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RESUMO

A açlo da radiação UV-longo (365nm ou 313nm) na inativaçio celular (medidas biológicas) e na indução e reparo de quebras
(medidas fisicas) foi estudada em cepas de Escherichia coli proficiente em reparos e cepas deficientes nos produtos dos gens
polA, recA e uvrA. A indução de quebras pela radiação de 365nm
na cepa polA mostrou-se linear em relação a dose com uma taxa
de 2,78 x 10 quebra/genoma/Jm . Devido a um retardamento inicial na indução de quebras em doses baixas, a indução de quebras
foi bifásica para todas as outras cepas. Na parte linear da
curva as taxas de indução de quebras foram de 3,9 x 10 quebra/
genoma/Jm
para cepa rccA e de 4,6 x 10" quebra/genoma/Jm"
para as cepas uvrA e selvagem. Do mesmo modo, as curvas de
indução de quebras pela radiação 313nm foram lineares para a cepa
polA (4 x 10" quebra/genoma/Jm" ) e para DNA extraido de T.
(6,3 x 10~ quebra/genoma/Jm ) mas não para as cepas uvrA, recA
e selvagem as quais mostraram um retardamento para a indução e
-4
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taxas de 1 x 10 , 7,5 x 10 e 7,5 x 10
quebra/genoma/Jm
respectivamente. Como indicado pela menor taxa de indução cm
condições de hipoxia nas cepas polA (1,6 x 10 quebra/genoma/Jm" )
-S
-2
e selvagem (3,6 x 10 quebra/genoma/Jm ) a indução de quebras
por 313nm foi aumentada pelo oxigênio. 0 aumento na inativação
pelo oxigênio observado nas cepas polA e selvagem, irradiadas
com 313nm, constitui-se em uma evidência biológica da participação
de uma lesão dependente de oxigênio na lctalidade, na faixa de
baixos comprimentos de onda de UV-longo.
Foi mostrada a ocorrência de reparo das quebras cm todas
as cepas a 0°C em tampão mínimo (M9) durante o processo de irradiação tanto a 365nm como a 313nm. Pelo menos três produtos de gens
distintos (polA, rccA e indefinido(s)) mostraram-se estar envolvidos no reparo de quebras, nestas condições. A otimização do
reparo em altas temperaturas (30 -31°C) requer os produtos dos
dois gens polA e rccA. Em doses baixas, de 365nm ou 313nm, todas
as cepas reparam mais do que 90*. das quebras, nessas condições.

Vil

O sistema de reparo de quebras, dependente do gen polA, foi
inibido pela radiação de 365nm nas não pela de 313nm. 0 reparo na
cepa recA (proficiente em polA) após a irradiação com 313nm foi tão
completo como na cepa selvagem. Este dado e a observação de que
não há reparo adicional nesas duas cepas irradiadas cem 313nm,
depois de aumentar a temperatura para 30°C, indica o sistema de
reparo dependente do gen polA como a principal via de reparo das
quebras. Um processo destrutivo dependente do gen polA, refletido
tanto no aumento da inativação como da produção de quebras, foi
observado apôs a irradiação com 365nm mas não após a irradiação com
313nm.
Uma comparação quantitativa entre o número de quebras e o
número de eventos letais que permaneceram após o reparo em meio
complete a 30 o - 31°C, mostrou que o número de quebras é* de uma
—ordem de magnitude mais alta que o número de eventos letais nas
células irradiadas com 365nm e 313nm. Este dado indica que os
danos provocados pelo üV-longo, detectados por medidas físicas
(gradiente alcalino de sacarose), como quebras (quebras simples,
quebras duplas ou quebras geradas por ligações sensiveis ã álcalis)
permaneceram no DNA após as condições de reparo deste estudo
(2,5 horas, meio completo, 30°-31°C). Os estudos da cinética de
reparo indicam que o reparo das quebras atingia . um patamar nessas
condições. Portanto, a maior parte deses danos que permaneceram
é (1) não letal para as células ou (2) reparada nas condições
usadas para medida biológica (viabilidade)(48 horas, plaqueamento
eu meio completo).

viii

SUMMARY

The action of near-UV (365nm or 313nm) radiation in
cellular inactivation (biological measurements) and induction
and repair of breaks (physical measurements) was studied in a
repair proficient strain and in polA, recA, and uvrA deficient
strains of Escherichia coli K-12. The 365nm radiation induction
of breaks in the polA deficient strain was linear with dose and
-5
-2
the rate was 2.78 x 10 break/genome/Jm . Due to an initial
lag in break induction at low doses, the induction of breaks was
biphasic for all other strains. In the linear portion
of the
curve the break induction rates were 3.9 x 10" break/genome/Jm"
for the recA deficient strain and 4.6 x 10~ break/genome/Jm" for
both the uvrA deficient and wild type strains. Similarly, the
313nm radiation break induction curves were linear for the polA
deficient strain (4 x 10 break/genome/Jm" ) and for
the
extracted T 4 DNA (6.3 x 10 break/genome/Jm" ) but not for the
uvrA deficient, recA deficient and wild type strains which
showed a lag for induction and then constant rates of 1 x 10 ,
-5
-5
-2
7.5 x 10 and 7.5 x 10 break/genome/Jm
respectively. As
shown by the lower hypoxic induction rates of the polA (1.6 x 10"
break/genome/Jm" ) and wild type (3.6 x 10 break/genome/Jm" )
strains, break induction at 313nm was enhanced by oxygen.
The
oxygen enhanced inactivation observed for the polA and wild type
strains irradiated at 313nm provides biological evidence for an
oxygen dependent lesion in lethality in the low wavelenght range
of the near-UV.
Repair of breaks was shown to occur in all strains at
0°C in a minimal buffer (M9) during the irradiation process at
both 365nm and 313nm. At least three separate gene products
(polA, recA and undefined product(s)) were shown to be involved in
break repair under these conditions. Optimization of repair at
higher temperatures (30°-31°C) requires both the polA and recA
gene products. At lower doses of 365nm or 313nm radiation all
strains repaired more than 901 of the breaks under these conditions.

ix

The polA break repair system was inhibited by 365nn
radiation but not by 313nm radiation. Repair in the recA
deficient (unhibited-polA competent) strain after 313nm
irradiation was as complete as repair in the wild type strain.
Tais finding and the observation that there was no additional
repair in these two 313nm irradiated strains upon increasing
the temperature to 31°C, established the polA dependent repair
system as the major break repair pathway. A polA dependent
destructive process, reflected both in increased inactivation
and breakage, was observed after 36Snm irradiation but not
after 313nm irradiation.
A quantitative comparison of the number of breaks with
the number of lethal events remaining after repair in complete
medium at.30°-31°C showed the number of breaks to be an order
of magnitude higher than the number of lethal events in both
365ns. and 313nm irradiated cells. This finding established that
near-UV damage, detected by the physical measurements (alkaline
sucrose gradients) as breaks (single-strand breaks, doublestrand breaks, or alkali-labile photoproducts generating breaks)
still remains in the DNA after the 2.5 hour, complete medium,
30°-31°C repair conditions of this study The kinetic studies
of repair indicate that break repair had reached a plateau under
these conditions. Therefore, most of this remaining damage is
(1) not lethal to the cell or (2) repaired under the 48 hour,
complete medium plating conditions used for the biological
(viability) measurements.
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CHAPTER

I

INTRODUCTION

The sun's radiant energy sustains life on earth. Plants
are able to convert the sun's radiant energy to chemical energy
through photosynthesis. In turn, the plants' chemical
energy
supports animal life. Since the earth's vast biotic system has
evolved in the presence of the sun, many biological systems have
been developed in the way they have due to the ecological
consequences of the sun. The sun warms the earth. This is
particularly important because biological systems only function
over a limited temperature range. In addition, the sun was
elemental in the development
of systems such as vision,
photomorphogenesis and circadian rhythms which require light in
order to function.
The solar spectrum is composed of electro-magnetic
radiation with wavelenghts corresponding to the ultraviolet,
visible, near-infrared and infrared regions. Most of the radiation
is in the infrared region (601) and the visible region (301) with
only about 31 of the solar spectrum being emitted in the
ultraviolet region (Giese, 1976). Although ultraviolet can be
subdivided into (1) UV-C (200-290nm), (2) UV-B (290-320nm) and (3)
UV-A (320-400nm), only the latter two reach the earth's surface as
the UV-C region is absorbed by the ozone layer in the earth's
outer atmosphere (Parrish et al., 1978). Nevertheless, early
experimentation on the effects of ultraviolet light were restricted
to a wavelength of 254nm because (1) this wavelength is close to
the 260nm absorption peak of DNA and (2) the mercury germicidal
lamp source was readily available and emitted about 851 of its
total energy at this wavelength.
Recently, however, interest has shifted to the effects of
near-ultraviolet radiation, because this region is much more ,
important ecologically.
Since the ultraviolet wavelengths
correspond to the most energetic component of solar radiation
reaching the earth's surface, it is important not to be misled by

.2.

the fact that the ultraviolet component is only 3% of the total
energy of solar radiation.
The energies and doses of the UV component of solar
radiation in conjunction with the presence of chromophores in
living systems which absorb these energies, implicate a
significant biological interaction. The energies of the UV-B
and UV-A are in the range of 72-100 k cal/mole. The maximal
2
-2
UV-A irradiance is S watts per meter
(Wm ) at sea level
A

2

—2

which means that a dose of 2 x 1 0 ' joules per meter (Jm ) is
delivered in about one hour of exposure (Parrish _et al., 1978).
The erythema response is an example of a biological
response to sunlight where maximum effectiveness occurs in the
range of 290-320nm with a peak at 300nm. Although the action
spectrum for skin cancer has not been well defined, it has been
suggested to follow the action spectrum for erythema because
light-induced carcinogencsis occurs only when acute phototoxic
erythema is produced as well (Epstein, 1970).
The lethal and mutagenic effects of near-ultraviolet
radiation have been extensively reviewed by R.B.Webb (1977). It
has been concluded that the primary event in both the lethal and
mutagenic action of UV results from photochemical alteration of
DNA either by a direct or an indirect mechanism. Since ultraviolet
action spectra for the lethality of both repair proficient and
repair deficient strains of E.coli correspond to the absorption
spectrum of DNA (Giese, 1968), DNA has been implicated as the
chromophore responsible for lethality at wavelengths lower than
313nm. However, the strong oxygen dependence which is
characteristic of lethality at wavelengths longer than 313nra
suggests photosensitized processes involving chromophores other
than.DNA (Webb and Lorenz, 1970; Tyrrell, 1976).
However DNA
remains a strong candidate as a critical target for lethal lesions
at these longer wavelengths because first, there are multiple
copies of other molecular components of the cell and second,
presumably many more copies' of them could be synthesized given a
functional DNA molecule.

.3.
A. ÜV Induced Lesions
1. UV induced lesions in DNA
The first evidence at the molecular level for the
alteration of DNA by ultraviolet irradiation was the isolation of
pyrimidine dimer photoproducts (Beukers and Berends, 1961; Wang,
1958, 1961). Any combination of two adjacent pyrimidines (thycine,
cytosine, uracil) can form a cyclobutane dimer photoproduct
in
which the two monomers are linked to each other via their
respective 5 and 6 carbon atoms. Isolation of these products is
possible as they are stable to acid hydrolysis (although cytosine
dimers deaminete to form uracil diners).
The formation of these photoproducts may occur by either
of two mechanisms: (1) direct absorption of photons by the
pyrimidine or (2) by a triplet state photosensitization process in
which a photosensitizer molecule absorbes a photon, resulting in
excitation to a triplet state of higher energy than that of the
pyrimidine triplet state, followed by transfer of this energy to
the pyrimidine (Rahn et al., 1974). In the direct absorption
mechanism, the forward reaction in dimer formation depends on the
absorption of thymine with a peak at about 260nm; however, the
reverse reaction, monomer formation, depends on the absorption of
the thymine dimer with a peak below 220nm. Thus, in the far-UV
region the number of dimers formed is the result of an equilibrium
between the forward and reverse reactions and is dependent on the
wavelength used for irradiation. When exogenous sensitizers such
as acetone, acetophenone, or benzophenone are utilized in the
formation of dimers via the photosensitization mechanism, dimers
can be formed in higher yields at longer wavelengths where the
reverse reaction (monomer formation) does not occur. This
photosensitization mechanism may be functioning in the near-UV
region with the utilization of endogenous sensitizers.
Hariharan and Cerutti (1977) have studied the formation
of another UV-induced lesion, thymine glycols, which are monomeric
ring saturated products of the 5,6 dihydroxy-dihydroihymine type.
Estimates for the total amount of thymine ring saturation can be
made using a factor which corrects for the 221 assay yield relative

.4.
to the loss of absorption at 260nm. Since these same lesions are
also induced by Y~irradiation, the mechanism of induction may be
indirect.
Strand breaks, in one or both strands of DNA, are a
third type of damage induced in DNA. Single-strand break induction
is oxygen dependent at 365nm (Tyrrell et al», 1974). The rate of
single-strand induction is reduced in the presence of 2-aminoethy2 *sothiouronium (AET) , a free radical scavenger. This result
together with the oxygen dependence would suggest an indirect
mechanism where free radicals would be involved in the formation
of single-strand breaks. Double-strand breaks, whether due to a
single event or due to two events that result in closely spaced
single-strand breaks, would be expected to be a «ore serious
lesion since
the DNA Molecule would be completely ruptured.
Since strand breaks are of primary importance in this thesis, a
further discussion of these lesions will be represented in section
I-C.
Yet another type of damage caused by UV is the ciosslink,
involving either protein-DNA or DNA-DNA, formed via photochemical
addition reactions. It was observed that decreasing amounts of
protein-free DNA were extracted by Sodium dodecylsulfate (SDS)
with increasing doses of 254nm irradiation (Smith, 1976).
UV
resistant bacteria such as Micrococcus radiodurans have broad
spectra for lethality, with maxima at "80nm as well as 260nm. It
has been suggested that protein-DNA crosslinks could be ã more
significant lesion for such UV resistant bacteria than for E. coli
which has a narrow action spectrum of lethality with a peak at
260nm only. DNA-DNA crosslinks can occur either through the
formation of interstrand pyrimidine dimers or through the formation
of adducts.
Certainly other DNA lesions exist which are yet to be
discovered, but the problem of acid labile products as well as
the problem of low yields may preclude rapid progress in this area.
In pure solution, pyrimidines are about 10 fold more sensitive to
photochemical alteration than purines; however, purines are more
photochemically active in heteroaddition reactions (Lenov et al.,
1973).
Therefore, all nucleotides
are susceptible
to
photochemical reactions. The relative importance of the various
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lesions will be discussed in a later section.
2. Other lesions induced" by IT'
Ultraviolet radiation also damages RNA, proteins, and
•eabranes, and induces toxic photoproducts. All of these could
increase lethality, especially if they prevented the repair of DNA
lesions. Preirradiation at 365mi results in inartivation of the
capacity of both the photoreactivation and excision repair systems
to remove thymine diners subsequently induced by 254nn radiation
(Tyrrell jet ^ 1 . , 1973; Tyrrell and Webb, 1973). Although, the DNA
polymerase I repair system for X-ray induced single-strand breaks
was inhibited by 365nm preirradiation, the inhibition
was
reversible. However, the inactivation of the recA repair system
for X-ray induced breaks by preirradiation at 365nm was irreversible
(Tyrrell, 1974) .
Hollaender (1943) observed increased sensitivity to
physiological saline after broad band (350-405nm) near UV
irradiation which he interpreted as membrane damage. Toxic
tryptophan photoproducts which are formed over a wide range of
near UV wavelengths (310-405nm) inhibit the replication gap
closure step of post rep lie at ion repair (Yoakum e_t al., 1974) , recA
dependent repair of X-ray induced single-strand break (Yoakum e_t
al. , 1975) , and increases the 365nm induction of single-strand
breaks (Yoakum, 1975). The latter result could also be
interpreted as inhibition of DNA polymerase I dependent repair of
single-strand breaks.
B. DNA Repair Systems
As will become obvious from the following general overview
of the repair systems involved in the repair of photochemically
altered bases and heteroaddition products, there is an overlap
between these systems in the sense that several of the same
enzymes function in more than one repair patway. Several of these
same enzymes also function in the repair of X-ray induced singlestrand breaks. The discussion of the following three repair
systems will be presented bearing in mind that several of the
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lesions discussed in the former section of this thesis are being
induced during irradiation and consequently,
several repair
systems will be functioning.
Hanawalt, Cooper, Ganesan and Smith (1979) have published
the «ost recent review on DNA repair which includes both bacterial
and mammalian systems.
In addition, the proceedings . of a
conference entitled "Molecular Mechanisms for Repair of DNA"
presents much of the earlier work on repair (Hanawalt and Setlow,
1975).
1. Photoreactivation System
Photoreactivation was the first repair system to be defined
at the molecular level and is specific for pyrimidine diners. In
the presence of the photoreactivation enzyme (phr) and light,
cyclobutane dimers are split in situ to reform the monomers (Harm
et al.", 1971). The enzyme combines with the dimer in the dark to
form an enzyme-substrate complex. After absorption of light by the
complex the monomeric products are formed and the enzyme is
released. Since this type of repair takes place in situ, no
cleavage of the DNA. backbone takes place. Since the action spectrum
for this repair reaction is from 310-480nm with a peak from 365385nm, Simultaneous photoreactivation may take place during
irradiation in the nesr-UV and visible ranges.
2. Excision repair
The other two repair systems function in the absence of
light and are therefore referred to as dark repair systems. The
general pathway» for the first of these, excision repair, are
presented in figure 1. The growth medium independent pathwav
contains four steps: incision, excision, resynthesis and
rejoining. First, the lesion is recognized and an incision
(cleavage of a phosphodiester bond) is made on the 5' side of the
lesion by a uvrA, uvrB endonuclease which is ATP dependent(Seeberg,
1978). Second, an excision step in which the altered base(s) and
adjacent nucleotides are removed, is carried out by any of several
exonucleases including:'DNA polymerase I 5* exonuclease (polAex) .
DNA polymerase III 5* exonuclease (polC), single-strand specific
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exonuclease VII (xseA), or exonuclease V (recB) (Kelly et a_l.,
1969; Livingston and Richardson, 1975; Chase and Richardson, 1974;
Tanaka and Sekiguchi, 1975). The-third step, resynthesis, can be
performed by any of three polymerases; polymerase I (polA), polynerase Ii (polB) or polymerase III (polC) (Cooper and Hanawalt,
1972; Youngs and Smith, 1973a,b,c; Tait e£ al., 1974). The most
likely pathway for the excision and resynthesis steps involves
polymerase I which can perform both functions once the initial
incision step has occured. The excision is completed after the
fourth sttp when the newly synthesized DNA is covalently linked
to the parental DNA by the enzyme ligase (Youngs and Smith, 1977).
Several specific glycosylases have been identified which
can remove an incorrect base (Lindahl, 1974; Kirtikar and Goldwait,
1974) and Haseltine and Coworkers (1980) have isolated a pyrimidine
dimer specific DNA glycosylase from Micrococcus luteus. Thus, it
has now been suggested that excision repair may also be initiated
by a glycosylase which would remove an incorrect base, resulting
in an apurinic or apyrimidinic site (AP). This site could then be
recognized by an AP-endonuclease and follow the general scheme of
excision repair presented above. Alternatively, the missing base
could be replaced by an "insertase" activity (Hanawalt et al.,1979).
A secondary, minor, pathway of excision repair which
requires complete growth medium as well as protein synthesis, and
is dependent on the gene products lexA, recA, recB, recC, and polC
as well as uvrA uvrB was detected in polA mutants (Youngs eit al.,
1974; Smith e_t al., 1975). Presumably this branch of the excision
pathway could be one manifestation of the inducible SOS (errorprone repair) system described in the review by Witkin (1976).
3. Postreplication (gap) repair
The second dark repair system, postreplication repair, does
not remove DNA lesions. DNA replication stops at the site of
noncoding (no template instruction) lesions, but can resume
replication at the next initiation site past a lesion. Thus DNA
replication in the presence of lesions results in the formation of
daughter-strands containing gaps. That DNA replication was not
continous was observed by Rupp and Howard-Flanders (1968) in DNA
labelling experiments whjre DNA of smaller molecular weight was
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synthesized in irradiated cells than in unirradiated cells.
However, continued incubation in nonradioactive medium resulted
in a molecular weight increase in the DNA of the irradiated cells
to that of the unirradiated control cells. This process
was
dependent on the recA gene product which is also required for
recombination.
Later, with the use of T^ endonuclease V, it was
shown that endonuclease-sensitive sites not only remained in the
DNA but became equally distributed between the parenthal
and
daughter-strands (Ganesan, 1974; Ganesan and Seawell, 1975). These
results implicate a crossover mechanism similar to genetic
recombination, for the gap filling. Lesions, then, are not
removed by the postreplication repair system but
this system
would allow either (1) another chance for removal or repair of
JLesions by other repair systems after DNA replication had occured
or (2) would allow unrepaired lesions to be diluted out in
sucessive rounds of replication.
Youngs and Smith (1976) have divided postreplication gap
repair into several pathways (see figure 2 ) , all of which
are
dependent on the recA gene product. Three separate pathways have
been shown to be controlled by the uvrD, lexA, and recB genes. In
addition, a fourth pathway sensitive to chloromphenicol
and
dependent on the cooperation of all three genes was shown to exist.
These four pathways are not completely defined and other enzymes
are known to exist which are involved in postreplication repair.
For instance, either polA or polC single mutants are still able to
repair gaps where as the double mutant can not (Tait e_t al^., 1974;
Sedgwick and Bridges, 1974). This indicates that DNA polymerase I
and DNA polymerase III can substitute each other for the polymerase
requirement in gap filling.
A small portion of the daughter strand gaps may be filled
by an error prone (SOS) repair system which is dependent upon the
recA and lexA gene products (Witkin, 1976). In the absence of this
system,regions of the genome with extensive DNA damage
could
cortain proximal lesions on both strands. Since synthesis of both
daughter strands would be blocked in a case such as this, the
subsequent overlapping replication gaps in the two daughter strands
would prevent repair by the error free recombinational gap repair
system (Sedgwick, 1976). Since error prone repair has been shown to
be dependent on DNA polymerase III and thymine dimers still remain
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in the DNA, it has been suggested that DNA polymerase III may permit
DNA synthesis in the gaps which persist opposite pyrimidine diners
and other noncoding UV photoproducts by inserting nucleotides without following template specificity (Bridges et al., 1976).
C. Strand Breaks
Strand breakage in DNA can be induced by either ionizing
radiation such as gamma-rays. X-rays and accelerated electrons or
by non-ionizing radiation such as ultraviolet light. Because work
involving induction and repair of both single-strand and doublestrand breaks in DNA by UV light is sparser and less developed
than the ionizing radiation work, it is beneficial to draw upon
the results obtained in the ionizing radiation studies when
approaching the problem of the UV induction and repair of breaks.
1. Mechanisms of break formation and types of breaks
(a) ionizing radiation: Formation of free radicals,
excitation, and ionization occur in molecules after the absorption
of high energy radiation. Of major interest in the present
discussion is the formation of free radicals which are highly
reactive. Free radicals are uncharged species with an unpaired
electron and consequently have been detected by electron spin
resonance (ESR). Their yield is given by G values which are
expressed as the number of free radicals produced (or the number of
molecules formed) per 100 eV of radiation energy absorbed. The
yields of free radicals upon irradiation of water can be summarized
as follows (Blok and Loman, 1973) :
H20

