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RADIATION DAMAGE AND REPAIR IN CELLS AND CELL COMPONENTS 

Progress report: third new contract year. 

INTRODUCTION 

Personnel. 
The group involved iu the project include D.J.Fluke and 

E.C.Pollard, Co-Principal Investigators, Deno Kazanis, Hargitt Research 
Fellow, Eric Bronner and Steve Nolte,undergraduate students, Cynthia 
White and J.D'Anilo, assistants for one or two months. 

Major Thrusts. 
The major Interest continues to be the elucidation of the 

nature of radiation induced repair. To a great extent the broad characteristics 
of this form of radiation repair are understood and one could say that the 
preliminary phase is over. In our laboratory we have obtained good 
data on the induction of the recA gene product, the prime candidate 
for the active principle in the effect of induced repair, and we 
also have some idea of its relation to other phenomena. Whereas a year 
ago we felt that most of the phenomena associated with induced repair 
could rather simply be related to the induction of the recA gene product, 
or p-recA as we call it, with two outstanding exceptions, we are now 
finding a greater range of non coordinate phenomena. Thus while 
Weigle-reactivation in strain AB1157 agrees very favorably with the 
yield of p-recA, as can be seen from Appendix II, there seems to 
be little or no such reactivation in strain AB1886 (which is uvr~ ), 
while there is good induction of p- :ecA. A year ago we felt confident 
that properly performed measurements of the number of cells induced 
for radioresistance would remove an apprent discrepancy between 
that phenomenon and the induction of p-recA, we now feel that there 
is a definite difference in response to UV dose. 

Accordingly, in the past two or so months we have felt 
the need to consolidate technique to provide consistent careful 
work with data that agrees with other trials. This has been possible for 
W-reactivation; quite satisfactory for the yield of p-recA; for the 
observation of induced inhibition of post radiation DNA degradation; 
and looks favorable for induced radioresistance. On the other hand 
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two of our more important, areas of study, Ultraviolet mutagenesis and 
the induction of prophage have been quite hard to consolidate. In both 
these areas present work indicates ways to secure much more consistency 
and thus to attempt to answer more demanding questions. 

During the work on the effect of UV and of X-rays on the 
induction of the reeA gene product we have become aware of the nature 
of the radiation related mutant strains available and find their use 
significant. More of our work is taking that direction. We have also 
begun to question the assumption that the effect of UV is primarily 
by way of pyrimidi^e dimers. This has led us to study the effect of 
photoreactLvating light on the induction of p-recA and also on 
other inducible phenomena. This has proved to be quite suggestive 
and shows up considerable areas where we do not understand in simple 
terms what is taking place. We have also come to realize that the 
efficiency of recombinational repair, which we term molecular synapse 
repair, is very high and that it requires multiple duplexes for it 
to happen at ali. In bacteria tne rate of growth at a given temperature 
alters the number of duplexes in a reasonably known > way. Exploiting this 
has proved to be productive. For example, it has suggested reasons 
why, unless t.he condition of the cells is carefully controlled, the 
yield figure? for induced repair may vary. 

An additional word on our search for consistency is in 
order. We believe that our special contribution in this project is 
the careful quantitative estimate of effects produced by radiation. 
For this reason we use monochromatic light with good dosimetry and, 
in each experiment which is for the record and not merely an exploration, 
we take the trouble to be sure the dosimetry is good. The same goes, 
to a lesser extent,for our work with X-rays, where, up to the present 
relative effects have been of the most concern. If we are to be able 
to draw conclusiins from this kind of quantitative work we often 
encounter the question as to whether the shape ot a yield curve, for 
example, is significant. To Illustrate: in cells with the recF mutation 
the yield of p-recA shows both a time delay (not so hard to observe 
with confidence) and a component which gives induction at very low 
doses, quite like a uvr" strain. This is very definitely a difficult 
matter to ascertain with confidence and taxes our skill at obtaining 
quantitative date considerably. Yet. since the actual function of recF 
is not yet known, a similarity to the exc.isioa rspair system could be 
an important lead. In another connection thti'ie is the question as to 
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whether UV can cause revertants without the induction of induced 
repair. This requires accurate measurements of the yield of vevertants 
at low doses and even then a separation between a dose proportional 
and a dose squared component has to be made. Because we believe these 
questions are of significant importance and they demand accurate 
quantitative data we have spent some time in our search for consistency. 
It does constitute one of our major thrusts and we discuss, later in 
this introduction, some of the specific problems we have faced. 

He can now consider some of the individual projects and 
the information gained from them. 

The induction process: present status. 
Appendix I describes the present position of knowledge 

regarding the mechanism of induction and activation. The link 
between genetic information and the protein products is now tighter, 
with understanding both about the recA and lexA gene products. The 
mechanism of activation of p-recA has good evidence for a dinucleotide 
effector, but how these are developed in the cell anu whether they 
are the only effectors is not yet known. The relation of these gene 
products to what they actually do is not yet firmly known. 

Weigle-reactivation. 
In the search for consistent experimental technique the 

study of W-reactivation has been successfully dealt with. Good and 
significant data are obtained. Of great interest is the very minor 
amount of W-reactivation found in uvr strains. Also the small but 
definite amount of W-reactivation of phage damaged by ionizing 
radiation can now be studied. The clear presence of W-reactlvation in 
recB strains suggests that the mechanism of W-reactlvation is not 
the inducible inhibition of DNA degradation, a very attractive hypothesis. 
Less confidently open to study is W-mutagenesis: the observation 
of the yield of clear plaques. Sample observations are to be seen 
in Appendix II. Tentatively it can be said that the link between 
W-reactivation and W-mutagenesis is not such that they can be considered 
to be simple manifestations of the same process. 

Induced Radioresistance. 
The finding, a year ago, that UV irradiated cells could be 

separated into two (at least) classes in terms of their ability to grow 
normally has been followed up with the results reported in Appendix III. 
In consequence of this division we have been able to make more 
confident estimates of the yield of radioresistant cells produced by 



i n t roduc t ion 2 

a dose of UV. It is found that good radioresistance is produced by a 
relatively small amount of p-recA, and why this should be so is now 
a problem. We have slight evidence that in cells with fewer genomes 
this may not appear. One very suggestive piece of information, which 
needs further work for confirmation is the similarity between the 
dose-effect relationship for the action of UV in causing cells to 
go from the uninduced to the induce^condition. This has a similarity 
to the survival curve for lexA cells, a finding which, if confirmed, 
suggests that the inducing lesion in a wild type cell can be the 
killing lesion in a lexA cell. This work also suggests that low 
doses of radiation can produce changes in cells that are difficult to 
infer from high doses. This we discuss later. 

The induction of the re.cA gene product. 
The dose-effect relations and the time course behavior of 

the Induction of p-recA has/6 been thoroughly studied by Deno Kazanis. 
(Appendix IV). Perhaps the single major conclusion that can be reached 
is that.induction of p-recA is largely the same in all but lexA and 
recA strains. One clear modification of this is in the induction of 
uvr cells, where one third to one quarter of the dose will induce. 
These cells also.produce the p-recA with a delay of about 15 minutes. 
Of perhaps the greatest interest is that in only two cases (other than 
recA and lexA ) is failure to induce observed. These are recB recF 
cells given X-rays and uvr recB recF given UV. This result makes 
it clear that even though both lexA and recA are functional the 
effector molecule, or situation, for the induction of induced repair 
requires the action of the enzymatic products of the three genes for 
UV and two genes for X-rays. 

The dose-effect relations are, in great majority, of the 
single hit, all-or-nothing type. One exception is a recL strain. 
Appendix IV contains 26 figures,all concerned with the yield of p-recA. 

UV mutagenesis; photoreactivation and genome variation. 
These preliminary studies have brought us two surprises. 

The first is the difference between photoreactivability of revertants 
at low doses c>f UV and at high doses. This is something we observe 
in all cases and, as yet we do not hav?: a convincing explanation for 
it. The second surprise is the finding that in cells with fewer 
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genome equivalents o£ DNA there are more revertants for a given dose 
of UV. The photoreactivability of the induction of p-recA by UV only 
partly explains what we find. We also find that in low genome numbers 
the leucine revertants are appreciably more photoreactivable at low 
doses than where there are multiple genomes. Our tentative way of 
looking at these data is to say that recombinational repair, molecular 
synapse, in our terns, is not error prone (another surprise) and that 
if it has a good opportunity (as in a cell with multiple genomes) it 
will ren>,ve the premutational damage before the mutation can occur. 
A cell with only 1+ genome will not be able to use this mechanism and 
mutations will remain. The non-photoreacivable revertants we believe 
must be due to a non-dimer component which is not only able to make a 
premutations!, lesion but also can induce p-recA quite effectively. 
More work is needed in this area, which we find to be of interest. 

The induction of X. 
The search for consistent Indicators of the quantitative 

induction of X has not been too successful. In Appendix VI we show 
some of the reasons why. Nevertheless we have followed up our original 
finding that the induction of X is sigmoldal with dose and have made 
comparisons between four strains in an attempt to compare the degree 
of shallow slope at lower doses with the yield of p-recA in these 
strains. The uethod has been previously described and consists of 
dividing the yield of X at a given dose by the fraction of p-recA 
developed at that dose. We find that for uvr the ratio is a 
steeply rising line with the sigmoldal aspect substantially removed 
by this analysis; for polA the ratio gives a sharply rising line, not 
nearly so sharply rising as for uvr and with some sigmoidality 
remaining. For wild type the ratio is still very sigmoidal and the 
line lies well below the other two. For recB~ the ratio is markedly 
lower than the other three until quite high doses are given, when it 
rises to normal. 

These experiments c.re interesting because by taking the 
ratio to the p-recA yield in the same strains we are substantially 
separating our view of induction and focussing on the activation, for 
the p-recA induction is already considered in taking the ratio. Thus 
the differences in these four strains must be ascribed to the activation 
process. We can nearly, but not quite, make sense with the suggestion 
that activation is due to single strand stretches of DNA with the right 
dinucleotide pair on them. 
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The fact that we can not see any induction, by 3-ray8, of 
X in a lexA lysogen seems to us to eliminate the hypothesis that direct 
inactivation of the X repressors by introducing breaks into the DNA 
which bind repressors can occur. 

Varied phenomena in JC7623, recBCsbcB. 
Among the experimental surprises that we have encountered 

has been our study of the properties of a recBCsbcB strain. This cell, 
while lacking the functional exonuclease V also l;.cks exonuclease I. 
The double mutation has been found to restore some of the 
characters of the recBC mutation and tfco loss of exonuclease I has 
been described as a "suppressor of the BC nuclease", hence sbcB. 
We have found this cell to be very resistant to both UV and ionizing 
radiation, to have a high basal level of p-recA, to form filaments 
readily after radiation (filaments that can divide and form colonies), 
to give good W-reactivation, to show very little induced radio 
resistance, no induced inhiM* _c;n of post irradiation DNA degradation, 
very low UV mutagenesis. 

From these findigs we suggest that the remaining mode of 
molecular synapse repair, via the recF gene product, is very 
efficient, even more than in the wild type. There is formation and 
activation of p-recA. No inducible inhibition or DNA degradation 
shows because there is very little enzymatic ability to degrade DNA. 
There is no induced radioresistance because the cells are already as 
resistant as they can be, probably because the low basal level 
of p-recA is sufficient to elicit resistance. The extra efficient 
molecular synapse repair, as in cells with multiple genomes, reduces 
UV mutagenesis drastically. 

We definitely want to continue work along these lines. 
Low dose effects. 
In appendix VIII we discuss the problem of extrapolation 

from observations at high dose to low dose when the cells show the 
all-or-nothing character of induced repair. There is direct evidence 
that at low doses one component of the cells is sensitive and the 
amount of this component can be related to the induction kinetics 
and sensitivities of uninduced and induced cells. We think this is 
of some importance in estimating the effect of low doses on 
populations of people and suggest that work on human cells directed 
to uncover a sensitive conponent at very low doses might be worth while. 
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COMMENTARY 
We feel that this has, to date, been about our most productive 

year. Partly this is because we have been working with developed systems 
that we understand. At the same time, i.he desire to have consistency 
has shown us that we need to develop our systems even farther. The 
course of the year brought two difficulties to us. The first was the 
loss of both the X-ray tube and its carefully preserved new replacement". 
The kindness of Drs Snipes and Person of Penn. State Biophysics enabled 
us to use the 50kvp machine formerly in Pollard's lab there. This is 
now in our X-ray room here and can be used, though it is not so 
satisfactory as the Machlett tube. The output is less and it has to 
be used without a filter. The Machlett tube is now replaced at some 
cost and we are once again functional. 

