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ABSTRACT

This colloquium introduces some of the general concepts used in cell biology and in
the study of the effects of ionizing radiation on living organisms. The present research
activities in radiation biology in the Biology Branch at the Chalk River Nuclear Laboratories
cover a broad range of interests in the entire chain of events by which the initial
radiation-induced changes in the living cell are translated into significant biological effects,
including the eventual production of cancers and hereditary defects. The main theme of
these research activities is an understanding of the mechanisms by which radiation damage
to DNA (the carrier of hereditary information in all living organisms) can be actively
repaired by the living cell. Advances in our understanding of these processes have broad
implications for other areas of biology but also bear directly on the assessment of the
biological hazards of ionizing radiation. The colloquium concludes with a brief discussion of
the hazards of low-level radiation.
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FOREWORD

The study of radiation biology is essential to an understanding of the biological
hazards of ionizing radiation, which is the main area of concern in the Biology Branch at
Chalk River Nuclear Laboratories (CRNL). It is becoming increasingly evident that the
conclusions derived from research activities in this area have widespread implications which
were not apparent only a few years ago. The new concepts which have developed in the field
of radiation biology in the past decade (notably with respect to repair of radiation damage
in the living organism) are now seen to be highly relevant to an understanding of the
mechanism of evolution, the mechanism of cancer development and possibly the mechanism
of aging, as well as to radiotherapy and to the assessment of the hazards of many
environmental chemicals. There has consequently been a tremendous upsurge of interest in
these concepts in the general scientific literature and it seemed appropriate to review them
at the present time.

The main responsibility of the Biology Branch at CRNL has, however, been an active
engagement in basic research in radiation biology related to the assessment of radiation
hazards. The primary interest of the group is the mechanisms by which the initial radiation
damage in the living organism can be largely repaired and by which the risks to man are
modified. For this purpose, information obtained with many types of living organisms is
integrated within the Branch in order to provide a clearer understanding of the complex
processes involved in the living cell. It is primarily this kind of information that provides the
basis of the present document.

During the early part of 1976, members of the Biology Branch at CRNL undertook a
review of the direction and objectives of their research activities. This review resulted in the
preparation of Atomic Energy of Canada Limited Report AECL-5613 from CRNL.
Interested readers are directed to this previous report for a more detailed analysis of the
objectives of research activities in the Biology Branch at CRNL.

In August, 1976, an informal col'^quium was also given at CRNL in order to provide
an opportunity for other scientific personnel to become better acquainted with the research
in radiation biology that is currently in progress at CRNL. The present document is based
upon the texts of this colloquium, with final editing by D.K. Myers. We are grateful to Dr.
A.M. Marko, Director of Biology and Health Physics Division, and to Dr. H.B. Newcombe,
Head of the Population Research Branch at CRNL, for valuable suggestions and we are, as
usual, indebted to the secretarial staff for expert typing and preparation of the document in
its finished form.
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SUMMARY

Research activities in the Biology Branch at Chalk River Nuclear Laboratories are
concerned with defining radiation damage in living systems in molecular terms, with the
manner in which this damage is repaired by cellular processes, and with the ultimate effects
of these events on living organisms including man. The general introduction to this
colloquium (Section A) discusses the background of this area of radiation biology.

Some features of living cells are outlined in Section B, in order to introduce the
non-biologist to the basic concepts which underlie research activities in radiation biology.
The genetic apparatus, believed to be the most important target for the late effects of
radiation, is described and a model of the organization cf genes in mammalian DNA is
presented. This model includes a suggested function for a new type of sequence that was
discovered in mammalian DNA a few years ago at CRNL.

The effects of radiation-induced free radicals on the cell wali of a radioresistant
bacterium are described in Section C. Hydroxyl radicals cause a selective release of certain
proteins and carbohydrates from the lipid-rich membrane layer of the cell wall. The
mechanism of these, effects and the protective action of oxygen are being studied in order to
provide an insight into the interaction of the radiation-induced radicals with biological
structures and macromolecules.

Bacterial virusei; are extremely valuable for radiation studies. One of their principal
advantages for these studies is that the particles can be irradiated and the DNA extracted for
analysis with the certainty that cellular processes have not modified that damage. Having
measured the damage produced in the DNA, it is then possible to correlate this with phage
survival. A brief description of a particular bacteriophage (T4), its. multiplication and a
genetic approach to the analysis of radiation-induced damage to T4 is given in Section D.

The high radiation resistance of Micrococcus radiodarans (Section E) can be
accounted for by exceedingly efficient excision repair and recombinational repair pathways.
Understanding how these, proficient systems function illustrates features important for
competent repair capability in any living organism. The contribution of each of these
pathways to survival, and to repair of DNA damage at the molecular level, can be
distinguished by the study of radiation-sensitive mutants (in which one or the other
pathway is defective), by the use of inhibitors of a particular pathway, and by the study of
other conditions in which the action of one pathway may be seen selectively. Recombina-
tional repair appears to be a key factor in allowing M. radiodurans to accommodate
potentially lethal double strand (coincident) damage.

There is also direct evidence from studies on the smut fungus Ustilago maydis (Section
F) that recombination is involved in repair of radiation damage, that it is inducible, and that
it is not dependent on chromosomal DNA synthesis. A mutant conditionally blocked in
chromosomal DNA synthesis becomes more radiation sensitive during the block, and is
recombinationally defective ; it is thought that a core process in DNA metabolism is
affected. The genetic consequences of repairing radiation damage in the cells of somatic
tissue in humans by recombinational means are briefly discussed.
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Ataxia telangiectasia (AT) is a rare hereditary disease in humans; its symptoms include
a disposition to develop certain types of cancer (Section G). A unique feature of AT is
extreme sensitivity to ionizing radiation, observed both clinically and in cell culture. Hence,
the DNA repair capabilities of ten diploid fibroblast strains derived from unrelated AT
donors were measured following anoxic 7-irradiation. Compared to two control strains, six
of the ten mutant strains are markedly deficient in 7-induced repair replication. Two
defective strains were defined further. While capable of rejoining single-strand breaks
normally, both are impaired in the initial incision step in excision repair of base defects
from their DNA. Cell fusion studies assign different AT strains to different complemsnta-
tion groups; this result, coupled with a normal repair-replication ability in four of the ten
AT strains, indicates genetic heterogeneity in the disease. Aside from providing molecular
insight into this complex disorder, our findings implicate faulty DNA repair in cancer
induction.

The radiation hazards associated with a nuclear power program were discussed briefly
in Section H. The presently accepted international estimates of hazards predicts that a very
small number of cancers and hereditary defects will be produced by low levels of radiation.
However, radiation hazards to man must necessarily be estimated by extrapolation from
data obtained with humans and other living organisms at high doses, where measurable
effects are observed. This direct extrapolation may, in certain cases, lead to an over-estimate
of the hazards at low doses and low dose-rates. Three experimental approaches were
outlined by which the practical assessment of radiation hazards could be refined and a more
accurate assessment made of the magnitude of the safety factors which are thought to be
built into the presently accepted estimates.
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(A) A.M. Marko:

General Introduction

A.M. MARKO

This colloquium is primarily concerned with
the work in radiation biology which is being carried
out in the Biology Branch at CRNL. Biology is of
course the science of life, and radiation biology a
specialized compartment dealing with the effects of
ionizing radiation on the life process. Together with
the Population Research Branch at CRNL, the
Biology Branch has a three-fold function: (a) to carry
out basic research related to the biological hazards of
ionizing radiation, (b) to relate this basic knowledge
to improved assessments of the risks to human beings,
and (c) to serve as an immediately available source of
information on the current understanding of life
processes and the effects of radiation on these
processes.

The research in Biology Branch has specially
focussed on definition of the radiation damage in
living systems in molecular terms and on the manner
in which this damage is repaired by cellular processes.
We hope that a better understanding of the mechan-
isms involved in repair of radiation damage will lead
to an improved quantitative understanding of the
consequences of exposing humans to low levels of
radiation.

Figure Al illustrates the sequence of events
following exposure of a living organism to radiation.
For convenience, we have divided these events into
three levels corresponding to the sequence of times
and the kinds of processes involved. At level A, fast
radical reactions occurring in the first few nano-
seconds and microseconds lead to chemical changes in
all of the organic constituents of the cell, including
the carrier of genetic information, the DNA. It is
difficult to alter the course of these events in the
living cell; a given dose of radiation appears to
produce essentially the same amount of chemical
damage per unit of DNA within a factor of three
under all conditions. However, at level B, we find
active repair processes being carried out by the living
cell; in a low dose situation, the repair processes in
many living cells car eliminate 99% or more of the
initial radiation damage to the ONA. Thus only a
minute fraction, usually less than 1%, of the initial
damage remains to account for these late effects of
radiation on living systems at level C. These quantita-
tive effects of repair, with most of the initial damage
being repaired, are the reason for our focus on this
particular portion of the whole area of radiation
biology.
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Figure Al — Sequence of events following
irradiation of a living organism.
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In the present colloquium, first we have a brief
revi>w of the general concepts of cell biology and
DNA structure (Section B). The living cell can be
likened to a highly complex factory with large
numbers of specialized pieces of machinery carrying
out many different chemical and physical operations.
The blueprints for all of this machinery are carried by
the genetic material, DNA, and it is these blueprints
which are believed to be the critical target for all of
the long-term effects of radiation on living organisms.
Dr. Birnboim will review the structure and functions
of this complex molecule and will touch briefly upon
some of his own recent discoveries in this field.

Secondly, Dr. Mitchel will discuss the inter-
action of free radicals with the wall and membrane
which surrounds living cells (Section C) and will point
out some of the types of damage which can occur.

Next we will have a series of four presentations
by Drs. Childs, Centner, Unrau and Paterson
(Sections D-G) which will focus on radiation damage
to the DNA, repair of this damage and its con-
sequences for the living cell. The DNA which carries
the blueprints for all of the life processes is not more
stable per se than most other organic molecules. It
must be faithfully copied each time that a living cell
divides to form two daughter cells; it is subject to all
kinds of spontaneous chemical alterations as well as
those alterations caused by ionizing radiation, by
environmental chemical agents and by the ultraviolet
component of sunlight; and yet the DNA has been
able to survive through millions of years and through
millions of copyings.

In the days before DNA was known to be the
primary genetic material, there was a great deal of
speculation about genes. It was thought that the
genetic material must have unique properties because
it was so stable. Now that we know the molecular
structure of this material, we find that it is in fact a
rather delicate molecule. Its apparent stability is a
"dynamic stability" caused by redundancy and by
efficient repair systems which have evolved over
millions of years, and which are present even in the
simplest living cell. The two major repair systems
which will eliminate damage in the DNA were dis-
coveied only a few years ago. The instructions for
these DNA repair systems are in turn written into the
blueprints in the DNA and it is therefore possible to
isolate mutant cells in which the instructions for a
particular repair system have been lost. Our presenta-
tions will deal with some of the implications of these
.processes and cover a wide range of living organisms
from the very simplest, a bacterial virus, through to a
radioresistant bacterium which is of particular

interest because of the efficiency of its repair
systems, then to higher organisms and finally to some
new results obtained with human cells at CRNL.

The last talk by Dr. Myers (Section H) will
discuss some of the practical implications of these
repair processes for the assessment of radiation
hazards to man.

The field of DNA repair is an exciting and
important area in current scientific research. In many
ways, the research related to radiation hazards can
also serve directly as a model for that relating to the
hazards of the carcinogenic and mutagenic chemicals
produced in an industrialized society. The latter
chemicals are in fact frequently designated as "radio-
mimetic" agents. I trust therefore that these presenta-
tions will help to communicate something of our
understanding of the complex processes involved in
the repair of radiation damage in the living ceil and of
their relation to the late effects of radiation upon
man and other living organisms.

(B) H.C. Birnboim

Introduction to Cell Biology and DNA
Structure

H.C. BIRNBOIM



(a) Aspects of Cell Biology Pertinent to an Under-
standing of Radiobiology

By way of introduction to a description of
research projects of members of the Biology Branch,
it may be useful to review briefly some aspects of
basic cell biology which may be of interest to the
non-biologist. It is clear that we need to understand
as fully as possible the normal workings of a cell
before we begin a discussion of the nature of dis-
turbances caused by, for example, different forms of
radiation. All living cells, regardless of whether they
are from lower organisms such as bacteria or from
different tissues of higher organisms such as man,
have a certain minimum number of features in
common.

Some of these features are depicted in Figure
Bl, which is a highly schematic diagram of a cell from
a higher organism. Surrounding and containing the
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Figure Bl - Schematic diagram of a cell from
a higher organism-
cell is the plasma membrane. It functions to separate
the inner workings of the cell from the external
environment. Although it is deceptively simple in
appearance, even when viewed with an electron
microscope, it performs many complex functions. It
is composed principally of fatty materials (lipid and
phospholipid) plus lesser amounts of protein and
carbohydrate material. Next we can consider the
mitochondrion, which functions in higher organisms
as an energy conversion machine. Many of these small
organelles are located in the cytoplasm of the cell;
they have the property of slowly releasing the
chemical ener;<y in food molecules such as sugars, and
transforming this energy into molecules of ATP
(adenosine triphosphate), which can be thought of as
the electricity of the cell. In this chemical form, that
is ATP, the energy is used for numerous chemical and
physical activities which each cell must carry out. The

remaining features depicted in Figure Bl might
collectively be called the genetic apparatus. The
genetic material itself is DNA (deoxyribonucleic
acid). In higher organisms, but not in lower organisms
such as bacteria, the DNA is contained in a body
called the nucleus. During normal cell function,
selected portions of the genetic information, con-
tained in the DNA, are Jiasen for active uje at a
particulur time. Each portion is usually called a gene.
For a gene to function, a transient copy of it. called a
messenger RNA (ribonucleic acid), is made in the
nucleus and is then transported into the cytoplasm
where it associates with small structures called ribo-
somes. There this messenger RNA molecule programs
the ribosomal machinery and is used to direct syn-
thesis of a specific protein which is needed by the cell
at that particular time. One messenger RNA molecule
may act to program the synthesis of many copies of
that particular protein. Cells contain very many
different kinds of protein, perhaps thousands: they
are involved in the multitude of tasks which must be
pjrformed for a cell to survive.