10

°

eV

> 0.70 H 2 O 2 • 0.45 H 2 • 2.70 OH' • 2.65 e^ q • 0.55H*

where e" is the hydrated electron formed in association with water
in aqueous solution. A series of free radical chain reactions
involving H°, OH', and e~ which generate highly oxidative products
are also possible. The oxydation products and free radicals can
react with DNA resulting in damage by an indirect mechanism.
Radiation can also interact directly with nucleic acids (DNA and
RNA) and its constituents (sugars, bases, nucleosides
and
nucleotides). G values at 300°K varying from
0.1 to 0.6 are
presented by Ginoza (1967).
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OH* nay attack either a base (801) or a sugar (201)
(Schute-Frohlinde, 1979). The latter attack will result
in
rupture of the sugar and breakage in the DNA backbone. Breaks can
also occur in the phosphate region of the DNA backbone. Thus, the
3* and 5* termini resulting from a break can include a 3'
phosphate, a 5' phosphate as in simple phosphodiester scissions or
parts of a severed sugar as in a dirty scission (Blok and Lonan,
1973).
(b) Ultraviolet radiation: The mechanism of break
formation by UV light is not yet clear. Since pure water absorbs
little above a wavelength of 185nm, it's role here is much less
significant than with ionizing radiation. The presence of I", SH~,
Fe , or Ce
in water upon radiation produces OH* (Jagger, 1967).
Irradiation of ascorbic acid or acetic acid produces peroxide(H 2 O 2 ).
If DNA is irradiated in the presence of peroxide in a quartz tube
(wavelengths below the cut-off of glass,-310nm) where peroxide is
dissociated with a high yield, the resulting
photochemically
produced hydroxyl radicals are much more efficient in degrading
nucleotide chains than UV light alone (Butler and
Conway, 1953)
Hoffman and Meneghini (1979a) have shown the induction
of DNA
strand breaks in mammalian cells exposed to visible fluorescent
(300-700nm) light in the presence of riboflavin and tryptophan.
Since the addition of unirradiated cells to preirradiated medium
containing riboflavin and tryptophan also resulted in strand breaks,
a stable photoproduct was indicated and further characterization
showed it to be hydrogen peroxide. However, this compound was shown
to produce single-strand breaks in intracellular DNA but not in
purified DNA, which suggests that hydrogen peroxide may react in the
cell producing a radical species which reacts with DNA (Hoffman and
Meneghini, 1979b). Certainly, among the wide variety or organic
molecules within the cell, there will be a number which form free
radicals via photolytic reactions. Thus, strand breaks induced by
UV could occur through an indirect mechanism. Presumably
free
radicals are involved in the near-UV induction of single-strand
breaks since 2-aminoethylisothiouronium (AET), a free radical
scavenger, reduces single-strand break induction in both intact and
extracted X phage DNA (Tyrrell et, a K , 1974).
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In neutral aqueous media, wavelengths longer than 220nm
are without direct effect on sugars. However, this does not
necessarily exclude the possibility of destruction of carbohydrate
components in polynucleotides where the sugar-phosphate backbone
links absorbing nucleotides that are involved in energy transfer
reactions, resulting in strain at the sugar-phosphate linkages
(McLaren and Shugar, 1964).
It would be well to remember that enzymatically induced
single-strand breaks can occur in DNA as a result of excision
of
ultraviolet induced lesions. The induction of breaks through the
endonucleolytic nicking by both ATP-dependent and ATP-independent
endonucleases is most obvious in toluene treated wild type cells
(UvrA , UvrB ) ; however these activities are almost
completely
absent in uvrA and uvrB mutants (Waldstein et_ al_., 1974).
Cells
incubated after 254nm irradiation develop breaks through nicking
which reach a peak in about 10 to 20 minutes,but fall to almost
zero within 60 minutes in the wild type strain (Koto, 1972; van
Sluis et. ajL, 1974; George and Witkin, 1974).
Bonura and coworkers (1975) suggested that the increased
yield of double-strand breaks in a polA strain as compared to the
Pol strain, might be the result of unsuccessful excision repair
of Y-induced DNA damage. Later it was found that reducing
the
number of 254nm-irradiation induced photoproducts either
by
photoreactivation or dose fractionation
resulted in a decrease in
the yield of double-strand breaks in both polA and Pol
strains
(Bonura and Smith, 1975).
Inherent in the original definition of the postreplication
repair system of Rupp and Howard-Flanders (1968) is the production
of discontinuities in the synthesis of the daughter-strand DNA. Thus
cells labelled in their DNA after induction of lesions would appear
to have more single-strand breaks as a consequence of a functional
pos'replication repair system.
While the structure of the termini of ionizing radiation
induced breaks has been defined, the chemical structure of the 3'
and 5' termini of the UV induced breaks has not. If the nature of
breaks induced by the two different types of radiation are different,
a difference in the repair systems involved in the cleaning-up of
the break termini would be expected.
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2. DNA break determination techniques
Several techniques have been used for the determination
of strand breaks. When biological systems containing covalently
closed circular DNA (CCC) such as phage
+X 174, or PM2 are
employed, the quantification of both single-strand breaks. (SSBs)
and double-strand breaks (DSBs) can be obtained within one gradient.
Other systems require the use of two separate techniques for th.
determination of SS- and DS- breaks. SSBs can be measured by
alkaline sucrose gradients, while DSBs can be measured on neutral
gradients. A DNA unwinding technique, utilizing column
chromatography, can also be used to determine strand breaks.
A
technique developed by Friefelder and Davidson, utilizing analytical
ultracentrifugation does not require gradients and can be used to
determine SSBs and DSBs in phage DNA.
(a) Covalently closed circular phage DNA on neutral
sucrose gradients: The three species of irradiated phage DNA can
be separated into three peaks on neutral sucrose gradients. Unbroken
CCC, component I, is a fast sedimenting species (21S). Component I
is converted into component II, open circles, as a result of a SSB
in either strand, and sediments slower (17S). Components I and II
are converted into component III (linear DNA) as a result of a DSB
and this component has a sedimentation constant of 15S.
Since
relatively small amounts of DNA are employed in gradient experiments,
the DNA is assayed by prelabelling with H of C thymine
and
counting by scintillation techniques, DSBs are quantified by the
ratio of radioactivity in peaks I + II relative to the radioactivity
in all three peaks, giving the percentage of molecules unbroken by
DSBs. SSBs are determined by the ratio of radioactivity in peak I
to the radioactivity in peaks I • II.
(b) Alkaline sucrose gradients; McGrath and Williams(1966)
first developed the alkaline sucrose gradient technique in which
cells were transformed into protoplasts in lysozyme-versene and
lysed by nipetting them slowly onto 0.5 NaOH which had been layered
ontop of 5-201 sucrose gradients adjusted to pH 12 with NaOH. Later
modifications of the lysis proceedure
have employed
various
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detergents in the NaOH gradient overlay in place of the lysozyme
pretreatment. Tht alkaline treatment of DNA disrupts H-bonding to
fora ss-DNA. However, radiation also induces lesions that are
sensitive to alkali and will also be Measured as SSBs under these
gradient conditions (Strauss and Hill, 1970; Lindahl and Nyberg,
1972; Lindahl and Andersson. 1972). Thus this technique results in
the measurement of both SSBs and alkali-labile bonds. A correction
for the alkali-labile bonds can be made by analyzing phage DNA on
both neutral and alkaline gradients. The percentage of the total
(breaks and alkali-labile bonds) which have been attributed to
alkali-labile bonds varies: 401 for superinfecting X, 4 MeV electrons (Boye and Krisch, 1980); 21% for Xdv E. coli minieelIs, y-rays
(Paterson et al, , 1973); 331 for Tj, y-rays (Frey and Hagen, 1974);
161 for X, 365nm radiation (Ley et al., 1978). In addition any
double-strand break .will be registered as two single-strand breaks.
Sedgwick and 6 idges (1972) observed a light dependent reduction in
DNA molecular weight in gradients which were left open, exposed to
"diffuse English late winter day light" (not direct sunlight). Thus
gradients left uncapped after loading can produce artifacts
when
alkaline gradients are used. A more thorough discussion of the
alkaline gradient technique including it's calibration is presented
in the appendix.
(c) Neutral sucrose gradients; Under neutral conditions
DNA remains double-stranded and double-strand breaks
can be
determined by the decrease in molecular weight of DNA in the
irradiated cells as compared to the unirradiated control cells.
Spheroplasts are first formed with lysozyme and then loaded onto a
Tris capped, 5-201 sucrose gradient (pH 7.4) containing detergent
and saturated with chloroform to remove lipids from the DNA(Krasin
and Hutchinson, 1977). This method had been modified to include a
pronase treatment for deproteinization (Ron Ley, personal
communication).
(d) DWA-unwinding technique; Strand breaks can also be
determined by the DNA-unwinding technique in which the DNA is
treated with weak alkali (0.03 M NaOH) and detergent at 0°C. Under
these conditions, there is unwinding of the DNA at break points.

.16.
Following neutralization and sonication, the DNA is separated into
single-stranded and double-stranded DNA on hydroxypatite. The
ratio of ds to ds • ss DNA indicates the amount of strand breaks
(Ahnstrom e£ al., 1978).
(e) Friefelder-Davidson method for phage DNA: By varying
the conditions, both SSBs and DSBs can be measured by this
technique utilizing analytical ultracentrifugation and UV light
photography during the run. Basically, the UV absorbance at the
boundary will be proportional to the amount of intact DNA. DSBs
are determined using neutral conditions; however DNA must be
denatured, either with alkali in the presence of formaldehyde or
by heating for 15 minutes in the presence of formaldehyde, in order
to determine SSBs (Davidson e£ al., 1964). This method is quick
and convenient, but the sample must, be free of other substances
absorbing UV light at 260nm. Thus, in practice, this excludes any
systems other than DNA viruses (already completely free from
contaminating RNA).
3. Induction and repair of breaks
(a) Ionizing radiation:
A series of problems is
encountered in trying to evaluate the induction and repair of
breaks as is evident from the variation in the literature (values
summarized in table I). Some authors have given a complete
description of irradiation and break determination
methods,
including irradiation temperature, dose rate, concentration
of
oxygen during irradiation, time and conditions of the sample between
irradiation and gradient loading, as well as an explanation of the
analysis method used in the break determination. Unfortunately,
several authors have been rather incomplete in their description.
As seen in table I, more breaks are consistently found
when cells are irradiated under hypoxic conditions than under anoxic
conditions. Dean and colaborators (1969) found that when
anoxic
cells of Micrococcus radiodurans were irradiated with X-rays at 0°C
in the presence of EDTA, the number of breaks increased to that
observed in oxygenated cells where EDTA had no effect on break yield.
In this system, the difference in the oxic and anoxic break yields is
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due to a repair system that functions at 0°C under anoxic
conditions in the absence of EDTA and is responsible for rejoining
•ore than 601 of the single-strand'breaks formed during the course
of irradiation. This repair system is therefore inhibited
by
either EDTA or oxygen. The yield of single-strand breaks in Murine
lymphoma cells was the sane under oxic or anoxic conditions,
indicating oxygen independence for the kinetics of break induction.
Given these results one could assume that the difference in break
induction under oxic and anoxic conditions would be due to very
fast simultaneous repair during irradiation. This assumption has
been shown to be false by Johansen and coworkers
(1975) in
experiments where samples were transferred to gradients within 100
milliseconds after irradiation. Because the break results were the
same at irradiation temperatures of 0°C and 23°C, these singlestrand and double-strand break induction rates for superinfecting-X
and E. coli DNA are the most reliable break induction
rates in
terms of being repair-free. However it sould be noted (table I)
that a difference still existed between the induction rate in oxygen
(20 SSBs/rad/1012 daltons) and nitrogen (5 SSBs/rad/10 12 daltons).
Experiments employing Y-i"»diation of calf thymus or T^
DNA in vitro have shown that there is a difference in the nature
of breaks induced under oxic conditions as compared
to anoxic
conditions. While no alkali-labile bonds can be detected after
irradiation under anoxic conditions, about two thirds
of the
additional strand breaks formed in the presence of oxygen are
alkali-labile bonds (Frey and Hagen, 1974). In addition, formation
of phosphate end groups (determined with alkaline phosphatase) is
1.9 fold higher when irradiation is in the presence of oxygen.
Although Town and coworkers (1972) observed no alteration in the
number of single-strand breaks after X-irradiation of calf thymus
DNA in vitro, they did see a 9 fold increase in sugar damage under
oxic conditions which may suggest the formation of chemically more
complicated breaks in the presence of oxygen.
Since addition of 1 M glycerol, a hydroxyl
radical
scavenger, decreases the induction of double-strand breaks, hydroxyl
radicals have been implicated in break induction (Bonura and Smith,
1976). E. coli, Y-inradiated at 21°C in the presence of parachloromercuribenzoate (PCMB) to block intracellular sulfhydryl groups,
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increases the yield of single-strand breaks 18 fold under aerobic
conditions and 7 fold under anoxic conditions (Ho and Ho, 1976). In
the presence of PCMB, the number of single-strand breaks can be
reduced by hydroxyl radical scavengers such as benzoate, nitrite,
thiocynate or 2-propanol. Furhter, Ho and Ho suggested that 791 of
breaks in PCMB treated cells were due to hydroxyl radicals.
In summary, eventhough artifacts are introduced in the
break induction rates due to repair systems, it has been established
that (1) hydroxyl radicals are involved in strand breakage, (2) the
presence of oxygen increases break induction and (3) at least a
portion of the aerobic breaks are different from the anoxic breaks.
Studies of the repair of ionizing radiation induced singlestrand breaks in E. coli began with the observation by Ncgrath and
Williams (1966) that a radioresistant strain, B/r, had the capacity
to repair single-strand breaks while a radiosensitive mutant, B s _^,
did not. By 1973 three repair pathways in E. coli K-12 had been
proposed:
types I, II and III (Town et ol., 1973).
Type I, which was postulated to be ultrafast (< 2 minutes at
0°C) was later shown not to exist (Boye e£ al,., 1974) . The yield of
strand -breaks was the same in DNA polymerase I proficient (Pol ) and
deficient (polA) strains under aerobic conditions; however, under
anoxic conditions the number of breaks in Pol cells was about half
that found in polA cells. Town and covorkers (1973) interpreted
this as ultrarapid repair of anoxic breaks in pol cells. In contrast
Boye ejt aJL (1974) found that rapid loading of gradients (within 100
milliseconds of irradiation) resulted in an equal yield of anoxic
breaks in Pol* and polA strains and that the rejoining of breaks was
much slower in nitrogen than in oxygen, findings which strongly
argue against the existence of type I repair.
Since single-strand breaks are an intermediate in excision
repair, it is not suprising that the repair pathways for X-ray
induced breaks (figure 3) would be very similar to those for
excision repair (figurei). Type II repair occurs in buffer at a
fast rate (T 1 / 2 for aerobic X-irradiation is about 10 minutes at 0°C
and about 1 minute at 37°C) and is dependent on DNA polymerase I or
III. Roughly 90% of the aerobic breaks are repaired within
15
minutes at room temperature, while only about 751 of the anoxic
breaks are repaired in E. coli K-12 (Town e_t &l., 1973). In the
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rec A
rec BC
pol C

