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ABSTRACT

s

ﬁébéiiﬁt*i-u-ASurvival, post= irradiation DNA. degradation andxability of hosts to=

excise pyrimidine dimers from phage T7 as a function ‘of dose have been

. .. studied in four strains of the B series o.f,E° coli. It is found that
the contribution to radioresistance of the three controlling loci by
which the strains differ are additive both at the gross survival and e
dimer excision levels. The ability of hosts to excise dimers is not
destroyed as a function of dose, indicating that ultimate lethality in

" this series of bacteria is due to a presentation of more damage to the e e e T

cell than its repair system can restore. The implications of this are

~_discussed.
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. A myraid of effects have been observed following exposure of » T
T biological materials‘to hoth ionizing (x-and X-rays) and erciting N #
| (ultraviolet) radiations. Since the advent of "Target Theory" (review. 1
,—Lea, 1946), a large number.of workers studied.eifects such as electrolyte o
leakage  (Merrick and Bruce, 1965), disruption of protein and RNA .
synthesis (Pollard and Davis , 1970; Kitayama and Matsuyama, 1970),

enzyme release from subcellular organelles (review. Bridges, 1969), inter-
- | ference with:energy metabolism (Mitchell and Marrian, 1965, Bruce and |
Parker, 1972) in an attempt to localize the "target" molecules.
) Although all types of damage, undoubtedly play a part in determining o
.the ultimate fate of the irradiated cell, it appears that damage to
DNA is of the greatest biological conseduence (review: Haynes,.1964,
/ - 1966) ., Several different lines of experimentation have been employed
to_reach this concensus: DNA synthesis is the most UV sensitive process
(kelner, 1§535;.relation of X-ray sensitivity to total DNA content'
’(Kaplan and Moses; 1964; Freedman and Bruce, 1971); suicide experiments
' f"'(Apelgot 1965;° Apelgot and Duquesue;"Stent”and”Fuerst—'1965),"electron T T
beam penetration studies CDavia and Hutchinson, 1952), among others.
"Despite the fact that the above evidence is- circumstantial in nature, the |
- early finding by Hollaender and Emmons (1941) that the UV action spectrum

for mutagenesia and inactivation coincides with the absorption spectrum -

for DNA, strongly. implicates DNA as the principal target.

Damage ‘
UV - The effects of UV on the physical properties of DNA have:




.

been reviewed by Marmur et al, (1961) and J.K..Set10w¢(1965)z--At high~.:...;-=p~u;
Cee o je-;»”f:doses, out of the range- of biological interest,~31ngle strand breaks e ::rﬁ:-;»we¢-~
~DNA=DNA crosslinks (Marmur et a1 1961) and pyrimidine hydration products '——'*"“’l
e=;§§§;y§;;i§e,1(Pearson, et: a1 1965) have been identified;" Theugreatest breakthrough—in ;*»zafa;:
~ the . f191d~°f W. photobiology ¢8me<w1thothrfinding of Beukers “and Berends'v.ﬂy “
ot (1960)., They demonstrated that following V. irradiation there WAS-8 - - o iei - -

-breakage of the 5-6 double bonds of adjacent thymine residues which

‘resulted in the formation of a cyclobutane ring,thereby linking the adjacent h
_residues. The so-called thymine dimer production.was found to_be directly .. _ . _ .-
related to cell killing (Wacker et al, 1962).. Of minimal .importance-to.... - - ... -
most organisms, but significant-in.phage systems, is. UV=induced DNA-

protein crosslinking (Smith 1964,1968), -Thia'seems:to cause—a~loss‘in Cee

ability of phages to inject their nucleic acid."

X-ray = X or -ray damages lack'the‘nolecular specificity seen above
) in the case of UV irradiation and a considerably wider variety of effects
haa been observedo Specifically, these have been categorized into direct
and indirect effects. Direct effects refer to primary energy deposition -
into the molecule of interest. Indirect effects deal with deposition of |
e T e energy-into«secondary molecules which are thereby rendered highly reactive-r—v-'f"j“~
| | _ with other substrates° These secondary species are uSually rad101ysxs -
“’pédaucté‘éf'ﬁécéf'ih the form of free radicals, peroxides and superoxidee.
(review; Bacq andbAlexander, 196l), o S T B
In order to distinguish between the two types of effects, a large i
“number of experiments have been done with dry DNA irradiated.in vacuo, .
The results show a reduction in molecular weight of the DNA to a value which 1is
inveraely proportional toAdose (Hagen and Wellstein,bl965), thereby .

implicating strand breakage, For DNA irradiated in solution (Cox et al, 1955)
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the number of double strand breaks increases as the square of the dose
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shouing that both strands are not subject to attack by the same water

radicalso DNA strand breakage in vivo has been shown in many systems ;

mtiya ey $r ey mire e :_.:‘4,—_..,_.:::—- EAPC VI S R A ST o BRI ey s sm vsielegeeeen cebdur S sy 20 men e

(Freifelder, 1965, 1966 McGrath and Williams, 1966; Goldstein.et al., 1973).

T "’”'“**“”Eﬁié breaﬂaée may be the result of direct scission of the phosphodiester

backbone (Peacock and Preston, 1960 Freifelder and Davison, 1963) or

|
1
base damage (Latarjet et al. 1963; Scholes et al, 1960). B »
— -~ Repalr. . . .. R ——— e e —
= »~~-»e—mhe~early~finding~o£.Hollaender and Claus (in Smith and Hanawalt; - --~—
1969) that UV irradiated fungal spores had a lower survival if plated
immediately than if incubated first in water or salt solutions was the :
- first indication that cells could recover from the damaging effects of '
s om e padiation, -The -pronouncement of the Watson-Crick -Hypothesis and the - e
- general agreement that DNA is the principal target of interest, made
.. so-called !Liquid Holding Recovery" and repair functions in general the
... subject of :considerable investigation especially in relation to DNA, |
Hicroorganisms vary widely in their ability to survive similar
exposures to radiation. Since cells exposed to the same doses sustain
'the“same‘amOunt‘of’damage,(McGrath and Williams, 1966), then it is
_reasonable to“conclude that differences in.survival levels must be due
to differences in repair capacity, ability to tolerate unrepaired damage
e " or both. | '.' | A .
Since the cﬁaraCterizationAof "Liquid Holding Recovery'’, several .
other recovery processes have been described. That the action of these

processes are partially additive (Setlow and Carrier, 1964; Pettijohn and

Hanawalt, 1964; Boyce and Howard-Flanders, 1964), implies that those
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o e — .  8ystems . operative under:given. conditions- compete: in*partwfor:the-same—damage% 2o ldmie
s Moseley and Laser (1965) and.Bruce :(unpublished.observation) haveiz:riinsdsrsstis

. shown a commonality Of'Uv.and Xfraysrepair~sy3taﬁsﬂhvﬁgﬁfadiodiurengeand:¢5j37?3"71

4

y‘ﬁ
k
"l

Lﬂ»E}“coliéreSpectively. In‘general"wthree‘different»Cypes—of repair systeéms:Sosenr remea

e e have been observed in bacteria.__The first .photoreactivarion*(PR)"seems_a_w_.,,ig.,;4
! i

= ocunr o< to be specific for UV damage- and .the others, excision-repair and-recom=-- .~~~ ==
bination repair are apparently operaole on both types of damage.

Photoreactivation - The term "photoreactivation" is a general term

e;which_deals“withganwapparentizeducEion_oi;uu_indnced;damage'foSte:ed by
'exposure to wavelengths in the blacklight region-(review, -Harm-et-al, ——s-cooo L -
1971). There are several phenomena which fall into the category of -
ohotoreactivation. Indirect photoreactivation (Jagger and Stafford, 1965)
is an enhancement of dark repair (see ﬁkcision Reoairvsecﬁioo)feod hence -
wwomescoitn - g enzyme dependent. Direct“photochemical monomerization’or-photo-f-‘w~¥~iw=—;~~;—wﬂ
- reversal (Setlow and Setlow,'1962) is a noqenzymatic process requiring short.
wavelengths in-the UV- range.  -The most important, widespread and efficient:
. process, however, is photoenéyhatic repair (reviews: Cook, 1970; Setlow; ‘
1966; Rupert and Harm, 1966). In vitro experiments with crude and partially
purified yeast photoreactivating enzyme (Rupert, 1962a,b) indicate that the
“‘reaction follows Michaelis-Mentén;kiﬁetiC§faﬁa“thet:the‘nééeSsa;y'illumiﬁéif*"”'”"
. tion causes photolysis. of the enzymeesubstrate:complex with eimultaneous
appearance of_repaired DNA, |

‘'Recombination Repair- - Luria~(1947)“observed"that E.'coli B: infected

with Uv irradiated bacteriophege»at a low multiplicity yielded no'burs;s.
However, as the moitiolicity of infection (MOI) was increased above one
bursts were observed with a high'probability.' This so-called '"Multiplicity
Reactivation" wes the first indication that recombination-like processes

- could be involved in UV repair.
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_Recent investigations concerning recombination repair in E. coli

have not used strains of the B family° Since the K12 streins of ﬁ; coli
are mating strains, and meting-type recombination is likely to be enzymatic
in nature, mutants defective in‘recomtination using a mating assay were
1solated from K-12 (Clark and Margulies, 1965; iowa:d-Flanoets and Boyce,
1966) . Several such mutants are now known (review: Smith, 1971) and map
into three iociﬁ :ecA, recB, and recC (Willetts and ﬁount; 1969; Willetts
et gl, 1969; Taylor, 1970; Storm et al, 1971).