As indicated above, the DNA is the storage
form of the sum total of genetic information in a cell.
Before cell division can take place, the DNA must be
copied to make a second identical molecule in order
that the newly formed daughter cells will have a
complete set of genes (Figure B2). This process of

FLOW OF GENETIC INFORMATION

DNA

) REPLICATION,
> PRECEDING CELL
' DIVISION

DNA

MESSENGER RNA

PROTEINS

Figure B2 • Flow of genetic information.
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making a faithful replicate of a DNA molecule is
called replication and will be described in more detail
later (Section E). During the normal workings of a
cell, even in the absence of replication, there is a
constant flow of genetic information from the DNA
through the messenger RNA into active protein mole-
cules (Figure B2). Proteins are the end-product of the
flow of this genetic information. Certain proteins
called enzymes act as catalysts for the many bio-
chemical processes which must be carried out. These
usually involve making or breaking of chemical
bonds. Other proteins have structural functions. They
are used in putting together the membrane, the
mitochondria, the ribosomes and other structures
which occur within cells. Highly specific proteins are
involved in performing each specific task. Generally
speaking, each gene in the DNA is responsible for
coding for one particular protein. Defects in the
DNA, introduced by chemicals or radiation or by
cellular accidents, can lead to the production of
defective proteins. We refer to these altered genes and
their defective protein products as mutations. Later
papers will elaborate considerably on this point.

Next we shall consider, in somewhat more
detail, the chemical nature of the genetic material,
DNA. As illustrated in Figure B3, DNA takes the
form of a two-stranded, long thin linear molecule
made up of constituent units called nudeotides. We
can think of these nucleotides as coding bits. There
are actually four different kinds of nucleotides, but in
this figure only two have been shown for simplicity.
It is the differing sequences of these nucleotides
which is the basis for information storage in DNA.

The arrangement of nucleotides on one strand is
related to that on the opposite strand much as a
photographic negative is related to a positive print.
Wherever one kind of nucleotide (dark circle) appears
on one strand, there appears an opposite kind of
nucleotide (open circle) on the opposite strand. The
dark and light nucleotides are said to form a "com-
plementary pair", and the arrangement of nucleotides
along one strand is said to be complementary to the
sequence of nucleotides along its opposite strand. In
double-stranded DNA complementary nucleotides are
held together by weak chemical forces called hydro-
gen bonds. This figure is intended to convey the
information that DNA molecules are very long and
very thin. It has been estimated that there are
approximately 101 0 of these nucleotide pairs or
coding bits in each human cell. If we consider that a
single human cell is approximately 10 fim in dia-
meter, it is pei haps startling to calculate that the
DNA in a single cell is approximately 1 m in length.
This incredible length of DNA fits into the nucleus of
a single cell because the diameter of the DNA mole-
cule is only 2 nm. The precise number of genes in a
human cell is uncertain, but it has been estimated to
be approximately 100,000. Bacteria, which are free
living microorganisms, contain approximately 1/1000
the amount of DNA present in a human cell, and have
been estimated to contain a few thousand genes.

We will now deal with the process of replication
(Figure B4). In the normal course of events, such as
occur during the growth of an individual, the number
of cells increases. If we consider that each cell has one
copy of every gene, then it must manufacture a

PERIOD OF
DNA SYNTHESIS MITOSIS

DAUGHTER
CELLS

Figure B3 - Schematic representation of the

structure of DNA.

Figure B4 — Schematic representation of the

events preceding cell division.
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second copy of every gene before that cell can divide
into two. Since, biochemically, genes are made up of
ONA, the cell must double its content of DNA.
Following a period of DNA synthesis, the DNA
fibres, which are coiled about within the nucleus of
the cell, undergo a change in the way in which they
are folded by virtue of association with certain
specific proteins. The DNA assumes a very compact
form called a chromosome which can be seen under
the light microscope. Immediately before mitosis (cell
division), there are 46 pairs of chromosomes in each
cell. Following mitosis each newly formed cell
receives 23 pairs of chromosomes. The way in which
pairs of chromosomes are split up and apportioned to
the two newly formed daughter cells is illustrated in
Figure B4, using only two pairs of chromosomes as
examples.

Let us return to the question of the enormous
length of the DNA in each cell. We can illustrate the
length of DNA by considering the DNA content of a
relatively simple virus (about which more will be
presented in a later paper by Dr. J.D. Childs, Section
D). Its DNA content is approximately 1/10,000 that
of a human cell. The DNA is normally coiled inside
the so-called "head" of this virus shown at the centre
of Figure BS. For purposes of this electron micro-
graph, the DNA was released by a biochemical treat-
ment. Ji is quite clear that the DNA must assume a

Figure B5 — Electron micrograph of a
bacterial virus which has been treated
by osmotic shock to release its DNA.
(From A.K. Kleinschmidt. Biochem.
Biophys. Ac ta 61, p. 857, 1962, with
permission of Elsevier Publishing
Company.)

very compact form in order for it to have fit into the
original virus head. If a similar experiment were done
using the nucleus of a human cell, a completely
unmanageable mass of DNA fibres would be seen.
Figure B6 shows a human chromosome treated such
that the DNA and proteins of which it is composed
were in a partially swollen state. In this form the
DNA-protein fibres which make up the chromosome
can be seen. These photographs were intended to
emphasize that the amount of DNA, relative to the
size of the cell, is enormous and therefore its study is
correspondingly complex.

Figure B6 — Electron micrograph of a
human chromosome which has been
treated to induce a partial swelling
and separation of DNA-containing
fibres. (From E.J. DuPraw, Cold
Spring Harbor Symposium 38, p. 91,
1973, with permission.)

Next we will consider the chromosomes of a
human cell in somewhat more detail (Figure B7).
Chromosomes, which are present in a cell only during
mitosis, can be prepared and visualized in the light
microscope. They have characteristic shapes and sizes
which allow them to be distinguished from one
another. In the lower part of ihis photograph they
have artifically been lined up in pairs. The pairs are
assigned numbers except for X and Y chromosomes
which are called the sex chromosomes. Two X
chromosomes in a cell indicates a female and one X
and one Y indicates a male individual. All other
chromosomes are called autosomes. Chromosomes
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which occur in paiis in this diagram are called
homologous chromosomes. One of each of these
chromosome pairs was ultimately derived from each
of the parents of the individual. Homologous chromo-
somes contain very similar genetic information, de-
rived from each parent. This means that individuals
normally carry duplicate copies of each gene.

Ktttt 4$ii

Figure B7 - Photograph of human chromo-
somes. The chromosomes in the original photo
have been artificially arranged in pairs in the
lower part of the figure.

This redundancy of the genetic information
helps to protect us from potentially harmful muta-
tions. It is known that nearly all of us harbour at least
some abnormal or mutant genes. However, we are
spared from the ill effects of these mutations because
a second copy of the same gene is present in a normal
form in the other member of the chromosome pair.
People who carry one defective gene and one normal
gene are called carriers. Newborn infants who are
unfortunate enough to receive a chromosome con-
taining a bad gene from both parents may suffer the
full effects of some genetic disease. It is because of
the redundancy of the genetic information that such
hereditary diseases are relatively rare. In addition to

the redundancy of the genetic information, our genes
are also protected by another mechanism (which will
be described in more detail in later papers) called
enzymatic repair of the DNA. It will be shown that a
high proportion of the abnormalities which may be
introduced into DNA by harmful chemicals, radia-
tion, or spontaneously, are recognized and repaired
by normal cellular processes. These processes seem to
have evolved many million years ago as they are
present in nearly all forms of living cells, from
bacteria to man.

(b) Study of Polypy rimidine Sequences in DNA

Next I shall discuss in greater detail some points
about the structure of DNA that bear more directly
upon my own research projects. Earlier it was men-
tioned that DNA is made up of four different kinds
of nucleotides, and that these are matched together in
complementary pairs held together by hydrogen
bonds. Their chemical structures are shown in Figure
B8. Those with double rings (A and G) are called
purine nucleotides and those with single rings (T and
C) are called pyrimidine nucleotides. Chemically, the
double-ringed purines in DNA may be selectively
broken under defined conditions of acid treatment.
Pyrimidine nucleotides are unaffected. This treatment
gives rise to fragments of DNA containing runs of
pyrimidine nucleotides and tells us something about
the sequence of the different kinds of nucleotides in
the original ANA. Most of the DNA is broken down
to fairly small fragments, containing fewer than 10
pyrimidine nucleotides. A few years ago, it was

Mm! of tht ftron introduced into the DNA itructurt bv emtronmafiur Jtffltt mi i
Md COi'vktM in ttw living n i | m i x

Figure B8 - Chemical structure of the
nucleotides in DNA.
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discovered at CRNL that a small proportion of DNA
from human cells (less than 1%) gave rise to much
longer fragments than would be expected if the
distribution of pyrimidines were random. These frag-
ments contained aoout 25 to 200 pyrimidines in a
row. We have called those portions of the DNA from
which they originate "polypyrimidines" (Figure B9).
The function of polypyrimidirics in DNA is not yet
known, but we presume that they are involved in
some regulatory or control function within the
nucleus of the cell.

fashion they regulate or modulate the activity of
another class of genes which I have called "coding"
genes. Coding genes are what I described to you
earlier as genes which specify the synthesis of specific
proteins — such as hemoglobin, muscle proteins,
enzymes, and so on. Regulatory genes are situated
beside coding genes and operate as some sort of
control element. Forming a part of each regulatory
gene is a polypyrimidine. Although different control
elements at different positions in the DNA may have

POLYPYRIMIDINE REGIONS CAN BE ISOLATED

5
ONA'

2.
MILD ACID,
SIZE SEPARATION

ASSAV FOR PYRIMIDINE DIMERS

Figure B9 - Schematic diagram illustrating the
method for isolating polypyrimidine chains
from DNA.

Figure BIO - Schematic diagram showing an
experiment to compare the damage caused by
ultraviolet irradiation in polypyrimidines and
in other portions of the DNA.

We have found polypyrimidines to be a valuable
tool for simplifying the analysis of DNA. An example
of one such experiment is seen in Figure BIO. When
cells (or purified DNA) are irradiated with ultraviolet
light, chemical damage to the pyrimidines in DNA
(Figure B8) can occur. These altered pyrimidines are
called pyrimidine dimers. In the experiment depicted
in Figure BIO, irradiated DNA was analyzed to
determine if a "special" set of sequence (the poly-
pyrimidines) had suffered more or less damage than
the remainder of the DNA. It was found that the
polypyrimidines contained approximately twofold
more damage, per unit length, than other sequences.

Using other techniques and calling upon the
work of scientists in other laboratories, we have put
together a model to describe the way in hich
polypyrimidines and other unusual nucltotide
sequences, known to exist in DNA, may be arranged.
In Figure Bl l , I have postulated that they are
involved in regulatory functions and have referred to
them as regulatory genes. By this I mean that in some

CODING GENE

Figure Bl 1 - A model of the organization of
genes in mammalian DNA, showing polypy-
rimidines as part of regulatory genes, situated
near coding genes.



different nucleotide sequences, it appears that all of
these regulatory genes contain one or more poly-
pyrimidines. This observation still does not tell us the
precise function of polypyrimidines or what the
regulatory genes in general may be doing, but does
suggest that polypyrimidines may be involved in some
as yel unknown regulatory function.

(C) RE J. Mitchel:

Free Radicals and Radiation Damage in Cell
Membranes

R.E.J. MITCHEL

It is generally recognized that the DNA is the
primary radiation target responsible for mutation, cell
killing and other fairly long-term biological con-
sequences. However, damaged DNA is not the only
effect of irradiating a living cell. Ionizing radiation
will generate free radicals throughout the cell and
many cellular components will be damaged. In Sec-
tion A, Dr. A.M. Marko indicated that damage to
these non-DNA components will have transient
effects until these components are replaced by
normal turnover. In this paper I will indicate some of
the kinds of damage that can occur to non-DNA
components and some of the possible transient
effects.

Included in these damaged components will be
the cellular structures: the cell walls and membranes.
A cell uses these structures to compartmentalize
portions of the internal aqueous medium, in order to
segregate different sections of its metabolic
machinery. In addition, many chemical reactions arc
actually carried out by metabolic machinery em-
bedded in or on the surface of these walls and
membranes.

By looking at radiation effects in these struc-
tures we can examine two general propositions: first,
that damage to the walls and membranes could result
in immediate perturbations to the cell's metabolic
processes; second, that radiation-induced changes in
portions of the cell could provide a positive control
mechanism for minimizing the effects of DNA
damage.