The second difficulty has involved the observation of 
leucine revertants, a system with which * - have done considerable 
work. We encountered what appeared to be a difficulty with the 
revertant agar which initially showed as failure to plate the 
surviving cells. Attempts to isolate some factor in the medium 
failed and we resorted to the enrichment used in most other laboratories, 
namely nutrient broth instead of casamino acids. Doing this restored 
proper plating of the survivors and also enabled the observation of 
revertants. However, we now see, in some irradiated cultures, revertants 
which take twice the normal time to appear. Their behavior with 
regard to dose is not normal: they seem to show in a manner proportional 
to dose. This is something which is rather confusing in a situation 
where consistency is being sought, but nevertheless we have to face it. 

Communication. 
A group as small as ours can easily fail to operate in full 

knowledge of the developments around us. We are accustomed to attend 
meetings and do so. We also have had a joint seminar with Dr. Jon 
Drakes group at N.I.E.H.S. in the Research Triangle Park. We keep 
close contact with Dr. Bockrath, Dr Hutchinson (Yale) and Dr 
Bockstahler. It would help us to be able to bring in more consultants. 

PUBLICATIONS 

Our work, though close to adequacy for publication, has not 
seemed to us to warrant extensive writing up. We have two papers in 
course of publication: one on UV at -79°C is due out in Photochemistry 
and Photobiology. The Gatlinburg Symposium report will appear in Progress 
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in Nucleic Acid Research and Molecular Biology. This will also 
include the "Concluding Remarks" for the symposium by E.C.P. 
The award of the Monie A.Ferst medal to one of us (E.C.P.) carries 
with it the desirability of publication of the speech at the time of 
award. This was on the topic "A journey into Radiation Biophysics". 
The AMERICAN SCIENTIST is actively seeking the manuscript and when 
this progress report is finished they will get it. 

Because we have some burden on our conscience with regard 

to publication, it is our intent to make this progress report available 

to others. 

The book on "Radiation Induced Repair" for Marcel Dekker 

is in the last chapter. It should be complete in 1980. 



APPENDIX I 

PRESENT STATUS OF KNOWLEDGE OF INDUCED REPAIR 

In last year's report, Appendix I was devoted to this topic 
and reference was made to the Gainesville Conference of April 1975. This 
year a similar reference can be made to the last two days of the 
Gatlinburg symposium in late March 1980. The presence of a number of 
those actively working in the field enabled communication to take place 
and consequently a firming up of opinion held on a number of aspects 
of induced repair. It is worth pointing out that a meeting for three days 
of about 30 interested people would not be expensive and could be of the 
greatest value in clarifying the situation. 

In view of the wisdom gained at the Gatlinburg Symposium the 
following additional remarks can be made to supplement what was said in tLe 
1979 report. There we gave an induction mechanism and we can now add to and 
modify it. Before giving the modified version it is worth while to point 
out that, as of now, the interest has shifted away from the induction process 
to the nature of the various manifestations of induced repair. This we discuss 
later. 

Two key genes exist: lexA and recA. The lexA gene exists in 
two forms: lexA**" and lexA of which the latter is both simple and dominant. 
The gene lexA controls an operon that transcribes and translates a diffusible 
protein^plexA. This is the repressor both for lexA itself and also for 
recA (and, as is now almost certain, for several other quite different 
genes). If the lexA gene is in the lexA form, then this repression is 
normally firm and no radiation-related agents will alter it. There is 
a small production of both plexA and p-recA, the gene product of recA. 
If the lexA gene is in the lexA+- form, then the repression is also 
normal, but in this instance precA can interact with effector molecules 
produced in response to DNA damage, to become "activated" or "aprecA", 

+ + 
and in this form one action it can exert is to alter plexA , the lexA 
gene product to fail as a repressor, both of lexA and recA. We thus see the 
events illustrated schematically in the diagram. Prior to the inducing acton 
at t = 0 there is some basal level of plexA and probably an even lower 
level of precA. As the UV, or other inducing agent is applied, some of 
the inducing products which can activate begin to rise in concentration + and aprecA comes into the cell. This acts on plexA to diminish it, with 
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increase in the inactive form "iplexA". At the same time recA is 
derepressed and precA concentration rises, as does aprecA, which, however, 
will saturate when the inducing products are used up. The level of aprecA 
thus depends on the dose of the inducing agent. Our experiments with the 
yield of precA as a function of the inducing dose suggest that in nearly 
all cases the yield, Y, is of the form 

where D is dose and D 0 a 
sensitivity parameter. This gives a sharp rise at low doses and suggests 
that the threshold at which aprecA is able to alter plexA is relatively low. 
It is likely that for very marginally inducing doses the 1 - e relation 
may not be obeyed. It certainly should be strain dependent. On occasion, 
for example in JC8471 (recL the low dose part of the yield curve is 
sigmoidal. 

The result of the inducing dose is then a large increase in 
precA, a drop in plexA+ and a dose-limited rise in aprecA. This will 
produce consequences and now we move to a much less understood area. We 
take the various manifestations separately. 

Septum Inhibition. 
This is thought to be one of the factors controlled directly by 
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lexA. The drop in plexA therefore results in the transcription and 
translation of gene products which inhibit septum formation. It will be 
directly related to the derepression of lexA and this in turn, is 
directly related to the other gene controlled by plexA, namely recA. So 
septum inhibition should parallel the induction of piecA and it does. 
Septu.r. inhibition is not, of itself, demanding on p-recA. 

Induced Inhibition of post radiation DNA degradation. 
The best evidence indicates that the combination between a 

fraction of p-recA and single stranded DNA acts to inhibit DNA degradation. 
This, like septum inhibition, should show a response to dose very 
similar to the yield curve for p-recA. This is reasonably the case. 

UV mutagenesis. 
A very simple case can be made that UV mutagenesis is a two-factor 

process. One is the formation of p-recA, which acts to facilitate 
mutation: the other is the mutagenic lesion. That this description of 
mutagenesis is right is quite likely. In strain WU3610-89 which we have 
extensively studied for leucine revertants the division of the yield of 
revertants per survivor by the yield of p-recA gives ^figure which rises 
proportionally with the dose. In this way the two factors can be clearly 
visualized. However, it is also likely that within this explanation there 
will be found subtleties. For example: photoreactivation does not act 
uniformly at all UV doses. 

The induction of X. 
Good evidence exists that the X-repressors are inactivated 

by proteolytic cleavage. This presumably requires a form of activated 
p-recA and so the concentration of the proteolytic agent will depend on 
the doise. Our work suggests that in uvr strains aprecA occurs at low doses 
andjthat in recB strains high doses are needed. It is also possible that 
to obtain a yield of X it is necessary to inactivate all the rather considerable 
number of repressors. This, especially if new repressors are being 
made, may require a threshold level of aprecA. This seems to be in 
accordance with our work, though details have not yet been made to fit. 

Induced radioresistance. 
presumably this is due to the facilitation of molecular synapsing 
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(.recombinant repair using separate duplexes to supply missing stretches in 
damaged DNA). McEntee and Heinstock have show that p-recA, by combining 
with single strand DNA,facilitates this synapsing. Induced radioresistance 
should therefore follow the induction of p-recA and the dose-response 
relation for UV induction should be much the same for the two processes. 
This is not found: induced radioresistance shows effectvely at lower doses 
(about 3 times lower) than are needed for the induction of p-recA. At the 
moment we do not have an explanation for this. The current approach involves 
considering how* roach molecular synapse repair will yield one viable cell 
out of the damaged DNA in the cell. If there are multiple genomes 
the amount needed might be relatively small. 

W-reactivation 
This remarkable manifestation of induced repair is, in many ways, 

the least understood. If repair competent host cells are used, then the 
degree of reactivation rather accurately fits the induction of p-recA. On 
the other hand, for uvr strains there is very little W-reactivation in 
the presence of good induction of p-recA. One complication is the damaged 
DNA of the phage which, in uvr might itself induce. This would make 
the appearance of added reactivation hard to observe. 

The activating and inducing signal. 
A year ago we proposed that there could be stationary and diffusible 

activating mechanisms. We remain of this opinion. The work of Oishi and 
Smith suggests that dGpG may well be the immediate activating sequence. 
This could be present on a stretch of freely diffusing single stranded 
DNA or it could be on a single stranded region of the duplex. We can 
add to the finding by Smith and Oishi that the recB nuclease is closely 
involved in developing the signal. As seen in Appendix IV only two 
cases of non-induction of p-recA were observed among all the mutant strains 
that Kazanis studied. These were recBrecF for X-ray induction and 
uvrrecBrecF for UV induction. Since the uvrrecBrecF strain has the 
sensitivity of recA this strain, which has the lexA and recA genes 
operational, does not induce because the radiation damage is not 
translated into signal by one or other of the radiation related genes. 
Thus we can eliminate the direct production of the signal by radiation: 
it requires the intermediary of some gene product and that must be one 
of the three mentioned above and one of the two in the case of ionizing 
radiation. 
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There is a suggestion from our work on induced radioresistance 
that the activating and inducing signal is also a killing signal. The 
transition from uninduced to induced takes place with similar kinetics 
to the killing of uninducible lexA ceils. This may be a significant 
finding. 



Weigle-reactivation in relation to u w and recA gene functions 

D. J. Fluke and E. Bronner 

Studies of W-reac Lvation of phage X in L̂ . coli have been advanced by 

some procedural chang - which have considerably sharpened and clarified our 

findings. We have found it unnecessary to minimize the time that phage 

complexes are held in an adsorption buffer, and have been able hereby to 

multiply the number of phage and cell exposure combinations considerably in 

any one experimental run. 

This change allows us to test more complete dose-survival curves for the 

phage at various inducing doses to the host cells. Instead of assuming that 

W-reactivation operates as a dose-modifying (DMF) phenomenon, expressing its 

induction at one dose to the phage, we can employ many doses to the phage and 

examine the W-reactivated plaque survival curves directly. We were partic-

ularly interested in this possibility because of our difficulties with W-re-

activation in uvr- strains (E. coli AB1885 and AB1886). Radman and Devoret 

(1) remark that such W-reactivation in uvr- cells is observable around plaque 
_2 

survival ratio 10 , (and not at the much lower plaque survival ratios which 

would enhance the observation for a DMF-related function). 

By asking at higher resolution, with many mor^ phage doses and survival 

levels included, whether W-reactivatlon operates according to a DMF we have 

been able to quantitate induction of the repair system much better in uvr-

competent cells, to say what maximal fraction of UV damage to the phage is so 

repairable and to relate the induction to that of the recA gene product, or 

p-recA. In addition, we look at the complexes for clear plaque mutants, or 

Weigle-mutagenesis, a manifestation often thought closely congruent with 

W-reactivation. 

Our procedure briefly is as follows. Phage X is prepared by UV induction 



* I5T 

of AB1157X, followed by a clarifying low-speed c-jntrifugation. It is diluted 
10 n 

50-fold (from ca 2 x 10 pfu/ml) for UV exposure, and another 16-fold into 1 A 
the adsorption mixture with cells. Additional dilutions are made for all 
but maximally-inactivated phage, so that pfu/ml in the adsorption mixtures is 

5 around 10 , after allowing for a predicted W-reactivation. The MOI (multiplicity 
of infection) is not over 1/10, even for the largest phage doses. The adsorp-

- 2 

tion buffer is 10 M MgSO^ in 10 M Tris-HCl. The same medium is augmented 
by 0.01% gelatin for dilution of phage prior to complex formation. Adsorption g 

mixtures are held at 37°C for 15 minutes for adsorption (cells ca 3 x 10 /ml, 
7 

phage 1-2 x 10 total/ml), and thereafter in ice for several hours. They can 
still be plated without much loss after holding overnight in ice. 

The host cells are grown in C-minimal salts and casamin© acids but with 
5 g/1 maltose instead of glucose. They are harvested by a fairly minimal g 
centrifugation at ca 3 x 10 /ir.l and resuspended in an equal volume of the 
adsorption medium, in which they are irradiated by UV for induction of the 
Weigle repair process. On various occasions they have been irradiated in the 
Casac-maltose medium, and then incubated for 30 minutes or so at 37°, before 
transfer to the adsorption medium. No difference has been observed however in 
relation to this allowance for full expression of induced repair before intro-
duction of the damaged phage. 

Experiments have been conducted at four or five plaque-survival levels 7 
between the MOI upper limit of 2.3 x 10 pfu/ml and the practical lower limit, 

3 
ca 3 x 10 . The UV exposures of the phage are tailored to the anticipated 
W-reactivation at eacl< cell exposure level so that best plating levels are 
directly obtained (ie.., we "lead" the experiment by the result expected by 
prior experience ). In effect, phage and cell exposures are increased together 
at each desired dilution level, so that W-reactivation is observed as the 
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combination effect ion plaque survival curves, rather than upon plaque 
survival for various cells exposures at fixed phage exposures. 