Recombination repair, as such, was first suggested by Howard-Flanders

and Boyce (L964).1_i.ha§Abeen firmly established (Howard-Flanders and Boyce,

1966) tnatvthis orocess"is separate from exision repair (see next section).

Both recombination repair and excision repair are probably of equal

.importance.(Radmen et al, 1970). as far as the extent to which damage can

.be repaired.,

Overvhelming evidence (Howard-Flanders and Boyce, 1966; Rupp et al,

..1971; Smith, 1971; Rupp .and Howard-?landers, 1968) supports the idea

that a sister strand exchange takes'place in this mode of repair.

"Excision Repair - Dark repair as it was originally known, was so

named because the presence of photoreactivating light is not necessary.

: ”The~figst=euidence:thatitnismtype of repair occurs by direct excision of -

damage was found simultaneously by Setlow and Carrier (1964) in g.icoli B/r

Hand Boyce and Howard-Flanders (1964) in E. coli K12. It is assumed that
. such a mechanism,xeguites the sequential action of,several enzymes as

.. -follows: - ... ,fd,”.,.,A“lA T T RPN E

(¢)) Recoggition of damage - presumably due to distortions in the
regularity of the double helix.

(2) Nicking (incision) of one of the strands - either directly by
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<-——zizexposure..to: ionizing. radiation=or=by-anzendonuclease in-the regionm—of "=~ = S

the pyrimidine'dimer*in the case of UV,

(3) Depolymerization (excision) of the region adjacent to the nick -

[ ——— - ¢ rim e s ma————n e <t Sha 4 e a ke a @ s = — . P

" by some exonuclease. oo
(4) Repolymerization of the depolymerized region by DNA polymerase or
a DNA-polymerase-like enzyme using the,ondamaged gsister strand as a
. template,. |

/(5) Sealing of the remaining nick by a DNA ligase.

w1th the fornal proposal of this model (review: Haynes, 1966; Howard-
Plandera-and Bofce;.i966) inﬁestigation of the several steps necessary
was undertaken in several laboratories. ‘

;Recoggition and Nicking -~ Grossman and his group (Grosshan et al,
1968; Kaplan et al, 1969) have isolated an endonuclease from Micrococcus

lysodeikticus which requires double-atranded, UV irradiated DNA, Its

..activity is linear with dose between 10% and 10° ergs_/mm2 ig”giggg.
Measurements of the number of.;ncisions in relation to the nomber of dimers
present indicate that one nick per dimer occurs under these conditions.

The precise role this enzyme playsvin vivo is unclear (Takagi et al, 1968).

.Further purification of . thls enzyme has. been accomplished (Nakayama et al,

. 1971). but further clarification of its in vivo action was impossxble
b;#tbat group, However, mutants with depressed levels of the enzyme,
_repair their DNA more slowly in vivo (Okubo et al, 1971). A similar
enzyme has been identified as the V gene product of bacteriophage T4

(Friedberg and King, 1971; Friedberg, 1972),

Post-irradiation Degradation - Degradation of DNA‘following exposure

to bacteria to either UV (Stuy, 1959) or ionizing radiation (Stuy, 1960)
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~..1s.a lqng9sxanding;Qbse:yg;ign4;;gorxelanipn;he;weéngéurwivalaieve1ssaﬁér—e=s—%ﬁﬁ4%—e
extent of DNA breakdown have been fortu:.tously posit::.ve (Starvric et al., -
196&), or absent (Frampton and Billen, 1966), depending on the experimental
conditions. Generally speaking, however, increased depolymerization is
usually accompanied by increased sensitivity (Trgovcevic and Kucan, 1969;
~ Okubo et al, 1971; Boyle et al, 1970; Town et al, 1971). . In. support of
. this idea, agents which interfere with normal DNA sjnthesis patte:"ns,,u in
__unirradiated cells (e.g. phenethyl alcohol, naladixic acid) have been
_shown_to be radiosensitizing agents contributing to_excessive DNA break=-_ "~ "~
e ' down (Dreidger and Grayston, 1971 a,b). T e e _* e

S e i STt

An exonuclease activity associated with the endonuclease of M,

lysodeikticus has been &esgribed (Grossman et al, 196‘8.;_ :Takagi et al,
1968; Kaplan et al, 1969). .The enzyme requires UV irradigted) nicked DNA.
'-A:pérdkimatelj;"ld'bases are released per nick. In g.g&}_ , DNA ;‘aély{ner‘as‘ézj
1 (Ko:jnberg's ‘enzyme) has been shown to have exonucleolytic prOperﬁies
(rev'ie'w;’;-' Kofi{berg, '1969).’ Kéfnbérg and co-workers have dem;anstrated’thét'
' DNA polymerase I is capable of excising thymine dimers (Kelly et al, 1969)
in @ 5'~3» 3' direction and that double stranded DNA nicked with a 3'—

‘hydroxy terminus can serve as & template primer for the well-known 5's=»3' _

'po'lyvmerizatiion'.” It is unclear, h'owéi’rer', why ’th‘e 3'—-’ 51 'gxbnucl‘eolly't'ic
- activity (Kornberg, 1969) is not observed for this type of damage ("l(eily
et al, 1970). |
A mutant (polAl) has been isolated from E. coli W3110, a K-12 derivitive,
which is an mber mutant of DNA polymerase I and UV sensitive (Delucia
and Cairns; 1969) . PolAl mutants have been observed to d egrade considerably
more DNA post-irradiation than their parent strains and the increase

in UV sensitivity is due to an increase in nuclease activity (Boyle et al,




i ez 1970)-0--Since semiconservative DNA:replication-is: apparentlyﬂnormabzin— RS T
polAl mutants~(0kazaki-g£fgl,Al970),‘the function of DNA polymerase I as

8 repair enzyme is implicated,

. Repolymerization (RGP119§tiQQ;RePQit)'?tThe fidelity of depolymeriza-
tion and repolymerization_is questionable at the present time, Two
models have been proposed with respect to this problem, The first
mechanism, the "cut .and patc " mechanism (Howard-Flanders and Boyce, 1966)
proposes that depolymerization and repolymerization are,“in fact,-separate__“.- -

'"ateps.."That"is,.the-excisionmis_completedeandmthe.resultantuoligonucleo-uA e

tides are -released -from- the—BNA—before polymerization- begins.mnIhe-secondee__"_;;n.4 _

model, the "patch and cut" hypothesis argues that replacement occurs with
- .- @& simultaneous peeling back of .the .danaged . region (ﬂaynes, 1966) . -This -~ .- - |
suggested to Strauss (1968) the possibility'of a “repair complex" which | |
could catalyce-hoth:degradation'and replication'repair, The involvement.
of DNA polymerase I seems to favor this second alternative. |
| " Repair replication, then, appears to be a process separate from
regular semiconservative DNAiduplication. The findings with polAl mutants..”
as well as the recent observations bvaerner'(l971) that the two processes
- Tequire different precursors, bear_this out.-_Billen (1969) —however,whas-~-—v-
"shown that semiconservative duplication is initiated at sites other than o
" the fixed replicating origin following X-irradiation of Ee. coli 15T, In
other words, both types of-replication'are oﬁefab1e'§o§£”x4:£§. whether this
duplication initiates at fixed "alternate sites" on the chromosome or at
Aregions damaged by the irradiation is not known. Similar ob;ervations a
were not made following UV-irradiation.

Ligation - Enzymes which catalyze the covalent joining of nicked,

double-stranded DNA have been isolated and purified from E. coli and phage=
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It appears, therefore, that the ultimate success of excision repair

depends on the ability of the ligase to displace the nuclease from the

PR e B e

DNA.. In support of this _was. the isolation (Howard-Flanders and Theriot, _

1966) of "reckless" mutants which excessively and irreversibly degrade

SAATR EA BT T v s D TS _STOIRD DR oYY SYIRES DA B T e T i S YO, St sk XA

their DNA. Such mutants, of course, are extremely sensitive.