Very little is known about the types of radia-
tion damage which occur in cellular structures. As a
model system we are looking al the radiation-induced
changes in the cell wall of a bacterium called Micro-
coccus radiodurans. This is an extremely radiation
resistant organism with some unusual DNA repair
capabilities. (See Section E by Dr. N.E. Centner.)

The organism is particularly useful for investi-
gating damage to cellular structures because fairly
large radiation doses can be given without having the
problems associated with dead or dying cells. Figure
CI represents the cell wall of this organism in cross
section. This wall distinguishes bacterial and plant
cells from cells of higher organisms. Starting on the
outside of the cell, the first wall layer is a loose
fibrous network of protein. The next wall layer is a
membrane of lipid and phospholipid. Bound to this
layer and embedded in it are a number of different
proteins, at least some of which are enzymes, and one
or more types of polysacchatide. Below this layer is
the peptidoglycan, which consists of long chains of
carbohydrate, Crosslinked with short pieces of pro-
tein. This layer gives the bacterial cell its structural
rigidity. Finally, separating the internal aqueous
medium from the external is the cytoplasmic mem-
brane, which is basically similar in construction to the
middle wall layer.

This middle layer is a convenient model mem-
brane system, since many radiation-induced changes
in it can be observed without breaking the cell to
retrieve an internal membrane.

When these cells are irradiated with ionizing
radiation, we observe that one of the resulting
aqueous radical species, the hydroxyl radical, selec-
tively attacks this layer. As a consequence of this
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attack, certain components associated with this layer
are released to the outside of (he cell. One of these
components is a DNA-degrading enzyme called &
nuclease, very similar in action to the type of
enzymes responsible for DNA repair inside the cell.
This enzyme is released in an undamaged form by
doses of 7-rays at least two orders of magnitude
below those which begin to kill this organism. These
are still large doses in relation to doses lethal in
mammalian cells. This release is selective since many
other proteins also associated with this layer are not
affected. For instance, another enzyme which also
acts on DNA components, called a nucleotidase, is
not released.

OH'+H'+ es\

CnWIASHIC
MEHIMNE

CELL
CYTOPLASM

Figure Cl — Schematic diagram of the cell
wall of M. radiodurans in cross section. Some
effects of hydroxyl radial attack at specific
wall sites are indicated.

This middle wall layer also contains a large
polysaccharide released by the hydroxyl radical
attack in the same manner as (he nuclease. Poly-
saccha.ides of this type typically function as binding
sites for bacterial viruses and a loss of these com-
pounds could influence viral attachment.

Membrane alterations of this type represent a
previously unknown sort of radiation damage which
could occur at any membrane. They also represent a
possible controi mechanism for DNA repair enzymes.
Hydroxyl radicals will be generated inside the cell in
the same manner as outside. If pre-existing DNA
repair enzymes are immobilized inside the cell, for
instance bound to a nuclear membrane, then the same
agent which caused the DNA damage could, by
releasing these enzymes,- also initiate the subsequent
repair of that DNA. Many enzyme systems have been
sl.own to be integral parts of a membrane. Examples
include the systems which actively transport nutrients
across the cytoplasmic membrane and the main
energy producing system in the cell which is part of
an internal membrane.

Another possibility for a control mechanism
involves a radiation-induced alteration of the repair
enzymes themselves. Again using this model system
we have examined the nuclease that is released from
this membrane layer. Normally the enzyme exists in
the wall as a dimer with a molecular weight of about
260,000. Radiation-generated hydroxyl radicals will
split the enzyme into two subunits of molecular
weight 130,000 each. This split is accompanied by a
one-third increase in total activity of the enzyme. The
activity of DNA repair nucleases could be controlled
in the same fashion.

In another series of experiments, the effect of
oxygen on this system was examined. The presence of
oxygen normally enhances DNA damage and in-
creases cell killing. This effect is very important to
the radiotherapist who must cope with a relatively
radioresistanl core of anoxic cells in the centre of a
solid tumor. The biology group al WNRE* have
7-irradiated artificial lipid membranes in the presence
of oxygen and noted increasing oxidation-type
damage per unit dose with decreasing dose rate. They
attribute this damage to attack by the superoxide
anion 01- In the membrane layer of Micrococcus
radiodurans cell wall, however, oxygen was shown to
protect against the radiation damage which results in
the release of these components. This protection was
not due to the scavenging of primary aqueous radi-
cals. Oxygen appears to interact with a secondary
radical site in the membrane, and compete with
another reaction which would ultimately lead to the
release of the wall components. The active form of
oxygen appears to be O2. The superoxide anion O2

had no effect.

•WNRE - Whiteshell Nuclear Research Establishment.
Pinawa, Manitoba.
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The enhanced lethality normally seen in cells
irradiated in the presence of oxygen is considered to
be the result of at least two processes. One process
involves binding of oxygen to free radicals induced in
the DNA and fixing the damage in a form resistant to
repair enzymes. A second process is thought to
involve the interaction of oxygen with the nuclear
membrane. The membrane protective effect of O2

seen in the Micrococcus radiodurans model system
could explain this second process of enhanced
lethality. Oxygen may protect the nuclear membrane,
partially supressing (he release of a repair enzyme,
and reduce the rate of DNA repair.

In summary then we are exploring radiation
effects in three areas:

(a) Radiation-induced release of membrane-
associated components.

(b) Radiation-induced activation of an enzyme.

(c) Oxygen protection of the membrane.

(D) J.D.Childs:

The Effects of Mutations in DNA as illustrated
with • Bacterial Vins

My work concerns the simplest system we have
available, that is a bacterial virus, or bactcriophage as
it is normally called. The principal advantage of a
bacterial virus for radiation studies is that the par-
ticles can be irradiated and the DNA extracted for
analysis with the certainly lhal cellular processes have
not modified thai damage. Furthermore, as the bac-
teriophage does not have a cytoplasm orcyloplasmic
membrane, low-molecular-weighl compounds are able
to diffuse into the particles. Thus it is possible to
sludy the interaction of these compounds and radia-
tion with DNA, knowing the concentration of the
compound which is actually in contact with the DNA
of the virus. Having measured the damage produced
in the DNA it is then possible to correlate this with

J.D. CHILDS

I will now describe the virus that I am working
with, describe its multiplication and give a brief
introduction to some of the concepts involved in its
genetic analysis.

Figure Dl is a schematic drawing of bacterio-
phage T4 deduced from electron micrographs. The
main features of the particle which are important for
its multiplication are the head, which contains the
DNA, the tail through which the DNA has to pass and
the tail fibres. T4 particles consist only of DNA and
protein and are unable to multiply outside of a host
cell, which in this case is the bacterium Escherichia
coli, normally shortened to £ coti.

The process of phage multiplication consists
first of a random collision between a phage particle
and a bacterial cell. The phage particle then attaches
to a polysaccharide in the bacterial cell wall by means
of the tail fibres. This attachment is highly specific;
for example, the closely related phage T2 attaches to
a different polysaccharide. On contact with the bac-
terium, the sheath contracts forcing the tail core
through the cell wall and DNA is injected into the
bacterium rather like a hypodermic syringe. This is
shown schematically in Figure D2 and in the electron
micrograph (Figure D3).

In I he electron micrograph, note the contracted
sheath and the base plate which is away from the cell
surface. The phage coat remains on the outside and
takes no further part in the multiplication of the
virus. Immed'ately on infection, all bacterial DNA
and protein synthesis ceases. Within 2 minutes after
infection, the synthesis of phage proteins starts and
after only 12 minutes mature phage particles can be
detected inside the bacterium. After 25-30 minutes,
the bacierial cell wall bursts and about 200 particles
are released.
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Figure L>l(a) - Schematic diagram of
the structure of bacteriophage T4.
(Note: 1000 A = 100 nm.) (Diagram
courtesy of C.K. Mathews, from
Bacteriophage Biochemistry, Van
Nostrand Reinhold Company, 1971.)

Figure Dl(b) - Electron micrograph of a bac-
teriophage T4 particle. (Micrograph courtesy
of L.D. Simon and T.F. Anderson, from Viro-
logy 32, p. 279, 1967.)

Figure D2 Schematic diagram of the attachment of bacteriophage T4 to the cell wall of
the bacterial host. (Diagram courtesy of L.D. Simon and T.F. Anderson, from Virology 32,
p. 279, 1967.)
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Figure D3 - Electron micrograph of a portion of a bacteria] cell with
several bacteriophage attached to the cell wall. (Micrograph courtesy
of L.D. Simon and T.F. Anderson, from Virology 32, p. 279, 1967.)

Viral components are synthesized in a well-
ordered sequence. The first set of T4 proteins to be
made concern the production of T4 DNA and the
breakdown of host DNA; these appear within 2
minutes after infection. Actual DNA synthesis starts
at about 6 minutes. Shortly thereafter T4 structural
proteins are made. In all, over 100 proteins are made
and function with 12 minutes of infection. During
the 30 minutes of intracellular phage growth, '.he
amount of T4 DNA synthesized is equivalent to 10
bacterial chromosomes.

Two principal approaches have been used in the
analysis of the repair of radiation damage; one is
primarily genetic and the other primarily biochemical
and biophysical. These are, however, not independent
of each other. The geneticist looks to the biochemist
for help in elucidating the nature of the defects
present in his mutant lines and the biochemist needs
mutants to be sure that the process he is studying has
the biological role that he predicts. This paper deals
primarily with the approach of the geneticist.

A mutation is any change in the DNA which is
passed on from generation to generation. A cell or
organism which carries a mutation is called a mutant.
A mutation can be as simple as the substitution of

one base in the DNA for a different one, or as
complicated as a major reorganization of the order of
the genes on a chromosome or between chromo-
somes. A gene is the continuous portion of the DNA
which contains all the information necessary to
produce one protein. A simple mutation within a
gene may give rise to altered protein which is unable
to carry ouf its normal function in (he cell. In
microorganisms, which have only one copy of each
gene, this loss of function is usually recognized by the
loss of the ability to ferment a sugar or synthesize an
amino acid. In the case of a virus, it is the loss of the
ability to grow on a particular host while retaining
ability to grow on another host or ability to grow at
one temperature but not another. In the Biology
Branch we are particularly interested in mutants
which produce defects in the repair of DNA. These
mutants in lower organisms can be induced using
chemicals or radiation and then selected on the basis
of their altered radiation sensitivity. In man, the
approach is to look for individuals with diseases
which could have as their basis defective DNA repair
and then examine cultured cells from these in-
dividuals for their ability to carry out DNA repair.

Having obtained mutants of the desired type,
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the first step of thé geneticist is to locate or map their
position on the chromosome. This is important for
two reasons. First, mutations very close to each other
on the chromosome may be in the same gene and
further genetic tests can be used lo determine
whether this is the case. Secondly, mapping may
place a radiation-sensitive mutant in a gene which is
known to be involved in DNA replication (for ex-
ample, genes for DNA polymerase or ligase).

The next step in the analysis is to construct
double mutants. The reasons for this is that fre-
quently a particular damage can be repaired by two
or more different pathways. (A pathway for repair is
a series of steps, each controlled by an enzyme, which
leads to the restoration of damaged DNA to normal
or in some cases altered DNA). Figure D4 illustrates
two pathways for repair and three mutants A, B and
C with defects at different stages in this repair. Each
of the single mutants is about twice as sensitive to
radiation as wild type. Double mutants AC and BC
have increased sensitivity compared to the single
mutants as both pathways of repair are blocked. On
the other hand, the double mutant AB has the same
sensitivity as mutant B as only one pathway is
affected. This figure also illustrates that some path-
ways of repair can give rise to mutations whereas
others do not appear to do so. These pathways have
been termed error prone and error free respectively
and have been the subject of much research.

DAMAG€D
DNA

STRAIN

WILD TVPt

A

8

C

AB

AC

BC

C

- — ^
NORMAL

DNA

^ — ~

— * . MU1A1ED
DIVA

RELATIVE RADIATION SENSITIVITY

10

15

2.0

2.0

2.0

35

4 0

Figure D4 - Diagram illustrating two path-
ways for the enzymatic repair of DNA dam-
age and the effects of three different muta-
tions each of which blocks one step in one of
the repair pathways.

In this laboratory we have isolated a number of
radiation-sensitive mutants of T4. One of these carries
a mutation in the X gene, a gene known to be
involved in DNA repair. It differs from the previously
isolated XI mutant in that it is about twice as
sensitive to y-radiation as XI. Although the XI
mutation was isolated more than 10 years ago,
attempts to determine the biochemical basis for its
sensitivity have not been successful. The isolation of
this second X mutation might make this possible. We
have mapped the X gene and have shown that the
previously determined location for it is in error; this
previous location was close to gene 43 of T4. This
gene 43 codes for a DNA polymerase and several
laboratories have attempted lo determine whether the
XI mutation is actually within gene 43. Our mapping
data rules out this possibility and illustrates the
importance of mapping.

It would be reasonable to assume that, with all
the work that has been devoted to the study of
radiation damage in bacterial viruses, the factors
responsible for the killing of bacterial viruses would
be well known. However this is not the case. Correla-
tions have been made with lethality and the fre-
quency of double strand breaks but other types of
damage such as head rupture and failure of adsorp-
tion also contribute to lethality. Our attention was
drawn to this by the results of some experiments with
giant bacteriophage particles. These are particles with
much longer heads than normal particles and which
contain much more DNA than normal-size particles.
Figure DS shows an electron micrograph of normal
and giant particles at the same magnification. It may
be noted that the tails of the normal and giant part-
icles are the same size. The heads of the giant part-
icles are about 6 times longer than those of the
normal-size particle and they contain about 6 times
as much DNA as normal particles.

