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ABSTRACT 1 

The Genetics of X-ray Induced Double Strand Break Repair in 
Saccharomycea cerevisiae 

Martin Ellsworth Budd 

This thesis examined the possible fates of x-ray 
induced double strand breaks in Saccharomyces cerevisiae. 
One possible pathway which breaks can follow is the repair 
pathway and this pathway was studied by assaying strains 
with mutations in the RAD51. RAP54. and RAD57 loci for dou
ble strand break repair using neutral sucrose sedimentation. 
rad54-3 strains were sensitive to x-rays at 36° and resis
tant at 23°, while rad57-l strains are sensitive to radia
tion at 23° and resistant at 36 . In order of increasing 
radiation sensitivity one finds: rad57-l(23°)>rad51-l 
f30°>>rad54-3126°). At the restrictive temperature 36° 
,rad54-3 cells are unable to repair double strand breaks, 
while at the permissive temperature, 23°, these strains are 
able to repair double strand breaks. On the other hand, 
strains with the rad57-l mutation appear to be able to 
rejoin broken chromosomes at both the permissive and res
trictive temperature. However, the low survival at the res
trictive temperature shows that the sedimentation assay is 
not distinquishing large DNA fragments which allow cell sur
vival from large DNA fragments which cause cell death. A 
rad51-l strain ^Iso appeared able to rejoin broken 
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chromosomes, and is thus capable of incomplete repair. The 
data can be explained with the hypothesis that rad54-3 cells 
are blocked in an early step of repair, while rad51-l and 
rad57-l strains are blocked in a later step of repair. 

The fate of double strand breaks when they are left 
unrepaired was also investigated with the temperature condi
tional rad54-3, mutation. If breaks are prevented from 
entering the RAD54 repair pathway they are modified and 
become uncommitted lesions. The rate these uncommitted 
lesions are repaired is slower than the rate the original 
breaks are repaired. One possible fate for an uncommitted 
lesion is conversion into a fixed lesion, which is likely to 
be an unrepairable or misrepaired double strand break. 

The presence of protein synthesis after irradiation 
increases the probability that a break will enter the repair 
pathway rather than the fixation pathway. Evidence is shown 
that the increased probability of repair probably results 
from an enhanced synthesis of repair proteins shortly after 
radiation. 
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INTRODUCTION 

The yeast Saccharomvces cerevisiae has been extensively 
used in radiobiological studies. Figure 1 is taken from 
Mortimer and Hawthorne(1969) and illustrrces the life cycle 
of Saccharomvces cerevisiae. Most yeast cultures from 
nature exist in the diploid phase. Under nitrogen starva
tion conditions diploid cells go through meiosis and yield 4 
spored asci. The haploid asci can possess either one of two 
distinct mating types, MATa or MATq. Haploid MATa and MATq 
strains can mate to form a/q diploid zygotes. The a/q 
diploid zygote does not mate with either a MATa or MATq 
strain and is able to undergo meiosis. Heterothallic 
strains of yeast can exist stably in the haploid state. On 
the other hand, homothallic strains of yeast can switch mat
ing type from MATa to MATq or MATq to MATa as often as every 
generation. Thus, a single cell from a strain which is a 
homothallic haploid MATa or MATq can give rise to a colony 
of a/q diploid cells. Diploid cells can also arise from 
rare matings of haploid cells of the same mating type or 
endomitotic division giving rise to MATaa or MATOR diploids. 
Diploids which are aa or qq at the MAT locus instead of a/q 
are unable to undergo meiosis but are able to mate. Yeast 
cells possess 17 known chromosomes and genetics of this 
organism can easily be done using micromanipulation. 

X-rays are one agent which causes both single and dou
ble strand breaks in the DNA (Friefelder, 1965). The idea 
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FIGURE 1. Life cycle of Saccharomvces cerevisiae. The 
dianran illustrates the alternation of haploid and diploid 
ohases, and the distinctions between heterothallie and 
honothallic strains. Taken from Mortimer and Hawthorne 
(1969). 
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of this thesis is to examine the possible fate of double 
strand breaks after irradiation in yeast. The first possi
ble fate is repair of the break restoring the ONA to its 
original form resulting in a viable cell. The second con
ceivable fate could be interaction of the break with another 
broken or possibly unbroken chromosome chromosome resulting 
in a dicentric. The third possible fate would be the break 
remains unrepaired and does not interact with another chro
mosome. The likely phenotypic effect of the second and 
third possible fates would be cell death. 

The final fate of double strand breaks in mammalian 
cells is inferred from the aberrations seen during the first 
mitotic division after irradiation. These are of two types 
(Lea, 1955; Okada, 1969; Wolff, 1972). One type is believed 
to result from 1 ionizing event, and are called one hit 
aberrations. These are the type of aberrations one would 
expect if the break has remained unrepaired and did not 
interact with another chromosome. The second type of aber
rations are believed to result from 2 ionizing events and 
these are called 2 hit or exchange type aberrations. Exam
ples of these are dicentrics, translocations, rings, and 
inversions. 

Latarjet and Ephrussi(1949) observed that haploid yeast 
cells exhibit an exponential x-ray survival curve, while 
diploid cells exhibit a more resistant survival curve 
characterized by a shoulder. Later it was shown that the 
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haploid survival curves are biphasic, and possess a 
radioresistant tail which represents the resistance of bud
ding cells to x-rays (Beam et al., 1954). Furthermore the 
resistance of budding cells to x-rays correlates with cells 
•t the DNA synthesis stage rather than with the appearance 
of the bud (Bird and Manney,1974). 

Since dominant lethality is an important concept in 
understanding the fate of induced breaks, a detailed intro
duction to previous experiments will follow. Dominant 
lethal damage can be studied by irradiating a haploid cell, 
aating it to a unirradiated cell, and then examining the 
zygote for viability (Mortimer,1955). If recessive lethal 
damage is the predominant mode of cell death in diploids, 
then irradiation of one of the haploid parents shouxu not 
affect zygote viability. A recessive lethal is one which 
kills the cell if present in a homozygous condition, either 
in a haploid or diploid state, but if present in a heterozy
gous state in a diploid allows cell survival. If the 
diploid zygote dies then the irradiated haploid parent has 
exerted a dominant lethal effect on the viability of the 
zygote. The amount of dominant lethal damage of a haploid 
is studied by irradiating a MATq haploid, mating it to a 
MATa cell, then assaying the zygote for viability. The 
amount of dominant lethal damage of a diploid is studied by 
irradiating MATqq diploids, mating to MATa or MATaa cells, 
then assaying the triploid or tetraploid zygotes for viabil
ity. Figure 2 which is taken from Owen and Mortimer (1956) 
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illustrates a haploid survival curve, a diploid survival 
curve of a strain homozygous at the mating type locus, a 
haploid dominant lethal curve, and a diploid dominant lethal 
curve. The data shows that MATaa or MATqq diploid cells are 
more resistant to radiation than haploid cells. The haploid 
dominant lethal curve shows that recessive lethals are not 
the only form of lethal damage in yeast. The curves also 
show that diploids are twice as sensitive to dominant lethal 
damage as haploids. An interpretation of the result is that 
a diploid genome has twice as many sites for dominant lethal 
damage as a haploid genome. The sensitivity of the result
ing zygote depends only on the ploidy of the irradiated 
parent, not on the ploidy of the unirradiated parent. The 
survival curve of the a/q diploid strains is similar to the 
dominant lethal survival curve of a diploid. 

Since the dominant lethal damage increases as the 
ploidy changes from haploid to diploid, then one might 
expect an increase in radiation sensitivity as the ploidy 
increases beyond diploid. This was obsarved by Morti
mer (1958) when he showed that diploid strains are the most 
resistant to radiation, triploid strains are somewhat more 
sensitive to radiation than diploid strains. Tetraploid 
strains are about twice as sensitive to radiation as diploid 
strains, and hexaploid strains are significantly more sensi
tive to radiation than tetraploid strains. In order of 
increasing radioresistance one observes haploid <hexaploid 
<tetraploid <triploid <diploid. Mortimer found that for 



6 

HAi .010 DOMINANT LETHAL CURVE 

OlPLOlO DOMINANT LETHAL CURVE 

OlPLOID SURVIVAL CURVE 

25000 SqpOO 75,000 
X-RAY DOSE.ROENTGENS 

roqooo 

XBL 822-7945 

FI3URE 2. Haoloid dominant lethal curve: p>«:^,»«, f 
Diploid dominant lethal curve•.U,*0,9>OWA l"m 

Diploid survival curve:>.«sa d i p l o i d A • •ud ip lo id 
Haploid survival curve:*. • a haploid A • haploid 

Taken fron Mortiner and Owen (195C) 



7 

diploid, tetraploid, and hexaploid cultures, if I»D,0 is the 
dose required to give 10% survival, then [LD,0]xtploidy] is 
a constant. This relationship can be explained if one 
assumes that dominant lethal damage plays the major role in 
cell death in cultures with a ploidy of diploid or greater. 

It has been observed that heterozygousity at the mating 
type locus also plays a role in radiation resistance (Morti
mer,1958). qq or aa diploid strains are about twice as sen
sitive to radiation as a/q diploid strains. 

One of the itey mutations in understanding the fate of 
double strand breaks and their relation to dominant lethal
ity is the rad52-l mutation. Cells with the rad52-l muta
tion exhibit a severe radiation-sensitive phenotype (Game 
and Mortimer,1974). The survival curve of haploids with a 
mutant rad52 allele lack the radioresistant tail, and 
diploids homozygous for rad52 exhibit an exponential x-ray 
survival curve, in contrast to the 3igmoidal survival curve 
of wild-type diploids. 

The role of the RAD52 gene product in the repair of 
lesions which could result in dominant lethal damage has 
been examined by Ho and Mortimer (1973). Thej examined 
rad52 dominant lethal survival curves by x-raying a rad52 
haploid, mating with an unirradiated rad52 cellr and assay
ing the zygote for viability. The curve generated when both 
the irradiated and unirradiated haploid parents have a radS2 
genotype is much steeper than when either of the parents is 
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RAD+. Irradiated haploids are much more likely to exert a 
dominant lethal effect when the resulting zygote is 
rad52/rad52 than when the zygote is RAD+/rad52. Ho and Mor
timer (1973) proposed that the RAD52 gene product may be 
involved in the repair of lesions which may become expressed 
as dominant lethals. Thus, dominant lethals refer to non-
repairable end products of radiation and they are more 
likely to occur if a rad52 mutation is present. 

Early studies of dominant lethal damage were done using 
Drosophilia. In Drosophila, dominant lethal damage was r u-
died by irradiating males, mating to unirradiated females, 
and observing the portion of fertilized eggs which do not 
give rise to flies (Lea 1955). The resulting curve gen
erated was sigmoidal and had a 0.- of about 4 krads. In 
this experiment the corresponding number of females hatched 
was less than the number of males. Hence, the XX zygote 
appeared to be more sensitive to dominant lethals than the 
XY zygote. Since the Y chromosome is smaller than the X 
chromosome, less dominant lethal damage can be introduced. 
Alternatively interaction between a damaged X and its undam
aged homologue may be required to cause lethality. 

The structural form of dominant lethal damage was 
inferred from observations of the chromosomal structures 
which appeared in the salivary glands of the descendents of 
irradiated flies. Only small deletions less than 50 bands 
were observed in the heterozygous condition an3 were 
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inferred to behave as recessive lethals. Other aberrations, 
such as deletions larger than 50 bands, lost chromosomes, 
acentric fragments, and dicentrics were not observed and 
were inferred to be causally related to dominant lethals. 
The other possibility is that these aberrations did not 
occur in the resulting zygote. Recessive lethals were stu
died in the X chromosome. They increased in proportion to 
dose, and their yield was independent of the dose rate or 
radiation (Lea, 1955). 

Further evidence of the nature of dominant lethal dam
age is provided by the work of Dewey et al (1971) and Car-
rano (1971). Dewey obse. ved that at the D,_ dose of Chinese 
Hampster Ovary cells there is an average of 1 aberration per 
cell. These aberrationes included both the type on would 
expect if the broken chromosome was not repaired and did not 
interact with another chromosome, and the type where the 
break interacts with another chromosome to produce a dicen
tric. In mammmalian cells chromosomal aberrations such as 
dicentrics and acentric fragments appear to behave in a dom
inant lethal fashion. The presence of a chromosomal bridge 
or dicentric prevented the cell from completing the first 
mitotic division (Carrano,1971). Carrano also observed that 
the presence of acentric fragments correlated with cell 
death since cells with these aberrations completed the first 
mitotic division , had a high probability of being unable to 
complete succeeding cell divisions. Unfortunately, cytolog-
ical observations of dominant lethal damage in yeast are 
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precluded since the chromosomes are not resolvable using 
light microscopy. However, the initial lesion leading to 
chromosomal aberrations may be a double strand break, and 
such initial lesions can be studied in yeast (Hesnick and 
Martin,1976; Ho,1975). 

The development of an assay for the repair of double 
strand breaks provided one of the key tools to understand 
the fate of these lesions, and the relationship of the 
repair of these lesions with survival. The assay used to 
study induction and repair of double strand breaks is neu
tral sucrose sedimentation as developed for. yeast by Petes 
and Fangman(1972). The protocol involves lysing glusulase 
treated radioactively labeled yeast cells on the top of 
linear 15-30% sucrose gradients, centrifuging at 10,000 rpm 
for 26 hrs, collecting fractions, and assaying for radioac
tivity. T4 phage is used as a molecular weight marker, 
Calculations from sucrose sedimentation demonstrated that 
chromosomal DNA from yeast has a number average of molecular 
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weight of about 6x10 daltons. Measurements of chromosomal 
DNA determined by electron microscopy yielded an average 
lenq' i of 165 microns, corresponding to a molecular weight 

a 

average 3.2x10 daltons. Furthermore Petes and Fangman 
(1973) extracted DNA from various fractions of a neutral 
sucrose gradient and established that the contour length of 
DNA increases with increasing distance down the gradient. 
These measurements suggest that the sucrose sedimentation 
technique, when applied to yeast, measures the size of 
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unbroken linear chromosomes. 

The next step in understanding the fate of double 
strand breaks was provided by Bo (1975) and Resnick and Har-
tin(1976). Ho (197S) using haploid strains, and Resnick and 
Martin (1976) using a diploid strain, used neutral sucrose 
sedimentation to assay for the repair of double strand 
breaks. Both groups showed that in RAD+ cells harvested 
from log phase, one possible fate of double strand breaks is 
their repair, and a. functional RAD52 gene product is 
required for this repair. Ho(1975) observed extensive 
degradation of the ONA in log phase haploid radS2 cells 
incubated 3.5 hours after irradiation, *:hus illustrating 
that one possible fate of unrepaired breaks is degradation 
of the broken chromosome. Resnick and Martin (1976) 
observed that the profile of DNA from rad52 diploid colls 
irradiated and incubated in YEPD was at the same position as 
ONA extracted from irradiated cells with no incubation. By 
comparing the D,_ value of diploid rad52 rad!8 strains with 
the dose required to induce one double strand break per 
cell, Resnick and Martin established a 1:1 correlation of 
unrepaired double strand breaks and cell lethality. The 
repair of double strand breaks and the repair of lesions 
causally related to dominant lethal damage both require a 
functional RAD52 gene product. This correlation is con
sistent with the hypothesis that the initial lesion causally 
related to dominant lethal damage is the double strand 
break. Thus, it is not unreasonable to think that double 
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strand breaks which have been left unrepaired by a RAD52 
gene product can lead to dominant lethal damage, but in 
yeast these experiments cannot be done. 

The repair of x-ray induced double strand breaks in 
yeast and a corresponding relation to higher survival has 
also been observed by other investigators. Frankenberg-
Schwager et al (1980) have shown that extensive repair of 
double strand breaks occurs in diploid yeast cells held in 
G-1 phase by liquid holding. The double strand break repair 
observed upon liquid holding of G-1 cells correlates with an 
increase in survival also observed upon liquid holding. 

By using a diploid strain which can be easily synchron
ized, Brunborg et al(1980) examined the extent of cell sur
vival and the amount of double strand break repair in vari
ous stages of the cell cycle. The strain NCYC-239 is most 
sensitive to x-rays in G-1 with resistance rising through 
S-phase, and reaching a peak in G-2 phase (Brunborg and Wil
liamson, 1978) . This cell cycle pattern of radioresistance 
to x-rays correlates with the ability of the strain to 
repair double strand breaks. Cells irradiated in the G-2 
stage are capable of complete repair of double strand breaks 
at doses of 50 krads while cells irradiated in the G-1 stage 
exhibited no repair. Brunborg and Williamson(1978) examined 
the G-2 block induced by x-rays in the strain NCYC-239. 
They observed that the strain exhibited a G-2 block of 
around 3-7 hours, which gives extensive time for the repair 
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of damaged DNA. 

Besides x-rays, another DNA damaging agent which causes 
single and double strand breaks is methyl methane sulfonate, 
or mas. Chlebowicz and Jackmyczyk(1979) compared the sur
vival after mms treatment of log phase MATa cells with those 
cells which have been synchronized in G-1 phase by q factor. 
The authors found that log phase cells were significantly 
more resistant to mms than cells synchronized in G-1 phase. 
The efficiencies of single strand break repair and double 
strand break repair were compared with G-1 and log phase 
cells. An analysis of single strand break repair using 
alkaline sucrose sedimentation shows that both log phase and 
G-1 phase cells are capable of repairing single strand 
breaks. However, neutral sucrose sedimentation shows that 
although log phase cells are capable of extensive but not 
complete repair in 8 hours, G-1 cells are severely defective 
in repair. The differential survival of G-1 and log phase 
haploid cells to mms correlates with the inability of G-l 
cells to repair double strand breaks and the ability of log 
phase cells to repair double strand breaks. The results 
also provide evidence for the presence of two homologous DNA 
duplexes as a necessary condition for double strand break 
repair. 

In summary, the previous investigators have shown that 
in RAD+ cells breaks have a high probability of being 
repaired, thus allowing the cells to survive. In strains 
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which are radiosensitive, such as rad52 strains, or strains 
which are in a radiation sensitive stage of the cell cycle, 
these breaks remain unrepaired. The fate of cells with 
unrepaired double strand breaks is cell death. 

The neutral sucrose sedimentation technique measures 
the conversion of small DNA fragments to large DNA frag
ments. Thus, the assay demonstrates whether strains are 
able to rejoin broken chromosomes. However, neutral sucrose 
sedimentation Joes not distinguish between complete and 
incomplete repair, or correct and incorrect repair. 
Presently, the experiments discussed are consistent with a 
hypothesis whis;h states that the conversion of small DNA 
fragments to large DNA fragments as measured by sucrose sed
imentation, constitutes complete repair of the breaks. This 
hypotheitis needs further testing and one way of testing the 
hypothesis is assaying other rad mutants in the RAD50-57 
pathway for double strand break repair using neutral sucrose 
sedimentation. In particular, temperature conditional 
mutants provide a system to further examine the relationship 
between survival after irradiation, and the ability of a 
cell to rejoin broken chromosomes. 

A model for the repair of double strand breaks was 
first proposed by Resnick(1976) and the main features of 
this model are a requirement for a homologous or sister 
chromosome which can pair with the broken chromosome, and 
the ability of the cell to undergo recombination. The model 
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is illustrated in figure 3A. The model proposes that 5' ~> 

3' nuclease digestion of single stranded DNA from the broken 
chromosome initiates repair. Next, a single strand endonu-
clease nicks the DNA strand on the unbroken sister chromo
some near the position of the break. The next step in 
repair is the transfer of single stranded DNA from the 
unbroken to the broken chromosome to form a heteroduplex. 
This is followed by strand displacement,DNA 
synthesis,endonuclease cleavage of the Holliday structure 
which has been fcrmed,and ligation which completes repair. 
One possible outcome of repair of a double strand break is 
the unbroken crossing over between the broken chromosome and 
the chromosome involved in repairing the break. The model 
explains the observation that double strand break repair 
does not occur in ti-1 haploids because there is a lack of a 
sister chromosome, and that no repair occurs in rad52 
strains because such strains are unable to undergo recombi
nation. 