Genetic Control of Excision Repair - Although‘Some work has been

done with other organisms, notably B. Subtilis (Bron and Venema, 1972 a)
the bulk of recent literature deals with E. coli B, K-12 and coliphages
- (reviews: Smith, 1971; Adler,-1966). Apart from the -polA locus (above), _v~~~-‘;
',.sia other loci are known to affectaeacisionArepairrin”the'K;IZﬁseries;‘ifl"'*““ ‘
Adler and Hardigree (1964) found that a mutant, lon, which interferes with
septum formation also shows marked'UV and x-ray.sensitivity. Another
mutant, lex (Howard-Flanders and Boyce, 1966) appears to control the extent
of DNA»breakdownwpost~irradiation. Howard-Flanders et al (1966) described
three other loci (uvra, uvrB, uvrC) which they conclude by building double
mutants, perform. the same function. 'Earlier experiments by Emmerson and -
Howard~Flanders (1965) which show no difference in X-ray response of
UVR* and UVR™ strains indicate that these uvr loci deal with endonuclease
functions. The fourth locus in this series of uvrD (Ogawa et al, 1968)
-which functidns-aftet uvrB.  In theée temporary heterozygotes uurD"/uvt‘D+
" ?Y??: is dominant., Further characterization (Shimada et al, 1968) indicates
that uvrD mutants do not incise, do excise but do mnot repolynerize. This
.- would implicate uvrD as an exonuclease suppressor. -

Radioresistance in the B series of E. coli ‘appears to he “controlled
at four loci - three structural (£fil, hcr, exr) and one suppressor (sul),

The Fil Phenotype = In 1962, Rorsch et ai, observed‘a correlation

between radiosensitivity and the formation of_long filaments by sensitive




1ncreasedmconcentrationsedoenot_nct in a. zadioprotective_cgpacity.. The

10.

cell post-irradiation. That is, the filamentation was absent in B/r:and -~ . -

- present_in. B.. 'Cells with the F;Ll+ phenotype are able to undérgo-'"nuclear" - = s
Aldivisien'(Adler-anduHardigree,;1965),=h0wever.the~filaments,eventeelly lyse . .. ..
’=ane-die-befere"visible-colonieSware~apparent@fx?ha:the-additiom:ofupantoy&wwég5ﬁa:v7fg
.lactone to cells are filt both prevents‘fiiamenﬁation and raiseeithe»uvueurvival;

to-the level of fil™ cells.(van de Putte et al, 1963) demonstrates the .

connection bet*een the two is real. That further addition of pantoyl-

lactone to fil cells does not increase their resistance, indicates that

-A'f-same pantoyl-lactone effect was observed in the K-12 lon /lon system~ .- ;ff,

“(Adler and Hardigree, 1965). Thus it appears that Fil and Lon are

indistinguishable although they map in different regions (Adler, 1966;

‘ "ray1or, 1970). .

Filament formation has also been observed following a variety of -
non-rediation treatments - notably crystal violet (Rersch et al, 1962),
chloramphenicol (Witkin, 1967 a) and high pressure (Zobell and Cobet, 1964).

These and other observations led Witkin (1967 &) to note the parallels

between induction of filamentation in the B series and prophage induction

in K-12 lysogenxc for lambda.

The Her Phenotype - Host cell reactivation (Hcr) was. first described

by Ellison et gl, (1960). Theit_observation was that UV irradiated phages

‘T1, T3 and T7 when plated on.B had a higher survival than when plated on ..

'5_1. Unirradiated. phages -gave identical plaque counts on either host.
The survival curves for these phages were clearly separable when assayed -
on B but were almost coincidental when plated on Bg_j. These observations

led the authors to postulate that a genetic determinant which accounted

for the increased sensitivity of host B__, in relation to B also participated




11,

ih repair of the phages; That this phenomenon was not obsgrved following
X-irradiation of Tl suggests that an endonuclease functién is inQolved.‘ |
Further studies by those authors (Hill, 1964; Feiner and Hill, 1966) con-
firm that.;éactivation is due to a host-directéq function. The original
investigation (Ellison et al, 1960) also indicated that T2, T4 énd T5 were
not subject to host cell reactivation. The identification of the V gene
‘product of T4 as an endonuclease (Friedberg, 1972) supports the idea of
hcf as aﬁ endonuclease.

The Exr Phenotype - Mattern et al (1966) have shown by transduction

mapping with phage P1, that B__; is actually a double. mutant of B. That

= e s

e L BT P ETLNE T TN AT R . — e

sl”is, the two functxons are separable by transduction and the resultant

mutant has an X-ray sensitivity intermediate between B and B g=1° Witkin
(1967 b) has observed that Exx~ strains regardless of their Her or Fil
phenotypes don't produce UV induced mutations at a detectable frequency,
but Exr+ é;rains derived by mutation from Exr strains do. Exr+ strains
can produce viable DNA from DiNA containing two to three times as many
residual dimers as Exr~ strains. She concludes thaﬁ the Exr~ phenotype
restores DNA by a léss efficient but more accurate method than Exr'.

The exr locus of B maps (Mattern et al, 1966) at roughly the same

- position as lex in K~12 (Howard-Flanders and Boyce, 1966) and may, in

_fact, be the same locus.

That éxcision repair in the B series is controlled by 3 structural

loci and that the contributions to sensitivity are additive (Mattern et al,

- 1966; Rorsch et al, 1962) suggested to Witkin (1967 b) that there should be

four '"levels" of sensitivity throughout the B series. The "level" of
sensitivity,-then, should depend’on whether a strain in question carried

U, 1, 2, or 3 of the sensitivity loci. Since there are eight possible
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Schematic representation of genetic control of radiation

resistance in the B series.of E. coli. Roman numerals-re-

present the eight classes of mutants. Arrows represent
possible derivations by single mutational events (From

Witkin, 1967 b) .-
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combinations of the three loci then there should be eight classes of

Puysps——

- e e o (PSSR PU PR V.

strains derivable from each other by single mutational events. By starting

“with five known genotypes and studying forward and back mutation, Witkin

was able to show that all derivitives fell into one of the eight expected

classes. A sehematic representation is shown in Fig. 1. C

Objective

It is obvious from the data presented thus far, .that upon irradiation-

..cells_are faced.with two opposing-processes: damage-and—repa8irs- The-— v ——mom: -

lethality results from a presentation to the repair system of more radiation
damage than it can accomodate or whether repair activity is destroyed by
radiation. What we are asking, then, is whether or not the repair system

is damaged by irradiation and if so what is the contribution of the;genetic
pattern described by Witkin? It is to this end that the present research

was undertaken.,

Use of the Phage Systems

If one is to determine whether or not the repair system of E. coli

ia, in fact damaged by exposure to ionizing radiation, it is necessary

_to present increasing doses to the repair system without creating

increased damage to the substrate. Obviously then, a system must be

. utilized in which a fixed amount of damaged DNA is present. That is,

experiments'using‘whole cells are not suitable in that the two types of
damage are not separable. Recent studies regarding the additivity of UV
and X-ray exposures in E. coli (éruce, unpublished observations) have

been, at best, confusing. No apparent generalizations can be reached

. ultimate fate of irradiated cells-; therefore,:depends-on an—interplay. .. -~ 7. .