Ultraviolet light, a component of sunlight,
causes DNA damage which results in cell killing,
mutagenesis and cancer. Figure D6 is a survival curve
of T4 particles exposed to ultraviolet light (UV). The
number of surviving particles is plotted on a logarith-
mic scale against the dose of ultraviolet light. The
giant particles are resistant to UV compared to
normal-size particles. The reason for this resistance is
probably ihst giant particles inject several copies of
each gene into the host, and to kill a giant particle
each copy of a particular gene has to receive a lethal
damage. For normal-size particles only one gene has
to receive a lethal damage to kill the particle.

Unexpectedly we found that if giant particles
are irradiated with 7-rcys, they have virtually the
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same sensitivity as normal particles (Figure D7). We
have repeated this using a variety of irradiation
conditions and in each case the giant particles have
almost the same sensitivity as normal particles.

We are now studying the effects of radiation on

the different stages of the multiplication cycle of "R
in order to determine the reason for the lack of
radiation resistance of giants and to determine the
factors causing lethality for both normal and giant
particles.

Figure D5 — Electron micrograph of normal bac-

teriophage (a) and of giant bacteriophage particles

(b) at the same magnification.
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(E) N.E. Centner:

DNA Repair Systems in a Radioresistant
Bacterium

N.E. GENTNER

Introduction

DNA is the centra] repository of genetic in-
formation, which is passed on, in largely unaltered
form, to subsequent generations. DNA also plays a
dynamic role in directing cell function. It is therefore
not surprising that living organisms possess mechan-
isms for dealing with damage or alterations to DNA,
whether such occur spontaneously or as the result of
exposure to environmental chemicals or radiation.

To illustrate the principles behind such DNA
repair, and to show how repair is studied, we wi!l
make reference to a highly radiation-resistant micro-
organism called Micrvcoccus radioduraiu which can
withstand an ionizing radiation exposure of 500,000
rads (5000 grays). It is not lead-plated; it sustains the
expected amount of initial damage to its DNA. M.
radiodurans survives because of an exceedingly
efficient repair system which removes radiation-
induced lesions and allows its DNA to function.
Understanding the basis for such repair proficiency
would shed light on features of repair pathways in
general that are important in st'ch resistance.

The properties of M. radioduram in response to
ionizing radiation can be interpreted in terms of what
we know about the two major DNA repair pathways,
excision repair and recombinational repair. We shall
demonstrate how survival or recovery is correlated
with the repair of defects at the molecular level, and
how we can follow the progress of repair through one
or the other pathway (either by inhibiting one, or by
following the repair characteristics of a mutant which
lacks a partie ilar pathway).

Because living organisms have such repair pro-
cesses, it is not the initial damage that is of concern
for survival or for risk estimates, but rather the
amount of damage remaining after the repair systems
have acted. The amount of damage may be reduced
by a factor as high as I03 to 104 because of repair.

In order to understand how repair of DNA
proceeds, and why such repair is possible, we must
first understand the principles behind DNA replica-
tion.

DNA replication

The information encoded in the genetic
material, DNA, must be passed on intact to future
generations. How does a DNA molecule dictate its
accurate self-duplication or replication?

The feature that allows this is the com-
plementarity of the two strands of the double helical
DNA molecule. The two strands are not identical, but
rather are complementary; this is shown in Figure El
by the letters W and C attached to the two strands (in
honour of the elucidation of DNA structure by
Watson and Crick). Because of the specific pairing
interactions between the components of the two
strands (as described in Section B), each strand in fact
contains the information to synthesize its opposite or
partner strand.

In DNA replication (Figure El), the two com-
plementary strands separate, and each serves as a
template to direct the synthesis of a complete new
opposite strand. The two daughter DNA molecules,
one of which will go to each of the two daughter cells
formed on subsequent cell division, contain identical
information. An awareness of this elegant process
formed the cornerstone of modern molecular biology.

Radiation-induced DNA defects interfere with
DNA replication, and with cell functions dependent
on direction from DNA, and therefore with survival.
Let's consider, then, the general features of the two
major DNA repair mechanisms. In doing so, we shall
also learn about the types of radiation-induced DNA
damage that must be handled.
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ON A REPLICATION

w c
THE TWO COMPLEMENTARY STRANDS OF THE

DNA DOUBLE HELIX

THE TWO PARENTAL STRANDS SEPARATE; EACH
SERVES AS TEMPLATE TO DIRECT SYNTHESIS OF
A NEW OPPOSITE COMPLEMENTARY STRAND

W C W C

TWO DAUGHTER DNA DUPLEXES.
EACH CONTAINS THE SAME INFORMATION

Figure El - T h e complementarity of the two strands of
DNA furnishes the mechanism by which accurate self-
duplication (replication) of the double helical DNA molecule
is achieved. For simplicity, a linear representation of the
DNA molecule is shown.

Excision repair pathway

These repair pathways may be considered as
sequences of events catalyzed by specific enzymes. In
excision repair, the lesion is excised, or removed, and
replaced with new material.

One type of damage induced by ionizing radia-
tion is an altération to a base in one strand of the
duplex DNA molecule (Figure E2). This base defect
causes a localized structural distortion - a short
region where the normal pairing is disrupted. Because
this change in pairing properties interferes with
replication and transcription, the lesion must be
repaired; to do this, the template function of the
intact (undamaged) opposite strand is used.

An endonuclease enzyme recognizes this dis-
tortion and makes an incision or "nick" in the
phosphodiester backbone (Figure E2). This strand
interruption allows an excision enzyme or exo-
nuclease to remove the damaged nucleotidc, plus
usually some adjacent undamaged units; this results in
a gap or partially single-stranded region. No genetic
information has been lost, however, because the
base-pairing specificity of the intact opposite strand
can now serve as a template to direct resynthesis, or
reincorporation of the correct base sequence, by a
DNA polymerase enzyme. Finally, the interruption
between new (repaired) and old material, analogous
to the nick produced by the endonuclease, is sealed
by a ligase enzyme, thereby restoring strand
continuity.
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Figure E2 — Outline of the general sequence of enzymatic events in excision repair of

ionizing radiation- induced base alterations (left side) or single-strand breaks (right side).

A second type of damage produced by ionizing the need for an enzymatically produced nick,
radiation is a strand break. Such single-strand breaks J n e x c i s j o n jr> , h e n § tan o f o n e s , r a n d

can also be handled by an excision repair mechanism M ( W I t 0 d i r e c l , h e repajr o f ^ c o r r e s p o n d i n g

(Figure E2, right side). The product of radiation portion of its opposite strand, just as in DNA replica-
exposure is analogous to incised DNA (Figure E2, left t j o n w h e r e w e ^ ( h a t „„,, s , r a n d c o u ) d K | w a s , h e

side); the cleavage or break in the phosphodiester t e m p | a , e ,„ d j r e c t , h e h e - I o f a c o m p | e t e n e w

backbone may be considered to have dispensed with onoosile strand
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Prnhlem of double-strand damage

There is a third class of damage induced by
ionizing radiation, however, for which the excision
repair mechanism is inadequate because (he necessary
template function is not available. This less frequent
but potentially lethal (unless repaired) defect is called
a double-strand break or coincident damage.

A double-strand break induced by ionizing
radiation (Figure E3) results in an interruption of the
linear continuity of the entire duplex molecule, since
breaks are formed in both strands in a region essen-
tially opposite one another. No pairing interactions
are possible to hold the ends together, in contrast to
the single-strand break situation described earlier
(Figure E2), where the two ends of the one broken
strand were held in alignmenl on the intact opposite
strand.

A double-strand break could also result from
overlapping excision repair acting on lesions located
on opposite strands (Figure F.3. left side).

A double-strand break is a serious obstacle to
repair, and in many cases cell death has been cor-
related with the accumulation of such damage. Never-
theless, we now realize that such defects are amenable
to repair. One of the earliest demonstrations of such
capability was in Micrococais radioduram; its ability
to repair a very considerable number of such defects
may be the principal reason for its extraordinary
radiation resistance. How is it possible for the cell to
repair double-strand damage? The answer is provided
by a strand rearrangement arising from the action of
the second major DNA repair mechanism, which may
be described as recombinational repair between
homologous strands.
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Figure E3 - Double-strand breaks, which
disrupt the continuity of the long DNA mole-
cule, may arise from ionizing radiation expo-
sure either directly or as a consequence of
enzymatic events accompanying repair of in-
dependently formed lesions which are closely
proximal on opposite strands.

OVERLAPPING EXCtMON GIVES
A DOKLE STRANO MEAK
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Recombinational repair

Although the existence of recombinational re-
pair is well-established on genetic grounds, its
mechanism is very involved, and less well understood
than that of excision repair. The basic principle
behind recombinations! repair, however, is easily
grasped, and is illustrated in Figure E4. Basically, by
recombinational exchanges between a region of coin-
cident or double-strand damage in one DNA molecule
and the homologous region of a second ONA copy,
the template function necessary to direct repair may
be restored.

Recombinational repair requires the presence
and participation of a duplicate or second DNA copy.
Such a second copy is always present in diploid cells,
such as those of mammals, and also exists for part of
the cell cycle in haploid cells (when they have
replicated their DNA preparatory to cell division).
The two different but complementary strands of each
Watson-Crick double-helical structure are indicated as
W and C (Figure E4); a Watson strand always pairs
with a Crick strand (the lines in Figure E4 are
intended to represent only a very short portion of the
total length of (he DNA molecule; the remainder of
each molecule is not shown in the following recom-
binational exchanges in order to avoid unnecessary
complication of the principle). The X's : i the upper
DNA molecule represent double-strand or coincident
damage; in the second DNA copy, W'C, the proba-
bility of coincident damage in the corresponding
pairing or homologous region is essentially zero. By

recombinational exchanges between these portions of
the homologous strands (Figure E4), the damage is
reorganized (a"W" strand still pairs with a "C"
strand) so that now an intact opposite strand is
available in both molecules to firnish the template
function necessary for subsequent excision repair.

Repair in the cell may therefore proceed in
cycles: first, excision repair, to handle damage re-
siding in single-strand areas; then recombination.
which rearranges double-strand damage into a con-
figuration where template function is again available;
lastly, excision to remove the rearranged defects.

These repair mechanisms also handle base
damage produced in the DNA by ultraviolet-
irradiation, and base modifications produced as a
result of reaction of DNA with various chemicals.
One can sec that additive or synergistic interactions
between various radiations and/or chemicals may be
explained by a requirement for the same repair
pathways, and limited complement of repair
enzymes, to deal with these different types of
damage.

Mutation

Mutations are inherited changes in the genetic
information. They can arise spontaneously because of
mistakes such as incorporation of the wrong (mis-
matched) base during replication, but are more likely
to arise during the stress of repair, where complicated
recombinational exchanges can lead to omission or

RECOMBINATIONAL REPAIR
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Figure E4 Illustration of the basic mechanism behind recombinational repair.
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inversion of a piece of DNA or where a lot of excision
must be performed in a limited time. Such mutations
may be innocuous, harmful, or beneficial. The
Biology Branch is concerned with evaluating the
possible risk to human populations from radiation-
induced mutations, since repair !hat leads to survival
may be at a necessary expense in mutation. Since
different pathways can differ in their propensity for
error, understanding iiow damage of various types is
repaired via one pathway or another may be an
important factor in estimating the genetic risks of
radiation exposure. Dr. D.K. Myers (Section H) will
describe further the importance of the contribution
of repair in such studies.

Recovery in M. radiodurans

The terms recovery and repair are related, but
are not synonymous. Repair is a molecular event, at

to

10

i.o -

the level of DNA itself; biochemically we can de-
termine the number of radiation-induced defects
present immediately after radiation exposure, and
follow the progress of their removal. Recovery is a
cellular event (measured by a biological end-point like
survival) and may be considered the sum total of
repair. If the repair we measure is biologically signifi-
cant, it should be strictly correlated with recovery.

How do we determine that a cell has "good"
repair capability (that is, that it can recover), and
how do we evaluate the importance and properties of
a particular repair pathway? We shall now show how
the recovery response of M. radwdurans relates to
these two major DNA repair pathways.

The survival curve of the normal or "wild-type"
strain of M. radiodurans after ionizing radiation
exposure is show-) in Figure E5. Two features may be
distinguished:

iILD TYPE

AFTER 1000 krad PLUS
INCUBATION TO ALLOW FOR
RECOVERY AND REPAIR

I FURTHER
500

r-EXPOSURE, krad

0 500 1000
/-EXPOSURE, krad

Figure E5 - Survival curve for ionizing radiation exposure of the normal (wild-type)
strain of Micrococcus radiodurans; percent survival, on a logarithmic scale, vs. 7-ray
dose. The inset graph shows % survival vs. further 7-ray exposure for cells given an
initial 1000 krad exposure and then incubated for a sufficient time to accomplish
repair of the damage incurred from the initial exposure.
(Note: 100 krad = I kGy.)



( 1 I Initially, at low radiation doses, very little or no
inuctivalion is evident. Such a resistant shoulder is
evidence of repair capability, and may be a measure
of the acute exposure which can be tolerated
(because the damage is repaired) before the repair
system becomes "overloaded".

