lenght c-DNA, are currently used for complementation of
various mammalian mutants defective in crosslink repair.

Yeast genes
Six S.pombe genes have been cloned that prevent cell cycle progression after DNA damage(‘

checkpoint’rad genes). For one of the genes (rad 3) a human homolog has been identified
which is related to, but distinct from AT. Genetic analysis of checkpoint genes has revealed a
complex pathway with many proteins acting in a complex. Analysis of rad24 mutants has
revealed a defect in the spindle assembly checkpoint which links (for the first time) the
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mechanisms preventing mitosis after either DNA damage with inhibition of spindle formation.
The human ERCC6 gene is defective in cells of CS complementation group B shown to be
impaired in the preferential repair of active genes. The high conservation displayed by all NER
genes analyzed to date permitted the identification of the S.cerevisiae homolog of ERCC6
(designated RAD26). In analogy with CS group B rad26 disruption is viable and impairs
transcription-coupled repair, but, in discordance with CS, does not induce any UV-sensitivity.
This suggests that the global genome repair is the major determinant of cellular resistance to
genotoxicity in lower organisms.

The REV2 gene confering resistance to UV and ionizing radiation, was cloned and
characterized. Genetic analysis has revealed pleitropic phenotypes of REV2 mutants.

B. Functional analysis of encoded proteins and identification of proteins in cell free in
vitro systems.

During the course of the project, products of mammalian repair genes involved in NER and
repair of radiation induced damage, have been purified and characterized with regard to
functional domains and interaction with other proteins. The presence of an NER enzyme
complex harbouring the products of ERCCI, and the correcting activities for ERCC4, ERCC11
and XPF gene mutants was demonstrated by an in vitro assay. It is postulated, that this
complex functions both in nucleotide excision repair and recombinational repair and may play
a role in strand incision.

Mutations in ERCC3 and ERCC?2 are responsible for xeroderma pigmentosum group B and D
respectively. Both proteins are part of a multiprotein complex (TF11H) required for
transcription initiation and excision repair. Part of the clinical symptoms of the corresponding
disorders which were difficult to interpret on basis of a repair defect, can now be explained as
the result of a subtle impairment of transcription. Besides XPB and XPD the TFIIH factor
contains an uncloned repair protein implicated in the newly identified TTD-A complementation
group. It was found that the XPB and XPD proteins are responsible for the bidirectional helix-
unwinding capacity of the complex. It is proposed that TFIIH may locally melt the DNA
around the site of the lesion e.g. for loading the NER incision complex onto the DNA
template. The selective association of mutations in TFIIH subunits with the peculiar clinical
features of CS and TTD was further corroborated with the discovery of the first TTD family
falling in the rare XP/CS group XP-B. This supports the idea that subtle transcriptional defects
affecting the expression of a selective set of genes are responsible for the spectrum of CS and
TTD features that lack a rational explanation based on a NER defect. Sofar no clear evidence
has been found for a stable interaction of the CSB protein and known NER and transcription
factors. XP-C cells exhibit the opposite repair phenotype of CS: namely a defect in the global
genome repair pathway. The XP complementation group C protein was found in a very tight
complex with the HHR23B gene product. The HHR23B protein is for a considerable part made
up of a very strongly conserved repeat sequence also present as a C-terminal extension of one
of the ubiquitin-conjugating enzymes. This provides a link between this gene and the ubiquitin
pathway.

In vitro assays using plasmid DNA and cell-free extracts have been developed and employed to
identify proteins involved in the repair of DNA double-strand breaks induced by restriction
enzymes (DSBs). Substrates with homologous ends and non-homologous ends have been
investigated. Using a substrate with homologous ends DSB rejoining is stimulated by an
activity called REP-1 which increases the turnover of the first intermediate of a ligation step.
The REP-1 protein differs from from another ligase associated protein, XRCC1. Recently, the
rejoining of non-homologous ends by mammalian extracts has been demonstrated for the first
time. The rejoining ocurs via different menchanisms involving either direct repeats, or
blunting (or filling) of single stranded overhangs followed by ligation.
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C. Topography of DNA repair.

A reliable quantification of DNA damage is a prerequisite to estimation of risks resulting from
different irradiation conditions and to analysis of repair. Conceivably, DNA sequence and
chromatin structure may affect induction and repair of radiation induced DNA damage. To
analyse the distribution of DSB breaks in the yeast S.cerevisiae and mammalian cells, pulse
field gel electrophoresis and computer analysis of DNA profiles have been employed. Gamma
radiation of yeast and mammalian cells resulted in a random induction of DSB. In contrast,
treatment of yeast and mammalian cells with neutron beams of various energies resulted in
DNA profiles, inconsistent with the random breakage model. A model accounting for the
(nonrandom) occurrence of DSB clusters is in better agreement with the results. The analysis
of DSB repair kinetics in radiosensitive mutants may give hints to the functions of the mutated
genes. In the yeast S.cerevisiae the predominant pathway for DSB repair is homologous
recombination. However, using rad 52 and HDF1 (putative homolog of Ku-heterodimer)
mutants, evidence has been obtained for the presence of additional minor DSB repair pathways
in yeast.

Convincing evidence has been obtained for intragenomic heterogeneity of repair. Two repair
subpathways have been distinguished: a (transcription independent) global genome repair
pathway and a trancription coupled repair pathway specific for lesions (including ionizing
radiation induced damage) in the transcribed strand of active genes. Specific genetic factors
have been identified in both pathways: XP-C cells perform transcription coupled repair only,
whereas CS cells are defective in this repair pathway but proficient in global genome repair.
The contribution of the global genome and transcription coupled repair pathways to the
removal of structurally different UV-induced lesions have been studied in normal, XP-C and
CS cells. The results suggest that the defect in CS relates more to a transcription defect than a
repair defect and that the significance of transcription coupled repair for removal of lesions
depends on the type of lesion and the dose employed. Permeabilized cells have been utilized to
study the role of chromatin structure in UV-induced repair by in vitro reactions. Transcription
and replication activities are tightly associated with chromatin lacking the majority of cellular
proteins. Also the polymerization step of NER is associated with chromatin; the association of
incision activity with chromatin has not yet been demonstrated.

D. Mutagenesis.

The major types of mutations induced by ionizing radiation are large deletions and rearrange-
ments. Analysis of several X-ray and high LET radiation induced mutations in the HPRT gene
indicate that many mutants have lost the whole gene and mapping of breakpoints requires
molecular probes outside the gene. In the case of X-rays, large deletions were formed by
processes of illegitimate recombination. Taken together, the data show a broad distribution of
sizes of deletion for both radiation qualities and suggest that o-particles induce more complex
mutations than X-rays (more data are needed to verify this possibility). Since some of the
deletions extend over a 3 Mb region, a much larger region than previously suspected, the
results confounds predictions suggesting that hemizygous genes such as HPRT cannot detect
very large mutations.

Site-specific breaks were introduced in mammalian cells, by electroporation of restriction
endonucleases and their consequences assessed in survival and mutation assays. AT was shown
to be sensitive reinforcing the view that the defect in this syndrome relates to the processing of
DNA breaks. A similar approach with plasmids in yeast has revealed that radiosensitive
mutants may differ either in efficiency and/or fidelity of DSB repair. To investigate the effect
of radiation on intrachromosomal recombination, experiments are initiated to construct normal
and radiosensitive hamster cell lines containing selectable markers.

Sequence analysis at the deletion breakpoints in spontaneous HPRT mutants in Fanconi anemia
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(FA) cells, revealed features typical for V (D) J recombinase-mediated cleavage and joining.
This suggests that illegitimate recombination may become active in FA pathology.

UV-induced mutations at the HPRT gene have been analysed in repair proficient and deficient
hamster cells. A clear correlation was found between repair phenotype and distribution of
mutations. Furthermore the data suggested that the distribution of mutations was determined by
repair as well as different fidelities of replication of damaged leading and lagging strand.

E. Effects of radiation on cell proliferation and differentiation.

Human keratinocytes were used to identify genes and factors involved in radiation response. A
new family of radiation responsive genes was identified and studied. SPRR genes code for
precursor proteins of the cornified cell envelope, a structure typical for terminally differentiated
keratinocytes and play an essential role in the barrier function of the skin. The expression of
SPRR genes tightly regulated during the maturation of epidermal cells, is disturbed by UV- and
ionizing radiation. SPRR's are small rigid proteins which can form cross-bridges between rather
flexible meshes of crosslinked loricrin molecules. Variations in the concentration of the
different classes of SPRR proteins, which can be dictated by external stress (e.g. radiation),
inflammation, skin aging or tissue inherent factors, determines the rigidity of the cornified
envelope. It is suggested that SPRR's are part of a genetic program which has evolved as a
defence mechanism against environmental stress. Several transcription factors and signal
transduction pathways involved in the regulation of these genes have been identified.

F. Generation of repair deficient mouse models

Using the recently developed technology of gene targeting in mouse stem cells transgenic mice
with mutated repair genes were generated . Although ERCCI mice are viable they have a
severely reduced lifespan (KO <4 weeks, subtle mutant 4 weeks to 6 months depending on the
genetic background). An unexpected feature exhibited by these mice is the high frequency of
poly- and aneuploidy observed in several internal organs. In view of the likely dual
functionality of ERCC1 in NER and in mitotic recombination it is plausible that the unexpected
symptoms are derived from the recombination defect. The mice are extremely sensitive to
genotoxic agents and completely deficient in NER. Mouse models mimicking mutations in
XPB/ERCC3 and CSB/ERCC6 found in XP-B and CSB patients respectively and mice
carrying a defect in HHR6A and 6B genes (postreplication repair), were generated. In addition
mouse models are being generated for the XPD/ERCC2, the HHR23A and 23B genes and the
HHRS52 and 54 (recombination repair) genes.
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Head of project 1: Prof. Dr. Lohman

II. Objectives for the reporting period

L

Topography of DNA repair.

To assess the role of chromatin structure in DNA repair by investigating induction
and repair of structural different DNA lesions in different genomic regions of
mammalian cells and by studying (in vitro) repair of DNA damage in intact chromat-
in.

Molecular analysis of mutations.

To determine spectra of genetic changes at the DNA level in the endogeneous HPRT
and APRT genes in UV-irradiated normal and repair deficient cell lines.

Isolation and characterization of repair deficient mutants.

To expand the collection of repair deficient rodent cell lines and to characterize
mutants with regard to known complementation groups and biochemical defect.
Cloning of repair genes.

II1. Progress achieved including publications

1.

Topography of DNA repair.

It is obvious that the condensed structure of DNA in chromatin may affect the
induction and repair of DNA lesions across the genome. Biochemical methods have
been developed to measure frequencies of DNA lesions as well as repair events in
specific sequences. Our efforts have been focussed on the induction and repair of
DNA lesions in transcriptionally active genes and inactive genes in repair proficient
and deficient mammalian cells. Different assays employing either specific repair
enzyvmes (T4 endonuclease V, UvrABC excinuclease), single stranded DNA specific
enzymes (nuclease S1) or antibodies (anti BudR) have been applied to detect various
DNA photolesions (UV-induced cyclobutane pyrimidine dimers (CPD), 6-4
pyrimidone photoproducts (6-4 PP), DNA single strand breaks (SSB)) as well as
BudR containing DNA in defined sequences. The assay is either based on the cutting
at damaged sites in DNA or on the isolation of DNA fragments containing BudR
labelled repair patches.

In a sertes of experiments we have made a comparison between the repair kinetics of
6-4 PP and CPD in active and inactive genes in human and hamster cells. The results
can be summarized as follows: (i) Both in human and hamster cells 6-4 PP are
induced at 3-fold lower frequency in both active and inactive genes compared to
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CPD; as a consequence repair kinetics of CPD and 6-4 PP are determine at 10 J/m?
and 30 J/m® respectively. (ii) Repair of 6-4 PP occurs faster in active housekeeping
genes (ADA, HPRT, DHFR) than in X-chromosomal inactive genes (Factor IX, 754
gene). Also the rate of repair of 6-4 PP exceeds the rate of repair of CPD, no
preferential repair of 6-4 PP in the transcribed strand of active genes was observed.
Yet it is clear that 6-4 PP are target for transcription coupled repair as under
conditions of defective global repair (i.e. in XP-C cells) 6-4 PP are selectively
removed from the transcribed strand. (iii) Our results strongly suggest that the
significance of transcription coupled repair for removal of DNA lesions depends on
the type of lesions and on the dose employed. At high dose initiation of transcription
is severely inhibited and therefore transcription coupled repair is eiher inactive or very
slow. This implicates that at low doses the contribution of transcription coupled repair
to removal of lesions from active genes becomes much more important. Since
ionizing radiation induced DNA damage is target for transcription coupled repair and
ionizing radiation efficiently inhibits transcription initiation, the effect of transcription
coupled repair on radiosensitivity (as deducted from experiments with relatively high
dose of X-rays) might be underestimated. Sofar not much information is available on
heterogeneity of repair of radiation induced strand breaks in general and the role of
transcription coupled repair. We have explored the specific conversion of single
strand DNA breaks into double strand breaks by nuclease S, (under conditions of high
ionic strength) to measure the induction of radiation induced damage in different
genomic regions. To avoid aspecific breakage as much as possible, preparation of
DNA and enzymatic steps are carried out in agarose blocks. Finally, the DNA is
separated by pulse field electrophoresis and blotted onto membranes. Preliminary
results indicate that DNA damage in cells irradiated with 5 Gy is detectable in the
amplified DHFR locus.

Much of the activities involved in replication and transcription, are compartmentalized
in the nucleus. The coupling of transcription to repair and the organization of
transcription units into 'factories’ by association to a nucleoskeleton, stresses an
important role of nuclear architecture in DNA repair. To study the role of nuclear
architecture in DNA repair we prepared chromatin with preserved structure and
function (replication and transcription) and we analysed the capacity of chromatin to
repair in the absence of added extract. The experiments demonstrate that the repair
synthesis step in nucleotide excision repaire is firmly asociated with chromatin. This
chromatin associated repair activity is not due to transcription coupled repair, but may
reflect the concentration of global repair activity at the nucleoskeleton. With regard to
localization of incision activities the experiments are inconclusive as these activities
are not detected or inactivated in the chromatin even under very mild conditions of
chromatin preparation.

Mutagenesis.

It is conceivable that the accelerated removal of DNA lesions from the transcribed
strand of active genes in mammalian cells has its reflection on mutagenesis. The
molecular nature of mutations induced by UV light has been investigated in HPRT
mutants from various Chinese hamster cell lwith different repair capacities. Among
the HPRT mutants analyzed from repair proficient cells (two cell lines, i.e. V79 and
CHO) all possible classes of base pair changes were present, the majority being
transversions. Since almost all HPRT mutations occur at dipyrimidine sites, it is likely
that they are caused by UV-induced photoproducts (CPD and/or (6-4) photoproducts)
at these sites. In repair proficient cells, over 85% of the HPRT mutations could be
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attributed to lesions in the non-transcribed strand of the HPRT gene. Thus the data on
the strand distribution of mutations in both genes are consistent with the hypothesis
that strand specific repair of CPD in expressed mammalian genes is associated with
strand specificity for mutation induction: the selective removal of CPD from the
transcribed strand of the HPRT gene would account for the presence and the absence
of a strand bias in mutations, respectively. In vivo the selective repair of CPD in the
transcribed strand of the p53 gene in UV-B irradiated hairless mice is in accordance
with the notion that the majority of p53 mutations in skin tumors is caused by
photolesions in the poorly repaired nontranscribed strand.

The absence of global genome and transcription coupled repair results in a dramatic
change in the HPRT mutation spectrum compared to repair proficient conditions as
mutations consist almost solely of GC > AT transitions. The majority of the base pair
changes in repair deficient cells are caused by photoproducts in the transcribed strand
of the HPRT gene. Thus the absence of DNA repair affects the mutation spectrum in
two ways: it alters the types of UV-induced mutations as well as the strand
distribution of mutations. These observations are best explained by assuming that
under repair proficient conditions CPD give the major contribution to mutagenesis,
whereas under repair deficient conditions mutations are mainly caused by 6-4PP
which are known to be highly mutagenic. Nevertheless it is still possible that the
strand bias in HPRT mutations seen in repair proficient rodent cells, is actually due to
strand specific repair of 6-4PP at the low UV-dose used for mutation induction
experiments.