. betweenmthe,two.WUStated,differently,nthe_question¢becomesfwhe;herme?,h;,riweir-“ﬁ_'




w, .
TTITTTfrom these data, 'Howelli(1912)-has_stddied;this 1niwholeﬁcelisfof:ﬂyﬁ;qerfﬁﬁfﬁ%ﬁ%ﬁ%ﬁf%
radiodurans with.rhe finding that pre-treatment with doses below 600 kR
followed by UV irradiation have no effect on the kinetics of dimer
-excision.  Doses greater than 600 kR reduce the rate- of excision in that.. .
organism. No conclusions, however, could be drawn with respect to ¢
destruction of "repair ability"_oue to increased substrate damage.
In order, then, to carry out the present studies, the.repair system
S mustpbe"presented with.an.external source of DNa-which-contains:a-fixed-=- oo o)
T - amount of damagee There are three methods by which this may- be done S Z.”Jﬂf“?if e
"f~ﬁ~fTheﬁfirstrpossibitity“ig incubation-of UV.irradiated DNA withuagcellgfree:fzzuﬁ;e;#JQxf
E. coli system. This has obvious limitations since breakage of the cell
"~ leads to @ liberation of membrane-bound nucleases (Alper, 1968) which.
might-not normally participate in repair.
The s econd alternative involves a transtormation system using UV~
irradiated transforming DNA., Bron and Venema (1972 a,b ¢,d) have studied
‘the properties of UV-irradiated transforming DNA extensively in B.-subtilis.
The only report of transformation in E. coli has been by Avadhani et ai.,
 (1969) and those data have not been verified.
- The method of choice; then, is a phage system. The "T" phages have
the advantage of being lytic on all strains of the B series having the
) desired combinations of markers. Since TZ, 4 5 and 6 carry loei which

code for repair enzymes, T7 was chosen as the cest organism,
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__ MATERTALS AND METHODS

Bacterial and Viral Strains

work. The parent strain was ‘isolated by Bronfenbrenner (1920) and

Four strains of the B series E. coli were used in the course of this 5

designated E. coli B by him. It has the genotype fi1t , exxt, hcr+. The

radioresistant mutant, E. ggli B/r (substrain CSH) was isolated by Witkin
(1946) and carries the genotype fil~, exxt, hert. Radiosensitive mutants
33-1 (originally designated B ) (iill, 1958) and Byyy.;q (Witkin, 1967b)
have the genotypee'f11+, exr » ncr and £fi1t, exr” and hert respectively.

All strains were maintained on nutrient agar plates (see appendix) |
at 4°C an& transferred to fresh plates monthly.

Bacteriophage T-7 (substrain 3) was generously supplied by Dr.

'Rosemary Elliot of Roswell Park Memorial Institute.

Culture conditions
All cells were grown at 31°C with aeration by vigorous shaking.
To derive growth curves, cells were incubated in sidearm culture flagks and

absorbance was determined in a Bausch and Lomb "Spectronic 20" colorimeter

st 650 om. Unlabeled E. coli were grown to midlog phage in either NUT
broth or M-9' (see appendix) as measured by Agso = 0.3 for strains B/r (CSH),

- B.and B _; and A6 = 0,09 for strain B

50 1I1-10°
For purposes of DNA labeling M=9 medium (Anderson, 1946) was supple-

'mented'with’hydrolyied“casein'to promote rapid growth, tritiated thymidine

(NEN) and deoxyadenosine (Bche and Setlow, 1962) to promote uptake of
label (appendix). This was then designated M-9 . One half generation
prior to harvesting, the cultures were flooded with a 100-fold excess of

cold thymidine in order to chase the activity into high molecular weight
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material, At the appfopriatg cell concentrations (sée above) cells were

- harvested. by ;entrifugationmand;xesnspendedeinzcoldgnﬁ9$ﬁwithzthe:addtt10n~ SR

of cold thymidine as above,

.. Irradiation.conditions. _ s e iseimen T AP L e e e AT

S~

4 X-irradiation was performed at room :emperathrefwith”éjvestinghouse

- 200 -kVp -theraputic X-ray unit. . The dose rate-was-12.8 kR/min. as determined-------

by the Ficke ferrous sulfate technique (Ficke, 1953). Cells were

suspended in a cylindrical nylon irradiation chamber.and agitated by

. forced aeration to_ensure equal dose. . ._ U o

UV. irradiation was performeduusing~aTQE?germicidal;laypw(Bszfemissionq- -

guaranteed at 2537 X) at a dose rate of either 19\ergs/mm2-sec or 0,6 ergs/mmz-

sec, by varying source columnation. Dose rate was measured using a Jagger=-

-type photocell (Jagger, 1961). All ménipuiations post-UV were performed

under yellow safelights in order to avoid-Yphororeactivation" and "photo= -

reversal’ of UV~induced lesions.

Phagé Aésaxs

lAll_phage viability assays were performed with.the top agar overlay.‘
method using 2% ml nutrient top agar (see Appgfdix) upon plates con-
taining nut;ient agar (see Appendix). Unlesé otherwise stated, the

indicator host was B/r (CSH).

Preparation of Phage lysates

In all cases, the parent strain .(B) was used as- the host., For -

" preparation of "cold" lysates, midlog phase cultures of E, coli B in

NUT broth were inoéuiated with phage suspensions at a multiplicity of
infection (MOI) of 0.01. Lysatéﬁ were harvested by centrifugation when

the culture appeared clear to the naked eye. The resultant was decanted

. and stored with chloroform at 4°C until used. Before use, lysates were
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warmed to room temperature. . . e e
.. For preparation of. J..a._lzglgc_l_};ysa,-_t:e_g,._l}qs_tg_g_rgwnﬁgy_e_tnr;ght__:L )

nutrient broth were back cultured 1:100 into M-9F medium containing

tritiatedNQHymidine (20 yCi/ml). The culture was allowed to..reach midlog..  _ . .

__phase and the procedure above was followed, In order to avoid loss of in-
; fectivity (Hotz et al, 1971; Cleaver et al, 1971), labeled lysates were

not stored for more than 10 days.

Adsorption Kinetics

Midlog B/r cultures were infected at an MOI of 0.0l. Aliquots sampled

(0.45 |, pore size), suitably diluted and plated. The percentage édsorption
was determined by subtracting the number of unadsorbed phages recovered

by this metﬁod from the number recovered at O minutes post infection.

Plating Efficiency - A :

Plating efficiency was determined using unirradiated and irradiated
. phages (800'ergs/mm2). Phagé suspensions were treated as above for
unirradiated phages. For irradiated éhages, each cell line was infected
at an MOI of 0,01, After.IO minutes incubation, cultures were passed °
through a 0.45 p membrane filter and the number of free phages assayed
as above using B/r. (CSH) as the indicator strain. This figure was then

subtracted from the priginal titer to calculate percent adsorption.

Plﬁt;ng efficiency is calculated using B/r as 190%..

¥ Survival Curves

Hosts were grown to stationary phase in NUT broth and harvested by
centrifugation., After resuspention in 0.067 M phosphate buffer, the number

of célls in suspension was normalized by adjusting the A,g, to 0.4 in a

[ R e e e e % g e 3t} § e e e vt sy e e e dt ea o e o e

__. at various times post-infection were passed through membrane filters . ... .. .. . ..

S, . - v - et
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: Beckman modelfDB:spectrophotometera--Theﬁdnse:rate:nsed_forgstfainsAB[rwﬁwr.zx:;

. (CSH) and B was._19 .erg/mmZ-sec.while .the:dose r-_ate;used,;—.f-or.—.»B-rﬁéIé:and;-};r,‘ L

B,.; vas 0;6A§rg/mm2-sec,‘ Hosts were appropriately diluted, plated and

- scored as. above.-— - R

~—

.Phagé survival was.dgtermine&Aby adding 0,1 ml of phage suspension,
appropriately'ﬁiluted in phosphate buffer, to NUT top agar seeded with-

B/r (CSH) as the indicator. , .

X;f;x S;rvivaibéﬁf§é;

Hosts were grown- to midlog phase; harvested and'feéuépended as - -

....above. .-Suspensions were appropriately. diluted:in:-0,067:Molar phosphate...ru._ ..

buffer and spread 1mmedié£e1y on NUT'piéteé. Visible colonies were

scored within 18-24'ﬁéﬁfsiﬁdétéirrédiéiioh;

DNA Degradation

Cells containing labeled DNA were irradiated to 40 kR. At varying
times post irradiation; 0.1 ml aliquots were sampled and added to 1.0 ml
ice cold 10% trichloroacetic acid (TCA) . After standing one hour at ice.
bath temperature to solubilize low molecular weight material, samples
were filtered on 0.45 , pore size'meﬁ§rane i;ltgfs (Mi;liﬁoie Filter Corp).
Precipitatidn tubes were washed 3 times with equal volumes of ice coild

. TCA and added to thé chimneys. The chimneys were rinsed in the ice cold
TCA, Membranes were allowed to air-dry:at room teﬁperature and placed

in vials for‘liquid scintillation pounting. Ten ml of toluene based
scintillation'cocktail (see appendix) were added to each vial along with

1 ml of water. Viéls wére shaken vigorously and assayed for radioactivity
in & Packard Tricarb model #3320 Liquid Scintillation Spectrometer for 10
minutes each. . This method is similar to that used by Achey and Pollard

(1967).,
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- Labeled E. coli were irradiated as above and infected with phage
at 0 time post irradiation to an MOIL of 1.0. In order to prevent the o

burst, chloramphenicol was added to the suspension at 8 minutes post

infection to a final concentration of 25 yg/ml. Sampling and preparation

O U g P B

proceeded as above.