<_) The latter part of the curve shows exponential
death with increasing exposure. After the repair
system becomes "saturated", there is a certain
probability of inactivation from each additional in-
crement of exposure; the slope of the exponential
portion is a measure of this probability, and it is
notably lower for M. radioduram compared to other
organisms, so even in this "lethal" region a high repair
proficiency is manifest.

If this shouldered survival curve (Figure H5)
were flipped top to bottom, the resultant dose-effect
curve would show a threshold. Since such a threshold
may be a consequence of repair, it is important to
know, for risk estimates, the contribution of repair to
the shape of such curves; in the low dose region
especially, for protracted or chronic exposure, repair
is an exceedingly important factor (see also section
H).

If the high radiation resistance displayed by M.
radiodurans is, in fact, due to repair, we should be
able to demonstrate that irradiated cells can and do
newer. Consider a population of M. radiodurans cells
exposed to 1000 krad (10 kGy), and then incubated
(inset graph, Figure ES) for a time before further
exposure. If there was no repair (and damage ac-
cumulated), then on further exposure the surviving
cells would continue to die exponentially. If repair
occurred during this time, however, then the survivors
from the first exposure would be expected to again
display the resistant "shoulder" on further 7-irradia-
tion; this is observed (Figure E5, dotted line). This
recovery of radiation resistance can be correlated
with repair of DNA defects, and by following the
time course and requirements for such recovery (by
manipulating experimental conditions), we can de-
termine the properties of (he overall repair system.

Radiation-sensitive mutants

The isolation of radiation-sensitive mutants has
proved extremely valuable in repair studies. In Figure
b6 are shown the survival curves after ionizing radia-
tion exposure for wild-type M. radiodurans and for
two radiation-sensitive mutants, UV-17 and rec 30.
These mutants are 7-sensitive because of mutation in
a gene coding for a step in a particular repair
pathway, leading to loss of that function. UV-17

appears to be excision-defective: we have demon-
si rated that a DNA polymerase, which seems to be
involved in repair in the wild-type, is defective in
UV-17. Rec 30 was inferred from experiments by
other investigators to be deficient in recombination
ability. The geneticists" representation of the
pertinent genotypes of these three strains would be:

wild-type:
UV-17:
rec-30:

exc
exc
exc+

rec
rec
ICC

The wild-type strain possesses both repair mech-
anisms. UV-17 is detective in excision repair (exc )
but possesses the normal recombinational repair
machinery (rec+). Rec 30. although rec* . possesses a
functional excision repair system (exc*).

Il will be noted thai the rec mutant is more
7-sensitive than the exc" mutant (Figure L 61; since
its loss is more serious, it might be inferred that
recombinalional repair is the more important in
achieving survival or recovery.

.
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Figure E6 - Survival curve for ionizing radia-
tion exposure of wild-type M. radiodurans
and two radiation-sensitive mutants, UV-17
and rec 30.
(Note: 100 krad = I kGy.)
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The consequences of a defective repair pathway
are profound (Figure E6). At S00 krad (SkGy), the
survival of UV-17 is down by a factor of 10*
compared to normal, and that of rec 30 by a factor of
about 101 0 . Note that if we "added" the survival of
these two mutants, at a given -/-exposure, we would
not approach thé normal or wild-type survival level;
the effect of the simultaneous presence or co-
ordinated activity of the two pathways is far greater
than the sum of the parts.

Such radiation-sensitive mutants offer an
opportunity to study a particular pathway in isola-
tion, since properties of a mutant may be considered

IN

to be those of the remaining (active) pathway. We
shall show later results from this approach.

Since we have indicated the importance of their
interaction, however, it would be useful to also devise
a method to measure specifically the progress of one
pathway, even in the presence of the other (func-
tional) pathway. We can do this by means of an
inhibitor of repair.

Repair inhibition by caffeine

Figure E7A shows the 7-survival curve for
wild-type M. raUiodurans in the presence (lower
curve) and absence (upper curve) of the drug caffeine.
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r-EXPOSUKE, krad

100

10

.0

\ x

- \

\ . CAFFEINE

\

C

UV-17

\ N0HML

\

\

\
1

ISO 300

-EXPOSURE, kl Id

45»

Figure E7 - Effect of the repair inhibitor caffeine on survival
after ionizing radiation exposure of (a) wild-type M. radio-
durons and the radiation-sensitive mutants (b) rec 30 and (c)
UV-17. The graph in Figure E7(a) shows that the progress of
repair via the caffeine-sensitive pathway may be monitored
by allowing time for recovery before exposing the 7-irradia-
ted cells to the repair inhibitor. (Note: 100 krad = 1 kGy.)
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The presence of caffeine causes a considerably
reduced survival, compared to normal, al a given
exposure. The concentration used is such that the
viability of unirradiated cells is not affected, so the
lethal enhancement is specific for 7-irradiated cells.
Caffeine is a repair inhibitor - it causes decreased
survival because it inhibits the action of an enzymatic
DNA repair pathway. We can determine which path-
way is affected by the different effect of caffeine on
the two radiation-sensitive mutants. Since caffeine
does not affect the y-survival of rec 30 (Figure E7B),
presumably its inhibitory effect on wild-type is due
to interference with «combinational repair (the path-
way absent in rec 30). Conversely, UV-17 (exc" rec+)
shows a notably greater extent of sensitization by
caffeine (Figure E7C) than does wild-type because it
has to rely to a greater degree on recombinational
repair.

We have therefore distinguished that these are,
in fact, two different DNA repair pathways. The
caffeine effect is of further utility, however, because
a direct and specific measure of the progress of
recombinational repair, even in the presence of func-
tioning excisior repair, can be developed from it. This
involves following caffeine-sensitive repair. When
wild-type cells were plated in the presence of caffeine
immediately after 7-irradiation (Figure E7A) the
consequence of inhibition of recombinalional repair
was decreased survival. If, however, the ^-irradiated
cells were first incubated in growth medium to allow
recombinational repair to proceed, then after a while
the 7-irradialed cells should no longer be sensitive to
caffeine. The time course of recombinalional repair
can therefore be followed as a progressive recovery
from susceptibility 10 caffeine-induced lethal en-
hancement: this is shown in the inset graph of Figure
E7A. In essence, the time course of recombinational
repair is followed from the lower to the upper
survival curve of Figure E7A.

This technique of "recovery from caffeine
inhibition" has also allowed determination of the
requirements for the recombinational repair process.
Recovery is prevented by addition of an inhibitor of
protein synthesis, so we know that functional
recombinational repair machinery requires the
synthesis of some component(s) in response to the
radiation exposure. Similarly, recombinational repair
does not proceed in buffer, but requires a nutritive
medium. These findings shall be used later to identify
recombinational repair at the DNA level.

The caffeine technique has essentially furnished
a rec mutant, but one of greater utility than the
genetic rmilanl rec 30, in which the pathway is
always absent. With caffeine, we can switch re-

combinational repair off or on at will, by adding or
removing the inhibitors. Further, this "caffeine
recovery" approach allows us to follow repair in the
lethal range. After a radiation exposure in which
>90% of the cells ultimately die, it is possible that
DNA repair events monitored at the molecular level
may not be indicative of "good" repair, but instead
may reflect pathological events in cells destined to
die. The caffeine technique monitors only cells that
attain survival because of functional repair.

Repair of single strand breaks

By comparing the properties of repair of bio-
chemical DNA defects in M. radiodurans with the
characteristics of recovery or survival experiments,
the contribution of these two repair pathways can be
distinguished at the molecular level.

The time course of repair of ionizing radiation-
induced DNA single strand breaks in wild-type M
radiodurans is shown in Figure ESA. These repair
kinetics can be interpreted as an initial rapid com-
ponent and a second slower component. We shall
show why we attribute the fast component to ex-
cision repair and the slow component to recombina-
tional repair.

Firstly, if •y-irradialed wild-type cells are
incubated either in buffer or in the presence of an
inhibitor of protein synthesis, there is no effect on
the initial rapid component, but the latter component
of repair is abolished (Figure E8B). Since these
conditions did not support recovery from caffeine
inhibition, it suggests that recombinational repair
contributes to the slow component.

This conclusion is further supported by the
kinetics of repair in the radiation-sensitive mutants
(Figure E9A). UV-17 (exc~ rec+) lacks the initial
rapid component, and shows only the slow com-
ponent. In rec 30 (exc rec~), the fast component is
normal but a severe inhibition of the slow repair
component is evident.

And lastly, the recombinalional repair inhibitor
caffeine affects the slow component and has
apparently no effect on the initial rapid repair (Figure
E9B).

A considerable versatility in studying these
extremely efficient repair pathways in Micrococcus
radiodurans is now possible. We can study recombina-
tional repair by following caffeine-sensitive repair or
by following repair in UV-17 (exc"" rec+). The
characteristics of excision repair on the other hand,
can be studied in rec 30 (exc+ rec~) or in wild-type
cells incubated in buffer or in the presence of a
protein synthesis inhibitor.
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REPAIR OF SINGLE STRAND BREAKS IN
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Figure E8 - Repair of ionizing radiation-induced DNA single strand breaks in wild-
type M. radiodurans; number of breaks vs. time of incubation after irradiation, (a)
The rapid initial component is attributed to excision repair; the second slower com-
ponent is belived to reflect repair mediated by recombinational exchanges, (b) If
7-irradiated cells are incubated in buffer or in the presence of an inhibitor of protein
synthesis, the second component of repair is abolished.
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Figure E9 - Repair of ionizing radiation-
induced single strand breaks (a) for wild-type,
UV-17, and rec 30 strains of M. radiodurans
incubated in growth medium; and (b) for
wild-fne in the presence and absence of
caffe.. e.

The recombinational repair pathway seems to
be the most important factor in the radiation re-
sistance of M. radiodurans, because it confers an
ability to handle the large amount of double strand
damage formed at the high radiation exposures which
this organism can withstand. Or. D.K. Myers of our
Branch has direct evidence for the importance of the
rec function in repair of double strand breaks. The
ultimate inactivation of M. radiodurans seems to be
due, in fact, to a failure of recombinational repair.

Repair in M. rudiodurans is of great interest not
only because of its proficiency, but also because of its
accuracy, this organism is remarkably immune to

radiation-induced mutation. Further research into
these special abilities of At. radiodurans should
continue to advance our appreciation of the im-
portant features of efficient and accurate repair.

(F) P. Unrau:

Recombmatkmti Repair of ONA in Nucleated
Cdli

P. UNRAU

I shall open this paper with a very brief review
of the major points made earlier.

(i) We have discussed the cell cycle and the
chromosome division cycle. We know that DNA
in the chromosomes is the hereditary material
and know a little about its organization and
structure.

(ii) We know that the DNA sequence specifies the
sequence of a protein via messenger RNA, and
that one gene specifies one protein.

(iii) We know that a mutation may alter the
sequence of the DNA bases so that the specified
protein is changed, and that this change may
result in an inactive protein. From the study of
mutants, repair pathways can be defined, and
some idea of the number and function of genes
in each pathway can be obtained.
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(iv) Finally we know that in lower organisms there
is evidence for two types of repair, both making
use of the redundancy of the DNA 10 effect
repair. Excision repair occurs by the physical
removal of damage and resynthesis on the
remaining half of the template. Recombination
repair rearranges the damage between two
similar DNA molecules so that intact templates
can be made for each initially damaged site, and
is particularly relevant for the repair of co-
incident damage.

The principles stated so far have been worked
out in a host of lower organisms, some without
nuclei, like the bacteria mentioned by Dr. N.E.
Centner (section E), and some as simple cells having
nuclei. Fungi have nuclei but also present many of
the advantages of the bacteria when such complex
interactions as occur with DNA tie analyzed. They
can be made genetically analogous to higher organ-
isms (i.e. with two copies of each chromosome per
cell) and some assays can be carried out in fungi
which are technically difficult with bacteria. Mutants
can be isolated, mapped, and tested functionally.
Repair pathways can be analyzed, and the three
major homeoslatic mechanisms affecting DNA can be
interrelated, namely, DNA replication, the recom-
bination repair of DNA, and excision repair of
damaged DNA. I myself am » orking on the smut
fungus Vstilago maydis which .s a parasite on corn.
This organism is used as a tool to learn more about
the recombination repair process and to interrelate
the recombination process to that of replication and
excision repair. We want to learn more about the
mechanisms by which radiation induces recombina-
tion repair, the genes which function in the recom-
bination process, the biochemical machinery through
which the recombination works (with a particular
interest in common steps and enzymes), and the
genetic implications of such repair.

In order to measure such biological parameters
we need to define our assays. Recombination is
usually assayed by putting one bad or mutated copy
of a gene into a cell together with one good copy.
When, after recombination repair, two "bad" copies
or two "good" copies wind up in the same daughter
cell, this tells us that recombination has in fact
occurred. When a mutant lacks this capability, it is
said to be recombinationally deficient; as a general
rule, when a mutant is defective in recombination it is
also markedly sensitive to gamma rays. Thus gamma
sensitivity usually correlates to recombination
deficiency.

Figure Fl is a trefoil diagram to illustrate the
three metabolic processes centred on DNA in which I
am most interested. Each process is shown as an arc
of influence; we assume that each process has some
steps (and thus genes and enzymes) unique to that
process, but also that where the processes intersect,
the enzymes may be shared in common. This is not
surprising as the DNA is structurally common to all
three processes. When all three processes share a
common step then we should be able to obtain
mutants which affect all three processes.