The effect of defective preferential repair on mutagenesis was assessed in the UV-
sensitive hamster cells UV61. The UV-sensitivity in this cell line is complemented by
the human ERCC6/CSB gene which is mutated in CS patients. In UV61 cells repair
of CPD in the transcribed strand of active genes is delayed, a repair phenotype also
observed in the moderately UV-sensitive cell line RH1-26 (complemented by
ERCC2/XPD). But in contrast to the latter, UV-induced mutagenesis in UV61 is
enhanced compared to wildtype cells and strongly biased toward the transcribed
strand. A possible explanation is, that in addition to defective CPD repair, also
removal of 6-4 PP from active genes is delayed. A defect in 6-4 PP repair would be
consistent with the 6-4 PP repair phenotype observed in CS cells.

Isolation and characterization of repair deficient mutants.

A collection of rodent mutants sensitive to DNA damaging agents including UV,
ionizing radiation and cross-linking agents, has been established during the course of
the project. Several X-ray sensitive rodent cell lines have been been isolated and
characterized with regard to complementation group and biochemical defect. Several
of these mutants represented new complementation groups. One complementation
group displays the characteristics of Ataxia telangiectasia (AT) cells (such as
radioresistant DNA synthesis (RDS)) and these mutants (V-C4,V-E5,V-G8) serve as a
hamster model for AT and the Nijmegen Breakage Syndrome (NBS). However by
introducing a single chromosome 11, the region carrying the human AT gene has
been excluded to complement the AT-like hamster mutants. This suggests that these
mutants are not defective in the gene homologous to AT and most likely are defective
in another closely related gene, i.e. NBS. Fusing of the AT-like hamster mutants with
their parental V79 cells showed only partial complementation of RDS but complete
complementation of the radiosensitivity. In contrast to intraspecies hybrids, a full
complementation of RDS as well as radiosensitivity was achieved in hybrids of AT-
like hamster mutants and human cells, suggesting that radiosensitivity and RDS are
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pleiotropic effects of the same afflicted gene.

Another X-ray sensitive Chinese hamster V79 cell mutant (V-C8) which is also
hypersensitive to MMC, shows RDS following v-irradiation a feature of ataxia-
telangiectasia (AT) cells. The mutant turned out to be defective in DSB, but not in
SSB repair. The increased sensitivity to X-rays is accompanied by sensitivity to
several radiomimetic agents. Moreover, spontaneous MMC-resistant revertants show a
normal response to X-ray induced cell killing, suggesting that the observed phenotype
results from a single mutation. These revertants, however, show RDS again suggesting
that RDS and X-ray sensitivity can be complemented independently. Complementation
analysis with mutants belonging to different complementation groups, revealed that
VC-8 is a unique X-ray sensitive mutant.

Cloning repair genes.
In order to isolate the gene complementing the defect in AT-like hamster mutants,
micro cell-mediated chromosome transfer was used. At least 20 independent hybrid
clones between the mutants and each one of the human chromosomes 1,2,4,5,15,17 or
18 were isolated. All hybrid clones remained X-ray sensitive except two hybrids with
chromosome 4 and 15 showing intermediate sensitivity. In situ hybridization revealed
that this partial correction was due to the presence of a mouse chromosome. In the
two hybrids RDS was corrected in the one carrying chromosome 4, but not in the one
with chromosome 15.
Microcell mediated chromosome transfer has been used to correct AT cells. The
radiosensitivity of AT-D (and AT-C) cells was corrected by chromosome 11 only in
spite of the reported correction of AT-D by multiple c-DNAs (mapping to different
chromosomes than chromosome 11). Our findings demonstrate, that for establishing
c¢DNAs as AT candidate genes, chromosome studies are needed to exclude aspecific
correction.
RADS2 group genes in the yeast Saccharomyces cerevisiae are involved in the
recombinational repair of double-strand breaks in DNA. Mutants in this group are
sensitive to ionizing radiation, usually have a block in meiotic recombination and also
show reduced levels of some types of mitotic recombination. The most extreme
phenotype is shown by RADS51, 52 and 54 mutants. To study the evolutionary
conservation of the RADS52 group genes we isolated the RADS51 and RADS54
homologs of the distantly related yeast strain Schizosaccharomyces pombe: rhp51 and
54. Both genes show a remarkable similarity at the amino acid level with their
homologs in S. cerevisiae (69% and 54% identity, respectively). Gene disruption
experiments indicate that rhp51 and 54 are not essential for viability. Both mutants
are extremely sensitive for ionizing radiation. In contrast to_S.cerevisiae rad51 and 54
mutants, the S.pombe mutants also show a strongly reduced survival after UV-
irradiation, suggesting that in this yeast strain part of the UV-damage is removed by
recombinational repair. Degenerated primers based on conserved amino acid
sequences of S.cerevisiae RADS52 and its counterpart from_S.pombe, rad22, were used
to clone part of the mouse RADS52 homolog by RT-PCR. The amplification product
was used to isolate full-length cDNA clones from man and mouse. The identity
between the human and mouse RADS52 homologs is 69% and the overall similarity
80%. The homology of the mammalian proteins with their counterparts from yeast is
somewhat less and primarily concentrated in the N-terminal region. Low amounts of
RADS52 RNA were observed

in adult mouse tissues. A relative high level of expression was obeserved in mouse
testis and thymus tissue, suggesting that the mammalian RAD52 protein, like its
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homolog from yeast, plays a role in recombination. The mouse RADS52 gene is
located near the tip of chromosome 6 in region G3. The human equivalent maps to
region pl3.3 of chromosome 12. Until now this human chromosome has not been
implicated in any of the rodent mutants with a defect in the repair of double-strand
breaks. The presence of RADS52 group homologs in S.pombe and in mammals,
strongly suggest that, at least, part of the recombinational repair pathway in
S.cerevisiae is conserved in evolution. Overexpression of the RADS2 gene in E.coli
has lead to the purification of the protein and the generation of antibodies.

5. Mouse models
Constructs are being made to knock out the RADS52 gene in ES cells to generate
transgenic mice.
The location of the HPRT gene on the X-chromosome prevents the recombinational
events which can result in loss of heterozygosity. In order to be able to detect these
events another marker gene for mutagenesis studies has been selected i.e. the APRT
gene. A transgenic mouse is generated in which one of the two APRT alleles has
been inactivated by homologous recombination.
The HHR23B protein has been shown to be tightly associated with the XP-C protein.
We are currently in the process of generating a HHR23B transgenic mouse to (i)
investigate the phenotype of a defective HHR23B gene and (ii) to cross with the XP-
C mouse.
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Head of project 2: Prof. Bridges
II. Objectives for the reporting period

Identification of radiosensitive individuals

To carry out investigations of A-T variants and other radiation-sensitive
individuals using the single cell microgel assay and other established
techniques.

Cloning of human DNA repair genes

To clone and characterize the hamster xrs (XRCC5) radiosensitivity gene.

To characterize Schizosaccharomyces pombe genes, to study them as models
for human genes, in particular in relation to their involvement in the cell
cycle, and to use them to clone corresponding human genes.

III. Progress achieved including publications

Identification of radiosensitive individuals

(1) Ataxia-telangiectasia (A-T) has remained of considerable interest as the
model for human cellular and clinical radiosensitivity. We have
extended our investigations of the genotype/phenotype interaction to
include a summary of the clinical, clastogenic and cellular (for both
fibroblasts and T-lymphocytes) sensitivity, and the mutation frequency
to 6-thioguanine resistance in circulating T-cells for a panel of 16
probands, their sibs and parents. While none of these features was
strongly prognostic, the mutation frequency gave indications that it
might prove of value. Our recent contribution to the cloning of the
ATM gene has shown the utility of these combined clinical, cellular
and molecular studies in revealing the nature of the human gene
defect which generates the dramatic radiosensitivity.

(2) Other Specific Instances of Radiosensitivity:

(a) 180BR is a fibroblast cell line derived from a leukemia patient who
died from radiation morbidity following radiotherapy. He did not
have the clinical features of A-T, and although his cells showed a
level of sensitivity similar to A-T, they could be distinguished
from A-T by the absence of radiation resistant DNA synthesis - a
cellular diagnostic of the syndrome. We have shown that the
fibroblasts are severely defective in the repair of radiation induced
double strand breaks and chromosome damage. This individual
represents the first case of a human defective in this mode of
repair.

(b) 290BR is a cell line derived from a second radiosensitive leukemia
patient with a similar clinical response but who did not succumb.
The fibroblasts have an A-T like level of radiosensitivity and
defect in radiation resistant DNA synthesis. He is not thought to
be an A-T patient as defined clinically and genetically. He may
thus well represent a second distinct entity from A-T as far as
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radiation sensitivity is concerned. There is no defect in the repair
of double strand breaks or interphase chromosome damage.

() XP14BR is a culture developed from a xeroderma pigmentosum
patient from complementation group C who reacted badly to
radiotherapy. These cells are A-T like in the level of
radiosensitivity but have normal radiation resistant DNA
synthesis. We have successfully introduced in the full length XP-
C gene by DNA transfection into an SV40 immortalised cell line
and corrected its UV sensitivity but not its ionising radiation
sensitivity. We may thus have identified another human gene(s)
for radiosensitivity.

Following an intensive search for ionising radiation sensitivity in
other XP cell lines we have confirmed only one such instance in a
fibroblast culture from XP3BR, which belongs to complementation
group G. Cellular heterogeneity was demonstrated when T-cells
and a B-cell derived lymphoblastoid line from this patient were
shown to have a normal radiation response.

(3) General Studies

(a) The establishment of a panel of radiation sensitive fibroblast cell
lines of unique origin has made it possible for us to demonstrate
the possibility that chromosome damage, as detected on FISH
analysis, can provide an early measure of individual
radiosensitivity.

(b) We have used the single cell microgel "Comet' assay to
demonstrate individual sensitivity to the induction of radiation
induced single strand breaks and the importance of radical
scavanging levels in its repair.

Cloning of DNA repair genes
(1) Mammalian genes

A positional cloning strategy has been utilised to clone the gene
defective in the radiation sensitive hamster xrs mutants. The first step
of this approach involved the identification of chromosome 2 as a
complementing human chromosome. The complementing gene was
then sub-localised to the region 2q33-35, and a complementing human-
hamster hybrid constructed, which contained less than 5 Mb of human
DNA. Using a variety of procedures, yeast artificial chromosomes
(YACs) from this region of chormosome 2 were isolated and a YAC
contig constructed, which spanned the region of human DNA present
in the complementing hybrid. The next stage of our cloning strategy
involved the identification of a complementing YAC. However, a
candidate gene mapping to this region was identified, and analysis of
the hybrids that we had constructed for our localisation studies,
confirmed that the candidate gene, Ku80, was consistently present in
complementing hybrids and absent in non-complementing hybrids.
Finally, Ku80 cDNA was cloned into a mammalian expression vector,
introduced into xrs cells by DNA transfection, and shown to
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complement all the defects characteristic of these mutants including
their radiosensitivity, defects in double strand break rejoining and
V(D)J recombination, and absence of DNA end-binding activity. Taken
together the results identifed Ku80 as the product of XRCC5. Ku80
sequences were present in some YACs within our contig, and two of
these YACs introduced into xrs cells by protoplast fusion have also
been shown to complement the defects of these cells.

Ku80 is one subunit of the heterodimeric Ku protein. Additionally, Ku
itself has been identified as being the DNA end-binding component of
DNA dependent protein kinase (DNA-PK). It was therefore anticipated
that the xrs mutants might lack DNA-PK activity. In collaboration
with Dr. S. P. Jackson, a sensitive assay was developed to examine the
lower levels of DNA-PK found in rodent cells compared to human
cells. Using this assay, xrs cells were found to be lacking DNa-PK
acitivity confirming that Ku functions in vivo as the end-binding
component of DNA-PK. DNA-PK activity was also restored in xrs cells
complemented by the human Ku80 gene. These results raised the
possibility that either Ku70, the other subunit of Ku, or DNA-PK, the
catalytic component of DNA-PK, might be defective in other mutants
with similar phenotypes to the xrs mutants. Three complementation
groups of radiosensitive mutants with defects in double strand break
rejoining and properties similar to the xrs mutants have been identifed
(Ionising Radiation complementation groups 4, 5, and 7). Recently, a
fourth group (group 6) has also been reported. We therefore examined
these mutants, and found that the two mutants belonging to group 7
(V-3 and scid cells) contained normal levels of DNA end-binding
activity, but were lacking DNA-PK activity, indicative of a defect in
DNA-PK . DNA-PK has a 14 Kb ¢cDNA and a full length cDNA has
not yet been obtained. To examine complementation, we therefore
took an alternative approach of introducing YACs encoding DNA-PK
into V-3 cells by protoplast fusion. Using this approach we identifed
two YACs able to complement the radiosensitivity, defect in V(D)J
recombination and deficiency in DNA-PK activity of V-3 cells. These
results therefore identified DNA-PK as the product of XRCC7, the
gene defective in the mouse scid cell line.

In recent work, we have commenced a molecular analysis of these two
genes. The hamster Ku80 cDNA has been cloned and sequenced, and
shows 78% homology at the amino-acid level to the human gene. The
Ku80 gene from the xrs mutants is currently being sequenced using RT-
PCR, and mutations have been identified in three out of the six
mutants. All the xrs mutants are revertible at high frequency
following azacytidine treatment, which has led to the suggestion that a
“silent”, methylated copy of the Ku80 gene is present in the parent
hamster cell line. Our results to date are supportive of this hypothesis,
since revertants contain both a mutant and wild tyve transcript. Partial
¢DNAs encoding the kinase domain of the DNA-PK, gene from
hamster and mouse have also been cloned and sequenced and show
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approximately 80% homology to the human gene. Sequencing of this
region from scid and V-3 cells is currently underway.

(2) S. pombe genes

(a) We have cloned and sequenced several genes potentially
involved in the direct repair response of cells to radiation damage
in fission yeast. One of these , rad18, is involved in a novel
pathway of repair of uv damage as well as having a role in the
repair of IR damage. The genes identified are conserved in S.
cerevisiae and one human homolog has been identified,
indicating that the gene products which underlie the repair
pathways defined by the original mutants are conserved.

(i) The S. pombe rad2 gene is a member of a small class of
structure specific endonucleases and we have identified the
functional human homolog. This gene is identical to the MF-
1 nuclease involved in lagging strand DNA synthesis, and
suggests an intimate relationship between DNA repair and
DNA replication which has not been previously exposed.

(ii) The radl8 gene is a member of the SMC group of proteins
which have a structure reminiscent of myosins, are involved
in DNA dynamics and are thought to act as “motor proteins”.
We have cloned a homolog from S. cerevisiae and anticipate
that the same gene is conserved in mammalian cells. Genetic
analysis demonstrates that rad18 is an essential gene. This is
the first potential force generating protein identified in DNA
repair.

(b) We have identified the pathway in fission yeast that prevents cell
cycle progression after DNA damage. Six genes have been cloned
and sequenced including all the “checkpoint rad” group of genes
that are central to all the DNA structure checkpoints. Many of
these proteins are conserved in S. cerevisiae and for one, rad3, we
have identified a human homolog, demonstrating for the first
time the conservation of the checkpoint pathways in metazoan
cells. The human rad3 homolog is related to, but distinct from the
ATM gene defective in ataxia telangiectasia patients, cells from
whom are defective in G2 checkpoints and display radio resistant
DNA synthesis

(i) Extensive genetic analysis of deletion and point mutants of
the checkpoint genes has revealed a complex pathway and
allowed us to build a sophisticated model for the DNA
structure checkpoints. The model predicts that many of the
checkpoint proteins act in a complex. We have identified
physical interactions between two of the checkpoint proteins,
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radl and radl7, and have evidence from two hybrid studies
that other proteins in the pathway may also interact.