The complexes at all plaque survival levels except the lowest are also 
plated for clear plaques. The results here have been very sensitive to the 
exaot technique and levels employed. We put 0.8 ml of complex suspension (at 
105 pfu/ml) into 4 ml or? overlay agar, mix, and split it more or less equally 
over two plates containing bottom agar. Clea*- plaques show up better (as 

4 
others note) in «-.he thinner overlay layer, with about 4 x 10 total pfu per 
plate. Against the confluent lysis and dense cover of lysogenic colonies seen 
in such plates, clear plaques stand out as clear polygons, distinctive by their 
straight-edge boundaries in relation to adjacent lysogenic centers of normal 4 
plaques. We observe 2-4 per 10 total plaques as normal background, wrth 
factors of 10 to 30 or so by W-mutagenesis. Others have suggested that a lower 
background (and wider range) is possible by avoiding TJV as inducing agent for 
preparing the phage. We have not found these efforts successful, but have tried 
with some success to use minimal inducing doses. 

For AB1157 as the coli representative strain (wild-type in all relevant 
genes}, we find W-reactivation well-conformed to a DMF representation. The 
curves do man somewhat closer together at very low doses to the phage, but then 
settle into a set of DMF-related curves at lower plaque survivals. Fig. 1 _2 

shows that 20-25 Jm to the cells saturates W-reactivation in this strain at 
a DMF of about 1.8j the W-reactivation sector is 45 to 46%. We also find that 
substantially higher doses to the cells depress the whole plaque survival curve 
without markedly changing its slope. Once W-reactivation is maximal, further 
UV to the cells appears simply to damage capacity ("capacity" to support phage 
multiplication) uniformly, irrespective of exposure of the phage. 

Fig. 2 shows that W-reactivation is quite minimal for a uvr strain (AB1886, 
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uvrA). We do find that there Is some at around 10 pfu survival, as Radman 

and Devoret say, but the dose difference is 5 to 7% and no DMF is operable. 

It is puzzling to us that other workers have not seemed to be impressed by the 

large effect of the uvr gene upon this process. 

By way of further contrast Fig. 3 shows that a recA strain (AB2463) is 

devoid of W-reactivation, as expected. This negative experiment helps indicate 

the small amount we observe in a uvr recA+ strain. 

Fig. 4 is a W-mutagenesis (clear plaque) curve for AB1157. Given the 

cruder character of these data we do not observe a gradation in W-mutagenesis 

slopes at low exposures of the phage in the same degree as for W-reactivation. 

They do come to a similar maximum if the cell exposure is not too large (again, 

in relation to effects on capacity). At this stage of our work we are not 

impressed that W-reactivation and W-mutagenesis are closely congruent phenomena. 

We have some data now also in a recB strain and in. a recB,CsbcS strain. 

W-reactivation in recB may proceed to a somewhat higher repairable fraction 

than for recB . The recB,CsbcB shows less, but does show some. 

Fig. 5 presents an induction curve drawn from a number of experiments 

represented by Fig. 1. All thesi- data fit a single induction curve very nicely, 

and fit very closely with our data (Dr. Kazanis') for precA. The figure also 

tests two conjectures concerning the shape of this induction curve. It conforms 

to a saturating exponential except at low cell exposures, and also to a double-

reciprocal plot, again except at low cell exposures. 

Fig. 6 shows the results of a W-reactivation study>on a recB~ strain. The 

reactivation is considerable and this is of interest because it diminishes the 

probability that W-reactivation is due to the inducible inhibition of DNA de-

gradation by exonuclease V, coded for by the recB gene. 
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(Cb—6) Wriglc-ReaclivtUiun of UV-DumagcJ Pliant A in Ul'-huliuril E. coli in Relation to Dose-
Modifying h'mior. D . J. Fi.ijke, E . C . Poli.aru, and D . Ka/anis,* Department of Zoology, 
Duke University. Durham. N.C. 27706. 
Weiglc-reactivation, or WR, increases plaque survival or UV-damagcd phage A by UV exposure 

or E. coli host cells before compfcxing with the phage. WR is among a number of manifestations 
of induced repair in rccA * lexA ' strains of E. coli. In strain ABI157 (K12. /«•/•') phage A dose-survival 
curves are slightly concave downward in semi-log plot v.t. UV dose, and are reasonably related by a 
dose-modifying factor, or DMF, out to a WR maximal at about 20 J/m* of 265-n« UV exposure of 
the cells. The maximum DMF observed for such WR is about 1.8. representing 45% repair of UV 
damage lo the phage. At higher UV exposures to the host cclls the phage dose-survival curve does 
not remarkably increase agrin in slope, but host-cell capacity declines more or less uniformly for all 
UV exposures of the phage. In E. coli ABI886. a closely-related uvr Mrain. the extent of WR is much 
less, and as noted by others, is most evident at eu 10 ' survival. A repair of about WA damage to ihc 
phage at this survival is not simply representablc by a DMF. We were ably assisted by Mr. C. Eric 
Bronner in this work. The work is supported by DOE Contract No. Di;-ASOJ.76HV363l. 



QUANTITATIVE DOSE-RESPONSE RELATIONS FOR INDUCED RADIORESISTANCE. 

Ernest C.Pollard, D.J.Fluke and Deno Kazanls 

INTRODUCTION 

The phenomenon of induced radioresistance is one of the 
manifestations of induced (or S.O.S.) repair. It has been considerab\y 
studied in our laboratory and it has been realized in the last year or two 
that it poses a problem because the development of resistance occurs at 
lower doses of UV than most other induced repair phenomena. 

Induced radioresistance is undoubtedly one of the multiple 
manifestations of induced repair. It is not seen in recA or lexA 
strains; it requires protein synthesis after the inducing process for 
it to be observed; the same range of agents that induce the recA gene product 
apparently also induce radioresistance, although this has not been 
followed out to a large number of agents. It is not very apparent in recB 
strains and in uvr and recF strains it shows resistance to a lesser 
extent though apparently quite definitely. It shows well in polA strains. 
. : has not been observed in strain 15: this we associate with the defective 
prophage in that strain. Lysogens of X do not show induced radioresistance. 
Induced radioresistance is apparently not related to septum inhibition, 
one of the manifestations of induced repair, because it is not seen in recB 
and recBsbcB~strains, both of which show septum inhibition in the expected 
way as regards inducing doses of UV. 

In attempting to see whether induced radioresistance is 
"coordinate" with other phenomena, and in particularly with the development 
of the recA gene product (p-recA), we encountered some difficulty in making 
satisfactory quantitative measurements of the yield of induced cells. One method 
we employed was to constitute mixtures of unirradiated and fully irradiated 
cells in known proportion and see whether the effect of X-rays on these 
mixtures was similar to that observed in a direct experiment at less than the 
full inducing dose. While this approach was of some broad guide as to the 
number of cells induced, the survival curves we obtained did not agree with 
those obtained in a direct experiment. The apparent finding was that about 
half the dose needed to produce good development of p-recA would give all 
the radioresistance that could be obtained. Thus we reported that induced 
radioresistance, while occurring in the same general dose-range is not 
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coordinate with the induction of p-recA. 
We therefore examined other ways of estimating the quantitative 

yield of induced cells as regards radioresistance. 
A very significant experiment, which has conditioned the remainder 

of the work here reported , involved observing the sensitivity of the 
population of cells after different growth periods. This suggested that the 
irradiated cells contained more than one population and that allowance for this 
fact had not been properly made. We have been able to recognize three 
such populations: 1. Cells which grow normally and are of normal sensitivity. We 
call these "escapees". 

2. Cells which are induced and resistant. 
3. Cells which are presumably induced by the UV irradiation 

but are killedjas regards future formation of colonies, by the inducing UV dose. 
The method of quantitation is now on a different basis, but when it 

is done as to be described, we still see non-coordinate behavior. Since 
induced radioresistance almost certainly involves the increased activity of 
"post replication" repair, which , in our terminology, we designate as 
molecular synapse repair, there is very probably a relationship to the 
number of genome equivalents per cell: the more of these the greater the 
opportunity to use a second duplex to repair the first. However, an amount of 
p-recA sufficient to produce one intact genome will produce a colony 
and this is less than the amount that can be elicited if all the recA 
genes in the cell are derepressed. We have shadowy preliminary evidence that 
this explanation is valid. The experimental program provides design to 
test this hypothesis. 

TECHNICAL MATTERS 

All work in this report is done with strain AB1I57. This is usually 
grown on C-minimal medium with 0.2% casamlno acids supplement and glucose as 
the carbon source. A small amount of thiamin is added, about lyg per ml. 
We also use C-minimal supplemented with the required amino acids: leucine, 
proline, threonine, arginine and histidine, with thiamin and glucose; and 
also brainheart infusion as specified by the manufacturer. 

Nearly all the irradiations are performed in a double waterprism 
monochromator and mostly at 265nm wavelength. A few experiments have been performed 
with a 4 watt mercury low pressure discharge lamp, monitored for the 
segment of light absorbed by glass with a phototube and amplifier. These we 



X-RAY CHALLENGE DOSE ( KRAD) 
Figure i. Cells of AB1157 grown casamino acid supplement to minimal 
medium are given 5J/m UV and incubated as shown. They are then tested for 
induced radioresistance with X-rays. A normally growing and an induced 
component can be seen. 
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used mainly for explorations, not for quantitative work. The irradiations 
in the monochromator were performed with careful attention to the field 
distribution and by using a silica dish for the samples the transmitted 
intensity was measured with the photocell and the average intensity 
calculated. Thus the final dose is an average through the depth of the 
sample and also averaged laterally over the radiation field. 

The standard procedure for observing induced radioresistance is 
as follows (1,2). Cells are grown to about 0.2 optical density at 420nm. 
They are then irradiated as described above, placed in flasks in a 
shaking waterbath at 37°C, incubated for 50 minutes, given 25yg per ml. 
rifampin, incubated a further 10 minutes and then placed in ice. 
The unirradiated sample is dividea into two. One is immediately given rifampin 
for 10 minutes and the*put on ice: the second is incubated for 50 minutes just 
like the irradiated, given rifampin and 10 minutes and iced. The various 
cultures are then subjected to successive doses of X-rays in a Picker 
50kv X-ray machine. Samples are taken at each dose, diluted and plated 
at the appropriate dilution. In this way the number of colony forming 
units per ml is obtained. 

RESULTS 

Figure 1 shows the sensitivity of a culture that had received 
7J/m 265am UV dose and then given rifampin for ten minutes at various times 
after the UV. At the same time microscopic observation of the culture 
was made, photographs taken and analyzed for the distribution of the length 
of the cells. Those outside the range of the normal culture were 
characterized as septum Inhibited and the percent in this class recorded. 
It can be seen that with immediate application of rifampin the culture is 
quite sensitive to the challenging X-ray doses. This culture also showed very 
little septum inhibition. After 60 minutes there is a marked change. There is 
a clearly developed shoulder and the final slope is also less^indicating 
a considerable development of radioresistance. At this dose p-recA shows 
about 70% full yield. The effects at low X-ray doses are interesting. There 
is clearly some loss in the number of colony forming cells, but this 
loss is accompanied by a slight upsweep of the graph as the zero dose is 
approached, suggesting that there is a sensitive component present. 
After 120 minutes of incubation the resistant component is apparently very 
little altered but the sensitive component has markedly grown, indicating 
the presence of a population of cells that divide normally and have normal 



tX-RAY CHALLENGE DOSE ( K R A D ) 
Figure 2.Si** far to Figure 1. The cells are grown in C minimal medium. 
The X-ray sensitivity is greater but the resistant induced component 
can be seen and also the "escapee" component that divides normally 
and has the sensitivity of the uninduced cells. 



X-RAY CHALLENGE DOSE (KRAD) 
Figure 3. Similar to the two previous. In this instance the medium of growth 
is Brain Heart Infusion in which the cells grow rapidly and contain more 
than 6 genome equivalents of DNA.. The X-ray resistance is greater but 
the induced radioresistance is apparent as is the component that grows 
normally and the resistant component. 
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X-ray sensitivity. The proportion of septum inhibited cells is also interesting. 
At 60 minutes it has risen to 68% and at 120 minutes it is apparently less 
at 48%. However, since the total number of cells is now much greater, 
namely 6 fold, the absolute number of septum inhibited cells has increased, 
indicating some division in addition to elongation. At 150 minutes the 
sensitive component is also marked and the number of resistant cells may have 
increased. The number of septum inhibited, though lower in proportion 
is again actually higher. 

Figure 2 shows a repeat of this experiment with the cells grown in 
minimal medium, giving much slower growth. The same general class of behavior 
can be seen, with the component of normally growing but also normally sensitive 
cells present. In this instance the number of septum inhibited cells 
did not increase appreciably. 