REPAIRED DNA

Figure 3: Repair pathways of X-ray induced single-strand breaks
Modified from Town et al. (1973).
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X superinfecting system, under aerobic conditions at 38°C there is
a lag of 3 seconds followed by rejoining which is complet in 30 to
40 seconds in Pol host cells. Under anoxic conditions there.is a
lag during the first 40 seconds after irradiation, followed by a
slower repair (Boye et al^., 1974).
Type III repair, requiring complete growh medium
is
slow, requiring 40 to 60 minutes at 37°C. It is controlled by the
recA (structural gene for recA protein), recB-recC (structural gene
for exonuclease V) and lexA (controlling gene for recA) genes and
does not require the polA gene (Youngs and Smith, 1973).
This
process can repair only about two additional breaks per singlestrand genome, whether irradiation is in the presence or absence of
oxygen (Town et al.., 1973). This repair system Is irreversably
inhibited by quinacrine, hydroxyurea (Fuks and Smith, 1971} and 2,4dinitrophenol (Vander Schueren e£ al., 1973). It is also inhibited
by chloramphenicol, a finding that indicates a requirement
for
protein synthesis for the operation of the type III repair system
(Ganesan and Smith, 1972).
Single-strand breaks are also repaired in eucaryotic
systems. Lang (1975) has obtained evidence that mammalian chromosoma
DNA is organized in "packages" of about 1.7 x 10 daltons which
corresponds to one eighth of a chromatid. Each of the 1.7 x 10
g
dalton packages contains about 21 DNA subunits of about 8 x 10
daltons each, joined together by disulfide containing protein
linkages which are labile to proteases, mercaptoethanol, alkali, and
low doses of radiation. Wheeler and Lin (1974), using split doses
of X-rays on rat brain tumor cells, have found that single-strand
break repair occurs at 37°C by two stages. The first stage occurs
within the first 10 minutes and rejoins breaks to form a singlestranded DNA species called the subunit, with a sedimentation
coefficient of about 165S. The second stage functions from about 1
hour to 20 hours post-irradiation, and results in formation of the
characteristic unirradiated chromosomal DNA of about 400S. Comparison
of a single 12 krad dose and a split dose of two 6 krad, each
separated by one hour, demonstrated the removal of initial damage
induced by the first 6 krad dose. When the second 6 krad dose was
delivered 10 minutes after the first, an accumulation of more
residual DNA break damage was observed than that induced by a
tingle 12 krad dose, indicating a radiosensitive period during the
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doses
(CHO)
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process of rejoining. Single-strand breaks induced at low
(<20 krad) of y or a-radiations in Chinese hamster ovary
cells are essentially completely rejoined, while at higher
the repair is incomplete (Cole et al., 1975).
There have been a number of reports that double-strand
breaks are not repaired in E.coli (Kaplan,1966a) in superinfecting
X (Boye, 1980; Boye and Krisch, 1980) or in mammalian cells (Dugle
jet jil., 1976). However, repair has been reported in E.coli(Krasin
and Hutchinson, 1977), in Micrococcus radiodurans (Kitayama and
Matsuyama, 1968; Burrell et al., 1971; Hariharan and Cerutti, 1972)
in Bacillus subtilis (Hariharan and Hutchinson, 1973) and in mammalian cells (Cole et al., 1975). From the literature (see table I)
it will be noted that the yield of double-strand breaks varies
considerably from one investigator to the next, both in the presence
of oxygen (from 0.063 to 2 DSB/rad/10
Haltons) and under anoxic
conditions (from 0.016 to 0.79 DSB/rad/10 12 daltons). More doublestrand breaks are formed in the presence of oxygen and the variations
in the DSB induction rate could reflect simultaneous or post-irradiation repair before lysis and gradient loading as was the case for
SSBs. Consequently, the difficulty in observing the repair of DSBs
by some authors, at least in procaryotic systems, could be due to an
artificially low initial induction rate.
Repair of the double-strand breaks may also be missed
due to the high speed artifact described by Levine and Hutchinson
(1973b), At high centrifugation speeds the conformation of a large
DNA molecule will change, resulting in a smaller sedimentation
coeficient. Thus a sufficiently large DNA molecule will move a
shorter distance relative to a small marker DNA at high speeds than
at lower speeds. Because of this high speed effect, DNA
of
different sizes can sediment to the same place on a sucrose gradient
(Levine and Hutchinson, 1973a). This would result in the loss of
molecular weight resolution in the high molecular weight region of
the gradient and would therefore mask double-strand break repair.
Micrococcus radiodurans is much more radiation resistant
than E. coli and has a shoulder of 1001 survival out to a dose of
about 5 x 10 krads under aerobic conditions. A dose of 2.2 x 10
krads of y-radiation followed by incubation results in complete
repair of DSBs within 180 minutes. However, there is no repair in
the presence of chloramphenicol (Kitayama and Matsuyama, 1968).
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Burrell and colaborators (1971) have presented an hypothesis for
membrane participation in the repair of DSBs in Micrococcus
radiodurans. While DNA isolated from unirradiated cells is in the
form of a rapidly sedimenting DNA-membrane complex, with a density
of 1.4, irradiation results in the random shearing of the DNA
and
consequent release of free DNA with a density of 1.72S. During the
first stage of the repair process in a rich medium, DNA of an
intermediate sedimentation rate appears, associated with an RNAprotein-lipid complex, within 20 minutes. This is followed by a
second stage where the DNA-plasma membrane complex is reformed and
contains about 901 of the DNA at 60 minutes.
Repair of double-strand breaks
in E. coli has been
demonstrated by Krasin and Hutchinson (1977) and requires the recA
function as well as duplicate genomes. No repair was found in cells
grown on aspartate medium (1.3 genomes/cell). Cells with either 2
genomes/cell or 2.9 genomes/cell could be obtained by transferring
aspartate-grovn cells to a glucose medium while cells
grown
exclusively on glucose medium had 4-5 genomes/cell. Wild type cells
with 4-5 genomes/cell could repair about 571 of the DSBs within 60
minutes at 37°C in glucose medium, where as there was no
repair
seen in recA cells with 4-5 genomes/cell. The E. coli wild type
repair figure is consistent with the repair of at least two thirds
of the double-strand breaks in Bacillus subtilis after 80 minutes
at 37°C in glucose medium (Hariharan and Hutchinson, 1973).
By analogy with the SSB repair in mammalian systems
already discussed, DSB repair also proceeds through two stages:
rejoining in the subunit and rejoining of the subunit linkages to
form the characteristic unirradiated DNA (Lang, 1975). The kinetics
of repair at 37°C of both the DSBs and the intersubunit linkages
are the same (T J7 " 55 minutes). Essentially complete rejoining of
DSBs was observed for doses of y-radiation below 20 krads, where
as about 801 rejoining was observed for doses of o-radiation below
40 krads.
(b) UV and visible radiations: Relatively little work
has been done on the induction of single-strand breaks in DNA by UV
and visible radiation and no work has appeared in the literature on
the induction of DSBs by this type of radiation. A summary of SSB

Table II: Single-strand break induction rates1 at various UV wavelengths
Wavelength

Organism

References

SSB

Conditions

Z

1Z

Jm- /10 d
2S4

extracted PM2 phage DNA
E. coli

313

extracted trout sperm DNA

36S

extracted T. phage DNA

intact T 4 phage

B. coli

°2
°2
°2
°2
°2
N

E. coli-wild type
-polA
superinfecting X

extracted X DNA

25 .2

°2
°2
°2

19 .6

0 .39

Zierenberg, Kramer, Geisert and
Kirste (1971)

0.024
• AET

0.0027
0.0065

+ AET

2

°2
°2
°2 neut. grad.
°2 alk. grad.
°2 neut. grad.
°2 alk. grad.

AET:
2-aminoethy1isouronium, a free radical scavenger
neut. grad.: neutral sucrose gradient

alk. grad.: alkaline sucrose gradient

Brent (1972)
Tyrrell, Ley and Webb (1974)

Tyrrell, Ley and Webb (1974)

0.0022
0.012

0
0.01Ü
0.030
0.011
0.013
0.0087
0.010

Ley, Sedita and Boye (1978)
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induction rates from the literature is presented in table II. At
longer wavelengths the SSB yield decreases due to decreasing
radiation energy. The only breakage measurement under anaerobic
conditions was at a wavelenght of 365nm where no breaks
were
detected (Tyrrell ejt aJL., 1974) . Given the alkaline sucrose gradient
system and dose range employed, an upper.limit for anoxic SSB
induction would be a number at least 15 fold lower than the number
obtained under aerobic conditions. Certainly oxygen sensitization
has been observed and the reduction in SSB induction in both intact
X and extracted X DNA in the presence of a free radical scavenger,
.implicate the involvment of free radicals (Tyrrell e_t ill., 1974).
Repair of near-UV induced SSBs in both E. coli wild type
and polA strains has been studied (Ley et al., 1978).
Postirradiation incubation of 365nm-irradiated wild type
cells in
buffer at 30°C resulted in about 80* rejoining in 10 minutes;
however, no repair was detected in the polA strain. Repair was
found in a uvr (excisionless) strain. Direct comparison of the
wild type and uvr strain repair is not possible because the
preincubation irradiation doses were different. The SSB induction
+
-14
-14
yields for the Pol and polA strains were 1 x 10
and 3 x 10
-2
breaks/dalton/Jm
respectively. The decreased induction rate in
the pol* wild type strain would indicate SSB repair during
the
irradiation in M9 buffer at 0°C. This appears to parallel the
medium independent, polymerase I dependent, type II repair system
for SSBs already discussed for ionizing radiation. When SSB induction
in measured for superinfecting X and intact X, using both neutral
and alkaline sucrose gradients, it can be estimated that 1 alkalilabile bond is induced for every 5.5 to 6.7 SSBs by 365nm radiation
(Ley et al., 1978).
(c) Enzymology of break repair: Noguti and Kada (1972)
in a semi-in vitro technique using toluene-treatment at 0°C in
order to make y-irradiated Bacillus subtilis cells available to
substrates and cofactors, found that both transforming activity and
SSB rejoining were increased by the presence of the four deoxynucleoside triphosphates (dXTPs), nicotinamide adenine dinucleotide
(NAD) and Mg 2 * at 37°C. The dXTPs requirement implicates a DNA
polymerase function and the NAD requirement indicates a DNA-ligase
function (Modrich and Lehman, 1973).
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iS Y Í t r o repair of X-irradiated ^ subtilis DNA has been
shown to be dependent on DNA polymerase I and ligase. No in vitro
repair of DNA in a DNA polymerase I deficient mutant was observed
until either DNA polymerase I and ligase or a wild type cell lysate
were added to tha in vitro reaction mixture (Laipis and Ganasan,
1972).
In a clean SSB with a 5'-phosphory1 and a 3*-hydroxyl
terminus, ligase could function alone to close the gap. However,
other breaks would require a series of enzymes to clean up the
termini in order for the ligase to function.
Several nucleases are available in E. coli to fulfill
the role of removing the dirty break ends (rupture through sugars)
of DNA. DNA polymerase I contains two exonuclease acitivities in
addition to it's polymerase activity. Treatment of DNA polymerase
I, a single polypeptide chain, with trypsin results in the formation
of t*o fragments. One is a small fragment (36,000 daltons) which
carries . a 5'-*- 3* double-strand-specific exonuclease (polAex) and
the other is a large fragment (77,000 daltons) that has both the
5'* 3' polymerase (polA) and a 3'-* 51 single-strand-specific
exonuclease used in proofreading during DNA synthesis(Watson,1976) .
DNA polymerase III also has a 5'-*- 3* double-strand-specific
exonuclease and both DNA polymerase II and DNA polymerase III have
a 3'* 5* proofreading exonuclease activity. Exonuclease VII (xseA)
is single-strand-specific and functions 3'* 5' or 5'* 3'.Exonuclease
V (recBC) also functions in both directions but in addition functions
on either single-stranded or double-stranded DNA and requires ATP
(Linn and MacKay, 1975). Exonuclease I (sbcB) degrades singlestranded DNA in the 3'-* 5' direction and was shown to partially
alleviate the recombination deficiency in exonuclease deficient
mutants (Rothman e_t al., 1975).
Three DNA polymerase would be available in E. coli to
repolymerize the DNA degraded by the exonucleases. Presumably, DNA
polymerase I and III, which have both the 3'-»- 5*
and 5'-*- 3*
exonuclease activities would be good candidates
for
coupled
1
degradation-resynthesis. The 3 * 5* exonuclease appears
to
function by removing a primer terminus which is not correctly
paired or is incomplete. The 5'-** 3* synthesis could then start
from this point and the 5'* 3' exonuclease could clear the path
ahead of the synthesis (Kornberg, 1974). Although
the DNA
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polymerase II function has not been ruled out. Youngs and Smith
(1973a) have shown that the survival of X-irradiated E.coli strains
deficient in polymcrase I is unchanged in the presence or absence
of functional ONA polymerase II.
The final break rejoining reaction, mediated by DNA
ligase, occurs in the presence of NAD via a ligase-adenylate
intermediate in which AMP is linked to the
amino group of a
lysine of the enzyme. The adenylate is transferred to the 5*
phosphoryl terminus of the DNA to be joined and a pyrophosphate
linkage is formed. Finally the DNA chain is closed with the
formation of a phosphodiester bond and AMP is released. A 3*
hydroxyl group is required for the closure reaction. However, it
is not clear whether the 3' hydroxyl group is required for normal
binding of the enzyme at the single-strand break or whether it is
essential for some subsequent step in the catalysis (Modrich and
Lehman, 1973). Given 300 DNA ligase molecules per cell and a
turnover rate of 25 min" at 30°C, E. coli would be capable of
sealing 7,500 single-strand breaks per minute per cell. However,
only a few percent of the amount of ligase would be required for
the 200 sealing events required for joining of the Okazaki
fragments in DNA replication (Modrich and Lehman, 1973), leaving a
large excess available for other functions. The T. and E. coli
DNA ligases have been shown to function at 0°C (Harvey e_t al^.,
1971; Modrich and Lehman, 1973).
D. Cellular Survival and Lethal Lesions
1. Basic concepts in survival and lethal hit determination
In the construction of a survival curve for a population
the rate of decrease of the number of active particles (or cells)
with respect to dose is proportional to the number of active
particles remaining at that dose level and this rate will be
negative if the treatment is inactivating the particles:
dN

-air

kN

(1)

where N is the number of surviving particles at dose D and K is a
constant. Rearrangement and integration results in the following:
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In -J- « -kD or -§- - e" k D
o

(2)

o

where e is the base of natural logarithms, N is the initial number
of particles and N/N Q is the surviving fraction of the initial
population. Plotting log N/N Q against dose, a straight line with a
slope of -k is obtained.
Because large populations
are used in survival or
inactivation studies, the Poisson distribution can be used. The
distribution of lethal events (hits) among the population is
given by:
P ( X ) - ÍL-Ê—

(3)

where h is the average number of lethal hits/particle, e is the
base of the natural logarithms, P(x) is the probability that a
particle receives exactly x lethal hits.
In the case where one hit is sufficient for inactivation
of the particle, the proportion of surviving particles will be
P(0) - e" h

(4)

Thus, if kD (constant . dose) is set equal to h (average number of
hits/particle), equations 2 and 4 are equivalent such that

-g- ' P(0) - e" h

(5)

o
In the case where more than one hit must occur for
inactivation of the particle, (multiple hit), the surviving fraction
can be derived given that the probability of a single target
surviving is e and thus the probability of it's inactivation is
1-e . The probability of inactivation of all n targets in a
given particle is (l-e" h ) n so that
N

- 1 - (l-e" h ) n

(6)

o
The surviving fraction from the single-hit equation becomes:
w

log -J}- - -0.4343 h
and the surviving fraction

from

log -E- - log n - 0.4343 h
o

(7)

the multiple-hit equation becomes:
(8)
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Theoretically, the number of hits (n) can be obtained from the
extension of the linear portion of the slope (-k) to the dose
zero intercept. However, this is without
meaning in many
biological systems where values of n are large. An average
of
one hit/particle results in 371 survival using the single-hit
equation (7). For the multiple hit equation (8) n must be known
in order to calculate the per cent survival.
2. Approaches for determination of critical lesions
Several approaches have been used in trying to establish
the relative importance of a lesion in terms of lethality.
The identification of thymine dimers as a major lesion
in E. coli uvrA recA strains irradiated with ultraviolet light at
wavelengths of 254nm or 365nm was demonstrated
through the
determination of the photoreactivation
sector (PRs) which is.
defined as
v
v
PKS - - ° ' P R
where k Q is the logarithm slope of the survival curve in the absence
of photoreactivation and k p R is the slope of the survival curve in
the presence of maximum photoreactivation. Photoreactivation
(specific for repair of dimers) after 2S4nm or 36Snm inactivation
resulted in a PRs of 0.8 for the uvrA recA double mutant (Webb e_t
al., 1976). The large PRs in all strains tested (uvrA recA; uvrA;
recA; wild type) at 2S4nm indicated the important role of dimers in
lethality at this wavelength. However, dimers were indicated as a
significant lethal lesion of 365nm radiation only in the uvrA rccA
strain. Thus dimers induced by 365nm radiation could be removed
with such a high efficiency by dark repair systems existing in both
of the singly repair deficient mutants and the wild type strain that
essentially no photoreactivation was observed.
Another approach involves comparison of oxygen enhancement
ratios (OERs) for biological inactivation and structural damage in
DNA. The oxygen enhancement ratio for a given property is obtained
by dividing the response for anoxic irradiation by the response for
the aerobic irradiation.. In vitro studies using DNA from Tj or
calf thymus resulted in a discrepency between the OER for biological
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inactivation and the OER for structural damage. OER values for
inactivation of the biological functions
(prising activity of
thymus DNA with respect to enzymatic RNA synthesis and infectivity
of T^-DNA into an E_. coli spheroplast system) showed no oxygen
effect (OER 1.03>1.09) while various physico-chemical properties
(SSBs, terminal P0 4 groups, DSBs, and base damage) resulted in
OERs of 1.8 to 3.S (Frey and Hagen, 1974). The possibility still
remained that measurements of biological inactivation in vivo
would show an oxygen enhancement. Indeed, Bonura and coworkers
(1975), using X-irradiated E. coli determined OERs of 2.49 and
2.79 for double-strand breaks and cell inactivation respectivily.
Assuming that there was no repair of DSBs during incubation on
the plates used for the determination of viability, comparison of
these two OERs would indicate that 1.3 to 1.4 DSBs/genome were
produced per lethal event.
Another approach along this same line is the direct
comparison of biological inactivation with structural damage.
Kaplan (1966b) observed that X-irradiation of cells which had
incorporated the pyrimidine analog and radi.osensitiz.iirg agent,
BUdR (S-bromodeoxyuridine), increased the DSB yield by 3 fold.
This correlated well with the 3 fold increase in lethality. In
addition, irradiation of cells in the presence of mecaptoethanol
protected against both formation of DSBs and lethality by a factor
of 2.
Elkind and coworkers (1978), using doses of far-UV(254nm)
and near-UV (Westinghouse sun lamp) which were adjusted to be
equivalent in terms of dimer induction, found that in no case were
the shapes of the survival curves for the two types of radiation
the same for any cell lines under investigation (Chinese hamster
cells, C3H mouse cells, HeLa cells). The shape of each survival
curve was defined by D Q (dose to reduce the survival by e ,
equivalent to 1 hit or 371 survival, in the exponential portion of
the survival curve) and D (point of extrapolation of the
exponential portion of the survival curve to a surviving fraction
of 1 or survival of 1001). In all cases the far-UV/near-UV D Q
ratios were two to three times larger than the far-UV/near-UV D
ratios, indicating a broader shoulder when cells were irradiated
with the sun lamp. Thus, it was concluded that the lethal lesions
induced by these two were at most partly similar.
In an
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accompaning paper (Elkind and Han, 1978) it was reported that the
rate of SSB production by these two radiations was essentially the
same when based on lethality ( n o ).- Comparing break induction by
BUdR-containing cells exposed to fluorescent lieht, X-radiation,
and far-UV or near-UV radiation, the approximate number of initial
breaks per D Q per cell were 50,000, 1,000 and 100 respectively.
This would mean that a least 1 break of the 50,000, 1,000 or 100
breaks induced under the-respective treatments could be lethal.
One is left with the impression that HeLa cells must have a
tremendous capacity for the repair of SSBs, but that the efficiency
differs for different- radiations.
As discussed above, the difference in shape of the
survival curves of far-UV and near-UV treated cells indicates that
the lethal lesions induced by these two. radiations are at most
partially similar. In addition, no attempt was made to determine
the amount of repair of the SSBs via a physical method. Thus, this
study has not defined the relative importance of diners or SSBs as
lethal lesions.
In summary, the photoreactivation sector of 254nm induced
dimers had provided strong evidence for diners as critical lesions
in cells deficient in at least one dark repair system and to a
lesser extent in wild type cells. Comparison of oxygen enhancement
ratios for biological inactivation and production of various types
of DNA damage have given a positive correlation. Differences in the
shape of survival curves suggest a difference in lethal lesions but
in most cases do not define the critical lesion. The PRs when dimers
are the critical lesion is, of course, an exception.
A more beneficial approach to the determination of a
critical lesion would be to directly correlate the number of lethal
events from the survival with the presence of specific lesions
remaining after repair through physico-chemical measurements.
3. Critical

lesions induced by UV or visible radiation

The induction rates (yields/E. coli genome/Jm ) of four
known lesion types at various different wavelenghts are summarized
in table III. These data have been further reduced in table IV to
indicate ratios of various lesions induced at different wavelengths.
While cyclobutane pyrimidine dimer yields peak at 260nm, the
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Table III. Production of various lesions by UV and visible
radiation at different wavelenghts:
yields/
E. coli genome/Jm

diners

240

*

SSB

*

diners

a

(5) b

aw

254

39

265

46

280

16

thymine §
glycols
1.6X10*1

thymine §
saturated
7 .2X10"1

4 .9xlO~Z

MHPV

313

2.8xlO"Z

9 .8xl0*4

365

5.5xl0"5

3xlO'b

405

< lxlO"b

1 .lxlO"5

30

1.7X10"1

7 .7X10"1

43

2.5X10"1

1 .1

6.8xlO"Z

1.8xlO~Z

8xlO" Z

——

a) pyrimidine dimer yield corrected for TT:CT using rations in
Webb (1977)
b) pyrimidine dimer yield not corrected
A) wavelength
*) Webb (1977)
$)Hariharan and Cerutti (1977)