RERTRL e

Dimer Assay
Ten ml midlog cultures of hosts irradiated to 0, 10, 20, 40 or 80 kR

- were infected with labeled phages and incubated as above (see "Phage

Competition") for one hour. To the 10 ml culture 2 ml containing 5 g NaClO4
and 50 mg SLS was added (Marmur, 1961) for deproteination. Following chloro-

form/isbamyl alcohol extraction and ethanol precipitation, the resultant

brecipitate was harvested by centrifugation, washed in‘0.5 M perchloric

acid (PCA) and resuspended to 2.0 ml in 70% PCA, The suspension was
hydrolyzed for 3 hours at 1oo°c (Gunther & Prusoff, 1967) and allowed to .

cool to room temperature. A drop of bromthymol blue in 0.05 M NaOH (Lange,

" 1946) was added to the hydrolysate and the solution was neutralized with

NH,OH (Sekiguichi et al, 1970).
A 10 pl aliquot of the neutralized hydrolysate was counted for radio-

activity in order to determine the specific activity. Approximately

" 50,000 cpm (Carrier and Setlow, 1970) was applied to Dowex 1 x 8 (formate

fprm) ion exchange columns (Sekiguichi et al, 1970). The columns (1 x 10
cm) which had been equilibrated with 0.02 M NH,OH were eluted with 0.02 M
NH40H, 0.2 M NH#QOQH_(pH 8.8). and 0.62 M HCOOH suecessively.u Fractions
were evaporated to dryness by mtld heeting (50-60°C). Ten ml scintillation

cocktail (see appendix) and 1 ml water were added to each vial and the

vials counted for radioactivity.
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eemee -+ .—_.Percent of total radioactivity.recovered .as dimers was.calculated .
by summation of the counts-in. the peak fractions' in the dimer region

(Fig. 11) and dividing this by the sum of the counts in the peak

&

[N ATEC S S B L

===___fractions :l.n -the monomer- region plus .the.-sum of—~the d—imer—region-- e

(1.e. Dimer Peak/Dimer Peak + Monomer Peak).
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RESULTS

X-ray Survival Curves

XFthy survival curves for the four strains used are presented in
‘Pigure 2. The order of resistance is B/r ) B ) Byry.10 ) Bs-1. This
is in accordance with the hyﬁothesis of Witkin (1967b). It is difficult
to.compare these data with published data since»the present experiments
.were performed using midlog phase cells, Furthermore, X-ray survival
data fof BIII-iO have not been published. Goldstein et al, (1973) have
detgrmined that the survival °f‘BIII-10 is infermediatelbetwéen that of
B and Bg_; using stati&nary phase-éells. This plus the observation of
Town et al '(1971) that log phase cells are more sensitive than stationary

"cells implies that the results are in good agreement.

UV_Survival Curves

In order to determine whether the strains used were genotypically
true, UV survival curves were generated° The results are shown in ‘
Pigurés 3 and 4. These curves are in reasonably good agreement with thoée
derived by Witkin (1967b)., The small discrepancies may be due to
differences in experimental technique.

An 1n;eresting observation was that many of the colqnies of the fil*
—;g;;lﬁs (Bg.1» Byyr-10+ B) which had received low dosesbexhibited a
seétoring which appeared as a clear, circular‘area. On fqrther incubation,
the ratio of clear area to clone increased. T; test whether this |
morphology was similar to a ﬁhage-infected céiony situation hosts which
had not been irradiated were mixed with T7 phages at an MOI §f 1.0 and

immediately spread on plates. Although the frequency of sectored colonies
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I
Figure 2. Xeray survival of midlog éhase E. coli
S . o B/r (CSH) o | A
@ " 1o S
AT, |
Dose rate = 12.8 kR/min,
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Figure 3. UV survival of E. coli Bs'1
i A- Bs-l —
@7 By

Dose rate = 0.6 ergs/mniz-sec

23.

and E., coli Bryr-10 -
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Figure 4. UV survival of E. coli B/r (CSH) and E. coli B
| @ = B/r (CSH)
m=
Dose fate = 19.ergs/nnn2-sec.
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was considerably lower than above, the morphology was strikingly similar

‘ to that observed with UV irradiated cultures.

UV _Survival pf T?
Recent evidence (Studier, personal communi&ation) indicgtes‘thac T7
has very pronounced endonuclease activity and that duiing normal infection

857 of the bases in the T7 progemy are taken from the host genome. Since

we wish to study the effect of host genotypes, it is necessary to establish

that phage~directed endonuclease does not participate under. these experimental
conditions. If UV and X-ray survival curves are similar, then the |
ﬁonpartiéipation of UV endonuclease is indicated. This is due to the single
strand breaks introduced Sy ionizing reduction. The results of UV éurvival
experiments are shown in Fig. 5. These results are similgr to the X~-ray
survival results obtained by Gampel-Jobbagy et g;,'(1972).

Further evidence for the nonparticipation of pﬁage directed endonuclease

was reported by Ellison et al, (1960). Then demonstrated that the effects

of the Her phenotype are observable only in cases where phage~directed

repair enzymes are inoperable or absent: Those authors were able to observe

host cell reactivation with T7.

Adsorption Kinetics

_______ Since the latent period in the B?T7_qystem is 20-25 minutes

(unpublished observation), and the experiments to be performed later have

a8 60-90 minute duration, reinfection which results from the completion of

the phage growth cycle must bg-prevehted. Tomizawa and Sunakawa (1956)

observed that the burst could be absorted by treatment with chlorémphenicol
which blocks phage-directed enzyme synthesis (Takagi et al, 1968). Since

a lysed culture becomes progressively less turbid as lysis becomes more
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Figure 5. UV survival of Bacteriophage T7. Dose rate = 19 ergs/mm2-sec.
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6. Adsorption Kinetics of Bacteriophage T7 to E. coli B/r (CSH).
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complete, burst abortion was observed as no decrease in tufbidity. It
was necessary, therefore, to determine at what time post infection‘to begin
the chloramphenicol treatment. The most suitable time would be the
_ eariiest tiﬁe at which most of the phage DNA hgs been injected. Since it
is known that injection of phage DNA commences immediately upon adsorption
(Hershey & Chase, 1952), then this can be determined by following adsorp-
tion kinetics (Figure 6). Eight minutes post-infection was chosen since

over 807, of the phage DNA is injected at that time,

Plating Efficiency

The results quglaﬁjng efficiency experiments are shown in Table I. B
The efficiency for UV irradiated phages could not be obtained directly'
since all hosts ﬁre not either her' or her=. Therefore, UV-irradiated
, phages must be adsorbed to the four hosts in suspension cultures and the
efficiency calculated by subtraction of the unadsorbed pfu. Strain
B/r (CSH) waé used as the indicator strain and arbitrarily chosen as
1007 for the purposes of'calcdlation. Marsden ég al (1972) have demonstrated

that X-irradiation of hosts has no effect on the adsorptioﬁ of T4 to Bs_l‘and B,

Post-irradiation Host DNA Degradation

The post-irradiation degradation patterns are shown in Figs. 7-10 for

_each of the four strains used, Each figure represents a,COtél of eigﬁteen

separate experiments for the three conditions. The results of degradation

in B and B
s~-1

for untreated cells. . : . _ .

are in good agreement with those of Marsden et al., (1972)

In the absence of chloramphenicol and phages, the host degradation
proceeds as B, ; ) B, . , ) B = B/r. Chloramphenicol effects are observed

- for B/r, Bg_; and Byy;_ o- No significant change is observed for B.




PLATING EFFICIENCY

Table 1

Strain Unirradiated titer % Eff Irradiated titer % Eff
(Adsorbed Bfu/ml (Adsorbed pfu/ml
x 10710) -x-10=3)
B/t 4,20 100 9.19 100
B 3.76 89.5 9.52 - 92,7
Bs-l 3.39 80.7 8.64 94.0
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Figuré 7: Post-irradiation degradation of DNA in E. coli B/r (CSH).
.Percentage of originél activity in acid insoluble fraction
Qs. time post=-irradiation.
@ = cells irradiated to 40 kR
B = cells irradiated to 40 kR + chloramphenicol
A = cells irradiated to 40 kR + chloramphenicol + phage T7

_irradiated to 800 ergs/mm?
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Figure é. Post-irradiation degradation of DNA in E. coli B. Percentage
| of 6rig1nal activity in acid insoluble fraction vs. time
post-irradiation, |
@ = cells irradiated to 40 kR
B = cells irradiated to 40 kR + chloramphenicol N
A = cells irradiated to 40 kR + chloraxﬂphenicol + phage T7

irradiated to 800 ergs/_mm2
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Figure 9. Post-irradiétion degradation o‘f DNA in E. coli BiII'-IO'
Percentage of original activity in acid insoluble £raction A
vs. time post-irradiatibn.
® = cells irradiated to 40 kR
B = cells irradiated to 40 kR + chloramphenicol -
A = cells irradiated to 40 kR + chloramphenicol + phage T7

irradiated to 800 ergs/mm?

g
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Figure 10. Post-it:radiation degz;ﬁadati;on of DNA iﬁ E. coli Bsy®
Pércentage of original activity in acid insoluble fraction
vs. timé post-yi.‘rradiation.