Figure 3 shows the effect of a very rapid rate of growth in 
brain heart infusion. For irradiation the cells were spun down and resuspended in 
CasaC medium, being transferred back to Brain Heart Infusion for the 
growth period. In this case there is a clear loss of colony forming ability 
in the culture given rifampin at 34 minutes, but the growth of an "escapee" 
section of the culture can readily be seen at 102 minutes. The proportion of 
septum inhibited cells at 102 minutes has fallen somewhat but the absolute number 
has increased markedly. 

Since the behavior of the septum inhibited fraction is of 
interest and also since the number of genome equivalents predicted by the 
Cooper-Helmstetter theo^y^is of significance, we show, in Table 1 the 
relevant facts regarding growth, genome number and number of septum 
inhibited cells. In both the case of growth in casamino acid supplemented 
medium and in brain heart infusion the number of septum inhibited cell3 
exceeded the number originally in the culture before receiving the UV. 
Therefore these septum inhibited cells can divide. Figuresl and 3 
suggest that they are also radioresistant. 

Table 1 
Analysis of growth rates and septum inhibition. 

Medium Doubling time Genomes Septum Inhibition 
Minimal 58minutes 1.8 60min 2.3 X lOy 

120 " 1.8 X 
240 " 1.9 X 10 7 

Casamino supp. 33 " 2.8 60 » 1.0 X 107 120 " 4.3 X 107 150 " 8.0 X 
Brain heart 18 " 6 34 " 4 X 106 

102 " 6.0 X 10? 
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Figure 4.Method of fractionation of the components observed after a 
pre-dose of UV followed by 50 minutes of incubation, the black circles 
show the behavior of the unirradiated smaple. The growth level at the 
end of 50 minutes is at the top. The 7.2J/m sample has developed 
resistance, but also suffered some killing. The other two samples 
show two components, in different amounts. 



Figure 5. Similar to Figure 4 with the computation of the "escapee" 
fraction for the 0.£S5/m predose shown explicitly. It can also be 
seen that the l5~.&J/m dose, while very radioresistant, has suffered 
appreciable killing by the inducing dose. 
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With the finding that there are three components to consider, 
we designed experlMlts to reveal the presence and amount of them. Two 
examples are shown in Figures 4 and 5. Almost the same methodology as used 
for Figures 1 - 3 was used with the modifications that a culture which had 
received no inducing dose of UV was examined and this was done by 
dividing it into two parts, giving rifampin to one immediately and incubating 
the other for the same time as the induced cultures and then giving rifampin. 
In addition the X-ray doses were Increased in number and so spaced that 
sensitive fractions .ould be observed at low doses. In Figure 4 the black 
circles and continuous line shOtfthe effect of the X-ray doses on the 
colony forming ability of the uninduced culture which had been given rifampin 
immediately. There is a characteristic survival curve with a slight shoulder 

2 
and the cells are sensitive. The culture that has received 5.7 J/m is 
very resistant and the zero dose point shws that some of the colony forming ability 
has been lost. On the other hand, the two cultures that received inducing 2 
doses of 1.35 and 0.42 j/m show increased resistance but also a fraction 
that is comparably sensitive to the uninduced cells. The uninduced 
culture that had been equivalently incubated reached the level shown. 

From data such as shown in Figure 4 the fraction of resistant cells 
can be estimated relatively accurately for the high dose induction but can only 
be roughly estimated, by an estimated extrapolation, shown as a dotted line, 
for the case where there is clearly an "escapee" fraction. However, the 
fraction that has escaped can be estimated and this is illustrated in Figure 5, 
which displays data taken in the same way as that in Figure 4. Here we 2 
consider the case of the culture that received 0.65J/m inducing dose. The 
unirradiated culture had nQ cells pernft), These grew by 2.85 fold in the 
incubation time. The irradiated culture grew t.-> a value N. This number is 
made up of the number of normally dividing cells, nQf, where f is the fraction 
of escapees and nQ(l - f), the cells that do not divide. The resulting 
equation is shown on the figure and the computation yields a fraction of 0.34. 
The calculation is clearly approximate,for any effect of UV on the number 
n0 will change the value found somewhat. For low doses it is useful. 2 Figure 5 shows clearly that a dose of only 2.4J/m has clearly reduced the 2 
escapee fraction to a very small value."The high dose of 15.5J/m has also 
both fully induced for radioresistance and caused some killing of cells. 

Working in this way the figures of Table 2 are obtained. We 
wish to stress that there are considerable uncertainties in some of the values, 
but even so there Is a suggestive behavior which we wish to discuss. 
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Figure 6. The values of f, the fraction of normally dividing 
cells, as derived from experiments illustrated in Figures 4 and5, 
plotted against the inducing dose. It is seen that this fraction 
is lost at quite low doses. The line drawn is that obtained in one 
experiment for the lexA strain. The sensitivities are similar. 
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Table 2 

Fractionation of components of UV irradiated and incubated cultures. 

The figures are first estimates only. Their estimate is very demanding on 
the data, but the values nevertheless cover dose ranges that are very 
significant and for this reason they are listed. 

UV DOSE J/m2 NORMALLY 
DIVIDING 
(escapees) 

KILLED RADIORESISTANT ROUGH I 

0.43 0.92 6.5 
0.40 0.75 6.5 
0.58 0.34 0.58 7 
0.79 0.52 0.34 6.5 
1.23 0.46 0.55 6.2 
1.31 0.11 0.90 7 
2.20 0.01 0.90 7 
3.73 0.45 0.52 12 
5.24 0.20 0.75 8.5 
6.7 0.45 0.47 11 
9.8 0.63 0.35 13.6 
14.5 0.54 0.46 10.5 

In order to formulate some discussion of these data we have 
plotted Figures 6,7 and 8. In Figure 6 the fraction of normally dividing cells 
is plotted against the inducing dose. Obviously the data scatter badly but 
it is interesting that the line drawn on the graph is the line we found 
for the colony forming ability for the survival of a lexA strain. This 
line needs to be found with better dosimetry, but it is sufficiently far from 
any effect of UV normally seen on strain AB1157, which usually shows no 
effect at 2J/m , where the normally dividing fraction has all but vanished. 
to be worthy of consideration. It is thought that the process of septum inhibition 
is under the control of the lexA genejand only if the cell is lexA can A + 

septum inhibition occur. AB 1157 is certainly lexA , but this means that the 
repressor for the aiexA gene is normally keeping the gene product at 

+ 
a low level. It requires the activated p-recA to alter the lexA repressor 
to create the condition where the lexA+ gene product (p-lexA) can 
function to alter the repression of recA and set going whatever it is that 
causes septum inhibition. If, before this can happen a potentially lethal 
UV lesion, for example an overlapping pair of daughter strand gaps, or 
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treatment. There is a loss of viability in the process of induction which is 
apparently very much like the loss observed in cells which are not pretreated 
with UV but are treated with rifampin. 



INDUCING UV DOSE J / M 2 

Figure 8. The yield curve for the induced and resistant component plotted in comparison with the yield of the 
recA gene product, p-recA. If just the resistant: component is plotted than it is seen that the fraction 
diminishes. If to this the killed fraction is added•the sum follows a normal induction relation. However, 
full resistance is reached at much lower doses thanifull production of the recA gene product. This may 
possibly be related to the number of genomes in the relatively rapidly dividing culture. 
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a double strand break occurs then the cell will lose its ability to form colonies. 
Thus the application of a small dose of UV can do one of two things. It 
can either provide the necessary activation for the background amount of the 
recA gene product, in which case this activated protein becomes an 
enzyme which can alter the lexA gene product, thus causing derepression 
of recA Itself and also of the other genes controlled by the lexA gene 
product. If it succeeds in doing this the cell will pass from the sensitive 
state into an induced state; it will be septum inhibited and resistant. 
What is remarkable is that the application of the same small doses of UV 
that will kill lexA strains, which can not be derepressed by UV, actually 
seems to Induce the derepression of lexA and develop a resistant cell. 
It would be expected that some fraction would be killed, but this doesnt 
apparently show. The simple deduction is that the killing lesion for 
lexA is the inducing signal for lexA+. 

Figure 7 shows the killed fraction, as listed in Table 2 
versus the UV dose. The data scatter considerably but they bear comparison 
with the loss of colony forming ability by unirradiated cells which have 
been given rifampin treatment before being subjected to the UV dose. 
This is the line drawn on the graph. 

Finally, in Figure 8 we show the plot of the radioresistant 
column of Table 2 versus dose, in comparison with the yield curve for 
p-recA. Two obvious points show. First, radioresistance is established 
at much smaller UV doses than needed to establish a good yield of p-recA. 
Second, there is a drop in radioresistance at higher doses. This is the 
killing process we have just discussed. If the sum of resistant and 
killed is plotted, then the result is a straightforward Induction 
curve. This, however, still shows induction at much too low a dose. 

DISCUSSION 

The first important point to make is that considerably more 
work needs to be done to establish the actual quantitative values. This 
is planned. Second, it can be said that the approach of looking for the 
normally dividing fraction is fruitful: some additional refinements may 
be needed to develop an accurate measure of the amount of the 
fraction. Third, the effect of the inducing UV in removing colony forming 
ability has to be considered. 

There is the additional question posed by the last column of 
Table 2. The D0 for the uninduced cells is around 3.5krad so a component 



q u a n t i t a t i v e i r r 8 

in the culture with a DQ of 6 to 7 is certainly resistant. However, as 
the inducing dose is increased the cells are even more resistant, with 
Dq values of 12 or so. Thus the all-or-nothing character of induction 
is somehow modified in this phenomenon. 

Finally, it is clear that there is no coordinate behavior 
between induced radioresistance as measured in this way and the induction 
of p-recA. A simple explanation for this has not yet occurred to us. 
One suggestion we have made is that cells which have multiple genomes, 
such as the 2.8 average in our case, may only need to have sufficient 
p-recA induction to repair one of the 2.8 genomes and then a viable colony 
will be seen. Some additional Incomplete evidence supports this, for 
example induced radioresistance in very slowly growing cells with an 
average of 1.4 genome equivalents is readily observed, but the doses 
needed to get good resistance are somewhat higher. This is one avenue 
of future work that we wish to pursue. 

Another relatively trivial explanation could be found for some 
of the low dose observations. If very low doses prevented the synthesis 
of the new initiators of DNA synthesis without stopping DNA synthesis 
itself then the 50 minute incubation could cause the chromosome to 
become completed and then stop. Such cells are more resistant. The 
amount of this effect has been tested in past work and in strain AB1157 
which is involved here, it is not sufficient to account for the 
radioresistance. That might not be true in a uvr~ strain. We intend to 
pursue this aspect. 

An interesting question arises as to the final disposal of the 
p-recA which is Induced. It clearly lasts a long time as can be seen 
from Figure 1. One study we plan is to keep the growth of a culture going 
long enough to see the loss of resistance and of septum inhibition. 
From this some estimate of the means of loss, whether by dilution^or 
by sequestering in one coll which retains its resistance^to mention 
two possibilities, can be made. 
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DOSE RESPONSE AND TIME COURSE RELATIONS FOR UV AND X-RAY INDUCTION OF THE recA 
GENE PRODUCT IN RELEVANT STRAINS OF E. coli. 

Deno Kazanis 

INTRODUCTION 

Although much work has been done on the induction of the recA gene product 

and its relationship to simultaneously inducible processes, detailed dose 

response and time course induction kinetics have not been established. In our 

laboratory we have made accurate determinations of the induction of the recA 

gene product in a variety of radiation sensitive strains. We have found that 

the uninduced, or background levels, of the recA gene product in these inves-

tigated strains show considerable variation. The X-Ray induction shows that 

only the recB strains had an effect on the induction of the recA gene product; 

strain AB2470 (recB) reducing the induction by abouc 1/3, and although the 

recF strains by themselves had no effect upon precA induction, in the absence 

of recB also>the X-Ray induction was reduced to almost zero. 

The induction of the recA gene product by UV can be divided into two 

catogories; those which show the wild type response, such as AB1157 and AB2470 

(recB), and those which showed a low dose response, such as AB1886 (uvrB) and 

JC9239 (recF). The strains which showed a low dose response also showed a 

delay in this induction of from 15 to 30 minutes. 