Another model of double strand break repair is the 
Szostak model (Orr-Weaver et al, 198.1). The model is illus
trated in figure 3B. The model differs from the Resnick 
model in the heteroduplex formation step. Thus, instead of 
strand invasion from the unbroken to the broken strand, 
there is strand invasion of the single stranded tail of the 
broken strand into the unbroken strand thus forming a 
heteroduplex. The single stranded end has a 3' primer and 
the next step is strand displacement by a pol I type 
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polymerase. The strand which is displaced then pairs with 
the other single stranded tail of the broken end. Repair is 
completed by polymerase and ligase. This model provides a 
mechanism whereby deletions can be repaired, which will be 
important in understanding the possible fate of breaks when 
they remain unrepaired for several hours after irradiation. 

These models are consistent with the data presented to 
date. In particular, the role of DNA synthesis in repair 
can be assayed using a system developed in this work. How
ever, the result from this thesis does not adequately deter
mine the role of DNA synthesis in repair. Also, if any 
other rad mutants are discovered to be defective in double 
strand break repair, then one might examine if they are 
defective in induced gene conversion. 

Although only the RAD50-57 pathway is being discussed 
in this thesis, one should be aware that there are other 
pathways involved in repair. Saccharomyces cecevisiae 
possesses 2 other pathways of repair besides the rad52 path
way. The RAD1.2.3.4.7.14,and22 pathway has been shown to be 
involved in excision repair (Resniok and Setlov«,1972). 
Strains with mutation in this pathway are UV sensitive but 
display normal x-ray resistance. The RAD6.9.18.REV1.2.3 
pathway is involved in repair which is believed to occur 
during replication of the DNA {Lawrence et al,1974). 
Strains defective in steps in the RAD6.9.18. REV1.2.3 path
way are sensitive to UV and x-rays. The RAD6 gene product 
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is required for wild type levels of mutagenesis. Strains 
with mutations in the RAD50-57 pathway are x-ray sensitive 
and exhibit normal sensitivity to uv. The phenotypic 
characteristics of one mutant from this group, rad52. 
include: an inability to undergo mitotic recombination 
(Prakash et al,1980), reduced sporulation (Game and Morti
mer,1974), inviable spores, inability to undergo homothallic 
switching (Hal̂ r.e and Esposito,1980), and an elevated fre
quency of spontaneous and induced chromosome loss (Mortimer 
et al,1981). 

One should be aware that some of the studies of the 
repair of double strand breaks have not involved DNA damag
ing agents. One such study is that of Weiffenbach an-1 Haber 
(1981), who have also shown that breaks can be repaired in 
RAD+ cells or remain unrepaired in rad52-l strains. 
Hetecothallic yeast strains have stable mating types, MATa 
and MATq, which switch from or-r to another at a frequency of 
10 . Haploid homothallic strains which express the .HP. gene 
product are able to switch mating types at a frequency of 
almost once per cell generation. These mating type switches 
are believed to result on transpositions of silent copies of 
a or q mating type information from the right or left arm of 
chromosome III to the MAT mating type locus, which maps near 
the centromere of chromosome III. Thus, when MAT3; HO. 
strains switch to MATa, the ̂  information at MAT is removed 
and replaced by bonafide MATa information which resides at 
the end of one of the arms of chromosome III. Weiffenbach 
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and Haber's evidence shows that the lethal event occurring 
in JiQ. rad52 cells is an unrepaired double strand break at 
the MAT locus on chromosome III. The double strand breaks, 
when not repaired, result in large deletions and chromosome 
loss. They have provided evidence that homothallic switch
ing occurs through a double strand break, followed by 
rejoining of the chromosome in RAD+ cells. 

Temperature sensitive mutants are a very useful tool in 
understanding metabolic processes. This type of mutant may 
provide a system to determine the fate of breaks induced by 
radiation. Studying repair in rad52-l strains can only pro-
vid« information about what occurs when repair is blocked 
indefinitely after irradiation. It does not provide infor
mation about what occurs when repair is turned off, turned 
on, then turned back off again. Several alleles of mutants 
in the RAD50-57 pathway have beer shown to be temperature 
sensitive. One mutation, ra<J54-3 confers sensitivity to x-
rays at 36°, and exhibits nearly normal resistance at 23 . 
Another mutation rad57-l. confers sensitivity at 23 and 
resistance at 36°. Survival curves of rad54-3 haploids , at 
the permissive temperature, 23 , retain the radioresistant 
tail associated with budding cells; however, at the restric
tive temperature 36°,the survival curves are exponential (Ho 
and Mortimer,1975) . 

Ho and Mortimer(1975) used the rad54-3 mutant to study 
the rate of repair of x-ray induced lesions and the time 
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rate fixation of the initial lesions into lethal lesions. 
Repair is studied by post-irradiation incubation of the 
cells at the permissive temperature,23°, which allows 
repair, followed by shifting the cells to the restrictive 
temperature,36 , which stops repair. Comparison of the sur
vival of cells which have been incubated continuously at the 
restrictive temperature after irradiation gives the total 
amount of repair »»~««<Mi» C«»I I ŝ>af-h or fira*-'™'* < «• -stu
died by incubating the cells at the restrictive 
temperature,36°. After various times at 36°, the cells are 
shifted to the permissive temperature, 23 . Comparison of 
cell survival of cells shifted from the restrictive tempera
ture to the permissive temperature with cells incubated con
tinuously at the permissive temperature after irradiation 
shows the percentage of initial lesions which are fixed into 
lethal lesions. The experiments of Ho and Mortimer will be 
extended in the results section, since the rad54-3 mutation 
provides a very useful to tool to understand the possible 
fates of double strand breaks after irradiation. This muta
tion will also be used as a tool to understand various fac
tors which might change the probability whether or not a 
break will be repaired or left unrepaired. These factors 
include protein synthesis and DNA synthesis after irradia
tion. 

The phenotypic expression of unrepaired double strand 
breaks is cell death and it usually occurs during the first 
or second mitosis after irradiation. Most frequently yeast 
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cells die as doublets that usually contain one nucleus (Mor
timer, 1953). However, many cells which are damaged by 
radiation are capable of dividing once* twice, or even mote 
times before death. In mammalian cells there is a sharp 
increase in eosin-stained cells (dead cells) following the 
first,and second mitosis after irradiation (Okada,1970). 
The liquid holding experiments provide further evidence that 
attempt at nuclear division plays a major role in fixing 
initial lesions into lethal lesions. If yeast cells are 
irradiated, then held under non-growth conditions before 
plating, the survival is higher than if the cells are plated 
immediately after irradiation (Frankenberg-Schwager et al, 
1980). The interpretation is that delayed plating after 
irradiation allows the cells a longer time to repair the 
damage before attempt an at nuclear division or another cell 
cycle event fixes the damage into lethal lesions. An 
attempt at nuclear division may cause potentially repairable 
broken ends to separate thus reducing the probability the 
DNA will be restored to its original form. Hence, the time 
between irradiation and attempted division may set a time 
frame during which repair can occur. This time may be the 
time remaining in the cell cycle from x-ray treatment to 
mitosis plus the time of the x-ray induced division delay. 
Burns (1956) observed with yeast that the mean time of the 
induced division delay increased with dose, and the variance 
of division delay also increased with dose. After 2.5 krads 
the mean value ff the division delay in a diploid was 111 
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minutes with a variance of 55 min. After 10 krads the mean 
value of the division delay increased to 290 minutes and the 
variance increased <-o 113 min. Okad 7̂0) has located tJie 
point of the division delay in mammalian cells as being 
about 20 minutes past the end of the DNA synthesis phase in 
G-2, hence the name G-2 block. Brunborg and Williamson 
(1978) have hypothesized that the resistance of the diploid 
strain, NCYC-239, is due to repair occurring during the G-2 
block. Thus, the G-2 block probably alters the fate of dou
ble strand breaks by allowing the cell time for their 
repair. However, there is extensive evidence that an 
attempt at nuclear division or some other cell cycle event 
is involved in a fixation event. In particular, a starting 
point for the analysis of cell death was to see if the fixa
tion observed by Ho and Mortimer could be explained as a 
result of a cell cycle event, possibly DNA synthesis. DNA 
synthesis might be involved in fixation since Bender (1974) 
has proposed that some chromosomal aberrations are created 
through DNA synthesis. 

There are also various modifying factors which can 
alter the possible fates of chromosomal breaks. One of 
these is protein synthesis as has been shown by Brunborg et 
al (1980). As previously discussed, the authors observed 
complete repair of double strand breaks 2 hours after irra
diation in diploid cells synchronized in G-2 stage. 
Cycloheximide, at a concentration of 100 u grams/ml, signi
ficantly inhibited repair, but did not completely block it. 
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Thus, in the presence of protein synthesis the breaks are 
more likely to be repaired than in the absence of protein 
synthesis. 

Inducible repair was first observed by Weigle (1953) 
when he showed that UV irradiated phage X showed an 
increased survival if plated on UV preirradiated hosts. 
This phenomenon is called Weigle reactivation and requires a 
wild type RECA and LEXA gene product (Defai et al,1976). 
Using low speed neutral sucrose sedimentation Krasin and 
Hutchinson (1981) have shown that proteins required for the 
repair of double strand breaks in S. coli are synthesized in 
response to UV treatment. 

Fabre and Roman (1977) have shown that cellular com
petence to undergo recombination is inducible by UV and x-
rays. X or UV-irradiated MATq ade6-21.45 haploids were 
mated with unirradiated HATaa ade6-21/ade6-45 heteroallelic 
diploids. The resulting zygote is triploid and has the 
genotype ade6-21/ade6-45/ade6-21,45*, where the * refers to 
the irradiated chromosome. One way of generating ADE+ pro-
totrophs is a single event gene conversion between two unir
radiated chromosomes; the ade6-21 and ,ade6-45 chromosome. 
Another way is through a two event process. The ade6-21,45* 
chromosome experiences two independent gene conversion 
events with both the ade6-21 and the ade6-45 chromosome. 
The probability of this two event process is very low. 
Thus, the most common way ADE+ prototrophs are generated is 
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through recombination between the two unirradiated chromo
somes, the ade6-21 and ade6-45. of the triploid. They have 
further shown that the ADE+ prototrophs are generated by a 
one event process by using crosses which the double mutant 
ade chromosome is in a kar strain. The presence of the 
ade6-21.45* chromosome makes the cells competent to undergo 
recombination. Fabre and Roman found that x-ray doses of 5 
krads induced competence to undergo recombination. 

Because Brunborg et al (1980) have shown that double 
strand break repair has both a protein synthesis independent 
componentr and a protein synthesis dependent component, 
further experiments were performed to investigate the nature 
of the protein synthesis dependent component of repair. The 
rad54-3 mutation was used as the tool in these investiga
tion. The component of repair dependent on protein syn
thesis might be inducible repair. The hypothesis that 
repair involves recombination coupled with the observation 
of Fabre and Roman (1976) that recombination competence is 
inducible further suggests that repair might be inducible. 
The experiments developed in this thesis have examined the 
question whether the protein synthesis component of repair 
is inducible. 

The central idea of this thesis is to understand the 
cellular pathway which double strand breaks follow after 
irradiation. To examine the repair part of the pathway the 
neutral sucrose sedimentation technique was used, and 
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rad54-3/ rad51-l, and rad57-X strains were assayed for the 
repair. However, the technique can only provide information 
about the repair pathway. The type of question one would 
like to answer is: what is the fate of double strand breaks 
in RAD+ cells: Because of the difficulty in answering this 
question, this thesis instead concentrated on studying the 
fate of breaks in rad54-3 cells. Hence, in order to find 
out what happens to breaks if they do not enter the repair 
pathway, post-irradiation temperature shifts of rad54-3t 

cells from the restrictive to the permissive temperature 
were used. 

Questions concerning the fate of x-ray induced double 
strand breaks apply to both yeast and mammalian cells. How
ever, these questions are much more difficult to tackle in 
mammalian cells. There is not a very good assay for double 
strand break repair in mammalian cells. Thus, the relation
ship between double strand break repair and survival in mam
malian cells remains an unanswered question. 
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MATERIALS AND METHODS 

A) Strains 

T-7 tf tup7-l adel-1 mal qa!2-l 
X7S4-9D a rad54-3 tup7-l adel-1 leu2-l 
X757-1D a rad57-l tup7-l tyrl-1 lysl-1 
X751-3A ot rad51-l adel-1 his7-l lvsl-1 ade4-499 
T77 a tup7-l + his7-l ga!2-l 

at tup7-l adel-1 his7-l ga!2-l 

„-,., ,„,_ a rad54-3 tup7-l hisl-1 trp2-l + ade4-501 leu2-l + 
A/31-OUJB jt Cad54-3 tup7-l hisl-1 trp2-l adel-1 ade4-501 ~T^_ ura3-

7,, A a rad54-3 tup8-l hisl-1 + trp2-l + + + 
9 •LJ a rad54-3 tupB-1 hisl-7 hom3-10 -t- ura3-l ade2-l ade8-18 

„ T i r a rad57-l leu2-112 his3-l 1 + + + 
A "- or rad57-l leu2-112 + his4-l ura3-52 ura4::l 

a rad51-l lysl-1 lys2-l trp5-l his4-l tyrl-1 
tx rad51-l •*• + + ~+ + XBC2 

The symbols are described in Mortimer and Schild (1980). 
The radiation sensitive strains were obtained from the Yeast 
Genetic Stock Center. The tup7-l mutation was provided by 
Linda Bisson from Dr. Thorner's laboratory. The strain 
g713A was kindly provided by John Game. The tup8-l mutation 
of g713A is an uncharacterized tu_g, and it may be allelic 
with any of the tupl to tup7 mutations. Both ade4-499 and 
ade4-501 mutations are uncharacterized. The method used for 
genetic crosses is described in Mortimer and Hawthorne 
(1969). 
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B) Media 

YEPD media is as follows: 1% yeast extract, 2% peptone, 2* 
dextrose, and 2% agar. The minimal synthetic media is com
posed of trace elements, salts, a nitrogen source, biotin, 
and a carbon source. The synthetic complete and dropout 
media is minimal media plus appropriately added amino acids, 
purines, pyrimidines, and vitamins. The water agar plates 
are plastic dishes which contain a mixture of water and 2% 
agar. The plates used in the gene conversion experiment are 

deficient in histidine but contain the remaining essential 
amino acids. 

C) X-ray source 

The X-ray source was a Machlett OEG 60 tube with a beryllium 
window, operated at 50kVP and 20raa. Under these conditions, 
the dose rate was 190 rad/sec at shelf 10. A standard dose 
of 47.5 krads was used in all of the experiments involving 
sucrose gradients. 

C) X-ray survival curves 

Cells were grown up overnight in liquid synthetic complete 
media, and harvested in mid-log phase at about 10 cells/ml. 
Approximately 55-60% of the cells were budded. For the sur
vival curves, cells were washed once with distilled water, 
diluted, and plated on YEPD media. Plates were exposed co 
radiation, incubated, and counted after a period of time 
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which allowed all possible colonies to grow up. For wild 
type cells this was 3 days and for rad54-3 cells at 36° this 
was 9-10 days. All the temperatures listed are in degrees 
Centigrade. 

For the experiments which involved examination of indu
cible repair,rad54-3 cells were subcloned, grown up over
night at 23 collected onto 0.45 micron membrane fiters, 
placed onto water agar petri dishes, and irradiated. 
Filters were then added to 50 ml flasks containing 10 ml of 
liquid YEPD media with or without cycloheximide[100 
micrograms/ml]. During the split dose experiments cells 
were collected onto membrane filters, and again placed onto 
water agar dishes and re-irradiated. Total incubation time 
for all samples in liquid media was 5 hours at either 23° or 
36°. After the incubation in liquid media, the plating at 
the restrictive temperature,36°, always occurred on pre-
warmed plates. 

Cycloheximide is believed to inhibit the movement of 
the polysomes along the m-RNA (Cooper et al, 1967). At a 
concentration of 0.2 ji grams/ml there are about 1.4 
molecules of the drug per ribosome, and at this concentra
tion cycloheximide inhibits protein synthesis by 50%. At a 
concentration of 10 y grams per ml cycloheximide inhibits 
protein synthesis by about 97%. Thus, the concentration of 
cycloheximide used in the experiments, 100 n grams per ml, 
should block protein synthesis in both irradiated and 
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unirradiated cells. During the experiments which involved 
examination of the effects of hydroxyurea on repair and cell 
death, cells were incubated in liquid media with a hydroxy
urea concentration of 0.07S H. At this concentration, 
hydroxyurea reversibly stops DNA synthesis in yeast, 
although protein synthesis remains at 90% the control level 
(Slater,1973). 
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SEDIMENTATION EXPERIMENTS 

The neutral sucrose gradient procedure used is similar 
to that of Petes and Fangman (1972), with minor modifica
tions. The nuclear DNA was labeled for 3 or 4 generations 
with I H]thymidine at 100 uCi/ml in liquid synthetic com
plete medium. The tup7-l mutation incorporated in the 
strain permitted uptake of this labeled compound. Cells 
were harvested in mid-log phase. They were then treated in 
one of the following ways: (1) converted to spheroplasts, 
(2) placed on membrane filters, irradiated, and then con
verted to spheroplasts, or (3) placed on membrane filters, 
irradiated, and then incubated in Y5PD media at the 
appropriate temperature f.or ;; hours by placing the membrane 
filter on top of a YEPD 1% agar dish followed by conversion 
to spheroplasts. The 0.45 ji pores on the filter allowed 
nutrients to reach the cells by diffusion. Spheroplasts 
were created by incubating the cells with 0.03 M mercap-
toethanol, 0.2 M BDTA, 0.2 M Tris base (pH 9.5) for 15 min, 
then treating the cells with 10% glusulase in 0.9M sorbitol, 
0.08 M sodium phosphate monobasic, and 0.016 M sodium 
citrate buffer for 30 min. 0.1 ml of a solution of sphero
plasts were then layered on a pH 7, 15-30% sucrose gradient 
containing 0.01 M Tris, 0.015 M Na-,EDTA, 1 N NaCl and 1% SDS 
solution. The cells were lysed by passing them through a 
0.1 ml 10% SDS layer. Gradients were then spun at 10,000 
rpm for 26 hours, collected dropwise from the bottom of the 
tube onto numbered paper filters, washed twice with cold 5% 
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TCA, once with alcohol, dried, and then counted with a 
••.oluene-based scintillation fluid. The equivalent of about 
200 counts/min of a marker T-4 C labeled phage was layered 
on the gradient. The number-avecage molecular weight was 
calculated using the relation 

c T 

M. -n i-nCj 
2 ST i-lMi 

where C » total activity, Cj-activity in the i fraction. 
(i- is computed using the relation {Freifelder, 1970) 

M A 2 - 6 3 M i d £ 

*?-' ^ 4 T-4 

where d.« distance of the i fraction, and d-p_4=! distance 
sedimented by T-4; MT_.»1.2xl0 daltons. 
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RESULTS 

NEUTRAL SUCROSE GRADIENTS 

As previously discussed, one of the key tools to under
standing the fate of double strand breaks is the neutral 
sucrose sedimentation technique. This technique was used to 
further understand the steps involved in the repair of dou
ble strand breaks. The sedimentation technique was used to 
understand radiation sensitivities of rad54-3. rad51-l. and 

rad57-l strains. The radiation sensitivity of rad54-3 
strains can be explained by an inability to rejoin broken 
chromosomes. The radiation sensitivity of rad51-l and 
rad57-l strains do not appear to result from an inability to 
rejoin broken chromosomes. 