(if) Analysis of chkl, a potential protein kinase suggests that it
acts towards the end of the checkpoint pathway, and we have
shown that its over-expression can prevent cell cycle
progression. Rad24, one of two 14-3-3 protein homologs in S.
pombe, is involved in the radiation checkpoint response and
appears to act in parallel with chkl, possible by stabilising the
active form of chkl. Further analysis of rad24 mutants with
other DNA damage response genes has identified a genetic
interaction with a casein kinase II homolog. Further analysis
demonstrated that this genetic analysis resulted from a defect
in the spindle assembly checkpoint in rad24 cells, which links
for the first time the mechanisms preventing mitosis after
either DNA damage or inhibition of spindle function.
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Head of project 3: Prof. Dr. D. Bootsma
II. Objectives for the reporting period

The long-term interest of our research has been understanding of the molecular

mechanism and biological impact of the nucleotide excision repair (NER) system, one of the
major repair pathways in the cell. At least three severe human syndromes are associated with
NER defects: xeroderma pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy
(TTD). The application of recombinant DNA techniques has permitted the cloning of a number
of NER genes involved in these disorders, has revealed strong evolutionary conservation and has
contributed to the partial elucidation of the NER reaction mechanism. In addition to extending
the cloning and functional analysis of NER genes and the molecular defect in NER syndromes,
one of our new goals was to apply the same approaches to other complex repair pathways,
notably recombination and postreplication repair. The specific objectives can be summarized as
follows:
(i) Cloning and characterization of additional human repair genes. (ii) Functional analysis of the
encoded proteins, involving purification of the (overexpressed) proteins, assay for activity using
an in vitro repair system or microneedle injection into mutant cells, analysis of specific functions
and interaction with other polypeptides of the DNA repair, recombination or replication
machinery. (iii) Generation of a mouse model for XP/CS and other repair deficiencies based on
targeted gene replacement in totipotent ES-cells from which germline chimera’s and eventually
homozygous mouse mutants can be derived. Such repair-deficient mouse strains are invaluable
for assessing the biological role of repair in carcinogen-induced tumorigenesis, as an
experimental model for XP and CS (etiology, treatment and prevention of the disease), for risk
assessment of heterozygotes and for the sensitive screening of radiation and chemical agents for
their carcinogenic and mutagenic potential in vivo.

1. Cloning of Repair Genes

Two strategies were followed for the isolation of repair genes:

a. DNA transfection to repair-deficient rodent (at least 10 different complementation
groups) and human cells followed by selection of UV-resistant transformants and
‘rescue’ of the correcting gene. This resulted in the past in the cloning of ERCCI,
XPBC/ERCC3 and CSBC/ERCCS6.

b.  Sequence homology to cloned repair genes of lower eukaryotes, particularly yeast
(S.cerevisiae and Schizosaccharomyces pombe).
This approach was applied to the S.cerevisiae RAD6 gene, which plays a central role
in postreplication repair, damage-induced mutagenesis and sporulation. The 172 amino
acids RAD6 protein is a ubiquitin-conjugating enzyme (E2) that in virro
(poly)ubiquitinates histones. By evolutionary walking based on nucleotide sequence
homology we have cloned two human RAD6 homologs (designated HHR6A and
HHR6B) using the Schizosaccharomyces pombe and Drosophila melanogaster genes
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as "intermediates”. HHR6A and B probably function in chromatin remodelling.
Immunoelectronmicroscopy suggests that both proteins are associated with
euchromatin. Subsequently, we have isolated 3 additional genes: two human homologs
of the yeast NER gene RAD23 (HHR23A and HHR23B) and the human counterpart of
the yeast recombination repair gene RAD54 (HHR54).

Very recently small parts of two human homologs of the recombination repair gene rad21*
from Schizosaccharomyces pombe, which encodes an essential nuclear phosphoprotein were
identified in the database. Subsequently, the full length cDNA of human and mouse HHSPR21A
were cloned. The A gene seems to be ubiquitously expressed as expected for a repair gene and
it was mapped to 8q24. This part of the chromosome may contain also the gene involved in
Nijmegen breakage syndrome. Presently, we are investigating the possibility that the HHSPR21A
gene is involved in this disorder. Also the HHSPR2IB cDNA is being isolated.

A human homolog of the Saccharomyces cerevisiae crosslink repair gene PSO2/SNM1 was
cloned. This gene resides on 10g25. Presently, the full-length cDNA is inserted in mammalian
expression vectors to permit transfection to various mutants defective in the repair of DNA
crosslinks. This includes some of the Fanconi’s anaemia complementation groups and a number
of rodent mutants (in collaboration with Dr. Zdzienicka in the Leiden group).

A human gene encoding a protein with extensive homology to the presumed XPE nucleotide
excision repair factor was identified and subsequently isolated. This gene was assigned to 16q22-
23, close to (but probably not within) the region where very recently the gene for Fanconi
anaemia group A is mapped.

Finally, part of the human homolog of RADI was cloned using a PCR-based strategy. This
gene was previously shown by Thompson to be identical to ERCC4 and may be implicated in
XPF.

2. Functional Analysis

The ERCCI gene corrects the repair defect of rodent group 1 mutants and encodes a 297
amino acid (aa) protein). Mutation analysis suggests that ERCCI has distinct roles in the repair
of UV-lesions and in the processing of cross-links. By using an in vitro repair system we
demonstrated the presence of an enzyme complex in mammalian cell extracts, harbouring the
products of the ERCCI, ERCC4, ERCCI1 and XPFC genes. We postulate that this complex, like
the one in §.cerevisiae involving the RAD1 and RADI10 proteins, functions both in NER and
recombinational repair, and may play a role in strand incision.

The ERCC3 gene corrects UV-sensitive rodent mutants of group 3. The gene appeared very
strongly conserved, which permitted isolation of the Drosophila and yeast (S.cerevisiae and .
pombe) homologs. Gene disruption in yeast indicated that ERCC3* participates in a process
essentional for viability in addition to its role in NER. Transfection and microinjection
experiments demonstrated that mutations in ERCC3 are responsible for xeroderma pigmentosum
(XP) complementation group B, a very rare form of XP that is simultaneously associated with
Cockayne’s syndrome (CS). Using microinjection of the gene, 2 new patients were assigned to
this group. In spite of the severe NER deficiency, both patients have not developed skin cancer
(in striking contrast to the sole known XP-B case) even at relative advanced age. This points to
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the involvement of additional factors for cancer proneness.

In collaboration with the laboratory of J-M. Egly (Strasbourg) the ERCC3 protein was found to
be part of a multiprotein complex (TFIIH) required for transcription initiation of most structural
genes and for NER. This defines the additonal, hitherto unknown vital function of the gene,
suspected from parallels with the yeast and Drosophila ERCC3 homologs. Importantly, the
complex in fact appeared to contain at least 4 proteins implicated in different XP/CS
complementation groups. Part of the clinical symptoms of the corresponding disorders that were
difficult to interpret on the basis of a DNA repair defect can now be explained as the result of
a subtle impairment of transcription.

The TFIIH factor contains XPB/ERCC3 and XPD/ERCC2 and the uncloned repair protein
implicated in the newly identified TTD-A complementation group. In close collaboration with
the group of Egly (Strasbourg), who is interested in the role in transcription, we have found that
the XPB and XPD proteins are responsible for the bidirectional helix-unwinding capacity of the
complex. This leads us to propose that TFIIH may locally melt the DNA around the site of the
lesion e.g. for loading the NER incision complex onto the DNA template. A dominant mutation
in ERCC3 as well as antibodies against ERCC2 and ERCC3 induced a complete abrogation of
repair and transcription in injected fibroblasts confirming a role of both proteins in these
processes in vivo. The selective association of mutations in TFIIH subunits with the peculiar
clinical features of CS and TTD was further corroborated with the discovery of the first TTD
family falling in the rare XP/CS group XP-B. This supports our idea that subtie transcriptional
defects affecting the expression of a selective set of genes are responsible for the spectrum of
CS and TTD features that lack a rational explanation based on a NER defect.

In further support for this idea of transcription syndromes we have identified a mutation in a
TFIIH subunit in at least one Pollitt Syndrome patient with normal NER which we anticipated
to suffer from a ’transcription only syndrome’.

The ERCC6 gene, was cloned after extensive genomic DNA transfection to a member of
the moderately UV-sensitive rodent group 6. The -for transfection cloning- very large gene (=
85 kb) encodes a protein of 1493 amino acids. ERCCS is after ERCC2 and ERCC3 the third
DNA helicase in mammalian NER. No equivalent of ERCC6 is known in any species.
Transfection experiments revealed that the gene specifically corrects the repair defect in cells
of CS complementation group B shown to be impaired in the preferential repair (the transcribed
strand of) active genes. The CSBC/ERCC6 gene is the first cloned gene specifically implicated
in this subpathway of NER. The high conservation displayed by all NER genes analyzed to date
permitted the identification of the S.cerevisiae homolog (designated RAD26). In analogy with
CS group B rad26 disruption is viable and impairs transcription-coupled repair, but, in
discordance with CS, does not induce any UV-sensitivity. This explains why this yeast mutant
was not isolated before and suggests that the global genome repair is the major determinant of
cellular resistance to genotoxicity in lower organisms.

To investigate the function of CSB in transcription-coupled repair possible stable interactions
between CSB and all known NER factors and many transcription-initiation factors were
examined. With the possible exception of XPG no evidence for a stable interaction was
observed. Also immuno-depletion of CSB from a repair-competent Manley extract did not have
an effect on the repair capacity indicating that the CSB protein is not essential for in vitro NER
and not complexed with an indispensable component. Analysis of double mutants in yeast
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affected in both the global genome and in transcription-coupled repair demonstrated that the
latter NER subpathway is not totally dependent on CSB at least in S.cerevisiae (in collaboration
with Dr. J. Brouwer, Leiden).

In collaboration with the group of Hanaoka (Japan) we have found that the HHR23B
gene product resides in a very tight complex with the XP complementation group C protein.
Intriguingly, the genes for both proteins also co-localize probably within 650 kb on 3p25.1,
whereas the HHR23A gene was assigned to 19p13.2. Both HHR23 proteins harbour an N-
terminal ubiquitin-like domain, that may have a chaperon function in complex assembly. The
XPC-HHR23B complex, which has an exceptionally high affinity for ssDNA, is specifically
involved in the global genome NER subpathway.

We found that the HHR23B protein is for a considerable part made up of a very strongly
conserved repeat sequence also present as a C-terminal extension of one of the ubiquitin-
conjugating enzymes. This provides a second link between this gene and the ubiquitin pathway.
Also the majority of HHR23B and probably all HHR23A molecules (approx. 10%cell) appear
not to be complexed with XPC (~5.10° molecules/cell). This supports the idea that these
abundant proteins may have an additional function. By immunofluorescence XPC and HHR23B
were found to be nuclear proteins. Finally, large quantities of the HHR23A and B products were
purified to enable X-ray diffraction analysis to determine their 3-D structure.

3. Generation of repair-deficient mouse models

Using the recently developed technology of gene targeting in totipotent embryo derived
mouse stem cells (ES-cells) we have inactivated one of the alleles of ERCCI and 3. Because of
the possible vital role of both genes also constructs were made which induce more subtle
mutations and -in the case of XPBC/ERCC3- mimick one of the mutations found in an XP-B
patient. For each gene and type of mutation several homologous ES recombinants were obtained
and injected intro mouse blastocysts. After implantation into pseudo-pregnant foster mother a
number of ERCC! and ERCC3 chimeric mice were born. Germ-line transmission was obtained
for subtle and knock-out mutations in the ERCCI gene. Although these mice are viable they have
a severely reduced lifespan (KO <4 weeks, subtle mutant <10 weeks), probably due to (a
combination of) liver, spleen and kidney insufficiency. An additional unexpected feature
exhibited by these mice -for which no human disorder is known yet- is the high frequency of
poly- and aneuploidy observed in several internal organs (notably liver and kidney), which may
be a sign of premature ageing. In view of the likely dual functionality of ERCC1 in NER and
in mitotic recombination it is plausible that the unexpected symptoms are derived from the
recombination defect. The mice are extremely sensitive to genotoxic agents and completely
deficient in NER. Mouse models mimicking mutations in XPB/ERCC3 and XPD/ERCC?2 found
in XP-B and XP-D patients are being generated. One of these mutants (intended to mimick a
splice-mutation in XP-B patient XP11BE) appeared inviable in a homozygous state in mice,
consistent with the vital transcription role of the protein.

Several new targeting constructs for obtaining viable (i.e. patient-mimicking) mutations in
the XPD and XPB genes were made and have been used to obtain homologous recombinants in
mouse ES cells. Using the ’in-out’ HPRT targeting strategy developed by Melton c.s. ES cells
were obtained carrying only a single XPB pointmutation, without the presence of a dominant
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marker, which may interfere with proper expression of the targeted gene. These and other ES
cells are being injected into mouse blastocysts for the generation of corresponding mouse
mutants.

We were able to generate homozygous CSB/ERCC6 deficient mice (mimicking one allele
of CS-B patient). All repair parameters (UV survival, UDS, repair of transcribed strands of
active genes) are conform the human CSB defect, a total inactivation of the transcription-coupled
NER subpathway. However, remarkably, the other clinical hallmarks of CS are not or only
marginally manifest, such as the severe neurologic and developmental impairment. CSB mice
are physically, sexually and neurologically normal as far as tested. Only male -/- mice seem to
have a 25% reduced body weight. Studies to investigate cancer predisposition are in progress.

Also inactivation of the postreplication repair gene HHR6B appeared to be fully viable,
presumably because of functional redundancy with the strongly homologous HHR6A gene, for
which chimeric mutant animals were obtained recently. Crossing should reveal what is the
phenotype for defects in both genes. Interestingly the HHR6B' mice were found to be male-
sterile. This confirms our early findings that this gene may be involved in the complex chromatin
alterations in spermatogenesis, since specifically this stage seems to be impaired. Thus this is
the first mouse model for infertility.

Also viable mice with a complete inactivation of the postreplication repair gene HHR6A
were obtained. These mice fail to show an overt defect. Crossing with the already previously
generated male-infertile HHR6B-/- mice yielded as yet no offspring with both of the mammalian
RAD6 homologs inactive. This suggests that such a defect is incompatible with rodent
development. The specific deficiency in the spermatogenesis of the HHR6B-/- males was further
pinpointed using immunohistochemical methods (in collaboration with Dr. A. Grootegoed,
EUR). All available evidence is consistent with our idea that the gross chromatin alterations in
the final stages of spermatogenesis are impaired.

For the HHR54 recombination repair gene viable ES transformants were generated with
inactivating mutations in both alleles, indicating that a null mutants is not incompatible with live
at least at the cellular stage.
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Head of project 4: Dr. E. Moustacchi

IL. Objectives for the reporting period

Informations on i) activation of a wide range of genes and of signalling pathways
associated to alterations of the cellular phenotype following treatment by radiations among
other DNA damaging agents and ii) a better definition of the molecular nature of spontaneous
and induced-mutagenic events, have led to a complex but probably more realistic view of the
cellular response to genotoxic treatment including radiations. Findings from our group on
Fanconi anemia taken as a paradigm for altered control of differentiation and cell cycle in
association with a DNA repair defect have contributed to this enlarged perspective. Some of
our observations on FA have been extended to ataxia telangectasia (AT), another human
genetic disease also characterized by chromosomal instability, sensitivity to genotoxic agents,
cell cycle anomalies and cancer predisposition.

IIL Progress achieved including publications

1. Alterations in the control of genes expression in FA and AT syndromes

We have previously shown (1992) that among the various growth factors examined, the
constitutive and induced production of interleukin-6 (IL-6) was defective in FA. Moreover, the
addition of this cytokine to the culture medium of FA lymphoblasts and fibroblasts increased to
almost a normal level their resistance to cytotoxicity of DNA cross-linking agents. The other
anomalie detected in the cytokine network balance concerns the tumor necrosis factor alpha
(TNF-¢). This protein, which enhances intra and extracellular O2~ production and induces
DNA breakage, is overproduced by FA lymphoblasts from the four FA genetic
complementation groups. Indeed up to an eight-fold increase in TNF-o is observed in the
growth medium of FA cells. Addition of TNF-a antibodies partially corrects the FA
hypersensitivity to treatment by DNA cross-linking agents. Moreover, treatment of FA cells
with IL-6 no only restores an almost normal sensitivity of FA cells but aslo simultaneously
reduces the TNF-a overproduction in FA lymphoblasts. No anomalies at the molecular level
(Southern and Northern blot analyses) were detected for the TNF-o. gene and its mRNA. The
in vivo situation was investigated by assaying TNF-o levels in the serum from FA
homozygotes and their parents (obligate heterozygotes). In contrast to normal healthy donors
or to aplastic anemia patients in whom serum TNF-a is present only in trace amounts, all 36
FA patients and 21 FA heterozygotes monitored showed a significantly higher level of TNF-a
activity. The same is true in the AT patients examined whereas XP patients respond normally
in this respect. Consequently abnormal TNF-o production seems to be associated with the two
"chromosomal instability” syndromes FA and AT. Since growth factor deprivation, TNF-o
treatment or DNA damage can trigger apoptosis, we monitored the apoptotic response of FA
and AT cell lines. We showed that in both syndromes the spontaneous rate of apopotosis is
slightly but repeatedly more elevated than in normal cell cultures. Surprisingly, the apoptosis
induced by g-rays is drastically reduced in FA and in AT cells in conditions where the
frequency of apoptotic cells is increased in a dose-dependent manner in normal cells,

Since the induction of apoptosis by radiation is a p53-dependent mechanism, the induction
of this protein was examined in FA cells. We observed that the p53 protein is not radio-
induced in FA cells belonging to 4 genetic complementation groups. The same impairement in
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p53 induction is observed not only after y-irradiation but also after UVB-irradiation, an agent
known to cause oxidative stress. These observations are in line with recent reports showing
that at least certain cell lines from AT and Bloom syndrome, the two other chromosome
breakage syndromes, may be also defective for radiation-induced increase of the p53 protein.
As the p53 tumor suppressor gene encodes a transcriptional activator whose targets include
genes that regulate genomic stability, cellular response to DNA damage and cell cycle
progression, it is clear that altered expression of p53 is likely to be relevant to the phenotype of
such syndromes. It should be also kept in mind that, as recently shown by others, p53 can bind
to several transcription factors including transcription-repair factors.