MATERIALS AND METHODS 

Bacterial Strains 

The strains we used were AB1157, a K12 strain which is wild type in the 

radiation sensitive mutants. See Table 1. 
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TABLE 1 

STRAIN RELEVANT MUTATION 

AB1157 

AB2470 

AB2463 

AB2494 

AB1886 

AB6002 

JC9239 

JC3881 

JC8942 

JC11807 

JC9223 

BW46 

JC7623 

DG31 

P3478 

W3110 

WU3610-89 

W.T. 

recB 

recA 

lex 

UvrA 

uvrB, recB 

recF 

recBC, recF 

recBC, recF, uvrB 

recF, uvrA 

sbcB 

sbcB 

recB, sbcB 

recB, sbcB 

polA 

W.T. (for P3478) 

uvr 
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Observations of the recA Gene Product 
The amount of recA gene product present in cells was quantitated through 

the use of SDS-polyacrylamide gel electrophoresis. For dose response relation-

ships, the proteins where labeled by growing the cells in the presence of 35S, 

in the form of NaSO^ for the desired time. After separating protein bands on 

gradient gels, the recA gene product band was sliced out and dissolved in 30% 

H202. The remaining bands (all the rest) were also sliced up and dissolved in 

30% H202. The activity was counted by liquid scintillation (Aquasol II), and 

percentages of total protein were established. 

For time course responses, the amount of stain present in the precA band 

was determined through the use of the Coomassie Blue G-250 stain. Gels could 

be sliced up as previously described, and the stain removed by heating at 50°C 

for 1 to 2 hours in the destaining solution (5:5:1; MeOH: dH20: Acetic Acid). 

Fraction of total stain present in precA band is determined by reading ab-

sorption in a spectrophotometer at 600nm. 

Irradiation Procedure 

For UV, monochromatic light at 265 nm was used. This was delivered by a 

double prism monochromator. The light source was a mercury arc at high pressure 

cooled by a rapid stream of air. For X-rays a Picker 50 kvp machine, with a 

Machlett tube and 50 mg/cm2 Aluminum filtration was used. Doses were measured 

by calibration with a ferrous sulfate dosimeter. 

Results 

Background Levels of p-recA 

The uninduced levels of precA in the various strains used in this explo-

ration are shown in Figure 1. Several strains have low uninduced levels, such 
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as AB2470(recB), AB2494(lex), and AB2463(recA), while other strains, partic-

ularly those containing the sbcB mutation have considerably enhanced levels 

of precA. 

AB1157 
Figure 2 shows the wild type UV dose response. Incubation periods of 30 

and 60 minutes were used to obtain these dose responses. Basically, the 

response is the same for both times, but the percentages are higher at 30 

minutes. This decrease in percent at 60 minutes Indicates that repression is 

occuring at this time,frlii this is confirmed by Figure 5. 

Figure 3 shows the wild type dose response for X-rays. The induction is 

saturated at about 15 to 20 krads. Here, the time course appears to extend 

for 60 minutes, rather than the 30 for UV. (Figure 6). 

AB1886 (uvrA) 

Figure 4 shows the dose response for the strains. Here the saturation 

of the induction of the recA gene product occurs at lower doses (2 to 4 J/m2, 

as compared to 10 to 15 for wild type). Notice the considerable difference in 

the 30 minute incubation as compared to the 60 and 90 minute incubations. 

These results are interpretable in Figure 5 which shows a very different time 

course induction for uvr" as compared with wild type. Notice also the delay 
« He 

in induction (15 minutes) in the uvr strain. Figure afcshows that^uvr mutation 

has no effect upon the X-ray induction of the recA gene product. 

AB2470(recB) 

Figures 6, 7, and 8 show the induction results of recB mutations. With UV, 

recB lacking strains have very little effect upon the induction, indicating a 

decrease in the total percentage, but no change in response. However, the X-ray 
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induction shown In Figure 8 indicate a substantial decrease in the amount of 

induction of precA. Here too, however, there is no difference in dose re-

sponse, as maximum Induction occurs at about 15 krads as it does in wild type. 

The recB mutant strains are the only strains showing an effect of X-ray in-

duction. 

AB6002(uvrA,recB) 

Strain AB6002, which contains the uvr and the recB mutations shows the 

low dose UV response of uvr strains ( r e c B had no effect on UV induction, and 

does not in this strain either), and shows the reduced X-ray induction 

characteristic of the recB mutants (uvr having no effect on X-ray induction. 

See Figures 9 and 10. 

JC9239(recF) 

The induction kinetics in the recF strain shows a similarity to the uvr 

strain induction. As is shown in Figures 11 and 12, the normal X-ray induction 

is obtained. Figures 13 and 14 show the UV induction. Notice that there is 

cibout a 30 minute delay in the induction of the recA gerte product by UV. The 

wild type showed no delay, and uvr strains showed a 15 minute delay, Also, 

notice the low dose induction response. Here, maximum induction occurs at 

about 2 J/m2, as compared with 4 for uvr strains and 15 for wild type. However, 

the amount of precA induced is considerably less than in the previous-ly 

mentioned strains. 

JC3881(recBC,recF) 

The combination of the recBC and recF mutations present in the same strain 

has a very strong effect on the induction of the recA gene product. X-ray 

induction, as shown in Figure 15, is very slight, if at all. This is of 
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particular interest since the recF mutation by itself has no effect upon the 

induction of the recA gene product by X-rays. RecB did have a strong effect, 

reducing the induction to about 1/3 normal. In the absence of the recB 

nuclease, apparently the recF gene product is active in the induction process, 

when X-rays are the inducing signal. 

Figure 16 shows the UV induction dose response for this strain. The in-

duction here is slight, as shown. 

JC11807(uvrB,recF) 

The combination of recF and UVR mutations ij'nows no effect upon the kinetics 
is seew i*.~Figtf<oe 17 

of the X-ray induction of precA (there was no effect produced by these mutants 

individually either). In Figure 18 we see the UV induction dose response. The 

dose response appears to be of low dose nature, as was the uvr and the recF 

individually, and here the amount of induction is slight, but the 60 and 90 

minute inductions are considerably greater than the 30 minute induction, indi-

cating a time delayed induction, aid a longer induction period once the repres-

sors are removed. 

JC8 942(uvrB,recBC,recF) 

This particular strain requires total darkness in order to grow, i,e. it 

is very sensitive to light. Figure 19 shows very little UV induction. 

BW46(sbcB) 

Of particular interest to this investigation was the effects of the sbcB 

mutation (supressor of the recBC mutation). We found a somewhat low UV dose 

response in this strain (saturating at about 4 J/m2, as shown in Figure 20), 

Also of interest is that the 30 and 60 minute incubation dose response times 

show very similar percent inductions, indicating a longer period of derepression. 
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JC7623(recB,sbcB) 

The addition of the sbcB mutation to the recB mutation should return the 

strain to wild type. The X-ray dose response, shown in Figure 21, indicates 

that the recB reduced induction is returned, essentially, to wild type. How-

ever, Figure 22 indicates a very different UV dose response than what is 

acquired for wild type, particularly at 30 minutes. Saturation appears to 

occur at about 3 J/m2 for this time frame. The 60 minute induction shows a 

normal dose response. 

ABl899(lon).P3478(polA) . and JC8471(recL) 

Figures 23, 24, and 25 show UV dose response curves for these strains. 

All three indicate low dose type responses, as expected. 
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UV MUTAGENESIS: PHOTOREACTIVATION AND VARIED GENOME NUMBER. 

E.C.Pollard, D.J.Fluke and Deno Kazanis. 

INTRODUCTION 

The preliminary work reported here represents a change in emphasis 
which seems to be providing very interesting material. It makes sense to 
explain the rationale for the change. There is a double rationale for the 
work. In the first place we were struck by the unusual UV induction 
behavior of recF cells. The loss of this gene product is accompanied 
by a low yield of the recA gene product (p-recA) and the appearance of this 
protein is delayed. There is also a low dose for maximal induction which 
is quite like uvr cells. One possible explanation for this behavior 
might be that the inducing event in this strain is not predominantly 
a pyrimidine dimer. Observation of the photoreactivability of induced 
repair phenomena might shed light on this. 

In the second place we were attracted to a very simple idea for 
mutagenesis where induced repair is needed. Our concept was that a short 
stretch of DNA which had to be inserted to repair damage that could not 
be repaired by reference to the opposite strand could really only be 
selected by its homology: i.e.by the hydrogen bonding between the bases of 
the "donor" strand and the strand in the damaged DNA. If a stretch 
occurred randomly in the total DNA sequence of the cell which almost 
had homology, it could very well synapse as needed, hydrogen bond adequatelyj 
and be inserted by the whole recombination mechanism. Any faulty base included 
in this way is a potential mutant. This can readily be tested. It is a 
process that can only occur if there is more than one genome in the cell. 
Thus slowly growing cells that have barely more than one single genome 
should show very few mutants, on this hypothesis. So we were led to 
look at cells with variable numbers of genomes and also at photoreactivation, 
for this mechanism would introduce a faulty base anywhere in the 
synapsing stretch and not necessarily at a dimer. Thus a different 

photoreactivability might show. 
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The variation of the genome equivalent number rests on the 
hypothesis of Cooper and Helmstetter (1), supported by Kubitschek and 
Freedman (2) and Krasin and Hutchinson (3). The hypothesis states that the 
doubling time, T, of a culture at a fixed temperature is determined only 
by the time needed to synthesize the initiators of DNA synthesis. The 
time, C, to synthesize one complete genome of DNA is supposed to be 
invariant. This is not unreasonable: it essentially supposes that the enzyme 
that does the synthesizing is fully supplied with material and that the 
time taken is then determined by the turnover rate of the enzyme which 
should be dependent only on temperature and such things as pH, which could 
be supposed not to vary. More surprising is the further hypothesis that the 
time, D, taken after the completion of the synthesis of a genome, to 
effect the transit of the septum across the cell and so divide the cell, is 
also independent of the medium. Experiment gives good support to this 
view and in consequence,the formula given by Cooper and Helmstetter for the 
numger of genome equivalents per cell, 6, which is 

° - ^ f e p + W / I " 2 D / I j 
holds quite well. 

Thus, by varying the rate of growth of the cells the value of 6 can be 
controlled. This is one of the variables in our study. 

TECHNICAL MATTERS 

We have found it profitable to spend some time on examining 
photoreactivating light sources. It is quite possible to do photoreactivation 
monochromatically in our monochromator and some experiments have been performed 
in that way. We have tried a powerful "patio light" which is basically a 
mercury arc with some special gas fillings. This has some component at 
313 and a great deal at 365nm: it is also quite able to heat the sample. 
By moving away from the light and interposing a carbonjdisulfide absorber 
we|t>elieve we can adapt this light to high intensity work with no component 
shorter than 390nm, thus eliminating the 365nm line. Most of the work we 
report here (which we regard as preliminary, but quite significant) has been 
done with two BLB bulbs which emit primarily in and around We have 
spectra of all light sources we use. 

One problem we need to address is the time taken to saturate 

photoreactivation. After a certain level of intensity, as Harm has shown, 
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Figure 1. The yield of leucine revertants per 10 surviving colony 
forming cells plotted against the dose. The revertants seen when a 
part of the culture is also subjected to photoreactivation by a 
BLB bulb is shown as the dotted line. At the higher doses not only are 
the revertants not removed by photoreactivation, but thier number 
per survivor exceeds that of the singly irradiated culture. 
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the 20 or so ph< ©reactivating enzymes per cell are all able to receive 
the necessary photon for the removal of the dimer, but the diffusion in the 
cell to the next dimer is the rate limiting factor and this is not dependent 
on intensity but on cellullar viscosity. We have found that 10 minutes 
under the two BLB bulbs produces over 75% of the maximum photoreactivation 
we can obtain in casaminoacld supplemented cell. Most of the experiments 
tieported here were done in that way. 

None of the growth media posed any problem in irradiation except 
Brain Heart Infusion. This absorbs 265nm light very effectively. We removed 
the medium by centrifugation, resuspension in casamino acid supplemented C minimal 
medium (casaC), irradiation, a second centrifugation and return to 
brain heart infusion. We found this procedure gave us more variable data 
than any other medium and irradiation combination. The growth media are 
described in other appendices. 

RESULTS 

Figure 1 shows a plot of one experiment performed in casaC 
medium. Cells of strain WU3610-89 were irradiated in a silica dish 
with transmitted light monitored and sampled for survival of colony forming 
units and leucine revert&nts. A sample was also taken for photoreactivation 
and both colony forming units were determined and also leucine revertants 
as described previously. It can be seen that photoreactivation reduces 
the number of revertanta in the low dose region but at high doses 
the two treatments converge and, in this experiment the. revertants per 
survivor actually exceed the revertants obtained without the BLB treatment. 
Also, a characteristic behavior of photoreactivated UV'd cells: the 
range over which the revertants per survivor sweeps up, is extended. 

Figure 2 shows a very simi\&r observation with strain WP2s 
which is B/r and tryptophan requiring and also uvr~. This strain was chosen 
to give independent data and also to permit the deprivation of an 
amino acid while working with a relatively rich medium: casamino acids 
do not contain tryptophan. The two experiments reasonably agree. An 
observation we would like to mention, but which needs confirmation, 
concerns the observation of revertants in "aligned" cells, that is to sy 
in cells which have teen deprived of an essential amino acid long enough 
to complete the existing arms of the chromosome and then to fail to 
make the new initiator. When we did this, without adding tryptophan to 
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the culture during irradiation we found a very small number of revertants. 
In the case where tryptophan was added back before giving UV the number was 
many times higher. Whether this is specifically due to tryptophan or 
whether is is due to the Immediate resumption of protein synthesis 
on adding tryptophan we do not yet know. More work is planned on this 
finding. 