"urviv;! curves of haploid ,RAD+. rsd54-3. rad57-l. and 
rad51-l strains are presented in figure 4. The RAD+ haploid 
survival curve is biphasic, and this is a result of 2 subpo-
pulations of differing radioresistance (Beam, et al 1954). 
The sensitive sub-population is composed mainly of G-1 
cells, and the resistant sub-population is budding or S + 
G-2 phase cells which, in the survival curve in figure 4 
represent about 60% of the population as obtained by extra
polation of the tail back to the vertical axis. The shapes 
of the rad54-T haploid survival curve agree with those of Ho 
and Mortimer (1975). At the restrictive temperature,36°, 
the survival curve is exponential and is missing the 
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radioresistant tail characteristic of haploid RAD+ strains. 
At 23 rad54-3 strains are more resistant to radiation than 
at 36 . The temperature sensitive rad mutants are more sen
sitive to radiation at both the permissive and restrictive 
temperature than the corresponding RAD+ strains. The sur
vival curve of the radsi-^ haploid is a single hit ernonen-
tial. The radiation sensitivity of the rad51-l strain used 
for the gradient , J751-3A, is the same as that of g21S/7A, 
the rad51-l strain from the Yeast Genetics Stock Center. 
rad51-l haploids are slightly more resistant to x-ray than 
radS4-3 haploids at 36°. The rad57-l mutation is cold 
sensitive;23° is the restrictive temperature, and 36° is the 
permissive temperature. At the restrictive temperature, the 
survival curve of rad57-l strains is also a single hit 
exponential. radS7-l strains at 23 are more resistant to 
radiation than either rad54-3 strains at 36° or rad51-l 
strains. The survival curve of rad57-l haploids at the per
missive temperature has the same biphasic shape as a RAD+ 
haploid strain. The relationship which expresses the 
radioresistance of various rad mutants at their restrictive 
temperatures, where > means more resistant to x-rays, is 
jad57-l>rad51-l>rad54-3. 

Diploid survival curves of RAP+. rad54-3. rad51-l. ar.d 
rad57-l strains -are presented in figure 5. Diploid RAD+ 
cultures in lo ? phase are a population with more uniform 
radioresistant than log phase haploid cultures and the sur
vival curves c_ the £AD± diploid exhibit a characteristic 
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shoulder. The survival curve of the rad54-3/rad54-3 strain 
at 36° is exponential with a d „ of 2.5 krads. However, at 
23° the rad54-3/rad54-3 strain exhibits a shoulder on the 
survival curve and the D-_ increases to 15 krads. The 
rad51-l/rad51-l diploid exhibits a small shoulder on its 
survival curve. The D,_ of the rad51-l diploid the survival 
curve is about 5.5 krads which is about twice the D „ of the 
rad54-3/rad54-3 diploid at 36°. At the restrictive tempera
ture there is a small shoulder on the rad57-l/rad57-l 
diploid survival curve, and the D,_ is about 6 krads. The 
relative radiosensitivities of rad54-3/rad54-3. radSl-
l/rad51-l, and rad57-l/rad57-l strains are the same in 
diploids as in haploids. 

The results of neutral sucrose sedimentation experi
ments of a RAD+/RAD+ diploid, a J8AI2+_haploid, a rad54-
3/rad54-3 diploid, a rad51-l haploid, and a rad57-l haploid 
are presented in Figures 5 to 9. Calculations from the data 
were performed for comparison with previously published 
data, to quantitate the extent of repair, and to arrive at a 
value for the efficiency of DNA strand breakage by radia
tion. Computation from 12 gradients gave an average M 

g 
(control) of about 4.3x10 daltons. The value of M varyed 
from gradient to gradient. The variation in M results from 
tht fact that this value is determined not only by the posi
tion of the peak but also the distribution of DNA about the 

g 
peak. The value of 4.3x10 compares with the value of 

Q 
6.2x10 obtained by Petes and Fangman (1972), and the value 



36 
o 

of 3x10 obtained by Resnick and Martin (1976). Petes et al 
(1973) extracted the DNA from the sucrose gradient and 
obtained values of DK-A nuclear contour lengths varying from 

8 8 
50ui»( 1.2x10 daltons to 305pm(7.2x10 daltons, with an aver-

o 

age value of 165pm(3.2x10 daltons). A calculation of the 
data from this thesis shows that 47.5 krads pre luces an 
average of 1 break/chromosome. A calculation of break pro
duction yields a value of 4.9x10 breaks/krad x dalton. 
This value compares with the value of 5.8xl0~ obtained by 
Resnick and Martin. The data of Resnick and Martin (1976) 
and Frankenberg-Schwager et al (1980) shows a linear 
increase of double strand breaks with dose. This fact sug
gests that double strand breaks are produced by a single 
event associated with the absorption of one photon. 

If one assumes that yeast possess 17 chromosomes (Mor
timer and Schild, 1980), 'hen the dose of 47.5 krads yields 
an average of about 17 breaks in a haploid cell and 34 
breaks in a diploid cell. The dose required to induce one 
double strand break in a haploid cell is about 2.8 krads and 
in a diploid cell is about 1.4 krads. Resnick and Martin 
(1976) calculate from their data that a dose of 1.1 krad 
will produce an average of one double strand break per 
diploid genome. 

Thus, the sucrose sedimentation technique provides 
information about the efficiency of the initial breakage 
event. Until the technique was developed, the efficiency of 



37 

the initial breakage event was purely speculatative. In 
order to understand the fate of breaks, and the relationship 
between unrepaired breaks and survival, an understanding of 
the initial event is necessary. 

The neutral sucrose sedimentation data presented in 
Figure 6 illustrates that in diploid cells with a RAD+ aeno-
type induced double strand breaks have a high probability of 
being repaired. A dose of 47.5 krads reduced the M (con-

8 8 
trol) from 2.8x10 daltons to 1.7x10 daltons. After a 6 
hour incubation in YEPD media the M (x-ray) increased from 

8 8 
1.7x10 daltons to 2.6x10 daltons. This increase 
represents apparently complete repair of double strand 
breaks. The survival of the strain at 47.5 krads is about 
43%. This result agrees with that of Resnick and Martin 
(1976) and Brunborg et al (1980) who have already shown that 
in cells with a RAD+ genotype, breaks have a high probabil
ity of being repaired. 

The results presented in figure 7 show that haploid 
cells with the .RAD+ genotype are able to repair double 
strand breaks when the cells are harvested from log phase. 
The M calculated from the DNA profile of control cells is n 

Q 

3.4x10 daltons. After an exposure of 47.5 krads, the M is 
lowered to 1.3x10 daltons. Following a 6 hour incubation 
in YEPD media, the DNA sedimented at essentially the posi-
tion of unirradiated DNA since the M is 3.4x10 daltons. 

n 
The interpretation of the experiment is that apparently 
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complete repair of double strand breaks is also observed in 
haploid cells with a RAD+ genotype. The survival of the 
strain after 47.5 krads is high, 23%. This result agrees 
with that of Ho (1974) who has shown that in haploid cells 
with a £&Q±.genotype breaks have a high probability of being 
repaired when the cells are harvested from log phase. 

The possible fate of breaks induced in a rad54-3 
diploid depends upon the temperature after irradiation. At 
23° these breaks have a high probability of being repaired 
but at 36 , these breaks remain unrepaired as is illustrated 
in figure %. Unirradiated DNA sedimented with an M n of 
4.9xl08 daltons. A dose of 47.5 krads reduced the M n to 

Q 

2.9x10 daltons. A 6 hour post-irradiation incubation of 
rarisa-̂  cells at 23° resulted in a shift of the chromosomal 
DNA to a higher molecular weight, corresponding to an M of 
3.9x10 daltons. Under these conditions the survival is 
2.4%. At 23° the rad54-3 strain is capable of repairing 
double stiand breaks. A post-irradiation incubation at 36 
for 6 hours resulted in a DNA profile unchanged from the DNA 
profile seen immediately after the x-ray exposure. The sur
vival of the strain at 36° after a dose of 47.5 krads is 
10 %, as estimated by extrapolation. The lack of post-
irradiation molecular weight changes n the DNA at 36° is 
analogous to similar molecular weight changes seen by 
Resnick and Martin (1976) in rad52-l/rad52-l diploid 
strains. At 36 rad54-3 strains are ur.able to repair double 
strand breaks, however, at 23 such strains are able to 
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repair double strand breaks. The ability of rad54-3 cells 
to repair double strand breaks at 23° correlates with high 
survival and the inability of the cells to repair double 
strand breaks at 36° correlates with low survival. 

It is to be noted that the nuitoer of breaks introduced 
in the DNA during the experiment of figure 8 is fewer than 
the number introduced in the DNA during the experiments of 
figures 6,7,9,10. Possible explanations are the dose might 
not have been 47.5 krads that day, or the strain might have 
a type of radiation protection effect from the initial 
lesion. 

An example of a radiation sensitive strain which is 
able to convert low molecular weight DNA fragments into high 
mr-'.ecular weight DNA fragments is a haploid rad51-l strain. 
The sedimentation data of the rad51-l strain is illustrated 

a 

in figure 9. The control peak had a H of 4.9x10 daltons, 
and a 47.5 krad dose reduced the peak to one corresponding 

o 

to an M of 1.9x10 daltons. However, a 6 hour incubation 
in YEPD raised the M n to 2.7xl08 daltons. Although a 47.5 
krad exposure resulted in about 1.5 breaks/chromosome, a 6 
hour post-irradiation incubation in YEPD media reduced the 
number of breaks per chromosome to 0.8. Thus, the assay 
shows that the rad51-l strain is able to convert low molecu
lar weight DNA fragments into high molecular weight DNA 
fragments. The interpretation of the experiment is the 
radSl-1 strain is able to rejoin broken chromosomes. 
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However, after 47.5 krads, the survival of the strain is 
very low, 2x10 % as estimated by extrapolation. Thus, the 
sedimentation assay is probably measuring incomplete repair, 
but it may also be measuring inaccurate repair. Incomplete 
repair could result in intermediates in recombination, and 
unless these intermediates are resolved, cell death would 
eventually occur. Possible examples of incomplete repair 
are unresolved Holliday structures. A result of inaccurate 
repair might be dicentrics and translocations. Mowat and 
Hastings (1979) found no rejoining of broken chromosomes 
during a 3.5 hour post-irradiation incubation of rad51-l 
strains. The difference between the result L presented here 
and the result of Mowat and Hastings can be explained if one 
assumes that partial rejoining may have occurred between the 
3.5 and 6 hour post-irradiation time period. 

Another example of a strain which is able to rejoin 
small ONA fragments into large DNA fragments but exhibits 
low survival after irradiation is a rad57-l haploid. The 
data for rad57-l strains are shown in figure 10. Unirradi
ated DNA sedimented at a position corresponding to an M of 

o 
4.6x10 daltons. A 47.5 krad dose reduced the molecular 

D 
weight of the DNA profile to 1.9 xlO daltons. After a 6 
hour incubation at the permissive temperature,36 , the M 

P 

increased to 3.0x10 daltons. This increase in the DNA 
molecular weight represents extensive repair of double 
strand breaks. At 36°, survival after 47.5 krads is 6%. At 
the restrictive temperature,23 , the molecular weight of the 
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DNA also increased during a post-irradiation incubation. 
The M_ of the DNA profile of cells incubated at 23° after n 

g 
x-ray treatment is 2.9x10 daltons, and the survival is low, 
0.002%. The extent of apparent double strand break repair 
which occurred at the restrictive temperature is similar to 
the amount occurring at the permissive temperature. The 
cold sensitive phenotype of rad57-l strains is not a result 
of an inability to convert small DNA fragments into large 
DNA fragments. Again the sedimentation assay is not distin
guishing large DNA fragments which allow cell survival from 
large DNA fragments which cause cell death. The large DNA 
fragments which cause cell lethality in rad57-l cells at 23° 
might be intermediates in repair, such as unresolved Holli-
day structures. Alternatively, the large DNA fragments from 
rad57-l strains incubated at 23 might be some end product 
of misrepair, such as a dicentric chromosome. 

The strains which are most sensitive to radiation, 
i.e., rad52 and ,rad54 strains, are unable to convert small 
DNA fragments into large DNA fragments, and thus these 
strains are blocked in an early step in repair. rad57-l and 
rad51-l strains which are not as sensitive to radiation, 
appear at least partially able to rejoin small DNA fragments 
into large DNA fragments. Thus, these strains are blocked 
in a later step in repair. The survival of strains which 
are blocked in an early step of repair (rad54-3 strains at 
36°) is less than those blocked in a later step (rad51-l 
and rad57-l strains at 23°). The results presented in this 
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section show that the neutral sucrose technique can detect 
whether or not cells are blocked in an early step in repair 
but cannot detect whether or not cells are blocked in a 
later step in repair. 
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GENE CONVERSION 

Since the results of the last section showed that the 
rad54-3 gene product acts at an early step in repair of 
breaks, this section investigated the possibility that this 
early step may be correlated with recombination. An experi
ment was done examining mitotic gene conversion at 23° and 
36° in an a/cf radS4-3/rad54-3 hisl-l/hisl-7 strain, g713A. 
The assay for recombiiation is reversion at the hisl locus. 
The cells were subcloned at 30 , grown up in liquid media at 
30° ,harvested on membrane filters while in log phase, irra
diated while on the filter, resuspended in water, then 
plated onto histidine oeficient medium. The dose used to 
assay for induced con\»rsion is 5 krads. After higher dose 
of 10 krads, data on ge le conversion at 36° were not obtain
able as a result of a combination of low survival (0.15%) 
and low conversion frequ ;ncy. The table below lists the 
data 
Dose temp ( C) % survival conversion free 
0 krads 23 10 
0 krsds 36 6'. 
5 krads 23 89 
5 krads 36 2 

The conversion frequency is listed as revertants per 
survivor. There is about a 30 fold difference in the spon
taneous gene conversion freqi ency when the cells are plated 
at 23 compared to plating at 36 . The difference in the 

2.7x 10~ 4 

8x 10" 6 

3.2x 10~ 3 

5x 10" 6 
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conversion frequency must have originated from events which 
occurred after plating the cells on selective medium because 
all the samples came from the same population. The possi
bility that the 30 fold difference in spontaneous conversion 
frequency results from a lethal effect of plating the cells 
at 36 is ruled out because the cells at 36 plated with an 
efficiency of 64% compared with those at 23 . Usually, the 
plating efficiency of rad54-3 cells is the same at 23 and 
36°. Another possibility is that upon plating the cells at 
23° ,there might be a transient induction of meiotic enzymes 
due to histidine starvation, that might mimic nitrogen star
vation used to induce sporulation. Upon plating the cells 
on histidine deficient plates at 36° ,there still might be a 
transient induction of recombination enzymes, but recombina
tion would be blocked due to the presence of a non
functional rad"i4-̂  gene product. At 23°, the conversion 
frequency increased by about a factor of 10 after 5 krads. 
At 36°, there was no detectable increase in the conversion 
frequency after a dose of 5 kracH. At the temperature which 
rad54-3 st ains are unable to repair double strand breaks 
,36°, there is no induced gene conversion. At the tempera
ture the rad54-3 strains are able to repair double strand 
breaks,23 , t. 3re is induced gene conversion. The result is 
consistent with a hypothesis that the early steps in the 
repair of breaks involve recombination. 
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THE EFFECTS OF CYCLOHEXIMIDE ON REPAIR 

The presence of protein synthesis after irradiation 
increases the probability that a break will enter the repair 
pathway rather than remain unrepaired. Resnick and Martin 
(1976) and Brunborg et al (1980) have shown that cyclohexi-
mide (CYH) inhibited repair but did not completely block it. 
The results presented here will provide evidence that the 
effect of CYH on repair is indirect, it prevents the syn
thesis of repair enzymes induced by radiation. The results 
presented in the previous section showed that double strand 
break repair is a necessary condition for high survival. 
One can then ask whether the inhibiting effect of CYH on 
repair correlates with lower survival. 

The rad54-3 strains provide a system with which one can 
use survival to analyze the effects of various drugs such as 
CYH on repair. Repair can be studied by irradiating the 
cells, incubating them at the permissive temperature,23 ,for 
a time, (t),which allows repair of the damage, then stopping 
repair by shifting the cells to the restrictive 
temperature,36 . Comparison of survival with cells which 
have been continuously incubated at the restrictive tempera
ture shows the amount of repair. Successively longer post-
irradiation incubations at 23° before shifting to 36° 
results in successively greater survival. However, as shown 
by Ho and Mortimer (1975) the rise in survival maximizes 
after a 15 hour incubation at 22°, when the cells are 
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irradiated with 25 krads. It appears that all the lesions 
that can be repaired are repaired within 15 hours after 
irradiation. 

Since extensive repair occurred during the first 5 
hours at 23° after irradiation, a post-irradiation time of 5 
hours at 23 was chosen to study the effects of CYH on 
repair. A dose of 25 krads was chosen because this dose 
produces more lesions than can be repaired in 5 hours at 
23 . The evidence for this is that cells treated according 
:o the protocol of irradiation with 25 krads, incubation at 
23 for 5 hours, followed by plating at 36° , always had a 
survival much lower than cells treated accordion to the pro
tocol of irradiating with 25 krads, incubation at 23° for 5 
hours, followed by plating at 23 . In the experiment of 
figure 11 cells treated according to the first protocol 
(plating at 36°) had a survival of about 0.41%, while cells 
treated according to the second protocol (plating at 23°) 
had a survival of about 11%. Thus, although extensive 
recovery has occurred during a 5 hour incubation after 25 
krads, complete recovery requires a longer time than 5 
hours. This conclusion is also supported by the data in 
figure 20 in the section on fixation. When cells are 
treated according to the protocol of irradiation with 25 
krads, incubation at 23°, followed by plating at 36 it 
takes about 12 hours before most of the breaks (90%) are 
repaired. 
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The logic behind the various protocols will now be 
presented. The survival of cells treated according to the 
protocol of x-ray treatment, incubation at 23° after radia
tion for 5 hours, followed by plating at 36°, presumably 
represents repair due to enzymes both present before irradi
ation and synthesized after irradiation. The survival of 
cells irradiated, then incubated with CYH at 23° for 5 
hours, and plated at 36 in the absence of CYH represents 
repair due to enzymes present before irradiation but not 
synthesized after irradiation. The presence of CYH (100 
micrograms per ml) after irradiation is expected to prevent 
the synthesis of new proteins after radiation, however this 
was not tested directly. Survival of cells irradiated, 
incubated for 5 hours in liquid medium at 36°, and plated at 
36° represents no repair. 

Figure 11 illustrates the effect of CYH on recovery in 
a rad54-3/rad54-3 diploid strain, X754-6D3B. Cells exposed 
to 25 krads, incubated at 23° for 5 hours, and plated at 36° 
had a survival 100 fold greater than cells exposed to 25 
krads, then incubated continuously at 36° after irradiation. 
Cells exposed to 25 krads, then incubated at 23° for 5 hcurs 
with CYH and plated at 36 , exhibited a survival about 10 
fold higher than cells incubated continuously at 36° after 
irradiation. These results are consistent with constitutive 
synthesis of the rad54-3 gene product. However, after the 
dose of 25 krads recovery occurring in the presence of CYH 
is significantly less than recovery occurring in the absence 
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of CYH. Thus, the inhibiting effect of CYH on rer/~ir 
observed by Resnick and Martin (1976) and Brunborg et al 
(1980) correlates with lower survival when the dose of 25 
krads was used. 

There are several possible explanations for the result 
that CYH depresses recovery. As figure 11 illustrates, a 5 
hour incubation after 25 krads in the presence of CYH at the 
permissive temperature results in a 10 fold drop in survival 
compared with an incubation in the absence of CYH. If the 
effect of CYH on survival were exclusively a cytotoxic 
effect then unirradiated cells incubated with CYH for 5 
hours should plate at 10% the value of the unirradiated 
cells incubated in the absence of CYH. However, unirradi
ated cells incubated with CYH for 5 hours h e a survival 
value that is 75% (average of 20 experiment) that of con
trols. The standard deviation is 12%. The effect of CYH on 
repair involves effects other than cytotoxicity. 