Table IV: Ratios of various lesions induced by UV and visible radiations

wavelength

pyrimidine dimer
S

240
254

pyrimidine dinner
thymine glycol

31

pyrimidine dimer
thymine saturated
6.9

—

796

265

176

40

280

172

39

3,77

0.85

313

28

36S

1.8

405

< 0,09

thymine saturated
SSB

_

. ——.

81
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formation of 5,6-dihydroxydihydrothynine (thymine glycol) and
thymine saturation products peak in the neighborhood of 280nm, and
their yield does not decrease as fast as the diner yield with
increasing wavelengths. Thus the relative yield of the thy mine
glycols and saturation products increases in comparison to dicers
in the near-UV as seen in table IV. The yield of single-strand
breaks drops with increasing wavelength but again at a lower rate
than diner fornation.
In a practical sense, the relative induction rates nay
present an indication of possible lesions to be considered in
cellular lethality, but they give no information as to lethality.
The lethality of a particular lesion can be evaluated
only after
repair processes, which are functioning under the conditions used
to determine viability, have acted.
As already described in section D-2 pyrimidine dimers
account for 801 of the lethal action of 254nm radiation in uvrA,
recA and uvrA recA t. coli strains while about 501 of the lethal
action in the E. coli wild type strain is due to dimers.
Dimers
also account for 801 of the lethal action of 365nm radiation in the
repair deficient uvrA recA strain but may account for only a small
amount of the lethality in the recA strain. Since there is no
photoreactivation in Rec strains (uvrA or wild type), dimers are
not responsible for the lethality or 36Snm radiation . in these
strains which are evidently able to repair dimers by recA-dependent
dark repair processes (Webb e_t aJU, 1976).
In vitro studies using Haemophilus influenza transforming
DNA have shown that photoreactivation
can
reactivate the
transforming activity of DNA irradiated at 254nm, 290nm, 313nm, but
not 334nm, 365nmf 405nm, or 460nm. Thus at wavelengths above 313nm
some lesion other than dimers becomes more important and could be
reflected in lethality (Cabrera-Juarez e_t a_l., 1976) .
Since only about 201 of the lethal effects by 2S4nm
radiation are left unaccounted for, thymine glycols and thymine
saturation products could not be responsible for much lethal action
at this wavelength. Not only are these lesions induced at a much
lower rate than dimers by 254nm radiation but they are repaired
with high efficiency in, E. coli (Swinehart and Cerutti, 1975).
Fifty two thymine glycols were induced by y-radiation per E.coli
genome per D Q (1 hit), meaning that a minimum of SI thymine glycols

.35.
were removed in order to correspond to the one hit determined by
the survival. Since both thymine glycols and ring-damage thymine
products can be removed by crude extracts of an E_. coli endol
uvrAfi strain, neither the uvrA uvrB excision endonuclease nor
endonuclease I are involved (Hariharan and Cerutti, 1974).
But
Demple and Linn (1980) have found that endonuclease III,containing
both glycosylase and apyrimidine endonuclease activities, releases
thymine glycols as free bases. Although the possibility has not
been tested, lesions of the thymine glycol and saturation type may
become more important at wavelenghts of 313nm and above where they
are produced at a higher rate than dimers (table IV).
Strand-break formation at 365nm is oxygen-dependent so
that breaks would be a reasonable candidates for a critical lesion
at wavelengths above 313nm where lethal inactivation is also oxygen
dependent (Webb, 1977). SSBs are induced in E.coli DNA by 365nm
radiation at a rate 551 that of pyrimidine dimers (table IV) which
would make them a likely candidate for a critical lesion in the
Rec strains.
Obtaining survival responses for four strains of E. coli
(wild type, uvrA, recA, uvrA recA) in the presence and absence of
acriflavin which interferes with both excision
repair and
recombination repair, Webb and Brown (1976) demonstrated that these
two dark repair systems were involved in removing a substantial
amount of lethal lesions in cells irradiated at 254nm, 365nm
and
460nm but not 650nm. Thus in the 2S4nm to 460nm range a large
portion of the critical lesions can be removed by an acriflavinsensitive repair system. In the light of what is known about repair
systems for dimers, SSBs and DSBs, all would be candidates as lethal
lesions and since little is known about the repair processes
for
thymine glycols and thymine saturation products, they must also be
considered.
E. Objectives and Scope of the Work
While the role of pyrimidine dimers as the critical lethal
lesion in all E. coli strains after irradiation 254nm has been well
established (Brown and Webb, 1972), there has been no such definition
for the lethal consequences of near-UV induced lesions. Whereas
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diners are the critical lesions in 365nm radiation inactivation of
the double repair deficient uvrA recA strain, thymine dirers appear
to play only a small role in lethality in the recA deficient strain
and no role in the uvrA deficient and wild type strains (Webb et
al., 1976). The relative effects of thymine dimers as lethal
lesions at 313nm has not been defined.
Since there is a strong oxygen dependence for inactivation
of all singly repair deficient mutants (uvrA or recA) and the repair
proficient wild type E. coli K-12 (Tyrrell, 1976) and there is a
complete oxygen dependence for the induction of DNA single-strand
breaks by 365nm radiation, single-strand breaks would be a good
candidate for the critical lethal lesion at this wavelength.
In
addition it has been shown that DNA repair systems play an important
role in lethality at 365nm (Webb et al., 1976). Therefore, it is
reasonable to presume that DNA is a lethal target at this wavelength.
The present study was undertaken in order to determine the
relative biological importance of single-strand breaks induced by
365nm and 313nm radiations. Repair systems involved in removing
near-UV induced single-strand breaks from the DNA are also partially
defined by the use of a quantitative physical method for singlestrand break determination.
The objectives of this study were to answer the following
three questions:
1. How many single-strand breaks are initially induced in
DNA by 365nm and 313nm radiation?
Z. What repair systems are involved in the repair of
these single-strand breaks and what is there efficiency?
3. Is there a correlation between the number of singlestrand breaks remaining after repair and cellular
viability?
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CHAPTER

II

MATERIALS AND METHODS

A. Bacterial Strains
The strains of Escherichia coli used in this study are
listed in table V together with relevant repair characteristics
and nutritional requirements. The strains were tested for their
254nm sensitivity at the start of the study and maintained on
tryptone plates containing nutrient broth, 3b; bacto-tryptone, 5g;
agar, 15g; and H 2 0 to 1 liter.
B. Growth medium and radionucleotide labelling of cells
The liquid culture medium was a minimal medium containing
M9 buffer (NH4C1, lg; NaCl, 5g; Na 2 HPO 4 , 6g; KH 2 PO 4 , 3g;
MgSO 4 .7H 2 0, O.Sg; H 2 0 to 1 liter) plus glucose (0.4*) and was
supplemented with Casamino acids (2.5 mg/ml) niacin (10 yg/ml)
thiamine (10 yg/ml) and thymine (10 yg/ml). For labelling, an
aliquot of an overnight culture was diluted 50 fold into prewarmed
supplemented M9 medium containing 20 yCi/ml thymidine-methyl- H
(New England Nuclear, 6.78 Ci/m mole) at a final specific activity
of 1 Ci/m mole and a final total thymine concentration of 2 yg/ml.
After 2.5 hours of growth under aeration at 37°C the cells were
harvested by centrifugation, washed twice with M9 buffer, and
resuspended in M9 buffer at a cell concentration of 1 to 1.5x10
cells/ml.
C. Radionucleotide labelling and purification of T 4 phage
Labelled T 4 phage were produced on E. coli B/r thy trp
grown on suplemented M9 medium containing 1 yCi/ml
C-thymidine
(New England Nuclear, 56 Ci/mole) at a final specific activity of
56 Ci/mole and a final thymidine concentration of 2 yg/ml. The
radioactive bacteria (8 x 10 cells/ml) were infected with T 4

Table V: Bacterial strains used in the study
Strain

Repair
Characteristics

W3110

repair proficient

thy

P2478

polA

thy

Philip C. Hanawalt
*
Ron Ley

MM450

r e c A r >•

thy, lac , rha, str

Rex M. Tyrrell

TN207

uvrA

thy

Ron Ley

B/r

repair proficient

thy, trp

Rex M. Tyrrell

Other Markers

* originally isolated by de Lucia and Cairns

Source
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phage to a multiplicity of infection of 0.05 and grown for 4 hours.
Chloroform was added and the culture was left at 37°C for 15
minutes, then overnight in the coj.d.
Low speed centrifugation (6040g, 10 minutes) was carried
out to remove bacteria and was followed by high
speed
centrifugation (24,000 rpm, Ti 50 fixed angle rotor 45 minutes) to
collect the phage. The phage were treated with DNAase I
(Worthington, 50 yg/ml) in M9 buffer for 30 minutes at 37°C to
degrade cellular DNA and then sedimented (SW 50.1 rotor, 28,000
rpm, 30 minutes) on a discontinuous CsCl density gradient (densities
1.20, 1.25, 1.35, 1.40, 1.50, 1.55gcm" 3 ). The phage were
removed from the gradient by puncturing the centrifuge tube just
below the lowest phage band and slowly removing 0.5 ml. The phage
were then dialyzed against M9 buffer to remove the CsCl.
D. Purified

14

C-labelled T 4 DNA

The labelled T. phage were prepared as above except that
final dialysis was against 1M buffer (1M NaCl, 0.001M EDTA, 0.002M
NaH 2 P0 4 , 0.006M Na 2 HPO 4 , pH 7.2) and treated by the following
Massie and Zinun method (1965). The dialyzed material was warmed
to 55°C in a glass centrifuge tube in a water bath and an equal
volume of buffer saturated phenol (freshly distilled) was added
dropwise. After 5 minutes at 55°C the solution was chilled and
centrifuged in the cold to remove the fine reprecipitated phenol
and denatured protein. The phenol treatment was repeated three
times and the final material was dialyzed against M9 buffer to
remove phenol.
E. Irradiations
The irradiation source was 2.5 kW Mercury-Xenon lamp
(Hanovia 929B) in combination with a predispersion prism(Schoeffel)
and a 500mm Bausch and Lomb grating monochromator. The dose rates
were measured using a radiometer (Yellow Springs Instrument Co.,
Xettering Model 65A). For 365nm radiation, samples were irradiated
with air stirring in a jacketed-Pyrex cuvette at 0°C.
A Corning 0-52 filter with a sharp cut-off at 350nm was
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used in conjunction with 10mm entrance and exit slits resulting
in a half-band width of 16nm for 365nm irradiations. The 365nm
dose rate was in the range of 560. to 580 Wm~ .
For 313nm radiation, samples were irradiated with air
stirring in a jacketed-quartz cuvette at 0°C. A Corning 0-54
filter with a sharp cut-off at 310nm was used in conjunction with
5mm entrance are exit slits, resulting in a half-band width of
8nm. The 313nm dose rate was in the range of 25 to 50 Wm~2.
All samples were suspended in M9 buffer for irradiation.
In experiments where a series of aliquots with increasing doses
were taken, all aliquots were held on ice until completion of the
final highest dose.
F. N2 Gassing Conditions (hypoxic)
Nitrogen was bubbled through a vanadium chloride-zinc
amalgum mixture in two gas scrubbing bottles fitted with scintered
glass spargers. The zinc amalgum was prepared by agitating a
mixture of zinc pellets (50g), HgCl 2 (3.75g), concentrated HC1
(2.5ml) and water (62.5ml) for 5 minutes. The vanadium chloride
solution was prepared by boiling 2g of meta ammonium vanadate in
25ml of concentrated HC1 diluted to 200ml, mixed with a few grams
of the zinc amalgum. This partially reduced solution was divided
between the two scrub bottles already containing 2Sg of zinc
amalgum each. After passing a current of nitrogen through the
solution for a few minutes it attained a clear violet color. When
the solution became green after considerable use, indicating
oxidation of the vanadium chloride, concentrated HC1 was added to
reestablish reducing conditions. The exit of the second gas
scrubber was passed through a third scrubber containing water to
remove any HC1 in the nitrogen stream before reaching the
irradiation sample cuvette.
G. Biological (viability)

Determination

Either before or after postirradiation incubation cells
were diluted in M9 buffer on ice and plated in triplicate on
tryptone plates (nutrient broth, 3g; Bacto-tryptone, 5g; NaCl, Sg;

.41.
agar, lSg; H 2 0 to 1 liter) and incubated for 48 hours at 37°C
before counting (conditions of maximum cell counts). All procedures were conducted under yellow fluorescent light to prevent
photoreactivation. The number of lethal events (h) was calculated
from the equation N/N Q « e~* where N/N is the surviving fraction
of the initial population and e is the base of natural logarithms.
H. Physical (break) Determination
The technique of McGrath and Williams (1966) was used to
estimate the sizes of single-stranded DNA before and after post
irradiation incubation. Six alkaline sucrose gradientes were
formed in parallel utilizing a six channel Technicon autoanalyzer
proportioning pump connected to a gradient maker containing 51
and 201 sucrose solutions. Care was taken to assure equal flow in
each of the six channels. A 50 yl labelled sample was loaded onto
a 5 to 201 alkaline (çH 12.2) sucrose gradient (containing 0.7M
NaCl, 0.3N NaOH and 0. 01M EDTA) which was capped with 200 yl of
lysing solution (0.5N NaOH, 0.051 SDS, O.lmM EDTA). The gradient
was capped and allowed to sit at room temperature for 30 minutes
before centrifugation in a SW 50.1 rotor at 25,000 rpm for 120
minutes at 20°C. Gradients were fractionated dropwise onto
Whatman no. 3 paper strips prewashed in S% TCA, utilizing a
second six channel Technicon pump. The filters were dried
and
washed twice in cold S% TCA for 10 minutes each to remove degraded
DNA products which are acid soluble. The filters were then washed
in 95% ethanol (10 minutes) and acetone (10 minutes). After drying,
the filter strips were cut into 31 fractions. Each fraction was
added to a scintillation vial containing 2ml of scintillation fluid
(6g PPO, 0.2g POPOP/liter toluene) and counted in a liquid
scintillation counter (Beckman LS 250) . A control for determination
of DNA degradation was prepared for each sample run on a gradient
by placing 10 yl aliquots on two separate filters. One filter was
given the TCA, ethanol, acetone wash treatment (undergraded DNA
counts) while the other was counted directly (total counts). A
description of gradient calibration and quality appears in the
appendix.
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I. Postirradiation Incubation
Samples irradiated in M9 buffer were either diluted 1:1
with 2 x tryptone broth (nutrient broth, 6g; Bacto-tryptone, lOg;
NaCl, 5g; water to 1 liter) or diluted 1:1 with M9 buffer before
incubation at 30° to 31°C for various lengths of time before
viability or break determination. Shorter time points were held
on ice until completion of the longest incubation time for each
experiment.