Figure 3 shoWSthe observation of leucine revertants in a culture 
grown in acetate with approximately LOO minutes doubling time and about 
1.4 genome equivalents. The hypothesis we proposed suggests that there 
should be little synapsing with homologous DNA and so few mutants. The 
actual result Is precisely the opposite. The greatest number of revertants 
we have yet seen appears in this culture. This has shown each time we 
have performed the trial. Also, the photoreactivability is considerable: 
one can almost say that every potential mutant at low UV doses is 
removed. However, this ceases to be true at the higher doses. It is very 
difficult to determine whether thejphotoreactivated cells overtake the 
normally irradiated.because in these cells, grown in this way,the UV J 2 sensitivity is much greater and at a dose of 10J/m there are hardly 
any survivors unless photoreactivation has been employed. Nevertheless, 
even in cells grown in this way there seems to be a difference between 
the photoreactivability of high dose revertants and low dose. The 
photoreactivated cells give a yield of revertants which reasonably follows 
the square of the dose^which we take to mean two requirements for 
a mutant: induction of the mutagenic system and provision of the 
mutagenic lesion. At high doses the yield rises more sharply. 

In Figures 4 and 5 we show comparative yields of revertants g 
per 10 survivors for cultures grown at four different rates and having 
four different genome equivalent amounts of DNA. It seems that the 
more the number of genomes the fewer the number of revertants. To a 
very rough approximation the number of replication forks times the 
number of revertants per survivor at lJ/m is 1,800. In Figure 5 
we show the results of the same experiments only this time with 
photoreactivatlon. The only consistent finding is that the yield is 
far lower in aceiate grown cells. Somewhat surprisingly the range over 2 
which the approximate dose behavior is obeyed is more extended for 
all kinds of growth conditions. It is not unreasonable to suppose that 
there is a different mechanism of producing mutants under these 
conditions. 



Figure 6. The results of a single experiment to test the photoreactivability of septum inhitItion in strain WU3610-89. 
Cells were exposed to the doses shown, incubated 90 minutes and then scored for the percent of cells which 
were greater in length than the normal 4u extreme. Each culture was divided and part given photoreactivating 
light. Septum inhibition now requires a considerably higher dose for any considerable yield. 
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There are a number of background experiments that need to be 
done to accompany this kind of study. In Figures 6 and 7 we show two. 
Figure 6 shows that the development of septum inhibition after the 
inducing dose of UV is photoreactivated at the lower doses but that as the 
UV dose is increased the degree of septum inhibition becomes about the 
same in the two cases. In Figure 7 the yield of the recA gene product 
in strain WU3610-89 induced by UV is shown without and with photoreactivation. 
It is interesting that no striking difference is found, except at 
very low doses and there is perhaps some evidence that the kinetics of 
approach to the maximum is different, being approached more slowly 
in the photoreactivated case. 

DISCUSSION 

In contrast to the hypothesis t" at started us on the use of 
photoreactivation and multiple genomes we find that the cells that have 
only one genome (approximately) produce definitely the most revertants. 
This suggests the contrasting, but very interesting suggestion, namely that 
the process of recombinational or molecular synapse repair is very 
efficient and also error free. The efficiency has been noted by 
Hodges, Moss and Davies (4) who give the recA+dependent repair sector 
as 0.973 at 254nm, while the photoreactivation sector is 0.818. The 
error-free aspect comes as a surprise to us. It puts the requirement 
for "induced error-prone repair" on something other than the facilitated 
synapsing of homologous duplexes and leaves the search for that system 
still going on. 

In our observations on strain JC7623, recBCsbcB which must 
operate recombination by the recF gene product in addition to the recA 
gene product we pointed out that molecular synapse repair was even more 
efficient than in the wild type. It is probably for this reason that 
the mutational frequency with UV is so low. 

If the yield of revertants per survivor for 265nm light with 
no photoreactivation is divided by the yield of p-recA at the appropriate 
dose a proportional increase with the dose is observed, suggesting that 
the^*pzsemu£agenic lesion is proportional to the dose and that these are 
converged into mutations by the action of p-recA in some way. Something 
the same can be attempted with the yield of revertants per survivor 
after photoreactivation and the yield of p-recA also after photoreactivation. 

We do not have good enough data yet to make any clear conslusion but it 
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can be said that only for the higher doses of UV is there a consistent 
behavior and in that range there is a steady increase in the number of 
revertants per survivor which is not unlike what is seen with 
unphotoreactivated UV. This suggests that there is a second UV produced 
lesion which is capable of producing revertants and also of doing so 
under the Influence of p-recA. Moreover, the induction of p-recA can 
be produced' by this second kind of lesion. Candidates for the UV 
generated lesion Include DNA-protein crosslinks and tryptophan-pyrimidine 
adducts. Obviously more work is needed and this is part of our plan for 
the future. 
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Radiation damage in recA' let A' strains or E. coli induces a rev A protein, or piecA and a number 

of manifestations of induced, crrorpro'nc, or S.O.S.. repair. Among these manifestations, for all of 
which UV radiation is an effective inducer, are UV mutagenesis and cell-wall septum inhibition. We 
have looked for photoreactivation, or PR, principally at 365 nm, after damage by 26J-nm UV 
exposures in E. coli WU36I0-89 (B-'r, uvr , leu'). Induction of precA is reasonably of form l-e"l""\ 
where D„ is about 2 J/m* after maximal PR, and about I J/m* with no PR. Leucine rcvertants per 
survivor after UV exposure D can be represented by k,D (l-e " "•), where k,a7* JO • mVJ without 
PR, and 2 * I0"8 m*/J with PR. At 0.5 Jim' UV 90% of the leucine revertants are eliminated by 
PR. At higher U V exposures the effect of PR increases rcvcrmnls per survivor instead. PR depresses 
UV induction of septum inhibition somewhat more than it does the induction of prccA. This work is 
supported by D.O.E. Contract No. DI-;-AS05-76KV363l. 



STATUS OF WORK ON X INDUCTION 

E.C. Pollard, D.J. Fluke, Deno Kazanis and E . B r o n ^ 

One Important aspect of our work has been the observation 
of the Induction of X. It has led us into more complexity because, as we have 
clearly shown (1.2) the induction of X does not follow the kind of yield 
versus dose relationship that is found for many manifestations of induced 
repair. Nor does it have the relatively simple explanation which goes 
with UV mutagenesis where it is possible to say that both the induced repair 
system is necessary and also the mutagenic lesion which is an added requirement 
for a mutation. Moreover, there is a real difficulty la making quantitative 
measurements of the degree of induction by a given dose. Four possible 
methods have been tried. One, the simplest, is to plate the non-lysogen 
for survivors after a certain dose and also plate the lysogen. The induction 
of the prophage should afford an additional method of killing the cell and so 
the lysogen should be more sensitive antl the difference in sensitivity 
is a measure of the degree of induction of the prophage. For one strain, 
AB1886, we have been able to secure data which agrees with the above idea. 
Other strains show remarkable behavior in the region where induction should 
be occurring* AB 2470 (recB ) i.s more resistant as a lysogen. Accordingly we 
have abandoned this approach. A second is to induce with UV aad then look for the 
formation of infectious centers which will plate on an indicator strain 
to give plaoues. This is one of the better ways we have found. However, 
if the time course of development of phage is studied the apparent number 
of infectious centers drops during the first 30 minutes after the UV dose 
and returns to the original value at about 40 minutes. The reason for this 
drop is not yet understood, but it does put under question the exact timing 
of the observation of infectious centers. A third method is to observe the 
release of free phage after 120 minute?. This gives good definite data but 
it is necessary to know the burst size, a very variable matter in A. One 
method vhicb yields very consistent and readily obtained data is to grow the 
cells in such a way that they are full of &-gal&ctosidease, for 
example by growing the cells on lactose if they are lactose +. The induction 
of the prophage then is accompanied by an endolysin which lyses the cell 
wall and permits the 3-galacto^idase to act on a substrate that is in tha 
medium and does not readily penetrate. Data obtained in this way are 



different measures of the Induction of X. The closely dotted lines 
correspond to the observation of permeability of the cell due to the 
phage endolysln. This appears to be most easily elicited. The continuous 
line corresponds to the formation of Infectious centers shortly after 
the Inducing dc?e of UV. 
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Figures 2 and 3. The upper figure shows, on the left hand>the development of 
the yield of p-recA for strain W3110 (w.t.) as a function of UV dose. The 
three other lines correspond to the ratio of the yield of phage induction, 
measured in 3 different ways to the yield of p-recA. All three of these lines are 
sigmoidal ill character. The lower figure is similar treatment of the data for 
P3478 (polA). There is not a great difference in the yield curve for p-recA, 
but the three lines for the ratio are considerably less sigmoidal. 



UV DOSE (J/M^) 
Figure 4. The plots of the ratio of phage yield measured by the infectious center 
method to the yield of the recA gene_product for four strains. The ratios 
follow very different lines. The uvr strain sho' s a very sharp rise, meaning 
that the second UV dcse needed to induce is quite small. The recB strain needs 
quite considerable additional dose to induce. 
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reproducible but seem to represent an aspect of the development of A in 
the cell that requires somewhat lower doses. In Figure 1 we show the 
percent of maximum yield obtained for doses of UV using the three methods 
shown- The cells were of strain W3110 and th«i closely dotted line gives 
the observations on the development of endolysin. It can be seen that the 
yield, measured in this way,attains 50% of maximum at about half the dose 
needed to elicit 50% maximum of induction as measured by the formation of 
infectious centers. Therefore, at the least, comparisons must be made using 
the same test for induction and at the best, some understanding of why 
the considerable difference in dose-response relation is seen. 

One method of study which we have felt was informative 
consists in dividing the yield of p-recA into the yield of a particular 
manifestation of induced repair. If the manifestation depends only on the 
inducing dose then this resulting ratio should be unity or approximately so. 
In the case of the induction of X this ratio is markedly aberrent, showing, 
even after allowing for the induction of the recA gene product, a sigmoidal 
behavior. (2). In Figures 2 and 3 we show the result of this kind of 
division for two strains W3110 and P3478, essentially wild type and polA . 
It can be seen that the three methods of observation give three different 
curves, but it can also be seen that the resulting ratio is less sigmoxdal 
for the polA cuse. This suggests that the production of the second effect 
of UV which we can consider as providing the necessary activation of the 
recA gene product to become enzymatically active on the X repressors, requires 
less dose in the case of this mutant. Because this is of some interest, in 
Figure 4 we show the result of taking the infectious center assay for induction 
for four strains of cells: AB1886 (uvrA"), P3478 (polA~), W3110 (w.t.) and 
AB2470 (recB~). There is a wide difference in the resulting ratios. It is 
quite clear that the absence of excision repair as in the uvr case and the 
Impairment of excision repair as in the polA case mean that less dose 
elicits induction of the prophage. In the case of the uvr:'.bEls dramatically 
so. O" the other hand, the absence of active exonuclease V as in the recB~ 
case, has increased the demand on dose quite appreciably. 

We have considered what is the common aspect of this behavior 
and can make the tentative suggestion that the additional activation is 
related to single strand stretches of DNA. These take the form of daughter 
strand gaps in the uvr case and possibly in the j• -1- case. It is not certain 
what can cause them in an excision proficient straxu, for the action of 
excision repair itself ~ives single strand stretches to some extent. The 
lack of exonuclease V can be thought of as diminishing the extent; of any 
nucleolytically produced single strand region of DNA. This will increase the 
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need for more UV dose to provide the necessary activation. Whether this 
rationale is correct certainly demands more work. 

P^r£pha£^e_in4uc^i£n_wlLtho^t_the_r^cA j^enejroduct^ 
It has been suggested (3) that it is possible to 

produce single strand breaks in the DNA which bind the X repressors and 
cause a derepression of the prophage genome resulting in the release of 
phage. If this mechanism can take place then a very good test is to see 
whether the lysogen of AB2494 which is lexA and not inducible for p-'1 
can be induced by ionizing radiation which readily produces single strand 
breaks. A small yield of induced cells ccn be obtained with UV and this 
was verified. However, with X-rays the results of a similar experiment 
appear as in Figure 5. No yield other than one at zero dose is seen, 
and instead there is a progressive diminution of the ability of those 
spontaneously induced cells to give plaques. We conclude that it is unlikely 
that induction of X without the concomitant induction and activation of 
the recA gene product CdXuC?OCO>fJ,. 
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Figure 5. The lack of induction of X in strain AB2494 which is lexA . 
The inducing agent is X-radiation which has been suggested as 
producing single strand breaks in the DNA to which the X repressors 
can bind and so induce X without the necessity of the recA gene product. 
The recA gene product Is not inducible by X-rays in lexA cells so 
this affords a test. There is no apparent induction. A small amount 
of induction by UV can readily be detected. 