A steady state hypothesis is one possible explanation 
that CYH reduces recovery after irradiation. The steady 
state hypothesis states that the level of repair enzymes is 
the same before and after irradiation. There is a continu
ous degradation and replacement of repair enzymes which is 
not changed by a dose of radiation. When cells are incu
bated with CYH after irradiation, they are unable to replace 
the degraded repair enzymes. Since the cell contains fewer 
repair enzymes, fewer breaks should be repaired, and 
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survival should be lower. 

Another possible explanation for the observation that 
post-irradiation incubation of rad54-3 cells with CYH lowers 
survival involves inducible repair. This hypothesis pro
poses that the level of repair enzymes increases after irra
diation. 

The following equations will be used to test the steady 
state model for its explanation of the effect of CYH on 
repair. 
I) Assume 1 unrepaired break is a lethal event. If S= sur
vival and B* average number of breaks/cell, then under the 
assumption that breaks are distributed in a Poisson fashion 

S-S Qe" B (1) 

If S. and S, represent two different survivals and 

S. -(B.-B,) 
e^e l z (2) 
S 2 

then this equation can be re-written as 

( B r B 2 ) - - l n <^> ( 3 ) 

II) Assume the number of breaks repaired pec unit time is 
proportional to the level of repair enzymes, [E], or the 
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cellular activity of the rad54-3 gene product: 

-gf - ME) (4) 

At 36°, | | - 0. Evidence for the relation | | - 0 at 36° is 

illustrated in the sucrose gradient of figure 8. 

Ill) Assume that in the absence of protein synthesis the 

level of repair enzymes per cell, [E], decreases exponen

tially with time with a rate constant a (Morowitz, 1978). 

Then, 

[E]-[E 0]e _ o t (6) 

— is the time it takes for the level of repair enzymes to be 

degraded to a value of .37[El. 

IV) Assume that CYH stops protein synthesis completely in 

irradiated cells. 

V) Assume that radiation doses of about 25 krads do not 

cause any significant changes in total protein synthesis. 

VI) Assume that the number of breaks repaired per cell dur

ing the 5 hour incubation of rad54-3 cells at 23 is 

Brepair=4if d t -jTME(t)]dt (7) r e p a ^ - | ^ Q 

This equation is believed valid because at the dose used, 25 

krads, more breaks are induced than can be repaired in the 5 

hour repair period. 
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The steady state hypothesis proposes that the level of 
repair enzymes remains unchanged by the dose of irradiation. 
Thus, [E(t)] is constant during a 5 hour post-irradiation 
incubation at 23° in the absence of CYH. This hypothesis 
can be represented by the following equation: 

[E(t)]-[Eo] 

Figure 12 illustrates a geometrical model of the steady 
state hypothesis. The ordinate is labelled "Breaks repaired 
per unit time ", and the abscissa is labelled "time". The 
area between each curve and the abscissa represents the 
number of breaks repaired per cell in 5 hours. The steady 
state hypothesis predicts that the number of breaks repaired 
when cells are treated according to the protocol of irradia
tion with 25 krads , incubation for 5 hours at 23°, followed 
by plating at 36 is given by the following relation 

5 5 
B - J*[E(t))dt = Jk[Eoldt » k[EQ]5 (8) 

This relation is believed valid because the dose of 25 krads 
saturates the repair capacity of the cell. The number of 
breaks repaired when cells are treated with the protocol of 
irradiation with 25 krads, incubation with CYH for 5 hours 
at 23° followed by plating at 36°, can be predicted using 
the relation (4) 
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5 5 n* k[E„] c-
B(CYH)«J*[E(t)]dt - fk[Eo]e"ocdt - —3°-(l-e""bo) (9) 

This number is illustrated as the area under the solid lines 
of figure 12B. The value of a can be calculated by experi
mentally comparing the number of breaks repaired in the 
presence of CYH with the number repaired in the absence of 
CYH. 

Figure 13 represents the protocols of the next 4 exper
iments used to test the steady state model. All these 
experiments are based on the principle of allowing the cells 
a short time after irradiation to synthesize repair enzymes. 
Figure 13A illustrates the protocol in which cells are 
exposed to 25 krads, incubated at 36 for 5 hours, and 
plated at 36 . This protocol allows cells no time to repair 
breaks. The protocol of figure 13B represents cells exposed 
to 25 krads, incubated at 23 for 5 hours, and plated at 
36 . The number of breaks repaired with cells treated 
according to this protocol is illustrated as the area under 
the solid lines of figure 12A. Figure 13C shows th-5 proto
col of cells irradiated with 25 kiads, incubated at 23 for 
5 hours with CYH, and plated at 36°. The number of breaks 
repaired with cells treated with this protocol is illus
trated as the area under the solid lines of figure 12B. 
Figure 13D illustrates the protocol of cells irradiated with 
25 krads, incubated at 23° for time (t) without CYH, then 
time (5-t) at 23° with CYH, followed by plating at 36°. 
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There is a short period of time after irradiation during 
which protein synthesis is allowed to occur. The time used 
are 7.5', 15', 20', 30', and 45'. Figure 13E shows the pro
tocol of a split dose experiment. Cells are exposed to 10 
krads, then incubated at 23° without CYH for a time (t) to 
allow protein synthesis to occur after irradiation. Then a 
dose of 15 kradf £3 administered and CYH is added. The 
cells are incubated with CYH for (5-t) hours at 23°, and 
then plated at 36°. Pigure 13F and 13G represent protocols 
of experiments where the doses were split into 2.5 + 22.5 
krad and 1.5 + 23.5 krad fractions. These experiments were 
done to verify the conclusions of the previous experiments 
and to test whether repair is inducible at lower doses than 
25 or 1° krads. The procedure of these split dose experi
ments is the same as the 10-15 krad split dose experiment. 
In all samples the total repair time in all samples is 5 
hours. The total dose given to all the cells sums up to 25 
krads. 

The steady state hypothesis predicts the number of 
breaks repaired per cell when the cells are treated accord
ing to the protocol shown in figure 13D. The protocol is 
irradiating cells with 25 krads, incubating without CYH for 
time (t), incubating with CYH at 23° tor time (5-t) , and 
plating at 36 . For analysis the time of 30' will be 
chosen. After a 25 krad dose, [E] remains constant for 30', 
then CYH is added. Upon addition of CYH, [E] declines 
exponentially for the next 4.5 hours at 23°. The numerical 
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value of breaks repaired per cell, when cells are treated 
according to the protocol of figure 13D with t»0.5 hour, is 
predicted by steady state hypothesis to be 

0.5 4.5 ^ . -4.5o-
B- j k[EQJdt+ J1 ktE^e'^dt - k [E0] (. 5+±=Z-5 ) (10) 

This number is illustrated as the area under the solid lines 
of figure 12C. The value of k[E ] is computed using rela
tion 8, and a is computed by comparing the data which 
represents relation 8 with the data which represents rela
tion 9. If cells ate treated according to the protocol of 
figure 13D with t«45", then the number of breaks repaired 
per cell is given numerically by the relation 

0.75 4.25 _,. . --5.25CT 
B- t k[EQ]dt+ f k[E o ]e _ C T tdt - M E o ] ( I5+L~* a )(11) 

This value is numerically illustrated as the area under the 
solid lines of figure 12D 

The steady state hypothesis can also be used to predict 
the number of breaks repaired when the cells are treated 
according to the split dose protocols of figure 13E, ]3F, 
and 13G. During the 10-15 krad split dose experiment the 
cells are allowed 5 hours to repair damage from the 10 krad 
dose, and (5-t) hours to repair the damage from the 15 krad 
dose. Hence, if (t) is small compared to 5 hours, then the 
survival of cells treated according to the 10-15 krad split 
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dose protocol should be similar to cells exposed to a single 
dose of 25 krads. Thus, cells treated according to the pro
tocol of figure 13E will be analyzed using relation 10. The 
predicted number of breaks repaired per cell is the area 
between the solid lines of figure 13C and the abcissa. The 
2.5 + 22.5 krad and the 1.5 + 23.5 krad split dose experi
ments will be analyzed in a manner similar to the 10 + 15 
krad split dose experiment. 

Figure 14 represents data following the protocols of 
figure 13A, B, C, and 0. The protocol is to irradiate the 
cells with 25 krads, incubate without CYH at 23 for times 
t»7.5', 15', 20', 30', and 45', then incubate the cells at 
23° with CYH at 23° for time (5-t), and plate at 36°. The 
data of figure 14 shows that adding CYH 7.5' to 15' after 
irradiation resulted in a significant increase in survival 
compared with adding CYH at the time of irradiation. The 
two points at 20' and 30' represent the values of survival 
determined with two different dilutions. Delaying the addi
tion of CYH for 30' after irradiation resulted in a 4 fold 
increase in survival compared with the survival of cells in 
which CYH is added at the time of irradiation. When CYH is 
added 45' after irradiation survival is about the same as 
for cells irradiated, and incubated at 23 for 5 hours in 
the absence of CYH. 

Table 1A shows an analysis of the data from this exper
iment. The first row states the actual value of survival, 
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the second row states the experimental number of breaks 
repaired per cell, the third row states the predicted number 
of breaks repaired per cell, and the last row states the 
predicted survival from the steady state model. Since the 
figures from the first 3 columns are used to compute the 
predictions of the steady state model, these predicted 
values of survival and breaks repaired apply only to the 
last column. The first column labels the protocol where 
cells were incubated for 5 hours at 36°, the second column 5 
hours at 23°, the third column 5 hours with CYH at 23°, and 
the fourth column CYH is added 30' after irradiation. The 
columns 13A,B , C, D, E, and F label the value of survivals 
or breaks repaired when cells are treated according to the 
protocols of figure 13. The number of breaks repaired is 
computed using the relation (3), 

Sl B j ^ » -ln(^) (3) 

The calculations for this and the other 2 experiments are 
performed using the relations 7, 8, 9, 10, and 11, and are 
shown in the appendix. When cells are treated according to 
the protocol of figure 13D, with t=30", they repair about 
?.l breaks, and this value differs significantly from 1.0 
breaks, which is the value predicted by the steady state 
model usiag relation 10. After treatment of cells accord
ing to figure 13D with t»45', the number of breaks repaired 
is about 2.9 and this value differs significantly from the 
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SUMMARY OF ANALYSIS OF EXPERIMENTS FROM FIGURE , .,15, and 16 
13 A,B,C,D,E, and F refer to the protocols of F gure 13 

SOURCE OF 
DATA 
TABLE 1A 
FTRIIBF Id 

(5 hrs. »t 36") 
13A 

(5 hrs. at 23°) 
13B 

(5 hrs. at 23°) 
13C 

(add CYH 30' 
after x-ray 

13D 
Survival X .0152 i .0011 .267 t .044 .032 ± .002 .129 ± .012 
Breaks 
Repaired 
per cell-

0 2.9 .7 2.1 

Prndicted 
Survival % .041 
Predicted 
Nu. Breaks 
per cell 1.0 

Survival X .0042 ± .0009 .135 ± .02 .011 + .002 .079 ± .006 
Breaks 
Repaired 
per cell 

0 3.3 1.0 2.9 

Predicted 
Survival Z „ _ _ .015 
Predicted 
Nu, Breaks 
Repaired 
per cell 

- - - 1.3 

Survival X .0042 t .0007 .151 ± .020 .026 i .0044 .106 ± .010 
Breaks 
Repaired 
per cell 

0 3.6 1.7 3.2 

Predicted 
Survival X - - - .034 

Predicted 
Nu. Breaks 
Repaired 
per cell 

- - - 2.1 
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predicted value of 1.2 breaks using relation 11. Thus, the 
results of this experiment are not compatible with the pred
ictions of the steady state model. 

Split dose experiments were done to further test the 
steady state hypothesis. Figure 15 shows the data of a 10 + 
15 krad split dose experiment following the protocol of fig
ure 13E. The cells were irradiated with 10 krads, incubated 
without CYH for time (t) at 23°, exposed to 15 krads, incu
bated with CYH for time (5-t) at 23°,and plated at 36°. 
Thus, protein synthesis was permitted to occur between the 
doses. The total time period of repair was 5 hours for all 
samples, 

The data from figure 15 shows that by following the 
split dose protocol of 10-15 krads, and separating the doses 
by 15-20', a 6-7 fold increase in survival occurs compared 
with cells treated with 25 krads and incubated with CYH for 
5 hours. Separating the 10 and 15 krad dose by 30' and 
allowing protein synthesis to occur betwen the doses 
resulted in a 7 fold increase in survival. 

Table IB shows as analysis of the data from this exper
iment using t=30'. The number of breaks repaired per cell 
in the experiment when cells are treated according to the 
protocol of figure 13E is 2.9, and this value differs signi
ficantly from 1.3, which is the value predicted by the 
steady state model using relation 10. 
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Other split dose protocols besides the 10 + 15 krad 
were attempted. These experiments were done to see if 
repair is inducible at lower doses than 10 krads. Figure 16 
illustrates an experiment run in 2 separate parts, a 2.5 + 
22.5 split dose experiment, and a 1.5 + 23.5 krad split dose 
experiment. The pict 1 of these experiments is shown in 
figures 13F and 13G. The experiment is the same as the 10 + 
15 krad split dose experiment except the substitution of a 
lower dose for the 10 krad dose (2.5 or 1.5 krad dose) and a 
higher dose for the 15 krads (22.5 or 23.5 krads). Protein 
synthesis was allowed to occur for a time (t) between the 
doses, and was stopped by the addition of CYH at the time of 
the second dose. 

The data of figure 16 shows that separation of the 2.5 
and 22.5 doses by 7.5' resulted in over a 3 fold increase in 
survival and separation by 30' resulted in a four fold 
increase in survival. A similar result was obtained with 
the 1.5 + 23.5 krad split dose experiment. Table 1C shows 
an analysis of the data from this experiment. The experi
mental number of breaks repaired per cell when cells were 
treated according to protocol 13F, with t=30', is 3.2 and 
this value differs significantly from 2.1 breaks, the value 
calculated using relation 10. 

The data presented above when analysed using the 
assumptions 1-6 does not fit the hypothesis that the cellu
lar activity of the rad54-3 gene product is constitutive and 
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is replenished but does not increase after irradiation. The 

inducible repair hypothesis proposes that the number of 

breaks repaired per unit time, abbreviated as - (-TH , 

increases after irradiation. This increase is diagramati-

cally illustrated in figure 17. 7.5' after irradiation, 

(g^) is increasing in the rariS4-3 strain, and by 45* to 60' 

the increase has leveled off. The evidence for leveling off 

of -<g§) 45*-60' after irradiation is shown in figure 14, 

where cells were treated with two protocols: 

1) 25 Krads, incubation at 23° for 5 hours, plate at 36° 

2) 25 krads, incubation at 23° for 45' without CYH, incubate 

for 4 hours and 15' with CYH, plate at 36 for 4 hours and 

15 minutes with CYH, plate at 36°, 

Both protocols resulted in similar survivals, and presumably 

the same number of breaks repaired per cell. At least one 

of two events on the molecular level must occur in order to 

explain induced repair on the cellular level: 1. There is an 

increase in the number of rad54-3 enzyme molecules per cell 

after irradiation, 2. The cellular activity of the radS4-.T 

gene product increases after irradiation. 

Ionizing radiation results in several possible signals 

which could lead to inducible repair: double strand breaks, 

single strand breaks, base damage, degraded DNA, single 

stra;ided DNA, and inhibited DNA synthesis. One of the pos

sible signals, inhibition of DNA synthesis, can be investi

gated relatively easily. By using hydroxyurea it is possi

ble to inhibit or stop DNA synthesis without affecting the 
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survival of cells. The role of inhibition of DNA synthesis 
in inducible repair can be examined by pre-treating the 
cells with hydroxyurea before x-ray treatment and the addi
tion of CYH. Hydroxyurea (HU) at the concentration of 
0.075M reversibly stops DNA synthesis. Upon removal of the 
drug, ONA synthesis resumes immediately. The diagram of 
figure 13H represents the protocol used to answer the ques
tion whether HU inhibition of DNA synthesis can be the sig
nal for induced double strand break repair. It does not 

answer the question whether or not x-ray inhibited DNA syn
thesis induces repair. This protocol involves pretreating 
the cells with hydroxyurea 30' or 45' before irradiation, 
irradiating with 25 krads, incubating with CYH for 5 hours 
at 23°, and plating at 36°. The survival of cells treated 
according to this protocol is compared with the survival of 
cells treated with the protocol of figure 13C. To show that 
inducible repair was observed in the experiment, the proto
col of figure 13D was repeated. 

An experiment examining inhibition of DNA synthesis as 
a signal which leads to inducible repair is presented in 
figure IB. The figure presents two curves. One curve is a 
repeat of the protocol of figure 13D, and presents data 
similar to figure 14. When CYH is added 20' after irradia
tion, survival is 4 times greater than when CYH is added at 
the time of irradiation. The cells treated with the proto
col of figure 13H had about the same survival as cells 
treated with the protocol of figure 13C. Thus, HU 
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inhibition of DNA synthesis does not result in enhanced cel
lular capacity for double strand break repair. Mimicking 
one of the efftctsof radiation, inhibition of DNA synthesis, 
does not lead to inducible repair. 
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FIGURE 12. A geometrical model of the steady state hypothesis 
A. The area under the solid lines is proportional to the number 

of breaks repaired when cells are exposed to 25 krads, 
incubated at 23° for 5 hours, and plated at 36°. 

B. The area under the solid lines represents the number of breaks 
repaired when cells are exposed to 25 krads, incubated at 23° 
with CYH for 5 hours,and plated at 36°. 

C. The area under the solid lines represents the number of breaks 
repaired when cells are exposed to 25 krads, incubated at 
23° for 30 min without CYH, incubated at 23° with CYH 
for 4.5 hours, and plated at 36°. 

D. The area under the solid lines represents the number of breaks 
repaired when cells are exposed to 25 krads, incubated at 23° 
for 45 min without CYH, incubated at 23° with CYH for 4.25 
hours, and plated at 36°. 



71 

Time at 23° (hr) 

XBLS22-3393 

FIGURE 12 
A geonetrical model of the steady state hyoothesis 



72 

25krad 
* 

36° for 5hr 

25krad 
j 

23° for 5hr 

25krad 
1 

\ 

CYH 23°withCYH fo r5h r 

25krad 

L _ -
( t ) t 23°withCYH for ( 5 - t ) h r 

CYH 
lOkrod 

( r !5krod 

( t ) | 23°withCYHfor(5-t)hr 
CYH 

2.5krad 
|_ j - 2 2 . 5 k r a d 

v Plated 
f of 36° 

(t 23°w 
CYH 

.5krad 

i t h C Y H f o r ( 5 - t ) h r 

i 23.5 krad 

CYH 

HU 25krad 

23°wi i t hCYHfor (5 - t ) hr 

H • 
CYH 

23°withCYH f o r ( 5 - t ) hr J 
XBL822-3589 

FIGURE 13 Protocol of experiments testing the steady 
state hypothesis, and the hypothesis that HU 
treatment will induce reoair 



73 

3 
C/> 

a5 0.01 

0.001 ± 
15 30 

Time (min.) 
45 

X B L 8 2 2 - 3 5 8 6 
FIGURE 14 Data illustrating the effect of radiating rad54-3 
diploids with 25 krads, delaying the addition of CYH for time 
(t) after radiation, incubating the cells at 23° for time (5-t) 
with CYH followed by plating at 36° 
The letters A,B,C, 0 refer to the values of survival obtained 
by following the protocols of figure 13A,B,C,T. 
The two points at 20' and 30' represent survivals determined with 
two different dilutions 
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~ICU~E 13. Experiment examining HU inh ib i t ion of DMA synthesis 
as a signal for inducible repair. The le t ters A,B,C,D,K refer 
to the values of survival obtained by following the orotocols 
of f ioure 13A,B,C,D, and H. 
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DNA SYNTHESIS AND REPAIR 

Another question concerning the fate of induced double 
strand breaks is whether their repair is dependent on DNA 
synthesis. Resnick (1976) has proposed that DNA synthesis 
is involved in one of the steps in the repair of chromosomal 
breaks. The involvement of DNA synthesis in repair can be 
investigated wi'-..'< the same system used to examine the role 
of protein synthesis in repait". The protocol involves irra
diating rad54-3 ceils, incubating the irradiated cells at 
the permissive temperature, 23°, in the presence of a drug 
that prevents DNA replication, removing the drug, and then 
stopping repair by plating the cells at 36°. The drug used, 
hydroxyurea, selectively inhibits semi-conservative DNA 
synthesis by interfering with ribonucleotide reductase. The 
question of whether or not HU interferes with repair syn
thesis cannot be answered now since Resnick and Martin 
(1977) were unable to detect any repair synthesis in yeast 
after either UV or x-ray treatment. HU also has a small 
inhibiting effect on protein synthesis and mRNA synthesis. 
The concentration used in the experiment, 0.075 M, com
pletely inhibits semi-conservative DNA replication in yeast 
(Slater,1973). 