On the other hand, the relationship between p53-dependent and p53-independent apoptotic
cell death, as well as the cell cycle checkpoints induced by DNA damaging agents were
explored in hematopoietic cells. A set of M1 myeloblastic leukemia cell lines including wild
thype p53 or being null for pS3 expression or expressing p53ts and bcl2-transgenes were
compared. It is shown that the kinetics of apoptotic cells death induced by y-irradiation
correlates with the rapidity of exit from y-ray-induced G2 arrest for all the different
hematopoietic cell types. More important, we demonstrate that in addition to a role in
apoptosis and G1 arrest, wild type p53 positively controls the exit from the y-ray-induced G2
checkpoint. This new function of p53 is a component of the physiological pathway by which
p53 exerts its role in y-rays-induced apoptosis. Considering that mutations in the p53 genes are
one of the most common genetic changes found in human neoplasia, the activation of p53
mutants by DNA damaging agents may play an important role in determining the
radiosensitivity of tumor cells.

In conclusion, our results on FA and AT syndromes largely contributed to the idea of
genetic defects resulting in anomalies in intracellular signalling pathways. On the basis of our
data, we proposed that the wild type gene product mutated in these syndromes controls the
expression of a network of genes involved in the development of the hematopoietic system
(including those coding for specific interleukins and TNF-a) and in the processing of DNA
lesions The recent partial cloning of the AT genes (Science, June 1995) by Shilo's group
brings strong support to this notion. Indeed the AT gene appears to encode a putative protein
that is similar to eucaryotic phosphatidylinositol-3' kinase. This enzyme mediates cellular
responses to several mitogenic growth factors and to factors triggering cellular differentiation.

2. Cloning of a gene possibly indirectly involved in the FA response to DNA damaging agents

In the case of FA, at the moment, only the group C gene has been molecularly cloned in
Buchwald's laboratory (Nature, 1992) Mutations have been identified in the cDNA of FAC
patients. However the absence of homology with any known protein and its cytoplasmic
localization (D'Andrea's group, Proc Natl. Acad. Sci. USA, 1995 ; Youssefian, Proc. Natl.
Acad. Sci. USA, 1995) renders problematic the understanding of this function

On the basis of the complementation of FA group D cells for their hypersensitivity to DNA
cross-linking agents by a genomic DNA fragment, a cDNA encoding human dynamin II has
been isolated and characterized in our group. This cDNA is ubiquitously expressed, and is a
member of the large GTP-binding protein family. Alteration(s) in the properties of this motor
protein hDYNII may account for a number of the FA cells features. Indeed, in addition to the
GTP-binding domain, the hDYNII protein contains a noticeable number of consensus motifs
for p34 Cdc2 kinase phosphorylation which may indicate a potential role at the G2/mitosis
transition. However the hDYNII message is normaly expressed in the FAD cells analyzed and
mutations were not detected by sequencing the corresponding DNA of the FAD patients.
Moreover, attempts to complement the hypersensitivity of FAD cells with hDYNII were
unsuccessfull due to alterations in the growth of cells after transfection. For all these reasons, it
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is not possible to equate the hDYNII gene with the FAD gene. The possible connection
between the function of this new gene and FA, which is clearly associated with a G2/M cell
cycle defect, remains an open question to be explored.

In this general context, it can be recalled that a variety of cDNA's introduced into AT cells
were found by others to complement the radiosensitivity of these cells. Such cDNA include for
instance the gene for phospholipase A2 (Ziv ef al., Somat. Cell. Molec. Genet., 1995) or the
truncated IkB-o, an inhibitor of the transcriptional activator NFk-B (Jung et al., Science,
1995). These genes are not mutated in AT patients. Thus, cellular sensitivity of both AT and
FA cells can be modulated by a number of physiological factors not directly related to the
mutated gene product.

In conclusion, this general approach also emphasized the complexity of the network of
genes involved in the cellular response to DNA damaging agents and led to the isolation of a
gene, hDYNII, involved in vital functions.

3. Genomic instability in FA

The involvment of DNA repair processes in governing genomic instability emerged from the
realization that the defects in nucleotide excision repair in cells from xeroderma pigmentosum
patients were accompanied by hypermutability by DNA damaging agents. More subtil defects
in the processing of DNA lesions as experienced by AT or FA cells were known to be
associated to chromosomal abnormalities. In 1990, we reported that in normal human
lymphoblasts, the vast majority of spontaneous and psoralen-photoinduced mutations at the
hypoxanthine phosphoribosyl transferase (HPRT) locus are base substitutions (Papadopoulo ef
al., Proc. Natl. Acad Sci. USA, 1990). In contrast, we have shown that in FA lymphoblasts,
mutants are the result of deletions of HPRT coding sequences. Moreover, the variant
frequency at the glycophorin A (GPA) locus is significantly increased in erythrocytes of FA
patients as compared with age-matched healthy donors. Since GPA variants reflect essentially
structural deletions, rearrangements and mutations leading to allele loss, the increased
frequency of GPA variants is consistent with the enhanced deletion frequency at the HPRT
locus. To obtain information on the mechanism(s) underlying the genomic rearrangements in
FA, we examined the sequences at the breakpoint of deletions in spontaneous and induced
HPRT mutants. The results show that a significant proportion of deletions involving a loss of a
given exon are identical and that two deletions of different size have the same 3' breakpoint.
Interestingly, it appears that in most of the mutants there is a common deletion signal
sequence, which suggests that the mutations in the FA gene(s) may lead to an aberrant site-
specific cleavage activity that might be responsible for the deletion proneness and the
chromosomal instability characteristic of the FA pathology. From the similarity or even identity
of the signal sequence at some of the breakpoints with the consensus heptamer which directs
cleavage and joining in the assembly of immunoglobulin and T-cell receptor genes, we
speculate that steps in common with the V(D)J recombinational process may be illegitimately
involved in FA cells. Inn vitro studies with suitable constructs are undertaken in order to test
this possibility.

More generally, inactivation (or malfunctioning) of p53 could lead to alterations in mutation
frequencies resulting from inefficient nucleotide excision repair and genomic instability as
exemplified by recent studies performed by others on cells from p53-deficient mice. The
unravelling of the interactions between the gene products involved in the response to DNA
damaging agents will have to take into account such possible links between alterations in
expression of crucial genes and the specific genetic consequences.
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Head of project 5: Dr. Thacker

II. Objectives for the reporting period

To characterize further the cellular phenotypes of a series of radiosensitive (repair-deficient)
cell lines derived in this laboratory (the irs lines). To use positional cloning methods to map
and clone the human gene complementing the radiosensitive irs/ line, and to initiate similar
studies with the irs3 line. To use cellular and cell-free methods to identify mechanisms of
rejoining of the major radiation-induced damage, the DNA double-strand break. To
fractionate biochemically cell and tissue extracts and substantially purify the proteins
involved in rejoining both homologous and non-homologous DNA break sites. To complete
the molecular analysis of X-ray induced mutations of the HPRT gene of primary human
fibroblasts; to carry out a parallel study of a-particle induced mutagenesis, including the
mapping and sequencing of the breakpoints of large deletions and rearrangements.

II1. Progress achieved including publications

Progress towards cloning the human gene complementing the irs] radiosensitive line
(provisionally named the XRCC?2 gene) has been substantial. We have firstly mapped the
gene to human chromosome 7 using a panel of hybrids constructed from the fusion of irs/
with a human lymphoblastoid line. Many of these hybrids had as their only human material
this chromosome, and revertants of the hybrids co-ordinately lost the resistant phenotype and
their chr.7 material. Some of these hybrids on further growth spontaneously reduced the size
of the chr.7 material, but we have also used radiation-reduction-fusion with one of these
hybrids to further localize the gene. The region of chr.7 carrying the gene was mapped using
a panel of probes previously localized to specific regions of chr.7q (collaboration with Drs.
S. Scherer and L-C. Tsui, Hospital for Sick Children. Toronto), and with available
microsatellite markers from the Genethon project. This refined the localization of the XRCC2
gene to an interval of 7q36 (size approx. 3-5 Mb).

To reduce the interval containing the gene still further. more radiation-reduced hybrids were
generated: one of these was sufficiently small to carry only one marker site. The single
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marker was then used to derive a set of YACs, and these YACs were fused back to the irs/
cells to assay for the presence of the XRCC2 gene. One YAC was found to carry the gene as
shown by functional complementation, and a series of derivatives of this YAC were then
used to delimit the gene to sub-megabase levels. A restriction map of the YAC and its
derivatives, isolated using a fragmentation vector, was derived using rare cutting enzymes on
pulsed-field gels. Additionally this YAC was used to identify a large series of PCR-derived
c¢DNA clones hybridizing to the YAC sequence (direct selection method; collaboration with
Drs. S. Scherer and L-C. Tsui, Hospital for Sick Children, Toronto). Many of these cDNAs
have been sequenced and mapped back to the YAC. These procedures have identified 2
previously known but unassigned genes as well as other candidate genes for XRCC2.
Functional complementation of full-length cDNAs is being used to finally identify the gene.

A similar project has been started with the irs3 line: we have made hybrids and are refining
the human chromosomal localization. In addition to this cloning work we have further
characterized the irs lines, particularly extending previous mutation studies to show that irs/
has a hyper-mutable phenotype. However, unlike some other radiosensitive lines, none of the
lines irsl, irs2 and irs3 has a defect in V(D)J recombination (collaboration with Dr. E.A.
Hendrickson, Brown University, Rhode Island U.S.A.).

We have developed a highly sensitive assay for the rejoining of DNA double-strand breaks
(DSB) by mammalian cell-free extracts, and have succeeded in biochemically fractionating
tissue and human cell extracts to analyse the nature of the proteins involved. Two types of
DNA substrates carrying breaks have been used: (i) substrates with simple cohesive
("homologous') ends, generated with a single restriction enzyme, and (ii) substrates with non-
homologous ends to more closely simulate radiation-induced DSB (generated with two
different restriction enzymes). Using a substrate with homologous ends we previously
reported an activity that stimulates DSB rejoining many fold, called REP-1. This protein has
now been shown to increase the turnover of the first intermediate of a ligation reaction, the
stable adenylation complex. DSB rejoining correlates with increased turnover of this
complex. In this respect REP-1 acts through a completely different mechanism from other
ligase-stimulatory substances, such as polyethylene glycol. Partially purified cellular fractions
that are capable of rejoining DSB do not show the adenylation complex, and can disrupt the
complex formed by a purified ligase. The REP-1 protein is not the same as another recently-
identified ligase-associated protein, XRCC1. Several biochemically distinct complexes have
been identified which differ in their sensitivity to REP-1, and show characteristic patterns of
rejoined products. Such fractions have been shown to be devoid of ligase I, XRCC1 and the
Ku protein by Western analysis. Recently, we have also identified and purified a human
protein which may a candidate for a novel DNA ligase.

The rejoining of non-homologous substrates by mammalian cell extracts has been
demonstrated for the first time, with efficiencies depending on the specific DNA termini
present. Efficient rejoining has been found, for example, of two 3' termini using a
mechanism that is dependent on nearby direct sequence repeats. Other types of non-
homologous ends commonly rejoin through either the blunting or infilling of single-stranded
overhangs, followed by blunt-end ligation. The optimal conditions of these rejoining reactions
(temperature, salt concentration, cofactor dependence) have been defined. The fractionation
of tissue extracts has substantially purified the proteins involved.
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Site-specific breaks have also been introduced in mammalian cells, by electroporation of
restriction endonucleases under defined conditions, and their consequences assessed in
survival and mutation assays. It was shown for example that 4 human cell lines representing
a range of radiosensitivities have a comparable sensitivity to endonucleases that give blunt-
ended DSB in the cell. These cell lines also represent specific human disorders, namely (in
order of sensitivity) Bloom's syndrome < ligase I-deficiency (line 46BR) < ataxia-
telangiectasia (A-T). This is the first time that A-T has been shown to be sensitive to an
agent inducing only DSB in DNA, reinforcing the view that the defect in this syndrome
relates to the processing of DNA breaks. The importance of DSB end structure was
addressed by treatment of cells separately with a large number of different restriction
endonucleases, generating all possible types of end structure. No correlation in survival or
mutagenic effectiveness was found for specific types of end-structure (e.g., endonucleases
generating blunt-ended breaks, that might be expected to be more difficult to repair, were not
uniformly more effective). However, it was found by careful assessment of the lifetime and
activity of endonucleases in simulated cellular conditions, that this was the main determinant
of effectiveness. This factor had not been considered before, and our findings reconcile much
of the confusing and conflicting data in the literature regarding the effectiveness of
endonucleases introduced into cells.

We have undertaken a major study of radiation mutagenesis in primary human fibroblasts.
Although these cells are difficult to work with, because of their finite lifespan, we have
succeeded for the first time in analysing the molecular changes in a number of large
mutations. A set of X-ray-induced mutants of the HPRT gene were characterized previously
to give a mutation spectrum and to show that large deletions are formed by processes of
illegitimate recombination. We have now carried out a comparable study of mutants induced
by high LET radiation, using an in-house a-particle source from 238-plutonium. We have
considerable expertise in irradiating cells with this source and have derived a large number of
a-particle-induced HPRT mutants for analysis. A mutation spectrum was derived using sets
of PCR primers to define the presence/absence of multiple sites across the 44-kb gene. This
analysis has revealed that a major fraction of the mutants (63%) carry large genetic changes
and the remainder are point mutations. Further analysis of the large mutations shows that
these mostly have breakpoints lying outside the gene, suggesting differences in mechanism
from spontaneous mutations. The use of markers outside the gene in the Xq26 chromosomal
region, derived for PCR analysis both by ourselves and others, has refined the localization of
deletion breakpoints in both the previous X-ray-induced mutants and the new a-particle-
induced set. The data show a broad distribution of sizes of deletion for both radiation
qualities and that some of the deletions extend over a 3 Mb region, a much larger region
than previously suspected. This result confounds predictions of others suggesting that
hemizygous genes such as HPRT cannot detect very large mutations. In collaboration with
our cytogenetics group, we have found that one a-particle-induced mutant carrying a large
molecular deletion also has a chromosomal exchange in the region of Xq26 (i.e., it is a
complex mutation). Five of the large deletions having at least one breakpoint within HPRT
were analysed at the DNA sequence level; since sequence information was available on only
one side of the deletion junctions the technique of RAGE (rapid amplification of genomic
DNA)-PCR was used. Surprisingly two of these mutations were found to be more complex
than expected: on sequencing across the junctions, unknown DNA was found, showing that
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either insertions or other forms of rearrangement had occurred. The resolution of other
junctions revealed that two of the mutations also had short direct repeats at the deletion sites,
suggesting as for some X-ray mutants that the mechanism involved illegitimate
recombination. Our results may be tentatively interpreted to suggest that o-particles induce
more complex mutations than X-rays, but more data are needed to verify this possibility.
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Head of project 6: Dr. Backendorf
IL Objectives for the reporting period

It has now been firmly established that exposure of living cells to
radiation results in rapid changes in gene expression. Although many of the
genes which are affected are involved in major cellular processes such as
proliferation, differentiation and cell death, the physiological significance of
these changes is still poorly understood. We have studied these radiation effects
in epidermal keratinocytes derived from human skin for the following reasons:
human skin constitutes one of the most radiosensitive organs of our body,
probably because cell proliferation, differentiation and death have to be tightly
regulated in order to permit epidermal maturation. Interference of radiation
with these essential processes is thus readily visible by changes in gene
expression. During a previous contract period we have isolated a novel class of
genes (by differential screening of keratinocyte cDNA libraries) whose expressi-
on was strongly affected by exposure of keratinocytes to radiation (SPRR
genes). The objectives for the reporting period were to unravel the molecular
function of these gene products and to identify signal transduction cascades and
transcription factors involved in the regulation of these genes.