CHAPTER III

'43«

RESULTS

A. 365nm radiation
1. 36Snm Inactivation
The lethal action of 365nm radiation on repair proficient
£. coli K-12 and two mutants differing in their repair capacities
is presented in figures 4, 5 and 6. The recA strain has no
shoulder or lag in inactivation and it is the most sensitive. The
wild type end polA strains both have a shoulder that most probably
indicates a repair capacity at the lower doses, Although the wild
type strain has a larger shoulder than the polA strain, the final
inactivation rate measured from the final slopes of the curves, is
similar for these two strains (not shown).
Since one objective of this study was to compare the
viability (number of biological lethal events) with the number of
single-strand breaks (physical lesion) conditions had to be
provided for physical measurements similar to those for biological
measurements. The irradiated cells weie diluted with an equal
volume of 2 x tryptone broth and divided into two aliquots which
were either incubated at 30°C to allow for break repair of held
on ice as a control. The viability of the polA, recA and wild
type strains after these two holding treatments is shown in
figures 4, 5 and 6.
RecA and wild type cells held on ice for 2.5
hours after irradiation showed a decrease in viability when plated
on tryptone plates. However, no loss in viability in the polA
strain was observed under these conditions. Wild type and recA
cells incubated at 30°C in tryptone broth prior to plating on
tryptone plates also showed a decreased survival as compared to
cells plated directly on tryptone plates directly after irradiation
however the survival was higher than when held on ice. The only
increase in survival was observed in the polA strain incubated at
30°C in tryptone broth for 2.5 hours prior to plating. This
treatment resulted in an increase of the shoulder but the final
inactivation rate was equal to the final inactivation rate of
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cells which had been plated directly on tryptone plates.
Consequently these two treatments resulted
in parallel
inactivation curves at higher doses.
2. 36Snm single-strand break induction
The alkaline-sucrose gradient DNA distribution profiles,
obtained immediately after irradiation, for strain P3478 (polA),
irradiated at several different doses are presented in figure 7.
The unirradiated control DNA had a weight-average-molecular
weight (M^ of 1.64 x 10 with the peak fraction having a
molecular weight (M.) of 1.93 x 10 . Thus assuming
a single9

9

strand molecular weight of 1.25 x 10 daltons (2.5 x 10 daltons
for a complete genome) for E_. coli, the isolated unirradiated
control DNA was about one sixth the size of the native DNA.
Increasing doses of 365nm radiation resulted in a decrease of DNA
molecular weight.
A similar set of DNA distribution profiles for the wild
type strain are shown in figure 8. The profiles at doses of
0.5 x 10 and 1 x 10 Jm~ all peaked at the same sedimentation
distance and had similar weight-average molecular weights of
1.64 x 10 8 , 1.54 x 10 8 and 1.59 x 10 8 daltons respectively. Thus
at these lower doses there was little decrease in molecular weight.
However at doses above 1 x 10 Jm" a decrease in molecular
weight was observed with increasing dose.
The DNA profiles obtained immediately after irradiation
(fig. 7 and 8) indicate the general quality of the gradients and
the trend of decreasing molecular weight with increasing 365nm
dose;but what one would like to know is the number of breaks
induced by irradiation. The weight-average molecular weights (Mw)
from each of the profiles in figures 7 and 8 can be divided by 2
in order to yield number-average molecular weights (Mn) and these
molecular weights can be then used to calculate the number
of
total single-strand breaks induced per genome for the four strains
of E. coli by the formula
N - 2.5 x 109(l/Mn - 1/MO)
where N is the number of breaks induced in the genome of E.coli
(2.5 x 10 daltons) and M and M are the number-average molecular
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weights of the irradiated and unirradiated DNA respectively.
These 365nm radiation break induction results are presented in
figure 9. Breaks were induced linearly with dose in the polA
strain at a rate of 2.78 x 10 break per E. coli genome per
Jm . However the recA, uvrA and wild type strains all showed
a lag in break induction under the irradiation conditions at
0°C in M9 buffer. The linear rate of break induction at doses
above 2 x 10 Jm
in the recA strain was 3.9 x 10" 5 break per
genome per Jm~ . The uvrA and wild type strains had an equal
induction rate of 4.6 x 10" break per genome per Jm"
at
doses above the initial lag.
The break induction curves obtained by Ley ejt^ al_. (1978)
were all linear and the immediate induction rates for the polA
and wild type strains were 7.5 x 10" break genome per Jm
and
-5
-2
2.5 x 10 break per genome per Jm
respectively. These values
are greater than the values obtained in the present study by
factors of 2.7 for the polA strain and 5.4 for the wild type
strain.
Also shown in figure 9 is the induction rate for T,
phage extracted DNA determined by Tyi'rell and coworkers (1974).
Since there has been a sudden change in the dosimetry
determination by the Yellow Springs radiometer since the T^
measurement, the published figure has been corrected to the
present dosimetry using survival curves of Bacillus subtilis
spores and several E. coli strains to establish a correction
factor of 0.65 (Tyrrell, 1978). This yields a T A extracted DNA
break induction rate of 4.62 x 10 break per E. coli genome per
-2
——-—
Jm
for the present dosimetry.
The large variation in immediate induction of singlestrand breaks in T 4 extracted DNA and the various isogenic
strains of E_^ coli proficient and deficient in repair capacity
indicated that induction and repair of breaks were occuring
simultaneously in M9 buffer at 0°C during the irradiation
treatment. Assuming that the T 4 extracted DNA (jln vitro) DNA
system (where no repair mechanisms exist) reflects the true SSB
induction rate, the relative amount of break repair occuring in
E. coli strain can be estimated as shown in table VI. The polA
strain, repairing about 401 of the breaks during the irradiation

.51

120

#
immediote
Break Induction

100
O
Lü

o
•
•
x

pol A
recA
Wild type
Uvr-A

80

60
CD
LL

O

g
CO
20

D0SE365nm(xK)- 6 Jnr 2 )

Figure 9: Immediate strand break induction (365nra). Cells were
irradiated (365nm) at 0°C in M9 minimal buffer to the
prescribed dose and layered onto alkaline sucrose gradients
which were centrifuged for 2 hours at 25,000 rpm at 20°C
to determine the number of breaks per genome. The strains
used were: P3478, polA (o); MM450, recA, (•); W3110,wild
type (•); and TN207, U V T A (X). Also shown for comparison
is the induction of breaks in T 4 extracted DNA ( — )
determined by Tyrrell e_t al. (1974).
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Table VI: Break repair, during 365nm irradiation

-2
Dose (Jm

)

*
Percent
of
breaks
repaired
P3478 (.polAJ
MM'! 50 ÇrecA)

at 0°C in M9 buffer

W3110 (wild type)
and TN207 (uvrA)

1 x 10 5

34

88

97

2 x 10 6

48

64

86

40

57

91

45

46

91

3 x 10 6
4 x 10 6

.

* Percentage of breaks repaired as compared to extracted T 4 phage
DNA break induction (3.9 x 10" 5 SSB/2.5 x 109d/Jjn"2) determined
by Tyrrell et a]L , (1974)
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period, was the least efficient in break repair. Since the wild
type and uvrA strains repaired with equal efficiency (911), tht
uvrA gene product is probably not involved in the repair process
at 0 C. In the lag portion of the induction curve, below a dose
of 5 x 10 Jra" , breaks were repaired with essentially 1001
efficiency in these two strains. The recA strain also demonstrated
a biphasic curve, but the efficiency of repair was significantly
lower than the wild type strain. With lower doses this strain was
able to repair 881 of the breaks; however, at doses above 2 x 10
Jm
the repair dropped to about SS%.
It should be noted in
figure 9 that above 2 x 10 Jm" the recA break induction curve
is parallel to the T 4 extracted DNA break induction curve. This
strongly indicates that there is no repair in the recA strain at
doses above 2 x 10 Jm~ . The 55t repair calculated for this
region and reported in table VI would reflect repair which had
occured at doses lower than 2 x 10 Jm" , where a maximum of 76
breaks, were repaired.
3. Repair of 365nm radiation induced single-strand breaks
The ability of the uvrA, polA and wild type strains to
repair breaks has been examined (Ley et_ ajU, 1978). Incubation in
M9 buffer for 10 minutes at 30°C results in rejoining of breaks
in the wild type (801) and uvrA (65$) strains but no repair was
observed in the polA strain. However what one would like to
know is the total final repair capacity of these strains.
In figure 10 the alkaline sucrose gradient DNA
sedimentation profiles are shown for a polA strain irradiated to a
dose of 1 x 10 Jm" and subsequently incubated in tryptone broth
(complete medium) at 30°C for various times in order to allow
repair. The unirradiated control (a), the unirradiated control
incubated for 2.5 hours (f), and the irradiated aliquot incubated
for 2.5 hours (e) had H, values of 1.46 x 10 8 , 1.48 x 10 8
and
8
1.49 x 10 daltons respectively. Thus, 1001 of the breaks in the
irradiated aliquot were repaired within 2.5 hours and the incubation
treatment had no effect on the molecular weight of the unirradiated
control. The irradiated, no repair control (b), which was held on ice
until termination of the 2.5 hour incubation period used for the
longest repair point, had 41.4 SSB/genome. For the intermediate repair
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times the number of breaks decreased by 581 (17.4
remaining) at 10 minutes and 731 (11 breaks remaining)
hour. Thus, in contrast to the results of Ley e_t al.,
elimination of breaks in the polA'strain was observed
present study. However, at higher doses breaks were
eliminated from this strain.

breaks
at one
1978)
in the
not

Repair profiles of the polA strain irradiated to a
dose of 4 x 10 Jm~ showed no repair during the first 10
minutes of incubation (fig. 11). The weight-average molecular
weight of the one hour incubation aliquot showed a small
increase in the DNA size. By 2.5 hours of incubation there was
a small shift of the peak to the lov/er molecular weight region
which was reflected in a small decrease in the weight-average
molecular weight as compared to the one hour aliquot.
About
101 of the counts were lost a TCA soluble material in the 2.5
hour
aliquot.
The DNA sedimentation profiles for repair in the wild
type strain are shown in figure 12. As was evident from figure
9,, the number of breaks induced under the conditions of
irradiation was lower in the wild type strain such that only
19.2 breaks per genome were observed in the zero time control
aliquot (b) at a relatively high 365nm dose of 3 x 10 Jm" . As
was the case for the polA strain a large increase in DNA
molecular weight was observed within 10 minutes of incubation in
tryptone broth at 30°C and the wild type strain had repaired 651
of the breaks. By one hour 81% of the breaks were repaired and
incubation for 2.5 hours resulted in about 901 repair.
The
unirradiated control incubated at 30°f for 2.5 hours (f) had a
lower weight-average molecular weight than the unirradiated control
held on ice; however, the two aliquots retained 100$
of the
counts in the form af TCA insoluble material.
Therefore the
reduction in weight-average molecular weight to yield 1.1 breaks
per genome in the incubated aliquot was not due to DNA degradation.
At higher doses where repair was becoming impaired or
was nonexistent, the DNA profiles differed from those at the lower
doses. Repair profiles for the wild type strain which has been
irradiated to a dose of 5 x 10 Jm
became bimodal where only
part of the DNA increased in molecular weight while part of the
DNA remained at the same size as the unincubated irradiated
control (fig. 13). Since all counts remained as TCA insoluble

Figure 11: DNA sedimentation profiles - postirradiation incubation
(30°C) of the polA deficient strain (P3478) irradiated
to a high dose (365nm). Cells were irradiated to a
dose of 4 x 10 Jm~2 (36Snm) in M9 minimal buffer at
0°C, diluted 1:1 with 2 x tryptone broth and incubated
for the various times indicated. The weight-average
molecular weight from each profile is presented in
parentheses. (A) unirradiatcd control, no incubation
at 30°C (162.5 x IO 6 ); (B) irradiated, no incubation
at 30°C (36.9 x 10 6 ) ; (C) irradiated, 10 minute
incubation at 30°C (35.S x 1 0 6 ) ; (D) irradiated, 1 hour
incubation at 30°C (44.3 x 10 6 ) ; (E) irradiated, 2.5
hours incubation at 30°C (40.7 x 10 ) ; (F) unirradiated.
control, 2.5 hours incubation at 30°C (168.9 x 10 ) .
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Figure 12: DNA sedimentation profiles - the repair of strand
breaks by the repair proficient strain (W3110) after an
intermediate dose of 365nm radiation. Cells were
irradiated to a dose of 3 x 10 6 Jm"2 (365nm) in M9
minimal buffer at 0°C, diluted 1:1 with 2 x tryptone
broth and incubated at 30°C for the various times
indicated. The weight-average molecular weight resulting
from each profile is indicated in parentheses. (A)
unirradiated control, no incubation at 30°C
(175.8 x 10 ) ; (B) irradiated, no incubation at
30°C (105.0 x IO 6 ); (C) irradiated, 10 minutes
incubation at 30°C (142.3 x 10 6 ) ; (D) irradiated,
1 hour incubation at 30°C (156.1 x 10 6 ) ; (E)
irradiated, 2.5 hours incubation at 30°C (146.4, x 10 )
(F) unirradiated, control, 2.5 hours incubation at
30°C (167.3 x 1 0 6 ) .
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Figure 13: DNA sedimentation profiles- postirradiation incubation
(30°C) of the repair proficient strain (W3110)
irradiated to a high dose (365nm). Cells were irradiated
to a dose of 5 x 10 Jra (365nm) in M9 minimal buffer
at 0°C, diluted 1:1 with 2 x tryptone broth and
incubated at 30°C for the various times indicated. The
weight-average molecular weight resulting from each
profile is indicated in parentheses. (A) unirradiated
control, no incubation at 30°C (183.3 x 10 ) ; (B)
irradiated, no incubation at 30°C (36.3 x 1 0 6 ) ; (C)
irradiated, 10 minutes incubation at 30°C (52.7 x 1 0 6 ) ;
(D) irradiated, 1 hour incubation at 30°C (98.8 x 10 ) ;
(E) irradiated, 2.5 hours incubation at 30°C(100.9xl06);
(F) unirradiated control, 2.5 hours incubation at 30°C
(166.2 x 1 0 6 ) .
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Figure 14: DNA sedimentation profiles - postirradiation incubation I
(30°C) of the recA deficient strain (MM450) irradiated
to a high dose (36Snm). Cells were irradiated to a dose I
of 4 x 10 6 Jm"2 (365nm) in M9 minimal buffer at O°C,
diluted 1:1 with 2 x tryptone broth and incubated at
30°C for the various times indicated before running on
alkaline sucrose gradiants. The weight-average moleculan
weight from each profile is presented in parentheses.
I
(A) unirradiated control, no incubation at 30 C
.
6
(198.9 x 10 ); (B) irradiated, no incubation at 30°C |
(39.0 x IO 6 ); (C) irradiated, 10 minutes incubation at
30°C (43.3 x 1 0 6 ) ; (D) irradiated, 1 hour incubation at |
30°C (31.8 x I O 6 ) ; (E) irradiated, 2.5 houis incubation
at 30°C (34.5 x 10 6 ); (F) unirradiated control, 2.5
I
6
hours incubation at 30°C (173.2 x 1 0 ) .
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material, there was no DNA degradation.

* *

The DNA profiles for the recA strain irradiated
to a
dose of 4 x 10 Jm~ are shown in figure 14. While the weightaverage molecular weight of the 1G minute, incubation aliquot
indicated a small increase in molecular weight, the weightaverage molecular weights of the one hour and 2.5 hour aliquots
indicated a decrease in molecular weight with respect to the
unirradiated control. The peak of the 2.5 hour incubated
aliquot had definitly shifted to a smaller molecular weight and
there was a loss of 151 of the counts as TCA soluble material.
The results of the typical DNA sedimentation profiles
presented in figures 10 through 14, when reduced to number of
breaks per genome and plotted against 365nm dose clarify the
effect of the tryptone broth treatment on the number of singlestrand breaks remaining after repair. As demonstrated in
figures 15, 16 and 17, both the polA and recA strains
were
deficient in repair capacity in tryptone broth at 30 C at doses
above 2 x 10 Jm" when compared to the wild type strain.
At
doses of 2 x 10 Jm" and below all strains repaired to equal
efficiency within the limits of the alkaline sucrose gradient
method. The wild type strain lost the capacity for further
repair at 30°C when the dose was increased to 5 x 10 Jm" . Thus
the presence of both the polA and recA
gene products was
required in order to observe the tryptone broth, 30 C repair
capacity in the dose range between 2 x 10 and 5 x 10 Jm" .
Also shown in figures 15, 16 and 17 is the effect of
holding irradiated aliquots on ice in the presence of complete
medium for 2.5 hours after irradiation. At doses above 2 x 10
Jm
there was an increase in the number of breaks during
postirradiation incubation and this was more pronounced in the
wild type strain than the recA strain.
However in both the recA and wild type strains, the
final slope of this curve was equal to the T^ extracted DNA
break induction curve. Since the increase in breaks upon
holding in complete medium at 0°C was almost absent in the polA
strain, the polA gene product is probably involved. Since repair
experiments in which the uvrA
strain was given an initial dose
of 5 x 10 Jm
gave results similar to those in the wild type
strain, both at 0° and 30°C (not shown), the uvrAB endonuclease
is not involved in this destructive process.

Figure 15: Effect of tryptone broth treatment on the number of
strand breaks in the polA deficient strain (P3478)
irradiated with 36Snm radiation. Cells were irradiated
(36Snm) at 0°C in M9 minimal buffer to the prescribed
dose and given one of the following treatments: loaded
directly onto alkaline sucrose gradients (•); diluted
1:1 with 2 x tryptone bi-oth and left on ice for 2.5
hours before loading gradiants (a); or dib ted 1:1
with 2 x tryptone broth and incubated for 2.5 hours at
30°C before loading gradients (±) . The ÍJI vitro break
induction for extracted T 4 DNA determined by Tyrrell
£t id. (1974) is included for comparison.
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Figure 16: Effect of tryptone broth treatment on the number of
strand breaks in the recA strain (MM450) irradiated
with 365nm radiation. Cells were irradiated (365nm) at
O C in M9 minimal buffer to the prescribed dose and
given one of the following treatments: loaded directly
onto alkaline sucrose gradients (•); diluted 1:1 with
2 x tryptone broth and left on ice for 2.5 hours before
loading gradiants ( B ) ; or diluted 1:1 with 2 x tryptone
broth and incubated for 2.5 hours at 3C°C before loadin
on gradiants ( A ) . The in vitro break induction for
extracted T 4 DNA determined by T y m l l et al. (1974)
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Figure 17: Effect of tryptone broth treatment on the number of
strand breaks in the repair proficient strain (W3110)
irradiated with 36Snm radiation. Cells were irradiated
(365nm) at 0°C in M9 minimal buffer to the prescribed
dose and given one of the following treatments: loaded
directly onto alkaline sucrose gradients (•); diluted
1:1 with 2 x tryptone broth and left on ice for 2.5
hours before loading gradients (•); or diluted 1:1 with
2 x tryptone broth and incubated 2.5 hours at 30°C
before loading gradients ( A ) . The in vitro break
induction for extracted T. DNA determined by Tyrrell e£
al. (1974) is included for comparison.
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Table VII: Complete medium repair (30°C) of breaks remaining
after 365nm irradiation at C°C in M9 buffer
_2
Dose (Jra )

Percent of breaks repaired
P3478 (polA)

MM450 (recA)

W3110 (NT)

TN207 (uvrA)

1 x 10 6

99

ND

ND

ND

2 x 10 6

90

85

38

ND

3 x 10 6

0

0

59

ND

4 x 10 6

13

0

71

ND

5 A 10 6

ND

ND

6

6

* (breaks, immediate induction), -(breaks, after 2.5h 30° complete
medium)
(breaks, immediate induction)
ND is not determined
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Table VIII:

Total break repair including repair during 365nm
irradiation and repair in complete medium at 30°C

-2
Dose (Jm )

*
Percent of breaks repaired
P3478 (polA) MM4S0 (recA)

W3110 (WT) TN207(uvrA)

1 x 10 6

100

ND

ND

ND

2 x 10 6

90

94

94

ND

3 x 10 6

36

49

96

ND

.4 x 10 6

50

36

98

ND

5 x 10 6

ND

ND

90

90

* Percentage of breaks repaired as compared to extracted T^ phage
DNA induction rate of 3.9 x IO" 5 SSB/2.5 x 10 9 d/Jm"2 (Tyrrell
et al., 1974)
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Table VII presents the results illustrated in figures IS,
16 and 17 in terms of the relative amount of additional repair
occuring in complete medium at 30°C. The repair figures for the
wild type are lower than for the polA and recA strains at the
doses where repair did occur. This is because the repair at 0°C
in the M9 buffer during the irradiation was so efficient in the
wild type strain and the upper limit of repair in complete medium
at 30°C had been reached leaving only 4 to 5 breaks unrepaired.
The small number of breaks remaining in the' wild type in the dose
range from 2 - 4 x 10 Jm
in conduction with the low resolution
of the sucrose gradient technique at low break levels makes
determination of relative repair in complete medium difficult;
however table VIII shows the relative amount of total break repair
during irradiation and subsequent repair at 30°C for each strain.
Only at doses below 1 x 10 Jm" did repair apparently go to
completion.
4. Comparison of number of 365nm induced lethal lesions
and strand breaks remaining after repair
In the literature several references have been made to the
single-strand break as a good candidate for the critical lesion
responsible for bacterial inactivation by 365nm radiation (Tyrrell
et^al.,1974; Ley et^ al_. ,1978; Webb, 1977). A strong correlation
between the number of single-strand breaks and the number of
lethal events (viability) remaining after repair would support this
idea.
So that a quantitative comparison of the number of singlestrand breaks and lethal events remaining after repair in complete
medium could be made, experiments were carried out where all
physical measurements (gradients) and biological measurements
(viability) vere performed simultaneously on the same cell culture.
As shown by figure 18 the dose at which both single-strand
breaks and lethal events began to increase is similar in both the
polA and wild type strains. The shapes of the break and lethal
event curves are also similar for these two strains. However the
lag before the increase of lethal events is shorter than the lag
before SSB appearance in the recA strain.
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Figure 18: Comparison of number of strand breaks and number of
lethal events remaining after post-365nm-irradiation
incubation (30°C) repair. Cells were irradiated
(365nm) at 0°C in M9 minimal buffer to the prescribed
dose and diluted 1:1 with 2 x tryptone broth. (A)
number of strand breaks remaining after 2.5 hours
repair at 30°C as determined by alkaline sucrose
gradients. (B) number of lethal events remaining
after 2.5 hours repair at 30°C. The number of lethal
events h, was calculated from the viability on
tryptone plates incubated at 37°C, (viability • e"*1).
The strains used were: P3478, polA (o); MM4S0, recA
(•); and W3110, wild type (•). The extracted T 4 DNA
immediate break induction (Tyrrell e_t ad., 1974) is
shown for comparison (---).