Three experimental protocols which were used to analyze 
the role of DNA synthesis in repair are as follows: 
1. x-ray with 25 krads, incubate the cells at 23° for 5 
hours without HU, plate at 36 
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2 x-ray with 25 krads, incubate the cells at 23° with HU for 
5 hours, and plate at 36°. 
3. x-ray with 25 icrads, incubate the cells at 36° for 5 
hours, plate at 36° 
If DNA synthesis is involved in the RAD54 step in repair 
then the survival of cells treated according to protocol 1 
should exhibit a survival significantly greater than cells 
treated according to protocol 2. The hydroxyurea treatment 
was performed in liquid YEPD medium and the cells were then 
plated onto YEPD medium. The number of plates counted was 8 
at each point. 

Four experiments were performed. Since the results of 
the experiments were not reproducible, all four experiments 
are listed in tables 2-5. The numbers in the first column 
indicate the temperature which the cells were incubated in 
liquid medium. The numbers in the second column indicate 
the temperature which the cells were plated. If the cells 
were plated immediately after radiation, then the treatment 
in the first column is labelled none. The figures in the 
third column indicate the cells per plate when unirradiated 
cells are inchoated in the absence of HU. All the numbers 
are relative to unirradiated cells plated at 23° immediately 
after collecting. The figures in the fourth column indicate 
the number of cells per plate when unirradiated cells are 
incubated in the presence of HU. N.A. means non-applicable, 
and N.D. means not done. The figures in the fifth column 
indicate the % survival after irradiation in the absence of 
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HU. The % survival is relative to urirradiated cells plated 
at 23 immediately after harvesting. The figures in the 
six»;h column indicate the % survival after irradiation and 
incubation in the presence of HU. The value of survival 
corresponding to protocol 1 is listed in row 4 column 5 and 
the value of survival corresponding to protocol 2 is listed 
in row 4 column 6. The t-test was performed to determine if 
these figures are statistically different. The values 
determined by the t-test are listed in the last column. The 
figures after + signs are the standard errors. 

In two of the experiments, experiment 1 and 3, cells 
treated according to protocols 1 and 2, exhibited survival 
values which were statistically significant, P<.01. In the 
other two experiments, 2 and 4, the difference was not sta
tistically significant, P-.20 and P=.10. Thus, the data are 
not reproducible and no real conclusions can be drawn from 
this experiment. Although HU at 0.075M blocks samiconserva-
tive replication, there still may remain small pools of DNA 
precursors which may be availab]3 for repair. HU also has a 
small inhibiting effect on mRNA and protein synthesis and as 
the previous section showed protein synthesis is Lequired 
for maximal recovery. The small differences in survival may 
have resulted from different levels of protein synthesis. 
The experiment might have been redesigned to determine the 
rc".« of HU in repair. Possible modifications are adding HO 
at a higher concentration, adding HU a short time after 
irradiation (to make sure that the HU effects seen are not a 
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result of inhibition of protein synthesis), and using a 
longer post-irradiation time at 23°. Even with these modif
ications the experiment might lead to irreproducible results 
or results difficult to interpret. It appears that any 
invivo technique to determine the role of DNA synthesis in 
repair must have a higher resolution than the experimental 
technique used here. 
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5 hr 

TABLE 2 

EFFECT OF HYDROXYUREA ON PERCENT SURVIVAL - EXPERIMENT 1 

Percent Surv iva l 

none 23° 
none 36° 
23° 23° 
23° 36° 
36° 36° 

plating 

0 krads 

-HU +HU 

100 

86 

200 

NO 

ND 

NA 

NA 

130 

ND 

ND 

25 krads 

-HU +HU 

11.0 t .6 NA 

.023 +.002 h„ 
! 

10.7 +.6 | i0.9 -..3 

.361 +.012 ! .172 +.009 ! 

.011 +.002 .020 +.002 

P(e>.. / 
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TABLE 3 

EFFECT OF HYDROXYUREA ON PERCENT SURVIVAL - EXPERIMENT 2 

p l a t i n g 

23° 

36° 

23° 

36° 

Percent Surv iva l 

0 k r a d s 

-HU 

100 

87 

17C 

ND. 

162 

+HU 

NA 

NA 

140 

ND 

100 

25 krads 

-HU 

8.<i +.5 

.0152 + .001 

7 ' +.3 

.20 +.02 

.007 +.001 

+HU 

NA 

NA 

6.8 +.3 

.17 +.02 

.010 +.0005 
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TABLE 4 

EFFECT OF HYDROXYUREA ON PERCENT SURVIVAL - EXPERIMENT 3 

Percent Survival 

0 krads 1 25 krad 

5 hr plating -HU +HU -HU +HU P(5:6) 

none 23° 100 NA 7.1 +.4 NA NA 

none 36° 101 NA .0123 ±.001 NA NA 

23° 23° 179 132 7.1 +.4 6.7 +.6 NA 

23° 36° NO ND .31 +.02 .17 +.02 <.01 

36° 36° 250 120 .018 +.001 .023 +.002 NA 
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TABLE 5 

EFFECT OF HYDROXYUREA ON PERCENT SURVIVAL - EXPERIMENT 4 

Percent Survival 

0 krads 25 krads 

5 hr plating -HU +HU -HU +HU P(5:6) 

none 23° 100 NA 11.0 +.6 NA NA 

none 36° 96 NA .0037 +.0004 NA NA 

23° 23° 156 118 8.9 +.4 9.3 +.6 NA 

23° 36° NO ND .57 +.035 .50 +.03 .10 

36° 36° NO ND .0022 +.0004 .005 +.0004 NA 
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RESULTS ON FIXATION 

The temperature conditional rad54-3 mutation provides a 
tool for understanding the fate of double strand breaks when 
they remain unrepaired for various periods of time. These 
are the cell death experiments, and cell death is studied by 
irradiating the cells, incubating at 36°,the restrictive 
temperature, for varying periods of time (t), then shifting 
the cells to the permissive temperature,23°. Comparison of 
survival with cells which have been incubated continuously 
at the permissive temperature after irradiation shows the 
percentage of initial lesions which have been fixed into 
lethal lesions. 

This experiment has been done with rad54-3 haploid 
cells by Ho and Mortimer (1975). They observed that after a 
3 to 5 hour post-irradiation incubation at the restrictive 
temperature, 36°, about a 10 fold drop in survival occurred 
compared to cells incubated continuously at 23°, the permis
sive temperature. After a further 5 hours at 36 , another 
10 fold drop in survival occurred. Finally, after about 15 
hours at 36 most of the initial lesions had been fixed into 
lethal lesions. 

The experiment was repeated with the diploid strain, 
X754-6C3B, and the data is illustrated in figure 19. Incu
bation of irradiated cells at 36 for 3 hours resulted in a 
7 fold drop in survival compared with the cells incubated 
continuously at 23°. After an additional 9 hours at 36 , a 
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further 13 fold drop in survival occurred. The curve of 
figure 19 is biphasic, the sharpest drop occurs during the 
first 3 hours, and beyond 3 hours the cells die less 
rapidly. The shape of this curve is different from the 
haploid curve of Ho and Mortimer (1975) since they observed 
a biphasic component only after 12 hours. 

The data will be analyzed using the relation 

-(B _B . 
S r S 2 ' e 1 _ 2' (1) 

where S » percent survival relative to unirradiated controls 
and B = average number of lesions per cell. The percentage 
of initial lesions which have been fixed into lethal lesions 
is computed using the relation 

,. S36-?23 
l n—s 36 %Lesions Fixed = 1 = (2) 
,„23 

3o 

where S-, is the percent survival at 23 , S,, is the percent us Jo 
survival at 36°, and S,, _, is the percent survival when 
cells are shifted from 36 to 23 . The percentage of ini
tial lesions which are fixed into lethal lesions is labeled 
on the right ordinate of figure 19. Thus, an analysis of 
the data shows that after a 3 hour post-irradiation incuba
tion at 36°, about 22% of the initial lesions are fixed into 
lethal lesions,and after 12 hours at 36° about 50% of the 
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initial lesions have been fixed into lethal lesions. 

The initial lesions are thought to be base damage, sin
gle strand breaks, and double strand breaks. The lethal 
lesions are believed to be unrepaired or mis-repaired double 
strand breaks (Resnick and Martin, 1976; Dewey et al, 1971; 
Carrano, 1973). Fixation is defined as possible events 
which may convert an initial lesion into a lethal lesior as 
a result of 36 to 23 post-irradiation temperature shifts. 
Misrepair is defined as the creation of an unrepairable 
state of the chromosomes other than whit existed before 
radiation. Possible examples of misrepair are the rejoining 
of a broken end of one chromosome which the broken end of 
another chromosome resulting in a dicentric, homologous or 
non-homologous recombination of the broken chromosome with 
an unbroken chromosome, formation of telomere type struc
tures at the ends of breaks, and the formation of unrepair
able deletions from breaks. Some of the examples of 
misrepair listed above, such as rejoining of broken ends of 
different chromosomes, are examples of misrejoining. An 
uncommitted lesion is an initial lesion which has been 
altered, but is potentially capable of being either repaired 
or being converted into a lethal lesion. Thus, an uncommit
ted lesion is an intermediate between an initial lesion and 
a repaired or fixed lesion. The idea of an uncomm-'ttcd 
lesion is taken from the model of Tobias et al (1980). 

At 36 rad54-3 cells are unable to repair double strand 



85 

breaks while at 23° these strains are able to repair such 
breaks. Thus, in the absence of dcuble strand break repair 
initial lesions are fixed in;o lethal lesions. 

Fixation can include a number of possible events: 
First, fixation may result from exonuclease digestion at the 
ends of a double strand break, thus converting an initial 
double strand break into an unrepairable double strand 
break. Second, the formation of telomeres, or telomere like 
structures, at broken ends may be involved in fixation. 
Non-homologous recombination of the broken end of one chro
mosome with another chromosome may also be involved in fixa
tion. An unanswered question is whether the frequency of 
non-homologous recombination in rad54-3 cells at 36° is high 
enough to convert initial lesions (breaks) into lethal 
lesions. Third, fixation may include an attempt at nuclear 
division since this cell cycle event would probably cause 
potentially repairable ends to separate, thus reducing the 
probability the DNA will be restored to its original form. 
Shortly before mitosis chromosome condensation occurs, and 
the process of condensation may alter breaks so that they 
become unrepairable. Another role of attemped nuclear divi
sion in .'.11 death would he to segregate previously fixed 
lesions _,uch as dicentrics so that their lethal phenotype 
can be expressed. This role of nuclear division is not 
included among the examples of fixation. Fourth, if one 
pioposes that single strand breaks and base damage are the 
initial lesions, then fixation nay result from replication 
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of damaged DNA. It will be assumed that fixation does not 
include mis-repair via a B&Q5A dependent rejoining mechan
ism, at least while the cells are being held at 36°. The 
first experiment tested directly whether DNA synthesis is 
involved in fixation. 

The next experiment discussed was designed to answer 
the question: is the movement of the cell through the DNA 
synthesis stage of the cell cycle involved in fixation? 
DNA polymerases replicating on a DNA helix with a single 
strand traak may be unable to replicate beyond the break in 
the damaged strand, leaving a gap. In the undamaged strand, 
DNA replication would not be hindered. One effect of a 
polymerase blocked on the damaged strand could be the crea
tion of a double strand break. This mechanism for creation 
of double strand breaks from base damage and single strand 
breaks has been postulated by Bender et al (1974). Replica
tion of damaged DNA could lead to an increased number of 
double stranded breaks per cell and possibly cell death. 

The role of DNA synthesis in fixation was investigated 
by using three protocols. The drug used, hydroxyurea (HO), 
reversibly stops DNA synthesis in yeast when used at a con
centration of 0.075M (Slater, 1973). The protocols are as 
follows: 
1. x-ray with 25 krads, incubate the cells at the permissive 
temperature 23 for 5 hours, plate the cells at 23 , 
2. x-ray with 25 krads, incubate the cells at the 
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restrictive temperature 36° for 5 hours, plate at 23°, 
3. x-ray with 25 krads, incubate the cells at the restric
tive temperature 36° with HO for 5 hours, plate at 23°. 
Protocol 1 represents cells allowed to repair damage with a 
zero time period of fixation after irradiation. Protocol 
represents cells given a 5 hour period of fixation before 
the cells are allowed to repair the damage. Protocol 3 
represents cells given a 5 hour period of fixation while 
they are blocked in the S phase of the cell cycle. If the 
movement of cells through S phase is a significant component 
of fixation, then cells treated according to third protocol 
should exhibit a survival similar to those treated according 
to first protocol. 

The data from this experiment is shown in table 6. The 
numbers in the first column indicate the temperature which 
the cells were incubated in liquid medium. The numbers in 
the second column indicate the temperature which the cells 
were plated. If the cells were plated immediately after 
irradiation, then the treatment in the first column is 
labelled none. The figures in the third column indicate the 
cells per plate when unirradiated cells are incubated in the 
absence of HU. All the numbers are relative to unirradiated 
cells plated at 23° immediately after collecting. The fig
ures in the fourth column indicate the number of cells per 
plate when unirradiated cells are incubated in the presence 
of HU. N.A. means non-applicable, and N.D. means not done. 
The figures in the fifth column indicate the percent 
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survival after irradiation in the absence of HU. The per
cent survival is relative to unirradiated cells plated at 
23° immediately after harvesting. The figures in 
parenthesis are the number of lesions per cell at the listed 
survival. The figures in the sixth column indicate the per
cent survival after irradiation in the presence of HO. 

At 23 the cells harvested, incubated in liquid media 
for 5 hours at 23°, and then plated increased in number by a 
factor of about 1.7. The cells plated immediately at 23 
after 25 krads, have essentially the same survival as cells 
incubated at 23° in liquid media after irradiation, then 
plated at 23°. This suggests that the survivors of the 25 
krad dcse are not dividing during the 5 hours at 23 . Table 
6 shows that the presence of HU in unirradiated cultures 
inhibited multiplication, as would be expected of a drug 
which arrests the cells in S phase. Cells treated according 
to protocol 1 (x-ray with 25 krads, incubate at 23° for 5 
hours, then plate at 23°) had a survival of 7.1%. Cells 
treated according to protocol 2 (x-ray with 25 krads, incu
bate at 36° for 5 hours, plate at 23 ) exhibited a survival 
of 0.96%. Cells treated according to protocol 3 (x-ray with 
25 krads, incubate at 36° with HO for 5 hours, plate at 23°) 
had a survival of 1.20%. Thus, when rad54-3/rad54-3 diploid 
cells are incubated under conditions where both repair of 
double strand breaks and DNA synthesis are blocked for 5 
hours, the survival is significantly less than under condi
tions where repair of double strand breaks is permitted to 
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TABLE 6 

THF. EFFECT OF HYDROXYUREA ON PERCENT SURVIVAL 

Percent Survival 

No X Ray X Ray (25 krads) 

5 hr plating -HU +HU -HU +HU 

none 23° 100 NA 8.4 +.6 NA 

none 36° 38 +5 NA .016 +.001 NA 

23° 23° 170 +7 107 +7 7.1 +.4 6.8 +.4 
(2.65J (2.69) 

36° 23° 180 +7 121 +7 .96 +.12 1.20 +.15 
(4.65) (4.42) 

36° 36° ND ND .0075 +.001 .010 +.001 
(9.50) (9.21) 
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occur, protocol 1. About 27% of the initial lesions are 
fixed into lethal lesions when the cells are blocked in S 
phase for 5 hours, and this compares with the value of 29% 
fixation when the cells are not blocked in S phase. The 
interpretation is that at 36° initial lesions are fixed into 
lethal lesions even when the cells are blocked in the S 
phase of the cell cycle for 5 hours. Therefore fixation does 
not depend on movement of cells through S phase. 

The possible role of mitosis in fixation was inferred 
from this experiment. Incubation of cells with KU prevents 
S + G-l cells, which are about 65% of the population, from 
entering mitosis. The percentage of cells dying as a result 
of a S hour post-irradiation incubation at 36° with HU is 
about 80%, and this value of cell death suggests that the 
subpopulation of G-l + S cells which are unable to enter 
mitosis are also dying. 

One action of irradiation is to cause cells to become 
temporarily arrested in the cell cycle, specifically in G-2 
(Okada, 1^70). Using a radiation resistant diploid with a 
generation time of about 90 min, the data of Burns (1956) 
fit the relation, where D equals dose in rads. 

Average Delay (min) - 350(l-e~" 0 0 1 5 D) (3) 

If D=25 krads, then the Delay = 342 min. However, the rela
tion may not apply to the strain X754-6D3B since the rad54-
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3/radS4-3 diploid has a longer generation time than 90 min, 
probably 5-6 hours at 36 , and it is a radiation sensitive 
strain. The evidence for a generation time of 5-6 hours is 
taken from the data of table 6, in which the cell culture 
multiplied by a factor of 1.8 during a 5 hour incubaion at 
36°. The division delay of X754-6D3B was not tested. Brun-
borg and Williamson (1978) have proposed that much of the 
damage is repaired during the time period of the division 
delay. 

One might still argue that mitosis plays a major role 
in fixing initial lesions into lethal lesions, even if the 
mitotic event is delayed for a time period of over 5 hours 
after irradiation. One needs to argue that the initial 
lesions are double strand breaks, the lethal lesions in 
rad54-3 cells are correlated with unrepaired double strand 
breaks, and the role of mitosis is to set a time limit, T 
hours, within which repair can occur. Arguing that mitosis 
is playing a major role in fixation is the same as arguing 
that the probability per unit time that a break is correctly 
repaired from the point of irradiation to the point of 
mitosis is relatively constant. If rad54-3/rad54-3 cells 
are irradiated with 25 krads, then incubated at 23°, they 
will have a certain tiire ,T, hours to repair the breaks. 
After mitosis the remaining potentially repairable chromo
somal ends would be separated, thus making the breaks 
unrepairable. The data of Burns (1956) suggests that the 
division delay after 25 krads is perhaps at least 6 hours, 
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and may be longer. When irradiated cells are held at 36° 

for 5 hours before shifting to 23° , the repair time is 

presumably 5 hours shorter. A possible explanation for the 

lower survival of cells incubated at 36° for 5 hours post-

irradiation vis a vis those incubated immediately at 23° is 

a shorter repair time of T-5 hours compared with T hours. 

In order to test the validity of the above argument the 

following experiment was performed: Irradiate the cells with 

25 krads, incubate the cells at 36 for time (t f i ) , shift 

the cells to 23° for time ( t r e p a i ) , then shift the cells 

to 36 indefinitely. In this experiment the cells were col

lected onto membrane filters, irradiated, serially diluted, 

plated, placed in the appropriate incubator, then shifted 

back and forth between the appropriate incubators. 