III. Progress achieved including publications
a. The function of the SPRR gene family

As mentioned above, the SPRR genes were originally identified by
differential screening of ¢cDNA libraries obtained from UV irradiated human
keratinocytes. Later on it was shown that the expression of these genes was
also affected by other DNA damaging agents such as 4-NQO and ionizing
radiation and by the tumor promoting agent TPA. Furthermore the expression
of these genes was tightly regulated during keratinocyte terminal differenti-
ation (an apoptotic process) both in vivo and in vitro (1,3,6). A first indication
for a possible function for these genes, which code for small proline rich
(SPRR) proteins, was obtained after assigning these genes to human chromoso-
me 1921 (5). This region of the human chromosome contains a large number of
genes involved in keratinocyte differentiation. The SPRR gene family mapped
between the loci of involucrin and loricrin. Both genes are, as is the case for the
SPRR genes, expressed specifically in terminally differentiating keratinocytes
and code for precursor proteins of the cornified cell envelope, a strong insoluble
structure synthesized beneath the plasma membrane at late stages of squa-
mous differentiation. When the protein sequence of the different members of
the SPRR family were compared to the involucrin and loricrin sequences it was
realized that the N- and C-terminal domains of these proteins were highly
homologous, suggesting that these proteins had similar functions (4). This
assumption was confirmed by direct biochemical evidence showing that the 3
different classes of SPRR genes code indeed for cornified envelope precursor
proteins (6). The same genes have now also been cloned by two other groups
(with the use of antibodies raised against isolated cornified envelopes). The
corresponding proteins have been denominated "cornifins" and "pancornulins"
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by these authors. An interesting recent observation in our group was that in
contrast to involucrin and loricrin, which are expressed in all squamous
epithelia, the expression of the different members of the SPRR gene-family is
not uniform but characteristic for a specific epithelium (6). For instance SPRR1
is uniformly expressed in suprabasal cells in plantar and palmar epithelium,
whereas in hairy epithelium it is restricted to appendageal areas. SPRR3 is
strongly expressed in mucosal epithelium but not at all in the skin. As SPRR
genes are also induced by radiation and other external damaging agents, it
ensues that expression of SPRR’s is variable and depends both on internal
factors (determined by the tissue itself) and on external factors (e.g. stress,
inflammation). Besides it is interesting to mention that SPRR expression
changes during the normal aging process of the skin (2).

Recently a model for the structure of the outer two-thirds (cytoplasmic
side) of the human epidermal cornified envelope was proposed by Dr. Peter
Steinert (NIH). In this model the SPRR’s fulfil the function of bridging molecu-
les (cross-bridges) between flexible meshes of crosslinked loricrin molecules
(whether SPRR’s can also cross-bridge with involucrin is not yet known and
awaits the determination of the structure of the inner part of the cornified
envelope). As can be deduced from their aminoacid sequence (rich in proline)
SPRR’s can be viewed as small rigid globular proteins (with an estimated
rigidity of SPRR2 > SPRR1 > SPRR3). It has been suggested that the amount
of SPRR cross-bridging between the rather flexible (glycine-rich) loricrin
molecules will determine the flexibility characteristics of the cornified envelope.
As the expression of the SPRR’s is influenced by external agents which cause
epidermal injury (e.g. radiation) and as increased rigidity of the cornified
envelope might mean better protection, it is likely that the SPRR genes are
part of a protective response of our body to external stress.

b. Transcription factors involved in SPRR gene expression

The realisation that the SPRR gene family is likely to be part of a
genetic system which has evolved in order to protect our body from external
stress such as radiation, has opened the way to the analysis of the molecular
factors which mediate this response. Knowledge of these genetic factors would
be of outermost interest not only from a scientific point of view but also from
the point of view of radiation protection and risk assessment. In order to
identify transcription factors involved in these radiation responses the promoter
regions of the 3 members of the SPRR gene-family have been isolated and
genetic methods such as deletion mapping and site-directed mutagenesis have
been used to identify important regulatory elements in the promoter region (3).
Subsequently a beginning has been made with the identification of the trans-
cription factors which can bind to these sequences. Sofar most of our work has
concentrated on the SPRR2A gene. The most surprising outcome of this
analysis was that the regulation of this gene appears to be extremely complica-
ted and involves the synergistic action of at least 4 different classes of trans-
cription factors (manuscript in preparation). As all of these transcription factor
binding sites are essential for expression of this gene after the cells have been
induced to terminal differentiation they have been denominated TDE’s (termi-
nal differentiation element):
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a) TDE-1 contains two octamer boxes arranged in a head to head fashion.
These sequences are recognized by the POU family of transcription factors.
From site directed mutagenesis studies and from bandshift analysis it appears
that the OCT-11 transcription factor is involved in SPRR2A regulation all-
though keratinocytes express many POU factors (e.g. OCT-1, OCT-2 and OCT-
6). We have recently been able to isolate a human OCT-11 cDNA from a
keratinocyte library, which will allow us to study the involvement of this factor
in the radiation response in more detail.

b) TDE-2 contains an ISRE (interferon stimulated response element).
Mutations, in this sequence, which are known to inhibit interferon stimulation,
also block completely the regulated expression of the SPRR2A gene. In band-
shift experiments with extracts from human keratinocytes two specific ISRE
complexes are observed. These complexes are strongly induced after interferon
gamma treatment as is the expression of the SPRR2A gene. Supershifts
identified IRF-1 and IRF-2 as the responsible transcription factors. IRF-1 is a
recently identified tumor suppressor gene whereas IRF-2 behaves more like an
oncogene. Our results are the first indication of an involvement of these
transcription factors in terminal differentiation.

¢) TDE-3 contains an ETS binding site and is partly overlapping with TDE-
2. The family of ETS genes encodes transcription factors which recognize a
similar consensus sequence and are characterized by a specific protein sequen-
ce, the ETS domain. ETS transcription factors are involved in development and
differentiation where they are often found as components of larger transcription
factor complexes. ETS transcription factors are often activated by external
(physiological and non-physiological) agents. At present it is not yet clear which
member(s) of the ETS transcription factor family is (are) expressed in keratino-
cytes and involved in the regulation of the SPRR gene.

d) TDE-4 contains a novel sequence rich in T’s and G’s which has been
named TG box. Deletion of this sequence or point mutations completely abolish
SPRR2A expression. In a bandshift experiment with the TG box two specific
complexes are observed. Supershifts with specific antibodies seem to indicate
that the corresponding transcription factor might be identical or related to
HLTF (a recently identified helicase like transcription factor with high homolo-
gy to the yeast radl6 repair gene). However more experiments are needed to
confirm the implication of this factor in terminal differentiation and radiation
response.

Although the multitude of transcription factors necessary for SPRR2A
expression might be surprising at first sight, one should realize that SPRR
genes are part of an apoptotic process (terminal differentiation is a process of
programmed cell death) which by definition has to be very strictly regulated
(once initiated there is no return, the cell will die). Only under specific conditi-
ons, characterized by a given configuration of transcription factors (determined
either by tissue inherent conditions or by external stress factors), the expressi-
on of these genes is allowed. As expression of SPRR genes and the formation of
the cornified cell envelope is directly linked with cell death, it appears that at
least under certain conditions of external damage the cell chooses to die rather
than trying to repair the damage which has been afflicted. This propensity to
terminal differentiation is likely to be responsible for the rather high radiosen-
sitivity of these cells. It should be clear that deregulation of these processes
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might play a significant role in carcinogenesis.

Besides the transcription factors and signal transduction cascades
essential for SPRR expression we have also identified molecular factors which
can interfere with the strictly regulated expression of this important gene
family. For instance ectopically expressed c-JUN is a powerful inhibitor of
SPRR2A expression. This inhibition is not mediated via an AP-1 binding site.
Probably downregulation by c-JUN is achieved via protein-protein interactions.
It is possible that JUN interferes with the synergistic action of the positively
acting transcription factors mentioned above (maybe by a squelching mecha-
nism). We have recently obtained evidence that inhibition of SPRR2A expressi-
on by JUN is mediated by the RAS signal transduction cascade. Activated RAS
inhibits SPRR2A expression. This inhibition can be relieved by cotransfection of
an negatively dominant ¢-JUN mutant. The RAS signal transduction cascade
appears to play an important role in determining the balance between prolife-
ration and differentiation in human keratinocytes. In collaboration with the
group of Prof. JL. Bos (University of Utrecht) we have obtained indications that
this balance might be determined by the balance between active and inactive
forms of p21-RAS (7). In a number of cases the RAS signaling pathway has
been implicated in the UV response. Whether this pathway is also involved in
the response of human keratinocytes to radiation remains to be established.
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Head of project 7: Dr. F. Eckardt-Schupp, GSF-Forschungszentrum Neuherberg
IL. Objectives for the reporting period:

Our objective was to develop techniques based on pulsed-field gel electrophoresis (PFGE) and
computer-based evaluation procedures to quantify DNA double-strand breaks (DSB) induced
by various radiation qualities in S. cerevisiae and mammalian cells and assess their spatial
distribution Furthermore, we used the techniques to study the efficiency of DSB repair, ¢ g
the reconstitution of high molecular weight DNA, in various radiosensitive diploid yeast strains
and mammalian cell lines. In parallel, we studied the fidelity of restriction enzyme-mediated
DSB and double-stranded gaps in a yeast centromeric plasmid transformed into haploid yeast
strains differing in their repair capacities. A further task was the structural and functional
analysis of the REV2 (=RADS5) gene of S. cerevisiae controlling error-free as well as error-
prone processing of UV- and X-ray induced DNA damage

During the period 1992/95 we have addressed the following topics:

1. Development of electrophoresis assays and appropriate evaluation procedures for the
analysis of DSB in yeast and mammalian cells;

2. Analysis of the spatial distribution of DSB after irradiation with sparsely ionizing radiation
and after damage repair,

3 Determination of the DSB induction frequency in yeast and various mammalian cell lines
after ionizing irradiation under various irradiation conditions;

4. Determination of DSB repair kinetics in radioresistant and radiosensitive yeast strains and
mammalian cell lines;

5. Use of the method to demonstrate non-random distribution of DSB induced by densely
ionizing radiation;

6 Studies on the fidelity of repair of DSB and gaps in a yeast plasmid transformed into
radioresistant and radiosensitive yeast strains;

7. Cloning and molecular analysis of the REV2 (=RADS5) gene of yeast;

8. Functional analysis of the REV2 gene' diverse role in mutagenesis

III.  Progress achieved including publications

1. Development of electrophoresis assays and appropriate evaluation procedures for the
analysis of DSB in yeast and mammalian cells.

A reliable quantification of DNA damage is a prerequisite to the estimation of risks resulting
from different irradiation conditions and to the analysis of damage repair Types of DNA
damage which result in fragmentation of the DNA molecules, either directly (DSB) or after
enzymatic damage processing (S1 nuclease-sensitive sites or base damage) are generally
analyzed via an evaluation of the change in the molecule length distributions of treated as
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compared to untreated samples Most methods for a quantitative evaluation used so far rely on
the assumption that the resulting breaks are distributed randomly within the analyzed genomic
samples. If this assumption holds, a so-called random breakage model allows the quantification
of breaks. However, if this assumption is invalid, its use for quantification is errorprone.
Therefore, for a given sample it is necessary to check the validity of the random breakage
model before it is applied to quantification. We have developed methods, which allow to test
whether a tentative model for the spatial distribution of breaks is valid under given
circumstances. In case the model holds, the method is then used for a reliable and fast
quantification of breaks

In the yeast S. cerevisiae all intact chromosomal molecules and their radiation-induced
fragments can be separated according to size by PFGE. Ethidium bromide-staining of the gels
and measurement of the fluorescence intensity distribution yields DNA mass profiles which
comprise the peaks of the intact chromosomal molecules and fragments of heterogeneous
length. This distribution of DNA mass in the gel lanes versus migration distance is monitored
by use of a CCD camera and an image analysis device Next, using arbitrary values for the
frequencies of DSB per unit length, expected DNA mass distributions are calculated on the
basis of a random breakage model. These distributions are transformed into distributions in
migration distances using a calibration curve for the relationship between molecule length and
migration distance valid in the gel The shape of the bands corresponding to intact
chromosomal molecules can be simulated with the aid of a modified Lorentzian distribution.
Finally, the calculated profiles are normalized to the same area as observed profiles and the two
profiles are compared using a least square procedure. During an optimization procedure, the
value for the DSB frequency yielding the best fit between observed and calculated distribution
is then determined. If the agreement between observed and calculated profiles after
optimization of the model parameters is still poor, this is treated as an incidence for a deviation
of the actual distribution of DSB from a random distribution Satisfying agreement between
both profiles indicates that the random breakage model can be used for a quantitative
evaluation of the DSB frequency. A similar method has been established for DSB analysis in
mammalian cell DNA Intact mammalian chromosomal molecules are too long to enter the gel
during electrophoresis, therefore, only the size distribution of fragments small enough to enter
the gel can be analyzed. This restricts the quantification of DSB to samples irradiated with at
least 50 Gy

2. Analysis of the spatial distribution of DSB after irradiation with sparsely ionizing
radiation and after damage repair.

Although with sparsely ionizing radiation the pattern of energy deposition within a cell nucleus -
is expected to be stochastic, it seemed conceivable that radical-mediated DSB induction is
influenced by the structure and condensation status of the chromatin Evaluation of profiles
obtained from yeast cells irradiated with sparsely ionizing radiation both under oxic and
hypoxic conditions resulted in a good agreement between calculated and observed DNA mass
distributions, and the quality of fit was not influenced by the irradiation conditions This
indicates that a higher proportion of radical-mediated breaks does not result in a change in the
spatial distribution of DSB as detectable with the method used The localization of a DSB with
respect to sequence context or relative distance to other DSB might have an impact on its
reparability We investigated therefore, whether DNA profiles obtained from y -irradiated yeast
cells which were allowed to repair the DNA damage during a post-irradiation incubation
agreed still with the calculated profiles predicted assuming a random distribution of breaks. We
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found no indications for a poorer agreement than observed in samples that were irradiated only
(see Fig 1)

WS9131 RAD/RAD

0 h LHR

Fluorescence Intensity {arbitrary units]

24 h LHR

30 130 230 330

Migration Distance [pixel units]

Fig. 1

Observed (sohid hne) and best-fiting calculated (dotted line) DNA mass distributions
obtamed from wildtype cells irradiated with 300 Gy under oxic conditions and kept for 0, 3
and 24h under non-growth conditions.

3. Determination of the DSB induction frequency in yeast and various mammalian cell
lines after sparsely ionizing irradiation under various irradiation conditions.

In case the random breakage model holds, the evaluation procedure can be used for a
quantitative DSB analysis In yeast the frequency of DSB induced by y-radiation was
determined as (1 01 + 0 06) and (2 75 + 0 10) DSB per 10° Gy x bp when irradiated under
hypoxic conditions or oxic conditions, respectively No significant strain-specific variations in
these values were detected. To validate the new technique, pulsed field gels were also blotted
and hybridized to chromosome-specific gene probes The frequency of DSB as calculated from
the diminution of the hybridization signals in the chromosomal bands compare well to those
obtained by the other method.