Table IX: Conparison of the number of breaks remaining after repair (30°C) with the
number of lethal events remaining after repair; 36Snm induction

P3478 (polAJ
Dose 36Snm

CJ»~2)

(0)

(1)

TT
Breaks
induced induced

1 x 10*

65

39

2 x 10(

130

78

3 x 10(

195

117

(2)

Breaks
remaining

Lethal events
remaining

W3110 (WT1

MM450 (recAL
C3J

(2)

Breaks
remaining

Lethal events
remaining

(3)

i2)

Breaks
remaining

Lethal events (5)
remaining

0.73

ND

ND .

ND

ND

S.71

2.95

3.5*

3.08

4.01

0.36

88.01

5.21

59.01

4.29

5.0*

a

6.07

1

6.0

0.66
0;92

22.0*

1.23

4 x 10

(

260

156

92.4*

7.38

5 x 10

(

325

195

ND

ND

97

ND

ND

(0) Number of pyrimidine dimers induced/E.coli genome (Tyrrell - personal communication).
(1) Number of breaks induced/E.coli genome from extracted T^ DNA break induction (Tyrrell e_t a_l., 1974).
(2) Number of breaks/E.coli genome after most favorable repair conditions.
(a) after O°C irradiation.
(b) after 30°C complete medium incubation.
(3) Lethal events calculated from the viability curve (surviving fraction - e"h) where h is the number of
lethal events.
ND value was not determined.

Figure 19: Kinetics of strand break repair and lethal event repair
in complete medium after 365nm irradiation of the polA
deficient strain (P3478). Cells were irradiated (365nm)
in M9 minimal buffer at 0°C to doses of 1 x 10 Jm~2
(O), 2 x 10 6 Jm"2 (•), 3 x 106 Jnf2 (•), or 4 x 106 Jm"2
(*) . After irradiation to the prescribed dose, the
cells were diluted 1:1 with 2 x tryptone broth and
incubated 0 rain., 10 min., 1 hour, or 2.5 hours at
30°C. The number of strand breaks were determined
utilizing alkaline sucrose gradients and the number of
lethal events were calculated from the viability
measurements on tryptone plates as in figure 18.
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Figure 20: Kinetics of strand break repair and lethal event repair
in complete medium after 36Snm irradiation of the recA
deficient strain (MM450). Cells were irradiated(365nm)
in M9 minimal buffer at 0°C to doses of 2 x 10 6 Jm"2
(•), 3 x 10 6 Jm"2 (•), or 4 x 10 6 Jm"2 (A).
After
irradiation to the prescribed dose, the cells were
diluted 1:1 with 2 x tryptone broth and incubated 0
min., 1 hour, or 2.5 hours at 30°C. The number of strand
breaks were determined utilizing alkaline sucrose
gradients and the number of lethal events were calculated
from the viability measurements on tryptone plates as
in figure 18.
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Figure 21: Kinetics of strand break repair and lethal event repair
in complete medium after 365nm irradiation
of the
repair proficient strain (W3110). Cells were irradiated
(36Snm) in M9 minimal buffer at 0°C to doses of
2 x 10 6 Jnf2 (•), 3 x 10 6 Jm"2 (•) , 4 x 10 6 Jm"2 C*) .
or 5 x 10 6 Jm"2 (•). After irradiation to the
presczibed dose, the cells were diluted 1:1 with 2 x
tryptone broth and incubated 0 min., 10 min., 1 hour or
2.5 hours at 30°C. The number of strand breaks were
determined utilizing alkaline sucrose gradients and the
number of lethal events were calculated from the
viability measurements on tryptone plates as in figure
18.
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The quantitative results for break and lethal events were
not the same for any of the strains. In all cases there were
roughly 10 tines more breaks than- lethal events at equivalent dose
levels. The quantitative comparison of the number of singlestrand breaks remaining after the most favorable repair conditions
and the number of lethal events remaining after irradiation is
shown in Table IX. The breaks remaining unrepaired are either
not lethal or more probably were not repaired within the
2.5
hours under the tryptone broth conditions used for the physical
measurements. If the latter were true, the breaks were repaired
on the tryptone plates used for the viability and subsequent
lethal lesion determination.
The kinectics of single-strand break repair and lethal
event repair in complete medium are presented in figures 19, 20,
and 21. The repair of SSBs was rapid within the first 10 minutes
in all strains; however the polA strain contained a second slower
element out to 2.5 hours. Since the repair of SSBs in complete
medium had essentially reached a final upper limit in the recA
and wild type strains by one hour, holding cells in complete
medium for longer than 2.5 hours would probably not result in a
decrease in the number of breaks that would correspond with the
decrease in the number of lethal events.
B. 313nm Radiation
Having obtained information relavent to the effects of
365nm radiation in cellular inactivation, break induction and
break repair, the next interest became the investigation of the
effects of another near-ultraviolet wavelength. A wavelength of
365nm was originally chosen for near-UV studies because it is a
component of solar-UV but is far enough removed from the
extensively studied 2S4nm far-UV wavelength to show contrasting
effects. An intermediate wavelength of 313nm was chosen for a
second series of near-UV studies because it is close to the peak
of the solar effectiveness spectrum for erythema
and
carcinogenesis (Epstein, 1970).
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Figure 22: Viability of the uvrA (TN207) and recA (MM450) deficient
strains after 313nm irradiation. Cells were irradiated
(313nm) at 0°C in M9 minimal buffer and plated on
tryptone plates. The plates were counted after 48 hours
incubation at 37°C.

Figure 23: Viability of the polA deficient strain (P3478) after
313nra irradiation. Cells were irradiated at 0°C in M9
minimal buffer and given one of the following
treatments: plated directly on tryptone plates (•) ;
diluted 1:1 with 2 x tryptone broth, left on ice for 2
hours and plated on tryptone plates (•); or diluted 1:1
with 2 x tryptone broth, incubated at 31°C for 2 hours
and plated on tryptone plates ( A ) .
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Figure 24: Viability of the repair proficient strain (W3110) after
313nm irradiation. Cells were irradiated at 0°C in M9
•iniraal buffer and given one of the following
treatments: plated directly on tryptone plates (•);
diluted 1:1 with 2 x tryptone broth, left on ice for 2
hours and plated on tryptone plates (•); or diluted 1:1
with 2 x tryptone broth, incubated at 31°C for 2 hours
and plated on tryptone plates ( A ) .
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1. 313nm inactivation
The lethal action of 313nm radiation on two strains of
E. coli deficient in the capacity to repair thymine dimers.uvrA
and recA.is presented in figure 22. Under the conditions in
which the wild type remained 1001 viable, the uvrA and recA
strains were extremely sensitive, declining by roughly one and
four logs respectively at a dose of 1 x 10 Jm .
In figures 23 and 24 the lethal action of 313nm radiation
on the polA and wild type strains is shown. A large shoulder was
observed in the wild type strain but the final inactivation
rate, measured from the final slopes of the inactivation curves
was the same for these two strains. Also shown in figures 23
and 24 is the effect of holding irradiated cells in tryptone
broth at 0° and 31°C. There was no change in viability of the
polA strain upon holding at 31°C but there was a small decrease
when cells were held at 0°C. Holding the wild type strain at 0°C
also resulted in a decrease in viability; however,
a large
decrease in survival was observed when the strain was held at
31°C. Thus the polA dependent destructive process found in
365nm irradiated cells was evident in the 313nm irradiated cells
as well.
2. 313nm single-strand break

induction

The 313nm radiation induction of single-strand breaks is
shown in figure 25. Breaks were induced linearly with dose in
the polA strain at a rate of 4 x 10" break per E. coli genome
per Jm" . All other strains contained a lag before the induction
of breaks. Break induction in the wild type and recA strain was
the same with a rate of 7.5 x 10 break per genome per Jm~ . The
uv:A strain break induction rate was roughly 1 x 10 break per
*****

— *y

genome per Jm . The break induction rate for extracted T 4 phage
DNA was determined to be 6.3 x 10 break per 2.5 x 10 daltons
(weight of E. coli genome) per Jm" . Since the induction rate
for ail E. coli strains tested was lower than for the extracted
T
4 phage DNA system, where no repair could occur, repair was
probably occuring in these strains during irradiation.

.77.

/

120

no

/

100

90

80
bi

I

III

70

o

-s.
ac
<

10

UJ
CC
09

K

UI
ID

60

50

2

IMMEDIATE
BREAK INDUCTION

40

O
•
O
A

30

pot A
rec A
wild type
uvr A

20

10

0.5

1.0
2.0
1.5
9
..DOSE3l3nm(xlO- Jnr2)

2.5

3.0

.78,
Table X: Break repair during 313nn irradiation at O C in
M9 buffer

-2
Dose (Jm )

*
Percent of breaks repaired
P3478 (polA)
W3110 (WT) and
MM450 (recA)

0.5 X 105

44

95

1.0 X 105

40

92

1.5 X 105

37

91

2.0 X 105

37

90

2.5 X 10S

36

91

* Percentage of breaks repaired as compared to extracted
phage DNA induction (6.3 x 10~4 SSB/2.5 x 109d/Jm"2)
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Assuming that the T^ induction rate is a reasonable
estimate of break induction in the absence of repair, the
percentage of breaks repaired during the 313nm irradiation at
0°C in M9 buffer for the polA, recA and wild type strains can be
calculated with respect to the extracted T^ DNA induction rate.
These results are shown in Table X. While the polA strain
repaired only about 391 of the breaks, both the wild type and
recA strains repaired 911 of the breaks. For the polA and wild
type strains these results were essentially the same as the
results obtained after the 36Snm irradiation (Table V I ) . However,
the results observed for the recA strain differed from the large
drop in repair at higher doses of 365nm. At 313nn the recA strain
continued to repair as efficiently as the wild type strain at all
doses out to even the highest dose tested.
3. Repair of 315nm radiation induced breaks
The effect of complete medium (tryptone broth)
on the
polA and wild type strains held at 0°C and 31°C is presented in
figures 26 and 27. The polA strain repaired breaks with a high
efficiency up to a dose of about 1 x 10" Jm~ when held in
complete medium at 31°C. At doses above 1 x 10 Jm~
the slope
of the final repair curve was parallel to the extracted T 4 DNA
induction curve. Thus at these higher doses no more than 60
breaks could be repaired and further repair had ceased. In the
wild type strain, at doses up to 3 x 105 Jm —2 repair had reached
completion during the irradiation because there was no increase in
repair as a result of incubation in complete medium at 31°C. At
doses above 3.5 x 10 Jm
the final slope of the 31°C
repair
curve was parallel to the T^ DNA induction curve indicating that
about 169 breaks had been repaired and that the repair process no
longer functioned.
The effect of holding cells in complete medium at 0 C is
also presented in figures 26 and 27. Most notable is the increase
in number of breaks in the polA strain. This may be the result of
a destructive process which has been observed in the kinetic
studies of break repair where the number of breaks increases
during the first 10 minutes of repair at 31°C in 313nm irradiated
polA cells (Fig. 29). Thus the same destructive process could

Figure 26: Effect of tryptone broth treatment on the number of
strand breaks in the polA deficient strain (P3478)
irradiated with 313nm radiation. Cells were irradiated
(313nm) at 0°C in M9 minimal buffer to the prescribed
dose and given one of the following treatments: loaded
directly onto alkaline sucrose gradients (•); diluted
1:1 with 2 x tryptone broth and left on ice for 2
hours before loading gradients (•); or diluted 1:1 with
2 x tryptone broth and incubated for 2 hours at 31°C
before loading gradients ( A ) . The ú* vitro strand
break induction for extracted T^ DNA is included for
comparison ( — ) .
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Figure 27: Effect of tryptone broth treatment on the number of
strand breaks in the repair proficient strain (W3110)
irradiated with 313nm radiation. Cells were irradiated
(313nm) at 0°C in M9 minimal buffer to the prescribed
dose and given one of the following treatments: loaded
directly onto alkaline sucrose gradients (•); diluted
1:1 with 2 x tryptone broth and left on ice for 2 hours
before loading gradients (•); or diluted 1:1 with 2 x
tryptone broth and incubated for 2 hours at 31°C before
loading gradients (A).The in vitro strand break
induction for extracted T 4 DNA is included for
comparison ( — ) *
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occur at 0°C at a slower rate resulting in an increase in nunber
of breaks. The relative yield of pyrimidine diners as compared
to breaks is much higher at 313nm than 36Snn. The polA
deficient mutant, lacking DMA polymerase I which is the most
efficient enzyme for the excision and resynthesis steps of the
excision repair pathway, may not be capable of keeping up with
the initial incision step after 313nm irradiation.
Thus the
incisions (enzymatically generated breaks) remain open for a
longer period of time. In contrast to the 313nm repair results,
it will be remembered that there was a rapid decrease in the
number of breaks observed in 565nm polA irradiated cells within
the first 10 minutes of incubation at 30°C (Fig. 19).
4. Comparison of number of 313nm induced lethal
lesions and strand breaks after repair
The curve shapes for the number of breaks and number
of lethal events remaining after repair at 31°C at various doses
were very similar (Fig. 28). A quantitative comparison of the
number of breaks remaining after the most favorable repair
conditions and the number of lethal events remaining is presented
in Table XI. The break values are about an order of magnitude
higher than the lethal lesion values in both the polA and wild
type strains. Thus there is no quantitative correlation. The
breaks remaining unrepaired are either not lethal lesions or were
not repaired within the 2.5 hours under the tryptone broth
conditions used for the physical measurements but were repaired
on the tryptone plates used for viability and subsequent lethal
lesion determination. Also shown in table XI are the results for
the uvrA and recA strains. Both of these strains weie inactivated
rapidly before any breaks could be detected. There was a lag
before breaks started to be induced at about 4 x 10 Jm" in both
strains whereas there were 7.2 lethal events induced in the uvrA
strain at a dose of 6 x 10 Jm
and 3.5 lethal events in the
uvrA strain at a dose of 1.2 x 10 4 Jm" 2 . Thus, there is no
quantitative or qualitative correlation of breaks and lethal
events in these two strains.
The postirradiation kinetics of break repair for all
strains at 31°C after S.^nm irradiation are quite different from
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Figure 28: Comparison of number of strand breaks and number of
' lethal events remaining after post-313nm-irradiation
incubation (31°C) repair. Cells were irradiated
(313nm) at 0°C in M9 minimal buffer to the prescribed
dose and diluted 1:1. with 2 x tryptone broth. (A)
Number of strand breaks remaining after 2 hours repair
at 31°C. (B) Number of lethal events remaining after
2 hours repair at 31°C. The strains used were: P3478,
polA (#) and W3110, wild type (•). The extracted T 4
DNA immediate break induction is hown for comparison

Table XI: Comparison of the number of breaks remaining after repair (31°C) with tht
number of lethal events remaining after repair; 313nm induction

0
Dose 313nm TT< >

r

v

Breaks *
remaining

(Jm~ )
2 x 10 3
6 x 10
1.2
1 x
l.S
2 x
2.5
3 x
3.5
4 x

3

36
109
318

x 10*
1820
10 5
5
x 10
2730
3640
10S
45S0
x 10 S
S460
10 5
5
x 10 , 6370
7280
10 5

P3478 (PQlA)

1.2
3.8

7.6
63
9S
126
158
189
220
252

ND
ND
ND
4.Sb
36. O b
67.Ob

ND
ND
ND
ND

W3110

t3)

LE
remaining

(WT)
LB t 3 )
Breaks"^
remaining remaining

TN207

(uvrA)
LE l 3 J
Breaks"'
remaining remaining

ND

ND

ND

0

ND
ND

ND

ND

ND
ND
ND
ND
ND

0
0

1.5
3.99
6.15

ND
ND
ND

ND

14.2*

ND
ND
ND

ND
36. O
56b

b

0.85
1.32
3.84
5.91

ND
ND
ND
ND
ND
ND
ND

0
1.4

3.5
ND
ND
ND
ND
ND
ND

ND

MM4S0 (ifçA)
LE l S i
Breaks tZ)
remaining remaining

0

3.8
7.2

0
0

ND

ND
ND

ND
ND

ND

ND
ND

14.1*

ND
ND

ND

ND
1

ND

ND

(0) Number of pyrimidine dimers induced/E.coll genome (from Sotlow and Carrier, 1966).
(1) Number of breaks/E.coli genome induced from the extracted T 4 DNA induction rate (6.3 x 10 SSB/2.SxlO*d/Jm )
(2) Number of breaks/E.coli genome after the most favorable repair conditions
(a) after 31°C incubation in complete medium.
(b) after 0°C incubation in complete medium.
(3) Number of lethal events calculated from the viability curve (surviving fraction - e" n ) where h is the number
of lethal events.
ND value not determined.
«

Figure 29: Kinetics of strand break repair
in M9 buffer and
tryptone broth after 313nm irradiation. Cells were
irradiated (313nm) at 0°C in M9 minimal buffer diluted
1:1 with either M9 buffer (•) or 2 x tryptone broth (•)
and incubated at 31°C for 0 minutes, 10 minutes, 1 hour
and 2 hours or 2.25 hours. The strains used were (A)
P3478, polA (B) MM450, recA; and W3110, wild type.
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the kinetics of repair after 365nm. After an initial increase
within 10 minutes, the ninber of breaks decreases in the polA
strain in both complete medium and N9 buffer at 31°C. This
•ay be the result of the inability of this strain to carry out
the excision efficiently after the initial incision step.
Because the induction of dimers is such higher with respect to
single-strand breaks after 313nm radiation then at 36Sim this
effect would be expected to be observed «ore clearly at 313nm
than at 365nm. «he number of breaks remains constant in the
recA and wild type strains, showing neither destructive nor
repair processes occuring at 31°C. This most likely indicates
that maximal repair has already occured at O°C and no further
repair occurs by increasing the temperature and enriching the
medium.
5. 313nm radiation oxygen dependence
for break induction
Since the induction of single-strand breaks is completely
oxygen dependent at 365nm and the cell survival is also decreased
in the presence of oxygen (Tyrrell et al,., 1974), the effect of
oxygen was examined at 313nm. The effect of oxygen on break
induction is shown in figure 30. The aerobic and hypoxic break
induction rates in the polA strain were 4 x 10~ and 1.6 x 10~
break per E. coli genome per Jm~ respectively, differing by a
factor of 2.5. The wild type aerobic and hypoxic break induction
rates were 6.9 x 10~* and 3.6 x 10 break per genome per Jm"
respectively, differing by a factor of 1.9. The same experiment was
performed using 365nm radiation with the wild type strain and this
resulted in aerobic and hypoxic induction rates of 4.5 x 10
and
—6

—2

1.9 x 10 break per genome per Jm
respectively, differing by a
factor of 2.4. This demonstrated that the conditions were indeed
hypoxic rather than anoxic, since previous studies (Tyrrell et al.,
1974) had shown lack of break induction at 365nm under more
rigorous anoxic conditions. In figure 31 the survival curves show
that the polA and wild type strains are more sensitive to 313nm
radiation in the presence of oxygen. Thus the oxygen effects at
313nm and 365nm are clearly in agreement.