The following represents the rationale for the above 

experiment. The first 5 hours af-er irradiation can be 

separated into a 3 hour time period at 36 and a 2 hour time 

period at 23 . If the time period between irradiation and 

mitosis is greater than 5 hours , and if the probability or 

a break being correctly repaired per unit time is constant 

during this 5 hour period, then the order of the 23° and 36° 

incubation should not affect cell survival. Hence, cells 

treated according to the following protocols should have 

similar survivals: 

1) 25 krads, incubate 2 hours at 23°, incubate at 36° 

2) 25 krads, incubate at 36° for 3 hours, incubate at 23° 
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for 2 hours, incubate at 36° 
As illustrated in figure 20, when cells are given a 2 hour 
period of repair at 23° immediately after irradiation, pro
tocol 1, the survival increases from Q.G022% (cells incu
bated continuously at 36° after irradiation) to 0.19%, thus 
resulting in 4.1 lesions repaired per cell. However, if 
cells are treated according to protocol 2, the survival is 
0.016%, resulting in about 1.9 lesions repaired per cell. 
Thus, cells treated according to the first protocol exhi
bited a survival about 10 fold higher and repaired about 
twice as many lesions as cells treated according to the 
second protocol. The most likely interpretation is that the 
probability per unit time that a break is correctly repaired 
is not constant between irradiation and nuclear division. 

Besides the data from protocols 1 and 2, a family of 
curves were generated by varying tc: from 0 to 12 hours, 
and t„_ ,, from 2 to 24 hours. The data is illustrated in 

repair 
figure 20. The label on the left margin of figure 20 is 
percent survival and the label on the right margin is number 
of breaks repaired. The curve (#) with t,. «0 represents 
repair with 0 hours fixation. The data show that increas
ingly longer post-irradiation incubations at 23 results in 
increasingly greater survival. The resulting curve is simi
lar to the curve of Ho and Mortimer (197S). Survival 
finally levels off after about 15 hours at 23 after irradi
ation. The curve ()t) for 3 hours fixation was generated by 
varying t from 2-24 hours. Increasingly longer post-
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irradiation incubations at 23° result in increasingly 
greater survival. The repair curves for 5 (Q), 9 (A ), and 
12 (w ) hours fixation are generated in a similar mannner. 
The data from figure 19 and figure 20 were taken from the 
same experiment. Thus, the data of figure 19 shows the sur
vival when the cells are allowed about 9 days to repair the 
damage. The data from figure 19 will be used to compute the 
number of repairable lesions after various time periods of 
fixation. 

Table 7 shows an analysis of the data from this experi
ment. The figures from the first column indicate the time 
period of fixation and are labelled (t,. ). The figures 
from the second column indicate the number of lesions 
repaired per cell and are labelled (B_„__,_ ). The figures 

rcpalr 
of the third column indicate the time period of repair in 
hours and are labelled (t . ). The earliest repair 
time was chosen since it is believed that calculations from 
this point will give the most reliable value for the initial 
rate of repair. The figures from the fourth column are the 
number of lesions repaired per cell ( B, e D ai r ) divided by 
the time period of repair 'treoair '" T " i s figure 
represents an initial rate of repair of uncommitted lesions 
and is labelled -(fp 0- The figures from the fifth column 
are . Q , , where 10.6 is the total number of initially 
induced lesions. These figures represent an initial percen
tage rate of repair. The figures in the sixth column 
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represent the total number of repairable lesions after the 
various time periods of fixation. This number is computed 
using the relation 

S36 

and the survival values are taken from figure 19. The fig
ures in the seventh column are the initial rate of repair of 
uncommitted lesions divided by the total number of repair
able lesions, 

*rate T 

P t represents an initial proportional rate of repair of 
the remaining uncommitted lesions, and has units of 
(time)- . The data shows that P,_,._ declines with increas-

r ace 
ing time periods of fixation, from 0.25 at 0 hours to 0.05 
at 12 hours. This conclusion is believed valid even though 
P . has the same value at 3 and 5 hours fixation, rate 

The initial recovery which occurs after the various 
time periods of fixation results from the repair of uncom
mitted lesions. As the fourth column of Table 7 shows this 
rate decreases with increasing time periods of fixation. 
1'he decrease in -(gr) 0

 c a n result from 2 possible factors. 
One is that there are fewef uncommitted lesions after the 
time period at 36 . This would occur if the initial lesions 
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have been either mis-repaired or are unrepairable, and are 
thus no longer uncommitted lesions. Another possible expla
nation for fixation is that many of the lesions are still 
uncommitted but the rate of repair of the remaining uncom
mitted lesions is slower. If fixation can be completely 
explained with the proposal that after a post-irradiation 
shift of 36 there are fewer uncommitted lesions, then one 

-( d U) 
would expect the ratio — * ° = P,_,.„ to be constant for 

i r atie 

increasing time periods of fixation. However, the ratio 
declines with increasing post-irradiation times at 36 . For 
instance, when the cells are irradiated with 25 krads, then 
incubated at 23° , about 82% of the lesions are repairable 
and - ( g p 0

 = 2.2. If the cells are irradiated with 25 krads 
and incubated at 36° for 3 hours, then 68% of the lesions 
are repairable but ~(§?) 0 " 0.95. Thus, the reduction in -(jr). from 2.2 to 0.9 5 after 3 hours at 36° cannot be com-dt o 
pletely explained as a result of a 2 fold decrease in the 
number of uncommitted lesions. Instead, the explanation is 
that the there is a decline in the proportional rate the 
remaining uncommitted lesions are being repaired. Thus, a 
significant component of fixation is a process which con
verts initial lesions into uncommitted lesions, and the rate 
of repair of these uncommitted lesions becomes slower with 
longer post-irradiation times at 36 . One possible process 
which could alter breaks such that P . declines is slow 

rate 
exonuclease digestion at the ends o* double strand breaks, 
creating a potentially repairable deletion. The resulting 
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lesion is hypothesized to be an uncommitted lesion, but the 
time the cell takes to repair this lesion would be longer 
than the time required to repair the original break. The 
data from the sucrose gradient of figure 8 shows that for at 
least 6 hours after irradiation extensive degradation is not 
occurring. 
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FIGURE 20 
cells exposed to 25 krads, incubated for time (t) at 23° 
followed by permanent incubation at 36° 
cells exuosed to 25 krads, incubated for 3 hrs at 36°, 
incubated for time (t) at 23°,followed by incubation at 36° 
cells exposed to 25 krads, incubated for 5 hours at 36°, 
incubated for time ,t) at 23°,foil owed by incubation at 36°. 
cells exposed to 25 krads, incubated for 9 hours at 36°, 
incubated for time ft) at 23°,follower by incubation at 36°. 
cells exposed to 25 krads, incubated for 12 hours at 36°, 
Incubated for time (t) at 23°, followed by incubation at 36° 
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TABLE 7 

ANALYSIS OF REPAIR KINETICS EXPERIMENT 

*flx • repair repair 
0 *dtJ T p 

rrate • repair repair 
0 10.6 

T p 
rrate 

0 
3 
5 
9 
12 

4.4 
1.9 
1.8 
1.4 
.64 

2 
2 
2 
3 

3 

2.2 
.95 
.9 
.47 
.21 

.21 

.09 

.085 

.044 

.02 

8.7 
7.2 
6.4 
5.2 
4.6 

.25 

.13 

.14 

.09 

.05 
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DISCUSSION 

The next page presents a model consistent with the data 
of the results section, and illustrates the possible patn? 
that double strand breaks breaks can follow after irradia
tion. The break can be converted into a repaired break, B 
—> RB. This step is assayed with the neutral sucrose sedi
mentation technique. Since the technique only detects the 
conversion of small DNA fragments into large ONA fragments, 
it can only assay for an early step in this repair. radSA-T 
strains are temperature conditional for repair of double 
strand breaks, since at 23 these strains are able to repair 
double strand breaks while at 36 these strains are unable 
to repair such breaks. rad51-l and rad57-l strains appear 
to be blocked in later steps of repair because the sedimen
tation assay shows that these strains are able to convert 
small DKA fragments into large DNA fragments. The inter
mediates of repair are labelled I». If breaks are prevented 
from entering the RAD54 pathway then the hypothesis is that 
they are modified and become uncommitted lesions. Since the 
data does not provide any evidence that the conversion of a 
break into an uncommitted lesion is irreversible, the pro
cess is drawn as reversible. There might be a dynamic 
equilibrium between B lesions and 0 lesions. If rad54-3 
cells are shifted from 36 to 23°, the uncommitted lesions, 
0, are then able to enter the repair pathway. There may be 
2 possible pathways for this reaction. In the first path
way, the U lesion is acted on by the rad54-3 gene 
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FIGURE 21 

Model outlining the possible fates of double strand breaks after 
Irradiation 

-INDUCTION OF —i r — 
REPAIR ENZYMES j? J? 

X-RAY - » B 23° radS4-3 . RA051 RAD57 . v iab le 
• c e l l 

36' 

U(t') 

i (dominant lethal phenotype expressed) -^cell death 
C * Unbroken chromosome 
B • Initial double strand break 
RB • Repaired double strand break 
U * Uncomrittea lesion 
F « Fixed lesion. Lethal lesion 
I. - Intermediate of repair 
t' • Time period of fixation 
k - Rate constant for the reaction: B-* RB 

-{§) * kB 
k ( f ) >RB 

• ( 3 t ' 

Rate constant for the reaction: U-

k ( t ' )U 

k(t') is equivalent to P r a t e in the section on Fixation 
As t' increases, k{t') decreases 
23° and 36° represent the temperatures which the above reactions 
are favored in rad54-3 cells 
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product resulting in the formation of the I, intermediate, 
U ~> I, ~> I- ~> RB. In the second pathway, the uncommitted 
lesion, 0, is converted to the original break lesion B, and 
then the B lesion is acted on by the rad54-3 gene product 
resulting in the formation of the I. intermediate, 
U —> B -> I. —> I, ~~> RB. Both these pathways can be abbre
viated, 0 ~> RB, and this reaction is hypothesized to occur 
with a rate constant k(t'), where k(t') fits the relation 

-|2 - M t')u 

where t' is the time period of fixation, or the time period 
cells are held at 36° after radiation. In the section on 

fixation, k(t') » _, .J. , where T(t') is the total number of 
repairable lesions per cell after the various time periods 
of fixation. The interpretation of the decline of k(t') 
with increasing t' is that the longer the lesions are 
prevented from entering the RAD54 pathway tna alswei is 
their proportional rate of repair once the block in the 
pathway is removed. Another fate of an uncommmitted lesion 
is to become a fixed lesion. The fixed lesions are most 
likely unrepairable or misrepaired double strand breaks. In 
some manner as yet unknown the fixed lesion behaves as a 
dominant lethal. Protein synthesis modifies the possible 
fate of breaks, since the data suggests that irradiation 
causes an induction of repair enzymes. The model on the 
last page illustrates the possible fates of breaks induced 
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by radiation. The first part of the discussion will discuss 
the fate of the breaks in yeast, and the model second part 
will discuss how the model relates to repair in other organ
isms. 

Calculating the efficiency of the first step in which 
irradiation induces double strand breaks is necessary for 
understanding the fate of these lesions. In calculating the 
efficiency of the first step the numbers needed are the 
number average molecular weight of unirradiated DNA, the 
dose, and the number of breaks induced by the dose. The 

g average M_ obtained f.'.om the 12 gradients was about 4.3x10 n 
q 

daltons. This value compares with the value of 6.0x10 dal-
q 

tons obtained by Petes and Fangman (1972) , and 3.1x10 dal
tons obtained by Resnick and Martin (1976). The variation 
of the values of M aire explainable by the fact that the 
calculation of M is determined not only by the position of 
the peak but also by the distribution of DNA about the peak. 
Calculations from this thesis showed that the dose of 47.5 
krads produced an average of 1 break per chromosome. Thus, 
the efficiency of break production is 0.49xl0~ breaks/krad 
dalton. The efficiency of break production obtained by 
Resnick and Martin (1976) Is 0.53x 10~ breaks/krad dalton. 
If 47.5 krads produces 1 break/ chromosome, then the dose 
which produces an average of 1 break per haploid genome is 
2.8 krads under the assumption that yeast possess 17 dif
ferent chromosomes (Mortimer and Schild, 1980). This calcu
lation assumes that breaks are produced linearly with dose. 
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Resnick and Martin (1976) computed that a dose of 2.2 krads 
produced an average of 1 break par haploid genome. The D, T 

for a rad52 haploid is about 3 krads (Ho and Mortimer, 1973) 
which is consistent with an unrepaired double strand break 
being a lethal event in haploids. 

Also, to understand the possible fate of induced double 
strand breaks it is necessary to know whether breaks are 
produced in proportion to the dose (D), or the square of the 

2 dose (D }. One theory of cell survival postulates that dou-
2 bl<» strand breaks are induced with significant D kinetics 

2 (Chadwick and Leenhouts,1973). The D kinetics might result 
from 2 independently produced single strand breaks which are 
close enough together to produce a double strand break. The 

2 
question of whether breaks are produced with D or D kinet
ics cannot be answered with the data from this study since 
only one dose point was used. However, both Resnick and 
Martin (1976) and Frankenberg-Schwager et al (1980) observed 
that double strand breaks initially induced in yeast 
increase proportionally with dose, rather than dose squared. 
In E. coli, Krasin and Hutchinson (1977) also found a 
straight line relation between double strand breaks and 
dose. Freifelder (1965) using T-7 phage and ^ristensen et 
al (1972) using RF ^X-174 phage demonstrated that breaks 
increase linearly with dose when irradiated in broth. In 
these 3 systems, yeast, bacteria, and phage, neutral sucrose 
sedimentation measures the molecular weight of intact chro
mosomes. When Dugle et al (1976) applied neutral sucrose 
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sedimentation to assay for chromosome break repair in mam-
2 malian cells, they observed breaks being produced with D 

kinetics. Interpretation of sucrose sedimentation experi
ments of mammalian cells is complicated by the inability of 
the technique to measure the molecular weight of intact 
chromosomes. The main body of evidence points to breaks 
being produced in a straight line relationship with dose, at 
least in viruses and lower eukaryotes. 

The next part of the discussion analyzes the reaction 
whereby the break is repaired, B ~> RB. The data from the 
results show that in cells with a RAD+ genotype, breaks pro
duced by radiation have a high probability of being repaired 
after irradiation, and this high probability of repair 
correlates with high survival. When haploid and diploid 
RAD+ cells were analyzed for double strand break repair, the 
DNA profile of cells irradiated with 47.5 krads and incu
bated for 6 hours in YEPD medium was in the same position as 
DNA from cells not exposed to x-rays. Thus, apparently com
plete repair was observed in diploid log phase RAD+ cells. 
Using a diploid strain synchronized in G-2, Brunborg et 
al(1980) also observed apparently complete complete repair 
of double strand breaks during a 2 hour post-irradiation 
period. When the strain was synchronized in G-2, the sur
vival was 80% at the dose used for the gradient. Rapid and 
apparently complete repair of double strand breaks in 2 
hours correlated with high survival. 
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In cells with a rad54-3 imitation, the fate of initial 
double strand break3 depends upon the temperature after 
irradiation. At 36 , these breaks are not repaired while at 
23 , they are repaired. The evidence for this is that the 
DNA profile of cells exposed to 47.5 krads, and incubated 
for 6 hours at 36° .remained unchanged from the profile of 
cells exposed to 47.5 krads with no incubation. The 
interpretation is that rad54-3 cells are incapable of 
repairing double strand breaks at 35 . However, upon a 
pes ̂ -irradiation incubation at 23°, the DNA shifted to a 
higher molecular weight. Thus, at 23 these strains are 
capable of repairing douoie strand breaks. The RAD54 gene 
product is acting at an early step in repair. The survival 
of the rad54-3 strains is high at the temperature at which 
such strains are able to repair double strand breaks and low 
at the temperature at which they are unable to repair double 
strand breaks. However, the post-irradiation shift observed 
in the profile of DNA extracted from rad54-3 cells given a 6 
hour incubation at 23 remained at a lower molecular weight 
than the control. One possible explanation is that the 
cells take longer than 6 hours to complete repair, probably 
12 hours. The evidence for a 12 hour repair time is taken 
from figure 20. The rise in survival observed upon 23 to 
36° post- irradiation temperature shifts of rad54-3 cells 
maximizes after about 12 hours at 23 . Also, rad54-3 
strains at 23° are more sensitive to radiation than RAD+ 
strains, thus it is expected even at the permissive 
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temperature that such strains should exhibit defective 
repair in comparison with RAD+ strains. 

Incubation of rad54-3 cells at 36° eliminated both the 
radioresistant tail on the haploid survival curves as well 
as the shoulder on the diploid survival curves. By shifting 
the cells to 23°, the temperature which they are able to 
repair double strand breaks, the shoulder on the diploid 
survival curve reappears. Thus, the x-ray resistant com
ponents of survival curves result from a cellular capacity 
to repair double strand breaks. The D._ of the rad54-3 
haploid at 36° is about 2.5 krads, which is consistent with 
one unrepaired double strand break being a lethal lesion in 
a haploid. Thus, if left unrepaired the fate of one double 
strand break is to cause cell death in a haploid cell. The 
value for the efficiency of strand break production by x-
rays was used to arrive at this conclusion, and now it is 
obvious why this number is so important. The D 3_ of the 
rad54-3 diploid 36 is about 2.5 krads, a dose which induces 
an average of 2 double strand breaks per diploid cell. 
Thus, there are about 2 double strand breaks per lethal 
event in a rad54-3 diploid at 36°. At 23° the D_ 7 rises to 
about 15 krads, resulting in about 12 double strand breaks 
per lethal event. 

The x-ray responses of rad52 and rad54 strains are very 
similar, and thus it is likely that they operate at the same 
early step in repair. The 'nability of rad54-3 strains to 
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repair double strand breaks at 36 is analogous to the same 
deficiency in rad52 strains. The x-ray survival curve of 
rad54-3 diploid strains at 36° and the rad52 diploid strains 
are very similar. The D,- of rad52 diploid strains is about 
2.1 krads, a dose which induces an average of 2 breaks per 
diploid genome (Resnick and Martin,1976). The diploid radS2 
radifl double mutant with a D 3 7 of 1.5 krads is more sensi
tive to radiation than the diploid rad52 single mutant 
(Resnick and Martin, 1976) . The D ^ d M e 1 I K J U C M a l i t U e 

over 1 double strand break per cell. The interpretation of 
Resnick and Martin is that 1 unrepaired double strand break 
is a lethal lesion in a diploid cell. This calculation pro
vides evidence that unrepaired double strand breaks behave 
as dominant lethals. 

Although rad52 and rad54 strains are very similar in 
their x-ray response, they differ in one respect. rad52 
diploid cells plate at low efficiency, less than 50%, and 
the control colonies are variable in size. Mortimer et al 
fl981) found a high rate of chromosome loss in r-ad52 
diploids, about 1% per chromosome for control colonies. The 
frequency of chromosome loss increases upon irradiation of 
rad52 diploids. However, rad54-3 diploid cells plate with a 
high efficiency at both 36° and 23°. Also, except for a few 
petites seen, all the control colonies exhibit uniform 
colony size. Hence, the event which lowers the plating 
efficiency of rad52 cells, is either not occurring in rad54 
cells or is occurring at an undetectably low level. 
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In this study a rad51-l strain is an example of a 
strain exhibiting low survival and probably some incomplete 
repair of double strand breaks. The extent of apparent 
repair in 6 hours is similar to the rad54-3 strain at 23°. 
This result extends the result of Mowat and Hastings (1979) 
who in 3.5 hours found no repair of double strand breaks in 
a rad51-l haoloid. The structures observed in the gradients 
are probably intermediates in repair, maybe broken chromo
somes stuck together by a Holliday structure. The diploid 
rad51-l survival curve exhibits a small shoulder, unlike the 
r»d54-3 strain at 36° for which no shoulder was seen. The 
D,_ ot" the rad51-l diploid is approximately 5.5 krads, about 
twice the i),7 of the rad54 strain. At the D.,y dose there 
are about 4 to 5 double strand breaks per cell. Since the 
raa51-l haploid strain is able to convert small fragments 
into large large fragments, it presumably acts after the 
RAD52 RAD54 step in repair. This is shown in the model of 
figure 21. 