'@ = cells irradiated to 40 kR
B - célis 1rraaiated to 40 kR + chloramphenicol
A @ cells irradiated to 40 kR + chloramphenicol + phage T7

irradiated to 800 er:gs/mm2
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Furthermore, the absolute amount of DNA degradation inAthe presence of
. chloramphenicol is rOughly equivalent for B/r, B and Bg.], ranging
from 17.4 to 22.9% of the host genome at 60 min. post irradiation.
The ;;Hition of phages results in enhanced degradation with respect
to tﬁe chloramphénicol treated situation for Bg_; and B/r but not for B

and Byi1.10° ‘No direct relations are obvious in comparison of the behavior

of the four strains relative to each other.

Dimer Excision
Pollowing an ekposure of 800 ergs/mm2 the percentage of radioactivity
'recovere& from T7 alone as dimers was 1,55%. Since the ion exchange
column fractionation method does not allow for separation of types of dimers
" from eaéh other, but only from monomers (see Fig. 11), the data reflect
‘ﬁhe presence of thymine-thymine, thymine-cytosine and thymine-uracil dimers.
The results of excision experiments are shown in Table 1I. Figures in
pérentheses represent raw data, Figures not in parentheses have been
normalized to reflect differences in plating efficiency (Table I) by the |
following rationale: | | ' -
| The raw data representa a weighted average of the activity
1dug t6 unadsorbed phages in the incubation mixture as well
as phages adsorbed to hésts. Therefore, P = X‘(fraction
"TT777  adsorbed) + 1.55 (fraction unadsorbed)
where P = raw percentage recoveréd as dimer and
X = percentage due to.adsorbed pﬁages only

them - -y . P -1.55 (fraction unadsorbed)
(fraction adsorbed)

Dimer excision occurs in ali strains., A-generai trend may be seen

relating excision of dimers to survival. That is, the greater the resistance,

0 A PUUY S
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Figure 11. Typical elution profile for column chromatography of

hydrolyzed DNA. The dimer peak is shown at the left,

monomers to the right.
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Table II

Percentage of Radioactivity Recovered as Pyrimidine Dimers as a Function

1

i of X-ray Exposure to Hosts

4

40 kR

Dose:;/ - 0 kR 10 kR 20 kR 80 kR -
Host. .
B/r | (.127), .127  (.109), .109  (.144), .144 (.097), .097 (.138), .138
B o : (.241) » .121 . (0291) » .175 (0388) » 0281 (0386) oy 278 mmewen
! ) . 5 .
III 10 ( 603) 'y «592 (0518) » 506 (.2‘47) » o£31 (0392) » 0378 eesses
Bs 1 ( 638), .579 (.414), 341 (.406), .322 (.573), .510 cmmeee
- { ) -

Figures in parentheses represent raw data
Measurements taken one hour post irradiation

Normalized data reflect differences in placing efficiency
For equanation see text- 4
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the greater number of dimers removed from the phagé DNA, This is especiaily
evident at high doses. Significant changes are not observed relatiﬁg

number of dimers removed as a function of dose for each host,

—
4 m— o ahbeamoten e e - e - s - .- = O vUOUE P P . -
~
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DISCUSSION

Survival Curves

S Both"UV and*X-ray'survival curves— 1ndicate—that~the -order- of—ww-—— e
resistance is B/r ) B ) Bi11-10 ) B -1’ thus confirming the observation
by Mattern et al, (1966) that the contribu;ions of the exr, her, and fil
markers are additive. The small differences between Bg_j and Byyy.j0 for
UR survival are in agreement with Witkin (1967 b).
o ~~"~-~Thé*relat1ve~contribpeions~of-ehewthree—iociwmay«beaexpressed¥£or-*~«--~u¥»~~.—:
X-ray (Fig. 2) curves as a '"gene DMF" dué to the linearity of the curves.
| The "DMF" or Dose Modification PFactor is usually used to describe the effect
of aéenté added to a population to be irradiated and is used as a convenient
expression of the nature of the agent. Agents whose DMF's are greater
than 1.0 are said to be protective agents. The presence of a particular
locus and therefore a gene product in one strain and not another mﬁy be
treated in‘a mﬁnner to other defined agents. That is, the 10% survival
value of a strain possessing the locus divided by the 10% sufvivél value of

a strain isogenic except for that locus would give the ''gene DMF". Thus

I, B/r D, B D, B
_ 9o BT - D90 , and - P90 Br11-10
DMFen1 ~ D, B PMFhcr ™ Do BIIi-10° D exr T WogB, )

Under these conditions, the DMF's are 4.5, 12. respectively. Goldstein
et al, (1973) have determined these gene DMF's to be 2.5, 1.04 and 1.7 for
stationary cells irradiated in buffer. It may be seen that the relative
- =:i- - =~ gffect of the Fil phenotype again is vastlyﬂgréater-than those of the .- cewmrcnoy
other two., The relation of tﬁis to the uniqu;frecovery érocesses associated
with the Pil” phenotype will be discussed later.

Sincé the UV survival curves are not strictly ;ineat on a semilog plot,
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calculation of DMF is not applicable. 1t should be noted, hawever, that

1’ BIII-IO qnd B bresk in the same direction while

that for B[r has a shoulder. The data are in general agreement with

the curves for BsA
those of Witkin (1967 b). The largest contribution to survival is made
by the presence 6f the iicr+ phenotype (Figs. 3 and 4). That the her
function plays a greater part in UV survival than X-fay survival is to
be_expec;ed since the hcr gene product is probably an endonuclease

(Friedberg, 1972; Ellison et al, 1960). That B and Bs-l have

II1-10
éimilar UV survival curves led Witkin (1967 b) to postulate that the

exr function is also an endonuclease. These results are coqfirmed by

the present X-ray and Uv_data, ;ince a great difference bétween Bs;f and
3111_10 survival curves is not. seen for X or UV irradiatiom.

"~ . Similarities have been noted (Witkin, 1967_8) between the processes

of filament formation in the B series and prophage induction in the K-12
series. The observation of sectoring folléwing low doses of UV has-been
deécfibed earlier. Prophage induction has been observed following low
exposures of K-12 lysogenic for lambda to UV (Jacob and Fuerst, 1958) and
this is now a widely used procedure (Stent, 1963).A It is not conclusive
whether the phenomenon observed is actually UV mediated prophage induction,
but the foll‘ow;l.ng. points strongly implicate that this is the case:

- we1le Sectoring was observed for all strains carrying the ri1t phenotype
(B"BIII-IO and Bs-l) ﬁut not for Fil- (B/r). | "

' 2. The ratio of sectored area to éolony.increased with ‘time. This

would be expected if prophageﬁinductions occurred since the pﬁage geheration
time is shorter than the host generation time,
3. Sectoring was observed only following low doses of UV. No sectoring

was seen at higher doses. Similar observations have been made regarding
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prophage inductidn‘by'Lﬁbff“ggjgl.,“(1950). T e
"4, The colony morphology of unirradiated cells infected with T7
and immediately spread on plates was strikingly similar to the UV-induced

‘seétoriné; There are two possible explanations “for this' either “the

induced prophage gives a plaque morphology similar to that of T7, or T7 is

acting as a "helper phage". It is not c}eaf—at this time which alternative

is correct.

Cohen (1959) observed an apparent prophage induction in E. coli B and

C. ' The prophage (as determined by dismunity studies) is a varient of the

Shigella phage P2, She was not able to dtect, however, any mature or

defective progeny phages. Rupert and Harm (1966) as well as Witkin_(1967 a)

have suggested the possibility of the involvemenf of defective prophages
"as one of the reasons explaining the differences in survival of B/r and B.
Grady and Pollard (1968) were able'to cure E. coli 15T of its deféctive
prophage. Their findings that the curéd derivitiveé showed a decre;sed
post-x-ray DNA degradation led them to postulate that the cessation of
degradation assoclated with prophage induction serves to increase the
probability éf cell survival. This hypothesis required, then, that B

and B/r harbor a defective prophage while;Bs_1 does not. Furthermore,

they quote Cﬁhen's study (1959) and imply that her strain C and B/r
“are-one.and the same. This is clearly not the case since the B/r used

here is not a mating strain whereas C is. Many radiores;stant derivativgs
of B igolated 1n§gpendent1y have been denoteqmyf;‘(ﬁq;gr, 1?66) also making
it unlikely that the strains are the éaméo i

The Witkin hypothesis relating ability to induce prophages to the

Fii+‘§henotype does not, however, require that Fil~ strains be devoid of
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deﬁeétive prophages, but only that they be ﬁon-inducible.~mThatvsectoringn

was not observed for our B/r strain does not mean that prophage induction

is absent under all circumstances, although it would be convenient to

L i tete 11, A Sme . - m T

- think.so--especially-in-view-of-the DNA-degradation--picture-for-straing ===
B/x and'BA(Figs. 7 and 8). That 1s,'for untreated cells, the time

courses of ﬁercent origihal activity remaining in high molecular weight

DNA coincide for B and B/r.