In exponentially growing cells of the cell lines V79 (Chinese hamster), KE37/1 (human) and
L.929 (mouse) the DSB frequencies after y-irradiation under oxic conditions was determined as
(50+04),(39+06)and (63 +09) DSB per 10° Gy x bp. The reason for these deviations is
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not clear. One possible explanation is that the relative cell cycle distribution in exponentially
growing cells of these lines differs, having an impact on the actual or apparent DSB frequency
However, detailed analysis of DSB induction in synchronized populations of L972 cells
showed that the influence of the cell cycle position is very small (variations in the induction
frequency are lower than 20%). These data are in contrast to data obtained the so-called FAR
method for DSB measurement, where the DSB frequency is inferred from the fraction of DNA
able to enter the gel With this method, errors arise if molecules are inhibited from entering the
gel although they are small enough, e.g. because of replication eyes and other structures.

4. Determination of DSB repair kinetics in radioresistant and radiosensitive yeast
strains and mammalian cell lines.

We tested several radioresistant wildtype yeast strains for their ability to repair y-ray-induced
DSB during a post-irradiation incubation under non-growth conditions. These strains exhibited
biphasic exponential repair kinetics, with t;, values of 3-4h for the fast component and 11-15h
for the slow component (for an example, see Fig. 2). Interestingly, the kinetics of repair is
identical for DSB induced under oxic and hypoxic conditions, provided that the initial level of
damage is the same. These data indicate that the reparability of the breaks is not influenced by
the oxygen status during irradiation.

The analysis of DSB repair kinetics in radiosensitive mutants may give hints to the functions of
the mutated genes. In yeast, the predominant pathway for DSB repair is homologous
recombination This pathway depends on the Rad52 protein, and studies in rad52 point
mutants have long been interpreted in terms of a total deficiency of the cells to repair DSB

However, using a diploid homozygous rad52::TRP disruption mutant, we observed a
reproducible decrease of the frequency of DSB per unit molecule length of about 30% during
the first 3h of repair incubation (Fig 2), whose velocity agrees well with the fast component of
repair in wildtype cells. In contrast to data obtained by others in point mutants, we did not
observe an increased unspecified DNA degradation after irradiation of the cell It remains to be
tested whether these differences are due to different phenotypes of point and disruption
mutants Yeast cells bearing mutations in the REV2 gene exhibit moderately enhanced
radiosensitivity and show a very pleiotropic phenotype with regards to mutation induction. We
tested whether deficiencies in DSB repair can be observed in diploid homozygous rev2-/
strains. Although the final level of residual damage after 24h of repair incubation is similar to
that obtained in wildtype cells, the kinetics of repair are drastically different. Recently, it has
been demonstrated that the radiosensitivity of three complementation groups of radiosensitive
mutant rodent cell lines is due to a defect in a component of the Ku-heterodimer-DNA-PK-
complex. In yeast, a putative homologue to the Ku-heterodimer has been identified, and the
gene HDF1 encoding one of the subunits is cloned and sequenced We have shown that
deletion of the HDFI genes enhances the radiosensitivity of the cells only in the absence of
homologous recombination, i e. in a rad52 background or in stationary haploid cells. These
data may hint at the presence of additional minor DSB repair pathways in yeast. In preliminary
experiments on DSB repair in rad52 hdf] double mutants a very small, if at all, decrease in the
DSB frequency during post-irradiation incubation was observed. In collaboration with M.
Zdzienicka, Leiden, we have begun to analyze DSB repair kinetics in various radiosensitve
mutant rodent cell lines
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Kimetics of DSB reparr under non-growth conditions [LHR] in a wildtype (WS9131),
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5. Use of the method to demonstrate non-random distribution of DSB induced by
densely ionizing radiation.

In contrast to the results obtained using sparsely ionizing radiation, after treatment of yeast
cells with neutron beams of various energies, the resulting DNA mass distributions could not
be predicted with sufficient accuracy. It was shown that the observed distributions resulting
from irradiation of cells with these densely ionizing radiations were broader than expected after
random induction of DSB Thus, the random breakage model is inappropriate for the
description of the spatial distribution of neutron-induced DSB Based on microdosimetric
considerations, a new mode! was developed that accounts for the occurrence of clusters of
DSB Implementation of this modified model in the evaluation program and its application to
the analysis of measured DNA mass distributions resulted in a clearly improved agreement of
the calculated spectra with the observed profiles as compared to the employment of the
random breakage model This indicates deviations from randomness in the spatial distribution
of neutron-induced DSB Our approach allows the computation of the resulting DNA mass
distributions and, hence, the quantitative analysis of non-randomly induced DSB detectable
after exposure of yeast cells to densely ionizing radiation We found an average of (3 7 £ 0 5)
DSB per 10° Gy x bp after irradiation in air, which leads to a relative biological effectiveness
(RBE) of approximately 2 7 for neutrons for the induction of DSB

Also in mammalian cells (V79) an analysis of the observed DNA mass profiles after induction
of DSB by very densely ionizing radiations, such as beams of accelerated charged particles
{Calcium ions, 6 9 MeV/u, LET ~ 2 1 x 10° keV/, u or Uranium ions, 9 MeV/u, LET ~ 14 x 10°
keV/p, respectively), revealed a marked overdispersion of the resulting DNA mass
distributions Any attempt to calculate corresponding profiles employing a random breakage
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spectra are characterized by an excess of fragments both in the low as well as in the very high
molecular weight regime, as compared to the amount of medium-sized molecules (Fig.3) In
view of this excess of short fragments, one may speak of damage clustering, but one must note
that, due to technical limitations, the observations refer to DSB separated by more than about
20 kb Track structure calculations suggest multiple damage on a nanometer scale that may
correspond to much shorter fragments, but such fragments are not detectable with the present
approach Nevertheless, it was found that after treatment of cells with very densely ionizing
radiations, a considerable amount of DNA mass is contained in very small fragments that are
partially lost during the preparation of the samples This observation and the fact that also a
large fraction of DNA mass is contained in very large molecules that are not able to enter the
gel prevented an unequivocal quantification of DSB induced by accelerated charged particles
However, a simple model was developed that accounts for clustering of DSB which allows at
least an empirical description of the resulting DNA mass distributions With the aid of this'
model, possible implications on the determination of RBE values for the induction of DSB by
very densely ionizing radiations were assessed
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Qbserved DNA mass distribution (solid lines) after treatment of cells with y-rays (upper
panel) and accelerated Urantum 1ons (lower panel). Exposures are as indicated. Wheras
Jor the case of sparsely iomzing radiafion an excellent agreement between observed and
the calculated distributions (dotted lines) could be achieved, with densely ionizing
radiation the agreement is rather poor.
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6. Studies on the fidelity of repair of DSB and gaps in a yeast plasmid.

Commonly, X-ray sensitivity of yeast and mammalian cell mutants is explained by some
deficiency in DSB repair Applying the PFGE technique we have analyzed DSB repair kinetics
under non-growth conditions in various yeast strains, and we found the situation to be rather
complex. Two different though closely related diploid repair-competent yeast strains (D7 and
BKO) with significant differences in their sensitivities towards gamma-rays, both under oxic
and hypoxic conditions of irradiation, show nearly identical efficiencies in the reconstitution of
chromosomal length DNA ("DSB repair") afier 24 hours as quantified by PFGE, but different
time courses of repair. Under identical experimental conditions, the rev2-/ diploid mutant
exhibiting medium radiosensitivity, is capable of restoring chromosomal length DNA to a level
similar the wild-type diploid after 24 hours of repair, however, the time course is much slower.
A similar effect was found for a radI8-1 diploid strain (EM. Geigl and F. Eckardt-Schupp,
Curr. Genet. 20, 33-37, 1991). We asked the question whether a reduced fidelity of DSB
repair is possibly the cause for the enhanced radiosensitivity in strains with delayed DSB repair.
We established an experimental system which allows to study the correctness of repair of
restriction enzyme-induced DSB and small gaps (DSG, 169 bp) with sticky ends in the plasmid
YpJA18. The plasmid contains two selectable recombinant yeast genes (TRPI, URA3) and is
transformed, either circular or cut in the URA3 gene by the restriction enzyme(s), Ncol and/or
Apal, into haploid yeast strains (&rp1-289, ura3-52) differing in their capacities for repair of X-
ray damage (see Table 1).

In repair-competent strains, both DSB and DSG are repaired with high efficiencies (as deduced
from the transformation frequencies of the manipulated plasmids) and fidelities (as deduced
from URA 3 gene function) presumably by recombination with the chromosomal URA43 gene. In
rev2 point- and deletion-mutants the efficiency is similar to the wild-type strain, but the
frequency of correctly repaired plasmids differs from the wild-type frequency considerably. In
the point mutant rev2-/ and deletion mutant rev2A the gap is restored in only 18% and 26% of
the transformants as compared to wild-type strains. In contrast (and to our surprise) the DSB
is restored with wild-type fidelity in the deletion mutant, but in the rev2-/ point mutant in only
20% of the transformants. Obviously, the Rev2 protein is required for the fidelity control of the
repair of DSB and DSG in plasmid DNA, and possibly of yeast chromosomal DNA as well In
a radl8 mutant the DSB are repaired correctly in 95% of the transformants whilst the value for
DSG is about 80%. In contrast, mutants of the RAD52 group with very reduced
transformation efficiencies for the linearized plasmids show very reduced frequencies of
correctly repaired lesions (<5 %).

Misrepaired plasmids were isolated for DNA sequence analysis of the junction sites.
Misrepaired plasmids in the rev2A as well as the rev2-/ point mutant showed similar results: In
most of the plasmids the 5' and 3' termini of the gaps were simply joined either exactly or with
deletions or insertions of nucleotides without restoration of the 169 bp sequence. Most of the
DSB were joined with errors at the junction site. Plasmids isolated from the REV2 wild-type
strain, which did not restore the URA3 function, have correctly restored the gap by
recombination and DSB were repaired by ligation without alterations at the junction sites.
Obviously, second site events caused the ura~ phenotype. Assuming a similar situation for
radiation-induced DSB in chromosomal DNA, further analysis of the fidelity of DSB and DSG
repair will improve our understanding of the molecular mechanism(s) of DSB repair. It is of
particular interest to elucidate the role of the Rev2 protein in the processes of DSB and gap
repair
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Plasmid — Uncut Apal-DSB Apal-Ncol DSG
Yeast strain URATTRPTTRP'| % [URATTRPTRP | % |URATTRP/TRP'[ %
Wildtype 370/372 100 400/408 98 584/600 97
rev2-1 173/188 92 111/555 20 146/796 18
rev2A 297/300 99 288/300 96 78/300 26
rad18A 299/300 100 285/300 95 240/300 80
rad50-1 498/570 87 12/300 4 6/300 3
rad51-1 546/600 91 5/176 3 6/192 3
rad54-1 528/600 88 4/185 2 4/198 2

Table 1

Restriction enzyme-mduced double-strand break/gap repair n different yeast strains
transfected with modified YpJA18 plasmid

7. Cloning and molecular analysis of the REV2 (RADS5) gene

The REV2 gene was cloned by complementation of a rev2-/ point mutation The gene was
sequenced and genomically disrupted yielding sensitivity to UV and ®Co-y -rays in the range
found for various rev2 point mutants Independently, the gene was cloned and analyzed by R.
Johnson et al., Molec. Cell Biol 12(9), 3807-18, 1992. The REV?2 transcript has a length of 3.4
kb corresponding to the ORF of 3419 bp. The putative Rev2 protein possesses 7 helicase
domains, two zinc fingers and a leucin zipper. Recently results by Prakash et al. (J Biol Chem
269, pp 28259-28262, 1994) on the purified protein showed no helicase activities but a
functional nucleotide binding site

In continuation of the detailed biological analysis regarding the REV2 gene function in repair
and mutagenesis (Siede and Eckardt-Schupp Mutagenesis 1(6), 471-474, 1986) the regulation
of the gene in response to DNA damage and various growth conditions was of particular
interest The experimental approaches turned out to be difficult. First, the gene shows a very
low expression, in comparison with the R4D10 transcript level we estimated at most 1 REV2
mRNA molecule per cell Second, the REV2 transcripts are masked by the 285 RNA in
Northern blot analysis, and third, even highly purified mRNA did not reveal clear bands
without extra smear. We established RT-PCR using agarose gel electrophoresis and ethidium
bromide for the detection and quantification of the reverse transcribed REV2 DNA fragment
and obtained some indication for an increase in the REV2 transcript levels in response to UV
and heatshock. However, the method is not sufficiently sensitive, and therefore we establish a
new method using polyacrylamide gels and the GATC system for detection (Heller et al.
Electrophoresis 89, ed. Radula, B J , Munich)

- 1883 -



8. Functional analysis: Role of the REV2 gene in mutagenesis.

Known for more than 20 years, still not understood, but of considerable interest are the
remarkable locus- and allele-dependent effects of rev2 mutations on mutagenesis, since the role
of the Rev2 protein might relate to chromatin structure influencing repair and mutagenesis
The REV2 gene exhibits a minor role for mutation fixation at specific ochre alleles (i.e arg4-
17, his5-2) in genes coding for proteins and a very pronounced role for mutation avoidance in
t-RNA genes. Qualitatively similar results were reported for the RAD6 and RADI8 genes
(Cassier-Chauvat, C. and Fabre, F., Mutation Res , 254, 247-258, 1991)

We use an experimental system which allows the distinction of intragenic revertants of ochre
alleles and extragenic suppressors, e.g t-RNA mutants by colony colour (Siede et al , Mol Gen
Genet, 190, 406-412, 1983). We have investigated the spontaneous and UV-induced reversion
and suppressor frequencies of various ochre alleles, using interruption mutants rev2A in two
different wild-type strains and (non-isogenic) rev2-1 and rev2ts point mutants. The following
results were obtained'

e The REV2 gene product has no influence on the spontaneous reversion of the ochre alleles
arg4-17, his5-2, lys2-1

¢ The UV-induced reversion of the /ys2-1 allele is independent of the REV?2 function, whereas
the reversion of the allele arg#-17 dependend on the Rev2 protein. In rev2-1 and rev2is
mutants the effect on UV-induced reversion frequencies seems to be more pronounced than
in rev2A mutants,

e The REV2 gene product has a remarkable influence on reducing the spontaneous and UV-
induced ochre suppressor frequencies of both lys2-1 and arg+-17 alleles in repair competent
wild type yeast As compared to the wild type strains the spontaneous mutations of tRNA
genes are 15 to 100 fold enhanced in rev2 mutants dependent on both the ochre and the
rev2 alleles investigated (Fig. 4)

o In repair competent haploid yeast the UV-induced suppressor mutations are lower than the
spontaneous values (app. 1 x 10 ) and show no increase above approximately 5 x 107 up
to 100 J/m* In contrast, in rev2? mutants suppressor frequencies increase in a dose-
dependent fashion to more than 10 at 60 J/m’, dependent on the allele analyzed.

The pleiotropic phenotypes of rev2 mutants on survival, efficiency and fidelity of DSB repair
and mutagenesis may indicate the association of the Rev2 protein with several complexes
composed of different sets of proteins differing in their biological function

The considerable differences in the mutability of ochre alleles at structural gene loci and tRNA
genes in rev2 as well as rad6 and radl8 deletion mutants might hint at a role of the proteins of
these genes with different RNA polymerases (Pol Il for mRNA and Pol III for tRNA
transcription) and/or different chromatin structures at the structural as compared to tRNA gene
loci.
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Fig. 4

7 h(z UV-induced frequencies of mutants per survivor, M(x), for extragenic suppressors of the
lys2-1 ochre allele, are plotted against the UV dose. The spontanous frequencies (1.1 +0.6) x
10%and (1.5 £ 0.4) x 10” for the strain MKP-o (REV2) and, respectively, the strain MKP-0
rev2 A, have been substracted to yield the UV-induced frequencies.
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I. Summary of Project Global Objectives and Achievements

The objectives of the project were:

1)

3)

To develop methodologies capable of characterising, identifying and quantifying
aneuploidy induction in radiation exposed somatic cells, particularly in the low dose
region. Such methods should be capable of characterising numerical chromosome
changes in both interphase and metaphase progeny cells.

Using the methods developed in 1) to determine the mechanisms by which ionising
radiation induces numerical chromosome changes.

To determine whether there are low dose thresholds for radiation induced aneuploidy
and to compare aneuploidy dose response curves with those for radation induced
structural chromosome changes.

The major achievements of the project were:

D

2)

3)

Demonstration that ionising radiation of various LET values induces both
chromosome loss and non-disjunction leading to aneuploidy in somatic cells.

At low doses of ijonising radiation induced non-disjunction appears to be the
predominant mechanism leading to aneuploidy.