If repair of double strand breaks is blocked at the 
RAD57 step, then the structures observed in the gradient are 
large DNA molecular weight intermediates which do not allow 
the cell to survive. This is because rad57-l strains are 
presumably able to convert small DNA fragments into large 
DNA fragments with equal efficiency at both the permissive 
and restrictive temperatures. Thus, the cold sensitive 
phenotype of rad57-l strains does not appear to be the 
result of an inablity to perform the initial stages of 
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repair. rad57-l strains at 23 are blocked in a later step 
of repair than rad54-3 or rad52-l strains. Although rad57-l 
strains incubated at 23° are very sensitive to radiation, 
they are not as sensitive to radiation as rad52 or radS4 
strains. Thus, blocking the RAD57 step in repair results in 
higher survival after radiation than blocking the RAD52 or 
RAD54 step of repair. However, at neither the permissive 
nor restrictive temperature is the repair complete after the 
end of the 6 hour post-irradiation incubation time. It is 
likely that the rad57-l strains are capable of further 
rejoining after 6 hours. The large molecular weight DNA 
structures observed in the. gradien' , of rad57-l strains at 
23 may be repair intermediates, possibly Holliday struc
tures formed between broken and unbroken chromosomes. 
Alternatively, a defective RAD57 gene product may pre
dispose a cell to misrepair. Mis-repair could be the 
rejoining of two broken ends of different chromosomes 
resulting in a dicentric or a translocation of an acentric 
fragment. In figure 21, the RAD57 step in repair is placed 
after the RAD51 step because the survival of rad57-l haploid 
strains at the restrictive temperature is higher than 
rad51-l haploid strains. 

In summary, the following sequence represents the order 
of steps in repair of double strand breaks: RAD52 RAD54 
(same step),rtAD51,RAD57. The sucrose sedimentation tech
nique can detect whether cells have completed and early step 
in repair, such as the JLAD52 RAD54 step, but does not appear 
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to detect whether cells have completed a later step, such as 
the RAD57 step. Also, the survival of cells blocked at an 
early step (rad54-3 cells at 36° ) is lower than cells 
blocked in a later step of repair (rad57-l strains at 23 ). 
The survival of the rad51-l strain is intermediate between 
that of the rad54-3 strain and that of the rad57-l strain. 

The data of Saeki M980) shows that raid 5 2-1 an<* -=^1-1 
diploid strains did not exhibit x-ray induced gene conver
sion at the ieul_locus, however rad54-l and rad57-l strains 
did exhibit induced gene conversion. Since rad54-3 strains 
at 36 are more sensitive to radiation than rad54-l strains, 
the rad54-:\ allele may be leaky. In the rad54-3 diploid 
strain, g713A, x-ray induced gene conversion at the hisl 
locus did not occur at 36 , while at 23 , x-ray induced gene 
conversion did occur. It should be added that the combina
tion of low survival after irradiation, and low conversion 
frequency in rad54-3 cells at 36 made the finding values of 
conversion frequency at this temperature difficult. Thus, 
it appears that cells which are blocked in the early steps 
of repair, such as the RAD52 RAD54 step , are unable to 
exhibit x-ray induced gene conversion. This correlation 
provides evidence the early steps in repair of double strand 
breaks involv; recombination. rad57-l strains presumably 
blocked in a late step of repair do exhibit some induced 
gene conversion. Thus, the later steps in repair might not 
involve recombination. This completes the discusion of the 
pathway of repair of induced double strand breaks. 
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One experiment studying the integration of broken 
plasmids into yeast will be helpful in understanding the 
fate of double strand breaks when they m e not repaired soon 
after irradiation. Orr-Weaver et al (1981) have proposed a 
model of integration of linear plasmids into chromosomes 
which is equivalent to Resnick's model of double strand 
break repair. ::n yeast circular plasmids integrate at sites 
of homology with the yeast chromosome. If a circular 
plasmid carries the HIS3 gene then the plasmid will 
integrate at the HIS3 locus in the chromosome. They 
observed that when a circular plasmid carrying the HTH^ gene 
is cut in the middle of the HIS3 gene with an endonuclease, 
thus creating a double stranded break, the frequency of 
integration at the his3 locus in the chromosome increases 
1000 fold. If the plasmid is cut at a site away from the 
HIS3 gene then the integration frequency approximates that 
of the uncut plasmid. Even when there is a deletion in the 
region of the HIS3 gene which is several thousand base pairs 
in length, the linear plasmid still integrates at a 1000 
fold greater frequency than the circular plasmid. Also, the 
deletion is repaired when the linear plasmid with a deleted 
region of the HIS3 gene integrates into the chromosome. 
This result will be used to analyze the fate of induced 
breaks when not repaired soon after irradiation. Circular 
plasmids integrate at the same frequencies in RAD+ and rad52 
strains. However, the integration of broken pTasmids 
requires a functional r\D52 gene product. The authors have 
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concluded that the broken ends of plasmids are highly recom-
binogenic, and the recombination only ccrurs when a func-
Lional RAD52 gene product is present. .<e similarities 
between the integration of broken plasmids and the repair of 
chromosomal breaks has led to a model of plasmid integra
tion which is similar to Resnick's model for repair of dou
ble strand breaks. This model is illustrated in figure 3B. 

The previous discussion has concentrated on the fate of 
double strand breaks when they are permitted to enter the 
repair pathway, B —> RB. The kinetics of repair is 
described by the following equation, where k is a rate con
stant of repair, and B is the average number of breaks per 
cell: 

-£5 « kB 
dt k B 

However, when the repair pathway is blocked, such as incu
bating rad54-3 cells at 36°, as figure 21 illustates, the 
breaks become modified and are thus classified as uncommit
ted lesions. This step is independent of DNA synthesis and 
is abbreviated B —> 0. Since there is no evidence tht the 
step is irreversible, the reaction U -> B is also 
hypothesized to occur. One can also conceive of breaks in 
RAD+ cells becoming uncommitted lesions if they do not enter 
the repair pathway rhortly after irradiation. The model of 
figure 21 illustrates that uncommitted lesions have several 
possible fates. One fate is conversion into a lethal 
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lesion, 0 —> F. The fixed lesions are most likely unrepair
able or misrepaired double strand breaks. Another fate of 
uncommmitted lesions in rad54-3 cells is possible if the 
cells are shifted to 23° after a period of time (t*) at 36°. 
This fate is repair of the uncommitted lesions, U ~> RB, and 
this repair is hypothesized to occur with a rate constant 
k(t'), where t* is the time period at 36° after irradiation 
before the cells are shifted to 23 . The kinetics of repair 
of uncommmitted lesions occurs according to the following 
equation, where J is the average number of uncommitted 
lesions per cell: 

The data from the last column of table 7 show that with 
increasing time periods of fixation ( f ) , k(t') progres
sively decreases, k(t') represents a proportional rate of 
repair of the remaining uncommitted lesions and is 
equivalent to P__...- in the section of fixation. k(t') has race 
declined by about one half after 3 hours at 36° and after 12 
hours at 36° it has declined about 5 fold. 

Thus, fixation is a process which converts breaks into 
uncommitted lesions, and the longer lesions remain uncommit
ted, the longer it takes the cellt; to repair them. One pos
sible process which could convert breaks into uncommitted 
lesions is exonuclease digestion. Single strand exonuclease 
digestion would result in a single strand terminus, and as 
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the terminus became longer it might take the cell a longer 
time to repair the lesion. Alternatively a double strand 
exonuclease acting at the ends of the break may result in a 
deletion. As the deletion becomes increasingly longer, as 
it might with longer post-irradiation times of rad54-3 cells 
at 36°, then the time required to repair the deletion may be 
longer than the time required to repair the original break. 
The longer the deletion, the longer the time required to 
repair it. Orr-Weaver et al (1981) have provided evidence 
that these types of lesions are repairable. 

No data which would directly support the above 
hypothesis was obtained. In particular, the sedimentation 
results of figure 8 show that measurable DNA degradation did 
not occur in the rad54-3 strain used in the experiments. 
Other experiments which might have provided evidence, such 
as checking the incubation medium for excreted [ H] were not 
performed. The hypothesized DNA degradation is postulated 
to be unmeasurable with the sucrose sedimenation technique. 

Another possible explanation of fixation is the addi
tion of short fragments onto the ends of the breaks, with 
the result that the cell would take a long time to repair 
these the resulting lesions. 

Fixation does not appear to be explainable with the 
proposal that a type of misrepair is occurring with dicen
trics as a possible result. This is because misrepair would 
reduce the number of uncommitted lesions since it is likely 
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that a misrepaired lesion is a fixed lesion. As table 7 
illustrates -(jr) drops from 2.2 lesions repaired per 
cell/hour (0 hours fixation) to .21 lesions repaired per 
cell/hour after 12 hours fixation. At 0 hours fixation 
there are about 8.7 repairable lesions per cell snd after 12 
hours fixation there are about 4.6 repairable lesions per 
cell. The 10 fold drop in - (ĵ r) after 12 hours at 36° is 
not a result of a 10 fold drop in the number of repairable 
lesions per cell because there is only a 2 fold drop in the 
number of repairable lesions per cell. Thus, it is likely 
that the 10 fold drop in -(3^) from 0 to 12 hours post-
irradiation incubation at 36 is not a result of 90% of the 
initial lesions being misrepaired. Instead, the decline is 
explained by a progessive decrease in the rate the existing 
repairable lesions are being repaired. This completes the 
story about the direct fate of x-ray induced double strand 
breaks. 

This thesis also investigated possible modifying fac
tors which could alter the probability of whether a break 
enters the repair pathway, or whether it becomes a fixed 
lesion. The occurrance of protein synthesis shortly after 
irradiation increases the probability that the break enters 
the repair pathway rather than the fixation pathway. The 
interpretation of the data from the section of the effects 
of cycloheximide on repair there is an enhanced cellular 
capacity to repair double strand breaks. The enhanced cel
lular capacity to repair breaks is postulated to result from 
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an increase in the number of repair enzymes p^r cell. The 
repair proteins which are induced are most likely the ones 
whose availability is limiting the rate of repair. If the 
concentration of rad54-3 enzyme molecules in ^he cell is 
limiting the rate of repair, then it is likely that there is 
an increased synthesis of this gene product after irradia
tion. Thus, the rad54-3 gene product may be one of a number 
of repair enzymes synthesized after irradiation. 

Ho (1975) has provided evidence that the availability 
of the RAD52 gene product limits the rate of repair in 
tetraploids. If < means more sensitive to radiation, and 
{+) is the wild type allele then the data is summarized as 
follows: rad52/rad52/rad52/rad52 < +/rad52/rad52/rad52 < 
+/+/rad52/rad52 < +/+/+/rad52 < +/+/+/+. Thus, with an 
increasing number of rad52 alleles per cell, tetraploid 
strains become more sensitive to radiation. The data can be 
interpreted with the hypothesis that repair is limited by 
the concentration of the RAD52 gene product. 

Krasin and Hutchinson (1981) have shown that the 
induced synthesis of a required enzyme for repair can occur 
without induced repair occurring. The RECA gene product is 
required for repair of double strand breaks. However, some 
of the treatments which result in induced synthesis of RECA 
gene product such as treating cells with nalidixic acid do 
not result in enhanced repair. 



119 

Although the inducible repair hypothesis is the most 
likely explanation of the results, other explanations are 
possible. One possible explanation is that in the presence 
of protein synthesis after irradiation a protein may be syn
thesized that prevents the degradation of the RAD54 gene 
product, or another repair enzyme. Another possibility is 
that a protein may be synthesized after irradiation which 
alters the conformation of the DNA in such a manner so that 
the breaks are repaired more quickly. Also, after irradia
tion a protein may be synthesized that depresses fixation 
rather than enhances repair. 

The inhibiting effect of CYH on repair of double strand 
breaks was first observed by Resnick and Martin (1976), but 
was more clear cut in the system of Brunborg et al(1980). 
They used a strain capable of apparently complete repair in 
G-2. In that system complete repair of double stranded 
breaks was observed during a 2 hour post-irradiation incuba
tion period, and the presence of CYH caused a marked inhibi
tion of repair. This provides evidence that survival is 
lower in the presence of CYH because fewer breaks are 
repaired. 

The time appearance and the dose dependence of the 
enhanced survival was examined in the experiments. The data 
analyzed geometrically consisted of cells given post-
irradiation treatments of 30' without CYH, and 4.5 hours 
with CYH. Post-irradiation incubation after irradiation 
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without CYH for time periods less than 30* also resulted in 
enhanced survival. Delaying CYH for 7.5* after irradiation 
resulted in significantly increased survival during the 1.5 
+ 23.5 and 2.5 + 22.5 krad split dose experiments. Thus, 
very shortly after irradiation a protein or proteins are 
synthesized which cause an increase in survival. The lowest 
inducing dose used, 1.5 krads, resulted in a little over 1 
double strand break per cell and about 20 single strand 
breaks per cell. Hence, relatively small doses and short 
times are required to generate an enhanced survival response 
which results from altered protein synthesis after irradia
tion. 

It is more likely that the inhibiting effect of CYH on 
repair results from preventing the synthesis of repair pro
teins after irradiation, rather than from some effect like 
CYH binding to DNA and preventing repair. During the 1.5 + 
23.5 split dose experiments it was observed that delaying 
the addition of CYH 7.5* after irradiation results in a sig
nificantly higher survival than when CYH is added at the 
time of radiation. The cells treated with these two proto
cols had similar treatment times with CYH, 4 hours and 52' 
compared with 5 hours. Hence, if CYH prevented repair in 
some manner like binding to the DNA, then delaying the addi
tion of CYH for 7.5' after irradiation should not result in 
a significant change in survival, than when CYH is added at 
the time of radiation. 
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The time periods which the repair enzymes appear, 7.5' 
to 45', are short compared to the time that double strand 
breaks are fixed into lethal lesions. Thus, during the 
immediate post-irradiation period during which there is an 
increased synthesis of repair enzymes, the lesions which the 
repair enzymes act on are not being transformed into lethal 
lesions. 

Repair can be separated into a protein synthesis 
independent component (constitutive repair) and a protein 
synthesis dependent component (induced repair). After the 
dose of 25 krads, there is enough damage induced so that 
both components are required for repair. However, as shown 
in figure 11, after 10 krads the constitutive repair com
ponent is able to repair most of the damage. After 1.5 and 
2.5 krads the constitutive repair component should be able 
to repair all the repairable damage without any assistance 
from the inducible repair component. Induced repair after 
1.5 krads was found because the challange dose used was 
high. Thus, the paradox is that at the doses of 1.5 and 2.5 
krads there is an induced synthesis of repair enzymes, but 
at these doses the constitutive level of repair enzymes 
should be all that is needed to repair the damage. The 
statement that protein synthesis after irradiation increases 
the probability that breaks will enter the repair pathway is 
true at high doses, 25 krads, but is probably not true at 
lower doses of 1.5-5 krads, even though repair enzymes are 
inducible at these lower doses. The discussion of the data 
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supporting the model of figure 21 is finished. 

In one interesting step whereby the fixed lesion most 
likely an unrepairable or misrepaired double strand break, 
behaves as a dominant lethal no experiments were done. How
ever, an analysis of the final fate of the lesion will be 
performed anyway. In these experiments a cell has a lethal 
lesion if it is unable to give rise to a colony visible to 
the naked eye. Probably about 1000 cells are required for a 
colony to be visible. Thus, cells which exhibit a delayed 
form of cell death, such as those which are able to divide 
only 5 times after irradiation are classified in the same 
category as those that die in the fii-st mitotic division. 

It is expected that cells with defective RAD genes 
would exhibit specific types of aberrations, because they 
are unable to rejoin broken chromosomal fragments. rad52 
and rad54-3 cells at 36 would be expected to show aberra
tions such as fragments and deletions but not aberrations 
like dicentrics which would result from the joining of cen
tric fragments of two broken chromosomes. Hence, it would 
appear that cell death in these mutants should result from 
the presence of chromosomal fragments and deletions. Com
parison of break frequency with the D»_ shows that only 2 
double strand brtaks are necessary to cause cell death in a 
rad54-3 diploid at 36 . If a diploid cell has 2 random 
breaks in its genome, then the breaks will most likely be 
induced in 2 non-homologous chromosomes. If the breaks are 
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not repaired, as is the case with rad54-3 cellc at 36°, then 
both broken chromosomes will have ends which are not 
telomeres. It would appear that the worst possible outcome 
for the cell would be chromosome loss of the broken chromo
somes resulting in a 2n-2 aneuploid. A 2n-2 aneuploid 
should have sufficient DNA to carry out essential functions. 
Parry and Cox (1970) and Mortimer et al (1981) have shown 
that Saccharomyces cerevisiae has a high tolerance for aneu-
ploidy. Mortimer et al (1981) have shown that irradiated 
diploid rad52/rad52 cells are able to reach a near haploid 
state after extensive chromosome loss and still remain 
viable. Thus, it appears unlikely that aneuploidy causes 
diploid cells to die after 2 unrepaired double strand 
breaks. 

The dominant lethal experiment of Ho and Mortimer 
(1973) show that when a haploid rad52 is given a dose "hich 
induces an average of 2 Lreaks/ haploid genome, and is then 
mated to an unirradiated rad52 cell, the resulting zygote 
has about a 37% chance of survival. Hence, 2 unrepaired 
breaks will cause cell lethality in a diploid even if 
induced in only one of the haploid genomes. 

Another result of Ho and Mortimer (1973) leads to a 
parauOX iT ._n..= assumes that i.iie iuechaiij.s>iu by W H I C H 

unrepaired double strand breaks cause cell lethality is that 
cells are left with insufficient DNA to carry out essential 
functions. Their result is that cells with the cjqq 
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rad52/rad52/rad52 genotype are more sensitive to radiation 
than cells with the qq rad52/rad52 genotype. In their 
experiments the D,_ of the qq rad52/rad52 diploid is 2.5 
krads, and this dose induces an average of 2 double strand 
breaks per 2n genome. The D._ of the qqc .ad52/ra352/rad52 
triploid is a dose, 1.7 krads, which induces about 2 double 
strand breaks per 3n genome. Although a qqq 
rad52/rad52/rad52 strain with 2 unrepaired breaks should 
have sufficient DNA for essential functions it is not 
viable. This observation shows that redundant genetic 
information does not protect a cell from the lethal effects 
of unrepaired breaks. In fact, redundant information sensi
tizes a cell to the lethal effect of breaks because there 
are more sites for breaks to occur. 

The results of an experiment of Pontecorvo (1942) can 
be used to argue that the potentially lethal effect of dele
tions does not account for the increased sensitivity of qqq. 
rad52/rad5 2/rad52 cells to radiation compared with qq 
rad52/rad52 cells. In Drosophilis, deletions in the auto
somes which are lethal in diploids, are not lethal in tri-
ploids. Hence, redundant genetic information should protect 
a cell from the lethal effects of deletions. Pontecorvo 
argues that dominant lethal damage at low doses results from 
union of sister chromatids. 

Several possible speculations will be discussed to 
account for the observation that 1-2 unrepaired double 
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strand breaks are capable of causing lethality in a diploid. 
Two of the speculations propose how structures which are 
known to physically interfere with nuclear division (dicen
trics) are formed in the absence of RAD52 RAD54 gene pro
ducts. However, the real explanation may include none of 
the below. Presumably the broken end is not going to rejoin 
with another broken end via the RAD52 RAD54 pathway thus 
resulting in a dicentric chromosome. One possible specula
tion involves the formation of hairpin loops at the ends of 
unrepaired double strand breads. A mechanism for the forma
tion of these structures is as follows: If 5' -*- 3" exo-
nuclease digestion of the ends of the break octuis, the bro
ken chromosome will have a single stranded tail with a 3' 
end. The single stranded tail then bends back and forms a 
hairpin loop. The hairpin loop could occur in the presence 
of a palindromic sequence, but may also occur in the absence 
of a palindrome. It is possible that hairpin lcops could 
still form from 2 sequences which are inverted repeats of 
4-5 base pairs in length, and separated by several hundred 
base pairs. A 3' ~> 5" exonuclease could then digest the 
remaining single stranded end up to the hydrogen bonded 
structure of the hairpin loop. The 3' end of the hairpin 
loop is now a substrate for a pol I type polymerase which 
might act to clc^e a possible gap. The remaining single 
stranded break is »hen closed with a ligase. When this 
structure is rep icated in a semi-conservative manner the 
result is a dicent ic. The dicentric then causes cell death 
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by interfering with the completion of nuclear division. It 
was noted in the section on fixation that stopping DNA syn
thesis did not interfere with fixation. However, the steps 
talked about here are presumed past the stage where v.he ini
tial break has been fixed into a lethal lesion. These steps 
concern the question of how the fixed lesion expresses its 
phenotype. 