Post-Irradiation DNA Degradation

Untreated Cells - For the sake of clarity, the curves of post-irradiation

,degradation vs. time for untreated cells of all four straihs are redrawn
. from Figs; 7-10 and presented in Fig, 12, It may bg seen that the general
rule relating X-ray sensitivity té post-irradiation breakdown of DNA
'éeems to hold for the hert and exr’ loci when degradation is measured at -
times greater than 40 minutes post-irradiation, Furthermore, at the end
‘of the time course, wherelthe curves begin to levdl off, it is found
»thnt ss-l (lacking both hcr+ and exr+) retaing 277 of its genome, Br11-10
(lacking exx+) retains 53% of its genome and B (lacking neither) retains
73.5% of its genome. It appears, then, that the contributons of those two
loci toward'poét-irfadiatibn breakdown are additive and practically
equal, The implication, then, is that the gene products, which are both
presumed to be endonucleases, do not compete for the same sites on the
DNA, It is interesting to note that the gene DMF's are also practically
-equal-(1.2 for hcr and 1,1.for exr). These corrélations, thg;efore;
support the idea that DNA breﬁ?dﬁwn is, in f;ct, related.to survival,

In contrast to this 18 the. £il” contribution. The degradation

curves (Fig. 12) of B/r (£fil”) and B (fil*) coincide and it would seem
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Figure 12. Post~-irradiation degradation of DNA in untreated E. coli.
- Percentage of original activity in acid insoluble fraction vs,
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___that the Fil” pﬁemme effect is related to something other.than breaks - :— --=:-—- .
down, Iniestigations in other laboratories further confuse the issue.
Recently ﬁofan ggzgl, (1972) have igolated a fil~ mﬁtant of Bs-l which
exhibits élmos; no pdsf;irrédiation breakdown after doses of 20 kR or less,
and only minimal degrédation after doses above 20 kR. The mutaﬁt (PHHI)

is more radioresistaqt'thanAB/r but has a peculiar breakdown pattern'aﬁ'
high doses (60-200 kR). Even at exposures above 20 kR but below 100 kR
_mo sbsolute relationship is apperent between survival and breskdown,

and certainly, no correlation exists between extent of breakdown and

survival levels in relation to other strains of the B series.

Chloramphenicol Effects

Blockage of protein synthesis past-irradiation has a decided effect
on DNA breakdown patterns although the nature and extent of the effect
depend on method of treatment and experimental conditions. Early
reports on the effects of‘chlorampheniqol treétmen;.(lo,uglml) in
stationary E. coli B (Miletic et al, 1961; 1964) indicate an enhancement
of degradation with time, If the rate of protein synthesis is depressed
by‘grqwth at low temperatures, DNA breakdown is also depressed, Sut if
the rate is.depressed by g?owth in succinate medium rather than glucose‘
medium DNA breakdown is enhanced (Achey & Pollard, 1967) in E. coli
i igi:: 'Other stﬁdies with log phﬁée 15T'4(Frampton & Billen, 1966) lead
to éonfusihg results. In supplemented medium, the expected degradation
pattern was observed over a 5-40 kR range. Thag is, the gxtqnt,of
degradation after 60 min. is directly related.fo dose. 1f amino acid
starvatioﬁ is used to arrest protein synthesis, the extent of degradation

18 increased for each dose studied. The linearity observed for cells in




'v;~%ref—«supplemented‘medium,=however,adoes‘notwholde

min is greater for cells receiving 10 kR than 40 kR greater for 20 kR
than 30 kR; greater for 20 than 40 kR° These experiments were repeated
‘using populations withvchromosomes "aligned"“before irradiation hy :hé"”
amino acid starvation method. Of these, degradation followed the.saneé

. order with respect to dose as the honaligned, anino4acid atar?ed popnlationa '
above. The extent to‘which DNA was degraded for each dose was drastically.
reduced, Furthermore, when aligned chromosomes arejnaed, if_proteinrrhm .-
synthesis post-irradiation is blocked. by amino acid starvation, DNA break-
down is greatly enhancedurelative to cells in fully supplemented medium -
post-irradiation. Similar observations were made in K-12 with regard to
emino acid starvation and decreased breakdown (Emmerson & Howard-flanders,

1965). S —

Due to the conflicting published data relating altered protein synthesis '

and post-irradiation breakdown, it was necessary to study this phenomenon ;
under the present experimental conditions. Chloramphenicol treatment has
the most marked effect in B,_; (Fig. 10) where breakdown is reduced from 2%
to 25% of the genome. Breakdown is also‘reduced (27-20%) in B/r, enhanced
(47-57%) for Byyy.10 and unaffected in B after 90 minutes incubation poste
irradiation. The observation of Miletic et al., (1961) that chloramphenicol
resistance may .be measured as an increase in turbidity of treated cultures
with time, was used to ensure that all strains were, in fact, sensitive.
The results (data not shown) indicate ‘that they were. The apparent ‘gene
DMF—percent breakdown correlation seen for untreated cells is not evident.
At present, no suitable explanation exists with respect to the relative

action of chloramphenicol on these four strains. The opposite chloramphenicol

fThexfinal.degradationaate60c:rg;u;:;;;;a

- o+ e a4 o a
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effect in B__, and B (Figs. 9 and 10) does, however, support the . . .

1 III-10-
_abgygliﬁea.of.pon.compg;icion of -the exr.and hcr_gene products.. Moreover,
the enhancement effect in Byyy_ g9 and the depressed effgct in Bs-i are not
- aqual- and opposiée,uhee% they- do not sum-to-the.negligible-effect-in-B- --- - -- —
implying that B does not have a double dosage of the same gene producf.
Thst.B/r-showé;a-deptessednbreakdown-but B does not (Figs. 7 and 8), further- -
indicates the dissimilarity of the exr and her functions. These data also
support the. likelihood that the f£il~ function is distinctly separate from

those of exr and hcr.

Phage Competition

The ultimate success of this type of experimental approach obviously
depends‘on the attachment of host enzymes to éhage DNA. It is likely,
therefore, that this would be reflected as a competition dwing to the
cbmmonality.of post-UV aﬁd post=-X ray repair'procesaes. That is,
aésuming that nucleases are saturated withysubstrate, the introduction
. of uﬂlabeled phage DNA should result in a depressed extent of host
degradation with fespect to the chloramphenicol treated situation.
Clearly (Figs. 7-10) this is not the case.

It'is not likely that the observed enhanced degradation is related to
a survival effect (different percenﬁagesvof shrvival:ip.the four strains
"'ég“the 49 kR exposﬁre). Frampton and Billen (1966)ihave geterminedlin
15 T~, at least, that the initial rate of degradation is constant for
cells irradiated from 10-40 kR. ‘Nof~is it likeiy that enhanced degradation
is due to participation of phagé-ditected enz;mes. Studies with B and
BIII-IO (Figs. 8 and 9)lindicatg that where there is no chloramphenicol

effect, there is no phage effect either (B) and where there is a reverse

chloramphenicol effect (Byyy_;g) the phage effect is also negligable.
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- The final extent to-which the DNA is.degradedM:.depend_s-'onxa:l.t:her‘t:ht;!,..w
level of nucleases or the level of "stop degradation' control". function or.

both. . On a per cell basis, DNA degradation. is apparently an.'all-or

! ‘“’;%;nothihg"ﬁtype—phenomenonw(Hildebtandf&tPollaﬁdyng69;%Pollard¥& Tilbergy o= anboo. i

1972) in at least two strains of E. coli (15 T . and Bg_3;). That is, the
-~degradation patterns observed here are dependent upon the relative S
percentages of the population which do or do not degrade. In view of

this evidence, then, it would seem that the presence of chloramphenicol

_gerves -to-shift-these percentages-in three.of .the four-strains. ..This ... . .. . ...