Figure 30: Aerobic and hypoxic immediate 313nm strand break
induction in the polA deficient (P3478) and repair
proficient (W3110) strains. Cells were irradiated
(313nm) at 0°C in M9 minimal buffer with either air
bubbling (open symbols) or reducing vanadium zinc
amalgum scrubbed nitrogen (closed symbols). Alkaline
sucrose gradients were used to determine the number of
strand breaks. The strains used were: W3110, wild type
(squares); and P3478, polA (circles).
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Figure 31: Viability of 313nm irradiated wild type (W3110) and
polA deficient (P3478) strains under aerobic and
hypoxic conditions. Cells were irradiated (313nm) at
0°C in M9 minimal buffer with either air bubling
(open symbols) or reducing vanadium zinc amalgum
scrubbed nitrogen bubbling (closed symbos).. Viability
was meascnred by plating cells on tryptone plates
incubated at 37°C. The strains used were wild type,
'
W3110 (squares), and polA, P3478 (circles).

CHAPTER IV
DISCUSSION

A. Near-UV inactivation and lethal lesions
Pyrimidine dimei?, strand breaks, thymine glycols, and
products which lead to alkali-labile bonds are all known to be
induced by near ultraviolet radiation (Table IV). Although it had
been shown that there was no oxygen enhancement of inactivation of
an her strain of E. coli B/r by 254nm and 313nm radiations, a
strong enhancement was observed at 365nm and 390-750nm (Webb and
Lorenz, 1970). On this basis it was suggested that the mechanism
of induction of damage at 365nm and 390-750nm was different from
the mechanism at 254nm and 313nm. However, quite unexpectedly, in
the present study, an oxygen enhancement for the 313nm inactivation
of the E. coli K-12 repair proficient strain and the polA repair
deficient strain was observed. Although pyrimidine dimers are
produced at a relatively high yield at 313nm (Table IV), the wild
type and polA strains of E. coli, containing both the uvrA and
recA excision repair systems, are able to remove the majority of
the pyrimidine dimers, and an oxygen dependent lesion becomes a
critical lesion for inactivation of cells irradiated at 313nm.
Since thymine dimers have been clearly shown to be the
critical lesion in the double repair deficient mutant (uvrA recA)
both by 2S4nm and 365nm radiations (Brown and Webb, 1972; Webb e_t
al., 1976), the use of this mutant has been excluded from the
present study. However, photoreactivation
experiments have
shown that thymine dimers are not the major lethal lesion induced
by 365nm radiation in singly repair deficient mutants (uvrA or
recA) or the proficient strain (Webb et, al., 1976).
The lethal action of 365nm radiation (figures 4, 5 and 6)
indicates that both the polA and recA gene products are required
for optimal removal of lethal lesions. Since the polA survival
curve contains a large shoulder, a large amount of repair can be
carried out by a gene other than the polA gene product.
The
absence of a shoulder on the recA survival curve suggests that the
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reçA gene product is required for the increased repair of the
lethal lesions in the polA strain. The decreased shoulder region
in the polA strain relative to the repair proficient strain
indicates that the polA gene product is responsible for increased
removal of lethal lesions in the wild type strain. Since the uvrA
survival curve is the same as the wild type curve, the uvrA
endonuclease is not required for the removal of the critical
lesion induced by 365nm radiation.
In summary the biological experiments in which cells are
plated on complete medium immediately after irradiation at 365nm
indicate that the polA gene product, DNA polymerase I, and the
recA gene product are involved in the repair of some lethal lesion
induced at this wavelength.
Both the uvrA and recA dsficient mutants are much more
sensitive to the lethal action of 313nm radiation than are the
polA deficient mutant or the repair proficient strain (Figs. 22,
23 and 24). Lesion induction values from the literature show that
pyrimidine dimers and single-strand breaks are induced at a ratio
of 23 to 1 by 313nm radiation as compared to a ratio of 1.7 to 1
by 365nm radiation (Webb, 1977; Setlow and Carrier, 1966; Zirenberg
e£ a_l.t 1971). Thus, the higher sensitivity of the excision repair
deficient mutants (uvrA or recA) could
be due to the reduced
capacity to remove the increased number of dimers induced by 313nm
radiation. Certainly the critical lesion responsible for
inactivation of these two strains has not been measured on alkaline
sucrose gradients. As is evident in table XI, doses of 313nm
radiation at which no breaks (alkali-labile bonds) appear, yield
3.5 and 7.5 lethal events in the uvrA and recA strains respectively.
The high sensitivity of these two singly repair deficient mutants
irradiated at 313nm would be comparable to the high sensitivity of
these strains at 254nm where thymine dimers are the critical lesion
(Webb e_t al., 1976). That pyrimidine dimers are
the critical
lethal lesion in the double repair deficient strain (uvrA recA)
after 313nm irratiation has been firmly demonstrated by the large
(0.938) photoreactivation sector (Hodges e_t al., 1980).
In the
same series of experiments a uvrA deficient (RecA ) strain was
used to determine the recA dependent repair sector after 313nm
irradiation. The higher recA dependent repair sector (0.995)
indicates that the recA system is able to remove more lethal lesions
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than the photoreactivation systen, but no direct comparison with
any one lesion is possible
because the specificity of the recA
process in unknown. Photoreactivation experiments on 313nm
irradiated samples would be needed to conclusively demonstrate
thymine dimers as the critical lethal lesion in the singly repair
deficient strains at 313nm.
The polA deficient and wild type strains were much
•ore resistant to 313nm radiation. These two strains have a much
larger capacity to remove pyrimidine dimers.
The final
inactivation rate measured from the final slopes of the inactivation
curves (Figs. 23 and 24) was the same for both resistant strains.
However the extended lag in inactivation of the wild type strain
with respect to the polA strain would indicate that the polA gene
product, DNA polymerase, plays a significant role in the removal of
a lethal lesion.
B. Induction and Repair of Breaks
1. 0°C induction experiments
The single-strand break was selected as a lesion for
further study because it's dependence on oxygen enhanced lethality
has made it a strong candidate for the oxygen enhanced lethality by
near-UV radiations. Since the physical alkaline sucrose gradient
measurement of single-strand breaks (and/or alkali-labile lesion,
double-strand break) induction did not result in a single uniform
induction rate for all strains tested (Fig. 9 ) , repair of these
lesions was occuring during the 365nm irradiation period. Break
determination by the alkaline sucrose gradient technique could
involve single-strand breaks, alkali-labile lesions and doublestrand breaks; but for simplcity, the term break will be used
here unless a particular lesion is emphasized. Assuming that the
break induction rate of the extracted T 4 DNA yields the repairfree induction rate, one would have to postulate at least three
break repair processes occuring at 0°C in M9 buffer. By removing
repair processes one at a time from the repair proficient strain,
the relative amount of repair by each repair process can be
determined. The difference between the wild type and
recA
induction is attributed to the recA dependent repair whereas the
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difference between the recA and polA induction curves
is
attributed to the polA dependent repair (Fig. 32). The difference
between the extracted T 4 and polA curves is attributed to an
undefined repair process which could be either a single process
or the summation of several repair processes.
The third repair process, has been based on the
extracted T 4 DNA in vitro induction rate. Comparison of the in
vitro T^ measurements with the E. coli in vivo measurements
could be considered invalid for two reasons. Firstly, basic
differences in the composition of E. coli and T* DNA could make
a difference in the rate of break induction. T 4 DNA contains the
base 5-OH methylcytosine in place of the cytosine in E. coli. In
addition, T 4 DNA has twice as many A-T base pairs as G-C. base
pairs, while E. coli contains roughly similar amounts of both
types. Secondly, differences in DNA conformation and the absence
of cellular constituents in the extracted, purified T 4 DNA could
also result in a variation of photochemical events, yielding
different induction rates for the in vivo and in vitro systems.
However, the use of the jin vitro T 4 break induction rate appears
to be reasonable because the recA strain, at doses above 2 x 10
Jm , has an in vivo break induction rate equal to the in vitro
T 4 extracted DNA rate (Fig. 9 ) .
Cells containing base damage or dimers would be expected
to develop breaks due to the initial incision step
of the
excision repair system. Since both types of damage are known to
be induced by 365nm radiation, there exists the possibility of
enzyme-induced breaks during irradiation (George and Witkin, 1974).
Since the uvrA break induction curve falls on top of the wild
type induction curve under the conditions of irradiation at 0°C
in M9 buffer, the uvrA coded endonuclease is neither involved in
single-strand break repair nor functioning to introduce singlestrand breaks in the DNA as a result of nicking in the repair of
other lesions. Fostirradiation holding on ice in M9 buffer for up
to 24 hours did not result in a reduction of breaks in any of the
strains tested. Therefore.. the repair occuring at 0°C in M9
buffer reaches a final plateau within the time of irradiation.
At low doses of 365nm radiation, where all three repair
systems are functioning, the cellular repair capacity is greater
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Figure 32: The three systems involved in the repair of strand
breaks.
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than required to repair all of the breaks (see table VI).
As
indicated by the parallel T. and recA induction curves (Fig. 9)
at doses above 2 x 10 j m -2
the» polA gene product is inhibited.
Indeed, Tyrrell (1974) has shown that a dose equivalent to
1.6 x 10 Jm~ of 365nm radiation inhibits the repair of singlestrand breaks induced by X-radiation in E ^ coli cells. The
break threshold dose of the wild type strain occurs at roughly
the same dose (1 x 10 Jm ) as the inactivation of DNA polyroerase
I. Thus at lower doses the DNA polyroerase I is so efficient that
the breaks are essentially all repaired. At doses higher than
2 x 10 Jm~ both the polA and recA gene products are required
for optimal repair at 0°C.
In contrast to the present study, Ley and coworkers
(1978) observed a linear increase in single-strand breaks (plus
alkali-labile bonds) for both the polA and wild type strains with
respective induction rates of 7.5 x 10 and 2.5 x 10 break /
E. coli genome/Jm" . In the present study, the break induction
for the polA strain was linear but the rate (2.78 x 10 break/
E. coli genome/Jm ) was lower by a factor of 2.7. However the
wild type induction was not linear. After an initial lag, a
linear increase in breaks was observed (4.6 x 10~ breaks/E. coli
genome /Jm ) which was lower than the Ley e£ al_. (1978) induction
rate by a factor of 5.4. The differences in results between the
two laboratories can be explained on the basis of a dose rate
effect. While Ley e£ al. performed their experiments with a
high dose rate of 1000 Wm , the experiments performed
here
utilized lower dose rates in the range of 560 - 580 Wm* . Because
these lower dose rates allowed for maximum 0°C, M9 repair during
the longer irradiation times, we have used a more reproducible dose
rate.
Additional evidence for repair of breaks during the 313nm
irradiation at 0°r in M9 buffer arises from the differences in
the immediate break induction rates for the various bacterial
strains (Fig. 2*). If the three repair mechanisms postulated for
repair occuring during the 365nm irradiation (Fig. 32) are applied
to the repair occuring during the 313nm irradiation, it will be
evident that the undefined and recA repair systems would be
functioning in the polA strain and the polA dependent polymerase I
would be functioning in the recA strain. However, there being no
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difference in the recA deficient and wild type strain induction
rates, there is no evidence for a critical recA gene product
function in the repair of breaks ('Fig. 25). This result was quite
unexpected as evidence for a recA dependent repair system was
found during the 365nm irradiation period. An explanation for the
lack of recA dependent break repair during 313nm irradiation could
be the high capacity of the polA DNA polymerase I repair process,
which would mask any recA dependent repair. Inactivation of the
polA DNA polymerase would allow the detection of the recA
dependent repair. It seems reasonable to suggest that the recA
dependent repair system was detected during 365nm irradiation
because the DNA polymerase I system was inactivated.
Comparison of tables VI and X indicate that there are
strong similarities in the amount of repair at 0°C during
irradiation with either 36Snm or 313nm radiation. The polA strain
repairs 39-401 of the breaks while the wild type repairs 911.
Further, a lag in the induction of breaks exists for the recA,
uvrA and wild type strains at 313nm (Fig. 25) as well as at 365nm
(Fig. 9 ) . The one outstanding difference between the effects of
these two wavelengths during irradiation at 0 C is the inhibition
of the DNA polymerase I by 365nm radiation, shown by the decreased
repair of breaks (551) in the recA strain (Table VI) as compared to
the 901 repair in the same strain during the 313nm irradiation
(Table X ) .
2. 0° and 30°-31°C holding experiments
Since breaks are repaired further by a post-365nmirradiation increase in temperature (30°) in all strains at doses
up to 2 x 10 Jm , there is some temperature limiting step
in
repair (Figs. 15, 16 and 17). Tyrrell (1974) found that
pretreatment with 365im radiation resulted in inhibition of X-ray
induced single-strand break repair. The inhibition of the polA
system was reversed during incubation at 37°C in phosphate buffer,
but the inhibition of the recA system was irreversible in phosphate
buffer or complete medium within 40 minutes after combined 365nm
and X-ray treatments. In the present study, where only the 365nm
treatment was given, either the polA system would be reversible
out to a dose of about 2.5 x 10" 6 Jm"2 or the increased repair at
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30°C would be due to the undefined repair system (Fig. 16). The
recA system would either be reversible out to a dose of 2.9 x 10
Jm~ or the increased repair would be due to the undefined repair
system (Fig. IS). Presumably the' presence of all three repair
systems is required for optimization of repair at 30°C at 36Snm
doses above 2 x 10 Jm~ where any one system alone would have
insufficient capacity. Since the repair in the wild type strain
was very efficient at 0°C out to 5 x 10 Jm , there was only a
small additional repair at 30°C.
Postirradiation holding at 0°C in the presence of
complete medium resulted in an increased number of breaks in the
recA and wild type strains (Figs. 16 and 17). This response is
in agreement with the decrease in viability observed in these
strains under the same treatment (Figs. 5 and 6 ) . Thus there is
a destructive polA dependent process occuring which is detected
by both biological and physical measurements.
Postirradiation
holding at 30°C in complete liquid medium probably results in a
balance of the destructive and repair processes where there is a
net decrease in the number of breaks.
Although Ley and coworkers (1978) found rapid repair of
breaks (801 within 10 minutes) upon postirradiation incubation
of wild type cells in buffer at 30°C, they observed no repair in
the polA DNA polymerase I defficient mutant irradiated to a
dose of 1 x 10 Jm" following the same postirradiation incubation
treatment. It would appear that they had chosen a dose too high
to see repair in the polA strain. The present study, however,
showed repair in this strain at doses as high as 2.5 x 10 Jm" .
The differences in results between these two laboratories are not
inconsistent if the respective dose rates are considered. Ley and
coworkers used a high dose rate of 1000 Wm whereas we used dose
rates in the range óf S60 to 580 Wm" . There is probably a dose
rate effect on the postirradiation incubation repair capacity of
the polA strain as reflected by the loss of repair capacity at a
lower total dose when irradiating at a higher dose rate. This
possibility, however, cannot be tested in our laboratory at the
present time because our irradiation source and monochromator are
not functioning to the full efficiency required to provide the
high dose rate used by Ley and coworkers.
Ley and Setlow (1972) have measured the 313nm induction
and postirradiation incubation (37°C) repair of strand breaks in
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bronouracil substituted DNA of E. coli K-12. Since bromouracil
undergoes photolysis with ultraviolet radiation, DNA substituted
with bxonouracil is much more sensitive than unsubstituted DNA
to the induction of breaks by UV radiation. The repair proficient,
uvrA excision deficient and polA deficient strains all showed
rapid repair (901 in 10 minutes) of breaks. In the present
studies, using unsubstituted DNA, reduction in the number of
breaks in 313nm irradiated wild type cells could not be detected
after holding in complete liquid growth medium at 31°C for up to
2 hours (Fig. 29). This unexpected result would suggest that
this strain had the capacity to reach optimum repair at 0°C
during the irradiation period (Fig. 27). Since a short
irradiation time of only one minute was used by Ley and Setlow
(1972) for the initial induction of breaks in the more
-radiosensitive BUdR substituted DNA, less time was available
for repair at 0°C and repair could then be detected by
postirradiation incubation.
The further reduction in the number of breaks in the polA
deficient strain with postirradiation incubation (31°C) (Fig. 26)
suggests that the undefined repair system and/or the recA dependent
system requires the higher temperature for optimization.
The
difference in the number of breaks remaining after 31°C repair for
the polA and wild type strains indicates that the polA DNA
polymerase I repair system is the most efficient of the break repair
systems. Both the polA and wild type strain 31°C incubation break
curves become parallel to the T 4 break induction curve at higher
doses (Figs. 26 and 27) indicating an upper limit for repair (60
breaks for polA and 170 breaks for the wild type strain).
The kinetic studies of break repair at 30°C after 365nm
radiation indicate that repair is rapid in the recA and wild
type strains, reaching a maximum within 10 to 15 minutes (Figs.
20 and 21). Therefore the DNA polymerase I repair kinetics are
rapid at the lower doses where repair does occur. However,
break repair kinetics for the polA strain show that the recA
dependent repair is slower, requiring about 2.5 hours to reach
completion (Fig. 19). Since the kinetic repair curve is biphasic,
it.is possible that the recA dependent repair system can repair a
fraction of the breaks with faster kinetics or that the faster
repair could be due to the undefined repair system which would be
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capable of repairing only a portion of the breaks. Alternatively,
the initial repair with fast kinetics could be due to a slightly
leaky polA mutant (de Lucia and Cairns, 1969); however this can
be ruled out because one would expect repair to continue at the
same fast rate as in the recA and wild type strains (Figs. 20 and
21) until completion of repair.
The kinetics of repair at 31°C after 313nm radiation
differ fro» those after 365nm radiation. After 313nm irradiation,
the polA deficient strain demonstrated as initial increase
in
number of breaks within the first 10 minutes of repair, instead
of the rapid decrease observed after 365nm irradiation. This is
probably a reflection of the higher diner yield at 313nm. In the
absence of DMA polymerase I the kinetics of excision would be
expected to be slower and consequently closure of the initial
incisions would be delayed. The initial increase in number of
breaks is not observed in the recA or wild type strains which
contain DNA polymerase I.
C. Comparison of Number of Breaks Remaining After Repair
Versus Number of Lethal Events
A comparison of the biological results (number of lethal
events) with the physical results (number of breaks after repair)
in order to define the relative importance of the single-strand
break as a lethal lesion after 365nm radiation shows
threshold doses for both events are in agreement for the polA
and wild type strains, but not for the recA strain (Fig. 18). The
lower threshold dose for lethality would suggest that a
lesion
other than breaks is responsible for lethality at low doses in the
recA deficient mutant. This position would also be supported by
the comparison of the survival curve, where there is an immediate
logarithmic decrease in viability (Fig. 5), with
the break
induction curve,'where there is a lag in break induction (Fig. 9 ) .
Indeed, the photoreactivation observed in recA deficient strains
has established a role for pyrimidine dimers in recA strain
lethality as a result of 365nm radiation (Webb et al., 1976).
A quantitative comparison of lethal events and breaks
remaining after post-36Snm-irradiation incubation shows that the
number of breaks is roughly an order of magnitude higher than the
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number of lethal events (Table IX). In order to obtain the
biological survival results cells had to be plated on
solid
medium, but the physical break determination required
that the
cells be held in liquid for repair and subsequent gradient loading.
The viability measurements (Figures 4, 5 and 6) demonstrated that
these two repair treatments were biologically quite different. The
repair of breaks in liquid at 30°C had reached a plateau within
the 2.5 hours allowed for repair before gradient loading (Figs. 19,
20 and 21) such that very little further break repair could be
expected under these conditions.
• A comparison of breaks and lethal events remaining after
post-313nm-irradiation incubation (31°C) in complete
medium
indicated a strong similarity for the two curve shapes (Fig. 28)
for both the polA and wild type strains. But a quantitative
comparison of the number of breaks remaining after repair with the
number of lethal events remaining after repair did not show a
quantitative correlation. As with the 365nm results, the 313nm
results showed the number of breaks to be roughly an order of
magnitude higher than the lethal events (Fig. 28, Table XI).
Two possible explanations can be suggested for the high
ratio of breaks to lethal events remaining after repair: (1) The
breaks are repaired on solid medium plates
during the
long
incubation period required for the lethal event (viability)
determination but the breaks are not repaired as completely in
the 2.5 hours allowed for the physical (sucrose gradient)
determination. (2) What appear to be breaks by the physical
gradient determination are not breaks under the physiological
plating conditions of the cell.
Although the first alternative is possible, the second
is more reasonable particularly considering the limitations of
alkaline sucrose gradients. Ley et al^,(1978) determined the
ratio of single-strand breaks to alkali-labile bonds induced in
in X DNA 221 vivo at 365nm at 5.5 to 1. The jin vitro ratio was
6.7
to 1. If this ratio were similar for T 4 and E. coli, then
roughly one-sixth of the breaks induced initially would be the
result of the action of alkali on alkali-labile bonds in the
gradients and consequently this class of breaks would not be
breaks under neutral physiological conditions. Various forms of
DNA base damage are known to lead to apurinic and apyrimidinic
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sites (AP sites) through the cleavage of the glycosylic bond
linking the damaged base to the sugar back bone. These AP
sites have been shown to be alkali-labile sites (Drinkwater e_t
al., 1980). If one assumes that the true break induction rate
(i.e., no repair) is given by the extracted T^ DNA
break
induction rate, the percent of breaks which are unrepaired can
be calculated by dividing column 2 by column 1 (t of breaks
unrepaired * breaks unrepaired/breaks induced) in table IX. In
the 365nm dose ranges where break repair occurs in complete
medium, the percent of breaks left unrepaired is 3.71, 3.31 and
3.It for the wild type, recA and polA strains respectively.
Since less than one-sixth (161) of the initially induced breaks
remain after repair, a large portion of the photoproducts
generating alkali-labile bonds are repaired in the polA and recA
6
-2
~"~~"~~
strains after doses as high as 2 x 10 Jm
and in the wild type
strain after all doses examined.
The breaks remaining could be a minority form of base
damage which would be repaired much slower than the majority of
breaks and so would still be present after 2.5 hours but would
eventually be removed.
E. coli endonucleases III, IV and VI
are able to nick a phosphodiester bond at AP sites. Endonucleases
IV and VI nick on the 5' side of the AP site but endonuclease III
nicks on the 3* side of the AP site. The nicks introduced into
depurinated DNA by endonucleases IV and VI provide good primer
termini for the DNA polymerases, whereas nicks introduced into
depurinated DNA by endonuclease III do not (Warner et al., 1980).
Endonuclease III produces an intermediate that must be
acted
upon by endonuclease IV or VI or by some other 3* exonuclease
before repair synthesis can occur and repair via endonuclease
III is slower than via endonuclease IV or IV repair.
Since a double-strand break would be detected as two
single-strand breaks on alkaline sucrose gradients,
the
possibility that the breaks remaining after 30°C incubation are
double-strand breaks must also be considered. Although Krasin
and Hutchinson (1977) have investigated the X-ray induction of
double-strand breaks and their subsequent repair in E. coli, no
such work has been done utilizing near-UV radiation. The ratio
of SSBs to DSBs induced in E. coli by X-radiation was 20 to 1.
Given that each double-strand break results in the detection of
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two single-strand breaks, about one-tenth of the initial breaks
•easured on the alkaline sucrose gradients could be attributed
to double-strand breaks if the SSÇ:DSB induction ratio for 365nm
and 313nm radiations were the same as X-radiation. This estimate
compares favorably with the wild type break induction at O°C.
Since there was no quantitative correlation between the
number of breaks and lethal events regaining after repair, the
single-strand break can not be established as a critical lethal
lesion in any of the strains at either near-UV wavelength
examined. But the single-strand break can not be ruled out as a
critical lethal lesion because the roughly 10 fold excess of
lesions observed from the physical measurements after repair may
include alkali-labile bonds (physiologically not breaks) and/or
double-strand breaks in addition to single-strand breaks.
Further studies utilizing neutral sucrose gradients for
the determination of double-strand breaks induced by 365nm and
313nra radiations would clarify the role of double-strand breaks
in lethality.
It should be emphasized tha. important differences exhist
for the biological effects of 254nm, 313nm, and 365nm radiations.
At the 254nm wavelength, not included in the solar spectrum, the
pyrimidine dimer certainly plays a major role,
even in the
+
excision repair competent (UvrA* RecA ) strains. However, the
oxygen dependent lethality of 313nm radiation illustrated in the
present study and the oxygen dependent lethality of 365nm
radiation already demonstrated by Webb and Lorenz (1970) indicate
an important role for an oxygen dependent lesion for these two
near-UV wavelengths within the solar spectrum. In the present
study, the polA dependent repair system has been demonstrated to
be the most efficient system for the repair of breaks. The loss
of the capacity to repair breaks in the recA strain, as compared
to the wild type strain, at higher doses of 365nm radiation has
provided evidence for the inhibition of the polA dependent repair
system. Whereas this has demonstrated 365nm-oediated disruption
of DNA repair and implicated a possible role for non-DNA damage by
36Snm radiation, no evidence for repair disruption has been found
for 313nm radiation.
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APPENDIX
ALKALINE SUCROSE GRADIENT BREAK DETERMINATION