Radiation induced aneuploidy results from radiation induced interactions with
centromeric DNA and non-DNA targets, probably including components of the
mitotic spindle.

In view of the role of chromosome aneuploidy during tumour progression it is of major
importance that we determine the influence of low doses of ionising radiation upon numerical
changes during progression.
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Overview of Projects: Radiation Induced Mitotic Aneuploidy

Genome stability (i.e. chromosome number and structure) is dependant upon the
coordinated functioning of the mitotic and meiotic cell division cycles. Critical events
include chromosome replication and segregation which involve the functioning of a series of
inter-related cell organelles and coordinated activities such as the synthesis and functioning
of the proteins of the nuclear spindle and the attachment and movement of the chromosomes
on the spindle apparatus. Modifications of the activity of the cell division apparatus and
critical chromosome functions may lead to aberrations of chromosome segregation and the
protection of cells with abnormal chromosome numbers, whether a multiple of the complete
karyotype (polyploidy) or individual deviations from the normal number of individual
chromosomes (aneuploidy).

During mitotic cell division aneuploidy may occur by a variety of malsegregation
events, the most important of which are:-

a) Chromosome loss, for example when a chromosome is dislocated from the mitotic
splindle and expelled as a micronucleus. Such a process may lead to the formation
of 2n and 2n-1 progeny cells. This event may be detected by the observation of
micronuclei in interphase cells or by the presence of hypodiploid metaphase cells.

b) Chromosome non-disjunction occurs when both copies of a chromosome segregate to
the same pole of a dividing cell resulting in 2n+1 and 2n-1 progeny cells. Non-
disjunction events may be detected by the observation of both hypodiploid and
hyperdiploid metaphases and interphases in progeny cells.

The aim of the project was to develop an understanding of the effects of ionising
radiations upon the fidelity of chromosome segregation. Numerical chromosome changes
may lead to substantial changes in the behaviour of progeny cells and there is now extensive
data to implicate aneuploidy in the etiology of tumour fomation in somatic cells and in birth
defects such as Downs Syndrome (trisomy of chromosome 21) when they occur in germ
cells.

During the progression of tumour cells to malignancy the homozygosity of mutant
oncogenes and numerical chromosome changes has been a consistent observation. It is thus
of considerable importance to determine whether low doses of ionising radiation induce
numerical chromosome changes which may result in the homozygosity of active oncogenes.

Unlike the induction of point mutations and chromosome structural aberrations where
the predominant target is the DNA, the potential targets for modification leading to
aneuploidy are diverse. During mitosis, these theoretically include; the chromosomes
themsetves (particularly the centromeres and telomeres), the kinetochore proteins,
microtubule synthesis and assembly, the formation of the division spindle, the synthesis and
functioning of the polar bodies, the movement of the segregating chromosomes on the spindle
and membrane modifications. A critical feature of the project has been to develop an
understanding of whether ionising radiation interacts with cellular targets of importance to
the induction of aneuploidy.
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Currently, we have little information on the nature of the dose response curve for
radiation induced somatic aneuploidy. This lack of understanding of the nature of the
molecular events which result in radiation induced aneuploidy means that we cannot predict
whether a threshold exists for the induction of numerical chromosome changes following
radiation exposure. A number of studies upon radiation induced micronucleus formation in
cultured cells indicate that they are induced by ionising radiation with dose response curves
that show no evidence of a threshold (for example Brooks et al 1990). However,
micronuclei may arise from both whole chromosomes (aneuploidy) or the presence of
chromosome fragments. If micronuclei data are to be used to provide information on the
dose response relationships of radiation induced aneuploidy it is necessary to distinguish
between micronuclei containing whole chromosomes and chromosome fragments.
Micronuclei arising from whole chromosomes and fragments may be distinguished on the
basis of size, the presence of centromeric DNA and the presence of kinetochore proteins
using appropriate molecular probes.

The objectives of the project were:-

1) To develop methodologies capable of characterising, identifying and quantifying the
aneuploidy induction in somatic cells following ionising radiation particularly in the
low dose region. Methods are necessary to investigate numerical chromosome
changes in both interphase and metaphase progeny cells.

2) Using the methods developed in 1) to determing the mechanisms by which ionising
radiation induces numerical chromosome changes.

3) To determine whether there are dose thresholds for radiation induced anueploidy and
to compare aneuploidy dose response curves with these for radiation induced
chromosome structural aberrations.

The project was planned by the collaborators to cover a research period of 3 years.
However, funding was provided for only 2 years and it was thus difficult for the
collaborators to achieve all these aims. In spite of the time and funding limitations, the
collaborators have achieved major progress in both method development and identifying the
importance of non-disjunction as a mechanism for inducing aneuploidy following low doses
of ionising radiation.

During the project the collaborating laboratories integrated their research in a manner
which allowed the investigation of the induction of numerical chromosome changes using
mouse/human cell hybrids, hamster and human fibroblasts and human lymphocytes. These
cell types were utilized with a variety of protocol variations which included:

1) Time of exposure in the cell cycle

2) Sampling and fixation times

The endpoints developed and evaluated for the quantification of the induction of
numerical changes included:
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i) Micronucleus induction, with evaluation of the nature of the chromosomal
material using the antikinetochore Crest antibody and centromeric probes

i) Chromosome counts of the whole karyotype

iii)  Counts of specific chromosomes using whole chromosome paints in metaphase
cells and centromeric probes in interphase cells.

The results obtained demonstrated that micronuclei may be induced by ionising
radiation at doses as low as 0.5Gy of both X-ray and proton irradiation. The micronuclei
induced were predominantly kinetochore and centromere negative, indicating that they arose
from chromosome structural aberrations. When micronuclei were classified into those arising
from structural aberrations and those arising from whole chromosome loss it is clear that
both types are induced by ionising radiation in a dose-dependent manner.

Analysis of radiation induced chromosome aneuploidy using whole or specific
chromosome counts indicated that substantially higher frequencies of induction are observed
than detected in the micronuclei assessments. Such data indicates that a major event involved
in the generation of radiation induced aneuploidy is non-disjunction leading to both
hypodiploidy and hyperdiploidy. Clearly, the adequate assessment of radiation induced
aneuploidy requires the use of methodologies which are capable of quantifying the
consequences of induced non-disjunction rather than the induction of chromosome loss alone.
With the availability of in situ probes for the detection of both whole chromosomes and the
centromeres of specific chromosomes the collaborators were able to directly evaluate
radiation induced non-disjunction. These studies demonstrated that chromosome non-
disjunction is the most important mechanism leading to aneuploidy following low doses
(currently down to 0.125 Gy) of ionising radiation. The collaboration allowed the evaluation
of radiation induced non-disjunction for 6 individual pairs of chromosomes 7 + 11, 2 + &
and 1 + 17.

To investigate the role of cellular targets other than the chromosomal DNA in the
etiology of aneuploidy the Swansea Laboratory compared the induction of chromosome
structural and numerical aberrations in Chinese hamster cell lines with differing capacities
to repair DNA damage. These studies demonstrated that following ionising radiation
exposure there was a higher frequency of structural chromosome damage in repair defective
cell cultures compared with repair proficient cell cultures. In contrast, there was little or no
difference in the dose response for the induction of numerical chromosome changes in those
cell lines of differing repair capabilities so far evaluated. Such data clearly indicate that at
least a proportion of the induced aneuploidy measured in our studies is derived from ionising
radiation damage to targets other than that to the chromosomal DNA. Such observations
indicate that currently characterised DNA repair activities are not major factors for
consideration in the risk-evaluation of radiation induced aneuploidy. It would be of
considerable theoretical and practical interest to determine the factors which are of
significance in influencing the frequencies of aneuploidy during tumour progression.

Although it is clear from our data that a significant proportion of radiation induced
aneuploidy is derived from damage to non-DNA targets there is also evidence from the work
of the Roma Laboratory that radiation interaction with the centromeric DNA is also of
importance in producing numerical changes. Micronuclei containing kinetochore positive and
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FISH negative signals appear to be unique to radiation induced cells suggesting a sensitivity
of the centromeric regions of chromosomes to radiation induced disturbances which result
in chromosome induced malsegregation. It is thus of importance to determine the relative
contributions of chromosomal and non-chromosomal damage in the etiology of radiation
induced aneuploidy.

By the end of the project period i.e. June 1995, it was not possible to adequately
address the question of potential thresholds for radiation induced aneuploidy. The
collaboration resulted in the development of suitable methodologies i.e. the analysis of
chromosome segregation in binucleate cells, which would have been used to analyse the dose
response relationship if time had been available.

In view of the role of chromosome aneuploidy during tumour progression, it is of
major importance that we determine the influence of low dose ionising radiation upon
numerical changes during progression.
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Head of Project 1. Professor J M Parry

Objectives of the Swansea Laboratory 1.7.93 to 30.6.95

To evaluate potential cultured cell test systems for their suitability for the study of
radiation induced aneuploidy.

To develop methods in an appropriate test system capable of detecting and quantifying
radiation induced aneuploidy of specific chromosomes using fluorescence in situ

hybridisation with whole chromosome paints in metaphase cells and centromere-
specific probes in interphase cells.

To estimate the capacity of ionising radiation to induce aneuploidy in cultured cells.

To determine the relative contributions of chromosome loss and non-disjunction in the
induction of aneuploidy by ionising radiations.

To investigate the mechanisms of radiation induced aneuploidy and to determine the
cellular targets critical to induction.

To investigate potential threshoids of radiation induced aneuploidy.

Progress achieved

Methods were successfully developed based upon fluoresence in situ hybridisation
(FISH) to detect and quantify aneuploidy in metaphase and interphase cells.

Ionising radiation was shown to induce chromosome loss and non-disjunction.

Non-disjunction was shown to be the predominant mechanism leading to aneuploidy
at low doses of ionising radiation.

Studies in repair defective cells indicated that DNA repair makes little or no
contribution to the levels of aneuploidy induced by ionising radiation indicating a
major contribution of non-DNA targets.

Little progress was made on potential thresholds during the limited time scale of the
project.
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Project 1a
Radiation induced aneuploidy in human lymphocytes

III. Main Results Obtained
{Methodology, Results, Discussion)

The initial studies of the Swansea Laboratory involved the use of the mouse/human
cell hybrid R3-5 which carries a single copy of human chromosome 2. The single human
chromosome in R3-5 was hybridised with a biotin labelled Oncor total human DNA probe.
The probe was revealed with avidin-FITC followed with biotinylated anti-avidine and avidin-
FITC. The cells were scored for the number of human chromosomes present following low
dose of X-rays. Radiation induced mitotic aneuploidy was scored for the presence of 0
(loss), 1 and 2 (gain) human chromosomes.

These initial studies indicated that up to 10% of untreated cells contained
modifications of chromosome number. Such a high frequency of spontaneous aneuploidy was
considered to be inappropriate for the study of radiation induced aneuploidy in the low dose
region. Based upon these initial studies primary human cells were used for further analysis
and to evaluate the suitability of a number of probes for various human chromosomes and
to develop protocals for the quantification of both chromosome loss and gain.

Methods

Heparinised whole blood samples from healthy female donors were irradiated with
X-rays at a dose rate of 1.47 Gy/minute. Cultures were grown at 37° under a 5% CO,
atmosphere in RMP1 1640 medium supplemented with 20% foetal calf serum and 1.4%
phytohaemagglutinin. Cultures were grown for 2 hr. Cells were harvested and given a brief
(10 min) hypotonic treatment (0.075 M KCl) and fixed three times in 4:1 methanol: acetic
acid. Fixed cells were dropped on to clean, polished slides, allowed to dry and stored at
-20°C.

Slides were immersed in acetone (10-20 min), air-dried, treated with RNase
{100pg/ml in 2 x SSC, pH 7.0) for 1 h at 37°C, washed three times in 2 x SSC, treated with
proteinase < [0.5 pg/ml in 2mM CaCl,, 20mM Tris-HCI, pH 7.4), rinsed twice in 2 x SSC
and dehydrated through an ethanol series.

FISH was carried out using chromosome-specific "paint” probes obtained from
Cambio and for the purpose of the project we selected probes for chromosomes 2 and 8
being suitable for further studies. FITC-labelled chromosome 2 specific paint and biotin
labelled chromosome 8 paints were employed. The probes required immunological detection
and were revealed with (a) goat anti-FITC and rabbit anti-goat FITC and (b) avidin-Texas
Red followed by biotinylated anti-avidin and avidin-Texas Red respectively. All slides were
counterstained with DAP1. Slides were mounted in Vectashield anti-fade and visualised
using an Olympus fluorescence microscope equipped with a triple-band pass filter to allow
the simultaneous observation of both labelled chromosomes and counterstain. The images
of the FISH stained chromosomes were captured on a Perceptive Instruments Imge Analysis
Station. The frequencies of chromosome 2 and 8 and exchanges involving both chromosomes
were determined.
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Results

An example of the data obtained from exposing human lymphocytes to X-ray doses
of 0 and 5.88 Gy are illustrated in Table 1. The data for chromosomes 2 and 8 demonstrates
an increase in hyperdiploidy at doses of 1.47 Gy and above. The data also demonstrated that
the further analysis of X-ray induced hyperdiploidy should involve doses in the region of 0
to 1.5 Gy. In contrast to the dose-dependent increase in hyperploidy the frequencies of
hypodiploidy were variable and not dose-dependent indicating that the predominant aneugenic
event induced by X-rays was non-disjunction rather than chromosome loss.

To compare the relative induction of chromosome structural with numerical
aberrations we have also evaluated the frequencies of exchanges involving chromosome 2 and
8 detectable in the cells evaluated for hypodiploidy and hyperdiploidy. The data obtained
from these analyses demonstrate significant increases the frequencies of exchanges observed
following X-ray exposure (Table 2).

Our data demonstrated that X-ray doses of 0.5 Gy induced hyperdiploidy and
chromosome exchanges. The predominant mechanism of induced aneuploidy appears to
radiation induced non-disjunction. To further evaluate the role of non-disjunction in radiation
induced aneuploidy we investigated the distribution of centromere-specific signals in
binucleate human lymphocytes sampled 24 hours after the addition of the actin inhibitor
cytochalasin B. Centromere-specific signals for chromosomes 2 and 8 were detected using
probes supplied by Oncor.

Table 3 illustrates an example of the data obtained when human lymphocytes were

irradiated with X-ray doses of 0 to 2 GY. The data demonstrate a significant increase in
non-disjunction of chromosomes 2 and 8§ at doses above 0.5 GY. These data using interphase
cells confirm the results of the metaphase studies that ionising radiation is capable of
inducing non-disjunction leading to aneuploid progeny cells.
Although it is clear from our data that a significant proportion of radiation induced
aneuploidy is derived from damage to non-DNA targets there is also evidence from the work
of the Roma Laboratory that radiation interaction with the centromeric DNA is also of
importance in producing numerical changes. Micronuclei containing kinetochore positive and
FISH negative signals appear to be unique to radiation induced cells suggesting a sensitivity
of the centromeric regions of chromosomes to radiation induced disturbances which result
in chromosome induced malsegregation. It is thus of importance to determine the relative
contributions of chromosomal and non-chromosomal damage in the etiology of radiation
induced aneuploidy.

By the end of the project period i.e. June 1995, it was not possible to adequately
address the question of potential thresholds for radiation induced aneuploidy. The
collaboration resulted in the development of suitable methodologies i.e. the analysis of
chromosome segregation in binucleate cells, which would have been used to analyse the dose
response relationship if time had been available.
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Table 1

The induction of radiation induced hypodiploidy and hyperdiploidy of
chromosomes 2 and 8 in human lymphocytes.

X-ray dose cells Chromosome 2 Chromosome 8 Total loss Total gain % %
Gy scored loss gain
loss gain loss gain
0 350 11 0 14 0 25 0 7.1 0
0.74 200 5 0 8 0 13 0 6.5 0
1.47 200 14 2 14 3 28 5 14.0 2.5
2.94 200 9 2 6 3 15 5 7.5 2.5
5.88 128 4 3 4 3 8 6 6.3 4.7




Table 2

The induction of radiation induced exchanges involving

Chromosomes 2 and 8 in human Iymphocytes

X-ra Cells Chromosome 2 | Chromosome 8 Total %
dose Gy Scored
0 350 2 1 3 0.85
0.74 200 0 0 0 0
1.47 200 3 10 13 6.5
2.94 200 22 24 46 23
5.88 121 55 50 105 86.8
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Project 1.b

Role of DNA repair activity upon the induction of numerical and chromosome
aberrations by ionising radiations

Following our observation that ionising radiation induced aneuploidy at low doses of
exposure we undertook a study of the role of DNA repair activity into the induction of
numerical and structural aberrations. The role of repair was assessed by the use of the
Chinese hamster cell lines V79 and its repair deficient mutant irs1 (Jones et al 1987).