U N W E STEPS

COMMON S1EK 0E1WE»
REPLICATION *

EXCISION

WEPIICATION

WAOMBINMION/ 1 EXCISIONr
STEPS SNARED WAU.PXWSSES

Figure Fl - Trefoil diagram illustrating the
overlap of the biochemical steps involved in
the three processes of DNA replication, exci-
sion repair of DNA and recombination of
DNA.

Figure F2 indicates a few of the assays that we
use to assign a mutant to one or other of these
processes. If we found a mutant, for example, that
affected replication and excision but not recombina-
tion, then it would belong to one particular sector at
"2 o'clock" in the diagram in Figure FI and be
abnormal in the corresponding assays, shown in the
top and lower right of Figure F2. I am interested
mainly in mutants which affect all three processes, as
these would be most likely to affect a core process
common to all three systems. However, a mutant
which has blocked DNA replication would not re-
produce its DNA and would therefore be dead. To
overcome this problem, we isolate mutants which
function under one condition, e.g. low temperature,
but not at another, e.g. high température. We can
then use a simple temperature shift to switch off the
process in question, perturb the cells, and see if they
are abnormal when such a shift is made. We can
subsequently rescue «he cells at the lower tempera-
ture and see if any other processes are abnormal. It is
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thought that a temperature-sensitive protein reflects
the insertion of a wrong amino acid which makes the
protein particularly heat sensitive. I should further
point out that we can also isolate such mutants in
other cells, such as tissue culture cells. I wish to
discuss one such mutant of Ustilago which we have
reasons to believe may affect a core process.
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Figure F2 - Trefoil diagram illustrating the
assays used for each of the three processes of
DNA metabolism shown in Figure Fl.

Figure F4 - Survival of control cells
of U. maydis and of a temperature-
sensitive mutant after exposure to
7-radiation. (Note: 100krad= 1 kGy.)

Figure F3 shows various Ustilago cells with
nuclei, cytoplasm, and cell walls. Figure F4 shows the
survival after gamma irradiation of normal cells and
of the sensitive mutant. Note that the mutant is
gamma-sensitive when it is grown at the low tempera-
ture. This may mean that the hi^i temperature is
turning off a gene that functions poorly in repair but
adequately in other respects ai the low temperature.

Figure F3 — Photographs of three strains of

U. muydis as seen under the light microscope.

Figure F5 shows DNA synthesis measured at
the low and high temperatures for the wild-type,
control cells. The wild-type makes a lot of DNA that
is nuclear in origin at both temperatures. However,
the mutant makes very ft'tr/e nuclear DNA on incuba-
tion at the high temperature (Figure F6). From other
evidence we know that what DNA it makes is
abnormally small in size, as if the constituent pieces
of DNA were not joined together in the normal
manner.

Thus we have some evidence that this mutant,
blocked in DNA synthesis, has abnormal repair be-
haviour as judged by its gamma-sensitivity. The DNA
it makes is small. It does not carry out DN* re-
combination as far as we can tell. We may infer that
the mutation blocks a core process, as the mutant
also becomes sensitive to ultraviolet light. One
common step in all DNA processes is the ligation of
the phosphodiesler backbone by DNA ligase, and
there is a strong possibility that our mutant is
temperature-sensitive in the ability.

In the manner described above, we can build up
and integrate information obtained from many
organisms to try to understand what is going on in
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Figure F5 - Incorporation of labelled
precursor into the DNA of control
cells of U. may dis at low temperature
( 1 4 C label) and at high temperature
( 3 H label). The large peak on the left
represents nuclear DNA and the small
peak on the right represents mito-
chondrial DNA.
(CPM stands for counts per minute.)

the living cell. We may well ask how this relates to the
complex matter of radiation risks, and in my
remaining time I intend to illustrate one aspect of the
answer to this question.

As you may know, the human population
carries a substantial load of recessive mutations or
"bad" genes. I do not propose to consider mutation
risks at this point, but rather a side effect arising out
of recombination repair. When I described the assay
for recombination, I stated that we look for the
segregation of recessive "bad" genes into a single cell.
What if a similar response to radiation is found in
mammals as is known to occur in fungi and flies? We
know that one live birth in 1000 gives rise to •
recessive defective individual. As the frequency of
carriers of récessives is the square root of the fre-
quency of expression (because two carriers need to
mate to produce an affected individual), one person
in 33 carries a recessive mutant gene at one or other
of the many genetic loci in the DNA. To choose a

x 2O
a.
o

Figure F6 - Incorporation o f
labelled precursor into the
D N A o f a temperature-
sensitive mutant of U. maydis
at low temperature (' 4 C label)
and at high temperature ( 3 H
label). The peaks on the left
and right are nuclear and
mitochondrial DNA, respec-
tively, as in Figure F5. (CPM
stands for counts per minute.)

specific example, the disease "ataxia telangiectasia"
(which Dr. M.C. Paterson will describe in section G)
occurs in one live birth per 40,000. This frequency
means that one person in 200 carried one bad copy of
a gene which in two copies is very bad for its victims.
Now, if such a carrier is exposed to DNA damage, and
repairs that damage by recombination, then the
possibility exists that two bad copies will arrive in the
same cell. If the cell with two bad copies divides to
form a group of cells, these cells may be at special
risk in a risky environment. This chain of deduction
has never been tested experimentally, but mouse
strains could be set up to test for the consequences of
recombination repair in carriers. I hope to be able to
report that such tests are under way within the
foreseeable future; I hope that in fact humans and
mice do not face this problem. However, the relevant
tests have not been made anywhere, and it now seems
logical that we should explore this possibility.
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(G) M.C. Patterson:

Repair of DNA in Human Cells

M.C. PATERSON

Previous papers have stressed the biological
importance of damage to DNA and its enzymatic
repair and I should like to reiterate the rationale
behind our emphasis on this subject. All living organ-
isms, including man, are exposed daily to various
harmful physical and chemical agents in the natural
habitat, for example, the ultraviolet (UV) component
of sunlight, ionizing radiation and countless chemi-
cals, each having mutagenic and carcinogenic ac-
tivities. The ability of organisms to combat the
deleterious effects of these environmental agents can
be largely attributed to the presence of multiple
enzymatic processes whose combined actions
promote the repair of damage to DNA. In this
manner, individual cells are able to maintain the
integrity of their DNA and thereby preserve the vital
genetic information.

Our Branch is greatly interested in repair
mechanisms in humans, particularly those operative
(in damage induced in DNA by ionizing radiation.
Obviously we cannot study human populations
directly. However, by using cells derived from a
human source, such as a skin biopsy, and cultured in

the laboratory, we can obtain this information in-
directly since the initial damage and its subsequent
fate seems to be very similar in these cultured cells or
fibroblasts as in cells within the human body. I shall
describe studies in my lab which provide one of the
best pieces of evidence to date for the importance of
DNA repair mechanisms to man and their relevance
to radiation carcinogenesis. In particular, 1 shall
provide direct biochemical evidence that strains
derived from patients afflicted with the herediiary
disease, ataxia telangiectasia (AT), are defective in
DNA repair of ^ C o radiation-induced damage.

At the outset it is instructive to consider briefly
the clinical features of AT. The disease displays an
autosomal recessive pattern of inheritance. Its
frequency of occurrence is ~1 per 40,000 live-births.
Affected individuals, although clinically normal at
birth, typically develop ce rebella r ataxia (loss of
muscular coordination) and oculocutaneous telangiec-
tasis (chronic dilation of the small blood vessels) in
early childhood. The course of the disease follows a
variable progression commonly leading to total neuro-
logical incapacitation in early adolescence. Two ac-
cessory complications deserve special attention:
lymphoreticular neoplasia and pronounced radio-
sensitivity. With reference to the second abnormality,
AT patients, on receiving conventional radiotherapy
for tumor treatment, tend to develop unusually
severe complications often culminating in death.
Moreover, radiosensitivity is also manifest at the
cellular level in laboratory studies. For example,
diploid fibroblasts derived from afflicted individuals
exhibit a reduced ability to form colonies following
exposure to y radiation and radiomimetic chemicals.
These findings of others prompted us to measure
DNA repair in AT cells after y irradiation.

Two repair processes, rejoining of -y-induced
single-strand breaks and excision of ^-modified base
defects, were assayed. The most commonly held
models for these two processes - derived mainly
from bacterial studies-are schematically shown in
Figure Gl (see also section E). Excision restores sites
containing y-modified base residues as follows:

(i) An incision is introduced close to the lesion by
a distortion-recognizing endonuclease.

(ii) A second scission is made by an exonuclease,
thereby excising the defective site as well as
nearby nucleotides; further exonuclease activity
may release additional nucleotides.

(iii) Nucleotides complementary to those in the
opposite intact strand are inserted into the gap
by a DNA polymerase, a process termed repair
synthesis.
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repairing both types of radioproducts, that is, the
repair synthesis step. Figure G2 illustrates the amount
of repair replication occurring in normal and AT
strains in response to graded doses of ̂ C o 7-irradia-
tion under anoxia. The level of repair replication
detected in the two normal cell Unes (CRL 1141 and
CRL 1147) rises rapidly with radiation dose although
the rate of increase is not proportional to dose. While
the general response of the six unrelated AT strains to
radiation treatment is also dose-dependent, the
amount of repair replication is considerably less in
the mutant strains than in the normal strains (ranging
from ~45% in CRL 1312 to ~70% in AT97CTO) at
the maximal dose of 100 krad (1 kGy). These
findings suggest that the AT strains are defective in
either strand-rejoining or excision of base defects or
both repair processes.

Figure Gl - Commonly held models of two

basic types of enzymatic processes for repair

of lesions induced in the DNA of human cells

by ionizing irradiation.

(iv) A phosphodiester bond is formed between ad-
joining nucleotides by a DNA ligase, thus
sealing the gap and restoring strand continuity.
The mechanism promoting the rejoining of
single-strand breaks is not well understood,
although this process may be assumed to be less
complex than excision repair of base defects
because the polynucleotide backbone is severed
directly by the radiation treatment, eliminating
the necessity of performing the initial incision
step. The formation of a strand break, regard-
less of the chemical composition of the termini,
is often accompanied by the release of vicinal
base and sugar moieties; consequently its re-
stitution requires at least a limited amount of
"molecular surgery" before the final ligation
step. It seems, therefore, that the rejoining of
strand breaks proceeds in a manner similar to
the last three steps in excision repair, and is
likely mediated by similar, if not the same,
enzymes.

The ability of AT strains to carry out these two
repair processes was evaluated with the aid of a
conventional equilibrium density-gradient technique.
This physicochemical technique measures the magni-
tude of radiation-induced repair replication ; this para-
meter reflects the sum total of nucleotides inserted at
damaged sites along each strand during the course of
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—o CRL 1343
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Figure G2 - Dose-dependent levels of repair

replication arising in the DNA of indicated

normal and AT strains following exposure to

6OC0 7-irradiation delivered under nitrogen

gas. (From Paterson et ai, in Proceedings of

the Seventh International Congress of Photo-

biology (éd., A. CasteJlani), in press, with per-
mission of Plenum Press).

(Note: 100 krad = 1 kGy.)

(d.p.m. stands for disintegrations per minute.)
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Tu pinpoint the defect we have used an in vitro
enzymatic assay similar to the one we developed a
few years ago for UV studies. This assay monitors the
DNA separately for the rejoining of strand breaks and
for the disappearance of base defects, during incuba-
tion of the cells after 7-irradiation. The general
protocol of the assay can be seen in Figure G3.

CENE81L SCHEME OF In V i I r • EHZïMtHC » S S « Ï

- iMioiirt («,)l* iKuuTiiira
IWUUIE I ». I.I..I E1IMC1 If

}\ \

Figure G3 - General protocol for the detec-
tion of •y-induced single-strand breaks and
base defects in human cellular DNA by an in
vitro enzymatic assay.

Human fibroblasts, whose ONA has been previously
radioactively labelled, are irradiated under anoxia and
the number of strand breaks and base defects present
in the DNA is determined in vitro as follows: the
cells are lyzed and the DNA is purified, and one
sample is incubated in the presence and a second in
the absence of a crude cell-free extract of the bac-
terium Micrococcus tuteus containing endonuclease
activity toward ^-induced base defects. The number
of strand breaks after these treatments is measured by
changes in the sedimentation pattern of denatured
DNA in an alkaline sucrose gradient. The value for
the DNA sample incubated alone is taken as the
number of directly induced breaks whereas those
additional breaks seen in the extract-treated sample
represent the number of endonuclease-susceptible
sites. By incubating cells for various times before
enzymatic analysis it is possible to construct a time
course for, on the one hand, strand-rejoining and, on
the other hand, the disappearance of endonuclease-
susceptible sites (taken to mimic excision repair of
base defects). Typical results of such an experiment
are shown in Figure G4 for representative normal
(CRL 1141) (closed circles) and AT (AT3BI) (open
circles) strains exposed to SO krad (0.S kGy) radia-
tion under anoxic conditions. The restitution of

single-strand breaks in AT3BI cells occurs with
kinetics very similar to those displayed by the normal
cells. In fact, all AT strains assayed to date rejoin
strand breaks normally. However, the rate of dis-
appearance of endonuclease-susceptible sites is more
than three times slower in the AT than in the normal
cells. Inasmuch as (1) the strand-rejoining mechan-
ism seems to proceed in a manner similar to the last
three steps in excision repair, probably employing
similar, if not the same, enzymes, and (2) this
rejoining mechanism seems to be normal in AT
strains, it seems reasonable that the time course of
site disappearance reflects the first step in excision
repair of -̂ -modified base residues in vivo. Thus, the
simplest conclusion is that the AT3BI strain lacks a
fully functional enzyme needed to initiate this
excision-reparr process, in all probability, the so-
called Y endonuclease.