'being the case, that the populations of untreated and. chloramphenicol treated
cells are not identical, the addition of phage to the system musf be
analyzed only with respect to chloramphenicol treated populatioms.

If the hypothesis of Kg}ly et al, (1969) is correct, then the
“gtop degradation" control is the ability of a ligase to displace the
nuclease/polymerase from the.DNA° Phage.effecgs are appareat in B/r and

B and result in-enhanced degradatibn. The 1m§11cations of this are

s-1
twofold., First, since the competition leads to enhanced rather than

depressed degradation, the phége DNA must compete for ligase to a far
greater extent than nuclease. Secondly, since the competition is
considerably more pronounced in Bs-l as opposed,té B/r, the ligase
. activity must b€ greater in B/r than Bs-l' This idea is supported by
_the strand break restitution experiments of McGrath and Williams (1966) .
The absence of phage effects in B and BIII-IO might then be interpreted
to mean that elev#ted ligase levels are present in those two strains.
‘Whether or hot thié is ;orrect is not clear. Alkaline sucrose experiments

3

have never been performed for B Such comparisons, however, have

111-10°
been made between B and B/r (Goldstein et al, 1973). Their findings indicate
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for B andhp/r in the presence of phage are identical (Figs. 7 and 8)

activity in B is at a supersaturating level.

Goldstein et al., (1973) have isolated a radioprotective extract from

‘M, _radiodurans which was tested on this four strain series of E. coli B

derivatives. They found that the extract exerted the greatest protective
effe;t on the fil™ 'gene DMF'" but no effect was observed on the alkaline
sucrose profiles either in relation to the untreated controls (B and B/x)
or to each other., These findings, then, offer strong sﬁpport for the idea

that the Fil~ contribution operates at some level other than the DNA

Dimer Excision .

The number of dimers produced.by UV-irradiation is oSViously '
dependent on the actual dosage to the sensitive target. The in situ
condition of the sensitive target, then, is the determining factor. It
would be expected that the greater the amount of ''shielding material
protecting the DNA(i.e. céll size, protein mass ESEL)the smaller the

number of dimers produced by a given exposure. Howell (1972) found

~E£;;A50.000 ergS/mm2 was necessary to pfoduce 3% dimers in vhole cell

preparations of M, radiodurans. In contrast, 11.6% of the activity was

present as thymine containing dimers after exposure of naked transforming
DNA to 15,000 ergs/mmz'(Bron~and Venema, 1972 c¢). The present value,
then, of 1.,55% is in reasonable  agreement for an exposure of intact phages

to 800 erg/mmz.

uthat:diffeteﬁcesvdo:not:exist:inTuitim&éetstrand:b:eak:restitutton:fon;::::::izzkutuﬁ

' "“populations fiot tréated with chloramphenicol.  That the degradation profiles '~
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. That repair takes place in all -four strains studied is demonstrated- - -
by the fact that none of the values in-Table II approximates 1.55%. Of

special interest is the observation of repair‘in Bgye Whole cell studies

"éf”féﬁéiriih“B;’i“haVé'Eﬁéﬁ'diffiihltJaﬁé'td'thé'ﬁdssiﬁé lost degradation "

(Fig. 10). The cell's enzymes, hoﬁever, are capable of dimer removal
ffop phage DNA, implying that any repair taking place in the host is
masked by degradation. In support of this idea is the observation of
strand-break restitution in PHHI (Horan et al, 1972) by the alkaline
sucrose method. L ] "
The capacity of X'-i:tadiatéd hosts to support phage growth has
recently been studied by Marsden et al, (1972). Although on a populational
level the capacity to support phage growth seems to fall off with ﬁime and
parallel host DNA breakdown (in Bs-l but not B), on a per cell basis,
this is an all-or-nothing phenomenon. Ne;ther'ability of irradiated
hosts to aasorb T4 nor injecéion of phage DNA are interrupted. Rather,
the gensitive processes are transcription and granslat;on of the phage
genome. Their assay was for the ultimate appearance of phage-directed
dCMP hydroxymethylase and, therefore, it was not po#sible to distinguish

between the two processes. Earlier work (Boyle & Setlow, 1970; Swenson

and Setlow,'1966) indicates that chloramphenicol has no effect on dimer

- excision from cel;ular or phage DNA, 1t is attractive to assume,

at least in the case of the present studies, that non-DNA related processes
do not enter into the picture.
Table II Lndicatgs‘that while repair ability is not destroyed as
a function ﬁf dose; the extent to which dimers are excised increases
with increasing radio-resistance(as measured by survival. No general-

izations other than this, however, are apparent. The relations to gene
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- DM?fand_post-i::adiation host. degradation.are.not -evident. It is noteworthy"
that dimers are gxcised'to a greater extent in B/r thanlB'while the s
host;breakdowh batterns are coincident. -This may be explained by'fhe
SRR ST obsetvatioﬂvofuBoyle.and:Setlow;(19ZO) using.aAF-lzalambda~sys:em;.tThef'?; B ENE e
found when UV irradiated hosts were infected with UV-irradiated lambda,
'dimérs in lambda limit the excision of bacterial dimers better than - T
the converse éituation. They interpret this to mean that there is an
unéqual dist;ibucion of repair enzymes within the cell. Sﬁch an éxplanatiéﬁ
is not inconsistent with the idea that theé contribution of the Fil® .. .
phenotype is not directly concerned with DNA effects,
If repair ability is noé destroyed by exposure to 1ohizing radiation
what then is the relation of repair to the ultimate iethality or survival
of the irradiated host?' Survival levels cannot be completely correlated
to post-irradiation bréakdow;. If the hypothesis of Kelly et al (1969)
i8 correct (and it is substantiated by the present_wofk), then depolymeri-
iation/repolyﬁerization is controlled by the same enzymé system and should,
therefore, be stoichiometric. Previous experiments attempting to relate
post-X-ray depolymerization to repolymerization have not revealed this
stoichiometry. Such data, however, must be reinterpreted in light of
Billen’s (1969) finding that semiconservatiie duplication is initiated
- pggE:XTray. Thislbeing the case, repair rgplication by itself as
- ~observed on a populational level would not be preéisely related to
surinal levels. The general trend seen in Table II, that depressed
survival levels are concommitant with depressed."fépair ability", argues
strongly that theAdltimﬁte lethality 1is determinéd by an 1nab11ity of the
cell to cope with the amount of éamage §resented, rather than destruction

of the ability to repair the damage.




50.

SUMMARY AND CONCLUSIONS

Radioresistance is controlled by at least three genes in the B
series of E. coli. In order to determine whether the repair system is
‘éamaged by exposure to.ioniziﬁg radiation,.XJirradiatéd hosts were
infected with UV-irradiated éhage T7. The ability of hoéts.to excise
élmers‘was measured as & function of dose. .Work done involves a
comparison of hosts differing in the three loci.

III-10

and Bs-l in log phase follows the same relative patterns as

1. X-ray survival of the four strains E. coli B/r (CSH), B, B
stafionaryvphase (Goldstein et al., 1973).

2. The contributions of the threelmarkers, fil, exr and her to sufvival_
are additive. The gene products of the exr and hcr loci probably
perform similar functions but act at different sites on the DNA,

3. Prophage induction or a mimetic phenomenon.waé observed followiﬁg low.

..dosqsuof uv for Ehe fi1t strains, but not for fil~,
4, UV-irradiated phage T7 éOmpetes for some repair funbtion.which is
probably not a nuclease with the bacterial genome of hosts B/r and
- Bgop? but not with Byyie10 Or B
5. Ability of hosts to excise pyrimidine dimers from phage T7 is not
. destroyed by increasing exposure,

76, Percentage of dimers remaining in phage DNA after 60 minutes

incubation with hosts is related to the radiosensitivity of the host,
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APPENDIX

Media

S

. \.. v aemes s

Nutrient (NUT) Broth
per liter - 8,0 g Nutrient Broth CDifco)

3

Nutrient (NUT) Agar
per liter - 23.0 g Nutrient Agar (Difco)

Nutrient Top Agar
- per liter - 8.0 g. Nutrient Broth = .. .. .. e
4 8.0 g Agar (Difco)

M-9+
per liter 1

hydrolyzed casein (Sheffield)
NasHPOy,
KH, PO
un?,cx“
g deoxyadenosine (Calbiochem)
e per liter
1 1.0'M MgSO0,
1 25% NaCl
1 0,01 M FeCl, in 0.1 N HC1
1 27 gelatin %Difco)
1 207% glucose
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Liquid Scintillation Fluor
per liter - 333 ml Triton X=100 (Packard)
667 ml Toluene
o A _ 0.1 g POPOP (Baker)
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