Induced structural and numerical chromosome aberrations were assessed by the use
of the binucleate cell micronucleus assay. This involved the use of cytochalasin-B to inhibit
the formation of actin and thus allow the completion of nuclear division without the
completion of cytokinesis. Micronuclei present in binucleate cells were classified as to their
origin i.e. whether they contained whole chromosomes or chromosome fragments as detected
by the immunostaining for the presence of kinetochore protein.

Method

Monolayer cultures of repair proficient parental cell line V79.4 and the repair mutant
irs1 were initiated with 2.8 x 10° cells in petri dishes for 24 hours. The cells were then
irradiated at a dose rate of 1.6/min and incubated with cytochalasin B (3ug/ml) for 16 hours
(V79.4) or 20 hours (irs1). The different incubation times were based upon the respective
cell cycle times for the two cell cultures. Cells were harvested and aliquots centrifuged onto
slides. Slides were briefly air dried and fixed in 90% methanol for 10-20 min.

Slides were immuno-labelled according to the protocol described by Ellard et al.,
1991. Briefly, slides were incubated with a commercial antikinetochore antibody (Antibodies
Incorporated, Davies, USA) diluted 1:1 with PBS for 45 min. Slides were then washed and
treated with a secondary anti-human IgG antibody (FITC conjugated) diluted 1:100 with PBS.
Slides were stained with primulin and mounted in 1:200 DAPI:antifade solution.

Kinetochore labelled slides were analysed using an Olympus BH2 microscope fitted
with RFL fluorescence equipment. 1000 or more binucleated cells were scored for
micronuclei and a minimum of 100 of them examined for kinetochore positive signals. The
ratio of binucleate to total cell number was ascertained to give an indication of the nuclear
division index.

Results

The V79 cell line used in our experiments had a control frequency of micronuclei of
approximately 15 micronuclei per 1000 binucleate cells of which approximately 30% were
kinetochore positive and 70% were kinetochore negative. All of the radiation sensitive
Chinese hamster cell lines we initially examined had higher levels of micronuclei in untreated
cultures; up to 90 per thousand in irs1. However, the relative proportions of kinetochore
positive to negative micronuclei was approximately 30:70 respectively in all the cultures.

Figure 1 demonstrates the induction of kinetochore negative micronuclei by ionising
radiation of up to 2Gy in both the repair proficient V79 cell line and the repair deficient cell
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line. In V79 the slope of the induction curve was 40.1 micronuclei per 1000 binucleate cells
per Gy whereas in irsl the slope of the induction curve was 96.6 micronuclei per 1000
binucleate cells per Gy. Clearly there was a substantially greater induction of kinetochore
negative micronuclei presumably produced by chromosome fragments in the radiation
sensitive repair deficient cell line.

Figure 2 demonstrates the induction of kinetochore positive micronuclei by ionising
radiation in the two cell lines. As can be seen from Figure 2 the slopes of induction of
kinetochore positive micronuclei were virtually identical i.e. V79 6.75 micronuclei per 1000
binucleate cells per Gy and irs1 6.0 micronuclei per 1000 binucleate cells per Gy. These
data indicate that there was no difference in the slope of induction of kinetochore positive
micronuclei produced by whole chromosome loss in either the wild type or the repair
deficient cell line.

Discussion

The irs1 mutant had a background frequency of kinetochore positive micronuclei
approximately 3-fold higher than the wild type V79 which was virtually identical to its
radiation sensitivity (Jones et al 1987). The increased sensitivity of irs1 is clearly reflected
in the elevated induction of chromosome structural damage by radiation exposure as reflected
by the increased sensitivity of induction of kinetochore negative micronuclei. We suggest
that in this DNA repair defective cell line (described in detail in Jones er al 1990) an
increased proportion of radiation induced DNA lesions result in chromosome damage
compared to the wild type V79 cell line.

The induction of whole chromosome aneuploidy as reflected by kinetochore positive
micronuclei is in marked contrast to the induction of structural aberrations. The kinetics of
induction of whole chromosome loss was identical in the two cell lines irrespective of their
DNA repair status. The observations presented here indicate that DNA repair activity has
little or no influence upon the induction of aneuploidy by ionising radiations. Such
observations suggest that the ceilular targets for ionising radiation induced aneuploidy are not
the DNA of the chromosomes. The specific targets involved remain to be elucidated.
However, our previous studies of the effects of ionising radiation upon dividing cells suggest
that the spindle apparatus is probably the most important cellular target (Parry et al 1985).
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Head of Project 2: Prof. C. Tanzarella

II.  Objectives

To study the effect of ionizing radiation on the induction of chromosomal
malsegretation, human primary fibroblasts (MRC-5) and Chinese hamster cells (C1-1)
were irradiated with low LET X-rays and high LET, low energy protons.

Three objectives were investigated:

A)  Induction of chromosome loss and non-disjunction.

B) Persistence of micronuclei at several fixation times after irradiation.

C)  Mechanism(s) responsible for chromosome loss induction in human
fibroblasts.

HI. Progress achieved including publications

MATERIALS AND METHODS

The Chinese hamster cell line (C1-1) was routinely maintained in Ham’s F-10

medium supplemented with 10% fetal serum, antibiotics and L-glutamine in a 5% CO,

atmosphere at 37° C. Cells were irradiated with low LET X-rays (Gilardoni

apparatus, 250 kV, 6 mA, 70 cGY/min.) or high LET low energy protons.

For X-rays two types of protocols were adopted:

- In a dose-range finding experiment, cells were grown for 24h on
coverslips in 35 mm Petri dishes and subsequently irradiated with 12.5,
25, 50, 100 cGy of X-rays. Cytochalasis-B (3ug/ml) was added
immediately after X-ray irradiation, and kept for a further 20 hrs. before
fixation. Cells were stained with antikinetocore antibody (Antibody
Inc., CA).

- To study the persistence of cytogenetic damage, cytochalasin-B was
added immediately (I FIX) or, in turn, 20 hrs. (I FIX) and 40 hrs. (1II
FIX) after X-ray-irradiation. The cultures were kept in the presence of
cytochalasin-B for 20 hrs., then fixed and stained with antikinetochore
antibody.
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For protons, only one type of protocol was carried out:

- About 18 hrs. before irradiation 4x10° cells were plated in each
stainless-steel Petri dish and grown at 37°C as monolayer attached to a
maylar foild (52 um thick; 133 mm area) at the dish. Two or three
dishes were irradiated for each dose point. Irradiation was carried out
at the radiobiological facility of the 7 MV Van de Fraaff CN accelerator
at the Laboratori Nazionali di Legnaro of the Instituto Nazionale di
Fiscia Nucleare (INFN), using 31 KeV monoenergetic proton beams in
air. Cells were irradiated with 12.5, 25, 50 75, 100 and 150 cGy.
Immediately after irradiation cells were detached by trypsin treatment
and seeded in chamber slides, then cytochalasin-B (3ug/ml) was added
and kept for further 20 hrs. before fixation. Cells were stained with
antikinetocore antibody.

MN and CREST positive MN were scored in 500 BN cells for each experimental
point/experiment.

Human primary fibroblasts (MRC-5) were cultured in MEM medium, 10% fetal
serum, antibiotics and L-glutamine in a 5% atmosphere at 37° C. Fibroblasts were
irradiated with 12.5, 25, 50, 100 cGy of X-rays for induction of chromosomal loss
and non-disjunction.

Three types of protocols were carried out:

- To study chromosome loss, Cytochalasin-B was added immediately after
treatment and cells were fixed 24 hrs. later for FISH staining with
centromeric DNA cocktail probe. FISH positive micronuclei were
scored in 500 BN cells.

- Non-disjunction was scored in the daughter nuclei of binucleated cells
with FISH staining with alphoid-specific probes for chromosomes 7 and
11 (ONCOR).

- Aiming at evaluating the possible mechanism responsible for
chromosome loss, MRC-5 were exposed to 12.5, 25 and 50 cGy X-rays
and incubated in the presence of Cytochalasin-B for 24 hours, then fixed
and stained with CREST antibody. MN were recorded for the
presence/absence of CREST signal. Slides were fixed again and stained
according to FISH technique with centromeric DNA cocktail probe; the
same MN analyzed for CREST signal were scored with FISH staining.
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RESULTS

A) Induction of chromosome loss and non-disjunction:

804’

MN/500 BN

404

0 12,5 25 50 75 100
Rx (cGY)

EIMN CREsT+ BB MN TOT

F1G.1. shows that X-rays induced MN in a dose-related manner in Cl-1 cells.
The frequency of CREST positive MN scored in BN cells 20 hrs after
treatment was at least 15% of total induced MN by all X-rays doses except 12.5
cGy.(Results from 3 experiments.)

160+

1204°°

804"

MN/500 BN

75 100 150

low energy protons (cGy)

OMN crest+ B MmN TOT

FIG.2. Frequency of MN and CREST positive MN scored in Cl-1 BN cells 20
hrs after irradiation with protons.(Results from 1 experiments.)
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FIG.3
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TAB.1
Chromosome loss G1 irradiation
Dose (Gy) nCB %0 MNCB MN scored % C+
0.000 3733 16.6 62.0 31.7
0.125 2500 34.8 107.0 20.0
0.250 2000 59.0 121.0 25.4
0.500 2500 93.0 222.0 17.6
1.000 1500 148.0 222.0 11.9

FIG.3 and TAB.1 A frequency ranging from 12% to 20% of MN containing
centromeric regions were detected in X-irradiated human fibroblasts when
stained with centromeric DNA cocktail probes and alphoid-specific probes.
(Results from 3 experiments.)
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TAB.2

Chromosome non-disjunction

Cromosoma 7 Cromosoma 11 7+11
Dose nCB (242) (1+3) %ND (2+2) (14+3) %ND %ND
(GYy) CB CB CB CB CB CB CB
0.00 1500 1495 5 0.33 1489 11 073 1.06
0.125 1000 993 7 0.7 989 11 1.1 1.8
0.25 1500 1493 7 0.46 1481 19 1.26 1.72
0.50 1500 1489 11 0.73 1474 26 1.73 2.46

TAB.2 gives the number of MRC-5 binucleates analysed and the frequencies
of uneven distribution of the four signals between the two daughter nuclei
(%NDCB) after FISH labelling with two chromosome specific centromeric
probes.Chromosome 11 was more involved than chromosome 7 in both
spontaneously and radiation-induced non-disjunction.After irradiation with 0.5
Gy a statistically significant (p=0.0125) increase in the frequency of non-

disjunction was seen.
(Results from 3 experiments.)
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B) Persistence of micronuclei at several fixation times from the
low doses of irradiation.

160

12047

MN/500 BN

Rx (¢Gy) 0 12,525 50 100 0 12,525 50100 0 12,525 50 100
1 FIX 11 FIX 111 F1X

I MN cresT+ B MN TOT

FIG.4 shows the frequency of MN and CREST positive MN in Cl-1 BN cells
irradiated at different dose of X-rays and harvested at different times after
irradiation ( 20 hrs.40 hrs, 60 hrs.).The frequency of MN, both CREST
positive and negative, was higher at the first and second fixation time (20 and
40 hrs) in comparison to the third (60 hrs), for doses of 25, 50 and 100
cGy.(Results from 5 experiments.)
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C) Mechanism(s) responsible for chromosome loss in human
fibroblasts.
MN MN MN MN MN
Raggi-X analizzati | CREST- CREST+ CREST- CREST+
FISH- FISH- FISH+ FISH+
0 cGy 39 23 (58) 377 13 (33)
12.5 ¢Gy 59 42 (77 4 6.7 2 33) 11 (18.6)
25 cGy 81 57 (70) 6 (74) 3 37 18 (222)
50 ¢cGy 83 71 (85) 7 89 112 4 48

TAB.3 Comparison between CREST and FISH staining performed on the
same induced MN in MRC-5 cells 24 hrs after X-irradiation.

As expected,ionizing radiation induced mainly MN negative detected following
CREST and FISH staining. Interestingly, a percentage between 6.7 and 8.5%
of induced MN appeared positive for CREST and negative for FISH staining
(number in brackets represents percentages)

DISCUSSION

In our experiments, both low LET X-rays and high LET low energy protons,
were able to induce MN CREST + and FISH+ in hamster cells as well as in
primary human fibroblasts. Although the majority of induced MN results
negative according to the well known clastogenic activity of ionizing
radiation, values of about 15% and 30% of MN resulted CREST-positive for
X-rays and protons respectively.

Molecular cytogenetic techniques have been very recently used to study not
only chromosome loss but also the fate of specific chromosomes at cell
division in mammalian cells.

It has been reported that non-disjunction may arise at doses of chemical
compounds not able to induce significant number of micronuclei. However, up
to now no data are available on this issue in mammalian cells exposed to
radiations. ‘

With the aim of studying the effect of low doses (from 12.5 to 100 cGy) of X-
rays , centromeric probes for chromosome 7 and 11 were used to evaluate the
distribution of these chromosomes in the main nuclei of irradiated binucleated
cells.

Our data indicate that non-disjunction occured at higher extent compared to
chromosome loss for both chromosomes probed. This may suggest that
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chromosomal non-disjunction is the main mechanism leading to spontaneous
and low dose radiation-induced aneuploidy and strengthenes the usefulness of
study nondisjunction in combination with chromosome loss.

To study the kinetics of persistence/delayed expression of CREST-positive MN,
hamster cells were irradiated and harvested at several cell division after
irradiation. The frequency of this class of micronuclei was higher in treated
compared to untreated cells, irrespective of the fixation time. However, it
should be noted that at the later fixation time (about three cells division) the
frequency of CREST-positive MN was lower than that observed at the second
fixation time.This may indicate that cells mantain a condition prone to either
persistence of induced CREST-positive MN or formation of new
chromosomal or cellular damage leading to CREST-positive MN.

We cannot rule out the possibility that chromosomal non-disjunction which
arise at higher extent than chromosomal loss, may determine a cellular
condition leading to delayed instability several cellular  division after
irradiation.

Mechanism(s) responsible for radiation induced malsegregation are not
understood. Our preliminary results in human fibroblasts indicated that
radiation

induced a class of MN detected as CREST-positive, FISH-negative wich may be
possibly explained by damage clusterized to centromeric regions which
prevents the hybridization with the centromeric probe or by centromeric
protein displacement.

However, the role played by assembly, structural integrity and functionality of
kinetochores in radiation-induced chromosomal malsegregation need to be
further investigated. In conclusion , our results showing induction of MN
positive for both CREST and FISH staining, seem to exclude DNA damage as a
major target in the X-ray-induced aneuploidy.

Publications

-Sgura, A., Antoccia, A.,De Dominicis, A.,Degrassi, F. and Tanzarella, C..
Radiation induced mitotic aneuploidy in rodent and human cultured cells.

VII Convegno Nazionale Societa' Italiana per le Ricerche sulle Radiazioni,
24-26 novembre 1994. p. E 14.

-Sgura,A., Antoccia, A.,Degrassi, F. and Tanzarella, C..

Radiation induced chromosomal loss and non-disjuction in human cultured
fibroblast.

Atti Convegno Congiunto p. 92, 2-6 Ottobre 1995, Montesilvano Lido (PE).
-M.Kirsch-Volders, 1.Tallon, C. Tanzarella, A. Sgura and J. Parry.
Chromosome non-disjunction as a major mechanism for in vitro aneuploidy
induction by X-rays in primary human cells. Mutagenesis (in press).
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Head of Project 3: Dr. Kirsch-Volders

IL

Objectives

This two year project aimed at the development of sensitive methods to analyse the
importance of radiation (X-rays) induced aneuploidy (versus chromosome breakage)
in vitro in human lymphocytes.

Different methodologies were first compared and applied:

Cytochalasin-B blocked micronucleus assay with fluorescence in_situ
hybridisation (FISH) using a pan-centromeric probe.

FISH using chromosome-specific centromeric probes for chromosomes
1 and 17 in cytochalasin-B blocked binucleated cells.

Chromosome counting performed o