The above speculation proposes how 1 unrepaired double 
strand break can behave in a dominant lethal fashion. It is 
consistent with a linear relation between dose and lethality 
in rad52 or rad54-3 (36 ) strains. If the above structures 
are formed with high frequency in rad52 and rad54 cell, then 
the above speculation would explain why QfC(q 
rad5 2/rad52/rad52 strains are more sensitive to radiation 
than cjq rad52/rad52 strains. 

Another possible speculation whereby unrepaired breaks 
could become transformed into lesions which interfere with 
cell division is suggested by McClintock's studies on spon
taneous chromosomal aberrations in maize. In an early study 
McClintock (1941) constructed a dicentric chromosome from a 
cross in which one parent had a normal chromosome 9, and the 
other parent had a chromosome 9 with a duplication and 
inversion in the short arm. Recombination between the nor
mal and abnormal chromosome generated the dicentric chromo
some. McClintock observed that the fate of the resulting 
dicentric was breakage at anaphase, replication of the 
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chromosome, fusion of the broken ends of the sister croma-
tids thus recreating a dicentric, rebreakage of the dicen
tric during a subsequent anaphase, followed by refusion of 
the broken ends during prophase. The dicentric was con
structed in such a manner that the cell did not die from the 
occurance of deletions after the breakage-fusion-bridge 
cycle. The breakage-fusion-bridge cycle involving sister 
chromosomes can continue through several successive mitoses. 
The breakage of the dicentric chromosomes during anaphase is 
often at the point of fusion but also occurs elsewhere in 
the chromosome. Thus, duplications and deletions are 
created in chromosomes which go through the breakage-
fusion-bridge cycle. However, if the broken chromosome 
enters the zygote where there is an unbroken chromosome, the 
break usually heals and the breakage-fusion-bridge cycle 
ceases. 

Another observation of McClintock (1941) is that non
homologous pairing occurred between chromosomes under vari
ous conditions, such as the presence of a structural rear
rangement occurring in a heterozygous condition, or the 
presence of an unbalanced chromosome complement. In partic
ular a univalent chromosome can often pair with itself in 
monosomic or trisomic plants. The conditions under which 
non-homologous pairing occur are probably those in which 
homologous pairing are inhibited. Possible events which may 
arise from the non-homologus chromosomal pairing are inver
sions and translocations. 
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In a lster publication McClintock (1951) observed that 
the breakage-fusion-bridge cycle occurred at Ds (for disso
ciation) sites, and were under control of the Ac (for 
activator) system. The genes where Ds elements were located 
were unstable in the presence of Ac, and variegated pheno-
types were observed in the endosperm. However, in the 
absence of Ac, breaks did not occur at the Ds sites and the 
genes were stable. The instability of the genetic loci was 
related to the transposition of Ds elements from one chromo
some site to another. The events associated with Ds tran
spositions resulted in the formation of translocations, 
deletions, inversions, ring-chromosomes, dicentrics, and 
acentric fragments. The Ds and Ac elements of maize are 
analogous to the recently observed transposable elements in 
yeast and bacteria. 

In order to account for the lethal effect of 1-2 breaks 
in a rad52 or rad54 cell it will be proposed that there are 
2 types of rejoining systems possible in yeast. The mechan
ism of type 1 involves homologous recombination and is 
dependent on functional RAD52 RAD54 gene products. The 
number of breaks per cell would decrease after irradiation 
if repair occurs via the RAD52 RAD54 pathway. In the 
absence of the RAD52 RAD54 pathway another pathway of 
rejoining could occur, possibly analogous to the Ds Ac sys
tem in maize. Possible Ds type elements in yeast are Tyl 
elements 6 sequences and other transposable elements of 
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yeast (Cameron et al, 1979). Thus, if the RAD52 RAD54 path
way is blocked, this hypothesis proposes that there is an 
increase in the number of events occurring via a Ds Ac type 
mechanism. As discussed previously, McClintock (1941) 
observed non-homologous chromosomal pairing under conditions 
where homologous pairing was inhibited. Similarly in yeast 
if a rad52 mutation prevents homologous pairing in yeast, 
then one might observe an increase in the number of events 
associated with non-homologous pairing, such as Ds Ac type 
events. One such Ac Ds like event which could transform an 
unrepaired break into a dominant lethal would involve repli
cation of two pieces of the broken chromosome followed by 
random fusion of the ends of the sister chromosome cen
tromere fragments. The presence of a Ds like element near 
the end of one of the fragments might allow this end to fuse 
preferentially. The acentric fragments may also fuse, and 
might eventually become lost. However, the loss of acentric 
fragments is probably not the mechanism whereby an 
unrepaired break behaves as a dominant lethal. Also, it is 
possible that the presence of an Ac Ds type element might 
result in non-homologous recombination between a broken cen-
tromeric fracjTr.ent and an unbroken chromosome with a dicen
tric as a possible result. 

The above speculation also would explain the result of 
Ho and Mortimer (1973) that a rad52/rad52/rad52 strain is 
more sensitive to radiation than a rad52/rad52 strain. The 
basic question about the above hypothesis is whether or not 
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the frequency of Ac Ds type rejoining occurs at a high 
enough frequency in rad52 and rad54 cells to convert most of 
the unrepaired double strand breaks into lesions which 
interfere with nuclear division. It may also be possible 
that unrepaired breaks interfere with the cell cycle in 
yeast an as yet unknown mannner. Possibly, the presence of 
a chromosome with a centromere and only one telomere causes 
a cell cycle arrest. This completes an analysis of the pos
sible fates of induced double strand breaks in yeast. 

The next question concerns whether or not the model 
illustrated in figure 21 is applicable to other organisms. 
The step in which the break is repaired has also been demon
strated in other organisms, and may exist in all organisms. 
Double strand break repair was first demonstrated in the 
bacteria Micrococcus radiodurans. This bacterium requires 
high doses, on the order of 500 krads, to effect significant 
cell killing. Kitayama and Matsuyama observed complete 
repair of double strand breaks in 3 hours in a Micrococcus 
radiodurans strain after a dose of 220 krads, and repair did 
not occur in the presence of chloramphenicol. 

E. coli has a D, 7 of 15 krads and is significantly more 
sensitive to x-rays than M. radiodurans. The D,_ initially 
induces about 8 to 9 double strand breaks per cell. Using 
low speed centrifugation, Krasin and Hutchinson (1977) have 
shown repair of double strand breaks in E. coli. The repair 
of double stranded breaks did not occur in a recA mutant 
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strain. The repair of double strand breaks was observed 
when the cells were grown in a rich medium containing glu
cose and amino acids, with the result that there are 4 to 5 
genomes per cell. If the cells were grown up in medium 
which the carbon source was aspartate, then the D,_ was 3 
krads, the number of genomes per cell was 1.3, and double 
strand break repair was not observed. The conclusion of 
Krasin and Hutchinson was that repair of double strand 
breaks in E. coli requires the presence of duplicate 
genomes, and a functional RECA gene product. Krasin and 
Hutchinson (1981) have further shown that repair is induci
ble with UV pretreatment. 

It is likely that double strand breaks induced in mam
malian cells are also repairable. If the value for the 
efficiency of strand breakage, 0.58xl0~ breaks per krad 
dalton (Resnick and Martin, 1976), is multiplyed by the mass 

12 of the human diploid genome, 4.2x10 daltons (Romberg, 
1979), one finds that 4-5 rads will initially induce 1 break 
per diploid genome. Since the D,- of human cells averages 
about 150-200 rad (Okada, 1970), it is likely that most of 
the initial breaks are repaired. However, direct biochemi
cal demonstration of this repair is complicated by the ina
bility of sucrose gradient sedimentation technique to meas
ure the molecular weight of intact DNA molecules with molec-

9 ular weights larger than 2x10 daltons (Hutchinson and 
Krasin, 1977). In the sedimentation experiments involving 
mammalian cells it has been necessary to give the control 
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cells doses of 5 krads. The sedimentation of unirradiated 
DNA from mammalian cells produces results which are not 
reproducible (Corry and Cole, 1973), Experiments examining 
the repair of double strand breaks in mammalian systems have 
yielded conflicting results. Corry and Cole (1973) observed 
the repair of double strand breaks in Chinese Hamster ovary 
cells treated with doses less than 50 krads. However, Dugle 
et al (1976) and Lehman and Ormerod (1970) were unable to 
observe repair using doses from 20-50 krads. These doses 
used to study repair in mammalian cells are very high com
pared to a D,_ of 150-200 rads. Thus, the negative results 
do not offer convincing evidence for the absence of double 
strand break repair in mammalian cells. The doses used to 
demonstrate repair in yeast are of the same order of magni
tude as the D, 7 of RAD+ cells. The survival of the diploid 
RAD+ strain was 43% after 47.5 krads, which is the dose used 
to assay for repair. 

The part of the model of figure 21 showing induced syn
thesis of repaid enzymes is also applicable to other organ
isms. As previously stated the repair of double strand 
breaks in E.coli is inducible. It is likely but has not 
been shown that such enzymes that repair breaks are under 
LEXA control. Kenyo/i and Walker (1980) have evidence for 
the existence of a set of genes in E. coli, din A-F. which 
exhibit increased transcription upon treatment with DNA 
damaging agents. The role of protein synthesis in the 
repair of x-ray damage in mammalian cells is not known. 
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Probably the clearest demonstration in mammalian cells of an 
enhanced response to DNA damaging agents are the experiments 
of Samson and Schwartz (1980). They have shown an adaptive 
response to mutagens that produce alkylation damage in 
Chinese Hampster Ovary and human cells. The treatment of 
Chinese Hampster Ovary cells with low levels of l-raethyl-3-
nitro-1-nitrosoguanine enhances their resistance to high 
levels of l-methyl-3-nitro-l-nitrosoguanine. 

As stated in the introduction the fate of induced dou
ble strand breaks can only be inferred from the chromosomal 
aberrations seen at the first mitotic division after irradi
ation. Thus, in mammalian cells the fixed lesions are 
directly observable. However, the fixed lesions observed in 
mammalian cells may not be the same as the fixed lesions in 
rad52 and rad54 yeast cells. Whether initially induced dou
ble strand breaks in mammalian cells enter an uncommitted 
state an a manner analogous to the model illustrated in fig
ure 21 is not known. 

Recently, Tobias et al (1980) have proposed a time 
dependent model to analyze x-ray survival curves. The model 
assumes that the rate lesions are repaired is proportional 
to the number of existing lesions, L, plus the square of the 

2 number of existing lesion, L . Presented mathematically 
their formula is 

-§£ = >L +kL 2 
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Li can be assumed to represent the number of double strand 
2 breaks per cell. The kL term represents the repair of 

lesions that result from an interaction of independently 
produced breaks and cause cell death. The \L term 
represents repair which results in restoration of DNA to its 
original form. By representing L as double strand breaks 
per cell, the >, coefficient becomes proportional to [E], 
where [E] was represented in the results section as the cel
lular activity of the RAD54 gene product. 

The experiments examining enhanced survival upon delay
ing the addition of CYH provide evidence in rad54-3 cells 
that X is a function of time. 7.5' after irradiation \ 

begins increasing, and evidence has been presented in figure 
14 that by 30'-45' the increase in X has stopped. The 30*-
45' time period is short compared to the time period which 
double strand breaks are fixed into lethal lesions. 

The experiments of fixation using rad54-3 strains pro
vide a rurther analysis of the dependence of \ on time. 
However, the process of fixation of lesions in cells incapa
ble of repair (rad54-3 cells at 36°), may be different from 
the process of fixation of lesions which have not been 
repaired in a cell capable of repair (RAD+). If fixation in 
cells incapable of repair and cells capable of repair share 
common elements, then following an initial increase after 
irradiation, >, progressively declines. 
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In conclusion, the data from this thesis shows that x-
ray induced double strand breaks have several possible 
fates. In RAD+ cells and rad54-3 cells at 23° a break is 
very likely to be repaired. However, at 36° in rad54-3 
cells and possibly at a low frequency in RAD+ cells the 
break is not repaired and enters an uncommitted state. The 
longer the lesion is uncommitted, then the hypothesis is 
the slower is the proportional rate of repair of the lesion. 
If uncommitted lesions become fixed lesions, the result is 
cell death in some unknown manner. The presence of protein 
synthesis after radiation increases the probability the 
break will enter the repair pathway rather than the fixation 
pathway. This increased probability of repair is probably 
related to an inducible repair component. 
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APPENDIX 

Calculations from figure 14 

The number of breaks repaired during the 5 hour post-
irradiation treatment at 23° is computed using the relation 

B r B 2 - - l n { s J > <3> 

where S, and S, represent two different survivals, and B. 
and B_ represent the corresponding number of breaks left 
unrepaired at survivals S. and S_. When cells are treated 
with the protocol of figure 13B, the number of breaks 
repaired is 

S36 B 3 6-S 1 3 B=-ln(j^-) = ln(. 0152%/. 267%) = 2.9 (A.l) 
13B 

S, g equals the survival at 36° and S,,_ equals the survival 
of cells treated with the protocols of figure 13B. B,fi is 
the number of breaks left unrepaired at 36°, and B.,B is the 
number of breaks left unrepaired when cells are treated 
according to the protocol of figure 13B. Hence, the number 
of breaks repaired when cells are treated according to the 
protocol of figure 13B is B,,-B.3B. When cells are 
treated witn the protocol of figure 13C, a 5 hour incubation 
of the cells with CYH, the number of breaks repaired is 
equal to 
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B36" B13C * -intj^ 2") " ~ln(.0152%/.032%) = .7 (A.2) 

When cells are treated with the protocol of figure 13D with 

t»30', the number of breaks repaired is equal to 

B36" B13C * _ l n(.0152%/.129%) = 2 - 1 < A- 3> 

The relation (8) from the text states 

B 3 6 " B 1 3 B " k f E o 1 5 " 2 ' 9 <8> 

Dividing by 5 one obtains 

kfE ] = .58 breaks repaired/hour (A.5) 

By comparing the relations (A.l) and {A.2), one obtains the 

relation 

B36- B13C = T ( B36- B13B) ( A ' 4 ) 

By using the relations (8) and (9) 

B36- B13C = k' Eo' ( 1" eer" 5 g | < 9 ) 

of the text, and the relation (A.4), the value of - can be 

found. 
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k [ E Q ] | - klE0l{1~*~ ' (A.6) 

— • 1.28 hours i s a s o l u t i o n . The p r e d i c t e d number of 
o 
breaks repaired when cells are subjected to the protocol of 
figure 13D, with t«30*, is obtained using the relation (10) 
from the text and the solution of o" from equation (A.6). 

B l-e" 4* 5 C r 

36~B13D * k [ E o ' ( - 5 + a ) - 1.0 (A.7) 

The experimental value of breaks repaired is 2.1. To calcu
late the predicted value of survival if cells are treated 
according to the protocol of figure 13D, S. 3 D fone uses the 
relation 

S13D „ e-<B13D-B36) ( A - 8 ) 

S36 

or inserting the experimental value of S..fi and the predicted 
value of breaks repaired one obtains 

S13D = (-0152)(e1,0) = .041% (A.9) 

The actual value for survival is .129% +_.012. 

If the cells are treated according to the protocol of 
figure 13D with t=45', then the predicted number of breaks 
repaired is 



139 

, -4.25a-
B36"B13D = k [ S o ] <- 7 5 + J ) " (-58) (2) = 1.2(A.10) 

The experimental value of breaks repaired with cells treated 
with the protocol c: figure 13D, with t=45' is 

B 3 ^Bi3D " - l n ( - ' : i 8 w ) " 2 - 9 i* - 1 1 * 

The survival of ce Is treated according to the protocol of 
figure 13D with t«-5' is predicted to be 

S x 0 = (.0152)[e1'2) = .050% (A.12) 

The actual value o survival is .289% +.029. The-values of 
survival predicted from the steady state hypothesis differ 
significantly from the actual values. 

The 10 + _15 krad sulit dose experimental calculations. 

The numher of bres ,s repaired when cells are treated with 
the protocol of fi ,ure 13B is 

B 3 6 - B 1 3 - -int/-^) = ^ - ( r W ' = 3-3 (A.13) 138 

This result combined with the equation (d) from the text 

B36-B13D " k ( E o ' 5 < 8 » 
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gives the result 

5[Eo]k • 3.3 (A.14) 

dividing by 5 one obtains 

M E ] * .65 breaks repaired/hour 

In the presence of CYH the number of breaks repaired is 
equal to 

S36 
B36~ B13C " _ l n ( ^ 2 - ) = -ln(.0042%/.011%) = 1.0 (A.15) 

Hence in this experiment 

B36-B13C " 373(B36~B13B> < A' 1 6> 

This equation can be used to solve for — and the solution as 
shown previously is 1.6 hours. Thus the predicted number of 
breaks repaired when cells are subjected to the protocol of 
figure 13E, with t=30' is equal to 

, -4.5a 
J6 iJIS '" O' ' ' " CT 

The experimental value of breaks repaired when cells are 
treated according to the protocol of figure 13E is equal to 
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B36"B13E = -lnfg^2-) = -ln(.0042%/.079%) = 2.9 (A.18) 
13E 

The value of survival predicted from the steady state 
hypothesis can be obtainec using the experimental value for 
survival at 36 ,and the predicted value for the number of 
breaks repaired. The value of survival predicted from the 
steady state hypothesis ca: be obtained from the relation 

S13E * S 3 6 e 1 3 E i 5 > = (.0042)(e1-3) = .015% (A.19) 

The actual value of surviva. is .079% + .006 which is signi
ficantly different from 115%. The predictions of the 
steady state hypothesis differ from the experimental data. 

^.5_ + 22.-% k r a d split dose ex :>eriment 

In this experiment the number of breaks repaired when cells 
are treated with the protocol of figure 13B is equal to 

B 36" B i3B = - l n ( ^ ' * ~ l n ( T n n f > = 3 - 6 < A - 2 0 ' 

Using this relation, and the relation (8) from the text 

B36-B13B " ' [ E o ' 5 <?).. 

one can solve for k[E 1. 
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k[E o] = -^i = .72 (A.22) 

The number of breaks repaired when cells are treated accord
ing to the protocol of figure 13C is equal to 

B36- B13C - - l n < T 0 W > - 1' 7 ( A - 2 3 » 

By combining the equations (A.20) and (A.23) one obtains the 
relation 

I ^ a e ^ i S B ' = < B 3 6 - B i 3 c ' < A - 2 4 > 

Using the relation (8) and (9) of the text one obtains the 
relation 

ME o]§ = k [ E o ] < i % - ^ (A. 25) 

Solving the equation yields; a value of — = 3.1 hours. The 
number of break? repaired when the protocol of figure 13F is 
followed with t= 0', is predicted to be less than or equal 
to 

B36" B13F = k l E o ] { - 5 J ^ ~ a > = <- 7 2>< 2- 9> = 2.KA.26) 

The experimental value for breaks repaired when cells are 
subjected to the protocol of figure 13F is calculated to be 



n _n . _••..,. 0042%, m , , 
B36 B13F l n ( .166% } 3 " 2 

This value is different from the predicted value of 2.1. 
The predicted value of survival if cells are treated accord
ing to the protocol of figure 13F is less than or equal to 

S 1 3 F - (S 3 6)(e 2- 1) = .034% (A.27) 

This value differs significantly from the experimental value 
of .106% + .010. 

143 

(A.27) 
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