INDUCED REPAIR PHENOMENA IN STRAIN JC7623, recB and sbcB . 

Deno Kazanis- Ernest C.Pollard and D.J.Fluke. 

INTRODUCTION 

The biochemical consequence of the recB and recC mutations 

are among the best understood In the genetics of radiation repair. These 

two code for a formidable nuclease, an endo nuclease which is potentiated 

by ATP and a bidirectional exonuclease that is ATP dependent. The polypeptides 

coded for by the two genes assemble to give a rather large enzyme molecule 

with these functions. (1). The loss of this enzyme diminishes recombinational 

repair and also makes the strain more sensitive to both UV and ionizing 

radiation. It is thus implicated in the important secondary processes of 

what we propose to call molecular synapse repair. The basic nature of 

this process is the USP. of a strand from a second duplex tcjsynapse with 

a damaged element of a first duplex and, because it carries over the 

precise sequence in the first duplex, it is now possible to use various 

repair enzymes to restore the integrity of the damaged duplex. How this is 

done is not exactly known. Since exonuclease V plays a part In making it 

efficient, presumably the nuclease properties are needed and it is 

plausible that they are wanted to remove excessive strand lengths that 

are beyoyyj the zone they are intended to patch. It is somewhat of a surprise 

that a second mutation^ sbcB jwhlch acts to remove activity in exonuclease I 

(1) apparently restores many of the properties of cells before they 

had the recB mutation. (2,3,4,5). The rationale behind this rather 

startling finding is that while exonuclease V and I are active the 

product of the recF gene is either not functional or not present. 

Removal of the.two enzymes makes possible the functioning of the 

recombinational process controlled by the recF gene product and the 

cells behave much more normally. This Is supported by the finding that 

a cell which is uvrArecA is maximally sensitive, being unable to 
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survive even one dimer per genome and so is a strain which is uvrArecB andrecF? 

What the nature of the recF gene product is, is still unknown, though 

suggestions, naturally including nuclease**, have been made. 

With this background to the JC7623 strain, which is recBsbcB~ 

we undertook to look at a range of induced repair phenomena. We found aome 

surprising differences from a "normal" cell and these we here report. 

The phenomena we looked at were: induction of the recA gene product 

(p-recA) by UV and ionizing radiation; inducible inhibition of post radiation 

DNA degradation (iiprd);septum inhibition; sensitivity to UV and ionizing 

radiation; W-reactivation of UV'd X phage; UV mutagenesis seen as histidine 

revertants. We found nearly normal induction of p-recA by both agents; 

no inducible inhibition of post radiation DNA degradation; formation of long 

filaments which were able to give rise to normal colonies; great resistance 

to UV and ionizing radiation (IZR); no induced radioresistance (irr); 

normal W-reactivation and very low UV mutagenesis. These observations 

were, in many cases surprising and so we report them. 

TECHNICAL ASPECTS 

The observation of the induction of the recA gene product is 

described in Appendix 4, of inducible inhibition of post radiation DNA 

degradation (prd) in a previous publication (6),of septum inhibition 

in the 1979 progress report (7), sensitivity by standard methods of plating 

W-reactivation as previously described (8) and UV mutagenesis as 

previously described (6). The strains JC7623 and BW 43 were obtained from the 

E.coli genetic stock center. Growth media were as previously described (6). 

RESULTS 

The recA gene product. 

The yield versus dose relations for three strains for induction by 

265nm UV light are shown in Figure 1. There Is no major difference between 
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Figure 1. Dose-effect curves for the_formatlon of the recA gene product after UV treatment. The strain 
deficient in exonuclease V, the recB strain is responsive at higher doses. The loss of exonuclease I in 
the sbcB strain restores normal induction. 



2.0 

1.5 
L A B E L IN 
P - R E C A 
A S A 

1.0 
P E R C E N T 
O F T O T A L 
L A B E L 

0.5 

0 

X - R A Y D O S E 
Figure 2. Contrasting the yield of the recA gene product induced by X-rays in the strain lacking 
exonuclease V ( which causes considerable DNA degradation after X-rays), AB2470, with the strain 
that lacks additionally exonuclease I, JC7623. The additional lack has restored normal induction. 

3 



15 

P E R C E N T 
3 H L A B E L 
IN T H E 1 0 

T C A 
SOLUBLE 
FRACTION 

AB2470 

INCUBAFLION T I M E A A % R 2 0 K R A D $ - R A Y S 120 minutes 

Figure 3. The absence of Induced Inhibition of post irradiation DNA 
degradation in AB2470, recB~ and in JC7623 recBsbcB . The effect of 
a preliminary dose of UV is to increase the amount of DNA degradation 
while in a strain that shows inducible inhibition, the effect of 
pre-treatment with UV is to diminish degradation. 
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Figure 5. The X-ray sensitivity of JC7623 after various treatments 
compared with the sensitivity of fully induced AB1157, which is very 
^resistant.The untreated cells are very nearly no rooi-tant as the 
fully induced wild type cells. T'ueje is a very slight increase in 
resistance when a pre-dose of 5J/m with incubation is given. With 
no dose and rifampin treatment there is an icreace in sensitivity 
but even so the cells are quite resistant. 
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Figure 6. Lack of radioresistance in the sbc strain. 
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the three strains. The recB mutant strain produces a yield which is less 

at lower doses but rises to the same approximate yield. The other two 

strains are very nearly superposable. Figure 2 shows that for X-ray induction 

of p-recA the anomalously low yield found for the recB mutant strain is 

removed in the double mutant JC7623. 

Inducible inhibition of Post radiation DNA degradation. 

Figure 3 shows that In both AB2470, recB~ and JC7623 recBsbcB 

there is a small amount of DNA degradation following 20krad X-rays 

which shows progressively more and more as the time of incubation 
is extended. If a pre-dose of UV is given the only effect is to increase tha 
amount of DNA degradation. There is thus no sign that the predose is 

causing any inhibition of DNA degradation. Figure 4 shows a contrasting 

effect. Here the same experiment is performed in strain BW46 which is + — 
recB but sbcB . The effect of 20krad X-rays is now to cause a sharp 

initially great degradation of the DNA which proceeds to much higher levels 
2 2 

than in JC7623. After the predoses of UV, 3J/m and 15J/m followed by incubation 

there is a diminution of the extent of degradation. This is characteristic of 

the induced inhibition of prd. The behavior of JC7623 indicates that the 

double mutation has not restored the property of inducible inhibition. 

Induced radioresistance. 

Figure 5 shows the effect of subjecting cells 6f JC7623 to 

graded doses of X-rays after various treatments. If transcription is blocked 

with rifampin the cells become more sensitive. Pretreatment with two doses of 

UV causes the sensitivity to become less: however the lessened sensitivity is 

about the same as that of cells that have not been treated at all. This 

behavior suggests that there is a certain degree of radioresistance 

attainable by induction but that it is present in the normal culture and 

can only be seen by preventing transcription. The induction and activation of 

p-recA 4oes not seem to produce any further effect. Figure 6 shows that the 

same kind of behavior is seen in strain BW 46, only in this instance the 



Figure 7. Comparison between the recBCsbcB strain and the wild type and recB 
strain as regards survive1 of colony forming ability after exposure to 
26vnm UV. The double mutant is rcuarkably resistant to UV as well as to 
ionizing radiation as seen In Figure 5. 
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Figure 8. Showing the tenfold fewer number of histidine revertants produced 
by 265nm light. The yield is not only very low but it follows a 
less simple kind of kinetics, lying between proportionality and 
square-law response. 
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Figure 9. The contrast between the distribution of cell lengths is the 
recBsbcB strain and a more normal cell. Tracings have been made of 
photomicrographs of the two cultures. The upper is strain JC7623 
and clearly there are many cells of abnormal length even though the 
culture has had no radiation treatment. The lower tracing is of 
WU3610-89 which also has had no treatment. Possibly some of this 
difference is due to the large basal level of p-recA in JC7623 

2 
Figure 10. The effect of a dose of 5J/m UV on strain JC7623. Again 
tracings of photomicrographs are shown. The upper panel is a 
photograph taken very shortly after giving the UV: there is already 
some Indication of elongation. The lower panel shows the long filaments 
that appear after 120 minutes of incubation. These are very remarkable 
in that they undergo division and something like the normal number 
of colony forming units are found as can be seen in Figure 7. 
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overall sensitivity is somewhat more. 

Radiation Sensitivity. 

Figure 5 also shows a comparison between the X-ray sensitivity of 

strain AB1157 that has been induced for approximately maximal radioresistance 

and strain JC7623 that has had no treatment. The two are rather closely the same, 

perhaps strain AB1157 has a little more shoulder. This means that strain JC7623 

Is very resistant: about the most resistant of any K12 strain. 

Figure 7 shows the sensitivity of three strains of cells to 265nm UV light. 

It is clear that the recBsbcB strain is impressively more resistant than 

the wild type AB1157 and has developed considerably more resistance than 

the single mutant, recB. 

UV mutagenesis. 

Figure 8 is a log/log plot of the histidine revertants per 
o 

10 surviving cells for AB1157 and JC7623. The yield of revertants in 

AB1157 is not great as is observed in uvr+strains, but in three separate 

experiments the yield Increases approximately with the square of the 

dose, as is often observed and which suggests that a mutation requires two 

events, thought to be the production of the premutagenic lesion and the 

induction of the "error prone repair" system, Itself thought to be a part 

of the action of p-recA. The yield from JC7623 is very much smaller and 

hardly conforms to any simple kinetics. This is a striking and surprising 

behavior. 

Septum Inhibition and filamentation: relation to survival. 

In the two figures 9 and 10 we show tracings of microphotographs 

of cultures of cells. In Figure 9 the characteristic appearance of a 

"normal" culture of JC7623 is shown. There are many long cells and the general 

length is more than normally expected. A contrasting strain, WU3610 89 

is shown below. One basis for this abnormal length distribution may be 
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Figure 11. Showing the development of septum Inhibition in JC7623 recBsbcB. Cells are given 
the UV dose shown at each data point, incubated for 90 minutes and photographed in the 
microscope. The length of each cell is then recorded and the fraction of cells exceeding 
the normal length Is taken to be the fractionthat is septum inhibited. The upper line 
through the closed circles assumes anylength beyond 5p to be septum Inhibited: the lower 
line through the crosses assumes The open circles refer to the development of p-recA. 
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Figure 12. Showing the delayed, but rapid division of recBsbcB cells that have received 
5j/m2 dose of UV. 
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the unusually large basal level of p-recA found In this strain. In 
2 

Figure 10 the effect of giving 5J/m UV and allowing the cells to Incubate Is 

shown. In even the small amount of time to get the cells ready to observe thare 

1s some elongation visible and after 90 minutes this has developed into very 

long cells, certainly long enough to be called filaments. Usually the 

formation of long filaments is associated with failure to form 

colonies. However, as Figure 7 snows JC7623 is very resistant to UV and 

clearly these long cells must give rise to colonies. They not only do so 

but divide very rapidly when the elongation stage is over as can 5J seen from 

a study to be described later. 

The induction of septum inhibition is a phenomenon that 

conforms reasonably well to the induction of p-recA. In Figure 11 the dose 

response curve for production of septum inhibited cells 1? shown. It is 

presented in two versions. The upper line <s that which is found by taking 

the normal length for uninhibited cells. The lower concedes that, in this strain, 

the normal cell may be somewhat longer. In any event, the comparison with the 

production of p-recA is quite good. 

In Figure 12 we show the manner in which cells that have received 2 
5J/m UV divide. There is very little division for nearly two hours, during 

a^ which time the cells are elongating. Then there is a sudden burst of 

division which has a smaller doubling time than normal and which suggests 

that the filaments divide in more than one place to produce more than two cells 

per filament. 

The last figure we show, Figure 13, shows the presence of 

Weigle-reactlvation. The irradiation of X phage by UV causes a loss in titer 

as can be seen from the figure. However, if the phage is attached to cells 

which have been UV Irradiated there is a difference in the loss of 

titer: the cells produce a reactivation. This can be described by a 

dose modification factor (8) and In this Instance is about 1.6 which can 
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Figure 13. Showing the presence of w-reactivation in tht recBsbcB 
strain. UV'd phage show a reduced titer as the dose is increased. If 
the damaged phage are attached to cells which have various amounts 
of UV irradiation the titer is higher. 
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be compared with 1.8 observed in AB1157 and 2.0 in strain AB2470 (recB~) 
2 2 This is observed at the dose of 24.Z J/m . Lesser doses of 4.0 and 1.1 J/m 

produce lesser reactivation. There is no conflict between these observations 

and the yield curve for p-recA. 