1100 g
80 <

1 go O

20 S

0.0 as <.o 1.5 0 2 4
Time after fray incubation (hi

Figure G4 — Time-courses of the disappear-
ance of single-strand breaks (left panel) and
endonuclease-sensitive sites (right panel) from
the DNA of a normal (CRL 1141 ) and an AT
(AT3BI) strain exposed to 50 krad (0.5 kGy)
of anoxic 7-irradiation. (From Paterson et ai.
Nature (London) 260, 444-447 (1976) with
permission of MacMillan Publishing Company.)

To define further the mutations in different AT
strains a complementation test was performed using
the technique of somatic cell hybridization (see
Figure GS). Cells of two chosen strains, distinguished
here by black and white nuclei, are mixed in a 1:1
ratio and incubated with UV-inactivated Sendai vims.
The mixture is kept at 4°C for S min to permit cell
agglutination and is then incubated at 37°C for 25
min. The fused culture is then seeded and incubated
overnight. The culture contains three cell typ:j:
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S0H4TIC CELL FUSION TECHNIQUE
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Figure G5 - Scheme for inducing artifical fusion between somatic
cells of two chosen strains.

desired mullinucleate heterokaryons containing
nuclei derived from both parents in the fusion, and
multinucleate homokaryons of single parentage as
well as unfused mononticleate cells. Fused cultures of
desired parentage are then assayed for their ability lo
carry out 7-stimulated repair replication as described
earlier. The results, as can be seen in Figure G6, reveal
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Figure G6 - DNA repair replication in indi-
cated fused cultures of normal and AT strains
as a function of anoxic 6OC0 7-ray dosage.
(From Paterson et ai, in Proceedings of the

Seventh International Congress of Photo-

biology (éd., A. Castellani), in press, with per-
mission of Plenum Press).
(i.p.m. stands for disintegrations per minute.)

a higher level of repair replication in fused hybrid
cultures of AT3BI/CRL 1343 parentage than in fused
cultures containing only one cell type
(AT3BI/AT3BI, CRL 1343/CRL 1343). The failure
to attain a level of repair replication in hybrid
cultures comparable to that found in fused cultures
of normal CRL 1141 cells is an effect ascribed to our
fusion conditions in which not all nuclei are present
in multinucleate heterokaryons. We are led to con-
clude that complementation can occur between
AT3BI and CRL 1343, leading lo a masking of the
biochemical defect in each; complementation also
provides evidence thai genetic heterogeneity can
exist, different mutated loci giving rise to the
observed deficiency in repair synthesis. Genetic
heterogeneity is further suggested by the fact that
four other AT strains display normal levels of y-
stimulated repair replication (see Fig. G7). These
strains are reminiscent of xeroderma pigmenlosum
variant strains normal in excision repair of UV-
induced photoproducts and \ve therefore tentatively
assign these AT variant strains to a third com-
plementation group.

All AT strains examined to date appear other-
wise normal, including their capacity lo repair UV
damage.

In conclusion, apart from offering a simple
explanation for the clinical radiotensitivity of AT
patients and providing new insight into the molecular
basis of this congenital disorder, our findings impli-
cate defective DNA repair in the etiology of neo-
plaslic transformation and dramatically exemplify the
importance of enzymatic repair mechanisms to the
well-being of man.



- 3 4 -

500

400

300

200

too

«
U

-

_

4

A

0

•—• CRL 1141 (Normal)
• > - • CRL 1147 (Normal)
o- -o AT4BI
o—o AT5BI
« • - • AT7BI
*-••< CRL 1347

If
i i

25 50
1

75

_

•

-

-

-

i
100

(H) D.K.Myers:

Influence of ONA Repair on Assessment of
Radiation Hazards
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Figure G7 - Dose-dependent DNA repair rep-
lication induced in indicated normal and AT
strains by anoxic 60co -y-irradiation. (From
Paterson et al, in Proceedings of the Seventh
International Congress of Photobiology (éd.,
A. Castellani), in press, with permission of
Plenum Press),
(d.p.m. stands for disintegrations per minute.)

I shall conclude with a few remarks on the
relevance of our work to AECL. It is becoming
increasingly clear that concepts arising from DNA
repair studies, such as those presented by my col-
leagues and myself, may well hold the key to under-
standing the molecular basis of mutagenesis, carcino-
genesis and aging. Furthermore, detailed insight into
these processes is crucial if we in the nuclear power
community are to forecast on a rational basis the
additional amount of human ill-health which may
arise from man-made increases in the level of radia-
tion in our biosphere. Undoubtedly, we have a clear
mandate to satisfy the increasing energy demands of
our technological society but at the same time we
have an equally strong obligation to provide an
accurate risk evaluation on the environmental impact
of ou r expanding industry.

D.K. MYERS

As noted above, research in Biology Branch is
concerned primarily with the repair of radiation
damage to the DNA. The reasons have been ex-
plained: DNA seems to be the critical target for the
long-term biological effects of radiation because it
represents the blueprints for all life processes.
Further, it now appears that in a low dose situation,
much of the initial radiation damage to DNA is
eliminated by these repair processes. Thus only a
small fraction (often less than 1%) of the initial
radiation damage remains to account for the late
effects of radiation on living systems. From this
general understanding, we would now like to consider
the consequences in terms of the biological hazards of
radiation. This section is concerned thus with the late
effects of DNA damage: cancer induction and genetic
defects.

To put things in perspective, let us look first at
the natural, "normal" hazards of living. Approxi-
mately 10% of us suffer at some time in our life from
the effects of some genetic defect. Approximately
20% of all humans in North America die of cancer,
usually in old age; the average age at which people die
of cancer is in fact about 70 years. This is the natural
situation with which we are working. It is probable
that most of the cancers, which develop in older
people who live in very primitive societies as well as
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those who live in more technologically advanced
societies such as our own, are associated with environ-
mental causes (with different environmental factors
being involved in different societies). However, the
background radiation to which we are all exposed
does not seem to account for any appreciable fraction
of these cancers.

Our best estimates of radiation hazards at
present indicate about ISO fatal cancers per 10°
man-rem (Table HI). These values are based on data
from humans exposed to high doses of radiation at
high dose rates, e.g. at Hiroshima and Nagasaki and in
medical clinics where patients were deliberately ex-
posed to radiation in order to cure a particularly
painful and crippling disease. From these data with
humans, we also know that there is a latent period of
20 to 30 years between the time of irradiation and
the time of appearance of most, but not all, types of
cancer. Conventional theory further suggests 300
genetic defects per 10° man-rem at equilibrium if the

population is continuously exposed to radiation for
many generations (Table HI). However, there is no
direct evidence for any radiation-induced genetic
defects in humans. The values are theoretical and
based on work with mice and lower organisms. Note
that this figure of 300 genetic defects per I0 6

man-rem is broken into a component of 100 for
dominant mutations and a second component of 200
for the multifactorial, irregularly inherited genetic
defects such as cleft palate; these values may be
overestimates and I shall return to them later.

The estimates in Table HI are based on the
assumption that all radiation doses of any level will
produce biological effects and that the late effects are
directly and linearly proportional to the radiation
dose. If the 10° man-rem represents 10 million
people in the general population exposed to 100
miDiiem each (our annual exposure to background
radiation), these increases represent a very minute
fraction of the normal levels and are not detectable.

TABLE HI - ESTIMATED RADIATION HAZARDS TO HUMAN POPULATIONS*

Carcinogenic hazards

150 fatal cancers/10^ man-rem
100 curable cancers (mainly breast and thyroid)/10" man-rem.

Total: 250 cancers/106 persons per rem.

(Natural incidence: 2 fatal cancers/10 persons and about the same number of curable cancers).

Genetic hazards after 1 teneration of irradiation

20 cases of dominant mutational defects/10^ man-rem
< 20 cases of irregularly inherited defects/106 man-rem.

Genetic hazards at equilibrium (each generation irradiated)

100 cases of dominant mutational defects/10^ man-rem
< 2 0 0 cases of irregularly inherited defects/106 man-rem.

Total : 300 cases/106 persons per rem.

(Natural incidence: 1 case/10 persons).

•The above figures are based on the (JNSCEAR and BEIR reports of 1972, assuming that a radia-
tion dose of 100 rem will double the natural mutation rate. The values for natural incidence are
current values for populations in North America.
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If however we were talking about 10,000 occupa-
tional workers exposed to 100 rem each, then the
values in Table HI would represent about 10% in-
crease in cancer rates in the irradiated persons and
possibly a similar increase in genetic defects in their
descendants after continued exposure of the same
families wer many generations. In order to maintain
confidence in the radiation limits which have been
assigned for health protection, we need to understand
the basis for these estimates and to continue to
improve our assessments of radiation hazards.

In Biology Branch, we are interested in three
questions related to the assessment of radiation
hazards: first, analysis of the effect of repair pro-
cesses on the shape and position of the dose-effect
curve obtained with radiation ; second, the interaction
of radiation with other environmental carcinogens
(this again may involve repair processes); third, the
effect of radiation on the incidence of multifactorial
irregularly inherited genetic defects such as cleft
palate, epilepsy and diabetes. I shall consider each of
these in turn.

(a) When we consider DOSE-EFFECT CURVES, we
start by noting that the radiation-sensitivity of living
organisms at a given temperature depends on two
factors: the size of the DNA target and the ability of
the cell to repair radiation damage to its DNA. This
applies to all living species with radiation sensitivities
varying over four orders of magnitude from about 50
rads (0.S Gy) to 500,000 rads (S kGy), man being
towards the more sensitive end of this range. The
amount of chemical damage per unit DNA produced
by a given dose of radiation does not vary appreciably
from one species to another.

Secondly we note that the yield (Y) of radia-
tion-induced events depends on one-track and two-
track components, with an equation expressed in the
simple form Y = oD + (5D1. a and (3 are simply
proportionality factors here and D is the radiation
dose. The important thing is that we have a linear
dose component, plus a dose squared component,
which latter will naturally tend to predominate as the
radiation dose is increased.

We can plut this equation in various ways, for
example, as % normal cells against radiation dose
(Figure HI). At low doses of radiation, the one-track
«I) component accounts for most of the effects. As
we go to higher doses of acute exposure, the curve
bends down due to the two-track dose squared
aniiptmcnl. In theory, we should have less and less
cited al high doses of radiation as Ihc dose-rale is
(lc< leased, Eventually at chronic dose-rates the 0D1

component disappears and we are left only with the
aD component. This is due to >he fact that the 0D2

component requires two simultaneous lesions in the
DNA; at low dose-rates, the first lesion may be
repaired before the second lesion is introduced.

Y-Radiation dose

100

I oo-y

n
normal 10
cell») ACUTE

Y = o-D + BD2

Figure HI - Theoretical curves for 'A normal
cells remaining after exposure to various doses
of (3,7 or X-radiation at high and low dose
rates.

Figure H2 shows the initial portions of the
same curves turned upside down. Now we are plotting
% altered cells against dose. Thus by analysing care-
folfy the shape of the measured dose-effect curves
obtained at higher radiation doses where effects are
measurable, we should be able to predict accurately
the expected numbers of cancers or genetic defects at
very low doses and low dose-rates. This approach has
been used in a very productive manner by a number
of workers in the USA and at the Whiteshell Nuclear
Research Establishment and elsewhere. We are in
agreement with this approach but do have some
reservations about over-simplifications in the theory.

With high LET (linear energy transfer) radia-
tion, for example a-particles, the dose-effect curves
should be more nearly linear and independent of dose
rate, i.e. they are represented only by an aD com-
ponent. ThisaD component is currently regarded as a
minimum for radiation-induced changes in the living
system and the value of o is nul supposed to change
with variations in repair capacity. This is Ihe theory.
Let us look al some actual examples.
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Figure H2 - Theoretical curves for % altered
cells after exposure to various doses of&,yor
X-radiation at high and low dose rates.

Figure H3 shows survival curves measured with
our radioresistant bacterium M. radiodurans during a
project with Dr. N.E. Centner on the effects of repair
processes. In each case we have closed circles for
irradiation in the presence of oxygen and open circles
for nitrogen. More important, on the left are rapidly
growing cells with more than 1 copy of DNA per cell;
on the right are stationary cells with only 1 copy of
DNA per cell. Superficially the curves on the right
look like typical aD + 0D1 curves, where the aD
component is the tangent to the curve at low doses.
On the left, however, we observe 100% cell survival
right up to 500 or a 1000 kilorads (5 or JO kCy). In
other words, from an appreciable oD component on
the right, we have shifted the value of the a-
component right down to zero. Dr. N.E. Centner and
I have further shown: (1) that the shift in a-value is
associated with a difference in the repair processes,

100

S00 1000 ISOO 0 S00 1000

RAOIATION DOSE (kradi)

1500 2000

Figure H3 - Survival curves for M. radiodurans after acute exposure
to -y-radiation at 0°C in the presence (closed circles) and absence
(open circles) of oxygen. The left panel is for rapidly growing cells in
logarithmic phase of growth in nutrient medium, the right panel is
for stationary, non-growing cells in nutrient medium.
(Note: 100krad=l kGy.)
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(2) that we can gel an a-value of 0 even with high
LET radiation and (3) that the apparent 0D2 com-
ponent is no! due to involvement of a two-track
process at all but, rather, due simply to failure of the
repair processes to cope with radiation damage at
lethal doses of radiation. The present theories, how-
ever useful, do not explain these particular dose-
effect curves. The theory may therefore require some
revision as our understanding of the effect of repair
processes on the shape of dose-effect curves is
increased.