A. Basis of Method
1. Calibration of gradients
The approach to alkaline sucrose gradients is similar
the method used by Burgi and Hershey (1963). The relationship
between the molecular weight of native double-strand DNA and
sedimentation distance in neutral sucrose gradients is
S « oM k

to

(1)

where S is the sedimentation constant, M is the molecular weight
and a and k are constants (Doty e_t al_., 1958) .
Thus the
sedimentation constant is proportional to molecular weight.
Burgi and Hershey (1961) showed that given á defined gradient,
rotor speed and time, the ratio of the sedimentation constants
of phages T 2 , T 5 and X are equal to the sedimentation distances.
Thus
S,
S2

D.
D2

M,
M2

k

where D, and D 2 are the sedimentation distances. By running two
different DNAs of known molecular weight and obtaining the
sedimentation distances (D^ and D 2 ) a value for the constant k
can be calculated. As is evident by rearrangement , this equation
(2) can be used to determine the molecular weight of an unknown
(Mi) if a marker molecule (M2) is run under the same conditions

M

M, D.
l "
1/

where D^ and D 2 are given by the experiment and M 2 and k are known
before the experiment. Substitution of
- a leads

to Mj

• oDj1^

(4)
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The sedimentation distance (D), angular velocity (M) of
the rotor and time of sedimentation (t) are related to the
sedimentation constant (S) by

S a—£-

(5)

The application of equation (4) can be broadened to include the
two new variables in equation (S) resulting in

M

(6)

i " * -52;

The value of a can be calculated from equation (6) by running a
DMA of known molecular weight (M^) at a defined angular velocity
( w ) for a defined time (t) and measuring the sedimentation
distance (D^).
2. Determination of molecular weight averages
The greatest complication in measurements on high
molecular weight polymers is the presence of molecules of different
sizes resulting in a distribution. Molecular weight distributions
may be treated statistically to yield several possible means
(Schmidt and Marlies, 1948).
The number-average molecular weight {M^ is obtained by
adding the number of moles or molecules (N^) each multiplied by
it's molecular weight (M^) and dividing by the total number of
moles or molecules.
£N>M>

The weight-average molecular weight (M^ is obtained by
adding the weight of material (C^) with molecular weight (M^) each
multiplied by this molecular weight (Mj) and dividing by the total
weight of the material in the distribution.

Mw • --JU
W

h

Ktx

(8)
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The difference in ^ and ^ then is that the first is the mean
normalized by the total number of moles per volume while the
second is the mean normalized by the weight per volume.
In
order to have both average molecular weights in the same
concentration units for simplification of calculations, the
weight-average molecular weight (M^ can be converted to the
units of the number-average molecular weight (K^) which are moles
per volume, this yields:
ZN-CM.) 2
The radioactivity (R) in the uniformly labeled DNA is proportional
to N i M i so that:

"n

TTRT
TTRT7H77
(10b)

The M- value for each fraction can be calculated from equation (6) .
Equation (10a) is very sensitive to the concentrations (R^)
measured ir. the low molecular weight region of the gradient and
equation (10b) is somewhat sensitive to the concentrations (Ri)
measured in the high molecular weight fractions. Therefore cutoff limits for the profiles were set to eliminate four to five
fract. MIS at each end of the gradients. The number-average and
weight-average molecular weights of a given mixture can be quite
different. For a completely homogeneous macromolecule, H^ • M n ,
but the My to M n ratio for DNA is slightly larger than 2.
B. Verification of Gradient Linearity and Uniformity
In figure 33 it is seen that all six gradients prepared
together are linear with the exception of the first and final
fractions. Since no one gradient was consistently higher or lower
than the mean, the error bars probably represent the error in the
refractive index determination.
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Figure 33: Linearity and uniformity of alkaline sucrose gradients.
Gradients (5-201 sucrose) were formed six at a time
using one gradient maker connected to a six channel
pump. Gradient tubes were filled and emptied
through a glass capilary inserted to the bottom of
the gradient tube. The six gradients were fractionated
using a six channel pump and the refractive index of
each fraction was determined using a Bauch and Lomb
tefractometer.

Figure 34: Calibration of alkaline sucrose gradients under different
centrifugation conditions. Purified whole T\ phage were
loaded onto alkaline sucrose gradient's The gradients
were centrifuged (SW 50.1 rotor) at 20°C under the
following conditions: (A) 25,000 rpm, 120 minutes
(w2t » 75); (B) 29,000 rpm, 90 minutes (w2t » 75); (C)
35,000 rpm, 60 minutes (w2t -' 74); (D) 35,000 rpm, 95
minutes (u t = 117) .
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C. Gradient Calibration
Calibration of the alkaline sucrose gradients involves
determination of the values of the two constants k and a . The
values 2.62 was used for the constant 1/k (Ley et al., 1978;
Tyrrell, 1974) which is in agreement with the value determined by
Freifelder (1970) and Levin and Hutchinson (1973b). The w and M*
values used in equation (6) are
in units of 10 —9 and 10 —6
respectively. In the four experiments utilizing phage T4(single
strand molecular weight of DNA ( 55 x 10 6 ) at rotor speeds from
25,000 to 35,000 rpm a n d w 2 t values of 75 x 10 9 and 117 x 10 9
(Fig. 34), the value of a was demonstrated to be constant. The
values of o for « t values of 75 x 10 9 and 117 x 10 9 were 4.031
and 4.026 x 10 respectively. Thus for the experiments performed
in this study the final form of equation (6) becomes:
Mj » 4.03 x 10 7

D.

2 62

'

Levin and Hutchinson (1973a) have described a high speed
effect in which a large DNA molecule, centrifuged at high speeds,
sediments a shorter distance than would be expected from data at
lower speeds. In other words a no longer remais constant. This
effect is due to a distortion of the DNA random coil, by viscous
forces, to a conformation with a smaller sedimentation coefficient
(Hutchinson and Krasin, 1977). In the present study all sucrose
gradients containing bacterial material were centrifuged at
25,000 rpm for 120 minutes ( w t « 75 x 10 ) . Since centrifugation
of unirradiated E. coli DNA at a lower speed (20,000 rpm) for 187
minutes (w t • 75 x 10 ) did not change the sedimentation distance,
the high speed effect was considered not to be a problem in the
present study.
D. Programs for Calculator
Several programs were written for the Texas Instruments
TI 59 calculator supplemented with a PC 100A printer.
Since
calculations could be completed quickly and the results could be
stored on a print-out tape, this system is convenient.
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The following programs are available:
STEPS

-

DISCRIPTION

000-020

Sequential recall of registers 01-49 to
verify that the correct values of
radioactive counts (R^) for each fraction
were entered correctly.

021-101

M ^ My and £(R) of fractions used to calculate
M_ and M^ calculated and printed. The values
of ZCM^j) andXCRj/Mj) are available at this
point and may be recalled and printed if
desired.

102-130

I(R) of total gradient calculated and printed.

131-164

Percent counts per minute per fraction (I CPM/
fraction) calculated and printed.

165-181

Registers 50 and 55-58 are cleared in
preparation for introduction of new R^ values
and calculation of N n and H^ values for a new
gradient.

182-211

The number of single-strand breaks (alkalilabile bonds) are calculated.

212-231

M^ is calculated for any given fraction.

The following storage registers are used:
REGISTER
01-47

INFORMATION STORED
CPM (Rj) for each fraction of the gradient
starting with the high molecular weight end.
2

48

w t (« 75 in the present studies).

49

o(* 4.03 x 10 7 in the present study).

50
51

£(R) summation of counts on total gradient.
(Ri) counts for a given fraction (used in
program calculation.
1/k (- 2.62 in the present experiments).

52
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REGISTER

INFORMATION STORED

53

o / « 2 t ) 2 \ 6 2 ( - 501.53 in the present
experiments).

54

N (total number of fractions
gradient).

55

E(R) sunmation of counts in the portion
of the gradient used to calculate K^ and

in the

56
57

M^ - molecular weight of a particular
fraction (used in programa calculation).

58
59

B6D - back ground counts to be subtracted
from each fraction.

steps
021-101

00

low fraction cut-off,

T

high fraction cut-off,

steps
102-164

00

lowest fraction number ( s l).

T

highest fraction number + 1

Instructions to use the program are as follows:
STEPS
000-020

PROCEDURE
(a) Store counts per minute of each fraction
(Ri) starting with the high molecular
weight end of the gradient in register 01
and proceeding in sequential registers
until the end of the gradient.
(b) Store 1 in 00 register and store (the total
number of fractions • 1) in the T register.
(c) Run program.
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STEPS
021-101

PROCEDURE
(a) Store constants (registers 52 and 53),
background (register 59) and total
number of fractions (register 54).
(b) Store low fraction cut-off (high aolecular
weight end) in register 00 and high
fraction cut-off (low MM) in register T.
(c) Run program.

102-130

(a) Store 1 in 00 register and (number of
fractions + 1 ) in T register.
(b) Run program.

131-164

(a) Store 1 in 00 register and (number
fractions • 1) in T register.

of

(b) Run program.
165-181

(a) Run program.

182-211

(a) Store M Q in register 02.
(b) Store M n in register 01.
(c) Run program.

212-231

(a) Store u 2 t in register 48 and a in register 49,
(b) Store distance sedimented (fraction/total
number of fractions) in register 01.
(c) Run program.
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PROGRAM

IOC COD.
Ü.J*
1
J
5
4
S
~ •
7

(
»

•
9

...

76 Lbl
15 E
66 Pause
4* RCL

content
refisten
01-48
recalled

•s

01
95
42 STO

is

DO
K-t

RCLind
DO
STO

_.._—

P

i
£
ft

55
43
57

95
44
58
43
7 ° 00
?
7
t

2

3
•i
**^

51

00 DO

14

C

..

n
ICL

95
42
00
67

11
73

-.

76

11
43
55

&&

43

(

58
95

SI . . .
SIM
SUN
56
RCL
51
•
RCL ~
57

50

43
00

: 8S

.

43

STO
00
X«t

A
RCLind
00
GTO
B
Lbl
A
RCL
55 " RCL
58

*
RCL

76

- 13
i
7

.

"

^~

Mnl"

.
•M*:

m

Prt*""*
RCL

55
Prt
R/S

•100(55)

RCL
01
Lbl
Bf

59

"

59

95
55
14 43
50
95

—

cRCLind
00
GTO
B*
Lbl "
C
....
RCL
50
Prt
*E(R)tota
R/S
RCL
01
„.
Lbl
C
RCL
59

.

(50)

—

•

43

50

m

65
01

X

99

Prt

00
K 00
95
;

55

75
43

00
x«t

5

56

RCL

STO

r 50
99
13 91
43
-—* 01

m

•

42

»: 18

COMENTÁRIOS

SUM
50
RCL
00

i "..1!

73
00
61
17
76

.

TECIA

01
95

00
67
12 18

SUM
58
RCL
00
1

coo.

1 1 . 44

- •

•

n

43
5 55
r. 95
1 99
43
55
10 ; 99
i 91
43
?i 10
76
s.
17
t 75
43
59
95

LOC

55

PTt
RCL

55

COMENTÁRIOS

TECIA

99
1 43
56
i

'.'-

61
12

7

?

•
•
STO

85
01

00

si
43
S4 54

95
4 ' 55
43
> 54
95
'* 45
43
" « 52
7 65
43
53
95
t
42
57
_ .1 65
43
«»

51

£

59 59

05
ft
75
? 43
6

44
6 56
43

1

«5
93 .

ss

95

i
t

e 95
42
i

51
44

It

S
75
í 13

"jo
•

c

Ú
-

76 Lbl 16
2C 91 VS • —
i 4%
KCL
. 2 01 ) 1
i 76 Lbl
4 17 j
'7

..

7

00

00
7 67
3 16
M
73
4
00
f 61
7

COMENTÁRIOS! LOC CÕO.

43 RCL
01 0 1

1

-

TfOA

43
15 00
85
01
95
42
00
67
14
73
00

1 *
0 _
0
•

RCL
00
*

CPM/frac tion

1
•

STO
00
X"t
D
RCLind
00

-- •
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IOC. COD.

16

61
-13
•?
-76
j _14
3 -91
r.
00
£•
42
t
50
E "00
e 42
I7_i 55
.0
-42.
j
56
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"42
a 57
7 00
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01
i

H

4
5
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?
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?
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91
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f

f>

TECLA
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C
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/

D
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22;

0
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.:
c

0

t

STO

V
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0
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0
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?

R/S.
RST

r

i
*

s

23°
1

'register.
10,55-58
clear

1

1
*
RCL
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STO
04

RCL
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RCL
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•

)

X

2

m
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RCL
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m

X
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49
X

I
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6
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R/S
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6
7
8
9
0
2
3
4
5

05

RCL

3

.

6
7
8
9
0
1

2
3
4
5
6
7
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1

2

f
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3
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•

S
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7
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-
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