DISCUSSION 

The mutant strain JC7623 is deficient in the first instance in 

exonuclease V which is an exonuclease in both the 3' to 5' and 5' to 3* directions 

and which requires ATP for >oth these functions. It is also an ATP assisted 

endonuclease. In the second instance the strain is deficient in exonuclease I 

which is a 3' to 5' exonuclease working on single stranded DNA which is free 

of the duplex, a limitation not applicable to exonuclease V. 

The result of having these deficiencies is tc produce: 

1. A very resistant cell to both UV and ionizing radiation. 

2. A high basal level of p-recA. This is associated with sbcB. 

3. It is readily septum Inhibited, it forms filaments which divide 

to form colonies. (Septum Inhibition is supposedly a lexA+ related phenomenon.(9) 

4. There is good W-reactlvation. 

5. The only observed induced radioresistance is the restoration of the 

sensitization Introduced by rifampin. 

6. There is no Induced inhibition of post radiation DNA degradation. 

7. UV induces a very low level of histidine mutants. 

We make the following deductions from this behavior: 

1. The remaining recF gene product (function unknown) acts to 

facilitate repair by molecular synapse. This is now better than in the 

wild type. 

2. The recA gene product is formed and can, at least, act on the 
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lexA gene product, so it is probably activated. 

3. Induced inhibition of post radiation DNA degradation is only missing 

because exonuclease V and I are absent. So the recF action is probably not 

some similar exonuclease. 

4. Induced radioresistance is absent because the cells are resistant 

without being induced. Basal levels of p-recA being high suggests that low 

concentrations of p-recA, maybe without activation, confer induced radioresistance. 

5. The extra efficient molecular synapse repair removes many of the 

pre-mutagenic lesions introduced by UV light. 

These suggest th- following experiments: 

See if r.he abnormally high resistance -o UV and ionizing radiation 

disappears if the cells are grown on a carbon source which makes division 

times very long and so reduces the number of genomes and hence the 

second duplexes needed for molecular synapse repair. When this is 

done does induced radioresistance appear? 

See if UV mutagenesis rises to normal with only one genome in a slow growing 

cell. 

See if X Induction is normal, 
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LOW DOSE EFFECTS IN RELATION TO EXTRAPOLATION FROM HIGH DOSE 
* 

E.C.Pollard 

Exposure to ionizing radiation,^since the discovery of X-rays 
and of radioactivity has been of concern because of its effects on 
health. At high doses, in the order of lOOrads or more, it is quite 
possible to observe a number of serious effects of IZR, though these 
are usually statistically found, rather than directly. Thus a good 
many of the earlier workers, who certainly took considerable doses 
seem to have lived normal life spans, while others did not. This 
statistical aspect has dominated the field of designing safe doses for 
workers and progressively more and more conservative levels have been 
set. One very important approach has been to take observations, for 
example developed from studies at Hiroshima and Nagasaki and deduce from 
them what would occur at much lower exposures. One such set of 
observations taken from the report of the B.E.I.R. committee of the 

O j 

N.R.C. is shown in Figure 1. There are four data points, obviously with 
considerable scatter and on the basis of these the line indicated 
has been drawn. The slope of this line gives the figure 1.56 deaths 
per million persons per year due to 1 rad of radiation. Two other lines 
have been drawn which could plausibly agree with the data and neither of 
these agree with the figure above. The upward sweeping line suggests 
a risk nearly double and the lower more like one half. In terms of 
the protection of a large population the range of a factor of four is 
quite important and knowledge of how to extrapolate from the high dose 
data, (for the lowest data point is at 25rad) to doses near zero is 
of real importance. 

That this is not trivial can be illustrated by a more direct 
study. Mancuso, Stewart and Kneale (2) have studied the death of workers 
at Hanford over a number of years and related the cancer deaths to a 
higher recorded radiation exposure than the non-cancer deaths. Since 
their publication, four relevant additional studies of the same material 
have been made, (there may be more, this is the number we have located). 
The conclusions drawn are all different and substantially so. The 
population observed is in the tens of thousands and to make a definitive 
decision as to the relationship between low level radiation and the 
incidence of cancer will take many more than that. The data will be hard 
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Figure 1. Four data points taken from the B.E.I.R. report, g'.ving 
the risk of lung cancer amo^g survivors of the atom bombs at 
Hiroshima and Nagasaki. The continuous line is the one in the 
report. Two other lines are drawn, both possible. There is a 
factor of four In the number of predicted cases of cancer per 
million per year per rad. Knowledge of the probable shape of the 
curve from cellular data would be a great help in determining 
which of these is most sensible. The phenomenon of induced 
repair suggests that, in addition, low dose cellular distributions 
can not be inferred from data obtained at high doses, such as here. 
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low dose 2 

to come by, the statistical analysis difficult and the controversies 
about impossible to still. 

A secondary approach seems to be worth while. Cancer and radiation, 
if they -ire connected, most plausibly are connected through thr effect of 
radiation on a human cell. A clear knowledge of this effect and hov it 
can occur low doses would be of great value in keeping a sensible 
approach to the available epidemiological data, particularly as 
all responsible administrators are resolutely keeping the occupational 
doses very low. One aspect of our work on the induced repair system in 
E.coli strongly suggests that the behavior of cells at low doses can not 
readily be predicted from observations taken at high doses. The reasoning 
behind this is given and some experiments, of a preliminary nature^ 
are described and discussed. It is our belief that more work in this direction 
should be done and if the experiments uphold the predictions and the 
preliminary findings, then a similar program of research on low dose 
effects on human cells should be undertaken. 

v 

RATIONALE 

In E.coii the nature of induced repair is that it follows an 
all-or-nothing type of induction. A dose D applied to the cells will elicit 
a response, Y according to the relation 

where DQ is a sensitivity factor 
for a particular inducing agent and a particular strain of cells. Now 
induction has several consequences and our work has shown that a number 
of these go together. One consequence is that the induced cells are 
resistant to further radiation, a second is that they are more 
able to give mutations when irradiated, a third is that if a prophage 
Is present It is now inducible. Thus a dose of an agent which can 
induce divides the culture into two differing parts — one which is 
resistant, mutable and perhaps transformable (if, as Devoret suggests 
inducibility of prophage is related to transformability) (7), and the 
other which is sensitive and not so mutable or transformable. At high 

of Use fc* t doses the yieldAapproaches 100%aso observations are on only one of 
the potential properties of the culture, the part that is resistant, 
mutable etc. One important fact to know is then the value of DQ in 
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UV D O S E J / M 
Figure 2. The average of three experiments in which cells of strain AB1157 were givc.i a 
series of low doses of UV light aud then plated for the survival of colony forming ability. 
The dotted line is that which is obtained by observing at much higher doses and drawing 
the line through those data points. A sensitive component is apparent, which is not 
a very large fraction of the total. 
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relation to other radiation factors such as sensitivity, mutability and 
so on. In order to see whether this rationale has any validity two 
lines of evidence have been pursued. One has been described in the 
Appendix on Induced Radioresistance. There the multiple populations 
in theĵ ower doses was seen by observing the existence of a component 
that grows normally,as well as the component of resistant cells that show 
septum inhibition and do not grow normally Immediately after irradiation. 
The second line of evidence is more direct. If the induction of induced 
repair confers resistance on the cells and if Induction is a process 
which can occur statistically, then there should be uninduced cells 
which, at low doses, have the greater sensitivity of non-induced cells. 
Thus by careful plating at quite low doses there should be apparent a 
two component survival curve. The sensitivity of the sensitive component 
should be the same as cells which can not be induced^condition that can 
be achieved by preventing transcription with rifampinjand the 
sensitivity of the resistant component should be the same as that of 
fully induced resistant cells. The amount of sensitive and resistant 
components should conform to the yield curve for the induction of 
p-recA. To a great extent this can be shown to be true by experiment 
as now described. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Figure % shows data taken on strain AB1157 which is "wild type" 
in all radiation repair genes. The survival of colony forming ability 

of UV 
is observed for the relatively small doses^shown. There is a sensitive 
component at quite small doses which can best be appreciated by observing 
the dotted line which is the behavior of a culture of the same 
strain observed over a range of much higher doses and where the averaging 
consequent on data points being relatively far apart obscured the 
small component of the culture which is very much more sensit^ye than 
what is observed if high doses are given. The size of thi^component is 
very dependent on the induction curve for radioresistance andj as indicated 
in the appendix on that subject^ radioresistance is induced by UV at quite 
low doses. This will emphasize the presence of the resistant component and 
make the observation of the sensitive component relatively hard. 

Figure 3 shows a similar experiment in which X-rays were used 
to test the culture for the presence of a sensitive component. It seems 
very likely that one such is present and to a greater extent than in the 
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X - R A Y D O S E K R A D 
Figure 3. One experiment in which a series of closely spaced relatively low doses 
of X-rays were given to a culture of strain AB1157, It is clear that the 
survival of colony forming ability is lost in a manner which is more 
sensitive at the lowest doses. 
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case of UV exposure 
Figure 4 shows a repeat of the previous experiment with the 

addition of a determination of the sensitivity of the culture to X-rays 
when transcription Is stopped with rifampin and also when the culture Is 2 
induced for Induced repair with lOJ/m UV. The sensitive component can be seen 
present to about 25% or so of the total, rather more than seen in Figure 2. 
It is possible to examine these data in the light of a theoretical prediction 
from thTee separate observations. The first, made by Dr. Kazanisjis the 
observation of the relative yield of the recA gene product as induced by 
X-rays. The second and third are the sensitivities of the uninducible cells 
treated with rifampin and the fully Induced, pre-treated with UV^cells. 
The first observation fits with the idea that an increment of 2krad will 
induce 0.22 fraction of a previously uninduced culture. The second tells 
us that for uninducible cells the survival after 2 krad<4j0. 53 fraction 
for previously uninduced cells. The third provides the information that 
fully induced cells remain to the extent of 0.85 fraction after 2 krad. 
With this information we can proceed in a stepwise manner to examine the 
consequence of imposing increments of 2krad on the culture. The result is 
shown in Table 1. 

TABLE 1 

Predicted fractions and total survival of AB1157 after successive doses 

DOSE INDUCED SURVIVING UNINDUCED TOTAL 
(krad) INDUCED SURVIVORS SURVIVORS 

0.0 0 0 1.00 1.00 
2.0 0.22 0.19 0.41 0.60 
4.0 0.09 0.23 0.24 0.47 
6.0 0.05 0.24 0.13 0.37 
8.0 0.03 0.23 0.07 0.30 
10.0 0.015 0.21 0.03 0.24 
12.0 - 0.20 0.01 0.21 
14.0 - 0.18 0.00 0.18 
16.0 0.15 — 0.15 

and so on. 

If the last column is plotted the appearance is as in the 
closely dotted line in Figure 4. The agreement is not perfect but part of 
this may be duue. to some uncertainty about the sensitivity of the fully 
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Figure 4. A second experiment with relatively low doses of X-rays applied 
to cells of strain AB1157. The sensitive component at low doses is 
apparent. In addition two lines are drawn on the figure showing the 
sensitivity of cells which have transcription blocked by rifampin and which 
can not be Induced for induced repair and also of cells which have been 
given a good inducing dose of UV. From these lines and the yield curve 
for the recA gene product as elicited by X-rays, the theoretical line was found. 
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Induced cells. It Is interesting that this moderate agreement is obtained 
on the assumption that induced radioresistance, when induced by ionizing 
radiation, is closely in agreement with the induction of the recA gene 
product. This is a prediction not yet tested. 

DISCUSSION 

It is evident that in E. coli an inducible system, responsive to 
radiation damage exists and that at low doses there is a dichotomy between 
induced and resistant,and uninduced and sensitive>cells. It is likely, 
especially in view of the remarkable finding that something like 6% of the 
genes of E.coli are in some way related to recovery from damage to the 
DNA that something of the same will be found in human cells. If the response 
to radiation dose is all-or-nothing as is the case for the induction of 
p-recA then there will be the same kind of dual population in human cells 
at low doses. In reality, for a human being there are three populations? 
frr a cell that will not divide and so is not in the accounting in a 
bacterial study, may well be fully functional in a human body. It 
also may be altering the replacement program and be a liability. In any 
event, the work on E.coli suggests that a range of low dose phenomena 
can exist in human cells and they should be looked for and catalogued 
as to their importance in the well being of the human to whom they belong. 

The bacterial system needs to be further studied for suggestions 
as to mutagenesis and the populations, also for transformation and the 
two populations. This is something we can make a start on. 
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