Figure H4 is derived from the DNSCKAR
report of 1972. I simply wanted to show that our
bacterium is not an oddity and that life is a unity
provided that we understand the basic processes. We
are dealing here with the induction of skin cancers in
animals, using both low LET radiation and high LET
radiation. This particular system is very sensitive to
repair processes. According to recent work by Van-
derlaan et al (1976), 95% of the damage caused by a
single radiation exposure is repaired within 24 hours.
The curve has an obvious threshold or shoulder much
like lhat for the radioresislant bacterium. This seems
to be true for both low LbT radiation and high LET
radiation. The concepts derived from bacteria
probably apply equally to induction of skin cancer.
We would like to find out if this is true.

a.
in

1000 2000 3000

RADIATION DOSE (rads)

l-'igurc 114 Induction of skin tumors in male
ruts by 0-radiation (solid line) and by a-radia-
lion (clashed line). The dotted line at the left
is lor induction of mammary tumors in female
r;ils by y or X-rudialion.
(Note: 100 rad = I (ly.)

It is probable that radiation hazards at very low
dosea and low dme-rafes may he less than currently
predicted, at least for many if not for all types of
cancers. However, until we know the details for
certain, il is generally agreed that we should be
prudent and accept the conventional estimates of
radiation hazards (Table H I ) , even if these estimates
may be loo high when dealing with t'lionic irradia-
tion and very low doses. In Ihis manner, we have a
safety factor built into our estimates of the biological
hazards of radiation. The purpose of oui present
considerations is a more precise estimate of the
magnitude of ihis safety factor, so that we will have a
better understanding of carcinogenic hazards.

(b) At this point, I would like to consider our
second problem: that is, the INTERACTION OK
RADIATION WITH OTHER ENVIRONMENTAL
AOt.NTS. In early 1972, when we firs» became
seriously interested in (his topic, there were only a
few publications in the international literature that
dealt with animal experiments on this question.
Lundin, Archer and co-workers obtained data some-
thing like those in Table H2 for lung cancer in
uranium miners. These particular data are somewhat
arbitrary and depend on which dose level one selects
for exposures to radioactive nuclides and to cigaietle
tar in the lungs. But the principle is clear. Here we
have (wo known carcinogenic agents at work, yet the
effect of the two agents together was obviously not
additive. Instead of the 20 excess cancers we might
have expected by addition of the separate effects, the
data showed 100. A number of questions arise: Is (his
a general rule? Were we grossly underestimating the
carcinogenic hazards of radiation?

TABLE H2 - EXCESS NUMBERS OF LUNG CANCER IN
URANIUM MINERS (DATA ADAPTED FROM LUNDIN.
ARCHER AT/ I / . . 19691

Uranium mining alone 10

Cigarette smoking alone 10

Uranium mining plus cigarette smoking 100

(The above data are arbitrarily standardized to a value of
10 for radiation exposure alone. )

This question has been explored with animals in
different experiments since that lime in the Biology
and Population Research Branch al CRNL, as well as
at Brookhaven and al Los Alamos. From all of the
recent data taken together, it is obvious that we can,
under certain circumstances, have additive effects and
under other conditions find synergistic effects similar
(o (he data shown in Table H2.
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However, we still lack any general rules or
model. One uf the models we would like to explore
depends on the different systems which were in
collaboration explored by the Biology and the
Population Research Branches at Chalk River. The
Population Research Branch studied induction of skin
Humus by (î-iadiation plus tobacco tar as being the
most closely allied to the lung tumor system. As
mentioned earlier, this system shows a large threshold
and is highly dependent upon dose rate and dose
Iracti'Miatio» because of repair processes. The pre-
liminary results (Table H3) indicate a synergislic
action at one particular dose. Further experiments are
in progress to see whether Ibis also applies al other
points on the dose-effect curve, and to elucidate the
mechanism of this synergistic response.

TABLE H3 - INCIDENCE OF SKIN TUMORS IN MALE
RATS (PRELIMINARY DATA FROM H.B. NEWCOMBE
AND IF. MCGREGOR. CRNL>

Figure H5 - A female Sprague-Dawley rat 12

months after exposure to 825 R of X-radia-

tion in split doses. The growths on the surface

of the body wa)) art" mammary tumors.

/3-Radiation alone

Cigarette tar alone

P-Rj<lhtioi) plus cigarette tar

10

23

(The above data are arbitrarily standardized to a value of
10 tor radiation exposure alone )

The latest experiment in Biology Branch
studied mammary tumors. Figure H5 shows a rat
exposed to a high radiation dose al high dose-rate
about 1 year earlier. We have cut the skin off the

belly of this animal. Normally the remaining carcass
under the skin should be sleek and smooth: in Figure
HS, we see about eight mammary tumors which have
developed as a result of radiation. In this particular
system, the dos;-etfecl curve is almost exactly linear,
is much more sensitive lo radiation (Figure H4), is
less affected by dose rate and is therefore presumably
not greatly affected by repair processes. We used a
different chemical carcinogen called urelhane because
it is more like whole body radiation. The data, again
preliminary, are definitely additive, not synergistic
(Table H4).

TABLE H4 - INCIDENCE OF MAMMARY TUMORS IN FEMALE RATS
(PRELIMINARY DATA FROM D. MYERS, CRNL)

-y-Radiation alone

Urethane alone

7-Radiation plus urethane

10

5

15

(The above data are arbitrarily standardized to a value of 10 for radiation exposure alone.)
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What we would like to do next is to try to
establish at least one general rule in this field. Syner-
gistic effects with repair inhibitors have been demon-
strated in experiments with micro-organisms by Dr.
N.E. Centner. From the two animal experiments
which have been carried out simultaneously by two
branches at CRNL, one possibility is thus evident,
namely that synergism can appear in systems where
the dose-effect curve is definitely non-linear and
highly dependent upon repair processes, while addi-
tivity may be more common in systems where the
dose-effect curve is essentially linear and less de-
pendent upon dose-rate or repair processes. We are
starting a modest project within the next few months
that would involve these two disparate tumor systems
simultaneously with the same environmental chemical
involved in both.

It is not expected that our results should
provide any immediate reason for altering the present
assessment of the carcinogenic hazards of radiation,
since the human populations from which these
estimates (Table H I ) derive were also exposed to all
the usual environmental factors that might be asso-
ciated with cancer induction. The purpose of these
experiments is rather to increase our understanding of
radiation hazards and to enable us to predict more
accurately the probable consequence of an increased
exposure to ionizing radiation with and without
simultaneous exposure to other environmental agents.

(c) Finally, I would like to consider briefly the
third problem: the effect of radiation on the in-
cidence of the MULTIFACTORIAL IRREGULARLY
INHERITED DISEASES such as cleft palate, epilepsy
and diabetes. Table H I showed an equilibrium value
of 300 genetic defects per 10" man-rem; as noted
before, this number (in contrast to that for cancer
induction) is a theoretical value with no concrete
human data to support it. In fact, the only human
data available on the children of irradiated parents
suggest that this estimate is too high by some factor,
the magnitude of which is completely unknown at
present. In 1972 Dr. H.B. Newcombe pointed out to
us that the theory involved a number of assumptions
which may not be correct. Table HS hat been adapted
from the BEIR report of 1972 and from a paper
presented by Dr. Newcombe in 1974. The data are
expressed a little differently than in Table HI in
order to show how the values were derived.

The major uncertainty concerns the multi-
I'actorial irregularly inherited genelic diseases listed in
the third line of Table HS. There are now solid data
derived from human epidemiological studies by Drs.
Ncwcomhe, Trimble and Doughty lo support the

supposition that the value of 100 cases of genetic
defects of dominant mutational origin listed in the
first line of Table HS should in fact be somewhat
closer to 10; a reasonable guess would be somewhere
in the range of 10 to 30. Now we would like to know
whether or not the value of 200 listed in the third
line of Table HS should in fact be close to 0. If
repeated mutations in each generation are primarily
responsible for the present incidence of irregularly
inherited diseases in human populations, the correct
value might be close to 200. If selection pressures arc
primarily responsible for the present incidence, then
the correct value should be close to 0. We do not have
any good experimental data to tell us which answer is
more likely to be correct.

We are interested in a major project on cleft
palate in control and irradiated mice to answer this
qu.-r. on. Cleft palate and certain other defects in
newborn mice seem to be exactly analogous to the
same genetic defects in humans.

Our strategy has been to prepare first a detailed
proposal on how this question can be answered. At
present we envisage a colony of 2000 breeding mice
being replaced twice per year for approximately 5
years, with a total of approximately 50,000 newborn
mice to be examined for cleft palate, foot defects,
eye defects, and any obvious visible defects in brain
development. We are currently preparing this docu-
ment and are still discussing it with various experts
from other laboratories. However, it is hoped that the
actual experiment will be initiated in the near future.

To summarize again the three basic problems
that we see at present in dealing with the late effects
of radiation:

(a) We are concentrating on DNA repair pro-
cesses because they are crucial to an understanding of
dose-rate effects and the shape of close-effect curves.
The present estimated carcinogenic hazards are de-
rived from humans exposed to relatively high doses of
radiation at high dose-rates. There is a theory relating
these effects to those expected at very low doses and
low dose-rates: however, we know that this theory,
however useful at the present time, does not explain
all of the available data and that we need more
research on the effects of repair processes before we
can confidently make accurate predictions of the
safety factors that are built into our current estimates
of carcinogenic radiation hazards at low doses and
low dose-rates.

(b) The question of addilivity or synergism be-
tween ionizing radiation and other environmental
agents has been mentioned. We have carried out
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TABLE H5 - INCIDENCE OF GENETIC DISEASES IN A POPULATION OF 10* PERSONS
EXPOSED TO 100 rem OF CHRONIC RADIATION PER GENERATION (a)

Suggested estimate
of cases/10* persons

Kind of
mutation

Dominant

Recessive and
chromosomal

BEIR estimate of
cases/10* peisons (b)

Natural Increase due
Incidence to 100 rem/

generation

100 100

100 0(d)

Natural
Incidence

(c)

Increase due
to 100 rem/
generation

Irregularly 400 « 0 0

10

90

900

10

0

Total 600 <300 (e) 1000 10 (e)

(a) The values given, based on mutation rates observed in mice by Russel et al, are for 100
rem delivered at low dose-rates. The dose could be received as 100 rem in 2 hours, as 100
rem in 10 years, or in theory as 3 rem/year continuously from birth to 33 years of age, for
example. For a single acute exposure of 100 rem in 1 minute or less, the estimates should be
increased 3-fold. For comparison, it should be noted that natural background radiation
averages I rem/10 years, that the average dose to the whole population from nuclear power
is currently less than 0.001 rem/10 years in North America, and that the maximum
permissible dose for occupational workers is 50 rem/10 years.

(b) The BEIR estimates (1972) assumed that the dose of chromic radiation required to
double the natural mutation rate was in the range of 20 to 200 rem. The estimates in the
above table are calculated for a doubling dose of 100 rem of chronic radiation, as suggested
by the UNSCEAR committee. The limited data available on children from the parental
survivors of Hiroshima and Nagasaki indicate that the doubling dose in humans must be
greater than 100 rem, but no precise value is available. These data in Table HS are calculated
for 100 rem/generation per I04 persons, since 100 rem is assumed to be the "doubling
dose" for mutations. If the biological effects are directly proportional to radiation dose, as
is normally assumed, then 1 rent/generation should produce the same increases in number oï
cases per 10* persons, as indicated in Table HI.

(c) The revised estimates of the natural incidence of genetic diseases in human populations
are based primarily on the data of Trimble & Doughty ( 1974).

(d) The value of 0 should not be taken too literally; the BEIR report uses the words
"relatively slight" but does not assign an exact number. The same caution applies to the two
values of 0 given in the last column of the above table.

(e) The increased number of cases due to 100 rem/generation given in the above table
represent equilibrium values after many generations of repeated exposure. On the basis of
the reasoning used in the BEIR report (1972), the increase in number of cases expected in
the first generation after a single exposure of parents to 100 rem would be 40 (rather than
300) for the BEIR estimate and 2 (rather than 10) for the revised estimate suggested by
Newcombe(l974).
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considerable research on this problem both with
microorganisms and with rats at CRNL, and we have
evidence that DNA repair processes may be involved.
Therefore we would like to know how repair pro-
cesses are affected by other environmental Actors in
order to make more accurate predictions of radiation
hazards.

(c) The current estimates of genetic hazards to
man are entirely theoretical. Conventional proposals
suggest 300 genetic defects/106 man-rem after many
generations, but there are reasons to believe that a
value in the region of 1 0 - 3 0 might be more ac-
curate. The major uncertainty concerns the effect of
radiation-induced mutations on the incidence of ir-
regularly inherited diseases such as cleft palate,
epilepsy and diabetes. We intend to make some effort
lo obtain experimental data on this question.
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